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ABSTRACT

The aim of the doctoral thesis is to design and implement a system for solving
the inverse problem of estimation of electric permittivity of an unknown material
or multiple layers of unknown materials. The proposed solution is based on
the combination of an evolutionary algorithm and a direct mathematical model
computing transmission and reflection coefficients of a defined material or a
multi-layered structure of defined materials. Synthetic data as well as real data
obtained by direct measurement of transmission and reflection coefficients in free
space (frequency range: single units of gigahertz and higher) serve as the system
input. Uncertainty and sensitivity analyses are also part of the study. Included
experiments present reasonable estimations of complex permittivity with rather

low uncertainties and low sensitivity on the error of the input data.

ABSTRAKT

Doktorska prace je zamérena na navrh a implementaci systému FeSiciho inverzni
problém uréeni elektrické permitivity neznamého materialu ¢i vrstev neznamych
druhti materidlu. V navrzeném feSeni je vyuZita kombinace evolu¢niho algoritmu
a pfimého matematického modelu vypocitavajiciho koeficienty odrazu a prostupu
definovaného materidlu ¢i vicevrstvé struktury definovanych material. Vstupem
systému jsou pritom pravé koeficienty odrazu a prostupu ve volném prostoru
ve frekvenénim rozsahu od jednotek gigahertz vygSe. V praci je téZ vénovan
prostor citlivostni analyze i analyze nejistot implementovaného sytému. Soucésti
prace jsou i experimenty jak se syntetickymi daty, tak i s daty z pfimych méfeni
prokazujici pouzitelnost navrzeného systému. Odhady komplexni permitivity
provedené v ramci experimentalni ¢asti jsou uspokojivé, s pomérné nizkou mirou

nejistot a soucasné s prijatelnou toleranci vii¢i drovni chyby u vstupnich dat.
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1 INTRODUCTION

The importance of material properties awareness is rising. In the last few
decades, new artificial materials have been developed, but in most cases, their
properties have not yet been fully described. This lack of knowledge and the
need to enable people to work with these new types of materials give scientists

the opportunity to bridge this significant gap.

The aim of this doctoral thesis was to find a solution — or rather one of possible
ways — to estimate electromagnetic properties of an unknown material or several

unknown materials in a layered structure.

This doctoral thesis describes the process of design of a new system estimating
complex permittivity of a single or multi-layered structures of non-magnetic ho-
mogeneous isotropic materials of known thicknesses. The aim of this work is also
to develop a software tool implementing the theoretical system in order to help
scientists and material engineers to estimate properties of unknown materials.
The number of such materials has grown in the last decade. This is mainly due
to numerous modern nanomaterials, polymers and composites. These materi-
als are usually produced with limited information related to their properties,
such as complex permittivity (moreover, in higher frequencies corresponding to

sub-millimeter waves).

The project presented in this thesis is based on synthetic as well as measured
transmission coefficients in free space of a single material or multi-layered struc-
tures of different materials. Measurements in free space have been selected so as
to enable measuring transmission coefficients even in very high frequencies (up
to single units and tens of terahertz). The measured parameters are processed in
a system for backward reconstruction of permittivity employing an evolutionary

algorithm. This process is described in more detail below.

The presented system for backward reconstruction of complex permittivity has
been tested using synthetic data as well as using noisy synthetic data and real
(measured) data. The results of these experiments, including uncertainties, are

also part of the thesis.
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1.1 Thesis Structure

The thesis consists of the introduction to this specific area (section 1), which is
followed by the research aims and objectives explaining also why this topic can
be considered trendy and relevant for the contemporary world (section 2) and
by the description of the state of the art, including literature overview (section
3).

The following sections are devoted to the introduction and utilization of the
evolutionary algorithms (section 4), description of applied methods and tech-
nologies in more detail (section 5), various experiments with synthetic data,
noisy synthetic data and with data obtained by direct measurement (section 6),

uncertainty and sensitivity analysis of the complex software solution (section 7).

The conclusion of the thesis consists of its summary, contributions and tips
for possible future work (section 8), references, list of the author’s scientific

publications, his curriculum vitae and, last but not least, appendices.

2 RESEARCH AIMS AND OBJECTIVES

Nowadays the boom of development of new artificial materials (like various kinds
of composites, polymers and nanomaterials) is so great that developers, construc-
tors, engineers, physicists, chemists and scientists in general can select from an
enormous spectrum of materials and ways of how to compile their design, con-
struction or product. The utilization could be much wider if there was informa-
tion about all properties of such materials. This study is going to help to define

one specific property: the complex permittivity.

This work is aimed at help in estimation of the permittivity of unknown non-
magnetic homogeneous isotropic materials. Therefore, the most applicable gen-
eral idea (i.e., the problem) is that there is an unknown material and there is
a need to define it (or at least its properties). This is the direct application of
the system developed in the doctoral thesis. The submission is wide and the

doctoral thesis may be designated as multidisciplinary because of its relations
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with the areas of material science, mathematics, applied information technology

and measurement.

The objectives of this thesis can be summarised into the following list:

e synthesis of a direct mathematical model computing reliable S-parameters
(transmission and reflection coefficients) of a layer of a defined material as
well as of a multi-layered structure of defined materials in free space at cer-
tain frequency range, where the materials are non-magnetic homogeneous

isotropic,
e implementation of the direct model into a software,

e verification of the direct model by comparing its computed synthetic data

with data obtained by direct measurements,

e implementation of an evolutionary algorithm into the software and com-

bining it with the direct model,

e experimental part: confrontation of the permittivities of known standard
materials with the permittivities estimated by the developed system using
synthetic S-parameters as well as S-parameters obtained by direct mea-

surements, and

e claboration of the uncertainty and sensitivity analysis of the final system.

3 STATE OF THE ART

Basic theoretical fundamentals of this work including the relation among the
electric complex permittivity of a material, its thickness, the transmission and

reflection coefficients is mentioned in this section.

The problem of propagation of incident waves through several layers is frequently
mentioned in the available scientific literature. Thus also this may be considered

as an indication for an important area.
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The theoretical fundamentals of dielectric properties including electric permittiv-
ity mentioned in the section below are mainly based on the knowledge presented
in Encyclopedia of RF and Microwave Engineering |37|, Fundamentals of Physics
(28], Industrial Microwave Heating [41] and The electromagnetic properties of

food materials: A review of the basic principles [55].

Furthermore, significant information related to the ways of computation of the
transmission and reflection coefficients are presented in research denoted to a
quasi-optical free space measurement setup without time domain gating for ma-
terial [10], a free-space measurement of complex permittivity and complex per-
meability of magnetic materials at microwave frequencies [25], a design of broad-
band radar absorbing materials for large angles of incidence [49], a free-space
method for measurement of complex permittivity of silicon wafers at microwave
frequencies |5, an improved technique for determining complex permittivity with
the transmission/reflection method [6], a free-space method for measurement of
complex permittivity of double-layer dielectric materials at microwave frequen-
cies [66], a development of the complex permittivity measurement system for
high-loss biological samples using the free space method in quasi-millimeter, and
millimeter wave band [56], determination of permittivity and dissipation fac-
tor of thin layers in microwave range of electromagnetic spectra in free space
employing evolutionary algorithms [36], and finally the estimation of material

properties in free space [31].

3.1 Related Work

The contemporary scientific literature provides many articles related to the goals
of this work. The following research contains some further information which
was helpful while orienting in the area of estimation of the material properties of
unknown materials. It was a research aimed at a broadband free-space dielectric
properties measurement system at millimeter wavelengths [22], material char-
acterization using a quasi-optical measurement system introducing also calibra-
tion and correction methods of quasi-optical system [23], timed domain free-field

measurements of the relative permittivity of building materials [26], a study on
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measurement of dielectric constant by free space transmission method at C-Band
[29], a simple free space method for measuring the complex permittivity of sin-
gle and compound dielectric materials [38], compact unfocused antenna setup
for X-Band free space dielectric measurements based on Line-Network-Network
calibration method [45], a free space measurement technique on dielectric prop-
erties of agricultural residues at microwave frequencies [64]| and a quasi-optical
free space method for dielectric constant characterization of polymer materials
in mm-wave band [18]. And the last group of useful papers follows. It was
the research denoted to W-Band free space permittivity measurement setup for
candidate radome materials [21], dielectric permittivity measurement methods
of textile substrate of textile transmission lines [39], an improved calibration
technique for free-space measurement of complex permittivity [43] and complex

permittivity measurements of common plastics over variable temperatures [53].

3.2 Complex Electric Permittivity

Electric permittivity is a constant of proportionality (in a closed frequency range)
that exists between electric displacement field D and electric field intensity F

(in free space):
€= — (3.1)

Permittivity divided by permittivity of vacuum (a constant, ¢y = 8.8542 pF'/m

approx. [28]) is called relative permittivity (relative to the vacuum):

€
€ = — 3.2
== (32
Relative permittivity of an isotropic dielectric is a scalar constant considering
usual (low) frequency ranges. This assumption may not be true when considering

wide ranges of frequencies from units of GHz to units or tens of THz.

There is a variety of definitions of permittivity in the literature. The definitions
usually differs only due to the area of focus. Therefore, one definition states that

the value of relative permittivity of a material indicates how much increases the
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Tab. 3.1 Relative permittivity
of several dielectrics (under
general conditions, 20 °C) [28]

‘ Material ‘ € ‘
Air 1.00054
Polystyrene 2.6
Paper 3.5
Pyrex 4.7
Mica 5.4
Porcelain 6.5
Silicon 12
Ethanol 25
Water 80.4

capacity of a capacitor when using this material in between the electrodes of
the capacitor [28]. In another definition reader finds permittivity as a quantity
used to describe dielectric properties that influence reflection of electromagnetic

waves at interfaces and the attenuation of wave energy within materials [37].

Tab. 3.1 informs about typical relative permittivity of general materials like air,

paper and water.

In frequency domain, the complex relative permittivity €; of a material can be

expressed in the following form [25]:
€& =€ — je (3-3)

The real part €. is referred to as the dielectric constant and represents stored
energy when the material is exposed to an electric field, while the dielectric

loss factor €/, which is the imaginary part, influences energy absorption and

T

attenuation [37], and

j=v=1 (3.4

Another important parameter used in electromagnetic theory is a tangent of loss
angle [37]:

tan(0) = & (3.5)

/
67‘
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Therefore, complex relative permittivity € can be also defined as:
ef = €. (1 — jtan(9)) (3.6)

Mechanisms that contribute to the dielectric loss in heterogeneous mixtures in-
clude polar, electronic, atomic, and Maxwell-Wagner responses [41|. At RF and
microwave frequencies of practical importance and currently used for applica-
tions in material processing, ionic conduction and dipole rotation are dominant
loss mechanisms [55]:
7 7 1" 7 g

er:Ed—l—eg:ed—&—eO—w (3.7)
where subscripts d and o stand for contributions due to dipole rotation and ionic
conduction, respectively; o is the ionic conductivity in S/m of a material, w is

the angular frequency in rad/s [37]:
w=2rf (3.8)

where f stands for frequency.

Penetration depth of microwave and RF power is defined as the depth where the
power is reduced to 1/e (where e = 2.718) of the power entering the surface (see
Fig. 3.1). The penetration depth d, in meters of RF and microwave energy in a

lossy material can be calculated by [60]:

d, = ¢ (3.9)

27Tf\/26/ [\/1 +(9)° - 1]

where ¢ is the speed of light in vacuum (299 792458 m/s [57]).

