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Abstract

Problem of investigation of stripline delay devices in stratified dielectric
medium is considered in the dissertation.

In the first chapter scientific publications regarding modelling of stripline
delay devices and microwave devices in planar stratified dielectric medium,
issued from 1976 to 2014 year are analytically reviewed. Areas of applications,
methods of analysis and design and problems in modelling and design are
analyzed.

In the second chapter models of coupled and multiconductor microstrip
lines in nonhomogenous dielectric medium are analyzed. Conditions for
ensuring normal wave propagation in the lines are researched. Such lines can
serve as the basis for stripline meander delay line modelling. The possibilities of
equalizing phase velocities for odd and even normal wave propagation in
coupled striplines in stratified dielectric medium are analyzed. The effect of air
microlayer in double shielded stripline devices is reseached by using the created
model.

Techniques for synthesis, i.e. obtaining constructional parameters according
to the desired electrical characteristics of multiconductor microstrip lines
operating in even and odd normal mode have been created and researched. The
proposed technique is based on iterative calculation of characterisitics by
changing parameters, until the desired characteristic value is obtained.

Effect of equalizing phase velocities of electromagnetic wave in strips of
microstrip meander delay line to frequency characteristics have been
investigated. Meander delay line based on the multiconductor line operating in
even mode was designed and its characteristics were calculated using
commercial software.

Influence of air microlayer in packaged double shielded meander stripline
delay line has been investigated. The delay line was designed and its
characteristics were calculated by two different techniques — the proposed
modelling technique combined with S-matrix method and modelled with
comercial software based on the method of moments. A prototype double
shielded meander delay line has been produced and its characteristics have been
measured in order to check the correctness of the model. Comparisson of
calculations and measurement differed by no more than 2%.



Reziumeé

Disertacijoje nagrin¢jama juosteliniy mikrobangy vélinimo jtaisy sluoksniuotoje
dielektringje terpéje modeliavimo problema.

Pirmajame skyriuje analitiSkai apZvelgtos 1974-2014 m. mokslinés
publikacijos apie vélinimo ir kitus mikrobangy itaisus sluoksniuotame
dielektrike. ISnagrinétos tokiy itaisy taikymo sritys, analizés ir projektavimo
metodai.

Antrajame skyriuje iSanalizuoti susietyjy ir daugialaidZiy juosteliniy linijy
nevienalyCiame dielektrike modeliai, iSnagrinétos normaliyjy bangy reZimo
sudarymo salygos jose. Sios linijos naudojamos kaip pagrindas meandriniy
vélinimo linijy modeliams. ISnagrinétos galimybés suvienodinti lyginés ir
nelyginés bangy sklidimo greicius susietosiose juostelinése linijose, naudojant
daugiasluoksne dielektring terpe. Naudojant sukurtus modelius iSnagrinéta oro
mikrosluoksnio itaka dviekraniy juosteliniy itaisy elektrinéms charakteristikoms.

Sukurtos ir iStirtos daugialaidZiy mikrojuosteliniy linijuy, veikianciy
normaliyjy bangy reZimu sintezés, t. y. konstrukciniy parametry radimo pagal
norimas elektrines charakteristikas radimo metodikos. Siiloma metodika grista
iteraciniu charakteristiky skaiciavimu keiciant parametrus iki pasiekiamos
norimos charakteristikos.

ISnagrinétos elektromagnetiniy bangy faziniy greic¢iy suvienodinimo jtaka
meandrinés mikrojuostelinés vélinimo linijos charakteristikoms. Suprojektuota ir
komercine programine iranga iStirta meandriné mikrojuostelin¢ vélinimo linija,
grista daugialaidés mikrojuosteliné linijos veikiancios lyginés modes rezimu,
modeliu.

ISnagrinéta oro mikrosluoksnio jtaka dviekranés meandrinés juostelinés
veélinimo linijos charakteristikoms. Suprojektuota dviekrané meandriné vélinimo
linija ir jos charakteristikos paskaifiuotos dviem metodais — hibridiniu metodu,
gristu baigtiniy skirtumy ir S-parametry matricy metodais, ir momenty metodu
grista komercine programine jranga. Siekiant patikrinti kompiuterinio
modeliavimo adekvatuma buvo pagamintas ir ekperimentiSkai istirtas dviekranés
meandrinés vélinimo linijos prototipas. Skirtumas tarp apskaiciuoty ir iSmatuoty
reikSmiy nevirsyjo 2%.
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Notations

Symbols

C capacitance

Co velocity of the electromagnetic wave in free space (vacuum), 299792458 m/s
C unit length capacitance

G Green’s function

L unit length inductance

q electric charge

S gap size between adjacent conductors

Vv voltage

Vp phase velocity

w width of the conductor

zZ characteristic impedance

A wavelength

& the electric constant, 8.854 187 817 x 107> F/m
& off effective relative dielectric permittivity

& relative dielectric permittivity

Q ohm
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Abbreviations

BEM
CML
CMOS
DD
DL
DSM
FDTD
FEM
IC
IEM
LTCC
MCL
MCML
MIMI
MIS
MoM
PCB
PEC
PEMC
SW
SWD
TFMSL
VLSI

viii

boundary element method
coupled microstrip line
complementary metal-oxide-semiconductor structure
delay device

delay line

double shielded microstrip

finite difference time domain
finite element method

integrated circuit

inverted embedded microstrips
low temperature co-fired ceramics
multiconductor line
multiconductor microstrip line
metal-insulator-metal-insulator
metal insulator semiconductor
method of moments

printed circuit board

perfect electric conductor

perfect electromagnetic conductor
slow-wave

slow-wave device

thin film microstrip line

very large scale of integration
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Introduction

Problem Formulation

Slow wave devices are widely used in modern electronic equipment. The
structure of such devices, as of most other integrated electronic devices until the
beginning of the 21" century used to be planar — signal conductors were placed
in a single plane. In the last two decades however, structure of modern electronic
devices and microwave equipment in general is undergoing a transformation
from planar to 3D structure. The reasons for that change are the need to reduce
the volume and mass of the devices, improve characteristics by shortening signal
paths and/or gain new functionality of devices.

In case of 3D structures, signal conductors are embedded between dielectric
layers in various patterns, thus the stratified structure of dielectrics and
conductors is created.

Interaction between signal conductors in different layers, and effect of
stratified medium on the propagation of electromagnetic waves is poorly
investigated.

Slow wave devices in stratified dielectric medium have not been
investigated in detail and no technique for synthesis of multiconductor lines, in
which electromagnetic waves propagate with equal phase velocities, has been
presented. Such lines can be used as basis for design of slow wave devices.
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Therefore the hypothesis is formulated in the dissertation, that by applying
numerical EM modeling techniques it is possible:

e to find the conditions which cause equal phase velocities along the
conductors of the non-uniform dielectric delay devices;

e to calculate electrical characteristics of the delay device in the stratified
dielectric medium by utilizing the quasi-TEM approach;

e to evaluate the effect of the stratified dielectric medium on the
frequency characteristics of the delay devices.

Relevance of the Thesis

In the field of electronics, delay devices are used in various electronic
circuits. It might be used in a feedback path of a generator. Delay lines are
critical in phased antenna arrays in order to control their directivity. Particular
types of digital signal communications rely heavily on precise arrival of signals,
therefore, if electrical lenghts of signal paths is different, delay line is necessary
to synchronize signals on input.

Various types of delay lines exist. One way of delay line classification is
dividing into two categories: active and electrodynamic. Active delay lines are
based on active components (transistors, amplifiers) to delay an electrical signal.
Electrodynamic delay lines are based on signal electrical path. The simplest case
of such delay line is a transmission line of particular non-zero length. It is
shaped into more compact shape — in most cases meander or helical. The
electrodynamic delay lines are simpler and cheaper to produce and have very
low energy consumption.

Due to constantly arising new applications of delay devices it is necessary
to create efficient design technique for the new structures of the delay devices.
Those can be in PCBs, packaged electronics or inside IC topology.

Synthesis techniques for finding constructional parameters by the given
required electrical characteristics are required for design. If straightforward
synthesis procedures are unavailable, analysis of the model is repeated
iteratively, and parameters of the model are varied until the constructional
parameters to meet the required characteristics are found.

In most cases, structure of the delay devices is planar. However in recent
years, 3D stratified structures are also designed. Therefore due to wide
application of delay devices it is necessary to create models for 3D stratified
structures.
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The Object of Research

The main object of investigation is multiconductor stripline and microstrip
structures in stratified dielectric medium, and meander delay line in stratified
dielectric medium based on the model of a multiconductor stripline or
multiconductor microstrip line.

The Aim of the Thesis

The main goal of this thesis is to investigate dependencies of electrical
characteristics of the delay devices in stratified dielectric medium by creating
and utilizing models based on numerical techniques.

The Objectives of the Thesis

The following objectives have been set in order to achieve the defined aim of the
thesis:

1. To investigate the conditions needed to excite normal wave propagation
in multiconductor microstrip lines and a possibility to equalize phase
velocities for even and odd normal modes in stratified dielectric
coupled lines by creating a mathematical model and implementing it in
software.

2. To find dependencies of electrical characteristics of microstrip
multiconductor lines on their constructional parameters by creating a
synthesis technique of multiconductor microstrip lines, operating in
normal mode, and implementing it in software.

3. To analyze the characteristics of the meander microstrip delay line
based on the model of multiconductor microstrip line operating in even
normal mode.

4. To investigate influence of air gap on the characteristics of the double
shielded (“sandwich” type) meander stripline delay line.

Research Methodology

The research technique used in this dissertation is numerical modelling of
electromagnetic fields in the analyzed structure. Two numerical methods are
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incorporated — the method of moments (MoM) and the finite difference (FD)
method. Quasi-TEM approach is utilized in order to simplify the task from 3D to
2D, thereby reducing computational requirements. Conditions of normal modes
in coupled and multiconductor striplines are analyzed and applied for meander
stripline design. Additionally, S-matrix method and commercial MoM software
(Sonnet®) is used for analysis of the created models of delay lines. The designed
and produced delay device prototype was measured using sampling oscilloscope
PicoScope 9312 from Pico Technology Ltd. The results of modelling are
compared to the published ones achieved by other researchers, and in one case —
compared to the experimental data.

Scientific Novelty of the Thesis

Despite the fact, that planar slow wave device is not a new concept in the field of
microwave electronics, application of modern design and production
technologies require incorporating of the well-known devices into new designs.
The mentioned tasks require an efficient and accurate design technique, which,
because of complicated stratified dielectric structures is not readily available. In
this dissertation new methods of evaluating effect of the stratified medium on
the electrical characteristics of delay devices are introduced.

Research performed in this dissertation led to the following results, new in
the scientific field of Electrical and electronic engineering:

1. New mathematical model for analysis of the multiconductor microstrip
line in stratified dielectric has been presented.

2. A technique for synthesis of the multiconductor microstrip line,
operating in even or odd normal mode has been created.

3. A technique for finding the conditions of equal phase velocities for
even and odd normal modes in coupled lines in stratified dielectric has
been presented.

Practical Value of the Research Findings

Modern communications equipment relies on complex interaction between
various microwave devices. Signal delay devices play significant role in
microwave circuitry. Since most modern devices are constructed in ICs and
PCBs (cases of stratified medium), deeper knowledge about delay devices in
stratified medium can help design more efficient devices.



INTRODUCTION 5

3.

Technique for synthesis of multiconductor microstrip lines operating in
normal mode has been created. Results of the synthesis can be used in
design of slow-wave devices.

Technique for modelling of coupled striplines in stratified dielectric
medium, for which phase velocities for even and odd mode are equal.
Such transmission lines have reduced crosstalk. In addition, slow-wave
devices based on such coupled striplines have lower phase distortion
and hence potentially wider frequency band. Moreover, such properties
are also useful in designing filters, couplers and similar microwave
devices.

The influence of air microlayer in double shielded stripline meander
delay line on its electrical characteristics has been investigated.

The created models of coupled, multiconductor and delay lines can be used
in CAD software for designing DLs in stratified medium.

The Defended Statements

1.

By applying iterative analysis algorithm based on the Newton-Rapson
method, widths of the conductors can be altered to ensure even or odd
normal mode propagation along the line, so the modal voltages differ
by no more than 2%, and phase velocities differ by no more than 3%.

Particular combination of thicknesses of dielectric layers of different
dielectric permittivities can be used to equalize phase velocities for
even and odd normal modes in coupled stripline in stratified dielectric
medium.

Phase distortions can be reduced by 2% creating a meander microstrip
delay line based on the model of the multiconductor microstrip line
operating in even normal mode.

Increase of the normalized thickness of the air microlayer, occurring as
a result of non-zero conductor thickness, from O to 0.1 in a double
shielded stripline meander delay line can reduce phase velocity by up to
5%. Increase of the normalized thickness of the air microlayer,
occurring as a result of imprecise placement of the shield, from O to
0.05 can reduce phase velocity by up to 20%
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Approval of the Research Findings

Results of research have been published in 10 articles: 4 articles in Thomson
Reuters ISI Web of Science database journals with impact factor (Martavicius
et al. 2007; Mikucionis, Urbanavi¢ius 2010a; Mikucionis, Urbanavicius 2011,
Krukonis et al. 2013), 6 articles in journals referenced and abstracted in other
international databases: (Mikucionis 2012; Krukonis, Mikucionis 2013) are
indexed/abstracted in ICONDA, Gale®: Academic OneFile, InfoTrac Custom;
ProQuest: Ulrichsweb™, Summon™; EBSCOhost: Academic Search Complete;
IndexCopernicus databases; (Mikucionis et al. 2014) is indexed in INSPEC and
SCOPUS databases; (Mikucionis, Urbanavi¢ius 2010b) is indexed in IEEE
database.

Results have also been presented in 10 conferences: 1 in international
conference abroad (Warsaw,Poland), 5 in international conferences in Lithuania
and 4 in local conferences.

List of conferences:

e S. Miku¢ionis. 2007. Suristyjy linijy modelis/Model of Coupled Lines.
Scientific conference “Science — Future of Lithuania: Electronics and
Electrical Engineering”. 2007. Vilnius, Lithuania.

e §. MikuGionis. 2010. Normaliosios modos  daugialaidése
mikrojuostelinése linijose/Normal Modes in Multiconductor Microstrip
Lines. International scientific conference “Electronics’ 2010”. Vilnius,
Kaunas, Lithuania.

e . Mikugionis, V. Urbanavi¢ius. 2010. Investigation of Normal Modes
in Microstrip Multiconductor Line Using MoM. 18" International
Conference on Microwave, Radar and Communications (Mikon 2010).
Vilnius, Lithuania.

e S. Mikuéionis. 2011. Normaliyju bangy suZadinimo salygos
daugialaidése mikrojuostelinése linijose/Conditions of Normal Modes
Excitation in Multiconductor Microstrip Lines. Scientific conference
“Science — Future of Lithuania: Electronics and Electrical Engineering
2010”. Vilnius, Lithuania.

e S. Miku¢ionis, V. Urbanavi¢ius. 2011. Synthesis of Multiconductor
Line using the Method of Moments. International scientific conference
“Electronics’ 2011”. Vilnius, Kaunas, Lithuania.

e S. Mikugionis. 2011. Synthesis of Multiconductor Microstrip lines
Operating in Normal Mode. International conference “Young Scientist
Towards the Chalanges of Modern Technology 2011”. Warsaw. Poland
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e Krukonis, S. Mikuéionis. 2012. Susietyjy liniju nevienalytéje terpéje
modelis, gristas BSLS metodu/FDTD Based Model of Coupled Lines in
a Non-Uniform Dielectric Medium. Scientific conference “Science —
Future of Lithuania: Electronics and Electrical Engineering 2012”.
Vilnius, Lithuania.

e  Mikucionis, garﬁnas, Urbanavicius, Vytautas. 2012. Quasi-tem analysis
of coupled microstrip lines on multilayered dielectric. The 22nd
International Conference “Electromagnetic Disturbances
EMD’2012Vilnius, Lithuania.

e Miku¢ionis Sarinas. 2013. Faziniy grei¢iy netolygumo jtaka
mikrojuosteliniy meandriniy vélinimo linijy
charakteristikoms/Influence of Phase Velocity on the Characteristics of
the Meander Microstrip Delay Lines. Scientific conference “Science —
Future of Lithuania: Electronics and Electrical Engineering 2013”.
Vilnius, Lithuania.

Dissertation Structure

Dissertation consists of introduction, 4 chapters, general conclusions, references
list, list of author’s scientific publications on the topic of the dissertation and
summary in Lithuanian.

Volume of the dissertation is 119 pages excluding annexes. Dissertation
contains 47 figures, 8 tables, 62 numbered formulas, 70 references are used.






Overview of Stripline Slow Wave and
Other Microwave Devices in
Stratified Dielectric Medium and
Their Research Techniques

Overview of stripline slow wave devices and similar microwave devices in
stratified dielectric medium is presented in this chapter. Examples of the devices
and their applications are presented. Examples of modelling techniques are
mentioned. Conclusions of overview are drawn and aims of the thesis are set.

1.1. Microwave Devices in Stratified Dielectric
Medium

Only in very rare, almost exceptional cases scientists and engineers deal with
uniform dielectric medium when designing electronic devices. The majority of
modern devices include various structures consisting of conductors,
semiconductors, dielectrics and other materials of various complexities. Even the
simplest of semiconductor devices might be produced using several types of
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10 1. OVERVIEW OF STRIPLINE SLOW WAVE AND OTHER MICROWAVE ...

semiconductor materials, dielectrics and conductors, properties of which can be
significantly different and therefore influence the electrical characteristics of the
device.

In the field of microwave design, particular role belongs to stratified
dielectric medium. Integrated circuits (IC) are always produced in layers (Evans
et al. 2012), larger scale microwave devices in most case have at least two
dielectric layers — the dielectric substrate, on which the device is formed, and the
surrounding air (Xu & Chen 2011). In practice, however, much more
complicated structures are not uncommon.

Such device structure plays a major role for signal and wave propagation in
the device, therefore structure of medium has to be taken into account when
designing a device.

In this thesis devices having stratified dielectric medium are investigated.
General structure of such device is composed of arbitrary number of dielectric
layers, having arbitrary parameters (thickness, dielectric permittivity), and
conductors situated in that dielectric structure (Fig. 1.1).

Conducting
strips

/////////////////////////////////%

Dielectric

layers x

Reference N
conductor

Fig. 1.1. General structure of the conductors in the stratified dielectric medium

The aforementioned structure may also have ground (reference conductor)
planes on top and sides of the structure. Conductors can also be situated between
different layers of dielectrics and can be interconnected in different ways (Musa
& Sadiku 2008).

Various strip-like conductor devices in stratified dielectric medium have
been researched by scientist throughout the world in the past half-century. The
simplest case of the considered structures is a microstrip transmission line in a
stratified dielectric (Bauer & Menzel 2010). However, these also differ in
structure. Layer of air between a suspended substrate and reference conductor
shield introduces layered medium effect (Awasthi ef al. 2005). Very thin layers
like bonding materials for adhering conductors to a PCB substrate also create
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multilayer structure, effect of which has to be taken into account for higher
frequencies (Vo ef al. 2002). Multilayer transmission structures widely used in
ICs like thin film-microstrip line (TFMSL), metal-insulator-metal-insulator
(MIMI) structures or inverted embedded microstrips (IEM) are also cases of
stratified medium (Zhang & Song 2007). Another type of popular stratified
medium is low temperature co-fired ceramics (Bauer & Menzel 2010).

Properties of stratified dielectric structures also allow to design microwave
devices like filters (Kim & Myoung 2005), couplers (Yang & Jeong 2006).
Radiative and resonant properties of striplines can be used for antennas (Wu
et al. 2006; Braaten et al. 2009; Lucido 2012).

