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Abstract

Nowadays, recent Integrated Circuit (IC) Technology demands a minimum metal fill
inclusion across the entire die of each functional layer to have uniform planarity. It
is challenging to numerically simulate the real structure using Electromagnetic (EM)
solvers because the mesh size of an EM solver is inversely proportional to the number
of vertices in the layout and the inclusion of these metal fills has a significant impact
on these vertices and increases mesh size. It is important to understand the metal
fills do have an impact on the RF performance of the component and the impact
becomes stronger as the frequency increases due to the parasitics and hence we
cannot neglect it. Therefore, a Design Flow Methodology is studied and analysed to
take into account the effect of metal fills without penalty in accuracy and simulation
time.

The second part of the thesis focuses on two different approaches that can be used
to extract the complex parameters providing the electromagnetic response of the
layers, i.e. electrical permittivity and magnetic permeability. First, we describe the
Quasistatic approach to extract the epsilon parameters from the capacitance and
inductance. After, describing some of the limitations of this approach we focus on
the Oblique Incidence Method as reported in the literature to extract the complex
epsilon tensor parameters.

The third part of the thesis looks into the Design Flow Methodology that embeds
the Oblique Incidence Method into the design flow for 3D EM solvers to take into
account the effect of metal fills. The 2.5D EM solver takes into account a scalar
number which is less accurate and hence an insight of how the solution from the
Oblique Incidence Method can used to extract a scalar number for the effective
parameters and therefore be implemented in 2.5D EM tools is discussed.

The fourth part of the thesis shows the validation of the Oblique Incidence Method
for the 3D EM tool for two test cases which are wave propagating structure and
lumped structure namely Grounded Coplanar Waveguide (CPWG) and Stacked Trans-
former. Validation of the Scalar Number Approaches for the 2.5D EM Tool was done
for the CPWG structure.

Finally, a brief study on the Design Based Approach is conducted with different
metal fill shapes and alignment by using the Oblique Incidence Method by making
use of 3D EM tool. This approach provides a better understanding of the epsilon
variations for different metal fill shapes and that for less epsilon variations, an ac-
curate scalar number value can be extracted to enable 2.5D EM simulations with
improved accuracy.

Vi
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1. Introduction

1.1. Technology Roadmap

1.1.1. History

Over the course of the last 50 years, Moore’s Law has been the empirical principle
guiding the growth of the semiconductor industry. Moore’s Law is a fundamental
observation and prediction that asserts that the number of transistors on a dense IC
doubles every 2 years for the same price [2]. The rule is essentially an economic one
because scaling devices enables more logic to be packed for less money. Because
of the law’s self-fulfilling prophecy character, it has significantly impacted the de-
velopment of integrated circuits as well as the semiconductor industry as a whole

[3].

The semiconductor industry has made significant investments to create the “Tech-
nology Nodes”, which fundamentally enable faster, cheaper, and smaller circuits,
starting in 1971 with the 10um technology node to some early efforts in the 5Snm
technology node in 2022 as shown in Figure 1.1.

1.1.2. Technology Nodes

The term technology node shown in Figure 1.2 refers to a particular semiconductor
manufacturing process with a specific feature size resolution which requires specific
design guidelines to be followed to achieve the required process yield and repeata-
bility. In general, a smaller technology node translates into reduced feature sizes of
the process, which results in a faster, more power efficient transistor owing to the
reduced value of the parasitic elements (i.e. R and C) [4].

The term started to be a talking point around 1990’s when higher switching fre-
quency was driving the development of microprocessors and higher capacity was
driving the development of Dynamic Random Access Memory (DRAM). DRAM
started to be the main driver of “Technological Scaling” because increasing densities
allowed for greater capacity. Up until the early 2000s, this remained the situation.
The semiconductor industry receives direction and support from The International
Technology Roadmap For Semiconductors (ITRS), on a variety of technology nodes

[5].
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1.1.3. Technology Scaling And Its Impact

The evolution of fabrication process provides improvements, known as “Scaling”
trends, which is independent from the possible circuit/architectural innovation.
Thirty percent reduction in the dimensions reduces the area by fifty percent thus
inducing a scaling factor of 0.7x as shown in Figure 1.3[2]. This scaling factor of
0.7x provides a guideline to interpret the various process nodes from 180nm to
180*0.7=130nm to 130*0.7=90nm to 90*0.7=65nm to 45nm, 32nm, 22nm, 16nm and
SO on.

Reduction in the size of the devices reduces effective capacitance which in turn
reduces device delay by thirty percent making devices run faster and also enhances
the performance in terms of power consumption [6].

With the clear performance and area usage advantages of the scaling approach seen
on one side, there are also some strict requirements from the foundries which are a
direct consequence of this approach. First, in order to take into account these small
devices, all the disturbances on the wafer (i.e. larger structures) would be detrimen-
tal on the overall performance [6]. Hence, there has to be a strong consistency across
the wafer that has to be enforced by manufacturers. In order to do this, the manu-
facturers set specific type of space occupancy rules[7]. The implication of these strict
set of rules, when applied to metal back-end layers, the accurate inclusion of their
effect on the design performance will be the focus in this thesis work.
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Figure 1.4.: Uniform Planarity

1.2. Metal Fill Density and its Rules

1.2.1. The Use Of Metal Fill Density

The IC design flow includes the metal fills which is a requirement to achieve reliable
and repeatable manufacturing. Metal fill structures have been initially applied to
increase layer planarity over the entire wafer. It entails structural forms or polygon
shapes, which are electrically neutral (i.e. floating) in the design. Filling up the
open areas of a design with non-functional metal forms results in a more uniform
distribution of metal across the die shown in Figure 1.4 [8]. Because of homogeneity
of the metal density, thickness fluctuations that happen during the manufacturing
processes are reduced.

Metal fills were frequently added and known as floating or dummy fills in the
earlier technology nodes. For smaller geometrical structures, design rules are far
more complex necessitating earlier metal fill handling in the implementation phase.
It can now control manufacturing processes like electrochemical deposition, etching,
lithography in addition to enhancing planarity [9].

1.2.2. Design Rule Checks and Metal Fill Density Rules

Design Rule Checks (DRC) are nothing more than physical examinations of metal

width, pitch, and spacing requirements for various layers, which vary depending on

technology nodes. Due to the complexity of the advanced nodes (130nm,65nm,28nm),
the number of rules increases as shown in Figure 1.5. For manufacturability, a de-

sign’s layout must adhere to a set of specified technology norms provided by the

foundry. An automated program will review each polygon (shape) in the design

against these design principles when the layout and physical connections are fin-

ished and it will flag any violations [10]. The DRC of the design needs to be cleaned

before design submission to the foundry else will not proceed to fabrication[11].
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In the earlier technology nodes, metal fills density rules were only defined by DRC.
Utilization of metal density is limited by a minimum and maximum constraint.
Limits are typically 30 percent < metal density < 80 percent. The criteria used
to assess a quality fill result at today’s advanced nodes is no longer limited to the
minimum and maximum density levels specified by DRC. The added rules [12]: i)
The perimeter of the fill shapes, ii) The density gradient iii) Difference in density
between adjacent layout sections, are all now included during the metal fill density
checks.

Furthermore, as mentioned earlier, manufacturing teams are employing metal fills to
address problems with stress, etch, and rapid thermal annealing. Clearly, all of these
additional density specifications must be reached without having an influence on
design performance. Figure 1.6 shows how metal fills are placed under structures.

1.2.3. High Frequency Application

High frequency systems are complex to design and optimize and their application
space is continually spreading in various commercial markets, such as telecom, au-
tomotive, industrial, etc. Accurate modeling and optimization of high-frequency
systems is a key requirement to reach commercial viability and the short devel-
opment cycles required by these markets. Hence, in order to capture the intricate
effects (e.g. requiring good accuracy and prediction not only with the resistance
and capacitance of the layers that is used but also the inductance), EM solvers were
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introduced. EM simulation is becoming an essential step in the design flow of inte-
grated circuits aiming at high frequency applications. Large sections up to the entire
system can be accurately modeled with modern commercial EM tools [13].

1.3. Challenges Faced by EM Simulators and Metal Fills
Research Challenges

1.3.1. EM Simulation Challenges

As mentioned in the previous subsection, higher frequencies require EM solvers
in order to take into account complicated effects. We need to brush up on a few
concepts before we look at the challenges faced by the EM solver.

i) Solution of Maxwell Equation and Boundary Condition - EM solvers are programs
that basically solve Maxwell’s equation directly as shown below. The solutions of
Maxwell equations are electric or magnetic fields. The intricate effects require the
use of appropriate form of Maxwell’s equations for high frequency systems where
the structure geometries are complicated. The first form of Maxwell’s equation
makes use of differential form shown below and for this, the meshing takes place
over the entire area where electromagnetic fields reside. FEM and FDTD uses this
form of Maxwell’s equation. The second form of Maxwell’s equation makes use of
integral and for this, the meshing takes place only for the sources of electromagnetic
tield. These sources can be physical quantities like the surface charge density for
capacitance problem. MoM uses this form of Maxwell’s equation. To resolve the
fields for a domain under consideration, one has to specify the characteristics of this
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tield at the boundaries that separate two different domains with different physical
properties. The boundary condition of the cell is considered as the modus operandi
of the solver [14]. It is essential to let the EM tool understand how the behavior of
the field is. Hence, the boundary conditions enable the solutions to be faster and
more accurate.

D
V xH= aa_t +J¢ (Ampere’s Law)
oB ,
V XE= —ar (Faraday’s Law) (1.1)
V-B=0 (Gauss’s Law for magnetism)
V-D=0 (Gauss’s Law)

ii) Meshing - Meshing is defined as a process where a continuous structure is broken
down into many shapes to accurately define the physical shape of the structure.
Mesh generation plays a significant role in EM simulation process because meshing
influences the accuracy of the solution, speed of the simulation and convergence.
The solvers cannot directly simulate on the model’s actual shape as the Maxwell
equation cannot be applied to a random shape and hence mesh elements allow the
Maxwell equations to be solved on predictable shape and mathematically defined
volumes. The most common mesh element shapes are Quadrilateral and Triangle
for 2D structures, Hexahedral and Tetrahedral for 3D structures which is basically
a collection of vertices, edges and faces [15]. Mesh size depends on the number
of vertices, edges and face. Higher the vertices, mesh size increases and hence
simulation time increases. Mesh density determines the accuracy of the result and
therefore the simulation time. The right balance has to be found in order to satisfy
both the requirements.

The challenges faced by the EM solvers are as follows:

i) Figure 1.7 shows that the technological layer stack is very complex with small
separation among layers with different thickness.

ii) Modern IC technology demands a minimum metal coverage across the entire die
for each functional layer. In order to satisfy this need, several dummy metal fills are
automatically added to every layer by scripts. Since the mesh size of an EM solver
is linked to the number of vertices in the layout, the inclusion of these dummy
metal fills has tremendous impact on these vertices and increases mesh size making
it difficult to simulate the real structure numerically using EM solvers as shown in
Figure 1.8. For example, if we consider an area 100um?2 with the metal fill dimension
of 0.5 micron (i.e.length and width) and spacing of 0.75 micron between metal fills.
This would result in close to 10000 metal fills in this area. So, now we can imagine
how difficult it would be to mesh 10000 metal fills and hence simulating these small
structures can be really difficult. Figure 1.9 illustrates the DRC requirements that
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Figure 1.9.: (a) Structure - Ideal case (b) Structure - Practical case

necessitates the addition of the metal fills under RF structures depending on the
technology, which makes their simulation exceedingly difficult.

1.3.2. Metal Fill Research Challenges

The performance of passive components, active components, interconnects and cir-
cuits are all impacted by the insertion of metal fillers. The following are the chal-
lenges faced while dealing with metal fills during the design phase:

i) Electrical parasitic effects: At high frequencies (several GHz), additional eddy-
current loss in the metal fill can be detrimental to the properties of structures like
inductors as well as circuit performance. At smaller technology nodes, the parasitic
effect of metal fill is becoming more significant as density design restrictions are
increasingly restricted and design criteria is more tight. Due to the performance
reduction, it is crucial to take electromagnetic parasitic effects into account [16].

ii) Parasitic Extraction: Full parasitic capacitance extraction is impractical because of
the substantial amount of metal fill injected in an area. Additionally, it is known that
the metal fillings can cause accuracy issues with conventional capacitance extraction
techniques. As a result, designers frequently make a variety of rough estimates or
just ignore metal fill parasitics. Therefore, developing a quick, precise, and phys-
ically motivated interconnect and component extraction algorithms is difficult [9].



1. Introduction

Hence, in this thesis work we will focus on the method that will take into account
the effect of metal fills.

iii) Metal Fill Shape and Size: Ideal metal fill shape and size for a given structure
layout is a challenging problem. It is important to optimize these metal fill param-
eters as well as electrical connections to reduce the impact of metal fill [1]. We will
also discuss this problem and provide insights in this thesis work.