Dielectric lossy materials convert electric energy at RF and microwave frequen-
cies into heat. Given fixed dielectric properties, the penetration depth of a
material is inversely proportional to frequency. It is; therefore, expected that
in general deeper penetration corresponds to lower frequencies, and that higher

frequencies result in greater surface heating [37].
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Lossy material

Decay of EM power
according to Lambert's law

EM L____ > Po*1/e
radiation
_

3

dp Depth into the material z, m

A
Y

Fig. 3.1 Typical penetration depth inside a large-sized material
(larger than the wavelength) [37]

3.3 Computation of Transmission and Reflection Coefficients

Correct valid theory must be placed and implemented while thinking about using
a direct model computing transmission/reflection coefficients. Therefore, some
fundamental equations derived from Maxwell’s theory are presented below to
reveal the computational mechanism. Only perfect mathematical model can be
joined with an evolutionary algorithm and thus assure acceptable estimations of

complex permittivities of materials.

The list of input data to the direct model follows (considering a single material

or a multi-layered structure of materials under test):

e number of layers,

relative permittivity of each layer,

thickness of each layer,

angle of incidence, and

set of frequencies.

A possible multi-layered structure is visualised in Fig. 3.2. There are three

sections of materials in this illustration. The first and the third layers are of the
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d d d

Incident

plane wave Transmission

Reflection

Fig. 3.2 Schema of a sandwich structure of materials under test,
side view, incident plane waves come from the left, S71 represents
the reflection and S5 is the transmission on these materials

same material #1 with the same thickness (d;). The incident plane waves come
perpendicularly (the angle of incidence © = 0). This sandwich structure may be

also used to estimate properties of some liquid as material #2.

The contemporary literature is saturated with mathematical descriptions of
propagation through materials of known properties. Fundamental theory and
equations based on previous research [10, 25, 49, 36| with its further explanation

follows:

o = —e e wtan(d) (3.10)
L+ K1 ta'nh(Um—ldm—l)

Zo 1 = K
! ! Ky 1+ Zn ta'1'1111(Uvm—1dm—1)

Vo, = —Hm €rm €0 WX+ J Om fem o W (3.12)

L = j~ sin(O) (3.13)

Un = VL*+92 (3.14)

Ky = 1/@ cos(0©) (3.15)
€0

K, = U (3.16)

Om +J W €m €0
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Ko — 74

R - -
0 Ko+ 2

(3.17)
Ry represents the desired reflection coefficients on the layered media related to

the specific frequency f (and corresponding angular frequency w). Each layer of a

"

material (subscript ,,,) is represented by complex relative permittivity e}, —jer

relative permeability pip,, thickness d,,, conductivity o,,, loss tangent tan d,,,
wave impedance Z,,, wave impedance of the incidence region K,, (whereas O

stands for the angle of incidence) and, finally, propagation constant U,,.

There is a free space before and after the layered structure under test (this thesis
is aimed at free space measurements). Therefore, the wave impedance of the last

layer is given by Z,, = Ky (where n is equal to the number of layers).

The values of Ry are absolute values (not logarithmic) of the closed interval of
[0.0,1.0].

4 EVOLUTIONARY ALGORITHMS

This section presents a brief introduction into the field of evolutionary algorithms
(EAs) enumerating also several major representatives. This section is closed by
a focus on the problem solved in this doctoral thesis with explanation of how an

EA is used for the backward reconstruction.

EAs belong to the area of artificial intelligence. They are stochastic population-
based metaheuristic algorithms. Such algorithms are used in single-objective (or

more often) in multi-objective optimization problems (MOPs) [13].

The rising interest in EAs in the last decades is based on the capability of solving
complex problems. There is a wide usage of EAs in the area of optimization and
classification. The EAs are usually inspired by nature what can be recognized in
the names of the most used kinds of these algorithms and their internal operators

and structures.

In the 1950s and the 1960s several computer scientists independently studied
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Tab. 4.1 General terminology in the field of EAs [32]

Term ‘ Description

Individual /Particle | A representative of one particular solution (one hy-
pothesis)

Population A set of trial solutions

Parent A member of the current generation

Child/Offspring A member of the next generation

Generation Successively created populations (iterations)

Chromosome The coded form of a trial solution vector (string) con-
sisting of genes made of alleles

Fitness/Cost Positive number assigned to an individual represent-
ing a measure of goodness, it is computed by a fit-
ness,/cost/objective function

evolutionary systems with the idea that evolution could be used as an optimiza-
tion tool for engineering problems. The idea in all these systems was to evolve
a population of candidate solutions to a given problem, using operators inspired

by natural genetic variation and natural selection [42].

4.1 Terminology and Elements of Evolutionary Algorithms

The general terminology used in EAs is described in Tab. 4.1. In general, a
representative of the group of EAs performs a defined sequence of steps. The
workflow of the Genetic Algorithms is for instance depicted in Fig. 4.1. There is
a conditional test and three specific operators in each iteration of the algorithm:
selection, crossover, and mutation. Selection operator defines how to choose the
individuals in the population that will create an offspring for the next generation,
and how many offspring will each create. The purpose of selection is, of course,
to emphasize the fitter individuals in the population in hopes that their offspring
will in turn have even higher fitness. Selection has to be balanced with variation
from crossover and mutation. Furthermore, crossover is one of the distinguishing
features of Genetic Algorithms. It can be a single—point or a two-point crossover.
Crossover with mutation are the major instruments of variation and innovation

insuring the population against permanent fixation at any particular focus [42].



TBU in Zlin, Faculty of Applied Informatics 21

.| Parent
"] selection

Initialize

Crosso
e r ver
¥

Compute Mutation

fitness
Compute
End fitness

Fig. 4.1 Simplified Genetic Algorithm workflow [9]

A problem to be solved in an EA has to be mathematically explicitly expressed.
Afterwards, such an expression is used in so called fitness function. There are
variants of the name of this function in contemporary literature. It can be also
labelled as criterial or cost function. The function is responsible for evaluation
of individuals. Examples of such functions are presented in subsection 4.3. The
fitness is computed for all the individuals in each iteration of an EA. Conse-
quently, the fitness value plays a significant role in the process of creating a new

generation. This process vary throughout the EAs.

4.2 Representatives of the Group of Evolutionary Algorithms

Common representatives of the EAs are

e Evolution Strategies,

e Genetic Algorithms,
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e Genetic Programming,

e Scatter Search,

e Differential Evolution,

e Bees Algorithm,

e Cuckoo Search,

e Ant Colony Optimization,

e Particle Swarm Optimization, and

e Self-Organizing Migrating Algorithm.

Several EAs are briefly described below.

4.2.1 Evolution Strategies

Evolution Strategies (ES) started in the past with a "population" of only two
individuals, one parent and one offspring, the offspring being a mutated version of
the parent; neither crossover nor mutation were incorporated in the first version
of this technique. The selection is only made by the fitness value; therefore, in

a deterministic way [42].

4.2.2 Genetic Algorithms and Genetic Programming

Genetic Algorithms (GAs) were invented by John Holland in the 1960s and
were developed by Holland and his students and colleagues at the University of
Michigan. In contrast with Evolution Strategies and Evolutionary Programming,
Holland’s original goal was not to design algorithms to solve specific problems but
rather to formally study the phenomenon of adaptation as it occurs in nature and
he also wanted to develop ways in which the mechanisms of natural adaptation

might be imported into computer systems [42].
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The workflow and internal operators have been already generally described in

subsection 4.1.

Related Genetic Programming represents another variant of the group of EAa
which is based on the idea of Genetic Algorithms focused on optimizing a source

code of a software planned to perform some specific activity.

4.2.3 Differential Evolution

Differential Evolution (DE) was created in the mid-1990s. It was proposed by
Kenneth Price and Rainer Storn. DE was designed to optimize problems over

continuous domains [44].

This approach originated from Price’s attempts to solve the Tchebycheff Poly-
nomial fitting problem that had been posed to him by Storn. In one of the
different attempts to solve this problem, Price came up with the idea of using

vector differences for perturbing the vector population [44].

Fig. 4.2 illustrates the mechanism of creation of an individual from parents of
a current generation. The weighted differential vector of a randomly selected
individuals is applied on another individual. Such a new position is accepted if

it represents an improvement.

4.2.4 Self-Organizing Migrating Algorithm

Self-Organizing Migrating Algorithm (SOMA) is a modern method which was
published by Ivan Zelinka in the year of 2000 [67]. The process of creation of
a new generation is substituted for so-called migration loops. The process of
creation of a new individual is depicted in Fig. 4.3. All the possible positions
of a new individual are calculated before its creation using multiplications of

ordinal numbers with a defined length of step and differential direction.
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le

Fig. 4.2 Creation of a new individual in DE. Three vectors X,i 3
represent three randomly selected individuals from a generation.
F(X,1 — X,2) is a weighted difference between the first two
individuals. Finally, X,3 + F(X,1 — X;2) defines the offspring [44].
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Fig. 4.3 Creation of a new individual in SOMA. The
third position (black point) is evaluated as the best
choice in this example due to the lowest fitness [30].
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4.2.5 Particle Swarm Optimization

Particle Swarm Optimization (PSO) is a parallel EA. PSO is based on swarm,
which was proposed by Eberhart and Kennedy in 1995 [35]. PSO algorithm
simulates animal’s social behaviour, including insects, herds, birds and fishes.
These swarms conform a cooperative way to find food, and each member in the
swarms keeps changing the search pattern according to the learning experiences

of its own as well as of the other members.

Creation of a new individual (called a particle) in Particle Swarm Optimization is
based on several aspects. It is the own confidence of the particle (its own memory
and its own vector of velocity) and also the information about the best position

found by the whole swarm. Fig. 4.4 illustrates the movement of a particle.

PSO’s advantages can be summarized as follows: its convergence rate is fast
without the need of prefect set up of its control parameters; the algorithm is

simple, robust and easy to implement [62].

Influence of the swarm

o

\ /
AN N // Influence of the
N // - < particle memory
&
_ Influence of the
x, current velocity

Fig. 4.4 Creation of a new particle in PSO [62]

4.3 Benchmark Problems

Benchmark problems are special single or multi-objective test problems which are

prepared in order to sort the selected solvers with emphasis on desired aspects.



26 TBU in Zlin, Faculty of Applied Informatics

The benchmarks used in the field of EAs usually test the robustness and speed
of convergence of a particular EA what means whether the technique is able to

converge and find the global optimum in a finite time.

Rastrigin’s function is a typical example of such a benchmark problem. Other
typical MOPs are Schaffer’s, Fonseca’s, Kursawe’s, Poloni’s or Ackley’s functions
[13]. Ackley’s and Rastrigin’s functions have been selected as typical represen-

tatives for further presentation in this subsection.

4.3.1 Ackley’s Function

Ackley’s function is a continuous and multi-modal test function obtained by
modulating an exponential function with a cosine wave of moderate amplitude.
Its topology is characterized by an almost flat outer region and a central hole or
peak where modulations by cosine wave become more and more influential. Vi-
sualization of a 3-dimensional variant is depicted in Fig. 4.5. Ackley’s function’s

definition follows:

n

% Z cos(cx;)

i=1

+a+exp (1) (4.1)

where the usual setup of constants is a = 20, b = 0.2, ¢ = 27 and n defines the

number of dimensions [27]. Its global minimum is f(0,..,0) = 0.0.