Stratified medium introduces additional complexity for analysis and design
of the devices, however in most cases it is necessary to deal with it. Firstly, there
might be a need to design a device in a predefined IC dielectric and/or
semiconductor layer pattern (on-chip device). As an example, a transmission line
for ultra-wideband pulse propagation on a 0.25 um CMOS chip can be given
(Liao & Nguyen 2007). By changing the structure of a stratified substrate, losses
can be reduced and velocity improved for a 60 GHz suspended microstrip line in
a CMOS chip by combining different thicknesses of SizN,, polyimide and lossy
Si layers (Prasad et al. 2008). High speed interconnects in multilayer packaged
electronic systems were analyzed in order to improve their performance in
mutigigaherz frequency range (Cangellaris & Wu 2008).

Additional layers of dielectric can also enhance particular characteristics of
devices. Tightly coupled microstrip lines present a problem of cross-talk. One of
the offered solutions for this issue is creating an overlay dielectric above the
lines (Muthana & Kroger 2007). Usually a slow wave device is designed to have
the least dispersion of characteristics, however, in some cases, as e.g. analog
signal processing frequency selective delay time is required. Size of the device
can be reduced and its characteristics improved by using multilayered structure
(Gupta & Sounas 2012). Higher order mode leakage in microstrip transmission
line is a common problem in high frequency circuits. It might case crosstalk and
undesired coupling between circuits. It has been shown, that, introduction of an
additional dielectric layer with particular properties, and additional conductor
can reduce this problem significantly (Zhou & Xu 2005).

Research of stratified dielectric medium is not only limited to microwave
devices, its effects are also important for digital electronic equipment, like noise
coupling in multilayer computing PCBs like computer mainboards or graphics
cards (Engin et al. 2006).

Due to wide application potential and simplicity of production, strip-like
conductor structures in general have been researched widely in recent decades.
CAD tools for full wave modelling of 2D and 3D planar microwave devices on
high temperature superconductor including material losses and anisotropy were
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created (Vendik er al. 2003). Slow wave microstrip line in multilayer insulator
and semiconductor structure was modeled using quasi-TEM approach and single
layer reduction technique. Such structures are common in CMOS and high-
electron-mobility transistor (HEMT) structures (Verma & Sharma 2004).

General study of dispersion characteristics of multilayer microstrip lines on
Si0,-Si-Si0, substrate with thin metal ground in VLSI semiconductor chips was
performed by using spectral domain approach (Zhang & Song 2005). Shielded
microstrips on stratified dielectric were analyzed in full-wave (Gnilenko 2007).

Importance of stratified dielectric medium is not only limited to
characteristics of electronic devices. The analysis of stratified dielectric medium
is also useful in non destructive material analysis application (Aschen 2011) or
measurement of dielectric layer thickness (Ghasr & Zoughi 2008).

Particular combinations of dielectric layers can reduce electromagnetic
wave reflections from surfaces, which can be used for radome design (Fitzek &
Rasshofer 2009), frequency selective reflection and transmission surfaces
(Choubani et al. 2006), and applied in areas of geophysical probing, material
science and biological research (Zeng & Delisle 2010).

Stratified medium also includes biological medium. This has to be taken
into account when designing spiral microstrip antenna for a microwave therapy
(Hou & Gao 2009).

1.2. Slow Wave Devices in Stratified Dielectric
Medium

1.2.1. Slow Wave Devices

For certain electronic devices it is necessary to have a particular delay of a
propagating signal (wave). Such properties can be used in various electronic
systems like antennas (Park & Jeon 2013), analog to digital converters
(Li et al. 2009), phase shifters (Weietal. 2013), time synchronization
(Hsu & Wen 2007) and other applications for analog time domain signal
processing (Xiang et al. 2012). It is commonly called a delay line. The two main
characteristics for a delay line are delay time, measured in time units, and
bandwidth, which indicates the frequency range, in which the signal is delayed
by a specified time, and is not distorted. In addition to that, physical size of the
device is also important. Reduction of size of the delay line, while keeping the
delay time and bandwidth unchanged can be done by altering the surrounding
dielectric medium of the device.
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1.2.2. Effects and Usage of Stratified Medium

The effects of stratified dielectric on the characteristics of the meander line are
poorly investigated.

Other approaches have been made to reduce the size of the delay line
without reducing delay time and/or bandwidth. One of them was making
meander 3-dimensional (situated in space rather than in one plane) (Jiang &
Ruimin 2009). Another was also making a structure 3-dimensional and creating
quasi-coaxial interconnections between the layers (Kim 2008). However no
publications of investigating the effect of stratified dielectric medium for planar
meander delay line were found.

1.3. Analysis Techniques of Microwave Devices in
Stratified Dielectric Medium

In this chapter, brief description of methods of analysis of microwave devices in
stratified dielectric medium is given.

1.3.1. Quasi-TEM Approach

In this subsection basic principles of applying the quasi-TEM mode are
described.

In general case, electromagnetic waves of various configurations propagate
in microstrip lines at various phase velocities. However influence of longitudinal
electromagnetic field components on general wave configuration can be
neglected in a wide frequency range, for cases when dimensions of a cross
section of the microstrip line are significantly smaller than the wavelength
(Pozar 2011). Thus quasi-TEM approach can be used in the analysis of
microstrip lines.

By utilizing the quasi-TEM approach, dynamic characteristics of the system
can be expressed from static parameters, and significant part of 3D problems can
be solved as 2D ones. Such approach simplifies the calculations and reduces
requirements for computational resources with little loss of accuracy.

In case of non-magnetic materials, phase velocities and characteristic
impedances can be calculated by knowing unit length capacitances of the
conductors (Han et al. 2009).

The stripline structure can be considered infinitely long and can be modeled
by only investigated cross-section of the structure (Bhadauria & Kumar 2010).

It is known (Nannapaneni Narayana Rao 2004) that, in case of TEM mode,
characteristic impedance of the line is expressed as:
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Z= i, (1.

where L, is a unit length inductance and C, is a unit length capacitance of the
conductor. In case of such line the following is correct:

LC = ue=ny 1€, , (1.2)

where g is relative magnetic permeability of the dielectric, & is relative
dielectric permittivity of the dielectric, L is the magnetic constant and & is the
electric constant. According to the Equation (1.2), L, =ue/C,, in that case

Equation (1.1) can be rewritten as:

Z—@. (1.3)

= c

In this thesis, only non-magnetic dielectrics, i.e. t = 1, are considered since
these are the most common in microwave devices. Equation (1.3) is modified to:

Z=£ (1.4)

s
COCI

where ¢, =1/ 1€, is the velocity of the electromagnetic wave in vacuum (and
air).

It is clear that by utilising the quasi-TEM approach, it is sufficient to
analyse only the cross-section of the structure, and in case of non-magnetic
matereials, it is sufficient to find the capacitances of the conductors.

Equation (1.4) can be applied in case of uniform dielectric medium. In case
the dielectric medium is not uniform, the concept of the effective relative
dielectric permittivity &.; is applied. The system with arbitrary dielectric
medium is modelled as if the dielectric medium was a uniform dielectric with
particular relative dielectric permittivity & .. It is calculated by:

Cl

¥’

gr eff =

(1.5)
where C; is the unit length capacitance of the investigated line, and Cl(a) is the

unit length capacitance of the same line, with all dielectrics replaced by air. By
utilising this value, Equation (1.4) is expressed as:
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ZZ; (1.6)

cCc

Therefore, in order to find the effective dielectric permittivity & .4 and
characteristic impedance Z, by applying the quasi-TEM approach it is sufficient
to calculate two capacitances of the line.

1.3.2. Analysis Techniques

All analysis methods of microwave devices can be divided into four categories:
analytic, numeric, hybrid and empirical.

Analytical methods are based on mathematical closed form expressions.
These are simple to implement and usually have low demand in computational
recources. The main drawback of these methods is their applicability only to the
simple structures. Yet analytical methods are applicable for the microwave
devices in stratified medium. Analytical methods for modelling of planar
windings in stratified medium for induction heating applications have been
created (Acero & Alonso 2006). Circuit model of a multilayer semiconductor
slow-wave microstrip line in metal-insulator-semiconductor (MIS) and Schottky
contact structures has been also published (Verma & Sharma 2004). Analytical
expressions have been derived for evaluating of reflection from stratified
dielectrics, backed by perfect electromagnetic conductor (PEMC) layer (Nayyeri
etal 2011).

Numerical methods incorporate numerical solutions of differential and/or
integral field equations (Staras 2008). Analytical problems, which are very
complex or impossible to solve otherwise, are turned into series of simple
arithmetic operations, which are usually performed on a computer (Steer et al.
2002). One of the widely used techniques for analysis of planar microstrip and
stripline structures is the method of moments (MoM)(Khalil efal. 1999;
Urbanavic¢ius & Martavicius 2006). The basis for the MoM is the Green’s
function. Expression of Green’s function for stratified medium is very
complicated due to Sommerfeld integrals involved, and much effort has been
made to simplify the procedure. One of the most frequently mentioned is the
discrete complex image method (Ling & Jin 2000; Ge & Esselle 2002; Karan
et al. 2009; Su et al. 2012). Vector transform solution procedure for finding
Green’s functions (Weiss & Kilic 2010), Equivalent Medium Approach
(Bianconi et al. 2010).

However, the MoM is not the only tool used for analysis of electromagnetic
wave propagation in stratified medium. The finite difference time domain
(FDTD) method has been found useful for stratified medium. It was used for
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modelling of reflection of incident plane wave to stratified lossy dispersive
medium (Liang et al. 2009; Chen & Xu 2012). It has also been used for
modelling of aperture coupled microstrip antennas in stratified cylindrical
medium (He 2006). The more exotic case — microwave emission from stratified
and non-uniform lunar surface has been modeled by the finite element method
(FEM) (Jin & Fa 2010).

Finite difference and finite elements have also been employed in modelling
of electrodynamic delay devices (gileikis etal. 2000), (Urbanavi¢ius &
Pomarnacki 2008).

Hybrid methods are some combination of both — analytic and numerical
methods. In fact, most numerical techniques can be considered hybrid, since it
takes analytical manipulations of expressions until numerical methods can be
applied. Usage of these methods is also common in electrodynamics (Scarlatos
et al. 2005)

Empirical methods are usually interpolated and/or extrapolated experiment
results. Empirical methods are very reliable, however, precise devices have to be
made, and measurements must also be of very high accuracy, therefore the cost
of obtaining data is also high. Experiments regarding wave propagation in
stratified media have been performed. Radio wave propagation has been
measured over ice-salt water (Dembelov efal. 2012). Ultrawideband pulse
propagation in microstrip structures in stratifiedd CMOS structure have been
measured (Chirala & Nguyen 2006).

At the time of writing the thesis, numerical and hybrid techniques were
used the most. Increasing computational capabilities of computers have further
increased popularity of numerical techniques.

The first attempts to model the effect of stratified medium for the
characteristics of microwave devices have been described in publications in
1970s (Itoh & Mittra 1974), and were still developed to the time of writing this
dissertation (Ye et al. 2013).

1.3.3. Method of Moments

In this subchapter fundamentals of the method of moments (MoM) are
presented. The MoM is applied for investigation of normal modes in stratified
dielectric medium in this dissertation. It is used for calculation of the charge
distribution in the cross-section of the conductors in stripline structures.

The MoM, also known as the boundary element method (BEM), is the
numerical technique for solving linear partial differential equations, which have
been formulated as integral equations. It is applicable to problems, for which
Green’s functions can be calculated. Greens function in case of electromagnetic
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modelling is an expression of potential at a particular point in space in terms of
unit point charge at some other point and distance between the two points.
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Fig. 1.2. Principles of the partial images technique: a) line charge near dielectric
boundary, b) modeling of the electric field in the region of the dielectric, ¢) modeling of
the electric field in the region of air

Partial Images Technique

In calculations used in this thesis, the technique of partial images applied, in
order to be able to apply the MoM. The technique is described in detail in
(Silvester & Ferrari 1996).

The basis for the partial images technique is presented in this subsection.
The simplest case of stratified medium is two dielectric layers, or half-spaces.
One half space is air, another — dielectric with relative dielectric permittivity &.
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Infinitely long line charge ¢ is present near the dielectric boundary, parellel to z
axis (Fig. 1.2 (a)). Electric field flux ¥ is emanating in all directions from the
line charge. Consider one line of the flux passing the dielectric interface. Some
part — (1 — K) i passes through the dielectric boundary, the remaining part —Ky
is reflected back. By applying a boundary condition, that the normal component
of the electric flux must be continuous at the dielectric interface:

(1-K)ysina, =ysing, - Kysing,, (1.7)

it is obvious, that & = .
By applying another boundary condition, that parallel component of the
electric flux must also be continuous through the dielectric boundary:

L(l—I(I,Vcoscvl)zi(l//cosoq—Kg//coscvl), (1.8)
grgo 8O
then:
k=-5"1 (1.9)
£ +1

The coefficient K is independent on incident angle, and can have values
from -1 to 0. It can be similarly shown, that if flux from dielectric into air is
analysed, coefficient K has the same but opposite in sign value.

This case can be modelled in the following way. The reflection of the
charge is modelled by the point charge, situated symmetrically to the original
point charge, with respect to the dielectric boundary plane. Therefore, when
modelling in the region of the dielectric (left half-space) (Fig. 1.2 (b)), the
electric field is modelled by the point charge in place of the original one in the
point (a,0), with charge of (1 — K)g. In the other half space (Fig. 1.2 (c)), electric
field is modelled as a superposition of two charges — the original one in the point
(a,0), and its mirror charge (with respect to boundary plane) of magnitude ¢ in
the point (=a,0).

Therefore, the Green’s function in the dielectric region is expressed:

G(P./:Pi):_4lﬂ;li. ln[(xj—a)2+yﬂ, (1.10)
0%r

and Green’s function in air region:

G(P:P)=—— {m[(xj—a)2+y§J+K1n[(xj+a)2+y§]}. (1.11)

4re,
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Fig. 1.3. A line charge near the dielectric slab, and its partial images

In order to have a structure more similar to the real microstrip line, a
reference conductor plate should be present under the dielectric layer. The
presence of such layer can be modeled by mirror charges, i.e. charges of the
same magnitude, but opposite polarity situated symmetrically to the plane of the
reference conductor.

Consider a line charge, near a dielectric slab of finite thickness 2h
(Fig. 1.3). By applying the same analysis as in the example above, it is seen that
multiple reflections of electric field flux are present, which can be modelled by
series of partial charge images. Depending on the region of interest, i.e. the
region, in which electric field is being expressed, partial charge images are
positioned according to the reflection lines.

Such technique can be applied for modelling of planar microstrip structures.
The influence of the reference conductor of the microstrip line can be modelled
by making the mirror image of the line with respect to the reference conductor
plane.

Microstrip line is a basic part of stripline devices, therefore, its model is
used as basis for all other microstrip device models.

In order to apply the method of moments for the microstrip line, cross
section of the line of width W is divided into N smaller sub-strips or segments.
Charge of every segment is said to be concentrated in the center of each segment
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of width AW, and is considered as a point charge in a cross-section of the
microstrip line (Fig. 1.4). Potentials at the centers of every segment are
expressed as a superposition of all point charges of the analyzed system. This
way the system of linear equations is made, which can be further solved by any
known technique for the purpose.

The solution of the system of linear equations is the discrete charge
distribution in the cross section of the line.

According to this technique, influence on potential of point of every charge
is expressed in 6 steps:

Step 1. Potential at point F, created by the charge of the same point g; and

it’s first partial image Kg; is expressed by:

qo(Pj:Pj):—(HK)qf {ln[ij—l}’ 112

27E, 2

e —1 . .. . .
where K =—— 1 —reflection coefficient, &, — dielectric constant.
£ +

Step 2. Potential at point P, created by all remaining charges of ¢, is
expressed by:
K(1-K)q, &

> K in(4nh). (1.13)

R )

Step 3. Potential at point F,, created by mirror charge —q; and all its partial

images is expressed by:

w
+V | g1+ Qv +On __signal conductor
& i h
= b
V| -a | - ~Gn1 —Qn substrate

\AW

Fig. 1.4. Modelling of microstrip line
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2
o(P:P.)= uZK "n[ (4n—2)h]. (1.14)

n=1

Step 4. Potential at point F,, created by charges g, situated in all points P,
(1<i<nNand i#j, where N=N,+N, — number of all unknown
charges), and their first partial images Kg; is expressed by:

1+K)g, o
o(P, :E)z—%ln(AWﬁ—]D. (1.15)

Step 5. Potential at point P, created by all reaming partial charges of ¢,

situated in all points P, , is expressed by:

K(1-K’)q - )
go(Pj:Pi):TgOZ;K ln[(AW li— Jj|)° +(4nh) } (1.16)

Step 6. Potential at point P, created by mirror charges —g, at points P and

all their partial images is expressed by:

(1-K%)q S K nf(aw - fi- ) +[(4n-2)aT}. (117)

o(BR)= 2

Full potential at point P is expressed by summing all components of

potential at that point. Expressions of full potentials of all points are found and
equation system is built.

It is seen from formulas, that in most cases summing goes to infinity,
however implementing infinite sum is impossible on a computer. Therefore in
software implementation a limited number of additions is chosen.

By designating potential of the n™ conductor as V:

Vi= Ghq+Ghg,+ . +Gqy
V,= G,q,+Guq,+ ... +G,\q, (1.18)
V= Guq,+Gy,q, + ... +Gyay

or in matrix form:

[V]=[G]x[q]. (1.19)
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Coefficients G, define potential at point P, created by charge ¢; in
Equation (1.18). In case under consideration, coefficients G; are expressed by

adding potentials, expressed by Equations (1.12) to (1.17), and dividing by
charge g;:
N
G.. = P:P.|. 1.20
2ol 120
Column-matrix of unknown charges is calculated by solving linear equation
system (1.19).
Capacitances per unit length of conducting strips at particular voltages are
determined by summing all unit length charges of sub-strips:

Ny N, Ny
G =;q,- .G, =§,+lq,- .- Cy =_:Nz+lq,-. (1.21)

Characteristic impedances and effective relative dielectric permittivity are
calculated by Equations (1.5)—(1.6).

1.3.4. The Finite Difference Method

In this subchapter basics of the finite difference (FD) method are presented. This
method is used for analysis of the layered dielectric medium in this thesis.

Basics of the Finite Difference Method

In general, the FD method is a numerical technique for obtaining approximate
solution of the differential equations.
Electrostatic problems are solved by using:

divD = p(x,y,z), (1.22)

where divD is the divergence of the electric displacement field (electric
inductance), p is the charge density at coordinates x, y and z. Noting that

D=g,E, (1.23)
and
Ez—gradq), (1.24)

equation (1.22) can be rearranged to:
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i_1’jD—I—<1 i+1,j

Fig. 1.5. Finite difference mesh

div gradqoz—p(x’—y’z), (1.25a)

€0

T
where @1is the electric potential, € is the dielectric constant and & is the relative
dielectric permittivity.

The last equation (Eq. 1.25a) is also known as the Poisson’s equation.
When applied in Cartesian coordinate system, it can be expressed as:

O’ ¢ Ip_ p(xy.2)
o’ 9y’ a7 £

(1.25b)

or

v2¢=——p(x’y’z), (1.25¢)

8()‘gr

where € = g)& is the absolute dielectric permittivity, and V? is the Laplace
operator, given by:
V2 2> 9* 9?