1.4. Thesis Contribution

1.4.1. Problem Statement

How to define a design flow methodology that takes into account the metal fills
which has an impact on the performance of the structure at higher frequencies and
also quantify the accuracy of 2.5D EM solvers with the help of 3D EM solver in order
to incorporate as much as possible for various problems given by the design rule
compliance and also reduce the simulation time.

1.4.2. Goal/Objective

The main goal is to develop a method which makes use of the EM tools that are
already available in industrial design flow for IC design and layout, in order to
compute an equivalent complex permittivity and permeability and delete the metal
fill shapes from the layout and therefore take into account the influence of the metal
tills and speed up EM simulations as shown in Figure 1.10.

The usage of the equivalent layer can be done quite accurately using 3D solvers
where permittivity and permeability tensor can be employed, and is less accurate
in 2.5D solver where only a scalar number can be provided. The objective of the
thesis is also to understand all the possible limitations of 2.5D tools and provide
approaches to extend the capability of 2.5D tools to improve accuracy which is fairly
3D complex.

Another important goal is to analyze the impact of different design aspects of metal
fill such as feature alignment and shape. By using this approach, we can have a
good approximation for the scalar number in order to enable 2.5D simulations with
less error.

10



1.5. Outline of the Thesis
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Figure 1.10.: Removing metal fills

1.5. Outline of the Thesis

Chapter 1: The introduction and background information relevant to the sub-
ject of this thesis are the main topics. The thesis work’s problem statement,
goals and solution are outlined.

Chapter 2: This chapter will focus on the Quasistatic Based Approach in order
to extract the capacitance effects and its problems. This will be followed by
the discussion about the State of Art solution which is the Oblique Incidence
Method and its approximations.

Chapter 3: A Design Flow Methodology will be presented and also a brief dis-
cussion about the Scalar Extraction Method will be presented. We will follow
it up by quantifying this methodology with a simple example.

Chapter 4: This chapter will provide the validation of the Design Flow Method-
ology by using two test cases which is the the wave propagating (Grounded
Coplanar Waveguide) and lumped structure (Stacked Transformer).

Chapter 5: This chapter deals with the Design Based Approach presenting the
design of metal fills with different shapes and alignment. Finally, a test case is
taken to verify and validate this approach.

Chapter 6: A summary and conclusion of the thesis work along with recom-
mendations for future research work will be provided.
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2. Techniques to Extract RF Permittivity
And Permeability Of Layers

This chapter describes two different approaches that can be used to extract the com-
plex parameters providing the electromagnetic response of the layers, i.e. electrical
permittivity and magnetic permeability. First, we describe the Quasistatic Approach
to extract the epsilon parameters from the capacitance. After describing some of the
limitations of this approach we will focus on the Oblique Incidence Method as re-
ported in the literature.

2.1. Quasistatic Approximation Based Approach

In this section we present the procedure to extract the complex permittivity of a layer
using Quasistatic field approximation. The method is based on the presence of an
uniform electrical field in the dielectric present between the two plates of a parallel
plate capacitor as shown in Figure 2.1. From the simple parallel plate capacitance
formula, as will be shown in Section 2.1.1, we can derive the medium permittivity,
ie. .

2.1.1. Parallel Plate Capacitor

In this subsection, we will consider a parallel plate capacitor. Such a component can
be constructed using two metal plates set at a fixed distance parallel to each other.
The capacitance value is expressed in Farads and it is proportional to the surface
area of the conductive plates (A) and the medium permittivity and is inversely
proportional to the separation between them (d). The calculation of the capacitance
can be done with the knowledge of the electric field intensity between the parallel
plates and the permittivity as shown in following equations [17]:

The strength of the electric field E given the charge density ¢ on the plate

E =/ (er€0) (2.1)

where ¢, is the permittivity of vacuum, ¢, is the relative permittivity of the medium

12



2.1. Quasistatic Approximation Based Approach
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Figure 2.1.: (a) Capacitor with surface area and distance (b) Electric field between
the parallel plates

If the plates have surface area A, they carry a total charge Q = ¢ A, then by using
Equation 2.1,
Q = ereoAE (2.2)

Because the electric field is uniform in the dielectric, when the distance between the
plates is d, then the voltage difference V between the plates is,

V=E/d (2.3)

The capacitance C is defined as Q/V, and by making use of Equation 2.2 and Equa-
tion 2.3,
C =¢.Co (2.4)

where,
Co=¢,A/d (2.5)

Co is the capacity with vacuum between the plates.

Therefore, we can link the capacitance of a parallel-plate capacitor directly to the
permittivity e; and thus express the latter as:

Sr - Cd/goA (2.6)

When we consider losses in the dielectric, we can link the impedance (containing
both reactive and conductive part) to the complex permittivity and conductivity as
shown in Equation 2.7 [18].

Y =G+ jwC = (%)((ﬂrjwe) (2.7)

13



2. Techniques to Extract RF Permittivity And Permeability Of Layers

Now from the complex impedance expression, we can find the capacitance as a

complex number.
—1
Ccomplex - (]C(J—Z) (2.8)

Now, by using Equation 2.4 and Equation 2.5, we can extract the complex permit-
tivity.
€r = Ccomplexd/goA (2.9)

Since the permittivity is a complex number, the imaginary part of the permittiv-
ity accounts for losses in the medium due to the damping of the vibrating dipole

moments.
e=¢ —j&’ = (e —je)eo (2.10)

2.1.2. Permittivity & Permeability Extraction from EM Simulation Tool

As discussed in the previous section, when the electric fields can be computed at
each plate of a capacitor, we can derive the capacitance and then the permittivity
can be extracted based on the dimension of the geometry.

For any given structure with a homogeneous dielectric or when it is composed
with various floating metal elements (as would be the case when metal fill tiles are
present) we can extract the electric fields on the plate of the capacitor by using an
electrostatic or electromagnetic solver in one direction. In the example shown in Fig-
ure 2.2, an EM solver is considered where first, a homogeneous dielectric is inserted
to test the procedure. As can be seen in the figure, the electric field is computed
in every position of the 3D space, i.e. inside the meshed cell. By considering the
area represented by the metal plate, the impedance can be computed and using
the procedure described from Equation 2.8 to Equation 2.10, the capacitance and
permittivity can be extracted.
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Figure 2.2.: Non uniform electric field distribution in parallel plate capacitor when
employing in an EM solver
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2.1. Quasistatic Approximation Based Approach

When considering the example of Figure 2.2, we note that the finite 3D structure will
present discontinuities in space (i.e. at the edge of the plate where an air boundary
will start) forcing the field to not be uniform.

Applying the procedure as mentioned above, by using the impedance to extract the
capacitance and then the permittivity for a cube of lateral dimension of 20 micron,
a known dielectric with ¢, of 4, we extract a capacitance value of 1.2357 fF. When
using the geometrical values to compute the permittivity (i.e. by taking the ratio
of C/C0), we obtain a value of 6.9782, representing an error of 74.42%. The reason
for this is found to be in the non uniformity of the field in the edges of the cube
as seen in Figure 2.2. A way to overcome this problem would be to analyze only a
part of the structure far away from the edges as shown in Figure 2.3 represented by
the black region. The field shown in the black region represents a good uniformity
in the electric field ranging from 5.17e+04 to 5.19e+04. Since the variation in the
electric field is less, the permittivity value can be extracted correctly.
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Figure 2.3.: Structure far away from edges

In order to extract the capacitance value from the simulator avoiding the edge effects,
we can have a set of boundary conditions which approximates the structure to be
infinitely large and these are often called as periodic boundary conditions. The way
to implement them in modern EM simulator will be explained in detail in Chapter 3.
Using this setting, the edge effects are not present and hence the variation of the
electric field is small as shown below in Figure 2.4. By repeating the analysis as
before to extract the capacitance and permittivity, we observe a capacitance value of
0.7083 fF and the correct permittivity value of 4 which matches the host dielectric
medium set in the simulator. This simulation should be repeated across the three

axes to extract a diagonal permittivity behavior.
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2. Techniques to Extract RF Permittivity And Permeability Of Layers
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Figure 2.4.: Uniform field using periodic boundary condition

X

To extract the permeability using Quasistatic Approach, instead of a metal plate we
need to use a structure which can generate an uniform magnetic field, thus creating
the dual case of the capacitor as shown in Figure 2.5.

w
jB ds=p) gd =ty S Hd
w

Figure 2.5.: Metal sheet to generate uniform magnetic field in order extract induc-
tance

This case can then be simply realized using a metal sheet which can allow us to
extract the vacuum inductance from the geometrical values and from comparison
with the EM extracted inductance we can compute the relative permeability pr in
the direction of the uniform field. The calculation of the inductance can be done
with the knowledge of the magnetic field intensity and the permeability as shown
in following equations:

The Magnetic field strength H is related to the Magnetic flux density B,

H = B/ ojis (2.11)
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2.1. Quasistatic Approximation Based Approach

The Magnetic flux density B using the surface current density Js is,

The Magnetic flux density is defined as,

B=¢/A (2.13)

By integrating the flux over an area A we get,

¢ = /A B.dA = popzJsA = ”OP;AI (2.14)
The inductance of the metal sheet is defined as,
L=¢/I (2.15)
By using Equation 2.14 and Equation 2.15
ur = Ld /oA (2.16)

Similar to the capacitor case, by linking the inductance term to the impedance we
get the complex term,

Z

Lcomplex = ]E (2.17)

Now applying the complex term to Equation 2.16, we get

Hr = Lcomplexd/ﬂoA (2.18)

By applying the procedure as mentioned above and by using the impedance to
extract the inductance and then the permeability of the metal sheet for a cube of lat-
eral dimension of 20 micron as shown below in Figure 2.6 , we extract an inductance
value of 0.0251 nH. When using the geometrical values to compute the permeability,
we obtain a permeability value of 1.
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2. Techniques to Extract RF Permittivity And Permeability Of Layers
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Figure 2.6.: Metal sheet to generate uniform magnetic field to extract permeability
in EM solver

After this brief review of the electrostatic and magnetostatic approaches to extract
i and e for a bi-anisotropic it can be see that multiple simulations using different
reference structures (i.e. capacitor and metal sheet) needs to be employed under
different excitations. This makes the approach less direct in it’s implementation in
an automated design flow to support integrated circuit designs. For this reason a
different approach based on the relation of the material properties with the reflec-
tion and transmission coefficient of incident fields under different angles will be
considered and detailed in the next section.

2.2. Oblique Incidence Method

The general approach for the extraction of the effective permittivity and permeabil-
ity is by using the Scattering Parameters (S Parameters) of a plane incident wave from
the material and this has been analysed and evaluated in several papers [19-26].

It was shown in [26] that a generic layer with metal fill inclusion can be represented
by using a bianisotropic homogeneous medium. The bianisotropic homogeneous
medium is a pseudochiral omega medium and assumed to have diagonal permit-
tivity and permeability tensors related to the fields [25] as shown below.

(2.19)
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2.2. Oblique Incidence Method

The metal fills creates an analogous material that can be described by its effective
properties, namely permittivity and permeability. This allows to model the metal
fills as an equivalent homogeneous, anisotropic slab with a finite height [25]. Hence
the effective permittivity and permeability is represented by second ranked tensor
behavior 7 as shown in Figure 2.7.

Figure 2.7.: Tensor Behavior

where,

€o - Permittivity of free space

o - Permeability of free space

ex - Unknown Permittivity tensor ( x direction )
¢y - Unknown Permittivity tensor (y direction )
e, - Unknown Permittivity tensor ( z direction )
tx - Unknown Permeability tensor ( x direction )
pty - Unknown Permeability tensor ( y direction )
1z - Unknown Permeability tensor ( z direction )

The method described in [25] as mentioned takes into account a bianisotropic slab
made up of thickness (d) where the plane wave is obliquely incident as shown in
Figure 2.8, and the unknown effective permittivity and permeability tensors are ob-
tained using the S Parameters that are derived from the normal and oblique incidence
for the vertical (TE) and horizontal (TM) components and are shown below in the
following equations.
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2. Techniques to Extract RF Permittivity And Permeability Of Layers

Figure 2.8.: Geometry of the slab

The S Parameters are derived from the elements of the reflection R and transmittance
T matrices. The elements of the main diagonal represent the S Parameters due to TE
and TM incidence and the off diagonal elements represent the scattering coefficient
of TE due to incident TM and vice versa.