4.3.2 Rastrigin’s Function

Rastrigin’s function is highly multimodal. It generates numerous local minima.
This function represents a difficult MOP. Therefore, this functions with its vari-
ations serve as a common benchmark for EAs. Visualization of a 3-dimensional
variant is depicted in Fig. 4.6 and Fig. 4.7. Rastrigin’s function has the following
definition: .
f(z1,..,zn) = 10n + Z [:L‘ZQ — 10cos(2m;)] (4.2)
i=1

where n defines the number of dimensions of the problem. Test area is usually
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27

(b)

Fig. 4.5 3D Ackley’s MOP for (a) —30 < z12 < 30 and (b)
—6 <12 <6 [27]
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Fig. 4.7 3D Rastrigin’s MOP mapped into 2D [11]



TBU in Zlin, Faculty of Applied Informatics 29

restricted to a hypercube —5.12 < z; ,, < 5.12 [65]. Its global minimum is
£(0,..,0) = 0.0.

4.4 TUtilization of an EA in the Doctoral Thesis

Mentioning the situation to be solved in this doctoral thesis, the estimation of
permittivity of unknown materials, each layer in multi-layered structures under
test is represented by two unknowns. They are the real and the imaginary part
of the desired complex relative permittivity. Therefore, having one, two, three or
more-layered structure under test means also having two, four, six or generally
2n-dimensional MOP where n stands for the number of layers in the structure

under test.

It is obvious that having multi-layered structures of unknown materials under
test makes the task of estimation of permittivities very difficult. In these cir-

cumstances an EA have been selected as a theoretically suitable solver.

This doctoral thesis is not aimed at analysis and comparison of multiple evo-
lutionary algorithms presenting their capabilities or differences. This topic is
covered by available literature (for instance [13]). Particle Swarm Optimiza-
tion has been directly selected for incorporation in the developed system. This
choice is based on the author’s previous research and experiences in the area of
inverse processing. Particle Swarm Optimization is robust and fast enough. It
does not require special configuration and enables setting of intervals for each
design parameter. A competitive modern method of Self-Organizing Migrating
Algorithm has not been used there due to higher sensitivity on the setup of its

control parameters (based on the author’s empirical testing in the past).

Generally, EAs are non-deterministic and may suffer from getting stuck in some
local optimum and thus not finding the global one (that is also one of the reasons
for testing the EAs on the benchmark MOPs). Another potential disadvantage
of using these algorithms is that they can reveal more acceptable solutions which
can perfectly suit (theoretically) but their practical meaning may be considered

as a nonsense (like having a negative permittivity while not working with meta-
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materials etc.). This can be partially bypassed by using appropriate lower and
upper bounds of the expected permittivity for which the algorithm is looking

for.

5 METHODOLOGY

This section contains an overview of the methods, main technologies and ap-
proaches used in this doctoral thesis aimed at estimation of complex permit-
tivities of single or multi-layered structures. The following subsections includes
a brief description of the applied scientific methods, the way of data acquisi-
tion (S-parameters) and its further post-processing techniques implementing a
mathematical model combined with a specific EA in a preferred programming

language.

5.1 Applied Scientific Methods

The list of scientific methods which have been employed in this work follows.
Procedures are rather theoretical at the beginning and practical at the end of

the following list:
e analysis of the state of the art related to the electric permittivity, S-
parameters and FEAs,

e hypothesis about development of a new way of complex permittivity esti-

mation based on backward reconstruction using measured S-parameters,

e synthesis of a direct mathematical model capable of computing reliable

S-parameters of a given single material or a multi-layered structure,

e synthesis of the direct model and an EA into a software instrument using

a programming technology,

e experiments with the result of the previous step, estimation of permittivity

using the EA employing the direct model on data synthesized by the direct
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model itself,

e comparisons of the output of the experiments from the previous step with
the expected permittivities of the original materials (and thus verifying the
implementation of the combination of the direct model and the evolution-

ary algorithm),

e experiments with real known materials, measurement of their S-parameters
and estimating their permittivities using the developed software instrument

afterwards,

e comparisons of the estimated permittivities of materials in the previous

experiment with their real (expected) permittivities,

e repetitions of the previous experiments & results comparisons and also

experimenting with different materials (various experimental setups),

e analysis of sensitivity of the software instrument on the input error level,

and

e analysis of uncertainties of the output of the software instrument in various

experimental setups.

5.2 Measurements in Free Space Employing VINAs

As presented in the State of the art (section 3), the way of measurement of
S-paramneters is already known. What is unknown and non-trivial is the utiliza-
tion of the system as a source of information for processing and estimation of
permittivity of a sample of an unknown material. And this approach is briefly

described in this section.

Fig. 5.1 shows the basic electromagnetic spectrum. The interest of this work is
situated in the area of microwaves what means the range from units to hundreds

of GHz approximately with respect to the frequency.

There is one insuperable reason for measuring in free space against the measure-

ment using a waveguide. The reason relates to the frequency range of interest.
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Fig. 5.1 Tllustration of the electromagnetic spectrum [34]

It is planned to work with frequencies higher than units of GHz. Dimensions of a
typical waveguide for such a task are too low. Common rectangular waveguides
for V-Band: R620 (frequency band of operation: 50.00 GHz — 75.00 GHz; cutoff
frequency of lowest order mode is at 39.875 GHz; cutoff frequency of the next
mode is at 79.750 GHz) have inner dimensions 3.759 mm x 1.880 mm approxi-
mately (0.148 inch x 0.074 inch) [19]. These sizes are too low and become even
lower with higher frequencies. Fig. 6.9 shows a common waveguide measurement
for illustration. Therefore, the limitations in dimensions does not allow to work

with waveguides at the planned range of frequencies.

A material under test must be placed between the sending and receiving horn
antennas. The information from the antennas (reflection and transmission coeffi-
cients, S11 and Sa; respectively) is then captured by a calibrated vector network
analyser (VNA). The general schema of planned experimental setup is presented
in Fig. 5.2.

The possibility of testing of liquids is also open. This supposes some kind of
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Fig. 5.2 Schema of a test bench with a sample in free space [3§]

a sandwich structure (a box) as a holder. Such a structure could consist of a
two layers of material of well known properties (like polytetrafluoroethylene with
known thickness and complex permittivity) holding the material under test in a

box. This sandwich structure is presented in Fig. 3.2.

5.3 Software for S-Parameters Post-Processing

The software post-processing the measured S-parameters has been written in
C+—+ programming language. The reason for this choice is the efficiency and
speed of the software written in this language, simple portability between dif-
ferent architectures and operating systems. C++ is a modern, object-oriented
and also performance-oriented programming language. The name of this lan-
guage has appeared in 1983 for the first time and despite its age it is still mod-
ern and preferred language not only in low-level highly effective programming.
Its current standard comes from 2017 (usually marked as C++17) and a fresh
C++20 is coming soon [58|. The final software runs in a command-line/terminal
environment with possibility of running with parameters what represents more

robust approach in the point of view of automatized sequential as well as parallel
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launching in a batch.

The Particle Swarm Optimization is the preferred EA which has been imple-
mented in the final software. This choice has been commented in the section
of Evolutionary Algorithms (section 4). Shortly, the reason of such a choice is
represented by the main advantages of this EA (in comparison with the other

common EAs):

e the ability of finding global optimum also in very difficult multi-objective

problems (Rastrigin’s MOP for instance, described in subsection 4.3.2),
e the speed of convergence, and

e PSO is not very sensitive on the settings of the control parameters (the

number of individuals and the length of a step for example).

Framework called Population based Optimization Toolbox (POPOT) written in
C—++ is used as the working implementation of PSO. This framework has been
published under GNU General Public Licence (GPL) version 3 [20] and thus it

is legal to use it freely in this doctoral thesis.

Each particle in the PSO represents an individual solution of the problem. There-
fore each particle is defined by values of real and imaginary parts of the complex
relative permittivities of all the materials in the layered structure under test.
This means that it is possible to compute S-parameters using any particle in the

population.

The fitness function is performing evaluation of each particle. Such an evalua-
tion is represented by computing the norm of the vector defined by position of
given and computed complex S-parameters. This is generalized in the following

formula:

f]? = (Sglireal - Sclireal)2 + (Sgl_imag - Scl_imag)2

+ (Sg2ireal - Sc27real)2 + (5'927imag - Schimag)
+ ...
+ (Sgn_real - Scn_real)2 + (Sgniimag - Scniimag)

2



TBU in Zlin, Faculty of Applied Informatics 35

where f), stands for the fitness of a particular particle p, Sgy; is the given i-th
S-parameter (from an input file containing measured or synthetic data), Se; is
the computed i-th S-parameter and n is the total number of S-parameters (the
dimensionality of the vector). Usually there are only absolute values of the
measured S-parameters at the input. Therefore, the difference between each
measured and computed S-parameter (Sg, — Sep) is set by the difference of the

absolute values. In this usual case the fitness value is evaluated as:

fp= \/(ISgl\ = 1Se1])? + (ISg2l = |Se2l)? + -+ + (|Sgn| = [Senl)? (5.2)

It would be possible to use the Root Mean Square (RMS) which is very similar.
But in this particular case the division before computation of the square root is
an expensive mathematical operation from the point of view of the processing
time of a central processing unit (CPU) and, moreover, it is not beneficial in this

case due to the constant value in the denominator.

5.4 Software Description and Usage

The developed software is capable of running in the following three modes:

1. Estimation of relative permittivity /permittivities of a single or of a multi-
layered structure: this is the default behaviour of the software. Its pro-
cessing is based on the following arguments: thickness per layer (in meters,
space-separated) along with a file containing frequencies and correspond-
ing S-parameters. S2P and CTI file formats are supported. Otherwise a
provided text file has to contain the space-separated frequency and corre-

sponding transmission coefficient parameter per line.

Example of running the estimation of permittivity of a structure containing
three layers with their thicknesses of 6, 4 and 6 mm and which has measured

S-parameters stored in a file named measured.s2p:

permittivity.exe 0.006 0.004 0.006 measured.s2p
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2. Synthesis of S-parameters of a single or of a multi-layered structure: to run

the software in this mode the input arguments must start with selection
of this mode (-g or --generate-s-parameters) followed with the number
of layers, the minimal frequency, the maximal frequency, the number of
frequency points, thickness (in meters) and complex permittivity per layer
and, finally, with a file name in which the synthesized S-parameters should
be stored.

Example of running the synthesis of S-parameters in a frequency range
from 1 to 20 GHz using 201 frequency points of a two-layered structure
with the thicknesses of 3 and 4 mm, 2.05 - j0.04 and 4.2 - j0.08 complex

relative permittivity:

permittivity.exe -g 2 1e9 2e10 201 0.003 2.05 0.04 0.004 4.2 \
0.08 synthetic.log

. Estimation of relative permittivity/permittivities of a single or of a multi-

layered structure with addition of a noise of normal distribution and spec-
ified standard deviation to the input S-parameters: to run the software
in this mode the input arguments must start with selection of this mode
(-n or --add-noise) followed with the value of desired relative standard
deviation (percentage), thickness per layer (in meters) and finally with a

file name containing the input S-parameters.

The noise is applied on all the input S-parameters in the following way:

S, = SiR(u0) (5.3)
S! = SiR(uo0) (5.4)

where S/ and S!/ are the real and the imaginary parts of the complex input
S-parameter read from the input file, R(u, o) represents a pseudorandom
numbers generator of normal distribution with mean p = 1.0 and standard
deviation o is deduced from the relative standard deviation set by the
parameter (as mentioned above and described below). S; and S represents
the real and the imaginary parts of the given complex S-parameter used

in the further processing in the algorithm.
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Relative standard deviation (RSD, also known as the coefficient of vari-
ation) is used in order to provide better readability and possibly easier
understanding in the rest of this doctoral thesis. RSD is equal to standard
deviation o divided by mean p [46]:

(5.5)

o
Cy = —
7
With respect to the mean p = 1.0 the value of RSD is equal to the value
of standard deviation ¢ in the case of application of noise to the input
S-parameters in this doctoral thesis. Therefore, RSD may be expressed as
a percentage. RSD is the parameter given by a user running the software.