== 4+ ° +° 1.26
ax2+ay2+aZ2 (120

If no free charges are present, the Poisson equation can be simplified to
Laplace equation and in two-dimensional case it becomes:
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dp ¢
8x2+8y2 0. (1.27)
The second order partial derivatives can be expressed using finite
differences.
Two dimensional space is divided into elementary cells by uniform
Cartesian mesh. Integers i and j denote the numbers of mesh nodes, and mesh
step is constant:

Xy =X =X, — X, =Ax, (1.28a)
Yin = Yi=Yi—Yia =4y, (1.28b)

where Ax=Ay=A.
The first order derivative of potential in the space between the nodes with
indices i, j, and i + 1, j is expressed as

a¢ P =P
— = 1.29a
ox A ( )
and the first derivative between points i, j, and i — 1, j is expressed as:
el G =P,
—_— = 1.29b
ox A ( )
Then approximate second order derivative is expressed as:
82¢) _ (¢’i+1,j _¢i,j)/A_(¢i,j _q)i—l,j)/A _ q’iﬂ,j +¢i—1,j _2%,/' ) (1.290)

o A A?
The second order partial derivative in y direction is expressed in the similar
way:
o’ Pt 20,
day* A’ '

(1.30)

By substituting Equations (1.29¢) and (1.30) into the Laplacian equation
(Eq. 1.20), it becomes:
¢’i+l,j+¢’i—l,j+¢)i,j+l+¢)i,j—l_4¢i,j=0’ (1.31a)

and can be further modified to:
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Fig. 1.6. Finite difference mesh at the boundary of dielectrics

¢i+1,j + ¢i—1,j + ¢i,j+1 + ¢i,j—1
4 .

Equation (1.31b) is an expression of a numerical second order derivative in
a uniform dielectric medium.

In this thesis, nonuniform dielectric medium is considered. In case of non-
uniform dielectric medium, the mesh is created so, that the nodes are exactly on
the boundary between the dielectric materials.

According to Gauss law, in the absence of free charges:

oD 9D,
—+—=0,
ox dy

;= (1.31b)

(1.32)

where D, and D, are component of the electric displacement field.
At known potentials of the adjacent nodes, first order derivatives of D, and
D, are given by:

D,

oD, D,_.,-D, . €
ayy _Db, 1/2A 2 _ R (6.(00-0.,) (0, -9,.)].0.33)
and similarly
oD, g€
™ :%(%u +0,-20,); (1.33b)

where &; is the relative effective dielectric permittivity at the boundary of
dielectrics.
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By substituting Equations (1.33a) and (1.33b) into (1.32), the potential of
the node on the boundary of dielectric materials is expressed:

_ grl i,j+1 +gr2 i,j-1 +gr3 (¢i+l,j + ¢i—l,j) (1 34)
grl + €r2 + gr3

ij

Then the value of the relative effective dielectric permittivity &; can be

found assuming that potentials ¢;_;, ¢, ,; and @, are related as:
P i TELD 1 =& (¢i—l,j + ¢’i+1,j) . (1.35)
Thus,
EQ . tELD
8r3: rl1 77, j+1 274, j-1 , (1363)
goi—l,j + ¢i+1,_;‘

which, in case of close values of potentials can be expressed as:

c grl + €r2
T3 2 .

In such way values of the relative dielectric permittivity at dielectric
boundaries can be replaced by value calcultaed by Equation (1.36b) and perform
iterations using Equation (1.34).

It is seen, that despite the fact that FD method is iterative, and all region
must be discretised, as opposed to the MoM, simplicity of handling non-uniform
dielectric media makes it a favourable method for the tasks of this thesis.

I

(1.36b)

1.4. Normal Modes in Stratified Dielectric Medium

Definition of modes in case of multiconductor structures is quite complicated
and ambiguous. In case of multiconductor systems, normal mode (or normal
wave) is the ratio of amplitudes of voltages (or currents), for which velocities of
a propagating waves along every conductor are equal.

Consider any infinitely long system of multiple conductors. In case the
surrounding medium is uniform, wave propagation phase velocities in all
conductors are equal. In case the surrounding medium is non uniform,
electromagnetic field is distributed in materials with different properties,
intensities of the field are different, therefore phase velocities of waves,
travelling along the conductors in general case are different.
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The main parameter, which determines the velocity of wave propagation, is
the effective dielectric permittivity & .¢. According to the quasi-TEM approach,
distribution of the electric field depends on the structure of the system
investigated, and voltages of the conductors.

The effective dielectric permittivity indicates the ratio of capacities of the
system of conductors (Eq. 1.5).

In case of stripline structures, one of the main characteristics of every
conducting strip is its unit length capacitance C, by calculating the unit length

capacitance of the same conducting strip, with all dielectrics replaced by air
Cl(a), the effective dielectric permittivity can be calculated. In case of non
magnetic materials (relative magnetic permeability 1, =1), phase velocity v, of

the wave travelling along the conductor can be expressed as

y = (1.37)

P 9
V gr eff

where ¢, — is the velocity of the electromagnetic wave in air (vacuum).

Effective dielectric permittivity is highly dependent upon the structure of
the surrounding medium of the conductors and the distribution of the
electromagnetic field.

The structure of electromagnetic field depends on the amplitude ratios of
waves, travelling along the conductors.

In general, in a system consisting of N signal conductors and a reference
conductor, there can exist N modes. Each mode is defined by N amplitude
values, and the corresponding phase velocity value, for which phase velocities of
the propagating wave are equal along every conductor.

These modes are referred to as normal modes, or, with a reference to
mathematical terms, eigenmodes, and the corresponding phase velocity as the
corresponding eigenvalue.

Normal mode in case of milticonductor lines (MCL) is achieved when
phase velocities v,; of the electromagnetic wave along i-th microstrip conductor
are the same:

=V == Vs (1.38)
where vy, is calculated by Equation (1.37). Since c is constant, &, must be the

same for all microstrip conductors in order to excite a normal mode. Modal
voltages in an MCL are calculated using partial capacitance matrices [Cl] and

[Cga)] . The matrix [Cl] is a square N x N matrix, where N is the number of
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microstrip conductors of an MCL, and each element of the matrix Cl,.j is

capacitance per unit length of j-th microstrip conductor, when voltage of i-th
microstrip conductor equals to 1 'V, and voltages of other conductors are equal

to 0. [Cf*‘)] is the similar matrix of the same MCL with free space in place of

the dielectric substrate. When both matrices are known, modal voltages can be
found by calculating eigenvalues of the relative effective dielectric permittivity
vector by solving generalized eigenvalue equation:

[C][V]=[e] ¢ |[V]- (1.39)

The resulting matrix [V] is matrix, rows of which correspond to voltages

of different modes, and [8] is a column-matrix, members of which are effective

dielectric permittivities for each mode.

The concept of modes is applied to the multiconductor systems in stratified
dielectric medium as well as for any other multiconductor system with non-
uniform dielectric medium. As mentioned before, in general case, N modes can
exist. But in case of planar multiconductor lines, two modes are of primary
importance — odd mode and even mode. When voltage values of all conductors
are of the same polarity (but not necessarily of the same value), and phase
velocities are equal — ¢ mode. When voltages of adjacent conductors are of
opposite polarities, and the condition of equal phase velocities is satisfied, it is
referred to as the 7 mode.

Modal voltages can be calculated by using static analysis, which is used in
quasi-TEM mode.

It should also be noted, that characteristic impedances of the conductors are
also different for different modes. This has to be taken into account when
modelling devices based on multiconductor line model (such as meander delay
line) in order to evaluate the matching of characteristic impedances along the
path of electromagnetic wave.

In order to increase the delay time of a slow wave device (SWD), the path
of wave propagation is increased. Conductor of the SWD is shaped into meander
(serpentine) or spiral (helical) (Guo & Shiue 2006). In such case, structure of the
SWD becomes periodic or quasi-periodic.

Periodic conductor system is effectively modeled by corresponding
multiconductor line (MCL). When model of the MCL is created, it is necessary
to find its effective dielectric permittivity & and characteristic impedance Z; of
the conductors when even and odd normal waves propagate along the line.
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1.5. Conclusions of Chapter 1 and Formulation of the

Tasks

The following conclusions can be stated considering the overview of stripline
slow-wave devices in stratified dielectric medium:

1.

Effects of parameters of stratified dielectric medium on the electrical
characteristics of stripline delay devices are not thoroughly
investigated.

Numerical and hybrid techniques are mostly suitable and most widely
used for modelling of stripline structures in stratified medium.

Normal waves (modes) are of particular significance in applying the
multiconductor line method for modelling of periodic structures.

In some types of microstrip structures air microlayers are present
creating a non-uniform stratified didelectric medium. Effects of such
medium on the electrical characteristics on delay devices have not yet
been thoroughly investigated.

Considering the above, the following tasks can be stated:

1.

To investigate the conditions needed to excite normal wave
propagation in multiconductor microstrip lines and a possibility to
equalize phase velocities for even and odd normal modes in stratified
dielectric coupled lines by creating a mathematical model and
implementing it in software.

To find dependencies of electrical characteristics of microstrip
multiconductor lines on their constructional parameters by creating a
synthesis technique of multiconductor microstrip lines, operating in
normal mode, and implementing it in software.

To analyze the characteristics of the meander microstrip delay line,
based on the model of multiconductor microstrip line operating in even
normal mode.

To investigate influence of air gap on the characteristics of the double
shielded (“sandwich” type) meander stripline delay line.






Modelling of Stratified Medium
Stripline Slow Wave Devices

In this chapter models for analysis of stripline slow-wave structures and results
of modelling are presented. Two modelling techniques are described — the
method of moments (MoM) using the partial images technique, and the finite
difference (FD) method. The MoM was chosen for modelling of microstrip lines
due to its high computational speed, simplicity of calculations and suitability for
microstrip structures. However, in case of multilayer structures expression of the
Green’s function and hence the method of moments becomes complicated;
therefore the method of finite differences was employed for modelling of
stripline structures in stratified dielectric medium. FD method is well known and
widely used for its simplicity of implementation and moderate computational
requirements.

Calculations using the MoM were implemented in Matlab® environment.
Calculations based on the FD method were implemented in Python scripting
language. This language was picked for the availability of scientific calculation
libraries (SciPy) and in order to avoid dependency on commercial software.

Four articles have been published on the subject of this chapter:
(Martavicius et al. 2007, Mikucionis, Urbanavi¢ius 2010b; Mikucionis,
Urbanavicius 2012, Mikucionis et al. 2014).

31
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2.1. Investigation of Normal Modes in Microstrip
Structures

In this subchapter investigation of conditions of propagation of normal modes in
coupled and multiconductor microstrip lines (CML and MCML) using the
method of moments (MoM) is presented. Microstrip structures are the simplest
case of microwave slow-wave devices in stratified dielectric medium.

2.1.1. Investigation of Normal Modes in Asymmetric Coupled
Microstrip Lines

TEM waves in coupled lines are named in accordance with relation of
conductors widths. In case of equal widths, electromagnetic waves can be either
even-mode or odd-mode. Even-mode wave propagates in lines if voltages equal
in magnitude and sign are applied to the signal strips. Odd-mode wave
propagates in case voltages equal in magnitude and opposite in sign are applied.

If widths of signal strips are unequal, TEM waves are called c-mode and n-
mode according to line excitation mode. It should be noted, that in case of
unequal widths, voltages of signal strips can be different in sign and magnitude.
Relation of voltages in case of c-mode and m-mode are denoted R. and R,
respectively.

Signal strips

Dielectric substrate

Ground plane

Fig. 2.1. Generalized structure of the coupled microstrip line

It is considered, that signal strips are infinitely long and the dielectric
substrate is inifnitely wide, and quasi-TEM waves propagate along the strips.
Thus, static analysis of cross-section of coupled microstrip line can be applied to
determine line parameters (Fig. 2.1).

The main parameters of coupled microstrip lines operating in normal mode:
characteristic impedance of signal strips Z;,.,, effective permittivity &,

reffc,m ?

relation of voltages R_, are found from capacitances of conductors:
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-1
Zlc,n = |:CO\/(C1(;‘) - Rc,ncl(;) )(Cll - Rc,nCIZ )jl 4 (21)

-1
ch,n = |:CO\/(C§;) - CS)/RM )(sz - Clz/Rc,n )} > (2-2)

_ Cll - Rc,nclz _ C22 - (C12/Rc,n)
refter Cl(la) - RC,TLCI(;) C(a) - (Cl(Za)/RL,n) ,

22

£ (2.3)

where subscripts 1 and 2 denote conductors, widths of which are W, and W,
respectively; ¢ and © subscripts denote of c-mode and m-mode; superscript (a)
denotes capacitances of coupled microstrip line with same geometric properties
but with no dielectric substrate (dielectric substrate is replaced with air).

Self capacitances C,,, C,,, C*),C%) and mutual capacitances C,,, C
are calculated by introducing so called magnetic and electric walls to the
coupled microstrip line (Staras et al. 2012) or, in other words exciting signal
strips in phase and out of phase respectively:

G =(CI—;C1) (2.4)

2 =(c2—42rcz) (2.5)
C12:(Clo;cle)zczlz(CZO;CZe)’ 2.6)
c =(C()—;C()) 2.7

cy =w 2.8)

2

where C,. and C,, — capacitances per unit length of signal strips with widths W,
and W, respectively, when magnetic wall is introduced to the system (or when
voltages of same sign are applied to the strips); Ci,, Cp, — capacitances of the
same signal strips, when electric wall is introduced (or voltages different in sign
are applied); superscript symbol (a) denotes capacitance calculated when
dielectric substrate is replaced with air.
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Fig. 2.2. Model of coupled microstrip lines

Unit length capacitances of the conductors are determined using the MoM.
Unit length charge of the conductor is determined for a particular conductor
voltage. Unit length capacitance is calculated by a well known relationship
C=Q/V, where Q is total charge accumulated in the unit length of the

conductor and V is the conductor voltage.
By applying the MoM, conductors in the cross section of coupled lines are

divided into N equal sub-strips AW in width. Consider the model of coupled

lines presented in Figure 2.2. It is assumed, that in every sub-strip i, charge is
distributed uniformly with charge density p,. For sake of simplicity, it is
assumed, that charge of every sub-strip is concentrated in the string of
infinitesimal thickness positioned in the center of the sub-strip, and charge per
unit length of the i-th sub strip is expressed by:

g, =Py AW . (2.9)

Ground plane of the reference conductor is modeled by introducing mirror
pair of conductors with respect to the reference conductor, and of opposite
voltage, positioned at a distance 2/ from the “real” pair of conductors (Fig. 2.2).
An equipotential plane in place of the reference conductor is created that way.

Charge at point P; and its potential, created in point P; are expressed by
Green’s functions as describet in Chapter 1 (Equations (1.12) to (1.20))

In case of odd mode wave propagation, elements of respective conductor
strips in potential matrix are changed to -1. Further calculation procedure
remains the same as for even mode wave propagation.

Characteristic impedances and effective relative dielectric permittivity are
calculated using Equations (1.5) and (1.6).
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Fig. 2.3. Electrical characteristics of coupled microstrip lines a) characteristic impedance
and b) effective permittivity, versus normalized width of the strips and space between
them, when & =9.6

2.1.2. Results of Investigation of the Model of the Coupled
Lines

Software tools have been developed according to the expressions in Equations
(2.1) to (2.8) and (1.12) to (1.21). Normal mode parameters of symmetrically
and asymmetrically coupled lines were calculated given various widths of gap
between the strips and relations of strip widths. Calculation results were
compared with published results worked out by other methods.

Dependence of characteristic impedance and effective permittivity on width
of strips and gap width is presented in Figure 2.3. It is seen that characteristic
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impedance decreases, and effective permittivity increases when width of strips
increases for both — odd and even wave. Capacity per unit length of wider strips
is higher, and more charge is accumulated in middle part of wider strips. This
explains the dependencies presented in Figure 2.3. Capacitance per unit length
when even-mode wave propagates is lower than that when odd-mode wave
propagates. Hence characteristic impedance and effective permittivity in case of
even-mode are always higher than in case of odd-mode. Strength of electric field
in the gap between the strips is much higher in case of odd-mode, than in case of
even-mode; therefore charge density at the inner edges of strips is higher for
odd-mode. On the other hand, majority of electric field lines is concentrated in
the air between the strips; consequently effective relative permittivity is lower
for odd-mode.

It is known that, when the gap between the strips decreases, interaction
between the charges in the strips increases — electric field strength for odd-mode
increases (charge density at the inner edges of strips increases), and field
strength decreases in case of even-mode (charge density at the inner edges of the
strips decreases). Accordingly, when gap between the strips decreases,
characteristic impedance increases for even-mode, and decreases for odd-mode.
Dependence of effective relative permittivity on gap width for odd-mode is
similar. In case of even-mode, dependence of effective relative permittivity on
gap width is more complex. When gap width increases, the effective permittivity
initially increases, and for higher values of gap width decreases (Fig. 2.4).

SRR
TR,
el SRR,

W /h 0 0 05 1 ogp

Fig. 2.4. Normalized effective permittivity of coupled microstrip lines as a function of
normalized strip width and space between them at & =9.6
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Table 2.1. Values of characteristic impedance of asymmetrically coupled lines
calculated by various methods, when W, = 0.6 mm, W, = 1.2 mm, & = 0.62 mm, & =9.7.
Column “Ref. 17 is data from (Bedair 1984), column “Ref. 2” is data from (Janhsen &
Hansen 1991) and column “MoM” is data obtained using the described technique

S mm Ref. 1 | Ref.2 | MoM S mm Ref. 1 Ref.2 | MoM
Zet, Q| Zet, Q | Zey, Q Zn1, Q Z:, Q Zn,

0.1 74.50 | 75.50 | 72,78 0.1 34.45 35.00 34.63
0.2 70.81 | 71.43 | 69.57 0.2 38.85 39.64 39.10
0.3 68.04 | 68.57 | 67.02 0.3 41.58 42.82 41.89
0.4 65.90 | 66.43 | 64.96 0.4 43.51 44.29 43.87
0.5 64.28 | 64.29 | 63.29 0.5 44.96 46.43 45.34
0.6 62.99 | 63.21 | 61.91 0.6 46.10 47.50 46.48
Z Q| Zp. Q | Zp. Q Zp. Q Zo. Q | Zp. Q

0.1 42.15 | 4390 | 42.48 0.1 19.49 20.70 20.21
0.2 41.50 | 42.86 | 41.61 0.2 22.77 24.30 23.39
0.3 40.90 | 42.14 | 40.85 0.3 25.05 26.43 25.53
0.4 40.40 | 41.43 | 40.18 0.4 26.69 27.86 27.14
0.5 40.01 | 40.71 | 39.62 0.5 27.99 29.29 28.38
0.6 39.67 | 40.00 | 39.13 0.6 29.04 30.35 29.38

This phenomenon is caused by the change of the charge distribution at the
inner and outer edges of the strips, and in middle parts of strips when the gap
width increases. When a relatively small gap between the strips increases (area
in the graph in Figure 2.4, where S/ is close to zero), charge density at the outer
edges of strips decreases, and more of the electric field lines cross the dielectric
substrate, thus the effective permittivity increases.

Further increase of the gap width causes an increase of charge density at the
inner edges of the strips; this in turn causes the increase of the part of the electric
field in air at the gap between strips. Therefore, the effective permittivity
decreases. It should be noted, that parameters of the strips, widhts of which are
thinner, are more sensitive to the change of the gap width. This is due to higher
relation between the charge accumulated at the edges of strips and in the middle
part of the strips in case of thinner strips, than for the wider ones.
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At the increase of the gap width, interaction between the strips decreases. It
is seen in Figure 2.3 that when ratio S/h increases, parameters of coupled lines
approach to parameters of a single microstrip line.

Comparison of characteristic impedance of coupled lines with same
geometrical parameters determined by conformal mapping and spectral domain
methods is presented in Table 2.1. It is seen that values of coupled lines
characteristic impedance, determined by method under consideration (MoM) is
almost always a bit lower than values calculated by other methods (except
characteristic impedance of the wider strip in out of phase mode). Nevertheless,
relative error with respect to conformal mapping method is below 3.7%, and
with respect to results of the spectral domain method — below 3.8%. It must be
noted, that values of characteristic impedance published in (Janhsen & Hansen
1991) are determined assuming signal of 10 GHz acts on a line, whereas
influence of frequency is neglected in the model under consideration.