R= ST}V},TE 151"[15 (2.20)
11 11

I= ST%/},TE 251"[15 (2.21)
21 21
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2.2. Oblique Incidence Method

_ i ITM
STM _ I‘TM(l — e J2k; d)
T

e _ TTE(1 — e—jZkZTEd)
N (DTE Y22k

(2.22)
(1- (FTM)Z)efijTMd

STM —
2l 1 — ([TM)2e—2kEMd *

rp_ (1= (ITE))e /o
21 (TTE)2e /2K

S

where the reflection coefficient TTE and T™ are represented as,

™ _ 17TM/c0591 -1
7™ /coshy + 1

TE _ n'E/costy — 1
nTE /cosfy + 1’ (2.23)

™ — \/(yy — (sin2601 + C%)/ez)/ex,

n'E = \/yx/ (ey — sin?601/ piz)
and wave number in the z direction for TE and TM polarization are

kZTM = kon Mcos6,,

kIt = kon'Ecosby,

(2.24)

nTM _ \/8ny + (1= ex/eg5in20; — (ex/e,)E2,

n'E = \/syyx + (1 — px/ pz)sin?6,

By using the derived S Parameters as shown in Equation 2.22 for the TE and T™ po-
larization, the unknown effective epsilon permittivity and permeability parameters
can be extracted at normal and oblique incidence.
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The wave impedance 1 and refractive index n in terms of the S Parameters is repre-
sented as,

n'h = ﬂ:\/(l il 51T1E)2 — (SleE)zsecGl
(1—S1F)2 = (SIE)?
(2.25)
’7TM = :I:\/(1 + SlTlM)Z _ (S%M)Zcosel
(1—S{M)2 — (S3M)2
i TE ; TE 2
n't = \/ fogle ™| +-j(2(c ) +27Tm)] + sin20,,
—]kod
(2.26)
i ™ : ™ —\12
nt™ = \/ logle H_](é-(g )—1—27rm)1 + sin20y,
—]kod
where m and 7 are independent integers,
(TE _ Sy
1— STE(yTEcosty — 1)/ (T Ecosty + 1)
(2.27)
STM
gTM 21

1o SIM(yTE /cos0y — 1)/ (yTE /cosfy +1)°

All the equations are dependent on the normal incidence and oblique incidence,

™ ;. TM
Ex =nNn /17 ‘91:0,

(2.28)
ey = nTE/UTE‘Glzol

_ TE_TE
;’lx =n 77 ‘91:0’

(2.29)
py =n"Myt™g o,

The ¢y, €y, px, py parameters are ambiguous because the independent integers m
and 7 are not yet known. The vertical constitutive parameters ¢,, y, are extracted
by utilizing both Equation 2.23 and Equation 2.24. By using the extracted parameters
in Equation 2.28 and Equation 2.29 , the following sets of equations for the vertical
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2.2. Oblique Incidence Method

component as a function of the branch indices m and 7 at normal and oblique
incidence are derived.

E(Zl) = exsin291/(5i”291 - (”TM)2 + (”TM)Z‘GFO)’
y;” = sin®01/((n" /0 F) o0 — ux/ (17E)?),
e = sin®0y/ ((n"™y™)]g, o — ex(n™)?),

) = pxsin®0r / (sin®0y — (n"E)? + (nTE2|g, o),

(2.30)

The two sets of vertical parameters are equated to acquire the right branch indices m
and 7 as shown below and once the right branch indices are obtained, the epsilon
permittivity and permeability components become unambiguous and the results
can be explicitly obtained.

(2.31)

This method has been adopted in the thesis work due to its advantage of extracting
all the effective parameters of the equivalent dielectric slab. This method also shows
that it can be effectively used in modern commercial EM simulation tools and can be
embedded in the design flow process without requiring multiple simulations.

The Terahertz Sensing Group developed a metal fill tool also known as ADL tool
which makes use of the above method but it doesn’t account for the thickness of the
metal fills. This tool takes the metal fill geometry as input and provides the epsilon
permittivity and permeability tensors as output. Figure 2.9 shows a snippet of the
ADL tool. The ADL tool will be used in the next chapter to benchmark the material
parameters from the EM tool where infinitely thin metal layers are considered.

Figure 2.9.: ADL Tool
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2. Techniques to Extract RF Permittivity And Permeability Of Layers

We will see in the next chapter as to how this method is incorporated in a design
flow with the commercial EM solvers and MATLAB routines to extract permittivity
and permeability.

2.2.1. Discussion/Conclusion

It was seen that the Quasistatic Approach for the parallel plate capacitor did not
give accurate results for the permittivity due to the edge effects which was present,
but when we use periodic boundary condition, we see that the edge effect becomes
negligible and the permittivity matches that of the dielectric medium. But this sim-
ulation needs to be repeated in three axes to extract the diagonal permittivity be-
havior. The permeability extraction using Quasistatic Approach would require a
structure with a series current flowing to compute the magnetic field and extract the
inductance parameter and therefore the permeability of the structure. Hence, from
this it is seen that the Quasistatic Approach would require two different structures
to compute the permittivity and permeability and therefore multiple simulations
would be required. The Oblique Incidence S Parameters Method proposed in the lit-
erature is based on the concept that a single structure can instead provide the same
set of information based on the reflection coefficient provided by a TE and T™ exci-
tation under two angle of incidences (normal and oblique) and this would limit the
number of simulations to be run and hence makes the approach more efficient for
embedding in the design flow. With this method, infinitely repeated replicas of basic
cells can be used that can be mapped easily in modern 3D simulator to avoid the
edge effects. This method will be used in the thesis work because of its benefit that
the effect of metal fills can be considered as complex permittivity and permeability
with the advantage of reduced simulation time.

24






3. Design Flow Methodology

In this chapter, first we will focus on the description of Unit Cell Approach using
Floquet ports that makes use of the Oblique Incidence Method mentioned in the
previous chapter to extract the effective epsilon parameters for the metal fills. The
validation of this approach is done for i) Homogeneous material, ii) Anisotropic
material and iii) for the metal fill inclusion in the dielectric. This is followed by
the description on how to embed the Obique Incidence solution present in section
Section 2.2 in a design flow with 3D EM solver and MATLAB script. Then, a discus-
sion on the impact of thick metal layers of the Oblique Incidence Method versus the
ADL tool which uses metal layers of zero thickness is provided. Finally, an insight
of how the solution from the Oblique Incidence Method can be used to extract a
scalar number for the effective parameters and therefore be implemented in 2.5D
EM tools.

3.1. Unit Cell Approach Using Floquet Ports

Unit cell is the repetition of the modeled structure periodically in two directions up
to infinity. The ports define where the signal moves into and out of the simulation
space and the Floquet port is particularly used for planar periodic structures. The
metal fills are assumed to be idealized as infinitely large arrays where each element
(metal fill) is physically and electrically the same [27]. The study of a Unit Cell is
then used to complete the analysis of the infinite structure as shown in Figure 3.1

The metal fill is a periodic structure that requires an infinite repetition of the unit
element in the direction of the lattice vectors. There are two types of boundary
conditions that are used to achieve the periodicity. First is the combination of Perfect
Electric and Perfect Magnetic boundary conditions. Another boundary condition
is the Floquet boundary conditions provided by HFSS (i.e. two pairs of Primary
and Secondary Boundaries) as shown below in Figure 3.2. This enables to model
the planes of periodicity where they force the electric field at each point on one
surface (Secondary) and match the electric field within a “phase difference” at each
corresponding point on the other surface (Primary) as shown in Figure 3.3, hence
realizing an infinite periodic condition and this boundary condition will be used in
the thesis work with a phase difference of 30°[27].
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Figure 3.1.: Unit cell

Secondary

Figure 3.2.: Primary and Secondary Boundaries
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Figure 3.3.: Electric fields that match primary and secondary boundary conditions
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3.1. Unit Cell Approach Using Floquet Ports

Once the boundary conditions are set, the excitation ports are used to excite the
structure. The Floquet ports directs the incident wave to propagate from the top
to bottom and vice versa of the unit element as shown in Figure 3.4. Figure 3.5
shows the fields on the port boundary which are represented by a set of modes
known as Floquet modes. Primarily, Floquet modes (i.e. TE,TM modes) are planar
waves whose propagation direction is determined by the periodic structure’s phase,
geometry and periodicity[28],[29].

Floquet Ports
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Figure 3.4.: Floquet Ports

YYVYYYYYYYYYYTYYVYY
e R R e R B B YYY7TYYYTYYYYYYYYYYYYY
P P P R TYTTYYYIYFTIYNRYYNYY
;ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂi SARREEEEEEREEREEEEE R
] ] ] ] ] ] ] ] ] ] o ] ]
<o gy el g b Sy i J | iy gl | YT TYTYYYIYYYYYYRRYYYRYY
o o ] ] o o ] ] o ] ] ] ] o ] ] ] YYTYTYPYYYYYYVYRYYYYY
o o ] ] ] ] o ] ] ] ] e ] ] ] o Y7TYT¥YYYYFYIYYRYYYRYVV VY Y
P S U Yy YYYTYYIYFYYYIYYYYYYYYYY
e R YY Y YT YYTYTYYYYYYYYYYYYY
::::::::::::::::::::: YYYTYYYYYYYYYYYYYYYYYY
o] ] ] ] ] o o] ] | ] ] ] o] o] o] ] ] ] ] :;:;;:::;;:;:::;;::;;
il ] | ] ] | ] ] | ] e -l ] i ] | | - . . -
[ T T YYYYYYYYYYYIYYYIYNYYYYYY
aa] o ol ) o o ) o o 2] = o ] o o o YT Y YT Y Y YYYYYYYYYTYYYYY
B b b b B I e I I B YYYYrTYYYYYYYYYYYYYYRY
YTYYrYyYyYvTrTrYYTYYYYYYYYYY

(a)
Figure 3.5.: (a) Horizontal component (TM) (b) Vertical component (TE)
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3. Design Flow Methodology

The Unit Cell analysis is done for the periodic structures by using the Floquet
boundary condition and Floquet ports. In order to make the metal fill structure
periodic in an unit cell, half the spacing of the metal fills at each end has to be con-
sidered. The Unit Cell Approach enables the Oblique Incidence Method described
in Section 2.2 to extract effective epsilon parameters using S Parameters for Vertical
(TE) and Horizontal (TM) components at both the oblique and normal incidence.

3.1.1. Validation Of Oblique Incidence Method Using Unit Cell
Approach

In this section, we will validate the Oblique Incidence Method mentioned in Sec-
tion 2.2 that makes use of the Unit Cell approach for i) Homogeneous material, ii)
Anisotropic material and iii) with the metal fill inclusion in the dielectric by having
the ADL tool as the reference developed by the Terahertz Sensing group. We will
consider a 15 micron substrate (height) with the airbox distance of A/4 from the
substrate for all the cases.

i) Validation of Homogeneous material: A homogeneous material is uniform in all
directions and epsilon permittivity of 4 and epsilon permeability of 1 is considered
in the 3D EM simulation tool. Applying the Floquet boundary condition and Floquet
port to the structure as presented in the last section and using the Oblique Incidence
Method mentioned in Section 2.2 for the TE and TM components at normal and
oblique incidence and by using Equation 2.25 to Equation 2.31, we can extract the
permittivity and permeability. Figure 3.6a and Figure 3.6b shows that both the
permittivity and permeability matches that of the homogeneous material given in
the simulation tool and hence validates the method.

ii) Validation of Anisotropic material: Similar to the homogeneous case, when
we place the dielectric with anisotropic behavior in the 3D EM simulation tool (i.e.
epsilon permittivity and permeability is direction dependent) with ex = 3, ey = 4,
g, = 5and ux = 1, py = 0.7, u; = 0.5 and follow the same procedure as the
above case by applying the boundary condition and the Floquet ports, we extract
the permittivity and permeability using the Oblique Incidence Method. From the
below Figure 3.7a and Figure 3.7b, we see that they match the given anisotropic
material and therefore we can validate for the case of the anisotropic material as
well.
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iii) Validation of Metal Fill inclusion in dielectric: For the metal fill case, dielec-
tric (host medium) with epsilon permittivity of 4 and epsilon permeability of 1 is
considered in the 3D EM simulation tool and the metal fill thickness of 0.001 micron
is chosen (almost zero thickness) to provide material properties like conductivity to
the metal fills. The ADL tool which takes the geometrical parameters as input and
gives epsilon permittivity and permeability tensors as output is taken as a reference
which considers zero thickness for the metal fills. By following the same procedure
as the above cases for the boundary conditions and Floquet ports, we can extract the
permittivity and permeability using the Oblique Incidence Method as shown in Fig-
ure 3.8a and Figure 3.8b . Due to the inclusion of the metal fills, it can be seen that
the permittivity components ex and ¢y increases with respect to the host medium of
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3.1. Unit Cell Approach Using Floquet Ports

epsilon permittivity of 4 because of the mutual capacitance between layers and ¢,
remains the same value of the host dielectric because the electric field does not come
in contact in the vertical direction of the metal fill. The permeability component y,
shows that it is always less than 1 showing that the diamagnetic property is seen
in the z direction of the metal fills. This shows that the produced magnetic field is
opposite to the direction of incidence magnetic field. Permeability components

and py is close to 1.
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3. Design Flow Methodology

3.2. Embedding the Oblique Incidence Method in Design
flow

This section will show the entire design flow from designing the metal fill structure
in 2.5D EM tool (Cadence Virtuoso EMX) and translating the design to the 3D EM
tool (HFSS) by making use of the GDs file, Technology files and Layer map files. We
will also see how the Oblique Incidence Method seen in Section 2.2 is embedded
into the design flow in order to take into account the effect of metal fills before the
entire design goes for final DRC check and therefore the fabrication step.