Example below describes its usage.

Example of running the estimation of permittivity of a structure containing
three layers of thicknesses 6, 4 and 6 mm and with corresponding measured
S-parameters stored in a file named measured.s2p, adding noise of a normal
distribution and RSD of 5 % to the input S-parameters (therefore, the

standard deviation is equal to 0.05):

permittivity.exe -n 5 0.006 0.004 0.006 measured.s2p

Details about possible obligatory and optional command line arguments of the
software are shown when running the program without any parameters (as well

as with wrong parameters).

5.5 Simplifications

Introduced approach is quite complicated with respect to the nature of this
inverse problem. The problem of estimation of permittivities of multi-layered
structures from S-parameters seems not to be explicit. Therefore, the prob-
lem is not closed to just one solution, it is ambiguous, not deterministic and
more solutions may be produced. Then there is also a space for some expert
system limitations (like some reasonable expectable boundaries of relative per-
mittivities). The more unknown variables to be estimated (more layers, more

dimensional space has to be searched) the more complicated and longer pro-
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cessing along with a risk of possibly higher number of possible solutions. This
problem becomes hard to solve for more than one unknown layer with respect to
the real and the imaginary part of the complex permittivity. Therefore, in the
simplified case when the thickness of each layer is known there are two unknowns
per layer. For two layers there are four unknowns, six unknowns for three layers.

That is why this is the right place for utilization of EAs.

Considering such a multi-objective problem the situation could be intentionally
simplified in neglecting the fact that the permittivity could (and very probably
does) depend on frequency. In this work the real part of the complex permittivity
is wilfully considered as a constant (in a narrow frequency range). This is highly
important to mention at this place. This shortage can be removed in the future

after incorporation of this specific part into the whole system.

6 EXPERIMENTS

The whole system presented in this doctoral thesis has been implemented us-
ing C++, a programming language, including the direct mathematical model
computing the coefficients of transmission and the EA (PSO). The final soft-
ware instrument has to be tested to verify its correctness. Therefore, several

experiments have to be performed. There are three main kinds of experiments:

1. The software must be tested using synthetic data of single and multi-
layered structures generated by the implemented direct mathematical model
to verify the capability of the backward reconstruction using the selected
EA.

2. The software must be tested using noisy synthetic data of single layers as
well as on data of multi-layered structures to test the reasonable robustness

of the backward reconstruction.

3. The software must be tested also using S-parameters obtained by direct
measurements of single layers as well as of multi-layered structures of sev-

eral materials to verify the inner direct mathematical model computing
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S-parameters and the whole system in general. This kind of tests repre-

sents the most difficult cases.

6.1 Materials Under Test

Several experiments have been done with aluminium oxide, FR-4, plexiglass,
polytetrafluoroethylene and RO4003. These materials have been already suc-
cessfully defined and standardized in the past. These dielectrics have clear ma-
terial properties and ease of access. Therefore, they are suitable for experiments

in this work. These materials are described below in more detail.

The combinations of materials in multi-layered structures in the following ex-
periments does not have a practical meaning (or it was not intended at least).

They are just combined for testing purposes without any subsidiary intentions.

6.1.1 Aluminium Oxide

Aluminium oxide is a standard dielectric material. It is a white odourless crys-
talline powder. The mineral corundum is used to produce precious gems, such
as ruby and sapphire. Activated aluminas are used extensively as adsorbents
because of their affinity for water and other polar molecules; and as catalysts
because of their large surface area and appropriate pore structure. As adsorbents,

they are used for drying gases and liquids; and also in adsorption chromatogra-
phy [48].

Few points about the material under test:

e Chemical formula: Al>Os3.
e Short name: Alumina or Corundum.

e Relative permittivity at 17 GHz: 9.424 (depends on the purity of the
selected material under test, 99.6 % Alumina in this case); loss tangent:
0.00031 [51].
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e A photo of this sample is presented in Fig. 6.1 and its microstructure also
in Fig. 6.2.

e Shape of the material under test: block.

e Dimensions of the material under test: 50 mm x 50 mm x 10 mm.

6.1.2 FR-4

FR-4 is one of the most widely used dielectric substrates in the fabrication of
printed circuits for fast digital devices. This material exhibits substantial losses
and the loss tangent is practically constant over a wide band of frequencies. It
is used both for classical boards and for multi-layered boards. This composite

material consists of glass fibres embedded in an epoxy resin [17].

Few points about the material under test:

e Complex relative permittivity at 1 GHz: 4.2 — j0.084; loss tangent: 0.02
[17].

e Photos of this material are presented in Fig. 6.3 and also in Fig. 6.4.
e Shape of the material under test: sheet.

e Thickness of the material under test: 1.57 mm in the waveguide experiment

and 1.53 mm in the free space experiments.

6.1.3 Plexiglass

Plexiglass, poly-methyl-methacrylate (PMMA), is an acrylic transparent ther-
moplastic light material [63].

Few points about the material under test:

e Complex relative permittivity at 10 GHz: 2.5 — j0.02; loss tangent: 0.005
[63].
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Fig. 6.1 A photo of aluminium
oxide used in the experiments

Fig. 6.2 A surface of aluminium oxide in a detail from an electron
microscope [50]
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Fig. 6.3 View of two sheets of FR-4 [3|

Fig. 6.4 View of two sheets of FR-4 in more detail |3]



TBU in Zlin, Faculty of Applied Informatics 43

Fig. 6.5 Several transparent sheets of plexiglass of various
thicknesses [59]

e A photo of this sample is presented in Fig. 6.5.
e Shape of the material under test: sheet.

e Thickness of the material under test: 3.66 mm.

6.1.4 Polytetrafluoroethylene

Polytetrafluoroethylene (PTFE) is semi-crystalline in nature with complex struc-
tures even at ambient conditions. Due to the C-F bonds, it exhibits special prop-
erties surpassing those of most polymers such as very high melting temperature
(600 K) when compared to other crystalline polymers, good chemical resistance,
a low friction coefficient and good dielectric properties. In particular, its dielec-
tric properties have always attracted much interest for electronic applications
such as a high voltage equipment, cable insulators and printed circuit boards
[61].

Few points about the material under test:
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e Brand name: "Teflon", developed by Chemours in 1938, commonly known
as PTFE.

e Complex relative permittivity at 3 GHz: 2.05 £ 0.05 — j0.04; loss tangent:
0.00028 [61].

e A photo of this sample is presented in Fig. 6.6 and its microstructure also
in Fig. 6.7.

e Shape of the material under test: cylinder.

e Dimensions of the material under test: 50 mm diameter, two variants of

the thickness: 2.1 mm and 3.0 mm.

6.1.5 RO4003

RO4003 is a substrate for microwave circuits with low dielectric tolerance and
loss, suitable for multilayer and mixed dielectric constructions. The temperature
coefficient of dielectric constant is among the lowest of any circuit board material,

and the dielectric constant is stable over a broad frequency range [54].

Few points about the material under test:

e Relative permittivity at 10 GHz: 3.38 & 0.05; loss tangent: 0.0027 [54].
e A photo of this sample is presented in Fig. 6.8.
e Shape of the material under test: sheet.

e Thickness of the material under test: 1.52 mm.
6.2 Setup of the Evolutionary Algorithm
The Particle Swarm Optimization has been experimentally set to use 60 in-

dividuals in a swarm. Number higher than 100 usually makes the process of

reconstruction ineffectively longer, without achieving a better precision [13].
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Fig. 6.6 A photo of
polytetrafluoroethylene used in
the experiments

Fig. 6.7 Pure bi-axial expanded polytetrafluoroethylene with self adhesive strip
in a detail from an electron microscope [4]
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Fig. 6.8 An antenna etched on Rogers RO4003 substrate [14]

The EA is set up to stop if the fitness value (the square root of a sum of differences
of computed and given S-parameters powered by two) is less than 10~7 or if the
count of these evaluations is higher than 20000 multiplied by the number of
dimensions of solved problem (two dimensions for a single layer, four dimensions

for a double layer etc.).

The lower and upper bound of a permittivity has been set up to the following

intervals:

e [1.0,15.0] for the real part of the complex permittivity, and

e [0.0,1.0] for the imaginary part of the complex permittivity.

The upper bound has been set to the value of 15.0 which should represent a
sufficient value for usually used solid dielectric materials (and with respect to

the selection of materials under test in this work).
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6.3 Test Computer

Subsequent experiments with the developed software have been run on a com-
puter manufactured in 2016. It is Dell Latitude E5570 with processor Intel®
Core™ i7-6820HQ) 4x 2.7 GHz, 16 GB RAM, operating system: Microsoft Win-
dows 10 Professional 64-bit.

The software is executable also in Linux operating systems. The processing times
in Linux are similar to the processing times in Microsoft’s Windows operating

system. However, they are not presented in this doctoral thesis.

6.4 Experiment #1: Waveguide Measurement of a Multi-Layered

Structure

The first experiment was based on a cooperation with a foreign university. The
author of this thesis was working one month with prof. Shestopalov in Karlstad
University (Sweden) as a freemover (an exchange programme for scientists and
young researchers). The title of the project was "Parameter Optimization of Fil-
ters Employing Multi-Sectional Diaphragms in Waveguides of Rectangular Cross
Section”. Although the effort was aimed at waveguides some general principles
remain and can be used also in free space measurements. The mathematical
model generating S-parameters from known sections of materials placed in a
waveguide has been created. Afterwards, an inverse estimation of the parame-
ters of an unknown material in the waveguide was possible (using a numerical

approach because of the non-explicit problem) [P.6].

The waveguide experiment took place in the Czech Republic, few months after
the return from the internship in Sweden. A setup on which the mathematical
background could be confirmed or rejected has been prepared. The material
under test was not homogeneous but consisted of many sections what raised the

complexity of the situation.

The details about the experiment were the following:

e Waveguide: R100 (22.86 mm x 10.16 mm).
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B

Fig. 6.9 Waveguide experiment: a photo of the measurement, waveguide is in
the middle, VNA is on the left

e Frequency band: 8 GHz — 12 GHz.
e VNA: Rohde & Schwarz ZVB 20.

e Filter consisted of the following combination of eight sections (the incident
wave was perpendicular to layers in this order): RO4003 | FR-4 | plexiglass
| FR-4 | plexiglass | FR-4 | plexiglass | RO4003.

Fig. 6.9 illustrates the measurement line. The waveguide R100 included a block
containing the sandwich of sections of materials arranged in the order mentioned
above. The waveguide was connected to a calibrated vector network analyser
Rohde & Schwarz ZVB 20.

Subsequently, Fig. 6.11 presents a photo of the sandwich structure where the
changing layers of RO4003 on the sides, three thin FR-4 and three thicker plex-

iglass sections can be seen.
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Fig. 6.10 shows a special profile which is used as a container for the sandwich

to be measured.

To briefly present the final part of the mathematical background the explicit
expression of the transmission coefficient for a one-sectional diaphragm (n = 1)

is expressed in Eq. 6.1:
Aetroh

9(2)
where A is the amplitude of incident wave and g¢(z) with z are described in
Eq. 6.2 and Eq. 6.3:

(6.1)

l
g(z) = cosz+1 (2;&1 + 7;;) sin z, (6.2)

z = ll'}/l, (6.3)

where [q is the thickness of the section, v is computed in the way presented in
Eq. 6.4:

vy = k‘% _ (ﬁ){ (6.4)

ko = \/w260u0, ]ﬁ: \/w26067~1,u,0, (65)

where £ is the wavenumber of the dielectric medium filling the section, a is the
width of the section, w = 27 f is the circular frequency, f is the field frequency,
€0 is the permittivity of vacuum, €,1 is the relative permittivity of a material of

the section and pg is the permeability of vacuum.