2.1.3. Investigation of Normal Modes in the Multiconductor
Microstrip Line

Fig. 2.5. Generalized structure of a multiconductor microstrip line

Multiconductor microstrip line (MCML), structure of which is shown in
Figure 2.5, serves as a basic model for various common devices in microwave
circuits, including slow-wave systems like meander and helical delay lines.
When using models of such lines, modes of the multiconductor lines are of
particular interest. In order to obtain and analyze normal waves in an MCML,
modal voltages applied to the line conducting strips, and their corresponding
effective dielectric permittivities should be known.

In order to calculate modal voltages and corresponding effective
permittivities, partial capacitances of the conductors of the MCML must be
known. Furthermore, partial capacitances of an MCML having exactly same
dimensions, but all dielectrics replaced by air must also be calculated.
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Method of moments and partial images technique is used to calculate partial
capacitances of the conductors.

The algorithm of calculation of modal voltages of an MCML operating in
normal mode (Fig. 2.6) is straightforward with no iteration loops or branching.

Line parameters are set 1

v

Partial MCML capacitances are
calculated 2

v

Partial MCML capacitance with
dielectric removed are calculated

v

Generalized eigenvalue equation
is solved 4

v
Modal voltages and
effective permittivities
are stored 5

w

End

Fig. 2.6. Flowchart of the algorithm of the calculation of normal mode voltages in a
multiconductor microstrip line

Description of the flowchart of the algorithm:

Step 1. Initial line parameters — widths of the conductors W; and gap sizes S;
between them, thickness / and dielectric constant & of the dielectric substrate
are set.

Step 2. Partial unit-length capacitances C; of the MCML are calculated
using the chosen field solving technique.

Step 3. Partial unit-length capacitances Ci(”) of the same MCML with all

dielectrics replaced by air are calculated.

Step 4. After obtaining matrices in steps 2 and 3, generalized eigenvalue
Equation (1.39) is solved.

Step 5. The resulting characteristics values are output and/or stored for
further processing (e.g. synthesis).

Steps 2 and 3 are performed by software tools, created for the research,
while step 4 — solution of a generalized eigenvalue equation can be performed by
any existing suitable tools.
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The first step is straightforward and depends on the task to be performed.
The second step is the most important and complicated. It requires modelling of
the MCML and calculation of capacitances. In this thesis it is performed by
using the method of moments and partial images technique as described in
paragraph 1.3.3 and performed in 2.1.1. In this case for N conductor MCML, N
calculations have to be performed. For every calculation voltage of one
conductor should be set to 1 volt, and voltage of other conductors should be
zero. Unit length charges accumulated in the conductors of an MCML are the
rows of the capactance matrix.

The third step is the same procedure as in step 2. Capacitance matrix is
calculated for the same MCML with dielectric layer replaced by air.

Then, when a corresponding capactince matrices are obtained, modal
voltages and the corresponding effective permittivities are calculated by solving
eigenvalue Equation (1.39).

2.1.4. Verification of the Model

In order to check if the model is adequate, three-conductor MCML was
modelled and the results were compared to the ones published in (Awasthi et al.
2005), which were obtained using the spectral domain method (Table 2.2). The
compared results in most cases agree within 3%.

Table 2.2. Comparison of parameters of the three-conductor asymmetrically coupled
multiconductor microstrip line (W; = 0.3 mm, W, = 0.6 mm, W3 = 1.2 mm, S; = 0.2 mm,
S, =0.4 mm, 4 =0.63 mm, & =9.8). columns “Ref.” denote the results published in
(Awasthi et al. 2005)

Conductor Mode A Mode B Mode C
number MoM Ref. MoM Ref. MoM Ref.

Modal Voltages, V
1 1 1 1 1 1

-0.9 —-0.875 0.61 0.6 1.16 1.15
0.17 0.175 -0.66 -0.66 1.19 1.13
Effective Relative Dielectric Permittivity
5.51 5.55 6.1 6.15 7.58 7.6
Characteristic Impedance, Q
45 46.5 73.6 76 106 107
32.6 33 55.7 57 72.6 73.5

3 20 19.5 29 30 39.6 40
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Further, the proposed technique was used for analysis of normal modes in
symmetrically coupled four-conductor MCML. In case of four-conductor
MCML four distinct modes are possible. Widths of the conductors W and gaps
between the conductors S were equal. Mode voltage polarities and relation

between them are presented in Table 2.3.

Table 2.3. Relations of modal voltages of four-conductor multiconductor microstrip line

Mode Voltage polarity Relations between
Vi vl v, voltages
A + + + + Vi=Vy, Vo=V;
B + + - - Vi==-V, Vo,==-V;
C + - - + Vi=Vy, Vo=V;
D + - + - Vi==V,, V==V,

Plus and minus signs in Table 2.3 specify the polarities, but not the
magnitudes of modal voltages. It should also be noted that polarities of voltages
are relative, i.e. for example polarities of voltages for mode A can all be
negative. The calculation results of normal modes parameters versus normalized

microstrip width W/h are shown in Figure 2.7.

Fig. 2.7. Dependence of voltage ratios on normalized widths of the conductors of the
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Fig. 2.8. Dependence of the effective permittivity on the normalized widths of
conductors of the symmetrically coupled multiconductor microstrip line

It is seen in Figure 2.7 that in case of symmetrically coupled four-conductor
MCML, there is only one distinct ratio of voltages of the adjacent strips for each
mode:

R, :V2/V1 :V4/V3 ) (2.10)

where k denotes the mode index. Therefore, for each mode, only two voltage
magnitudes are distinct: V, #V,,and V; #V,.

At investigating dependences of normal waves parameters on the width of
microstrips of the MCML, it was found that, in general, these dependences are
similar to dependences for the microstrip coupled lines. Sending voltages of
identical sign into all microstrips of the MMCL (mode A, or c-normal wave), the
voltages ratio, at increasing W/h, varies insignificantly (Fig. 2.7). In the
presented example, at tenfold increase of W/h, R, increases only by 10 %.
Similar dependence is observed for mode B when voltages of identical signs also
are sent (into the pairs of external microstrips). Nevertheless, at the same
variations of W/h for mode D (n-normal wave), Rp increases almost 2 times.

Effective permittivity & . also increases (Fig. 2.8) with the increase fo W/h

for all modes. When the conductor is wider, greater part of the electric field is
consentrated in the dielectric substrate, hence the increase of the effective
permittivity & . But the degree of this increase is different for each mode. It is
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seen that ¢, s for mode A varies most of all — by 24%, and & . for mode D

varies the least — only by 4%, correspondently & . for modes B and C vary by
20% and 10%.

The characteristic impedance, in contrast, decreases with increasing W/h,
for all modes (because the capacitances of conductors per unit length increase).
For symmetrically coupled four-conductor MCML it was found that Z; = Z, and
Z, =73, where index denotes conductor number. Therefore it is enough to
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Fig. 2.9. Dependence of the characteristic impedance of the conductors on the
normalized widths of conductors of the symmetrically coupled multiconductor
microstrip line

present only eight dependencies of characteristic impedance on W/h.

In Figure 2.9 Z;; denotes characteristic impedance of i-th conductor for
mode k. It should be noted that for every mode internal microstrips of MCML
(#2 and # 3) have the greater characteristic impedance, and external microstrips
(#1 and #4) have smaller impedance. The impedance of internal microstrips
also changes, changing W/h, in the greater degree. It was found that as well as in
case of & . dependence on the widths of the conductors, mode A responds most
sensitively to changing W/h — its impedances vary almost 5 times for internal
microstrips and 3 times for external.
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2.2. Modelling of Coupled Striplines in Stratified
Dielectric Medium Using the Finite Difference Method

The MoM is known to be applied for more complex stratified medium, however
derivation of initial equations require complex mathematical manipulations,
which is undesirable, if thicknesses of layers are to be changed. Therefore the
need for simpler numerical technique arises.

The finite difference (FD) method is a well known numerical technique for
solving partial differential equations. It is simple to implement for
inhomogeneous dielectric medium and requires moderate computational
resources.

2.2.1. Calculation of Field and Conductor Capacitances

The FD method is applied on the cross-section of the stripline structure. Due to
iterative nature of the method it takes significantly more operations to get the
result. However the model itself is much simpler, therefore it takes less effort to
implement it using programming tools. As in the case of method of moments
modelling, quasi-TEM approach is applied and only static parameters are
calculated. The finite difference method allows for more flexible dielectric
composition of the area and/or volume investigated. Therefore it is easier
adapted for stratified dielectric medium.
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Fig. 2.10. Cross-section of the finite difference model of the coupled striplines

The modelling of the coupled lines was performed by utilizing the FD
method in two dimensions (Fig. 2.10). The cross section of the coupled lines was
enclosed in a rectangular contour with zero potential, and divided by a grid with
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step A. Only potentials of the nodes of the grid are considered. Laplace equation
is solved numerically for the cross-section of the line. As calculation proceeds,
node voltages are compared to the previous result after each pass, and the
highest difference of node voltages between successive iterations is checked. If
the difference is lower, than the initially set, calculation stops, and the acquired
node voltages are considered an approximation of the electric field in the cross
section of the stripline.

As mentioned above, the initial value which needs to be calculated in order
to calculate the needed characteristics is the unit length capacitance of the
conductors Cj;. In case of the MoM, the solution was the unit length charge of
the conductor, so capacitance could be calculated directly. In this case only
distribution of the potential around the conductors is known. Therefore the unit
length capacitance is calculated by integrating potential difference along the path
around the conductor.

The effective permittivities for the even and odd modes are calculated by
using technique described in 1.3.4 and by solving an eigenvalue equation (1.39).

2.2.2. Calculation of Partial Capacitances and Electrical
Characteristics

Partial capacitance matrix is obtained by firstly setting the voltage of the first
conductor to one, and voltage of the second one to zero, and calculating their
unit length charge, thus obtaining C;; and Cj,. Then, the first conductor voltage
is set to zero, and that of the second — to one volt in order to calculate C,; and
C22.

In case of symmetric coupled lines (when widths of both conductors are
equal), partial capacitance matrices are symmetric, i.e. C;;,=C,, and C,, =C,,.
Therefore two calculation procedures need to be performed — first one is the
modelling of the line with all dielectric layers in place and the second one with
all dielectrics replaced by air.

2.2.3. Model Verification

In order to check the correctness of the model, the results of the calculations
were compared to the results, obtained by other researchers using other methods
(Elsherbeni et al. 1993).

The two layer dielectric line was modeled: dielectric constant of the first
layer — &; = 2.2, and that of the second — &, = 9.6, normalized widths of the
conductors: W,/h=W,/h=1 and normalized gap between the conductors

S / h =1, overall thickness of the dielectric A.
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The comparison of the results of the calculation, presented in Table 2.4,
shows that the difference of the calculated effective dielectric constant in case of
even mode was below 5%, and in case of odd mode was below 0.4%. This
proves the model to be adequate.

Table 2.4. Comparison of the calculation results. “Ref.” column denotes the results from
(Elsherbeni et al. 1993)

hi/h Mode Eroit A, %
Calculated Ref.

even 6.08 6.33 3.94

0.05
odd 5.63 5.64 0.17
ol even 5.58 5.84 4.45
' odd 5.32 5.33 0.18
even 5.18 5.43 4.60

0.15
odd 5.06 5.08 0.39
0n even 4.86 5.08 433
' odd 4.84 4.85 0.20
03 even 4.32 4.51 4.21
' odd 4.46 4.47 0.22
04 even 3.9 4.05 3.70
' odd 4.11 4.12 0.24
0.6 even 3.2 3.3 3.03
' odd 3.44 3.45 0.28
08 even 2.59 2.67 2.99
' odd 2.7 2.71 0.36

2.3. Characteristics of Coupled Striplines in a
Multilayer Dielectric

The created model was further used to evaluate influence of the dielectric layer
thickness and dielectric constants on the electrical characteristics of the coupled
lines.

In the first set of analyses, coupled lines on two-layer dielectric were
analyzed (Fig. 2.11). Starting with one layer of thickness h;/h= 0.5, additional
layer with different dielectric constant &, was added and gradually increased to
hz/ l’ll = 15
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Fig. 2.11. Cross-section of the coupled stripline on a double layer dielectric

In the first case, the dielectric constant of the lower layer was set to
&1 = 9.6, and that of the second layer was set to &, = 2.2. In the second case, the
dielectric constants were switched places. The dependence of the effective
dielectric constant on the thickness of the upper dielectric layer and the overall
dielectric thickness ratio is presented in Figure 2.12 a).
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Fig. 2.12. Dependence of a) effective permittivity and b) characteristic impedance of the
coupled striplines on the dielectric thickness ratio, when h,/h = 0.5, curves a — &, = 9.6,
Ery=22;curvesb—&,=2.2,6,=9.6
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In the first case (Fig. 2.12 a), curves a), effective permittivity is initially
high, and then decreases, as the thickness of an additional layer having lower
dielectric constant is increased. The effective permittivity for even mode remains
higher than that in case of odd mode in the whole range.

In the second case (Fig. 2.12 a), curves b), where the dielectric constant of
the lower layer is lower (&; =2.2), than that of the upper layer (&, =9.6),
effective dielectric constant is initially low, and then gradually increases, as the
thickness of an additional layer with higher dielectric constant is increased.

It can be noted, that when no upper layer is present, the effective dielectric
constant in case of odd mode is slightly lower, than that in the case of even
mode. As an additional layer is added, the effective dielectric constant in case of
even mode is lower than that in case of odd mode. This can be explained by the
influence of the upper layer with higher dielectric constant. In case of even
mode, electric field concentrates between the conductors and the ground plane,
therefore mostly in the dielectric. In case of odd mode, the majority of the
electric field lines concentrate between the signal conductors — in the area of the
dielectric and air between them.

Introduction of an additional layer with significantly higher dielectric
constant right below the conductors causes higher concentration of electric field
in the region between the conductors of an additional layer, therefore increasing
the effective relative dielectric permittivity more noticably. In the case of even
mode, significant part of the electric field lines is in both dielectric layers;
therefore influence of the additional layer with higher dielectric constant is not
that significant.

The dependence of the characteristic impedance of the lines on the
dielectric thickness ratio is presented in Figure 2.12 b). The characteristic
impedance of the lines in the first case (&, = 9.6, &, =2.2) increases when the
thickness of an additional layer is increased. Since overall thickness of the
dielectric is increased, capacitances of the line decrease, therefore the
characteristic impedance increases. In the second case (& =2.2, & =9.6),
characteristic impedance in case of even mode initially increases, and then
remains almost constant. As in the first case, when the overall thickness of the
dielectric increases, capacitance decreases, but the higher dielectric constant of
the additional layer compensates for that, and the change in the characteristic
impedance is lower. In case of odd mode, the characteristic impedance slightly
diminishes.

For the second set of modelling analyses, influence of the dielectric
constants of different layers of the two-layer dielectric system was analyzed
(Fig. 2.8). In the first case, the dielectric constant of the lower layer &, was
changed, and that of the second layer was fixed to &, = 9.6. In the second case,
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the dielectric constant of the second layer &, was varied, and that of the lower
was fixed to &; =9.6. The normalized widths of the conductors were chosen

W,/ h=W,/h=0.5 and the normalized gap between the conductors S/h=0.5.
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Fig. 2.13. Dependence of a) the effective permittivity and b) characteristic impedance of
the coupled lines on the dielectric constant of a — lower layer (&, = &;), b — upper layer

(2= &)

As it can be expected, the effective permittivity of the coupled lines
increased as the dielectric constant of one of the layers increased for both — even
and odd modes in both cases (Fig. 2.13 a)). The rate of change of the effective
permittivity when increasing dielectric constant of one of the layers however
was different. In the first case (Fig. 2.13 a), curves a), at dielectric constant of
the lower layer being less than approximately 5, the effective permittivity in case
of even mode was lower than that for the odd mode.

When dielectric constant of the lower layer is further increased, effective
permittivity of the lines for the even mode becomes greater than that for the odd
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mode. As mentioned earlier, the effective permittivity for the odd mode is
mostly governed by the dielectric medium in the vicinity of the conductors. This
is also proved by the slight change of the effective permittivity for the odd mode
— from 4.39 to 5.95, only 36%, whereas for even mode, the change was higher —
from 2.61 to 8.09 i.e. 210%.

In the second case (Fig. 2.13 a), curves b), when the dielectric constant of
the upper layer &, was varied, for its value between 1 and approximately 17, the
effective permittivity was higher in case of the even mode, on the contrary to the
first case. For values &, > 17, the effective permittivity for odd mode was higher
than that for the even mode. Also in this case the change of effective dielectric
constant when changing the dielectric constant of the second dielectric layer &,
was higher for the odd mode (12.8 times), than that for the even mode (9.1
times), on the contrary to the results of the first case.

Very important results of the analyses are values of the dielectric constant
of one of the layers, where effective permittivities are equal for both — even and
odd modes. It means that for these values, phase velocities of the propagating
wave are equal for both modes.

It can also be noted, that the influence of the dielectric constant of the
dielectric layer closer to the conductors was significantly greater than that of the
lower layer — 9.1 and 12.8 times vs. 3.1 and 1.36 times for even and odd modes
respectively.

Characteristic impedances for all cases decreased (Fig. 2.13 b)), when
dielectric constant of one of the layers was increased. This was due to increase
of unit-length capacitances of the conductors caused by the increase of the
effective permittivity. It should be noted, that the influence of the dielectric
constant of the lower dielectric layer & to characteristic impedance in odd mode
was very slight — only 16% decrease compared to the decrease for even mode —
43%. When the dielectric constant of the second layer &, was changed, the
difference between the changes of characteristic impedance was not that
significant — 67% and 72% for even and odd modes respectively.

Further, the coupled line formed on a two-layer dielectric, and having an
additional layer of dielectric above the conductors (overlayer) (Fig. 2.14) was
investigated. The first set of analyses was investigation of influence of the
thickness and dielectric constant of the third layer above the conductors on the
electrical characteristics of the coupled line. The normalized thickness of the
dielectric overlayer above the conductors /3/h was chosen 0.125, 0.25 0.5 and 1,
and the dielectric constant of the layer was increased from 1 to 30. The dielectric
constants of the layers between the conductors and the shield conductor were
&1 =9.6 and &, = 2.2 respectively. The results are presented in Figures 2.15 and
2.16.



2. MODELLING OF STRATIFIED MEDIUM STRIPLINE SLOW WAVE ... 51

Fig. 2.14. Cross-section of the coupled line on a double layered dielectric, with additional
overlayer

As it can be expected, increasing the thickness of the third layer and the
dielectric constant caused the effective permittivity to increase (Fig. 2.15). At
lower values of the dielectric constant of the overlayer &;, the effective
permittivity of the lines is higher for the even mode, than that for the odd mode.
However, the effect of increasing the dielectric constant of the third layer &; was
greater for the effective permittivity in the odd mode, than that in the even mode.
It is clearly seen in Figure 2.15, that for particular overlayer thickness /5 and
particular value of the dielectric permittivity of the overlayer g&;, effective
permittivities for both, even and odd mode are equal.

As mentioned in the introduction, such property can be useful for reducing
crosstalk between the transmittion lines. It is also worth noticing, that efective
permittivities become equal at approximately the same value &= 3.05, at
different thicknesses and dielectric constants of the overlayer.
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Fig. 2.15. Dependence of the effective permittivity of the coupled lines on the dielectric
constant of the third layer, when Wi/h = Wy/h =1, S/h =1, hy/h = hy/h = 0.5, &, = 9.6 and
Er,=2.2

The effective permittivity for different thicknesses of the third layer A5 in
the odd mode changed from 2.3 times to 6.1 times, while increasing the
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dielectric constant of the third layer &; from 1 to 30, whereas the same change in
the case of even mode was from 1.5 times to 2.7 times.
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Fig. 2.16. Dependence of the characteristic impedance on the dielectric constant of the
third layer, when Wi/h = Wo/h =1, S/h =1, hy/h = hy/h = 0.5, &, =9.6 and &, = 2.2;
a-hy/h=0.125,b—h3/h=0.25,c—h3/h=0.5,d - h3/h =1

It must also be noted, that for lower values of the dielectric constant of the
third layer &, the effective permittivity for the even mode is higher than that for
the odd mode. As the dielectric constant of the third layer &; is increased, at
some value, depending on the thickness of the layer /;, the effective permittivity
for the odd mode becomes higher than that of the even mode. Therefore there
exists a range of dielectric thickness and dielectric constant values, for which the
effective permittivities for both modes are equal.