3.2.1. Design Flow

Step 1: Design the metal fill structure in Cadence Virtuoso EMX which is a 2.5D EM
tool shown in Figure 3.9

Layers Eﬂ
Layer Set: Y All Layers B
M Valid & Used __ Routing
Search: Filter | Q n -
Active: ; MRK_CAD lowMzDen n

AV v NV b, AS v NS -
A Layer | Purpose | V| S |
M2 drawing v ¥
3] m3 drawing ¥ ¥
M4 drawing v ¥

Figure 3.9.: Step 1 - Design metal fill structure in 2.5D EM tool ( Virtuoso EMX))

Step 2: Creating the GDS file for the metal fill structure. GDS file contains information
about the layout of a circuit, including the layers, geometric shapes and text labels
and hence used as a standard interchange format between IC design applications, for
instance as shown in Figure 3.10. Therefore, this file helps to translate the structure
to 3D EM tool.
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3.2. Embedding the Oblique Incidence Method in Design flow

* Lib_StdCells

Figure 3.10.: Step 2 - Creating GDS file

Step 3: Another important file is the Technology file that contains information such
as technology name, units etc. Definition of a different colour with RGB values for
each layer is visible in the layout. All metal layers and via information along with
design rules such as width (min-max), min spacing, area(min-max), pitch, colour,
max current density is provided. Along with metal layers, physical profile infor-
mation regarding diffusion layer and polysilicon layer is also given. Via related
information like colour, layers, patterns, min-width, min spacing, pitch and max
current density is specified. Layer map file plays a key role that presents details on
how to map between layers in a Cadence layout and layers in a GDS file. This file
plays an important role in translation of the structure to the 3D EM tool which is
HFSS 3D Layout.

Step 4: Figure 3.11 shows how the above mentioned files (GDS, Technology and
Layermap) will aid to import the structure in HFSS 3D layout tool.
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3. Design Flow Methodology

Figure 3.11.: Step 4 - Importing the structure in HFSS 3D layout

Step 5: Now that the structure is imported from 2.5D tool (Cadence Virtuoso EMX)
to 3D tool (HFSS 3D Layout) with all the necessary files, the next step is to define
an airbox for the structure. An airbox has to be defined so that the radiation from
the structure is absorbed and not reflected back. The airbox should be a quarter-
wavelength from the edge of the design. In the airbox wizard extent present in the
HFSS 3D layout shown in Figure 3.12, we have the option to mention the horizontal
padding for the dielectric (i.e. spacing on each end of the dielectric ) and generally
half the spacing on each side of the structure should be given since we have to make
the metal fills as an unit cell which is periodic in nature.
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Figure 3.12.: Step 5 - Airbox Extent
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3.2. Embedding the Oblique Incidence Method in Design flow

Step 6: With the airbox being placed, we now have to make sure that the simulation
analysis is setup in order to export the metal fill structure to HFSS Modeller. In HFSS
Modeller, the classic meshing technique is used which uses 3D surface triangular
mesh on all objects and generates a 3D volume mesh. In order to embed the Oblique
Incidence Method in the design flow, HFSS Modeller is used.
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ok
7
i
Vi

(a) (b)
Figure 3.13.: (a) Metal layers with the dielectric . (b) Metal fills in HFSS Modeller.

Step 7: Now that the metal fill structure is exported to HFSS Modeller as illustrated
in Figure 3.13, we will apply the Unit Cell Approach using the Floquet ports for
the metal fill structure as mentioned in the last section. Both the Floquet boundary
conditions as shown in Figure 3.14 and Floquet ports seen in Figure 3.15 is applied
at normal and oblique incidence that make use of vertical (TE) and horizontal (TM)
components. In this thesis, the oblique incidence angle that was chosen is 30°.
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3. Design Flow Methodology

Figure 3.14.: Step 7 - Boundary Condition

Figure 3.15.: Step 7 - Floquet Ports

Step 8: Now that everything is set up, the next step is to export the S Parameters
results for both the excitation and place the values in the MATLAB script as shown
in the Appendix (Section A.1) that uses Equation 2.25 to Equation 2.31 to extract
effective epsilon parameters.

Step 9: After extracting the epsilon effective parameters as shown below in Fig-
ure 3.16 for the metal fills, we can place these values in dielectric where these metal
fill structures are placed and therefore remove the metal fills from the layout and
hence speed up the simulation. For example, if the metals are placed in the dielectric
layers from 1C to 8A, we will place the found effective epsilon parameters in these
dielectric layers and remove the metal as shown in Figure 3.17.
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Figure 3.16.: Epsilon Permittivity and Permeability
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Figure 3.17.: Step 9 - Placing the epsilon effective parameters in dielectric layers

This is the entire design flow methodology which incorporates the Oblique Inci-
dence Method. The advantage of using this design flow methodology is that the
effect of metal fills can be taken into account before this goes out to the DRC check
stage and therefore to the fabrication stage.

3.2.2. Comparison Of The Oblique Incidence Method When Using A 3D
Numerical Tool Versus The ADL Tool

The ADL tool developed by the Terahertz Sensing group as mentioned before is
built for metal fills with zero thickness which assumes the structure to be 2D. The
equivalent epsilon parameters are constant with frequency when the sub wavelength
metal fills are designed. When the metal fills become comparable to the wavelength
at really higher frequencies, dispersive behaviour will occur.
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Figure 3.18.: (a) Epsilon Permittivity (b) Epsilon Permeability

It has to be noted that for the ADL case with zero thickness for the metal fill, the
permittivity component ¢, remains the same value of the host dielectric because the
electric field does not come in contact in the horizontal direction of the metal fill.
However, in practical scenario the metal fills will have certain thickness depending
on the technology that is being used in 3D EM tools. When considering the top
metal layers (i.e. M7-M8) of the stack with the dimensions of the metal fills being 0.8
micron (for eg: The calculation frequency is 15-40GHz and hence it represents sub
wavelength metal fills) with spacing between the metal fills is 1.47 micron and the

38



3.3. Scalar Number Extraction Approach

thickness of the metal fill is 0.79 micron which is comparable to the dimension, it is
necessary to account for the offset in the z direction due to the effect of electric field
that comes in contact with the metal fills with thickness in the z direction and hence
the change in the permittivity component ¢,. Figure 4.6a shows the comparison of
the e and y for i) ADL tool which considers zero thickness (dashed line) ii) Top layer
metal fills (M7-M8) with thickness of 0.79 micron (solid line). It is seen that the z
component of realistic case with a certain thickness of 0.79 micron (yellow solid line)
shows a variation of close to 60% with the ADL case with zero thickness (light blue
dashed line) because the interaction of the electric field is the z direction is high
when compared to the case with the ADL tool that considers zero thickness. For
the x and y component of permittivity, the change is very small which is less than
2%. For the permeability, there is a slight offset in the realistic case when compared
to the ADL case with zero thickness because of the amount of current that passes
through the metal fill with thickness is higher.

3.3. Scalar Number Extraction Approach

The usage of the equivalent layer found using the Oblique Incidence Method can
be done quite accurately using 3D EM solvers where permittivity and permeability
tensors can be employed, and is less accurate in 2.5D EM solver where only a scalar
number can be provided. Due to this reason, this section will describe the extraction
of scalar number using two approaches namely Electric Field Approach and Brute
Average Approximation Approach by making use of equivalent layer values found
from the Oblique Incidence Method and therefore utilize this scalar number in 2.5D
EM tools in order to improve accuracy.

i) Electric Field Approach - In this approach, we can obtain a scalar number by
taking the area where the field lines are running below the structure as shown
below in Figure 3.19 by taking the weighted average of the horizontal and vertical
components by making use of the Oblique Incidence Method (i.e. using the diagonal
values of permittivity and permeability).
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Figure 3.19.: Grounded Coplanar Waveguide

We will look into the procedure on how to extract a scalar number from the Electric
Field Approach by considering a CPWG structure as shown in Figure 3.20.

Figure 3.20.: CPWG

We are going to consider that the CPWG structure is uniform along the propagation
length and hence considering the electric field only along one crosscut (i.e. YZ plane)
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3.3. Scalar Number Extraction Approach

as shown below in Figure 3.21. This electric field data is then exported by mention-
ing the grid dimensions of the dielectric (square boxes) to the MATLAB script shown
in Appendix which uses the below equations by taking the weighted average for the
horizontal and vertical component taken from the Oblique Incidence Method (i.e. Y
and Z component of the diagonal permittivity and permeability values) as shown
in Figure 3.16 to find the scalar epsilon permittivity and permeability.

Summation of the electric field in the shown crosscut direction (i.e. Y and Z direc-
tion) and finding the percentage of contribution of the electric field in the horizontal
direction (Y) and vertical direction (Z).

Percentage Ey = (SumEy/Total sum) * 100,

)
Percentage E; = (SumE;/ Total sum) x 100,
(3.1)
)

Percentage H, = (SumHy/Total sum) * 100,

Percentage H, = (SumH;/ Total sum) x 100,
where Total sum is the total field contribution in the y and z direction.

The next step is to extract the scalar permittivity and permeability value as men-
tioned above from the field contribution by making use of the diagonal values found
from the Oblique Incidence Method as shown in Figure 3.16.

Ey = 4.4111 x (Percentage Ey/100),

Ez = 4.1160  (Percentage Ez/100),
(3.2)
My = 1.075 x (Percentage My/100),
)

Mz = 1.034 x (Percentage Mz/100),

By using the procedure above, we extract a scalar permittivity value of 4.1410 and
permeability value of 1.0688. Hence this approach can be done for transmission
line structures where the electric field is constant throughout the crossection of the
line.

Figure 3.21.: Field contribution for CPWG
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ii) Brute Average Approximation - This is a simple approach that can be utilized
from the Oblique Incidence Method by just taking the mean of the epsilon tensor
values in the vertical and horizontal direction as shown in Figure 3.16 in order to
extract a scalar number. In some structures, the above mentioned Electric Field Ap-
proach cannot be implemented because the field changes across different crosscuts
and hence this approach could be used where we extract a scalar number by taking
mean from the Oblique Incidence Method. Since this approach directly takes the
average it could lead to an error in value. So by taking the mean, we get the epsilon
permittivity value of 4.26355 and epsilon permeability of 1.0545. So for this simple
case, it gives a variation close to 9% for permittivity value and close to 4% for the
permeability value. In Chapter 5, we will consider more specific cases where this
analysis will be investigated further.

3.4. Discussion/Conclusion

In this chapter we have seen that the Unit Cell Approach using Floquet ports are
used for planar periodic structures. This is suitable for structures like the metal fills
where the structures are physically and electrically the same. Then the validation of
the Oblique Incidence Method that makes use of the Unit Cell Approach is done for
i) Homogeneous material, ii) Anisotropic material and iii) the metal fill inclusion in
the dielectric. This is followed by the entire design flow methodology (steps) that
incorporates the Oblique Incidence Method for the extraction of effective parame-
ters using Unit Cell Analysis. A summary of the design flow methodology is shown
below in Figure 3.22. Then the impact of the thick metal fills was seen in the z di-
rection of permittivity component when compared to the ADL tool which considers
zero thickness. Finally, two approaches namely Electric Field Approach and Brute
Average Approximation Approach was discussed to extract a scalar number from
the Oblique Incidence Method with improved accuracy and this scalar number can
hence be used in 2.5D EM tools.
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Figure 3.22.: Summary - Design Flow Methodology
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4. Validation Of The Approaches Using
Test Cases

In this chapter, first the validation of the Oblique Incidence Method presented in
Section 3.2 for the 3D EM tool will be done for two test cases which are wave propa-
gating structure and lumped structure namely CPWG and Stacked Transformer. This
will be followed by the validation of the Scalar Number Approaches presented in
Section 3.3 for the 2.5D EM tool which will be presented for the CPWG structure.