Fig. 6.12 just illustrates the measured data: the reflection coefficients S1; and

So9 along with the transmission coefficients Sa;.

Fig. 6.13 depicts the comparison between computed data and data obtained by
direct measurement (transmission coefficients, S-parameter Sa1). To quantify
the difference of the two sets of data the Root Mean Square (RMS) has been
used. RMS of the differences of absolute values of particular computed and
measured S-parameters is equal to 0.0247. This difference is rather low, what

confirms correctness of the mathematical model developed in Sweden (several
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Fig. 6.10 The waveguide experiment: special profile for the
multi-layered structure of materials under test

Fig. 6.11 The waveguide experiment: a view of the
multi-layered structure of materials under test
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other experiments should be preformed for verification). On such a complex
problem, filter containing eight sections, the result seems to be very promising

and further research could build other constructs on this relatively solid bases.

This experiment finally confirmed hypotheses on which the background mathe-

matical propagation model stays.

6.5 Experiment #2: Synthetic Data of a Single Layer

This is the simplest experiment based on synthetic data computed by imple-
mented free-space oriented direct model. This experiment tests the behaviour
of the implementation of the EA. The developed software instrument should be
capable of backward reconstruction of the complex permittivity of an imaginary

material.

The imaginary material under test was polytetrafluoroethylene. S-parameters
have been synthesized using complex relative permittivity 2.050 — j0.040 (as
typical for PTFE, described in subsection 6.1), thickness 3.0 mm, 201 frequency
points from 1.0 GHz to 20.0 GHz).

The final estimated permittivity was exactly the same as the original permittivity
set in the generation of the synthetic data, 2.050 — j0.040 (in all of the 10 runs
of the software). The average processing time was 1303 ms (details about the

computer which run this software are presented in the subsection 6.3).

The implementation of the EA seems to be verified with respect to the results

of the single layer experiment.

6.6 Experiment #3: Synthetic Data of a Multi-Layered Structure

This experiment tests the backward reconstruction again. The focus in this test

is set to a multi-layered structure.

The imaginary materials under test were aluminum oxide and polytetrafluo-

roethylene of thicknesses 10 and 3 mm. S-parameters have been synthesized
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Fig. 6.12 The waveguide experiment: measured reflection S11, S22 and
transmission Sa; coeflicients
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Fig. 6.13 The waveguide experiment: comparison of computed and measured
transmission coeflicients So9p
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Tab. 6.1 Results of experiment #4 (using synthetic data of a single layer of
PTFE with noise of 5% RSD)

Tteration Estimated e, ‘ Fitness (the best) ‘ Processing time [ms] ‘
1 1.833 — 70.000 0.621 1046
2 2.337 — 50.121 0.598 1285
3 2.143 — 50.064 0.656 1290
4 2.372 — 50.147 0.642 1316
5 2.200 — 70.058 0.603 1286
6 2.104 — 70.054 0.586 1293
7 1.939 — 50.000 0.579 1260
8 1.941 — 50.000 0.602 1022
9 1.994 — 50.019 0.525 1284
10 1.873 — 70.000 0.584 1004
| Average [ 2.0737 — j0.0463 0.5996 1208.6 |

using complex relative permittivities 9.424 — j0.0 and 2.050 — 50.040 (as typical
for these materials, described in subsection 6.1), 201 frequency points from 1.0
GHz to 20.0 GHz).

The final estimated permittivities were exactly the same as the original permit-
tivities set in the process of generation of the synthetic data, 9.424 — 50.0 and
2.050 — 50.040 (in all of the 10 runs of the software). The average processing

time was 6 545 ms.

The implementation of EA seems to be verified with respect to the results of the

2-layered structure under test.

6.7 Experiment #4: Noisy Synthetic Data of a Single Layer

This is a continuation of the experiment #2. The imaginary material is the
same, PTFE, with the same thickness and frequency points. The novelty of this
experiment is in the application of some noise on the synthetic data of the single
layer (normal distribution, RSD 5 %). This experiment tests the robustness of

the backward reconstruction.
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The average result was 2.0737 — j0.0463 (the run of the software was repeated
10 times to get this average value, see Tab. 6.1). This final value is very close
to the original complex relative permittivity of 2.050 — j0.040. The difference
between the real parts is only 0.0237 and 0.0063 in the imaginary parts of the
expected and estimated complex relative permittivity. This represents 1.2% de-
viation (regarding the absolute values of the expected and the average estimated

permittivity). The average processing time was 1208.6 ms.

6.8 Experiment #5: Noisy Synthetic Data of a Multi-Layered Struc-

ture

This experiment represents another specific scenario which is more difficult for
the software than in the previous experiment. In this case the robustness of
the implemented backward reconstruction is tested on multiple layers including
some additional noise of the normal distribution. A 2-layered and a 3-layered

structures have been tested.

2-layered structure: The synthetic S-parameters of two layers of imaginary
materials are used in this experiment. The structure consists of aluminum oxide
and polytetrafluoroethylene. The thicknesses of the sections are 10.0 mm and
3.0 mm. S-parameters are synthesized at 201 frequency points, from 1.0 GHz to
20.0 GHz. Moreover, some noise has been added to the generated S-parameters
also in this test (normal distribution, RSD 5 %).

The average estimated complex relative permittivity of the first and the second

layer is:

1. €, = 9.4319 — 50.0066, and

2. €ty = 2.0519 — j0.0327.

These are the average values from 10 runs of the software, see Tab. 6.2. The

relative deviations in this experiment are equal to 0.1 % for both layers (regarding
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Tab. 6.2 Results of experiment #5 (using synthetic data of a 2-layered structure

of aluminum oxide & PTFE including normally distributed noise of 5% RSD)

Tteration FEstimated €1 FEstimated €9 Fitness | Processing
(the best) | time [ms]

1 9.448 — 50.000 2.030 — 50.030 0.308 6422

2 9.457 — 50.012 2.048 — 50.030 0.352 6 626

3 9.429 — 50.018 2.077 — 50.035 0.359 6414

4 9.429 — 50.010 2.074 — j0.035 0.339 6778

5 9.395 — 50.000 2.040 — 50.050 0.327 5918

6 9.469 — 50.017 2.083 — 70.022 0.300 6783

7 9.385 — 50.000 2.057 — 50.058 0.353 6200

8 9.448 — 50.000 2.024 — 50.029 0.334 6 366

9 9.432 — 50.010 2.056 — 50.010 0.295 6528

10 9.429 — 50.000 2.031 — 50.030 0.325 6068

’ Average \ 9.4319 — 50.0066 | 2.0519 — j0.0327 0.3292 6410.3

the absolute values of the expected and the average estimated permittivities of

the layers).

3-layered structure: The synthetic S-parameters of three layers of imaginary
materials are used in this experiment. The structure consists of polytetraflu-
oroethylene, air and polytetrafluoroethylene again (some kind of a sandwich
structure). The thicknesses of the sections are 3.0 mm, 10.0 mm and 3.0 mm. S-
parameters are synthesized at 201 frequency points, from 1.0 GHz to 20.0 GHz.
Moreover, some noise has been added to the generated S-parameters also in this

test (normal distribution, RSD 5 %).

The system responded well. The average estimated complex relative permittivity
of the first, the second and the third layer is:

1. €, = 2.0686 — j0.0395,
2. €%y = 1.0031 — j0.0018, and

3. €ty = 2.0231 — j0.0384.
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Tab. 6.3 Results of experiment #5 (using synthetic data of a 3-layered
structure consisting of PTFE & air & PTFE including normally distributed
noise of 5% RSD)

Iteration | FEstimated | FEstimated | Estimated Fitness | Processing

€r1 €79 €3 | (the best) | time [ms]

1 2.072 — 1.002 — 2.020 — 0.544 14536
70.043 70.000 70.045

2 2.029 — 1.000 — 2.018 — 0.524 15289
70.045 70.005 70.015

3 2.113 — 1.015 — 2.028 — 0.542 14781
70.023 70.000 70.042

4 2.082 — 1.011 — 1.979 — 0.510 15539
70.049 70.001 70.054

5 2.062 — 1.001 — 2.044 — 0.497 15855
70.033 70.001 70.041

6 2.059 — 1.000 — 2.012 — 0.514 14799
70.051 70.000 70.058

7 2.097 — 1.000 — 1.976 — 0.479 15648
70.039 70.006 70.017

8 2.057 — 1.000 — 2.021 — 0.529 15501
70.041 70.006 70.033

9 2.019 — 1.000 — 2.091 — 0.447 14419
70.036 70.000 70.045

10 2.097 — 1.003 — 2.042 — 0.526 14 589
70.034 70.000 70.034

Average 2.0686 — 1.0031 — 2.0231 — 0.5112 15095.6
70.0395 70.0018 70.0384




TBU in Zlin, Faculty of Applied Informatics o7

These are the average values from 10 runs of the software, see Tab. 6.3. The rela-
tive deviations in this experiment are equal to 0.9 %, 0.3 % and 1.3 % (regarding
the absolute values of the expected and the average estimated permittivities of
the layers). The average estimated permittivities are very close to the original
(expected) complex relative permittivities. This confirms some robustness of the

backward reconstruction system.

6.9 Experiment #6: Measured Data of Single Layers

This is the first experiment in which a direct measurement of S-parameters in
free space occurs. Only single sections of materials have been tested in this
experiment (firstly polytetrafluoroethylene of various thicknesses and secondly

aluminium oxide).

The measurements presented in this experiment took place at the Department
of Dielectrics at Institute of Physics of the Czech Academy of Sciences in Prague
[16]. The spectral analysis was processed by infrared Fourier transform spec-
trometer BRUKER 113v. It operates in vacuum in the near, middle and far
infrared spectral ranges. Its sample compartment could be purged with nitrogen
or argon in order to reduce absorption bands of COy and water vapour. Other

technical details of the used spectroscope follows:

e spectral range: 10000 to 10 cm ™1,
e resolution: 0.03 cm™!,

e wavenumber accuracy: 0.01 cm~! at 2000 cm™?!,

e sources: Globar 6 000-10 cm~!, Hg Arc 700-10 cm~!, Tungsten-Halogen
100001850 cm ™1,

e detectors: DTGS with KBr window 7 000-400 cm ™!, DTGS with Polyethy-
lene window 60010 cm ™!, MCT 5000-600 cm ™,

o interferometer: fully automatized Genzel interferometer,
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e scan Velocity: 1.6-12.7 mm/sec opd, and

e sample compartment [cm]: 25.5 (w) x 27 (d) x 16 (h) purgeable.

Fig. 5.2 illustrates the experimental test bench with an emitting and a receiving
antenna connected to a calibrated analyser with a sample under test placed in

between.

This experiment is crucial from the point of view of testing the ability of the
developed software to work with real data. EA with the capability of the back-
ward reconstruction has been proven in the previous experiments. Data from
direct measurements are used in this step to test the correctness of the direct

mathematical model and consequently the whole system.