Characteristic impedance (Fig. 2.16) of the lines decreased as both —
thickness /3 and dielectric constant of an additional layer &; were increased. In
all cases, even mode characteristic impedance was higher than odd mode
characteristic impedance.

In further analysis, the effect of the thickness of the third layer s; having
common values of dielectric constant &; was investigated. Analysis was
performed for a coupled line formed on two layer dielectric, and having
additional layer of dielectric above the conductors.

For the first set of analyses dielectric constant of the first and second
dielectric layers were & =9.6 and &, = 2.2 respectively. Dielectric constants of
the third layer &; were chosen 2.2, 4.7 and 16. For every dielectric constant
value the normalized thickness of the third layer was varied between 0.1 and 4
(Fig. 2.17).
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Fig. 2.17. Dependence of a) the effective permittivity and b) characteristic impedance on
normalized thickness of the third layer hs/h at different dielectric constants of the
overlayer

It is seen from the graph in Figure 2.17 a) that, in case of dielectric constant
of the overlayer &; = 2.2, the effective permittivity of the even mode is higher
than that of the odd mode throughout the range of thicknesses of the third layer.
For other two cases (&§; =4.7 and &; = 16), however, effective permittivity for
the even mode is higher than that of the odd mode for lower values of the
thickness of the third layer /3, as the thickness value is increased, the effective
permittivity for the odd mode becomes higher than that of the even mode. In
case when the dielectric constant of the third layer &; = 4.7, this transition occurs
at the normalized thickness of approximately hs3/h=0.5, and in the case of
&3 = 16, the same transition occurs when the normalized thickness of the third
layer is approximately A;/h = 0.1.
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The second set of analyses was performed on coupled lines, for which the
dielectric constants of the first and second layers were &, =2.2 and &,=9.6
respectively. Dielectric constants of the third layer &; were chosen 4.7, 9.6 and
16. For every dielectric constant value &; the normalized thickness of the third
layer hs;/h was varied between 0.1 and 4. For this case, on the contrary to the
previous analysis, the effective permittivity for the odd mode was higher than
that for the even mode for all values of the dielectric constant &; and normalized
thickness of the third layer A;/h (Fig. 2.18). Equal effective permittivities i.e.
phase velocities for even and odd modes in this configuration were not obtained
(Fig. 2.18).
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Fig. 2.18. Dependence of a) the effective permittivity and b) characteristic impedance on
the normalized thickness of the third layer at different dielectric constants of the
overlayer
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Fig. 2.19. The generalized structure of the double-shielded microstrip devices:
transmission line a), and transmission line with non-rectangular conductor b), coupled
microstrip lines c), and coupled lines with non-rectangular conductors d), multiconductor
microstrip line e), and multiconductor line with non-rectangular conductors f) where
1 are rectangular microstrips; 2 and 5 are bottom and top dielectric substrates
correspondently; 3 and 4 are bottom and top shields correspondently; 6 are the non-
rectangular microstrips. Portion of the top dielectric plate and top shield are not shown
here

2.4. Investigation of Air Microlayer Influence to the
Characteristics of Multiconductor Lines

In this subsection model of double shielded microstrip line (DSML) with an air
microlayer between the dielectric plates or between the conducting strips and
one of the dielectrics is investigated. Occurrence and reasons of such
phenomenon are explained, and results of the modelling are presented.

2.4.1. Origins of the Air Microlayer

One of the methods of construction of a double shielded stripline meander delay
line is to etch the meander line on one double-sided copper laminated dielectric,
and to use another dielectric plate with only a single copper layer as a cover.
(Fig. 2.17). Since the thickness of the conductor is not infinitely small, and the
surfaces are not perfect, air microlayer becomes present between the two plates.
The effect of the mentioned air layer is not known; therefore the created model
was used to research this effect.
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2.4.2. Modelling of the Air Microlayer

As mentioned before, the FD method allows for easier implementation of
complex dielectric medium. The main drawback of this method is that in order
to model the effect of very thin layer, the dividing grid has to be more dense,
hence significantly increasing computational requirements. However application
of the MoM in case of stratified medium is mathematically more complex in this
case, therefore the FD method was chosen, as described in Subchapter 2.2.
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Fig. 2.20. Dependence of a) the effective permittivity and b) characteristic impedance of
the double shielded transmission microstrip line on the normalized microstrip thickness
t/h, when hy/h = 0.5, & =9.6, W/h=1

2.4.3. Results of the Modelling

Dependence of the effective permittivity &g, the characteristic impedance Z,
and delay time #4 of the DSM devices on the air gap between top and bottom
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dielectric substrates are investigated. Two cases were considered: when the gap
is emerged due to the non-zero thickness of the microstrips, and when the gap is
emerged due to inaccurate mounting the upper dielectric plate. In order to obtain
better knowledge of the effect of the air microlayer, both cases were studied for
three types of DSM devices: single microstrip line, coupled microstrip lines and
six conductor microstrip lines.
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Fig. 2.21. Dependence of a) the effective permittivity and b) characteristic impedance of
the coupled double shielded microstrip lines on normalized microstrip thickness #/#h,
when h/h=0.5,=9.6, Wh=1,Sh=1

Air Gap Due to non-zero Microstrip Thickness

Influence of the air gap, caused by the non-zero thickness of microstrips, on the
effective permittivity and characteristic impedance of the DSM transmission line
is presented in Figure 2.20 by corresponding curves. Two areas can be marked at
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all the curves: the initial region where the air gap emerges (0 < #/h; < 0.005) and
the region where it further increases (#/h; > 0.005). It is seen that with increasing
microstrips thickness from 0 to #/h; = 0.005, all the curves change abruptly. Such
a drastic change of the effective permittivity and the characteristic impedance is
due to a shift of the distribution of the electric field in the cross-section of
investigated devices.
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Fig. 2.22. Dependence of a) the effective permittivity and b) characteristic impedance of

the six-conductor double shielded microstrip lines on normalized microstrip thickness
t/h, when hi/h =0.5, £ =9.6, Wh=1,S/h=1

When the air gap is absent, the structure of such devices corresponds to the
stripline structure and the electric field is fully concentrated in the dielectric
area. As a result, the effective permittivity is equal to the dielectric constant of
the substrate, so unit length capacitance of the lines is relatively large and the
characteristic impedance is therefore small.



2. MODELLING OF STRATIFIED MEDIUM STRIPLINE SLOW WAVE ... 59

As soon as a thin layer of air emerges (0 < #/h; < 0.005 in the considered
case), the structure of the investigated device must be considered as double-
shielded microstrip. Part of the electric field lines pass from the dielectric to the
air, because of this there is a sharp decrease of the effective permittivity and
lines unit-length capacitance and thus the impedance increases. With further
increase of the microstrips thickness and the air gap (#/h; > 0.005), more and
more electric field lines pass through the air and the effective permittivity
decreases further (Figs. 2.20 a), 2.21 a) and 2.22 a)).
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Fig. 2.23. Dependence of the a) effective permittivity and b) characteristic impedance of
the double shielded microstrip transmission line on normalized air microlayer thickness
hs/h, where hi/h=0.5, £ =9.6, Wh=1

It should be noted that the expected increase of the characteristic impedance
is not observed in this case. Moreover, the opposite is true — characteristic
impedance is decreased. This decrement of the characteristic impedance can be
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explained by accumulation of the additional electric charge on the increasing
side walls of microstrips and, as a consequence, by increment of their unit length
capacitance.
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Fig. 2.24. Dependence of a) the effective permittivity and b) characteristic impedance of
the double shielded coupled microstrip line on the normalized air microlayer thickness
hs/h, where hi/h = 0.5, £ =9.6, Wh=1

Figures 2.21 and 2.22 show the change of effective permittivity and
characteristic impedance of the coupled DSM lines and four-conductor
multiconductor DSM line for the even and odd modes. It should be noted that
the effective permittivity (Figs. 2.21 a) and 2.22 a)) of the odd mode is more
sensitive to changes of the air gap due to the fact that more of the electric field
lines are concentrated in this gap than in the even mode case.

Characteristic impedance (Figs. 2.21 b) and 2.22 b)) in this instance varies
considerably less and almost in the same manner for the even and odd modes.
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Fig. 2.25. Dependence of a) the effective permittivity and b) characteristic impedance of
the double shielded six-conductor microstrip line on the normalized air microlayer
thickness hs/h, when £ =9.6, Wh=1, S/h=1

It should be also noted that despite the considerable qualitative changes of
the effective permittivity and the characteristic impedance shown in Figures
2.20-2.22, when the air gap emerges and increases, the relative variations of
these parameters are not so significant. For example, the discussed jump of all
curves in the initial area, when the air gap emerges, does not exceed 2-4%, and
even twentyfold increase of the gap (from to #h, = 0.005 to #h, = 0.1) does not
cause variation of curves by more than 2-6%.

Air Gap above the Microstrips

When the upper dielectric plate is mounted imprecisely for reasons explained in
2.4.1, the air gap of the DSM devices is further increased. The air gap exists
between the dielectrics of the DSM line, but also there is air between the
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conductors and the upper (covering) dielectric. The purpose of this set of
modelling was to gain better knowledge of the influence of this air microlayer on
the electrical characteristics of the DSML device.

The impact of this increased gap on the effective permittivity and
characteristic impedance of the DSM transmission line, coupled lines and six-
conductor line is presented in Figures 2.23-2.25.

It is seen in the graphs that the effective permittivity and characteristic
impedance of the investigated devices varied monotonously when the air gap is
changed — no fast abrupt changes or irregularities of curves have been noticed.
However a quantitative change of the permittivity and impedance is greater than
in the case of the gap caused by the non-zero microstrips thickness only. For
example, for almost threefold increase of the total air gap the effective
permittivity changes within 21-23% (Figs. 2.23 a), 2.24 a) and 2.25 a)), and the
characteristic impedance — 13—-14% (Figs. 2.23 b), 2.24 b) and 2.25 b)).

In case when air layer is between the conductors and the upper dielectric
plate of the DSML, charactersitic impedance slightly increases, when the
thickness of the said air layer is increased.

Such a significant change of the permittivity and impedance may be
explained by the fact that in this case the layer of air is in contact not only with
microstrips side walls but also is located between the microstrips plane and the
upper dielectric plate, so part of the electric field is in the air layer, and the unit-
length capacitance of the lines decreases.

2.5. Conclusions of Chapter 2

1. Models of asymmetrically coupled microstrip lines and multiconductor
microstrip lines, based on the method of moments, have been created.
Comparison with results obtained by the conformal mapping and
spectral-domain analysis has shown good accuracy of less than 4% for
the most of the practical ranges of physical dimensions. The models
have also been used to evaluate the influence of constructional
parameters: dielectric constant of the substrate, normalized width and
gap size between the conductors, on the electrical characteristics: modal
voltages, effective permittivity and characteristic impedance of the
lines.

2. Models of coupled and multiconductor striplines in stratified dielectric
medium, based on the finite difference method have been created.
Difference of the results compared with published values obtained by
other methods was less then 5%.
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3. By analysing coupled microstrip line on a double layer dielectric
substrate and the similar structure with an additional layer of dielectric
above the conducting strips it was found, that for particular
combinations of dielectric constants and thicknesses of layers, pahse
velocities for both — even and odd mode were equal. Such property is
useful redusing cross-talk betwwen the adjacent transmission lines.

4. The created model was used to evaluate the effect of air microlayer in
double shielded microstrip structures. Two types of air microlayer types
were analysed. In one case, air microlayer is present due to non-zero
thickness of the conducting strips, and in other case, air microlayer is
present between the conducting strips and the upper dielectric plate due
to imprecise placement of the upper plate or non-uniform thickness of
the conducting strips.

5. Analysis showed, that air microlayer above the conducting strips has
more significant effect on the electrical characteristics of the lines that
air microlayer between the dielectric plates. However the effects have
to be taken into account when designing devices based on double
shielded microstrip structures.






Synthesis Technique of Microstrip
Slow Wave Devices in Stratified
Dielectric Medium

In this chapter synthesis techniques, based on the models described in Chapter 2,
of the multiconductor microstrip lines (MCML) are investigated. Multiconductor
microstrip line is the simplest case of stratified dielectric medium, consisting of
two dielectrics: dielectric substrate and the surrounding air. MCMLs are widely
used as a basis for modelling periodic slow-wave devices (SWD) such as
meander and helical delay lines.

Synthesis algorithm is described and results of the synthesis presented and
analyzed.

Three articles have been published on the topic of this chapter: (Mikucionis,
Urbanavicius 2010b; Mikucionis, Urbanavic¢ius 2011; Mikucionis 2012)

65
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3.1. Synthesis technique

3.1.1. General Aspects of Synthesis

Analysis techniques are useful for analyzing structures and general model
research. However, synthesis — calculation parameters of the device for some
specific characteristics is needed for design of the devices.

One of the ways of performing synthesis is iteration of analysis by changing
parameters until the desired characteristics are obtained, i.e. optimization
problem needs to be solved.

Since modelling procedures have high demands for computational
resources, number of iterations must be the lowest possible. Therefore, thorough
knowledge about analysis models and choice of iteration technique is necessary.

In general, synthesis algorithm is solving some equation:

f(x)=f, 3.1

where f (x) is some characteristic dependent on variable x, and f; is the desired

value of a characteristic. Or it can be rewritten as
f(x)—fon. (3.1a)

Since exact solutions are not possible using numerical techniques, the
solution of the problem becomes looking for a value, which differs from a
desired one by no more than error J. In this case x satisfying the following
inequality is to be found:

[f(x)-fi] <. (3.2)

The whole synthesis technique can be broken down to the following steps:

Step 1. Picking the initial value of x, and calculating value of the function

Jx).
Step 2. Checking if the error | f(x)- fU| is less than the desired 4,

Step 3. If so calculations end, otherwise, proceed to Step 4.

Step 4. New value of x is chosen and the procedure is repeated.

The more complicated structures are synthesized, the more time it takes for
the first step (calculation of the function f(x) value) to complete, therefore it is
critical to minimize the number of iterations to be able to synthesize complicated
structures in reasonable amount of time.
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Number of iterations highly depends on how fast x approaches the desired
value x, during every iteration. This property of root finding algorithm is called
convergence speed. Newton-Raphson method was chosen for this work due to
its fast convergence and applicability of discrete derivatives. It proved to be
effective while testing the algorithms.

3.1.2. The Newton-Raphson Method

The Newton-Raphson method is a method of finding successively better
approximations of the roots of the equation of type (3.1a). The successive root is
expressed as:

(3.3)

where x; is a current root iteration, f{(x;) is value of a function of a current root
iteration and f'(x;) is a value of a derivative of a function at a current root
iteration.

In cases when a function is a calculation algorithm, rather than an analytical
epression, discrete derivative can be used:

f(xi+Ax)_f(xi) (34)

(%)= Ax )

where Ax is sufficiently small change of the function argument. Therefore,
Equation (3.3) for a numerical case is expressed as:

B Ax- f ('xi )
X =X — .
f(xi +Ax)_f(xi)
In some cases Ax is chosen to be the difference between two successive root

iterations Ax = x; — x;_;, and the method is then also called a secant method, and
the successive root iteration is expressed as:

(3.5)

Xi ~ X
S =5 = )T e TR

Both of the mentioned methods have been used in the calculations
described in this dissertation.

(3.6)
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3.2. Synthesis of Multiconductor Lines Operating in
Normal Mode

As it was shown in Chapter 2, modal voltages are different for conductors of
multiconductor microstrip line operating in normal mode, if widths of the
conductors are equal, and gaps between the conductors are of the same size.
However, it might be useful to design a microstrip multiconductor line for which
absolute values of modal voltages for even or odd mode are equal. In order to
solve this problem, synthesis procedure can be applied.

Microstrip multiconductor line is considered. Thickness and properties of
the dielectric are fixed, so are the gaps between the conductors. Initial widths of
the conductors are chosen. It is already known that in case widths of the
conductors are equal, modal voltages of the conductors for even and odd modes
are not equal. Therefore widths of the conductors must be modified in order to
have modal voltages of the same absolute value.

In general case, modal voltage of every conductor can be considered as a
function of widths of all conductors of an MCML.:

Vi=f(W,W,,.. Wy),
V, = £ (W W,,.W,,), 37

Vy = f(w/l’WZ""WN )
Therefore, the problem to be solved is the equation:
Vi=V,=..=V,.

It is also known that the line is symmetric, i.e. W, =W, , W, =W,_, and so
forth; and correspondingly V, =V, , V,=V,_, etc. So number of equations and

variables reduces in half.

It has also been noticed in calculations described in Chapter 2, that modal
voltage of the conductor is highly dependent on its own width, and almost
independent on widths of other conductors. Therefore Equation (3.7) can be
expressed:

Vl:f(Wl)’

V,=f (Wz )’ (3.7a)
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Results are
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Fig. 3.1. Flowchart of synthesis algorithm

The synthesis procedure is best described by a flowchart diagram (Fig. 3.1).
The description of the flowchart in Figure 3.1 is as follows:

Step 1. The initial parameters are set. These include widths of the
conductors W; and gaps between them S;, thickness / and dielectric constant
of the substrate &,.

Step 2. Synthesis starts at the first conductor.
Step 3. Modal voltages V; are calculated as described in Chapter 2.

Step 4. 1t is checked, if voltages of the conductors are within defined limits,
if not, Step 5 is performed, if true, calculation proceeds to Step 6.
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Step 5. Widths W; of the conductors are modified according to formula
presented in Equation (3.5) or (3.6), proceed to Step 3.

Step 6. 1t is checked if all conductors have been calculated, if true, Step 8 is
performed, if false, algorithm proceeds to Step 7.

Step 7. Conductor index is incremented, Step 3 is performed.

Step 8. It is checked if modal voltages for a specified mode of all
conductors are within specified limits, if false, calculation proceeds to
Step 2 and modal voltages of all conductors are synthesized again. If true, it
is considered, that the required line is calculated, algorithm proceeds to
Step 9.

Step 9. The resulting parameters and characteristics of the line are output
and/or stored for further processing.

3.3. Results of Synthesis

Multiple syntheses were performed in order to estimate what constructional
parameters of the MCML are required, so that modal voltages for some
particular mode are equal for every conductor.

3.3.1. Synthesis of Four Conductor Line

The proposed technique for synthesis of symmetrically coupled MMCL,
operating in normal mode, was investigated in the following order. Firstly,
accuracy of the mathematical model (the analysis stage) used in the proposed
technique was tested by comparing the results of the calculations with the results
obtained by other research methods. Model verification results are presented in
subchapter 2.52.

Further, the dependence of the width of the conductors W; and the
characteristic impedance Z; on constructional parameters of an MCML: space
between the conductors S and the dielectric constant of the substrate & was
investigated for the lines operating in particular modes.