4.1. Validation Of The Oblique Incidence Approach For The
3D EM Tools Using RF Passive Structures

In this section, we will corroborate the Oblique Incidence Method as discussed in
the last chapter in section Section 3.2 to consider the effect of metal fills for i) CPWG,
ii) Stacked Transformer. A brief description of the two test cases will be given before
moving to the implementation of the Design Flow Methodology using the Oblique
Incidence Method.

i) Grounded Coplanar Waveguide (CPWG) - Classical CPWG is made up of a con-
ductor separated by two ground planes, all present on the same plane on top of
the dielectric medium and a ground plane is provided on the opposite side of the
dielectric as well. Both digital and RF designs use on-chip transmission line struc-
tures which are crucial interconnections schemes [30]. As the metal fill density rules
are getting more demanding for the smaller technological nodes as mentioned in
Chapter 1, requiring the metal fill impact to be handled earlier in the implementa-
tion process for RF components. The advantage of using a CPWG structure is that it
provides good field confinement in the dielectric below the line and can be simply
analyzed since the EM fields is constant throughout the crossection of the line. With
the ground structure present, the CPWG gives low loss performance and also gives
lower radiation loss at higher frequencies [31]. For this test case, we will analyse the
WCB error metric for the S Parameters.

ii) Stacked Transformer - The Stacked Transformer test case provided by NXP Semi-
conductors is a lumped structure where the wave propagation effects can be ne-
glected. The structure is designed as two lumped coupled inductors tuned to be
providing the right impedance transformation at the frequency of interest. As al-
ready mentioned above, since the metal fill density design rules for RF and digital
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design system are becoming stringent for smaller nodes, it is therefore more impor-
tant to consider the effects of metal fill on RF/passive components like the Stacked
Transformer structure. On-chip Stacked Transformers are considered to be one of
the main components in many RF applications. The main advantage of using a
Stacked Transformer is that it gives better coupling factors with low area-budget
and it is also fully-compatible with standard IC process technology [32]. It can be
understood from the name that the Stacked Transformer layout can be realized by
positioning multiple metal layers on top of each other to make three-dimensional
structures which allows better coupling. Due to their increased coupling factor be-
havior and small area requirement, stacked on-chip transformers are becoming very
popular in many applications. For this test case, we will analyse the critical Stacked
Transformer parameters like the Inductance of the Primary (Lp) and Secondary coil
of the Transformer(Ls), Mutual Inductance (MI), Quality Factor (Q), Coupling Coef-
ticient (K) and Power Gain of the Transformer (PG) [33]. These critical parameters
are discussed in detail in the later section.

4.1.1. Oblique Incidence Approach For the 3D EM Tools - CPWG

In this subsection, we will validate the Design Flow Methodology that makes use
of the Oblique Incidence Method shown in Section 3.2 for the CPWG structure by
analysing the WCB error metric for the S Parameters.

The metal layers from Metal 1 to Metal 8 (M1-M8) is used from the 28nm technology
stack layer as shown in Figure 4.1. The metal fills for this test case are placed in the
bottom layers from Metal 2 to Metal 6 (M2-M6) with the ground plane being placed
in Metal 1 (M1). The width and the length (dimensions) of the metal fills are 0.3
micron and the spacing between the metal fills is 0.55 micron. Moreover, the inter
layer dielectric height (IMD 1C-IMD 8A) is 3.005 micron and the thickness of the
bottom metal fills (M2-M6) is 0.093 micron given by the technology layer stack.

The effect of the metal fills can be found by applying from Step 1 to Step 8 as
shown in Section 3.2. First, the metal fills placed in the bottom layers (M2-M6)
are designed in the Cadence Virtuoso EMX which is a 2.5D EM tool and using the
three important files namely GDS, technology and layermap files, the metal fills can
be translated to HFSS which is a 3D EM tool. An airbox is defined for the metal
fill structure with the vertical distance of the airbox being quarter wavelength and
the horizontal distance given as half the spacing of the metal fill structure on each
side in order to make it an unit cell which is periodic in nature. Next, the Floquet
boundary conditions and Floquet ports is applied that make use of vertical (TE) and
horizontal (TM) components at an oblique incidence (30 °) and normal incidence.
By using this, we can extract the S Parameters at a given frequency (for this case it is
chosen at 75GHz) and placing the extracted S Parameters in MATLAB script that uses
Equation 2.25 to Equation 2.31 as shown in Section A.1 (Appendix), we can extract
the effect of the bottom metal fills (M2-M6) as effective epsilon parameter values as
shown below in Figure 4.2.
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Figure 4.1.: 28nm Technology Layer Stack
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Figure 4.2.: Effective epsilon parameter values using Oblique Incidence Method

Until this point we observe the effective epsilon parameters for the metal fills (M2-
M6). Now the CPWG structure with metal fills (M2-M6) is designed in Cadence
Virtuoso EMX (2.5D EM Tool). The designed CPWG structure is a conductor placed
in between two ground conductors placed on Metal 8 (M8) on top of the dielectric
layers as shown below in Figure 4.3. The dimensions of the CPWG structure is width
= 16.5 micron, length = 100 micron and gap = 5 micron. By using the same steps as
above, we can translate the structure to the HFSS Modeller (3D EM tool) as shown
below in Figure 4.4.
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Figure 4.3.: CPWG with metal fills in Cadence Virtuoso EMX

After the CPWG structure with metal fills (M2-M6) is placed in HFSS Modeller as
shown in Figure 4.4 , the first step is to simulate the CPWG case with all the metal
tills and have it as the reference case. The subsequent step is to simulate the CPWG
case by removing the metal fills by having the same nominal layer stack values for
the dielectric layers (i.e. not making any changes in the dielectric values).

Figure 4.4.: CPWG structure with metal fills in HFSS Modeller

The next step is to introduce the found effective epsilon parameters as found in
Figure 4.2 in the dielectric layers (i.e IMD 1C-IMD 8C) and remove the metal fills
from the CPWG structure as shown in Figure 4.5.
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Figure 4.5.: CPWG structure without metal fills in HFSS Modeller

In order to compare the performances of the CPWG case for i) removing the metal
tills by having the same dielectric values (i.e. nominal layer values) and ii) using
the Oblique Incidence Method in order to take into account the effect of metal fills
as complex epsilon parameter values, we consider the case with metal fills as the
reference. Then, by defining an error metric for S Parameters [34] as shown below,

WCB = max|S;; — Sjj| (4.1)

where, S_l] is the reference S Parameters for the case with metal fills and S;; is the
S Parameters resulting from the case with no metal fills by taking the same nominal
layer stack values and the Oblique Incidence Method. i,j represent [1,2] . Figure 4.6
represents the S11 comparison and the 521 comparison between the case with metal
tills, the Oblique Incidence Method and the no fill having the same nominal layer
stack. Figure 4.7 shows the results of the error metric vs frequency for both the case
with no fills (dark blue circle) and the case with Oblique Incidence Method (red
circle). The plot shows that a lower error value is seen for the case with the Oblique
Incidence Method when compared to the case with no metal fills using the nominal
layer stack values. However, if we have to simulate the CPWG structure with all the
metal fills, the simulation time drastically increases (close to 2 days). The use of
the Oblique Incidence Method which takes into account the effect of metal fills as
complex effective parameter values gives the result with good accuracy and reduced
simulation time (less than 10 minutes).
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4.1.2. Oblique Incidence Approach For The 3D EM tools - Stacked
Transformer

The same 28nm technology stack layer shown in Figure 4.1 is used. For this test
case provided by NXP Semiconductors, the metal fills placed in the top layers (M7-
MB8) are analysed and the bottom layer metal fills (M2-M6) were ignored due to two
reasons, i) the primary reason being that there was no measurement data to compare
the results and ii) the simulation time and the memory usage will be really high due
to placement of lot of bottom layer metal fills (M2-M6).

Now focusing on the details of the metal fills (M7-M8), the width and the length
(dimensions) of the metal fills are 0.8 microns and the spacing between the metal
fills is 1.58 micron. The inter layer dielectric height is 1.58 micron (IMD 7B-IMD 8C)
and the thickness of the top metal fills (M7-M8) is 0.79 micron.

Like the CPWG case, the effect of the top metal fills (M7-M8) can be found by ap-
plying from Step 1 to Step 8 as seen in section 3.2. The metal fills placed in the
top layers (M7-M8) is designed in Cadence Virtuoso EMX and translated to HFSS
Modeller by using the GDS, technology and layermap files. Airbox is defined for
the metal fill structure with vertical padding being quarter wavelength and the hor-
izontal padding is given as half the spacing of the structure on each side in order
to make it an unit cell which is periodic in nature. The Floquet boundary condition
and Floquet ports is applied under two angle of incidences which are the normal
and oblique incidence for two types of excitation (i.e. TE and T™M) for which the
S Parameters can be extracted. The effect of metal fills was seen at 3 different frequen-
cies (6GHz, 20GHz and 40GHz) for this test case. The S Parameters is then exported
to the MATLAB script to obtain the effective epsilon parameter values for the top
metal fills (M7-M8) as shown below in Figure 4.8

So, after extracting effective epsilon parameters for the top layer metal fills (M7-
MB8), the next step is to translate the Stacked Transformer test case provided by NXP
Semiconductors from Cadence Virtuoso EMX to HESS Modeller by following the
same procedure as before as shown below in Figure 4.9 and Figure 4.10. The Stacked
Transformer structure has its primary coil placed on Metal 8 (M8) and secondary
coil along with the center tap placed on Metal (M7) and also from this detail we can
understand that the metal fills are placed on the same layers as the functional layer
(i.e. primary and secondary).

After translating the Stacked Transformer structure with the top metal fills (M7-M8)
to HFSS Modeller, the first step is to simulate the Stacked Transformer with all the
metal fills and use it as a reference case. This will be subsequently followed by
removing the metal fills from the structure by having the same values as the layer
stack for the dielectric layers. The next step is to place the found effective epsilon
parameters at three different frequencies (5GHz, 20GHz and 40GHz) as shown in
Figure 4.8 in the dielectric layers (i.e. IMD 7B- IMD 8C) and remove the top metal
fills from the Stacked Transformer structure as shown in Figure 4.11
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Figure 4.8.: (a) Effect of metal fills at 5GHz (b) Effect of metal fills at 20GHz (c) Effect
of metal fills at 40GHz
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Figure 4.11.: Stacked Transformer without metal fills in HFSS Modeller

The following step is to emphasize on the performance of the Stacked Transformer
by focusing on the critical parameters which are the Inductance of the Primary
(Lp) and Secondary coil (Ls), Mutual Inductance (MI), Quality Factor (Q), Coupling
Coefficient (K) and Power Gain (PG) of the Transformer [32] [33] for all the cases
mentioned above. These parameters are analysed by converting S Parameters to Z and
Y parameters. Before we examine, a brief description of the parameters is given.

i) Primary Inductance (Lp), Secondary Inductance (Ls) and Mutual Inductance
(MI): A Stacked Transformer can also be seen as two inductors coupled together.
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Inductance is the property of the inductor that tends to oppose any change in the
current flow (both primary and secondary). Mutual Inductance occurs when the
change in current in one inductor induces a voltage in another inductor. It is impor-
tant to consider these parameters since this is the mechanism by which transformers
work. The equation of Primary, Secondary and Mutual Inductance is represented as
follows:

Lp = Imag(Z11)/2mf (4.2)
Ls = Imag(Zy) /21t f (4.3)
MI = Imag(Z1p) /21 f (4.4)

where

Lp- Primary Inductance,
Ls- Secondary Inductance,
MI- Mutual Inductance,

f - frequency

ii) Quality Factor (Q): Quality Factor is defined as the ratio of energy stored in coil
to the energy dissipated by the coil and it provides an indication of the losses and
how efficient the transformer is and therefore it plays a key role. Hence, the main
goal for the designers is to maximize the Q factor. A simple equation for the Q
Factor is given as:

Q = —Imag(Y11)/Real(Y11) (4.5)

iii) Coupling Coefficient (K): Coupling Coefficient is defined as the magnetic cou-
pling between the primary and secondary coils of the transformer. As mentioned
before, generally the stacked transformer gives a larger coupling coefficient due to
its metal layers being closely packed with each other and hence there would be
overlapping. Generally, the Coupling Coefficient is stated as:

MI

iv) Power Gain (PG): Power gain is defined as the ratio of output power to the input
power. In realistic scenarios, there would be losses which would decrease the output
power from the input power and therefore this parameter is critical.

PG =1+42(x—Vx2—x) (4.7)

where,
_ Real(Zy1)Real(Zy) — |Real (Z13)?

4.8
Tmag (Z12)[? + [Real(Z,) P “5)

Figure 4.12 shows the analyses of the critical Stacked Transformer parameters vs
frequency using the above equations for the cases i) with all the metal fills present
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in the Stacked Transformer (red colour curve), ii) removing the metal fills by having
the nominal layer values (dark blue colour curve), iii) using the Oblique Incidence
Method at three different frequencies (§GHz- pink colour curve, 20GHz - light green
colour curve and 40GHz - black colour curve) to take into account the effect of
metal fills as complex effective parameters. Both the cases, with metal fills and
without metal fills are represented by solid curve and the Oblique Incidence Method
is represented by dashed curve. The plot shows that the case with no metal fill
having the nominal layer values shows a fair amount of deviation with the metal
till case (reference) and the variation becomes more prominent as the frequency
increases for all the parameters except Quality factor and Power Gain where the
deviations are minimal. So, it is important to consider the effect of metal fills but
practically it is not possible to simulate the structure due to the increased simulation
time (close to 4 hours). Therefore it is seen from the plot that the Oblique Incidence
Method (dashed line) shows good matching with the metal fill case (reference) with
reduced simulation time (less than 10 minutes). We can also understand from the
plot that the effect of metal fills evaluated using Oblique Incidence Method does
not vary with frequency (i.e. frequency independent) and hence the plot at different
frequencies almost overlap each other.