Polytetrafluoroethylene: This material has been measured on 51 frequency
points from 839 GHz to 1562 GHz. The average estimated complex permittivity
was 2.671—70.0 for the 2.1 mm thick sample and 4.8014—30.00008 for the 3.0 mm
thick sample, the average processing time was 270.5 ms, 272.6 ms respectively
(average values from 10 runs of the software, see Tab. 6.4 and Tab. 6.5 for details).
These average values are far from the expectations (see subsection 6.1 for details
about materials under test and their properties). The relative deviation of the
average estimated permittivity is equal to 30.3 % for the 2.1 mm thick sample
and 134.2 % for the 3.0 mm thick sample (regarding the absolute values of the
expected and the average estimated relative permittivity). Nevertheless, these
deviations are pure statistical numbers (this approach is consistent in all the
experiments in this doctoral thesis). Looking at the results of 3.0 mm thick
sample of PTFE presented in Tab. 6.5 possible doubts about the final average
value may appear. The real part of the estimated permittivity is equal to 3.018
in 8 from 10 cases. However, the real part jumped nearly to 12 in the remaining
2 cases what is very different nearly 4-times higher result then in the majority.
Therefore, some kind of post-processing/heuristics which will eliminate these
very different isolated values (high peaks or deep holes in an array of results) may
take place. The author of this doctoral thesis propose to discuss and implement

some kind of treatment in the further research. The average estimated complex
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permittivity of the 3.0 mm thick sample of PTFE would be 3.018 —50.000 (47.2%
relative deviation regarding the expected absolute value) if the unusual wrong

peak estimations were neglected.

Additional note about the 3.0 mm thick sample of PTFE relates to the fitness
values of the best particles in the PSO. There are two unusual isolated high peaks
in the row of estimated permittivity (as presented in the previous paragraph, see
Tab. 6.5). It is surprising that right these two very wrong results have the lowest
fitness value what should mean that these results are more close to the true value

than the others. This is in contrary to expectations.

Such wrong results and strange fitness values may relate to the thin layer which
could be more difficult for processing. Moreover, wide frequency range has been
used (723 GHz) what may be too much for considering the permittivity as a
constant. Also some kind of an error in the measurement system could occur.
Only one measurement has been performed (without any repetition). Therefore,
revision and repetition of the measurement should take place. Also this may be

one of the goals of the further work.

Aluminium oxide: This material has been measured on 805 frequency points
from 376 GHz to 12004 GHz what is a huge frequency range of overstepping of
two orders from hundreds of GHz up to tens of THz. The average estimated
complex relative permittivity was 9.808 — 50.019, the average processing time
was 4147 ms (average values from 10 runs of the software, see Tab. 6.6 for
details). This result is close to the expected permittivity, therefore, it may be
considered as acceptable. The relative deviation of the average result is equal to
3.3 % (regarding the absolute values of the expected and the average estimated

relative permittivity).

6.10 Experiment #7: Measured Data of a Multi-Layered Structure

Also this measurement took place at the Department of Dielectrics at Institute of

Physics of the Czech Academy of Sciences in Prague with the same measurement



60

TBU in Zlin, Faculty of Applied Informatics

Tab. 6.4 Results of experiment #6 (using measured data of a single layer of
PTFE, 2.1 mm)

Iteration | FEstimated €, ‘ Fitness (the best) ‘ Processing time [ms] ‘

1] 2.671—-350.0 0.418 274
21 2.671—-30.0 0.418 268
3] 2.671—70.0 0.418 268
4| 2.671 —50.0 0.418 274
5| 2.671—30.0 0.418 272
6 | 2.671 — ;0.0 0.418 271
7| 2.671—30.0 0.418 269
8 | 2.671 — ;0.0 0.418 273
9| 2.671— ;0.0 0.418 268
10 | 2.671 — 50.0 0.418 268
Average | 2.671 — 50.0 0.418 270.5

Tab. 6.5 Results of experiment #6 (using measured data of a single layer of

PTFE, 3.0 mm)
Iteration Estimated e, ‘ Fitness (the best) ‘ Processing time [ms] ‘

1 3.018 — 50.0000 0.286 274

2 | 11.907 — 50.0001 0.065 254

3 3.018 — 70.0000 0.286 270

4 3.018 — 70.0000 0.286 272

5 3.018 — 70.0000 0.286 266

6 3.018 — 50.0000 0.286 268

7 3.018 — 50.0000 0.286 274

8 3.018 — 50.0000 0.286 300

9| 11.962 — 50.0007 0.057 284

10 3.018 — 50.0000 0.418 264

| Average | 4.8014 — 50.00008 0.2542 272.6
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Tab. 6.6 Results of experiment #6 (using measured data of a single layer of
aluminium oxide)

Iteration Estimated €, | Fitness (the best) | Processing time [ms] |

1 9.576 — 70.083 0.145 4302

2 9.756 — j0.083 0.137 4121

3 9.756 — j0.083 0.137 4139

4 9.757 — 70.083 0.137 4146

5 9.756 — 70.083 0.137 4238

6 9.756 — 70.083 0.137 4116

7 9.756 — 70.083 0.137 4066

8 9.757 — 70.083 0.137 4052

9 9.759 — 70.084 0.140 4146

10 9.756 — j0.083 0.137 4144

| Average | 9.7387 — j0.0834 0.1381 4147

line as in the previous experiment.

A two-layered structure of Aluminum oxide and 3mm PTFE has been measured
on 21 frequency points from 448 GHz to 737 GHz. The average estimated com-
plex relative permittivity of the first material from the structure (Aluminum
oxide) was 9.8642 — j0.00004 and 1.8725 — j0.46995 of the second material, the
average processing time was 1160.4 ms (average values from 10 runs of the ap-

plication, see Tab. 6.7 for details).

These results’ relative deviation is equal to 4.7 % and 5.8 % for the first and for
the second material respectively (regarding the absolute values of the expected
and the average estimated relative permittivity). These results are acceptable.
They confirm the capability of the developed system to work with data from

direct measurements of multi-layered structures.

6.11 Experiment #8: Measured Data of a Single Layer

The last direct measurement took place at Centre of Polymer Systems of Tomas
Bata University in Zlin. FR-4 has been selected as the material under study in

this experiment.
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Tab. 6.7 Results of experiment #7 (using measured data of a multi-layered

structure consisting of aluminium oxide & PTFE)

Tteration FEstimated €1 FEstimated €9 Fitness | Processing

(the best) | time [ms]

1 9.717 — 70.0000 1.359 — j0.1415 0.096 1138

2 9.722 — 50.0000 1.634 — j0.2127 0.121 1157

3 9.719 — 50.0000 1.088 — j0.4145 0.071 1145

4 9.712 — 50.0003 1.002 — 50.1008 0.124 1164

5 9.732 — j0.0000 1.124 — 50.9999 0.086 1188

6 9.732 — 50.0000 1.300 — 50.9281 0.091 1125

7 11.13 — 50.0000 7.374 — 70.0001 0.339 1156

8 9.720 — 70.0000 1.130 — 50.4209 0.072 1180

9 9.732 — 50.0002 1.533 — j0.7480 0.117 1160

10 9.727 — 70.0000 1.180 — 50.7328 0.081 1191
Average | 9.8642 — 50.00004 | 1.8725 — j0.46995 0.1198 1160.4 ‘

The measurement was based on utilization of Agilent Technologies N5230A PNA-

L which was calibrated using mechanical standards (open, short, load and thru),
2-port (calibration kit 85052D). Technical details of the used network analyser

follows [2]:

108 dB of dynamic range and <0.006 dB trace noise,

working frequency from 300 kHz to 13.5 GHz, from 10 MHz to 50 GHz,

<9 psec/point measurement speed, 32 channels, 16 001 points, and

TRL/LRM calibration, on-wafer, in-fixture, and waveguide measurements.

Fig. 6.14 shows the whole measurement line (the calibrated analyser connected

to the transmitting and receiving antennas) while Fig. 6.15 presents the holder of

samples with the antennas and finally Fig. 6.16 depicts the calibration standards

in detail.

This material has been measured on 51 frequency points from 1.0 to 20.0 GHz.

The average estimated complex relative permittivity was 4.506 — j0.0. The
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Fig. 6.14 Measurement line employing Agilent Technologies
N5230A PNA-L

Fig. 6.15 Transmitting and receiving antennas with material
under test in between (FR-4)
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Fig. 6.16 Calibration kit 85052D (open, short and load)

Tab. 6.8 Results of experiment #8 (using measured data of a
single layer of FR-4)

| Iteration | Estimated €, | Fitness (the best) | Processing time [ms] |

1] 4.506 — j0.0 0.795 298
2| 4.506 — 350.0 0.795 300
3| 4.506 — 50.0 0.795 302
4| 4.506 — j0.0 0.795 330
5 | 4.506 — 50.0 0.795 298
6 | 4.506 — 50.0 0.795 299
7| 4.506 — 50.0 0.795 304
8| 4.506 — 50.0 0.795 302
9 | 4.506 — 50.0 0.795 316
10 | 4.506 — 50.0 0.795 319

| Average | 4.506 — 50.0 | 0.795 | 306.8 |
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average processing time was 307 ms (average values from 10 runs of the software,
see Tab. 6.8 for details). The expected value was 4.2 — j0.084. The relative
deviation of the average result is equal to 7.3 % (regarding the absolute values

of the expected and the average estimated relative permittivity).

6.12 Summary of the Experiments

Realization of experiments posed a more complicated task than expected. Ac-
quisition of materials was rather easy part in comparison with negotiations with
laboratories postponing the measurements. This is the main reason why the
number of materials under test and the corresponding number of direct measure-
ments is not very high. However, the number of experiments can be considered
as sufficient for the need of confirmation of the individual pillars, approaches
and implementations. All the results are promising except the experiment with
polytetrafluoroethylene in the experiment # 6. A repetition of this experiment

may reveal the source of the strong deviation.

6.12.1 Speed of the Software

The speed of the implemented system is noted in the tables and paragraphs in
each free-space experiment above. The processing time mainly depends on the
number of layers in the experiment, on the number of frequency points and also
on the hardware on which the software is executed. Specification of the test

computer which was running all the experiments is described in subsection 6.3.

The speed of the software is very promising considering the average processing
time of the first simple experiment with synthetic data of a single layer and 201
frequency points that took only at about 1.3 second. In contrary, a much more
difficult case represented by a 3-layered structure including some noise in the

input data with 201 frequency points took at about 15.1 seconds in average.
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7 UNCERTAINTY & SENSITIVITY ANALYSIS

Quantification of the uncertainty of any measurement is important since there is
always a margin of doubt about the measurement. Definitions of few important

terms follow to avoid confusion [7].
True value is the value that would be obtained by a perfect measurement.

Error is the difference between the measured value and the frue value of the

thing being measured.
Uncertainty is a quantification of the doubt about the measurement result.

The uncertainty of the estimation of complex relative permittivity is not analyt-
ically solvable due to the fact that the problem of permittivity reconstruction is
not an explicit problem. ¢, cannot be computed directly using a mathematical
formula (details in section 3). Therefore, the uncertainty is estimated statisti-
cally by a set of measurements & permittivity estimations (so called Type A

evaluation [7]).

The source of error in the estimation of permittivity is represented by a com-
bination of the error in the measuring instrument (for instance: bias, changes
due to ageing, wear, noise, wrong calibration), the deviations in the material
under test (for instance: non-homogeneousness, impurities) and environment is-
sues (for instance: higher or lower temperature or humidity). The combination
of all these influences leads to a mass error of the input data (S-parameters) to
the evolutionary processing. Therefore, an input error represented by a relative
standard deviation figures in the analysis below. For details about RSD see

subsection 5.4.

Standard deviation o is a usual quantification of spread of the values of mea-

surements. It can be mathematically expressed as [7]:

0: \/z;;lm _X)2 -

n—1
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where X; represents i-th scalar of the measurement vector of data and n stands

for the number of measurements.