The proposed technique was used to synthesize four-conductor MCML,
operating in A- (even) and D- (odd) normal modes. These modes were selected
due to their potential practical utility, applying to the conductors correspondently
+1 V,+1 V,+1 V, +1 Vor +1 V, -1 V, +1 V, -1 V voltages. During the
synthesis procedure, accordingly to defined S/i ratio, dielectric constant of the
substrate &, and selected type of normal mode, the ratio of widths of adjacent
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conductors W,/W, (or W4/W;), which ensured propagation of single normal
wave, was searched. Having found such a ratio the process of synthesis was
finished, and the characteristic impedance Z;g4243 0 Of the conductors of the
MCML and relative effective permittivity & ¢, were calculated. The results of
the synthesis of the MMCL, operating in even and odd normal mode are shown
in Figures 3.2 to 3.4.
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Fig. 3.2. Dependence of ratio of widths of conductors of the four conductor MCML on
the size of gap between the conductors in case of a) even mode and b) odd mode, when
Waslh =1

In order to ensure the propagation of the even normal wave, i.e. make phase
velocities v, equal along all conductors in the MCML, the widths of the external
conductors W, and W, should be larger than that of the internal conductors
(Wigas > Wags). In case of the odd normal wave — the external conductors should
be narrower than internal (Wpes > Wig4). It is necessary to note that at small
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distances between the conductors (S/4 < 2), the ratio of widths of neighbouring
wide and narrow conductors W,/W, for the even normal wave exceeds the same
ratio (W,/W;) more than twice for the odd normal wave (Fig. 3.2).
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Fig. 3.3. Dependence of the effective permittivity of the four conductor MCML
operating in a) even mode and b) odd mode on the size of gap between the conductors
when Wz:,/h =1

It is natural, that increasing the space between the conductors of an MCML,
their intercoupling becomes negligible and the ratio of widths of the adjacent
conductors (W,/W,) approaches unity for both: even normal wave, and odd
normal wave, regardless of the permittivity of the dielectric substrate (Fig. 3.2).

The effective permittivity & . of an MCML which characterizes the phase
velocity of the wave propagating in the line, changes slightly, varying the space
between conductors (Fig. 3.3). For example, at tenfold change of the space
between the conductors, the effective permittivity & . of the MCML, operating
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in the even normal mode, changes, depending on the dielectric constant of the
dielectric substrate &, within 20-35%, and in the MCML, operating in the odd
normal mode, under the same conditions, the change is even less: 10-17%.
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Fig. 3.4. Dependence of the characteristic impedance of the four conductor MCML
operating in a) odd mode and b) even mode on the size of gap between the conductors
when W,53/h =1

Increasing the space between adjacent conductors of the MCML, causes
their characteristic impedance to become comparable and the difference between
MCML, operating in opposite normal modes, becomes negligible. E.g. when
S/h =1 the difference between Z g4 . and Zg3 . is 5—6 times, depending on
permittivity of the dielectric substrate & (the larger &, the less difference). And
when S/h = 10 the said difference is only 3-7% (Fig. 3.4). If an MCML operates
in odd normal mode, the difference between Z g4 , and Zyg3 o, When S/h=1, is
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less than when the MCML operates in even normal mode, it is only 65-75%.
And for S/h = 10, the said difference is 3—7% (Fig. 3.4).

3.3.2. Synthesis of Six Conductor Line

Further, the proposed technique was used to synthesize six-conductor MMCL,
operating in even and odd normal modes, in order to investigate MMCL
characteristics dependence on its constructive parameters. These modes were
selected due to their potential practical utility, applying to the conductors
correspondently equal voltages +1V, ... , +1 V or applying counter-phase
voltages +1 V,-1 V,... ,+1V, -1 V.
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Fig. 3.5. Normalized width of conductors of synthesized six-conductor symmetrically
coupled MCML, operating in a) even mode and b) odd mode, versus normalized space
between conductors at different dielectric constants of the substrate, when W3 4/h =1
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Fig. 3.6. Effective dielectric permittivity of synthesized symmetrically coupled six-
conductor multiconductor microstrip line, operating in a) even and b) odd normal modes,
versus normalized space between conductors and permittivity of the dielectric substrate,

when Wi 4/h =1

The widths of conductors, which ensured propagation of single normal
wave, were searched during the synthesis procedure, accordingly to the defined
S/h ratio, dielectric constant of the substrate &, and the selected type of normal
mode. After finding such widths, the process of synthesis was finished, and the
characteristic impedance Z; ., of the conductors of the MCML and the effective
permittivity & .¢re, Were calculated. The results of the synthesis of the MCML,
operating in even and odd normal modes are shown in Figures 3.5-3.7.

Firstly, by examining these figures, it is necessary to note that all diagrams,
submitted in Figures 3.5 a), 3.6 a), and 3.7 a), characterize the MCML, operating
in the even normal mode, and there are inverse relationships in comparison with
corresponding diagrams in Figures 3.5 b), 3.6 b) and 3.7 b), that characterize the
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MCML, operating in the odd normal mode. By further, analyzing the curves
presented in Figure 3.5, it can be assumed that a symmetrically coupled MCML,
operating in a normal mode, is a regular multiconductor line in its middle part,
i.e. only widths of the external conductors (in this case Wge see Figure 3.5 a) for
the even mode and Figure 3.5 b) for the odd mode) should be changed for rough
adjustment of an MCML.
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Fig. 3.7. Characteristic impedance of the synthesized symmetrically coupled six-
conductor multiconductor microstrip line, operating in a) even and b) odd normal modes,
versus normalized space between conductors and permittivity of the dielectric substrate,

when Wi 4/h =1

In order to ensure the even normal wave propagation in an MMCL, the
width of the external conductors (in case under consideration these are
conductors #1 and #6) should be greater than that of the internal conductors (Fig.
3.5 a)), and on the contrary, in case of odd normal wave (Fig. 3.5 b)) — the



3. SYNTHESIS TECHNIQUE OF MICROSTRIP SLOW WAVE DEVICES ... 77

external conductors should be narrower than internal ones. It is necessary to note
that at small distances between the conductors (when S/h <2), the ratio of
widths of wide and narrow conductors W,/W, for the even normal wave exceeds
the same ratio (W,/W;) more than twice for the odd normal wave (Fig. 3.5 a) and
Fig. 3.5 b)). By analyzing the curves presented in Figure 3.5 a) for the even
mode, and Figure 3.5 b) for the odd mode, it is seen that the widths of the
external conductors have the most influence on the propagation of normal waves
in an MCML, while widths of internal conductors vary negligibly while
changing S/h.

Diagrams presented in Figure 3.6 show that the effective permittivity & ¢ in
case of both — even and odd modes, changes slightly, while changing the space
between conductors. For example, at tenfold change of the space between the
conductors, the effective permittivity & ¢ of the MCML changes, depending on
the dielectric constant of the substrate &, within 20-35%, and in the MCML,
operating in the odd normal mode, under the same conditions, the change is even
less: 10-17%.

Increasing the space between adjacent conductors of the MCML, causes
their characteristic impedance to become comparable and the difference between
MCML, operating in opposite normal modes, becomes negligible (Fig. 3.7). E.g.
when S/h =1 the ratio between Z,g¢ and Zgs3gsa is 5—6 times (Fig. 3.7 a)),
depending on the dielectric constant of the substrate & (the larger &, the less the
difference). And when S/h = 10, the said difference is only 3—7% (Fig. 3.6 b)). If
an MCML operates in the odd normal mode, the difference between Z,¢s and
Z>rg5.384 (Fig. 3.7 b)), when S/h = 1, is less than in case of the even normal mode,
only 65-75%. And for S/h = 10, the said difference is 3—7% (Fig. 3.7 b)).

Conductors of the synthesized MMCL were divided into 2500-4500 sub-
areas (for odd and even-mode respectively) during all calculations, and the
synthesis procedure took 220-560 s (Pentium 4 CPU, 3 GHz clock frequency
and 1 GB RAM).

3.4. Conclusions of Chapter 3

1. Synthesis technique of microstrip multiconductor lines operating in
normal mode has been created ant implemented in software.
Two cases were tested — four conductor MCML and six conductor
MCML. In both cases it was noticed, that only widths of the
outermost conductors have to be changed in order to ensure
propagation of a single normal mode. In case of even mode, the
outermost conductor width has to be increased, and in case of odd
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mode, the outermost conductors have to be narrower than the rest.
Modal voltages of the conductors differ by no more than 2% in this
case.

In case of tightly coupled MCMLs (S/h <5), in order to ensure
propagation of normal modes with equal amplitudes of signals,
ratio of the widths of the conductors can go as high as 12.

When dielectric constant of the substrate is lower, MCML
operating in normal mode is more sensitive to change of conductor
width and gap size between the conductors. For example, the ratio
of the widths of the adjacent wide and narrow conductors for even
mode exceeds the same ratio more than twice for the odd mode.

If an MCML is designed to operate in a normal mode with equal
signal amplitudes, characteristic impedance is more dependent on
the gap size between the conductors, when the dielectric constant of
the substrate is lower. On the other hand, the effective permittivity
of the lines is more dependent on the gap size between the
conductors, when the dielectric constant of the substrate is higher.



Hybrid Models of Meander Microstrip
Delay Line in Stratified Dielectric

In this section hybrid models of two delay lines in stratified dielectric medium,
and results of investigation are presented. The first model is the meander
microstrip delay line (MMDL), based on the multiconductor microstrip line
(MCML) operating in even normal mode. The second one is the double shielded
microstrip meander delay line (DSMMDL).

In general case hybrid model is based on at least two methods of analysis
and/or synthesis. In the case described in this chapter, the model of an MCML is
based on the method of multiconductor lines (synthesis of an MCML) and the
method of moments (MoM) for the analysis of an MCML. The model of the
DSMMDL is based on the method of finite differences (analysis of the double
shielded microstrip structures and synthesis of the DSMMDL) and the S-
parameter matrix method (analysis of the DSMMDL)).

Three papers have been published on the topic of this chapter:
(Krukonis et al 2013; Krukonis, Mikucionis 2014; Mikucionis et al. 2014).
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S7

_L Output

Fig. 4.1. The structure of the ordinary microstrip meander delay line, where 1 is a signal
conductor in the form of meander; 2 is a dielectric substrate; 3 is a reference conductor

4.1. Microstrip Meander Delay Line, Based on the
Multiconductor Line, Operating in Even Normal Mode

Delay of signals in electrodynamic delay lines (DLs) is caused by propagation of
an electromagnetic wave through a predefined path for the prescribed finite time
interval — delay time. In order to increase the delay time of the DLs without
increasing their dimensions by significant amounts, the length of the path for the
electromagnetic wave propagation is increased by shaping the transmission
conductor of the DL into a longer line. In most cases meander or helical shapes
are used. Thus electrodynamic DLs have a periodic structure with a specific
repetition period of the meander strips or helical loops; therefore the
multiconductor line method is applicable for the analysis and modelling of such
lines.

The multiconductor line method is notable for its moderate demand of
computational resources, which is very important for DL synthesis. According to
this method the multiconductor line and the corresponding analysed DL are both
periodic, therefore theoretically infinite, and consist of the infinite number of
evenly spaced conductors of equal widths. However real DLs, which have finite
dimensions, based on such infinite periodic multiconductor lines have non-
uniform parameters at the side conductors caused by non-uniform
electromagnetic field spread. The influence of non-uniformity of the
multiconductor microstrip line (MCML) effective permittivity & . on the
frequency response of the meander microstrip delay line (MMDL) is studied in
this subchapter.
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4.1.1. Design and Modelling of the Meander Microstrip Delay
Line

The generalized structure of the MMDL is presented in Figure 4.1. It consists of
a dielectric substrate, on one side of which is a conductive layer, and a meander-
shaped transmission conductor on the other. According to the multiconductor
line method, such MMDL is modelled using the MCML, structure of which is
shown in Figure 4.2 a). Thickness % and dielectric constant & of the substrate of
the MCML is the same as those of the MMDL substrate, moreover, width W of
the conductors of the MCML and space S between them are also equal to the
corresponding dimensions of the MMDL signal conductor.

y x

Q

£ »
SIS/
N
A
S
S/
ST/

Fig. 4.2. Structure of a) multiconductor microstrip line and b) microstrip meander delay
line model based on multiconductor microstrip line: I are the line conductors; 2 is a
dielectric substrate; 3 is a shield; 4 are meander rod connections

For the mathematical model, MCML is considered infinite in both — x and z
directions. A meander structure is derived from the MCML by separating the
section of length 2A in x direction and accordingly connecting the ends of the
obtained conductor strips (Fig. 4.2 b)).

In general two kinds of non-uniformity appear in real MMDLs based on the
mathematical model of the MCMLs:
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¢ non-uniformity of characteristic impedance Z; # Z;, and

® non-uniformity of effective permittivity & cs; # & efr)»
where i and j are numbers of conductors of the MMDL, and i # j for both cases.
These kinds of non-uniformity are caused by equal widths of all strips of the
meander conductor according to widths of the conductors of the corresponding
periodic MCML. The technique used to investigate the influence only of non-
uniformity of effective permittivity & o ; # & i j, Of the MCML on responses of
the MMDL is further described.

Two steps are included in the MMDL modelling. Firstly, the MCML,
operating in even normal mode (hereafter referred to as the uniform permittivity
MMDL) was synthesized using the technique described in Chapter 3. Further,
the corresponding MMDL is created in the Sonnet® software environment, using
dimensions of the synthesized MCML, and responses of this MMDL are
calculated. The calculated responses are compared with those of the MMDL
with equal widths of the conductors. The assumption is made that conductors
and dielectric substrates of the synthesized MCMLs and investigated MMDLs
are ideal lossless, and it is also assumed that the thickness of the conductors is
Zero.

4.1.2. Investigation of the Influence of Phase Velocity
Differences on Frequency Characteristics of the Microstrip
Meander Delay Line

In general, N modes can propagate in the MCML which consists of N signal
conductors. However, only the even and odd modes are practically interesting
when the MCML model is used for the design of the MMDL. The odd mode is
used for analysis of the MMDL at high frequencies beyond the bandwidth, when
the phase difference between adjacent meander strips voltages is equal to
2k + Dxm, where &k = 0, 1, 2, ... Therefore, when designing the MMDL,
determination of the size of the meander topology and parameters of the
dielectric substrate, it is sufficient to calculate the MCML parameters for the
even mode only.

The even mode is possible in the MCML when phase velocities of electro-
magnetic waves propagating along the equipotential conductors of the MCML
are equal, which in turn is only possible if the effective permittivities of the
conductors are equal for the even mode. In case of periodic and infinite MCMLs
this condition is satisfied naturally. In the MCMLs consisting of a finite number
of conductors effective permeability is very irregular (Fig. 4.3). This irregular
distribution of permittivity affects the determination of the delay time and the
bandwidth of the designed MMDL (Fig. 4.4).



4. HYBRID MODELS OF MEANDER MICROSTRIP DELAY LINE IN ... 83

Effective Permittivity
®

0 5 10 15 20
Serial strip number

Fig. 4.3. Effective dielectric permittivity of the microstrip meander delay line based on
the model of the microstrip multiconductor line, when & = 9.6, A = 0.5 mm, W = 0.6 mm,
S =0.5mm, 2A =20 mm, N =20

Side conductors of the MCML should be wider than the inner ones in order
to make its effective permittivity equal in all strips (i.e. to ensure the operation
of even mode). However, characteristic impedance of such wide conductors
differs significantly from the impedance of the regular part of the MCML as well
as the rest of the signal transmission path, resulting in mismatch of the MMDL.
For this reason, in addition to the resonances, frequencies of which are related to
the wavelength of the electromagnetic wave propagating in the MMDL and may
be approximated by the following equation:

f = Cok
‘ \/ereff (22A+S)’

.1

where ¢ is the velocity of light in free space, k is a serial number of resonance,
& 18 effective permittivity of the MCML, 2A and S are dimensions of the
meander topology (Fig. 4.1), the significant oscillations of amplitude greater
than 3 dB appear in the magnitude response of S, parameter of this MMDL
(Fig. 4.4 a)). On the other hand phase distortion of the MMDL designed
according to the even mode MCML model, is less than the phase distortion of
the MMDL based on the multi-mode MCML (Fig. 4.4 b)). However, oscillations
of magnitude response of S,; parameter lead to the fact that the bandwidth of the
uniform effective permittivity MMDL is determined by the amplitude, rather
than phase response.

Delay time #; and bandwidth AF are those critical characteristics that
determine the structure of the MMDL. The dielectric constant of the substrate &,
number of meander strips N and their length 2A have the most effect on these
characteristics. It should also be noted, that the above mentioned characteristics
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ts and AF are inversely related, i.e. changing the design parameters of the
MMDL in order to increase its delay time, the bandwidth is narrowed and vice
versa. Therefore, in order to unambiguously determine the effect of design
parameters on the characteristics of the MMDL it is preferable to use the
integrated measure of the DL quality — so-called D-factor, which is calculated as
the product of delay time of the MMDL and its bandwidth:

D -AF,

(u, u-n) (u,un)?

= td(u, u-n)

4.2)

where bottom index (u) means the uniform parameters MMDL (i.e. uniform
effective permittivity of the MCML), and index (n-u) means the non-uniform
parameters MMDL (i.e. non-uniform effective permittivity of the MCML).
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Fig. 4.4. Characteristics of the meander delay line design with equal phase velocities
along the strips, when & =9.6, = 0.5 mm, S = 0.5 mm, 2A =20 mm, N = 10

The results of the simulation of the MMDLs based on the model of the
MCML, operating in the even mode are shown in Tables 4.1-4.4 with
characteristics marked the subscript (u), which corresponds to the uniform
effective permittivity MMDL. Characteristics of the MMDL based on the
periodic MCML model, operating in the mixed modes are shown for comparison
in the same tables; the subscript (n-u) marks these characteristics, i.e. the non-
uniform effective permittivity MMDL. Relative differences between the
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characteristics of the uniform and non-uniform impedance MMDLs are also
presented. The differences are calculated as follows: delay time relative
difference

t —t
ot, =24 00g, 4.3)

td(n—u)

where 4, is time delay of the uniform parameters MMDL, and f44., is time
delay of the non-uniform parameters MMDL; bandwidth relative difference

—AF
OAF =—1 " 50, (4.4)
L

where AF(, is bandwidth of the uniform parameters MMDL, and AF,., is
bandwidth of the non-uniform parameters MMDL; MMDL D-factor relative
difference
Dty = Doy
0D =————100%, 4.5)
Dis)

where Dy, is the D-factor of the uniform parameters MMDL, and D, is the D-
factor of the non-uniform parameters MMDL.

Table 4.1. Dependence of characteristics of the uniform and non-uniform effective
permittivity in the microstrip meander delay line on the number of meander strips
(&=9.6; h=0.5 mm; 2A = 20 mm)

MMDL Number of meander strips N
characteristic 3 5 10 20
L4y DS 0.706 1.05 2.01 3.64
Ld(n-u)» S 0.642 0.948 1.88 3.42
Iy, % 10.0 11.0 6.9 6.4
AF,,, GHz 1.1 0.63 0.5 0.5
AF ,.,),GHz 1.5 1.2 0.91 0.6
OF, % -27.0 -48.0 -45.0 -17.0
Dy, 0.777 0.662 1.005 1.82
Dy 0.963 1.138 1.71 2.052
oD, % -19.0 —42.0 —41.0 -11.0
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Table 4.2. Dependence of characteristics of the uniform and non-uniform effective
permittivity in a microstrip meander delay line on the height of meander strips (& = 9.6;
h=0.5 mm; N =20)

MMDL Meander strip height 2A, mm
characteristic 10 20 40
ti() DS 2.12 3.64 6.91
Td(n-uy> DS 2.04 342 6.63
Oty, % 39 6.4 4.2
AF,, GHz 1.0 0.5 0.3
AF ,.,),GHz 1.3 0.6 0.3
OF, % -23.0 -17.0 0
D, 2.12 1.82 2.073
Dy 2.652 2.052 1.989
oD, % -20.0 -11.0 4.2

Table 4.3. Dependence of characteristics of the uniform and non-uniform effective
permittivity in the microstrip meander delay line on the dielectric constant of the
substrate (A = 0.5 mm; 2A = 20 mm; N = 20)

MMDL Relative dielectric permittivity of the
characteristic substrate &
4.5 9.6 16.0
faquy» NS 2.62 3.64 5.1
Ld(n-uy» NS 2.61 342 4.78
Oty, % 0.38 6.4 6.7
AF,, GHz 1.5 0.5 0.3
AF ,.,),GHz 1.6 0.6 0.3
OF, % -6.3 -17.0 0
Dy, 3.93 1.82 1.53
Dy 4.176 2.052 1.434
oD, % -5.9 -11.0 6.7

Analysis of the characteristics presented in Tables 4.1-4.4, shows that delay
time of the uniform effective permittivity MMDL due to the greater width of the
side meander strips in all investigated cases is larger than delay of the non-
uniform effective permittivity MMDL. At the same time bandwidth AF,, of the
uniform effective permittivity MMDL, due to the significant characteristic
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impedance mismatch in most cases studied is narrower than bandwidth AF, ., of
the non-uniform effective permittivity MMDL.