4.2. Validation Of The Scalar Number Approach For 2.5D
EM Tools

As mentioned in the last chapter in Section 3.3, the scalar number extraction can be
done using Electric Field Approach and Brute Average Approximation Approach.
The Electric Field Approach is based on taking the weighted average of the horizon-
tal and vertical component of tensor behavior by making use of the tensor values of
the Oblique Incidence Method and hence this scalar number can be used for 2.5D
EM tool with good precision and accuracy. The Brute Average Approximation Ap-
proach is based on taking the mean of the tensor values of the Oblique Incidence
Method. By applying the procedure from the last Section 3.3 we can extract a scalar
number for the CPWG structure.

First, taking into account the field under the CPWG structure and exporting the data
by mentioning the grid dimensions of the dielectric (IMD 1C-IMD 8A) to MATLAB
script as shown in Figure 4.13 where the weighted average for the horizontal and
vertical component taken from the Oblique Incidence Method is considered as men-
tioned before, we get the scalar permittivity to be 4.141 and scalar permeability as
1.0688. The Brute Average Approximation Approach is performed by taking the
mean of the horizontal and vertical components and we get the scalar permittivity
to be 4.26355 and scalar permeability as 1.0545.

In order to compare the performances of the CPWG case for the scalar number ex-
traction, we use the WCB error metric for the S Parameters as mentioned in the last
section for i) Oblique Incidence Method ii) Electric Field Approach and iii) Brute
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Figure 4.12.: (a) Lp vs Freq. (b) Ls vs Freq. (c) MI vs Freq (d) Q vs Freq. (e) K vs

Freq.

(f) PG vs Freq

Average Approximation and iv) No Fills having the same nominal layer value by
having the case with metal fills as the reference. Figure 4.14 shows the results of the
error metric vs frequency for the three cases with Oblique Incidence Method (red
circle), Electric Field Approach (dark blue circle), the Brute Average Approximation
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Figure 4.13.: Field in 3D EM tool and imported field in MATLAB
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(pink circle) and No Fills having the same nominal layer value (light green circle).
We can understand from the plot that the Brute Average Approximation Approach
error metric increases when compared to the Electric Field Approach and the error
increases almost twice as the frequency increases. Hence, this exhibits that the scalar
number extracted from the Electric Field Approach gives a more accurate value due
to the presence of the field contribution in the horizontal and vertical component
by applying the weighted average and therefore this gives more knowledge and
insight on the epsilon values. This could be used in the 2.5D EM tool for the trans-
mission line structures since the extraction of the field for these structures can be
done easily.
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Figure 4.14.: WCB - Oblique Incidence Method, Electric Field Approach and Brute
Average Approximation Approach
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4.3. Discussion/Conclusion

In this chapter, we have seen the validation of the Oblique Incidence Method for the
3D EM tool performed for the two test cases namely CPWG and Stacked Transformer.
For the CPWG structure, the effect of bottom layer metal fills was taken into account
at 75GHz. To compare the performances of the CPWG case, WCB error metric was
taken into account for i) removing the metal fills by having the same dielectric values
(i.e. nominal layer values) and ii) using the Oblique Incidence Method in order to
take into account the effect of metal fills as complex epsilon parameter values having
the case with metal fills as the reference. A lower error value is seen for the case with
the Oblique Incidence Method when compared to the case with no metal fills and it
is not possible to simulate the structure with all the metal fills due to increased sim-
ulation time (close to 2 days). Hence the Oblique Incidence Method which takes into
account the effect of metal fills as complex effective parameter values gives the re-
sult with good accuracy and reduced simulation time (less than 10 minutes). For the
Stacked Transformer structure provided by NXP Semiconductors, the effect of top
layer metal fills was taken into account at 5GHz, 20GHz and 40GHz. To compare the
performances of the Stacked Transformer structure, critical parameters like Primary
Inductance (Lp), Secondary Inductance (Ls) and Mutual Inductance (MI), Quality
Factor (Q), Coupling Coefficient (K) and Power Gain of the Transformer (PG) was
taken into account. Similar to the CPWG structure, the case with no metal fill having
the nominal layer values shows a fair amount of deviation with the reference metal
till case and the variation becomes more prominent as the frequency increases. Like
the CPWG structure, the case with all the metal fills increases the simulation time
(close to 4 hours) and hence the Oblique Incidence Method which gives good accu-
racy with the metal fill case, also reduces simulation time (less than 10 minutes). It
is also understood that the Oblique Incidence Method does not vary with frequency
(i.e. at 5GHz, 20GHz and 40GHz curves almost overlap) and this implies that the ef-
fect of metal fills can be found at different frequencies and the impact of the change
in frequency is less. Next, the validation of the Scalar Number Approach namely
Electric Field Approach and Brute Average Approximation Approach for the 2.5D
EM tool is performed for the CPWG structure. For the Electric Field Approach, we
take into account the weighted average for the horizontal and vertical component
taken from the Oblique Incidence Method and for the Brute Average Approxima-
tion Approach we take the mean of the horizontal and vertical component from the
Oblique Incidence Method. The WCB error metric for the S Parameters was taken into
account for i) Oblique Incidence Method, ii) Electric Field Approach, iii)Brute Aver-
age Approximation and iv) No Fills having the same nominal layer value by having
the Metal Fill case as the reference. It was seen that the error from the Electric field
Approach was less than that of the Brute Average Approximation Approach due
to the presence of the field contribution in the horizontal and vertical component
and then applying the weighted average and this scalar number could enable 2.5D
EM simulation for the transmission line structures since the electric field for these
structures can be extracted easily.
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5. Design Based Approach

This chapter presents the insights of designing the metal fills with different shapes
and alignment by implementing the Oblique Incidence Method. This is done in
order to understand the variations in epsilon effective parameters. It is performed
because for less epsilon variations, an accurate scalar number value can be extracted
using the two approaches mentioned in Section 3.3 to enable 2.5D EM simulations
with improved accuracy. We will then classify the metal fill shapes as Worst Case,
Intermediate Case and Best Case scenarios based on the variation in epsilon effective
parameters. This will be followed by validating this approach for the CPWG structure
using the WCB error metric for the Scalar Number Extraction Approaches namely
Electric Field Approach and Brute Average Approximation Approach by having the
three cases (i.e. Worst Case, Intermediate Case and Best Case) found using the
Oblique Incidence Method as a reference.

5.1. Analysis On Different Metal Fills

In this section we will understand the impact of different metal fills based on their
epsilon variations. So, if we don’t do any changes to the metal filling and just rely
on the metal filling script (i.e. DRC script) which is done before the chip is fabricated,
the layout density distribution increases. Generally, the Rectangle metal fill shape is
used by the script which is the traditional metal fill design and most widely used.
But in some cases, if there is a misalignment in the Rectangle metal fills there would
be a bigger variation impact in the epsilon values [35] [26]. Hence, in order to reduce
the variations of the epsilon values we can make use of two approaches, i) Align the
Rectangle metal fill shape and ii) Design an optimal shape and see if we can further
reduce the epsilon variation. We have to note that the same fill density should be
used for the metal fills. Hence, for less epsilon variations, we can make a better
approximation of the scalar number in order to enable to 2.5D EM simulations with
less error and the scalar number extraction can be done using the two methods as
mentioned in Section 3.3.

5.1.1. Rectangle Metal Fills

Most technology processes use the Rectangle metal fills in their implementation as
mentioned before. In this analysis, we are going to analyse the bottom layer metal
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fill (M2-M6) with the width and length = 0.3micron (dimension) and spacing =
0.55micron. The metal fill density is calculated as the ratio of the Metal Area to the
Total Area in percentage (Metal Area/Total Area)x100. The metal fill density taken
into account for this case is 12.45%. We will incorporate the Oblique Incidence
Method by using the same procedure mentioned in Section 3.2.1 in order to take
into account the epsilon effective parameters.

We will first start the analysis by not aligning the Rectangle metal fills as mentioned
above, since this will have the maximum impact in the epsilon variation (i.e. differ-
ence between permittivity and permeability values in X, y and z direction will be
high) . Figure 5.1 shows the Rectangle Misaligned metal fills.

Rectangle Misaligned Metal Fills

Figure 5.1.: Rectangle Misaligned metal fills

We can clearly understand from Figure 5.2 that Rectangle Misaligned metal fills
shows high variation (variation between x, y and z direction) in the epsilon values
(i.e. the variation for the permittivity is about 22.5% and the variation for the perme-
ability is about 8%). This is due to the fact that the permittivity components ey and
¢y increase with the misalignment because of the raised mutual capacitance between
layers and the variation can be seen with respect to ¢;.
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Figure 5.2.: (a) € for Rectangle Misaligned metal fill (b) u for Rectangle Misaligned
metal fill

One way to tackle this high variation in epsilon parameter is to align the Rectangle
metal fills with the same metal fill density as shown in Figure 5.3.

It can be seen in Figure 5.4 that after aligning the Rectangle metal fills, the impact of
the epsilon variation has decreased (i.e. the variation for the permittivity is close to
9.3% and the variation for the permeability is around 4%). It is therefore seen that
the aligned case variation for the epsilon values (i.e. the difference between in the X,
y and z direction ) is less than the misaligned case for the Rectangle metal fills.
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Rectangle Aligned Metal Fill

Figure 5.3.: Rectangle Aligned metal fills
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Hence this is one approach to reduce the epsilon variation by aligning the metal fills
and therefore the extraction of a scalar number for 2.5D EM tools can be done with
less error.

We can further see in the next subsection that by designing optimum metal fill
shapes, if the epsilon variation impact further reduces or not.

5.1.2. Optimum Metal Fill Shapes

In this thesis work, we have considered two metal fill shapes which is Plus [36] and
Hexagon Donut with the same metal fill density of 12.45% as the Rectangle metal
fill to understand if the capacitance between layers reduces and also to see if the
variation further decreases than the aligned Rectangle metal fill shape. Both the
metal fills have been designed with alignment and misalignment cases as shown
below in Figure 5.5 and Figure 5.6 with an eye towards the epsilon variation and to
see if it further reduces.

Plus Aligned Metal Fill Plus Misaligned Metal Fill

Figure 5.5.: Plus metal fills - Aligned and Misaligned

Hexagon Donut Aligned Metal Fill Hexagon Donut Misaligned Metal Fill

0 0 O O O O

00 0 O O O

o 0 O O O O

Figure 5.6.: Hexagon Donut metal fills - Aligned and Misaligned
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Figure 5.7 shows that the Plus Aligned metal fill shape seems to have the least
epsilon variation (i.e. the variation for the permittivity is close to 6.5% and the
variation for the permeability is about 3.84%) which is followed by Hexagon Donut
Aligned metal fill shape (i.e. the variation for the permittivity is close to 7.8% and the
variation for the permeability is around 4%) and this shows that mutual capacitance
between the layers further reduces than the Rectangle metal fills and hence we can
see that the variation in ¢x and ¢y is less in both the cases with respect to ¢;. It is
also understood from the plot that the misaligned metal fill shapes (represented by
dashed lines) in general seems to have a greater variation than the aligned metal
till shapes (represented by solid lines) and the highest being that of the Rectangle
Misaligned metal fills.

Therefore to briefly summarize, we understand that the Rectangle Misaligned metal
till shape has bigger variation in epsilon values vs frequency because the permit-
tivity components ex and ey increase with the misalignment, because of the raised
mutual capacitance between layers with respect to ¢, . In order to reduce the ep-
silon variation impact, two approaches were used: i) Aligning the Rectangle metal
till shape where we already see a reduction in epsilon variation. ii) Designing op-
timal metal fill shapes ( i.e. Plus and Hexagon Donut ), which further reduces the
epsilon variation.

Hence for less epsilon variations, we can make a better approximation for the scalar
number in order to enable to 2.5D EM simulations with less error.

In the next section, we will validate the Design Based Approach for the scalar num-
ber extraction by making use of three cases based on the alignment and optimal
metal fill shape with respect to the epsilon variations for the CPWG structure. The
three cases are mentioned below:

i) Worst Case : Rectangle Misaligned metal fill
ii) Intermediate Case : Rectangle Aligned metal fill
iii) Best Case: Plus Aligned metal fill

5.2. Validation Of The Design Based Approach For The
Scalar Number Extraction

In this section, we will validate the Design Based Approach by using the three
cases as mentioned above (i.e. i) Worst Case : Rectangle Misaligned metal fill, ii)
Intermediate Case : Rectangle Aligned metal fill, iii) Best Case: Plus Aligned metal
fill ) for the CPWG structure by using the found epsilon values from the Oblique
Incidence Method and having this as a reference case for the two scalar number
approaches namely i) Electric Field Approach and ii) Brute Average Approximation
Approach. This will be followed by the comparison of S Parameters results for the
scalar number approaches using the WCB error metric for the three cases.
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Figure 5.7.: (a)-(b) represents the ¢ and y for Plus Aligned metal fill, (c)-(d) rep-
resents the ¢ and p for Plus Misaligned metal fill, (e)-(f) represents the ¢ and u
for Hexagon Donut Aligned metal fill, (g)-(h) represents the ¢ and u for Hexagon
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5.2. Validation Of The Design Based Approach For The Scalar Number Extraction

5.2.1. Scalar Number Approaches for the Three Cases

We will first make use of the epsilon values found in the last section using Oblique
Incidence Method and have it as a reference case for the three cases. The Scalar
Number Approaches mentioned in Section 3.3 uses the information of effective ep-
silon values from the Oblique Incidence Method. The Electric Field Approach takes
into account the weighted average of the horizontal and vertical components run-
ning across the structure and the Brute Average Approximation Approach is done
by taking the mean of the epsilon values. We will implement these approaches for
the three cases.