Standard uncertainty w estimated from statistics of a set of measurements is

computed using the standard deviation ¢ and the number of measurements n:

o
U= —= 7.2

NT (72)

Standard uncertainty is a margin informing about the uncertainty of an average

(not just about the spread of values) |7].

7.1 Pseudorandom Number Generator

The role of the pseudorandom number generator (PRNG) is important not only
in the process of evolution in EAs but also in the experiments adding some noise
to the input S-parameters. The noise must be generated with desired probability

distribution.

One of the key characteristics in SI measurements is jitter. It represents varia-
tions in the data signal. Typically, these variations behave statistically in nature.

Random jitter usually follows a normal distribution [§].

Classical statistical methods that use the sample mean and standard deviation,
under the assumption that the data follow a Gaussian (normal) distribution, are

often applied to measurement inter-comparisons [33].

Standard random numbers generator available in C++ (since C++11) has been
used in the software of this doctoral thesis. The histogram of a test case with
10000 generated numbers is depicted in Fig. 7.1. The setup of the pseudo-
random number generator was the following:

e normal distribution,

e mean p = 0.0, and

e standard deviation o = 1.0.
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Fig. 7.1 Histogram of 10 000 numbers generated by selected PRNG (normal
distribution, mean 0.0, standard deviation 1.0)

7.1.1 Pearson’s Chi-Square Goodness of Fit Test

The histogram presented in Fig. 7.1 seems to correspond to the normal dis-
tribution. However, this hypothesis should be verified. For this purpose, the
chi-square (x?) test has been applied on the pseudorandomly generated data.
This test is used to confirm or reject a null hypothesis. In this case the null
hypothesis relates to the kind of distribution of the input data, whether these
data follow the normal distribution. The input data must be transformed into a

histogram of a specified number of sections for the purpose of further processing.

x? can be quantified in the following way [52]:

L \2
X2 _ Z (O] EjEJ) (73)

J=1
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where £k stands for the number of histogram sections, F; is the expected count
(also known as the theoretical value) of the j-th section of the histogram and O;
is the observed count (also known as the empirical value) of the j-th section of

the histogram.

The empirical (observed) counts are created from the input data from a selected
PRNG (as can be seen in Fig. 7.1). In spite of that the theoretical (expected)
counts are precisely computed using mathematical formulas. In this case the
expected histogram is prepared by the probability density function of the normal

distribution [47]:
1 (@—m)?

e 202 7.4
oV 2T (7.4)

where |z| < 0o, || < 0o and ¢ > 0. A normal distribution is called standard

fla,p,0%) =

when p = 0.0 and ¢ = 1.0.

x? follows the Pearson probability distribution with n degrees of freedom:
n=k—r—1 (7.5)

where r stands for the number of parameters of the probability density function.
The x? along with the number of degrees of freedom is then used to compute

the probability using the Pearson probability distribution F):

p=Fp(x*n) (7.6)

The probability p is then compared to the significance level a (commonly set to
0.05 [15]). If p > 1 — « then the tested hypothesis is rejected on the significance
level a [52].

7.1.2 Testing the Probability Distribution of Selected PRNG

Working with observed data generated by selected PRNG (section 7.1), the null
and the corresponding alternative hypotheses have been defined the following

way:
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e Hjy: The observed data from the selected PRNG are normally distributed.

e H,: The observed data from the selected PRNG are not normally dis-
tributed.

Configuration of the test:

e The PRNG has been set up to produce numbers following the standard
normal distribution (¢ = 0.0, 0 = 1.0).

e Histogram is portioned into k£ = 20 segments.

e The significance level in this test has been set to a = 0.05 (common thresh-
old [15]).

e The sum of the empirically counted numbers is equal to the sum of gen-
erated numbers assigned to the histogram, what is nearly 100000 (it is
exactly only 99992, it is not rounded to thousands due to the nature of
the normal distribution and the fact that the histogram is segmented into

a specific number of segments).

Histograms of the expected data and a test set of observed data generated by the
selected PRNG are presented in Tab. 7.1. Repeating the process of generation
of a new test set of pseudorandom numbers gives little bit different results all

the time but the results are usually similar to the following ones.

Results:

o n =17,
o \? =24.961, and

e p=0.929.
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Tab. 7.1 Histograms of the expected and observed
random data (generated by the selected PRNG) of
standard normal distribution

’ Interval ‘ Expected count ‘ Observed count

[—3.60, —3.24) 41 45
[—3.24, —2.88) 133 148
[—2.88,—2.52) 375 392
[—2.52, —2.16) 929 948
[—2.16, —1.80) 2023 2099
[—1.80, —1.44) 3867 3836
[—1.44, —1.08) 6495 6516
[~1.08,—0.72) 9581 9640
[0.72,—0.36) 12417 12227
[—0.36,0.00) 14135 14163
[0.00, 0.36) 14135 13953
[0.36,0.72) 12417 12395
[0.72,1.08) 9581 9564
[1.08, 1.44) 6495 6553
[1.44,1.80) 3867 3834
[1.80,2.16) 2023 2080
2.16,2.52) 929 988
[2.52,2.88) 375 357
[2.88,3.24) 133 151
[3.24,3.60) A1 53

Conclusion: Hj is accepted on the significance level alpha (p < 1 — a, where
a = 0.05).

This test has been repeated and the hypothesis Hy was accepted in 9 from 10
cases (10 test sets of pseudorandom numbers). Therefore, the numbers generated
by the selected PRNG follow the normal distribution.

7.2 Experimental Setup

The input data (S-parameters) in these experiments must be strictly correct to

evaluate proper total output uncertainty of the result and sensitivity analysis
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on the controlled artificial input error. These input data have been synthesized
in the frequency range from 1 to 20 GHz. This rather narrower range has been
selected so as to consider constant real part of complex permittivities of the
materials under test, moreover, without complications caused by resonances.

The number of repetitions of all the tests in these analyses has been set to 100.

Various tests have been run. The list of varied aspects follows:

e the number of layers of materials under test: a single layer, 2-layered and

3-layered structures,

e the number of frequency points: 201 for the basic setup and 402 for the
extended setup to partially express the influence of the granularity of the
input data (hypothesis: the higher number of measurements the potentially

easier way to get closer to the true values), and

e the RSD of the error of the input data: 0, 1, 2, 5, 10 and 20 %.

7.2.1 A Single Layer

Plexiglass material has been selected for the single layer experiment (€, = 2.5 —
70.02, 3.66mm thickness, for further details of this material see subsection 6.1).
The estimated complex relative permittivity with statistically defined standard
uncertainty and analysis of sensitivity on error level of the input data using 201
frequency points is presented in Tab. 7.2. Tab. 7.3 contains results related to

402 frequency points of the input.

The mean values of the real and the imaginary parts of the complex relative
permittivity including uncertainties are depicted in Fig. 7.2. As expected, the

softer granularity of the input data helps achieve results closer to the true values.

7.2.2 A 2-Layered Structure

A 2-layered structure represents a more complicated situation (due to the four-

dimensional optimization problem). The combination of 3.0mm thick PTFE
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Tab. 7.2 Estimated complex relative permittivity with statistically
defined standard uncertainty along with sensitivity analysis on
RSD of the error of the input data, a single layer of plexiglass,

expected €. = 2.5 — j0.02, 201 frequency points

’ Noise RSD ‘ € real T Ureal € imag £ Uimag ‘ t [ms] ‘
0% 2.5+0.0 0.02+ 1.4exp(—18) | 1371.4
1% 2.4987 + 0.0016 | 0.01988 + 0.00032 1358.2
2% 2.4990 4+ 0.0035 | 0.01988 + 0.00067 1349.0
5% 2.4977 4+ 0.0069 | 0.0222 £ 0.0016 1300.4
10 % 2.516 £0.014 0.0308 + 0.0026 1326.8
20 % 2.550 £ 0.028 0.0520 £ 0.0049 1395.8

Tab. 7.3 Estimated complex relative permittivity with statistically
defined standard uncertainty along with sensitivity analysis on
RSD of the error of the input data, a single layer of plexiglass,

expected €, = 2.5 — 50.02, 402 frequency points

’ Noise RSD ‘ € real T Ureal € imag £ Wimag ‘ t [ms/ ‘
0% 2.5+0.0 0.02 £ 2.8exp(—18) | 2614.4
1% 2.4997 £ 0.0012 | 0.01994 £+ 0.00026 2541.0
2% 2.4970 £ 0.0026 | 0.02027 4 0.00051 2632.0
5% 2.5096 £ 0.0056 | 0.0213 £ 0.0012 2636.9
10 % 2.513 +0.011 0.0299 + 0.0023 2491.1
20 % 2.509 £ 0.017 0.0469 £ 0.0037 2528.6
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Fig. 7.2 Visualisation of the real and imaginary parts of the complex €, of a
single layer with quantified uncertainties of the test case of 100 repetitions,
series of 201 on the left and 402 frequency points on the right
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and 1.57mm thick FR-4 has been tested in this experiment. The estimated
complex relative permittivities with statistically defined standard uncertainties
and analysis of sensitivity on error level of the input data using 201 frequency
points is presented in Tab. 7.4. Tab. 7.5 contains results related to 402 frequency
points of the input (softer granularity).

The mean values of the real and the imaginary parts of the complex relative

permittivity including uncertainties are also depicted in Fig. 7.3.

The softer granularity (higher number of the frequency points) of the input data
does not help achieve results noticeably closer to the true values in this case.
This result is in contrary with related hypothesis presented in the experimental

setup.

7.2.3 A 3-Layered Structure

Finally, a 3-layered structure represents the most complicated case under un-
certainty & sensitivity analysis (three pairs of real and imaginary parts of com-
plex relative permittivities what means a six-dimensional optimization problem).
The combination of 3.0mm thick PTFE, 1.57mm thick FR-4 and 3.66mm thick
plexiglass has been tested in this experiment. The estimated complex relative
permittivities with statistically defined standard uncertainties and analysis of
sensitivity on error level of the input data using 201 frequency points is pre-
sented in Tab. 7.6. Tab. 7.7 contains results related to 402 frequency points of
the input.

The mean values of the real and the imaginary parts of the complex relative

permittivity including uncertainties are also depicted in Fig. 7.4.