Table 4.4. Dependence of characteristics of the uniform and non-uniform effective
permittivity in the microstrip meander delay line on the gap size between meander strips
(&=9.6; h =0.5 mm; 2A = 20 mm; N = 20)

MMDL Gap size between strips S, mm
characteristic 05 1.0 2.0
faquy» NS 3.76 3.64 3.99
tdtn-uy> DS 3.11 3.42 3.96
Oty, % 21.0 6.4 0.76
AF,, GHz 0.2 0.5 1.1
AF .,),GHz 0.6 0.6 1.0
OF, % -67.0 -17.0 10.0
Dy, 0.752 1.82 4.389
D) 1.866 2.052 3.96
oD, % -60.0 -11.0 11.0

Increasing the number of meander strips correspondingly increases delay
time of the MMDL (Table 4.1). However, due to narrow bandwidth of the
uniform effective permittivity MMDLs their D-factor is up to 42% less than the
D-factor of the non-uniform effective permittivity MMDLs. Only at the largest
of the investigated number of meander strips (N = 20) this difference was rather
negligible — 11%.

Delay time of the MMDL can be changed also by varying the length of the
meander strips (Table 4.2) and adopting dielectric constant of the substrate
(Table 4.3).

The performed calculations have shown that varying the length of the
meander strips 24 and dielectric constant of the substrate &, characteristics of
the MMDLs change in a similar way; i.e. increasing 2A or &, the delay time
increases also, however, the bandwidth becomes narrower. Again it was found
that the bandwidth of the uniform effective permittivity MMDL in most cases is
narrower than the bandwidth of the non-uniform effective permittivity MMDL.
Only at 2A = 40 mm (Table 4.2) and & = 16 (Table 4.3), the bandwidth of both
lines: of the uniform and non-uniform effective permittivity MMDL, is the same.
D-factor of the investigated MMDLs varying 2A and & has changed similarly.

The influence of the distance between the meander strips on the
characteristics of the MMDL line is shown in Table 4.4. Increasing this space
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the bandwidth of the MMDL increases proportionally and delay time remains
almost unchanged. As in previous cases (Tables 4.1-4.3) bandwidth and D-
factor of the uniform effective permittivity MMDL is lower than the same
characteristics of the non-uniform effective permittivity MMDL. Only at a
relatively large space between the strips (S = 2.0 mm) the uniform effective
permittivity MMDL has better characteristics.

4.2. Investigation of the Double Shielded Meander
Microstrip Delay Line

Microstrip devices are typically placed in a conductive package for protection
against external electromagnetic fields. Top cover of such package becomes the
second shield of the microstrip device. Beside that in case of microstrip delay
devices, e.g. meander delay line, additional dielectric plate is placed between the
top shield and a microstrip conductor, in order to reduce overall dimensions,
while maintaining retarding properties. The design of such microstrip delay
device becomes double-shielded (Fig. 4.5). The resulting structure of the double-
shielded device is similar to a conventional stripline. However, one major
difference is the presence of the air gap due to the non-zero thickness of the
microstrip conductor. In order to distinguish such a structure from the
conventional stripline, we call it double-shielded microstrip (DSM) structure.
The said air gap makes the dielectric medium between the conductive shields
inhomogeneous. In general, DSM device can be considered as a special case of a
layered dielectric structure.

Fig. 4.5. The structure of the double shielded microstrip meander delay line, where / is a
signal conductor in the shape of meander, 2 is a bottom dielectric substrate, 3 is a bottom
shield, 4 is a dielectric plate, 5 is a top shield. A portion of the top plate is omitted in a
picture for visual purposes
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4.2.1. Model of Double Shielded Meander Microstrip Delay
Line

In order to investigate the influence of the air gap on the frequency dependence
of the phase delay (i.e., the dispersion characteristics) of the double shielded
meander delay line (DSMMDL) two models were created. The first model
(Fig. 4.5) takes into account the influence of the air gap caused by the non-zero
thickness meander microstrips. The gap between the meander and upper
dielectric plate is absent here. The second model imitates deviated mounting of
dielectric plate on top of the DSMMDL resulting in an additional air gap above
the meander conductor.
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Fig. 4.6. Calculated and simulated dependencies of dispersion characteristics of the
double shielded microstrip meander delay line on a) conductor thickness and
b) thickness of the air gap, when & = &, = 9.6, w/w, = 1.0, wi/h; = 2.0, s/h; = 1.0,
t/hl = 0.02, hy/hy = 1.0, hy = 0.5 mm

The calculated dispersion characteristics of the DSMMDL are presented in
Figure 4.6. The DSMMDL models are formed from multiconductor line,
parameters of which are shown in Figure 2.22. The length 2A of the meander
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strips in this case is chosen to be equal to 100 mm. The calculations are
performed in two ways: a hybrid method — a combination of the FDM and
scattering matrices (Staras et al. 2012), and using Sonnet® simulator. The curves
in Figure 4.6 a) show the effect of the thickness of the air gap, which is caused
by the non-zero thickness of meander microstrips on the dispersion
characteristics of the DSMMDL. Figure 4.6 b) displayed the same
characteristics, but their variation along the time axis due to changes of the air
gap above the meander conductor. Chart analysis shows that at very low
frequencies there is a significant rise of the dispersion characteristics inherent in
all meander delay lines. However, despite the large absolute values of this rise,
the ratio of the delay time with the period of the correspondent low frequency
oscillation is only a fraction of a percent, and does not cause significant phase
distortion. At all the dispersion characteristics of Figure 4.6 oscillations of two
types are visible: of a rare repetition period along the frequency axis — about 0.5
GHz, and with the frequent repetition period — about 80 MHz. The assumption
can be made that rare oscillations (~0.5 GHz) are caused by inhomogeneities of
the signal path at the ends of the meander strips where neighbour strips are
connected with each other (0.48-0.55 GHz, depending on the thickness of the air
gap, is the frequency at which the coupled neighbour strips are a wavelength
long).

¢ 3.10°
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Frequent oscillations are due to inhomogeneities on input and output
terminals of the DSMMDL. Their repetition period corresponds to half the value
of the resonant frequency of the entire DSMMDL (from 160/2 = 80 MHz till
180/2 =90 MHz).

=491.9-10° Hz =~ 490 MHz .
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=81.3-10° Hz =~ 80 MHz.
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Analysis of the dispersion characteristics (Fig. 4.6 a)) shows that when the
air gap emerges in the stripline structure due to the finite microstrips thickness
(i.e. stripline becomes DSM), delay time of the DSMMDL reduces by about
2.5%, and a further increase of this gap has almost no effect on the delay time.
For example, when the thickness of this gap increases tenfold the delay time
decreases by only 1.7%. The air gap above a meander conductor has more
influence on the absolute values of the dispersion characteristics (Fig. 4.6 b)).
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Here it is seen that a fivefold increase of the air gap (from hs/h; = 0.01 till hs/hy
= (0.05) reduces the delay time of about 9%.

Fig. 4.6 b) also shows the dispersion characteristics calculated using
Sonnet® simulator. Here it is seen that the difference between the characteristics
obtained by hybrid method and the simulator do not exceed 3%.

4.2.2. Experimental Measurements

Prototype of the DSM meander delay line was designed, constructed (Fig. 4.7)
and measured to confirm the adequacy of the proposed models of the DSM
devices. The prototype was made on the dielectric substrate Rogers® 3006, its
dimensions and topology of the meander are presented in the title of Figure 4.7.

20 130 140 150 160 170 180 190

Fig. 4.7. Prototype of the double-shielded microstrip meander delay line (before the top
dielectric plate mounting). Design parameters of the prototype are: &, = &, = 6.15,
W=1.1mm, h; =h, =127 mm, S = 1.0 mm, #;, = 0.035 mm, 2A = 50 mm, number of
the meander strips N = 20

Calculated dispersion characteristic of the DSMMDL prototype is shown in
Figure 4.8. The dispersion characteristic simulated by Sonnet® is shown here
also. The relative difference between them does not exceed 6%. It is seen in
Figure 4.8 that prototype bandwidth determined with the proviso that phase
distortion does not exceed 0.35 rad, using the equation:

AF = 0.35 ’
2nAt

(4.6)
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where Af is deviation of dispersion characteristic on the boundary of the
bandwidth from its value in the middle of the bandwidth, is equal to 300 MHz.
Phase delay of the DSMMDL, calculated according to proposed DSM device
model, in the middle of the bandwidth equals 7.1 ns.
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Fig. 4.8. Calculated using hybrid technique and simulated using Sonnet® simulator
dispersive characteristics of the DSM meander delay line prototype

Prototype measurements were performed in the time domain using
sampling oscilloscope PicoScope 9312 from Pico Technology Ltd. Waveforms
of the input and output voltage transients of the measured DSMMDL prototype
are shown in Figure 4.9.
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Fig. 4.9. Measured transients on the input (top) and output (bottom) of the double-

shielded microstrip meander delay line. Measured delay parameters, shown on the

bottom are: “Current” — 7.074 ns, “Minimum” — 7.058 ns, “Maximum” — 7.11 ns,
“Mean” — 7.094 ns, “Std. Deviation” — 7.158 ps
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It is seen here that the rise time of the output transient between the levels of
0.1 and 0.9 is 1.2 ns and equivalent bandwidth of DSMMDL calculated
according to equation:
0.35

AF =22 4.7

7

where 7, is the rise time the output transient, corresponds to 300 MHz. Averaged
measured delay time between input and output transients at 0.5 levels equals
7.094 ns, which demonstrates a very good agreement with the calculated phase
delay (7.1 ns).

4.3. Conclusions of Chapter 4

1. An attempt to improve characteristics of the meander microstrip delay
line was made by designing one based on the model of the
multiconductor microstrip line (MCML) operating in even normal
mode. An MCML operating in even mode was synthesized using the
technique described in Chapter 3. The parameters were found, which
ensured propagation of even normal wave along the line.
Characteristics of the designed line were calculated by implementing
the model in the Sonnet® software environment.

2. In general, characteristics of the designed line were worse, than those of
the analogous MMDL with equal strip widths. The corresponding
MCML operates in mixed mode, not single normal mode, i.e. effective
permittivities, and therefore phase velocities of the electromagnetic
wave in signal conductors are different. However, two parameters were
improved. The delay time was increased by 0.38-11%. Amplitude
distortions however, which occurred due to the characteristic
impedance mismatch between the meander strips of different width,
decreased the bandwidth of the device up to 48%.

3. Double shielded microstrip meander delay line MMDL was designed,
modeled and produced. Results of models using different modelling
techniques and results of measurements of the prototype device show
good agreement. It can be stated, that the proposed hybrid technique
using the finite difference method and S-matrix technique is applicable
for the design of planar delay devices in complex stratified dielectric
medium. The difference between the frequency characteristics obtained
by the hybrid method and the simulator do not exceed 2%.






General Conclusions

Technique for evaluating influence of stratified medium on
stripline devices has been created. Such technique is useful for
design of stripline delay devices. This technique proved to be
useful for finding a combination of dielectric layers (dielectric
constants and thicknesses), for which effective permittivity (and
hence the phase velocity) for even and odd normal modes is the
same. This property is useful for transmission lines and delay lines.
This technique was also used to evaluate the effect of the air
microlayer in double shielded devices.

Synthesis technique for multiconductor lines operating in even or
odd modes has been created. Normal mode operation can be
achieved in two ways in multiconductor microstrip lines — by
changing voltages of signals travelling along the conductors, or by
modifying dimensions of the conductors, so that voltages for a
particular mode are equal. The latter is more applicable in practical
applications. The created synthesis technique -calculates the
required widths of the conductors, so that absolute values of
voltages of a particular mode are equal.

Microstrip meander delay line, based on the model of the
multiconductor microstrip line, operatingin even normal mode was

95
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designed and modelled to check its characteristics. It was found
that phase distortions in such line are less by up to 2%, comparing
to the line of the same length with meander strips of equal widths,
i.e. based on the model of multiconductor microstrip line operating
in mixed mode.

Double shielded meander stripline delay line has been designed
using hybrid technique, based on the created analysis technique
and S-matrix method. The delay line was modelled using softwatre
bassed on the method of moments. Also, prototype device has been
produced and experimentally tested. It was found, that the results
found by the described hybrid technique (multiconductor model
and S-matrix method), the results of modelling using the proposed
technique and commercial software differ by approximately 2%
and the difference from the measured result is less than
1% .Therefore the suggested technique is adequate and applicable
for design and analysis of stripline delay devices.
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Summary in Lithuanian

lvadas
Problemos formulavimas

Vélinimo jtaisai (V]) placiai taikomi Siuolaikingje elektroningje jrangoje. DazZniausiai
pasitaikanti Siy jtaisy struktiira iki XXI a. pradZios buvo planaring, t. y. signaliniai
laidininkai iSdéstyti vienoje plokStumoje. Taciau pastaraisiais deSimtmeciais vis daZniau
taikoma erdving, arba trimaté tokiy itaisy struktiira. Trimaciy struktiiry privalumai yra
mazesni gabaritai ir masé, trumpesni signaliniai traktai ir dél to didesné veikimo sparta.
Taip pat taikant trimate struktiira siekiama gauti naujas funkcines galimybes.

Trimaciuose {taisuose laidininkai iSdéstomi tarp jvairiy dielektriky sluoksniy, tokiu
btdu sukuriant sluoksniuota dielektriky ir laidininky struktiira.

RySys tarp laidininky skirtinguose sluoksniuose, ir sluoksniuotos dielektrinés terpés
itaka elektromagnetinés bangos sklidimui yra mazai istirti.

Sluoksniuotos dielektrinés terpés vélinimo jtaisai néra detaliai iSnagrinéti. Taip pat
néra pasiilyta daugialaidZiy linijy, veikian€iy normaliyjy bangy reZimu sintezés
metodika. Tokiy linijy modeliai taikomi kaip pagrindas vélinimo jtaisy projektavimui.

Sioje  disertacijoje  formuluojamos  hipotezés, kad taikant  skaitinius
elektromagnetizmo modeliavimo metodus galima:

e rasti salygas, kurioms esant elektromagnetinés bangos faziniai greiciai
vélinimo jtaisy laidininkuose nevienaly¢iame dielektrike yra vienodi,
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e rasti sluoksniuotos dielektrinés terpés vélinimo jtaiso elektrines
charakteristikas taikant kvazi-TEM artinj,

e jvertinti sluoksniuotos dielektrinés terpés itaka itaisy daZninéms
charakteristikoms.

Darbo aktualumas

Elektronikos itaisuose vélinimo jtaisai taikomi ivairiose elektroninése grandinése. Viena
panaudojimo sritis yra griZtamojo rySio vélinimas signaly generatoriuose. Anteny
gardeliy kryptingumui nustatyti biitinas tikslus signalo vélinimas | kiekviena gardelés
elementa. Kai kuriy skaitmeniniy perdavimo linijy patikimam veikimui butinas tikslus
signalo atsiradimo laikas, todél esant skirtingo elektrinio ilgio keliams, siekiant juos
suvienodinti taikomos vélinimo linijos.

Vélinimo liniju (VL) yra jvairiy tipy ir konstrukciju. Pagal veikimo principa,
vélinimo linijos gali buti skirstomo i dvi kategorijas: aktyviosios ir elektrodinaminés.
Aktyviosiose VL signalas uzlaikomas aktyviaisiais elementais (tranzistoriais, integriniais
stiprintuvais). Siuo metu tokios VL taikomos plagiausiai. Elektrodinaminiy VL veikimas
gristas ilgesniu signalo nueinamu elektriniu keliu. Paprasciausias tokios VL atvejis yra
nenulinio ilgio perdavimo linija (juosteliné, mikrojuosteliné, koaksialiné ir kt.). Taciau
daugeliu atveju reikalinga vélinimo trukme yra tokia, kad tokios perdavimo linijos dydis
biity nepraktiskas. Todél laidininkas formuojamas | kompaktiskesng struktiira. Praktikoje
dazniausiai naudojamos meandrinés ir spiralinés.

Tokiy formy vélinimo linijose yra didesni faziniai iSkraipymai, taip pat pasireiskia
uztvarinio filtro savybés, t. y. smarkiai slopinami tam tikro daZniy ruoZo signalai ir
Zenkliai sumazinama {taiso pralaidumo juosta. Pries§ taikant tokia VL batina Zinoti ne tik
jos vélinimo trukme, bet ir pralaidumo juosta. Atsirandant vis naujiems VL taikymams,
bitina sukurti efektyvia VI projektavimo metodika kuri leisty sukurti norimos vélinimo
trukmeés ir pralaidumo juostos maZiausiy gabarity VL.

Vienas i svarbiausiy projektavimo uZdaviniy yra jtaiso sintezg, t. y. konstrukciniy
parametry radimas pagal norimas elektrines charakteristikas. Jei tiesioginés sintezés
metodikos néra, tenka kartoti analizés iteracijas keiciant parametrus tol, kol gaunamos
reikiamos elektrinés charakteristikos.

VI struktiira daZniausiai yra planariné, taciau taikomos ir daugiasluoksnés
struktiiros, kai planariniai jtaisai iSdéstomi vienas vir§ kito. Tokiy struktliry svarba ir
placios pritaikymo galimybés yra daznai minimos, ta¢iau analizés ir sintezés metody
pasitilyta mazai.

Tyrimy objektas

Pagrindiniai tyrimo objektai yra daugialaidés juostelinés ir mikrojuostelinés struktiiros
sluoksniuotoje dielektringje terpéje, meandriné vélinimo linija sluoksniuotoje
dielektrinéje terpéje, grista daugialaide juosteline arba mikrojuosteline linija.
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Darbo tikslas

ISnagrinéti sluoksniuotos dielektrinés terpés itaka vélinimo itaisy elektrinéms
charakteristikoms sukuriant ir jgyvendinant skaitiniais metodais grista daugiasluoksnés
dielektrinés terpés itakos vélinimo jtaisy charakteristikoms ivertinimo metodika.

Darbo uzdaviniai

Toliau iSvardinti uzdaviniai reikalingi darbo tikslui pasiekti.

1. Sukiirus matematini modelj, ir ji igyvendinus programiskai, iSnagrinéti
normaliyjy bangy daugialaidése juostelinése linijose suZadinimo salygas ir
galimybe suvienodinti lyginés ir nelyginés normaliyjy bangy fazinius greicius
susietosiose linijose sluoksniuotame dielektrike.

2. Sudarius daugialaidZiy mikrojuosteliniy linijy, veikian¢iy normaliyju bangu
rezimu, sintezés metodika, ir jgyvendinus ja programiSkai iSnagrinéti
konstrukciniy parametry jtaka linijy elektrinéms charakteristikoms.