But before implementing the scalar approach, we have to export the CPWG structure
from the Cadence Virtuoso EMX which is a 2.5D EM tool to HFSS which is a 3D
EM tool by following the same procedure shown in Section 3.2.1 as shown below
in Figure 5.8 After translating the structure to HFSS, the first step is to place the
found effective epsilon parameters values using the Oblique Incidence Method in
the last section and simulate the CPWG structure for the three cases and use it as
a reference case. The next step is to extract a scalar number by making make use
of the Electric Field Approach mentioned in Section 3.3 by exporting the field data
to the MATLAB script that makes use of the weighted average of the horizontal
and vertical component found from the Oblique Incidence Method and implement
the obtained scalar number and simulate for all the three cases. Finally, the scalar
number using Brute Average Approximation Approach is extracted by taking the
average of the epsilon values and this number is applied and simulated for the three
cases.

Figure 5.8.: CPWG
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To compare the performances of the CPWG case for the three cases i) Worst Case
: Rectangle Misaligned metal fill, ii) Intermediate Case : Rectangle Aligned metal
fill and iii) Best Case: Plus Aligned metal fill, the WCB error metric for S Parameters
will be used as done in the last chapter. 5_1] is the reference S Parameters for the
case with the Oblique Incidence Method and §;; is the S Parameters resulting from
the scalar number Electric Field Approach and Brute Average Approximation Ap-
proach. Figure 5.9 shows the results of the error metric vs frequency for the scalar
number approaches by making use of the three cases. The circle curves represents
the Electric Field Approach and the star curves represents Brute Average Approxi-
mation Approach. The Worst Case : Rectangle Misaligned metal fill is represented
by red colour, Intermediate Case : Rectangle Aligned metal fill is shown by dark
blue colour and Best Case: Plus Aligned metal fill is depicted as pink colour. The
plot shows that least error value is seen for the Electric Field Approach extracted
for the Best Case: Plus Aligned metal fill and highest error is seen in the Brute Av-
erage Approximation Approach for the Worst Case : Rectangle Misaligned metal
fill. This is because taking into account the effect of field in particular direction (i.e.
horizontal and vertical) gives more knowledge and insight on the epsilon variation
and also it worked best for the Plus Aligned shape because the epsilon variation is
the least and hence extracting the scalar number gave less error. The Electric Field
Approach will work perfectly for Transmission Line structures (i.e. wave propagat-
ing structure) as extracting the electric field can be done at every cross-section of
the line where the field behavior is constant except at the edges and hence the error
is less, but if we move to structures like Transformers and Inductors (i.e. lumped
structure) extracting the field can be really complicated and hence it is good to ar-
rive at a solution that has metal fills with less epsilon variation (i.e. in this case,
Plus Aligned metal fills) and therefore even use the Brute Average Approximation
Approach where the error is less.

% Rectangle Alignes rute Average Approximation Approach *
Field Approach *
K Plus Aligned - Brute Average imati

m
0 0.035 * ° R
o *
0.03 * o * * .
° *
o
0.025 - * ° *
o
0.02% ° ° <
o * ° o
0.015 ° * * o ° o
> * ° ° * *
0.01% ° o N * * * *
o
0.005¢ * * * * o ° o o
* > ° ) o o
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2 3 4 5 6 7 8

Freq (Hz) x1010

Figure 5.9.: WCB - Electric Field Approach and Brute Average Approximation Ap-
proach for three cases
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5.3. Discussion/Conclusion
5.3. Discussion/Conclusion

It was seen that the Rectangle metal fills which is most widely designed when mis-
aligned shows a bigger variation in the epsilon values extracted from the Oblique
Incidence Method (i.e variation of 22.5% for the permittivity and 8% for the perme-
ability) as the mutual capacitance increases between layers. So, to reduce the impact
of epsilon variations, two approaches are used. First, the rectangle metal fills were
aligned and we immediately see that the epsilon variation difference drops down
to 9.3% for the permittivity and permeability around 4%. Next, by designing opti-
mal metal fill shapes (i.e. Plus and Hexagon Donut), we see a further reduction in
the epsilon variation. For the Plus Aligned metal fill, the permittivity variation is
about 6.5% and permeability variation is 3.84%. This was followed by the Hexagon
Donut Aligned metal fill where the permittivity variation was close to 7.8% and the
permeability variation is about 4%. The aim of this is to see that for less epsilon
variations, we can make a better approximation for the scalar number in order to
enable to 2.5D EM simulations with less error and therefore the validation of the
Design Based Approach for the scalar number extraction is performed for the CPWG
structure. This scalar number is extracted using the i) Electric Field Approach and
ii) Brute Average Approximation Approach. The metal fill shapes have been cate-
gorized into three cases based on the impact of epsilon variations i.e i) Worst Case
: Rectangle Misaligned metal fill, ii) Intermediate Case : Rectangle Aligned metal
till, iii) Best Case: Plus Aligned metal fill. By applying the WCB error metric for
the two scalar number approaches by having the Oblique Incidence Method as a
reference case, we see the least error value for the Electric Field Approach extracted
for the Best Case: Plus Aligned metal fill and highest error for the Brute Average
Approximation Approach for the Worst Case : Rectangle Misaligned metal fill and
from this we can understand that the Electric Field Approach will work perfectly
for Transmission line structures as extracting the field can be done easily and hence
the percentage of error is less. But for structures like Transformers and Inductors,
extracting the field is really complicated and hence it is good to arrive at a solu-
tion that has metal fills with less epsilon variation and therefore even use the Brute
Average Approximation Approach where the percentage of error is less.
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6. Conclusion And Future Scope

6.1. Summary And Conclusion

6.1.1. Summary

It is important to understand that the metal fills do have an impact on the per-
formance of the structures and the impact becomes stronger as the frequency in-
creases due to the parasitics. The impact of the parasitics given by the fabrication
process and design rule regulations becomes more predominant as the frequency
increases. It is not feasible to directly include the metal fills in the design flow due
to drastic increase in the simulation time. The Quasistatic Based Approach that
takes into account simple formulations is not suitable for modern commercial EM
tools which does not account for the edge effects and hence extracting equivalent
permittivity values was difficult and therefore requires periodic boundary condi-
tions to be applied so that the edge effect becomes negligible. This simulation needs
to be repeated in three axes to extract the diagonal permittivity behavior and the
permeability extraction would require a structure with a series current flowing to
compute the magnetic field and extract the inductance parameter and therefore the
permeability of the structure requiring multiple simulations. Therefore, the Oblique
Incidence Based Method is used which takes into account a single structure that
provides the same set of information based on the reflection coefficient provided by
TE and TM excitation under two angle of incidence (i.e. normal and oblique) and
this would limit the number of simulations to be run and hence makes the approach
more efficient for embedding in the design flow. Then the Design Flow Methodol-
ogy is proposed. Next, by making use of the Oblique Incidence Method, two Scalar
Number Approaches are proposed namely Electric Field Approach and Brute Av-
erage Approximation Approach that enables the extraction of a scalar number for
the permittivity and permeability with improved accuracy for the 2.5D EM solvers
from a 3D EM solver. Finally, Design Based Approach for different metal fill shapes
and alignment was studied by making use of the Oblique Incidence Method. This is
done in order to understand the variations in epsilon effective parameters because
for less epsilon variations, an accurate scalar number value can be extracted using
the two approaches (i.e. Electric Field Approach and Brute Average Approximation
Approach) to enable 2.5D EM simulations with improved accuracy.
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6.1.2. Conclusion

In Chapter 2, analysis of extracting the epsilon values was done using the Qua-
sistatic Approach by making use of simple mathematical approximation for the par-
allel plate capacitor case. To extract u and e for a bi-anisotropic ( i.e. extracting
permittivity and permeability) it was seen that multiple simulations using different
reference structures (i.e. capacitor and metal strip) needs to be employed under dif-
ferent excitations and hence makes this approach less direct in it’s implementation
in an automated design flow to support integrated circuit designs. For this reason,
it was seen in the literature that the Oblique Incidence Method makes use of the
S Parameters that are derived from the normal and oblique incidence for the vertical
(TE) and horizontal (TM) components. This is done in order to extract the effective
parameters to take into account the effect of metal fills by making use of a single
structure. Hence, it makes the approach to be more systematic and efficient for em-
bedding in the design flow for integrated circuit designs. Apart from this, it also
has the added advantage of reduced simulation time and good accuracy.

Chapter 3 provided the knowledge about the Unit Cell Approach to extract the
epsilon effective parameters for periodic planar structures (i.e. metal fills ) using the
Oblique Incidence Method and this approach was validated for three cases which
are i) Homogeneous material case- which is uniform in all directions, ii) Anisotropic
material case - which is direction dependent and iii) Metal Fill Inclusion case -
this is done by having the ADL Tool developed by Terahertz Sensing group as a
reference which takes into account zero thickness for the metal fills. Furthermore,
an explanation of the entire design flow methodology starting from the design in
2.5D EM tool to the 3D EM Tool by making use of the GDs files, Technology files
and LayerMap files and then incorporating the Oblique Incidence Method to the
structures is given. The advantage of using this design flow methodology is that
the effect of metal fills can be directly embedded in the usual design flow process
before it goes out to the DRC check stage and therefore to the fabrication stage.
The usage of the equivalent layer can be done quite accurately using 3D EM solvers
where permittivity and permeability tensor can be employed and is less accurate
in 2.5D EM solver where only a scalar number can be provided. As a consequence
of this, two Scalar Number Approaches namely Electric Field Approach and Brute
Average Approximation Approach were discussed which makes use of the Oblique
Incidence Method and therefore this scalar number can enable 2.5D EM simulations
with better accuracy.

In Chapter 4, validation of the Oblique Incidence Method for the 3D EM tool was
done for two test cases which are wave propagating structure (i.e. CPWG with bot-
tom layer metal fills (M2-M6)) and lumped structure (i.e. Stacked Transformer with
top layer metal fills (M7-M8)) which was provided by NXP Semiconductors. The
advantage of using a CPWG structure is that it providest provides good field con-
tinement in the dielectric below the line and gives low loss performance. The WCB
error metric is used for the S Parameters to compare the performances of the CPWG
structure for two cases i) removing the metal fills by having the same dielectric
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values (i.e. nominal layer values) and ii) using the Oblique Incidence Method by
having the metal fill case as the reference to have an understanding of the impact
of the metal fills. A lower error value was seen for the case with the Oblique In-
cidence Method when compared to the case with no metal fills using the nominal
layer stack values. However, if we have to simulate the CPWG structure with all
the metal fills, the simulation time drastically increases. Therefore, the use of the
Oblique Incidence Method which takes into account the effect of metal fills as com-
plex effective parameter values gives the result with good accuracy and reduced
simulation time. Moving to the Stacked Transformer case, we observe that it pro-
vides the advantage of giving recommended coupling factors with low area-budget
and it is also fully-compatible with standard IC process technology. The critical
parameters like the Inductance of the Primary (Ls) and Secondary coil of the Trans-
former(Lp), Mutual Inductance (MI), Quality Factor (Q), Coupling Coefficient (K)
and Power Gain of the Transformer (PG) is analysed to compare the performances
of the Stacked Transformer structure for three cases i) all the metal fills present in
the Stacked Transformer is considered as the reference, ii) removing the metal fills
by having the nominal layer values , iii) using the oblique incidence method at three
different frequencies (5GHz, 20GHz and 40GHz) to take into account the effect of
metal fills as complex effective parameters. Similar to the CPWG structure, the case
without metal fill using the nominal layer stack values showed fair amount devia-
tion with frequency when compared to the metal fill case (reference). Therefore, it
is important to consider the Oblique Incidence Method which takes into account the
effect of metal fills with reduced simulation time and shows good accuracy with the
metal fill case. It is also important to note that the effect of metal fills at different
frequencies overlaps each other and therefore we can understand that this method is
frequency independent. Furthermore, validation of the Scalar Number Approaches
(Electric Field Approach and Brute Average Approximation Approach) for the 2.5D
EM tool which makes use of the Oblique Incidence Method was performed for the
CPWG test structure and the WCB error metric was taken into account for i) Oblique
Incidence Method, ii) Electric Field Approach, iii)Brute Average Approximation and
iv) No Fills having the same nominal layer value by having the metal fill case as the
reference. It was seen that the error from the Electric Field Approach was less than
that of the Brute Average Approximation Approach due to the presence of field in
the horizontal and vertical component and then applying the weighted average to it
and this scalar number could enable 2.5D EM simulation for the transmission line
structures since the fields for these structures can be extracted easily.