The softer granularity (higher number of the frequency points) helps achieve

results closer to the true values in this test rather marginally.
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Tab. 7.4 Estimated complex relative permittivity with statistically
defined standard uncertainty along with sensitivity analysis on RSD of
the error of the input data, a 2-layered structure of PTFE & FR-4,
= 4.2 —30.084, 201 frequency points

expected €,, = 2.05 —50.04 and €,

Noise | €7 real = €1 imag £ | €y real £ €rg imag £ | T [ms]
RSD | u1 real U1 imag U2 real U2 imag
0% | 2.05094 + 0.040422+ | 4.19605 £+ 0.08519 & 6467.1
0.00019 0.000085 0.00079 0.00024
1% | 2.0480 + 0.03944 + 4.2048 + 0.0816 + 6536.1
0.0018 0.00084 0.0079 0.0024
2% | 2.0486 + 0.0409 &+ 4.206 + 0.0789 + 6478.0
0.0036 0.0017 0.015 0.0046
5% | 2.0544 + 0.0483 + 4.163 &+ 0.0835 + 6119.0
0.0071 0.0042 0.031 0.0080
10 % | 2.0728 & 0.0779 + 4.018 + 0.109 = 6744.9
0.0094 0.0092 0.053 0.011
20 % | 2.088 £ 0.137 + 3.784 + 0.122 + 5996.1
0.022 0.016 0.080 0.013

Tab. 7.5 Estimated complex relative permittivity with statistically
defined standard uncertainty along with sensitivity analysis on RSD of
the error of the input data, a 2-layered structure of PTFE & FR-4,
expected €,, = 2.05 —50.04 and €,, = 4.2 — 50.084, 402 frequency points

Noise | € real = €1 imag £ | € real £ €ry imag £ t [ms]
RSD | uy rear U1 imag U2 real U2 imag
0% | 2.05173 £ 0.04080 = 4.1928 + 0.08611 + 12 960.5
0.00060 0.00029 0.0025 0.00069
1% | 2.0485 £+ 0.03947 + 4.2072 + 0.0813 £+ 12919.6
0.0014 0.00061 0.0058 0.0018
2% | 2.0513 &+ 0.0415 + 4.192 + 0.0849 + 12946.9
0.0026 0.0012 0.011 0.0034
5% | 2.0507 & 0.0443 + 4.188 + 0.0801 + 12879.1
0.0053 0.0028 0.023 0.0065
10 % | 2.0693 + 0.0649 + 4.082 + 0.1002 + 12812.5
0.0080 0.0064 0.040 0.0092
20 % | 2.1028 £ 0.0990 + 3.923 £+ 0.126 £+ 12605.0
0.0092 0.0094 0.054 0.011
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Tab. 7.6 Estimated complex relative permittivity with statistically defined
standard uncertainty along with sensitivity analysis on RSD of the error of the
input data, a 3-layered structure of PTFE & FR-4 & plexiglass, expected
€, = 2.05—70.04, €, = 4.2—70.084 and €,, = 2.5—30.02, 201 frequency points

Noise €ry real | €ry imag €ry real | €ry imag| €rs real | €rs imag t [ms]
RSD | + + + + + +

UL real | U1 imag U2 real | U2 imag | U3 real | U3 imag
0 % | 2.0450 | 0.040384 | 4.1921 | 0.0796 | 2.5084 | 0.02057 | 13 306.7
+ + + + + +
0.0013 | 0.000071 | 0.0020 | 0.0011 | 0.0022 | 0.00013
1% | 2.0441 | 0.0419 4.1824 | 0.0714 | 2.515 0.01952 | 13556.8
+ + + + + +
0.0090 | 0.0044 0.0035 | 0.0033 | 0.010 0.00086
2% | 2.0586 | 0.0510 4.1800 | 0.0858 | 2.491 0.0216 14203.2
+ + + + + +
0.0095 | 0.0048 0.0051 | 0.0049 | 0.012 0.0014
5% | 2.104 0.0774 4.1803 | 0.1086 | 2.433 0.0236 13768.3
+ + + + + +
0.015 0.0083 0.0099 | 0.0084 | 0.019 0.0019
10 % | 2.137 0.116 4.092 0.163 2.353 0.0348 13 881.5
+ + + + + +
0.012 0.013 0.022 0.013 0.022 0.0026
20 % | 2.141 0.195 4.061 0.190 2.294 0.0303 13614.7
+ + + + + +
0.017 0.021 0.036 0.017 0.031 0.0029

7.3 Summary of the Uncertainty & Sensitivity Analysis

The fact that the deviations from the true (expected) value and uncertainties
rise with the RSD of the input error is without a surprise. However, RSD of 20
% of the input error does not lead to similar deviation of the estimations from
the expected true value. This relates to the single layer case as well as to the
most complicated one represented by a structure containing 3 layers of unknown

materials (what means a 6-dimensional MOP).

Considering the simplest case in this section, the single layer with 201 input

frequency points, the input error RSD of 20 % resulted in a relative deviation
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Tab. 7.7 Estimated complex relative permittivity with statistically defined
standard uncertainty along with sensitivity analysis on RSD of the error of the
input data, a 3-layered structure of PTFE & FR-4 & plexiglass, expected
€, = 2.05—70.04, €, = 4.2—70.084 and €,, = 2.5 —30.02, 402 frequency points

Noise €ry real | €r1 imag €ry real | €ry imag| €rs real | €rs imag t [msj
RSD | + + + + + +

U1 real | Ul imag U2 real | U2 imag | U3 real | U3 imag
0% | 2.0589 | 0.0487 4.1854 | 0.0764 | 2.496 0.02109 | 27655.1
+ + + + + +
0.0011 | 0.0057 0.0034 | 0.0017 | 0.012 0.00026
1% | 2.061 0.0508 4.1797 | 0.0778 | 2.493 0.02212 | 27533.2
+ + + + + +
0.011 0.0058 0.0036 | 0.0023 | 0.012 0.00054
2% | 2.062 0.0527 4.1762 | 0.0720 | 2.495 0.0203 | 27318.6
+ + + + + +
0.015 0.0074 0.0047 | 0.0046 | 0.016 0.0012
5% | 2.076 0.0662 4.1522 | 0.1006 | 2.466 0.0255 27017.4
+ + + + + +
0.012 0.0066 0.0088 | 0.0086 | 0.016 0.0019
10 % | 2.082 0.0675 4.159 0.099 2.458 0.0231 26 745.0
+ + + + + +
0.013 0.0084 0.014 0.010 0.019 0.0022
20 % | 2.179 0.138 4.054 0.175 2.304 0.0369 | 27186.5
+ + + + + +
0.016 0.016 0.027 0.014 0.024 0.0030

of 2.02 % of the final estimated mean (comparing the absolute values of the
estimated mean and the true complex relative permittivity). This is a good
result. However, it is even much better in the case of 402 input frequency points

(as expected). The deviation is only 0.37 % in this case.

Considering the most complicated case of 3-layered structure, again, comparing
the absolute values of complex relative permittivities of the estimated mean and
the true value (in the case of the input error with RSD of 20 %) the results
are acceptable. The relative deviation of the final estimations is 4.85 %, 3.22
% and 8.23 % (for the first, the second and the third layer respectively) in the
case of 201 frequency points in the input. Running the software with 402 input
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frequency points it results in 6.49 %, 3.41 % and 7.83 %. Therefore, this is
an example in which the softer granularity of the input data did not lead to
results closer to the true value. From the pragmatical point of view, it is still
surprising that the software can achieve reasonable results at all considering the

high dimensionality of the problem.

Impact of the granularity of measurement is mainly visible only in the single layer
case. It may be well understandable in the visualization of the results including
uncertainties (Fig. 7.2). The resulting mean value is usually more close to the
true value when working with softer granularity of the input data (402 frequency
points). Also the standard uncertainty of the mean is lower. However, there is no
impact of double number of frequency points or rather marginal in the 3-layered

structure case.

The processing time expands from at about 1.3 second in the single layer case to
at about 13 seconds in the case of the 3-layered structure (when working with
201 frequency points in both cases). Therefore, solving the more difficult case
(3 layers) is approximately 10-times slower then the processing of the simple
case (1 layer) what still can be considered as a good result taking into account
the difference between the dimensionality of the searched spaces: two versus six

dimensions.

Additional two purely statistical notes about the background of the analyses

provided in this section follows:

e The total number of test executions of the software for the purpose of
creation this uncertainty & sensitivity analysis can be stated simply: 6
levels of RSD of the input data x 2 granularities of the input data x 3
different numbers of layers x 100 repetitions. This is equal to 3600 runs

of the software in total.

e The total processing time of all the test runs of the software is 38479.74
seconds what means 10 hours, 41 minutes and nearly 20 seconds of se-
quential testing without any pause (on a particular computer described in

subsection 6.3).
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8 CONCLUSIONS AND FUTURE RESEARCH DI-
RECTIONS

This section summarizes the approach, achieved goals and results of the experi-
ments presented in the thesis, including the summary of the specific solution and

contributions. Ultimately, possible directions for future work are also mentioned.

8.1 Summary

This doctoral thesis describes a specific approach aimed at estimation of complex
permittivity of single or multi-layered structures. Its processing is based on data
obtained by measuring the transmission and reflection coefficients using horn an-
tennas in free space in the frequency range above 1 GHz. The proposed solution
is presented by a working combination of a direct model computing transmission
and reflection coefficients from known permittivity of layered structure under
test and the Particle Swarm Optimization. This method has not yet been pre-
sented in the contemporary scientific literature, it is unusual and quite difficult to

arrange due to the inverse (and thus non-deterministic) nature of this problem.

The direct mathematical model in combination with the selected evolutionary
algorithm plays a significant role in the whole system and makes it possible
to estimate complex permittivity of materials in multi-layered structures. This
system provides reasonable estimations of permittivity. Moreover, the speed of

the system implemented in C++ is rather fast.

The reflection of the research objectives follows:

e A direct mathematical model computing reliable S-parameters of a known
material and of a multi-layered structure of materials in free space at spe-
cific frequency ranges has been designed on the basis of the up-to-date

scientific publications available at the moment.

e The direct mathematical model has been implemented into a software using
CH++.
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e The direct mathematical model has been verified by comparing its syn-

thetic data and data obtained by direct measurements.

e An EA (PSO) has been implemented into the software and combined with

the direct mathematical model.

e Many experiments with synthetic data and real (measured) data were per-
formed; said experiments confirm the ability of the developed system to
estimate complex relative permittivity of unknown single and multi-layered

structures.

e The uncertainty analysis along with the sensitivity analysis of the software

has been elaborated and presented in the form of tables and figures.

In conclusion, the doctoral thesis fulfils all the required objectives.

8.2 Contributions

Nowadays, the way of how to compute the transmission and reflection coefficients
of a known non-magnetic homogeneous isotropic material (or several layers of
known materials) at specific frequency range is already known and documented.
Work presented in this thesis is based on this knowledge and the inner direct
model of designed system is based on it. This direct model in combination with
PSO produces reasonable estimations of complex permittivity with rather low
uncertainties and low sensitivity on the error of the input data. This is a non-
trivial inverse task which is not presented yet in the science to date as far as
the author knows. Therefore, the novel approach presented in this work may
be evaluated as contributive to science also with respect to the functional and

verified implementation of the designed system.

The designed system implemented into a functional software is one of the main
contributions of this work. The executable binary files together with the source

codes and the software documentation are attached (see Appendix A).

Another remarkable innovation in this work is the move in frequency band used

for measuring and processing. This area (millimetre and sub-millimetre waves)
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is new also for known materials what means another breakthrough. Shift in
frequencies brings also some complications. One of them is the resonance. For
example the resonance of the molecules of water vapour appears near 183.310
GHz [24, 40].

It is expectable that the approaches designed in the doctoral thesis may be ac-
knowledged primarily in the area of material physics and electrotechnics. How-
ever, it may be also applicable in the remote measurements, analysis of materials
in cosmos (like measuring the thickness of specific materials, glaciers for instance)

what represents a great potential of impact.

This type of research may become important in the industry in the near future
for its capability to estimate properties of very new materials. This is also
the area where the Department of Electronics and Measurement of Tomas Bata
University in Zlin may have a chance to contribute and play an important role in

terms of its laboratories’ equipment and expert staff with up-to-date know-how.

8.3 Future Research Directions

The results of experiments that were based on synthetic data are very promising.
However, the final estimations of permittivity in case of experiments that were
based on data obtained by direct measurements were, in some cases, not so
convincing. Therefore, future research should focus on a wider set of direct
measurements to check (and possibly improve) the estimation behaviour of the

complex relative permittivity.

Nevertheless, real data obtained by direct measurements are not the only thing
on which the further improvements of the system may be based. Utilization of a
simulation software producing relevant S-parameters, such as CST Studio Suite
(3D electromagnetic field simulation and analysis software [1]) or Microwave Of-
fice (circuit design software that delivers accurate simulation for RF /microwave
product development [12]), would be also beneficial. Such software may produce
quantity (numerous multi-layered structures) along with quality with respect to

the need of reliable S-parameters used as the test system input.
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