The Design Based Approach using the Oblique Incidence Method was done in
Chapter 5 for different metal fill shapes and alignment. The Rectangle metal fills
which is most widely used but when misaligned will have greater epsilon variations
because of the increased mutual capacitance between metal layers. For less epsilon
variations a better approximation for the scalar number can be taken by using the
Electric Field Approach and Brute Average Approximation Approach in order to
enable 2.5D EM simulations with less error. In order to reduce the epsilon varia-
tion impact, two approaches were used: i) Aligning the Rectangle metal fill shape
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where we already see a reduction in epsilon variation and ii) Designing optimal
metal fill shapes, where in this thesis work, we have considered Plus and Hexagon
Donut, we can further understand that the epsilon variation reduced even more.
The Plus Aligned metal fill shape had the least epsilon variation impact. Moreover,
validation of this approach for the scalar number extraction is done for CPWG struc-
ture by considering three cases based on epsilon variation which is i) Worst Case -
Rectangle Misaligned, ii) Intermediate Case - Rectangle Aligned and iii) Best Case -
Plus Aligned in order to extract a scalar number using the Electric Field Approach
and Brute Mean Approximation Approach. The WCB error metric for the two scalar
number approaches is provided by having the Oblique Incidence Method as a refer-
ence. The least error value is seen for the Electric Field Approach extracted for the
Best Case: Plus Aligned metal fill and highest error is seen for the Brute Average
Approximation Approach extracted the Worst Case : Rectangle Misaligned metal
fill. This is because the Electric Field Approach takes into account the field informa-
tion in the vertical and horizontal directions (weighted average) which gives more
insight and knowledge for the epsilon values and this can be used for Transmission
line structures as extracting the fields at each crossection of the line can be done eas-
ily when compared to the lumped structures like the Transformers and Inductors.
For the latter mentioned structures, it is good to arrive at a solution that has metal
fills with less epsilon variation which in this case is the Plus Aligned metal fills and
hence even use the Brute Average Approximation Approach where the percentage
of error is less.

6.2. Future Scope

The work done in this thesis has highlighted the importance of including the metal
tills. To accommodate the metal fills for high frequency systems, the following are
some of the future works that can be conducted as a continuation to this thesis
work:

Design Flow Automated Process: In Chapter 3, the Design Flow Methodology has
been elucidated. It is a slightly tedious process for the Design Engineers to manually
create all the files and follow all the steps in order to extract complex epsilon values.
An automated process which can directly take into account the GDs files, setting up
boundary conditions, Floquet ports and extracting the S Parameters and placing it in
MATLAB script etc, can be looked into by making use of the scripting language pro-
vided by the EM tool (for eg: Python script). With this automated process, the errors
can be minimized and the time to set up the entire process can also be reduced.

Measurement Data: Within this thesis project, we have performed a set of val-
idations of the Oblique Incidence Method by having a certain metal fill density
composition that could be simulated, but for real structures like the Inductors or
Transmission lines where there is very high density of metal fill composition, it is
not possible to validate with the EM tool due to high simulation time and memory
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usage. It was not possible with the given time frame of the thesis project to perform
the measurement of structures for the proof of the Oblique Incidence Method and
this can be looked into as a next step. The measurements of these test structures
should be well organised with the technology of interest (for eg: 28nm).
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A. Appendices

A.1. MATLAB CODE - Oblique Incidence Method

clc;

clear;

% Real part - 0

T_real O=table2array(readtable(’S Parameter Plot 15.csv’));

% Imaginary part — 0
T1l_imag O=table2array (readtable(’S Parameter Plot 16.csv”));

% Real part - 30
T_real_30=table2array(readtable ('S Parameter Plot 17.csv”));

% Imaginary part — 30
Tl_.imag_30=table2array (readtable ('S Parameter Plot 18.csv’));

x=[5:15];

% This represents S parameters at theta=0
S11_TE _real 0= T_real 0(x,2);
S11_TE_imag_0= T1l_.imag_0(x,2);

% Represents S11-TE
S11_.TE_.0= S11_TE_real 0+1j.+(S11_TE_imag._0);

S21_TE_real 0= T_real_0(x,3);
S21_TE_imag_0= Tl.imag_ 0(x,3);

% Represents S21-TE
S21.TE 0= S21_TE_real 0+1j.%#(S21_TE_imag 0);

S11_TM _real 0= T_real 0(x,4);
S11_TM_imag 0= T1l_.imag_0(x,4);

% Represents S11-IM
S11.TM_0= S11_TM_real 0+1j .+(S11_-TM_.imag_0) ;

73




35

36

37

38

39

40

41

42

43

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

A. Appendices

S21_TM_real 0= T_real_0(x,5);
S521_TM_imag_ 0= T1l_.imag_ 0(x,5);

% Represents S521-IM
521 TM 0= S21_TM_real 0+41j.+(S21_.TM_imag 0);

% This represents S parameters at theta=30 (oblique incidence)

S11_TE_real_30 = T_real_30(x,2);
S11_TE_.imag_30= T1l_.imag_30(x,2);

% Represents S11-TE
S11_.TE_30= S11_TE_real 30+1j.%(S11_TE_imag_30);

S21_TE_real_30= T_real_30(x,3);
S21_TE_imag_30= T1l_.imag_30(x,3);

% Represents S21-TE
S21_TE_30= S21_TE_real 30+1j .%(S21_TE_imag_30);

S11_TM_real 30= T_real_30(x,4);
S11_TM_imag 30= T1l.imag 30(x,4) ;

% Represents S11-IM
S11.TM_30= S11_TM_real 30+1j .»(S11_TM_imag_30) ;

S521_TM_real 30= T_real_30(x,5);
521 _TM_.imag_30= T1_imag_30(x,5);

% Represents S21-IM
S21_.TM_30= S21_TM_real 30+1j .%(S21_TM_imag_30);

% Frequency
freq=T_real 0(x,1).x1079;
% Angle (Theta)

angle_1=0; %Represents Theta=0
angle_2=30; %Represents Theta=30

% Freespace Wavenumber

k0=2+pix(freq)./(3+10°8);
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% d is thickness (Height of the dielectric)
d=0.79x10"-6;

% Branch indices m and ml

m=0.000000037;

ml1=0.00000031;

% Wave Impedance TE at normal incidence (theta=0)

WI.TE 0= sqrt(((1+S11.TE.0)."2-(S21.TE.0)."2)./((1-S11_.TE_0)
"2—-(S21_.TE_.0)."2)) .*sec(angle_1);

% Wave Impedance TE at oblique incidence (theta=30)

WI_TE_30= sqrt(((1+S11_.TE_30)."2-(S21_.TE_30)."2)./((1-
S11_TE_30)."2 —(S21_TE_30)."2)) .*sec (angle_2xpi/180);

% Wave Impedance TM at normal incidence (theta=0)

WI.TM 0= sqrt(((1+S11.TM_0)."2 -(S21.TM.0) ."2) ./((1-S11_.TM_0)
2-(S21.TM_.0) ."2) ) .»cos(angle_1);

% Wave Impedance TM at oblique incidence (theta=30)
WI_TM_30= sqrt (((1+S11.TM_30)."2 —(S21.TM_30) ."2)./((1 -

S11.TM_30)."2-(S21.TM_30) ."2) ) .xcos(angle_2xpi/180);
% Sigma TE at normal incidence (theta=0)

e=1-(S11_.TE_0.+*(WIL.TE_0.xcos(angle_1)-1))./(WI.TE_0.* cos(
angle_1)+1); %Represents the denominator

Sigma TE_ 0= S21_TE_0./e;
% Sigma TE at oblique incidence (theta=30)

p=1-(S11_.TE_30 . (WI.TE_30.*cos(angle_2+pi/180)-1))./(WI.TE_30
.+cos(angle_2+pi/180)+1); %Represents the denominator
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Sigma_TE_30= S21_TE_30./p;
% Sigma TM at normal incidence (theta=0)

r=1-(S11.TM_0 .+ ((WI.TM.0./ cos (angle_1)) -1)) ./ (WI.TM_0./ cos (
angle_1)+1); %Represents the denominator

Sigma_TM_0= S21.TM.0./r;
% Sigma TM at oblique incidence (theta=30)
w=1-(S511_-TM_30 .% ((WI.TM_30./ cos (angle_2xpi/180))-1))./(
WI_TM_30./ cos(angle_2x+pi/180)+1); %Represents the

denominator

Sigma_TM_30= S21_TM_30./w;

% Refractive index TE at normal incidence (theta=0)

RI_TE_ 0= sqrt(((log(abs(Sigma_-TE_0))+1j.*(angle(Sigma_TE_0) +2x
pism))./(-1j.*k0.xd))."2+sin(angle_1).72);

% Refractive index TE at oblique incidence (theta=30)

RI_-TE_30= sqrt (((log(abs(Sigma_TE_30))+1j.+(angle(Sigma_TE_30)
+2+pism))./(-1j.+k0.xd))."2+sin(angle_2+pi/180)."2) ;

% Refractive index TM at normal incidence (theta=0)

RI.-TM_ 0= sqrt (((log(abs(Sigma_.TM_0))+1j .*(angle(Sigma_-TM_0) +2+
pi*ml))./(-1j.xk0.xd))."2+sin(angle_1).72);

% Refractive index TM at oblique incidence (theta=30)

RI_-TM_30= sqrt (((log(abs(Sigma_-TM_30))+1j .*(angle (Sigma_-TM_30)
+2+pi*ml))./(-1j.+k0.xd))."2+sin(angle_2xpi/180)."2);

% Epsilon Permittivity - Ex

Ex=(RI.TM_.0)./(WIL.TM.0) ;

% Epsilon Permittivity - Ey
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Ey=(RI_.TE_0)./(WI.TE.O) ;
% Epsilon Permittivity 1 — Ez 1

Ez_1=Ex.*sin(angle_2x+pi/180)."2./(sin(angle_2xpi/180)."2 —(
RI.TM 30)."2+(RI.TM 0) ."2);

% Epsilon Permittivity 2 - Ez 2

Ez 2=sin(angle_2+pi/180).72./ ((RILTM_0.* WI.TM_0)-Ex .+ ( WI_.TM_30
)."2);

% Epsilon Permeability — Mx
Mx=(RI.TE_0) .»(WI.TE.O);

% Epsilon Permeability — My
My=(RI.TM_0) .* (WIL.TM.0) ;

% Epsilon Permeability 1 - Mz 1

Mz 1=sin (angle_ 2+pi/180)."2./((RI_.TE_.0./WIL.TE_.0)-Mx./(WI_.TE_30
)."2);

% Epsilon Permeability 1 — Mz 2

Mz 2=Mx.*sin (angle_2+pi/180).72./(sin(angle_2+pi/180).72 —(
RI_.TE_30)."2+(RI.TE_.0)."2);
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A. Appendices

A.2. MATLAB CODE - Scalar Number Extraction (Field
Extraction)

clc;
clear;

% Taking Real and Imaginary values

E_real=readtable( ’'real cpwg 37);
E_imag=readtable ("imag cpwg 37);
H_real=readtable('H real cpwg’);
H_imag=readtable ( "H.imag cpwg’);

% Making it a complex number

Ey_complex=table2array (E_real (: ,5) )+lixtable2array (E_.imag(:

);
Ez_complex=table2array (E_real (:,6))+li*table2array (E_.imag(:

);
Hy_complex=table2array (H_real (: ,5) )+1lixtable2array (H.imag (:

);
Hz _complex=table2array (H_real (: ,6) )+1lixtable2array (H.imag/(:

);

% Taking the Magnitude

Ey Mag=abs (Ey_complex) ;
Ez_Mag=abs (Ez_complex) ;
Hy_Mag=abs (Hy_complex) ;
Hz Mag=abs (Hz_complex) ;

% Taking the total intensity
Sum_Ey=sum (Ey_Mag) ;
Sum_Ez=sum(Ez_Mag) ;
Sum Hy=sum (Hy Mag) ;
Sum_Hz=sum (Hz_Mag) ;

% Total intensity

Total_sum=Sum_Ey+Sum _Ez;
Total_sum_1=Sum Hy+Sum Hz;
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A.2. MATLAB CODE - Scalar Number Extraction (Field Extraction)

% Percentage of Ey

Percentage Ey=(Sum_Ey/Total_sum)=*100;
% Percentage of Ez

Percentage_ Ez=(Sum_Ez/Total_sum)*100;
% Percentage of Hy

Percentage Hy=(Sum Hy/Total_sum_1)+100;
% Percentage of Hz

Percentage Hz=(Sum Hz/Total_sum_1)+100;

% Scaling the Permittivity and Permeability value from the
Field contribution

Ey=4.4111+(Percentage_Ey /100);
Ez=4.116+(Percentage_Ez /100);
My=1.075+(Percentage_Hy /100) ;
Mz=1.034+(Percentage_Hz /100) ;

Scalar_Permittivity=Ey+Ez;
Scalar_Permeability=My+Mz;
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