3. ISnagrinéti meandrinés vélinimo linijos, gristos daugialaidés mikrojuostelinés
linijos, veikian€ios lyginiy normaliyjy bangy reZimu, modeliu,

charakteristikas.
4. I8nagrinéti oro sluoksnio ijtaka dviekranés meandrinés vélinimo linijos
charakteristikoms.
Tyrimy metodika

Darbe taikomas skaitinis elektromagnetiniy lauky modeliavimas nagrinéjamose
strukttirose. Naudojami du skaitiniai metodai — momenty metodas ir baigtiniy skirtumy
metodas. Kvazi-TEM artinys taikomas supaprastinti uzduotis i trimatgs i dvimatg, taip
sumazinant skai¢iavimy apimtis. Normaliyjy bangy salygos susietosiose ir daugialaidése
linijose nagriné¢jamos ir taikomos meandrinei vélinimo linijai projektuoti. S-parametry
matricy metodas ir komerciné momenty metodu grista programiné jranga (Sonnet®) yra
taikomi sukurtiems vélinimo linijy modeliams analizuoti. Suprojektuota ir pagaminta
vélinimo linija iSmatuota osciloskopu PicoScope 9312 pagamintu ,,Pico Technology
Ltd.” Modeliavimo rezultatai lyginami su publikuojamais, kity tyréjy gautais rezultatais,
ir vienu atveju palyginti su eksperimentiniais matavimais.

Darbo mokslinis naujumas

Nepaisant to, kad planariniai vélinimo {taisai mikrobangy elektronikoje taikomi jau
seniai, naujos projektavimo ir gamybos technologijos reikalauja gerai Zinomy itaisy
naudojimo naujoviSkose struktiirose. Minétiems uZdaviniams jgyvendinti reikalinga
efektyvi ir tiksli projektavimo metodika. Dél sudétingy sluoksniuoty dielektriky
struktiiry tokios metodikos néra sukurtos. Siame darbe sifilomi nauji sluoksniuotos terpés
itakos elektrinéms vélinimo jtaisy charakteristikoms jvertinimo metodai.

Atliekant darbe apraSytus tyrimus buvo gauti Sie elektros ir elektronikos inZinerijos
mokslui nauji rezultatai:

1. Pasililytas naujas matematinis modelis, tinkamas analizuoti daugialaidg
juosteling linija sluoksniuotame dielektrike.
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Sukurta daugialaidés mikrojuostelinés linijos, veikiancios lyginés arba
nelyginés normaliosios bangos reZimu, sintezés metodika.

Pasiiilyta susietyju linijuy sluoksniuotame dielektrike normaliyjy bangy faziniy
grei¢iy vienodumo salygy nustatymo metodika.

Rezultaty praktiné reik§mé

Siuolaikiné komunikacijos iranga grista sudétinga ivairiy mikrobangy itaisy
saveika. Signaly vélinimo {jtaisai yra itin svarbiis mikrobangy grandynuose. Dauguma
Siuolaikiniy jtaisy formuojami integriniuose grandynuose ir montaZinése plokStése
(sluoksniuotos terpés atvejai). ISsamesnés Zinios apie vélinimo jtaisus sluoksniuotoje
terp¢je gali buti naudingos kuriant efektyvesnius jtaisus.

1.

Sukurta daugialaidZiy mikrojuosteliniy linijuy, veikianc¢iy normaliyjy banguy
rezimu, sintezés metodika. Sintezés rezultatai yra pritaikomi daugialaidémis
linijomis gristy vélinimo jtaisy projektavimui.

Sukurta daugiasluoksnio dielektriko susietyju juosteliniy linijy, kuriy faziniai
greiiai lyginei ir nelyginei normaliosioms bangoms yra vienodi. Tokiose
perdavimo linijose mazesni tarpusavio trukdZiai, be to vélinimo linijuy, gristy
tokiy susietyju linijy modeliais, faziniai iSkraipymai maZesni. Tokia savybeé
tai pat naudinga filtry, Sakotuvy ir kity mikrobangy jtaisy projektavime.
Ivertinta oro mikrosluoksnio dviekranése struktiirose jtaka elektriniams
juosteliniy jtaisy parametrams.

Sukurti susietyjy, daugialaidZiy ir vélinimo linijy modeliai gali buti taikomi
kompiuterinio projektavimo programingje jrangoje vélinimo linijy sluoksniuotoje terpéje
projektavimui.

Ginamieji teiginiai

1.

Taikant iteracini analizés algoritma grista Niutono-Rapsono metodu, galima
parinkti daugialaidés mikrojuostelinés perdavimo linijos krastiniy laidininky
plocius taip, kad lyginés arba nelyginés mody ijtampy moduliai skirtysi ne
daugiau 2%, o bangy faziniai greiciai skirtysi ne daugiau 3%.

Parenkant dielektriniy sluoksniy storius ir dielektrines skvarbas galima
suvienodinti susietyjy juosteliniy linijy daugiasluoksniame dielektrike lyginés
ir nelyginés mody fazinius greicius.

Projektuojant meandring vélinimo linija pagal daugialaidés mikrojuostelinés
linijos, veikianCios lyginés normaliosios modos reZimu, modelj, faziniai
iSkraipymai sumaZinami iki 2%.

Oro mikrosluoksnio, atsiradusio dél baigtinio laidininko storio, normuotojo
storio padidéjimas dviekranéje meandringje juostelinéje vélinimo linijoje nuo
0 iki 0,1 sumazina jos vélinimo trukmg iki 5%. Oro mikrosluoksnio,
atsiradusio dél netikslios virSutinio ekrano padéties, normuotojo storio
padidéjimas nuo 0 iki 0,05 sumaZina jos vélinimo trukmeg iki 20%.
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Darbo rezultaty aprobavimas

Darbo tema publikuota 10 straipsniy Lietuvos ir uZsienio moksliniuose leidiniuose: 4
straipsniai Thomson Reuters ISI Web of Science duomeny bazés recenzuojamuose
mokslo Zurnaluose su citavimo indeksu: (MartaviCius etal. 2007; Mikucionis,
Urbanavicius 2010a; Mikucionis, Urbanavic¢ius 2011, Krukonis er al. 2013), 6 — kituose
recenzuojamuose mokslo leidiniuose: (Mikucionis 2012; Krukonis, Mikucionis 2013)
itraukti | ICONDA, Gale®: Academic OneFile, InfoTrac Custom; ProQuest:
Ulrichsweb™, Summon™; EBSCOhost: Academic Search Complete; IndexCopernicus
duomeny bazése; (Mikucionis ef al. 2014) indeksuojami INSPEC ir SCOPUS duomeny
bazése; (Mikucionis, Urbanavi¢ius 2010b) indeksuojamas IEEE duomeny bazéje.
Disertacijos rezultatai buvo pristatyti 10 konferencijy: 1 tarptautinéje uZsienyje
(VarSuva, Lenkija), 5 tarptautinése Lietuvoje, 4 kitose konferencijose.

Disertacijos struktira

Diseracija sudaro ivadas, 4 skyriai, bendrosios i§vados, Saltiniy ir literatiiros sarasas,
autoriaus moksliniy publikacijy disertacijos tema saraSas ir santrauka lietuviy kalba.
Disertacijos apimtis — 119 puslapiy be priedy. Disertacijoje yra 47 paveikslai, 8 lentelés
ir 62 numeruotos formulés, disertacijoje panaudota 70 Saltiniy.

1. Juosteliniy vélinimo ir kity mikrobangy jtaisy
sluoksniuotame dielektrike ir jy tyrimy metody apzvalga

Sluoksniuotos dielektrinés terpés jtakos jvertinimo mikrobangy itaisams problema
aktuali {vairiy ijtaisy projektavime. Vienais atvejais sluoksniuoti dielektrikai yra
neiSvengiami: mikrobangy jtaisai turi biiti suformuoti daugiasluoksniame integruotajame
grandyne, daugiasluoksnéje spausdintinéje plokstéje. Kitais atvejais sluoksniuota
struktlira leidZia gauti reikiamas charakteristikas — mazesnj rysj tarp gretimy perdavimo
linijy, maZesnius fazinius iSkraipymus, sumazinti jtaiso gabaritus, panaikinti
elektromagnetinés bangos atspindZius nuo pavirsiy.

Sluoksniuotos dielektrinés terpés vélinimo jtaisy taikymas néra placiai iSnagrinétas,
tai taikoma siekiant sumazinti vélinimo {jtaiso gabaritus iSlaikant vélinimo trukmeg ir
pralaidumo juosta.

Mikrobangy itaisy analizés ir modeliavimo metodus galima suskirstyti { keturias
grupes: analitiniai, skaitiniai, hibridiniai ir empiriniai.

Taikant analitinius metodus norimos charakteristikos skaiciuojamos taikant
tiesiogines algebrines i3raiSkas. Sie metodai labai spartiis, tatiau apsiriboja
paprasc¢iausiomis struktiiromis, be to dél taikomy aproksimacijy gali biiti netikslas.

Skaitiniai metodai — tai skaitinis integraliniy arba diferencialiniy lygciy
sprendimas. DaZniausiai taikant Siuos metodus diskretizuojama nagrinéjama sritis arba
jos dalis, ir ieSkomas laukas skai¢iuojamas iteraciniu algoritmu arba kitokiais
algebriniais metodais.

Hibridiniai metodai — tai analitiniy ir skaitiniy metody kombinacija.
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Empiriniai metodai — tai interpoliuoti ir/arba ekstrapoliuoti eksperimenty
duomenys. Sie metodai daZnai yra tiksldis, tatiau pagrindinis jy trikumas — dideli
duomeny gavimo ir ju patikimumo jvertinimo kastai.

Darbe nagrinéjamos struktiiros, kurioms galima taikyti kvazi-TEM artinj, tokiu
bidu trimatis dinaminis uzdavinys sprendZiamas kaip dvimatis statinis. Taikant §j artin{
norint rasti nagrin¢jamy struktiiry elektrines charakteristikas uztenka rasti statinius
dydzius — atskiry laidininky ilgio vieneto talpas.

ISanalizavus metodus, taikomus nagrinéjamoms struktiroms analizuoti, pasirinkti
du skaitiniai metodai: momenty metodas ir baigtiniy skirtumy metodas. Momenty
metodo pagrindinis pranaSumas yra tai, kad nereikia diskretizuoti visos analizuojamos
erdvés, diskretizuojamas tik kriivis laidininke. Taikant §] metoda mikrojuostelinéms
strukt@iroms, dviejy dielektriniy erdviy (pagrindo ir oro) jtaka ivertinama taikant daliniy
atvaizdy metoda. Norint taikyti momenty metoda didesniam sluoksniy skaic¢iui reikalingi
sudétingi pradiniai skai€iavimai. Todél daugiasluoksnéms struktiiroms modeliuoti buvo
pasirinktas baigtiniy skirtumy metodas. Sis metodas reiklesnis skai¢iavimo pajégumams,
ta¢iau jo igyvendinimas, ypa¢ sudétingai dielektrinés terpés struktiirai yra paprastesnis.

Darbe tai pat taikoma mody arba normaliyjy bangy analizé. Normaliyjy bangy
rezimas — tai daugialaidés linijos veikimas, kai ties kiekvienu laidininku sklindanciy
elektromagnetiniy bangy greiciai yra vienodi. Taikant kvazi-TEM artinj tai atitinka
vienoda efektyviaja dielektring skvarba visiems laidininkams. Moda Siame darbe
vadinamas daugialaide linija sklindan¢iy signaly amplitudZiy dydZiai, kurie reikalingi
siekiant uZtikrinti normaliosios bangos reZima.

Projektuojant daugialaidés linijos modeliu grista meandring vélinimo linija biitina
Zinoti laidininky elektrines charakteristikas lyginei ir nelyginei modoms. Lyginés
(sinfazinés) modos atveju visy laidininky poliarumas yra vienodas, nelyginés
(priesfazinés) modos atveju gretimy laidininky poliarumai prieSingi.

2. Juosteliniy vélinimo jtaisy sluoksniuotame dielektrike
modeliavimas

Sukurti ir iSbandyti dviejy mikrojuosteliniy struktiiry modeliai — nesimetriniy susietyju
linijy ir keturiy laidininky daugialaidés linijos modeliai (S1 pav.). Gauti rezultatai
palyginti su publikuojamais, kity tyréjy ir kitais metodais gautais rezultatais. Skirtumas
tarp gauty ir publikuojamy rezultaty nevirsijo 4 %.

Naudojant darbe sukurtus, momenty metodu ir daliniy atspindZiy metodais gristus
modelius, buvo i$nagrinétos susietyjy ir daugialaidZiy linijy (S1 pav.) konstrukciniy
parametry (laidininky plocio, tarpo tarp laidininky dydZio, pagrindo dielektrinés
konstantos)  itaka elektrinems charakteristikoms — efektyviajai  skvarbai,
charakteringajam impedansui, mody itampoms. Nustatyta, kad lyginés modos atveju
krastiniy daugialaidés linijos laidininky jtampy moduliai yra didesni, o nelyginés modos
atveju atvirkS¢iai — maZesni nei kity laidininky. Tuo tarpu laidininkuose esant vienodoms
itampoms efektyvioji dielektriné skvarba kiekvienam laidininkui yra skirtingos.

Taip pat pastebéta, kad esant maZesniems tarpams tarp laidininky, kraStiniy
laidininky mody itampos nuo vidiniy skiriasi daugiau, nei esant didesniems tarpams.
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S1 pav. Apibendrintas daugialaidés mikrojuostelinés linijos struktiiros eskizas: 1 — atskaitos
laidininkas, 2 — dielektrinis pagrindas, 3 — signaliniai laidininkai

Taikant baigtiniy skirtumy metoda sukurtas modelis susietyjy ir daugialaidZiy
juosteliniy ir mikrojuosteliniy liniju daugiasluoksniame dielektrike modeliavimui.
Susietyju mikrojuosteliniy linijy ant dvisluoksnio dielektrinio pagrindo rezultatai, gauti
sukurtais modeliais palyginti su publikuojamais, kitais metodais gautais rezultatais,
skirtumas nevirs§ijo 4,5%.

Naudojant sukurtus modelius i$nagrinétos susietyjy mikrojuosteliniy linijuy ant
dvisluoksnio dielektriko (S2 pav. a)) elektriniy charakteristiky — efektyviosios skvarbos
ir laidininky charakteringyju impedansy priklausomybés nuo konstrukciniy parametry:
dielektriky skvarby ir storiy santykiy. Taip pat analogiSkai iSnagrinéta papildomo
dielektriko, esancio vir§ laidininky (S2 pav. b)), sluoksnio storio ir dielektrinés skvarbos
itaka susietyjy juosteliniy linijy elektrinéms charakteristikoms.

Analizuojant susietasias mikrojuostelines linijas ant dvisluoksnio dielektriko,
pastebéta, kad dielektriko esancio arc¢iau laidininky (&,) dielektriné skvarba turi daugiau
itakos linijuy elektrinéms charakteristikoms tiek lyginés tiek nelyginés modos atveju, nei
dielektriko sluoksnio prie ekrano (&;).

Analizuojant daugiasluoksnes susietasias linijas su papildomu dielektriko sluoksniu
vir§ signaliniy laidininky buvo pastebéta, kad esant tam tikroms papildomo sluoksnio
dielektrinés skvarbos &; ir storio i3 kombinacijoms (S2 pav.), efektyvioji skvarba &
lyginei ir nelyginei modoms tampa vienodos (S3 pav.). Si savybé naudinga taikant
susietyju liniju modelj vélinimo linijoms projektuoti, maZinant trukdziy jtaka perdavimo
linijose, projektuojant filtrus.

a) b)

S2 pav. Susietosios mikrojuostelinés linijos: a) ant dvisluoksnio dielektriko ir b) susietosios
mikrojuostelinés linijos ant dvisluoksnio dielektriko su papildomu dielektriko sluoksniu vir§
laidininky
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S3 pav. Susietyjy juosteliniy linijy efektyviosios dielektrinés skvarbos priklausomybé nuo
papildomo sluoksnio dielektrinés skvarbos ir storio, kai Wi/h = Wo/h =1, S/h =1, hi/h = ho/h = 0,5,
&1 =96and g,=2,2

Sukurtas modelis taip pat panaudotas oro mikrosluoksnio jtakai dviekraniy
juosteliniy struktiiry charakteristikoms tirti. Oro mikrosluoksnio atsiradimo prieZastys
yra dvi. Pirmuoju atveju tarp virSutinio ir apatinio dielektriky sluoksniy yra oro tarpas
dél nenulinio laidininky storio (S4 pav. a), c) ir e)). Antruoju atveju, dél netikslios
konstrukcijos gali atsirasti oro tarpas tarp laidininko ir vir§utinés dielektrinés plokstelés
(S4 pav. a), ¢) ir e)).

(b)

S4 pav. Apibendrinta dviekraniy mikrojuosteliniy itaisy struktiira: a) — perdavimo linija,
b) — perdavimo linija su netaisyklingos formos skerspjiiviu, ¢) — susietosios linijos,

d) — susietosios linijos su netaisyklingos skerspjiivio formos laidininkais, e) — daugialaid¢ linija,
f) — daugialaidé linija su netaisyklingos formos skerspjiivio laidininkais; ¢ia 1 — laidininkai, 2 ir
5 — atitinkamai apatinis ir virSutinis dielektrikai, 3 ir 4 — atitinkamai apatinis ir virSutinis ekranai,
6 — netaisyklingos skerspjiivio formos laidininkai. Dalis virSutiniy dielektriky eskizuose
neparodyti
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Abiems atvejams iSnagrinétos elektriniy charakteristiky priklausomybés nuo oro
mikrosluoksnio storio pavienéms, susietosioms ir daugialaidéms juostelinéms linijoms.
Nustatyta, kad oro sluoksnis esantis tarp laidininko ir virSutinés dielektrinés plokstelés
daugiau veikia elektrines {taiso charakteristikas, nei oro tarpas tarp dielektriniy
ploksteliy esantis dél baigtinio laidininky storio.

3. Mikrojuosteliniy vélinimo jtaisy sluoksniuotame dielektrike
sintezés metodika

Remiantis 2-ajame skyriuje apraSytais modeliais, sukurta sintezés metodika. Sukurta
metodika kurig taikant randami daugialaidés mikrojuostelinés linijos konstrukciniai
parametrai, kuriems esant lyginés arba nelyginés normaliosios bangos atveju mody
itampy moduliai biity vienodi. Kitaip tariant, vienodos amplitudés ties laidininkais
sklindanciy bangy faziniai greiciai turi biiti vienodi. Siekiant uZtikrinti tam tikros modos
rezima reikalinga parinkti laidininky plocius.

Nustatomi pradiniai
parametrai 1

A 4

n=1 2

Mody jtampy
skaiciavimas 3

D —

Ar n-tosios laidininky
poros modos jtampos yra
norimose ribose ?

Kei¢iami laidininky
plogiai 5

Ar visy laidininky modos
{tampy dydziai yra norimose g
ribose?

Rezultatai
iSsaugomi 9

S5 pav. Sintezés algoritmo blokiné diagrama
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Sudaryta metodika grista 2-ajame skyriuje apraSyto analizés modelio iteraciniu
skaiiavimu keiCiant parametrus — laidininky plo€ius iki pasiekiamas reikiamas
rezultatas — lyginés arba nelyginés modos jtampuy moduliai skiriasi ne daugiau nei
norimas skirtumas. Parametry parinkimui kiekvienai skai¢iavimo iteracijai pasirinktas
Niutono-Rapsono metodas, skaitiniu atveju dar vadinamas sekanty metodu. Sintezés
algoritmo blokiné diagrama pateikta S5 paveiksle. Kadangi linija simetri$ka, laidininky
plociai parinkinéjami poromis. Taikant analiz¢ buvo nustatyta, kad didZiausia jtaka turi
krastiniy laidininky pora, todél skaiCiavimai pradedami nuo jos. Paprastumo délei,
pirmai iteracija laidininky plociai parenkami vienodi. Nepakitusi lieka tik centriné
laidininky pora, arba, jei laidininky skaiCius nelyginis — centrinis laidininkas. Modu

itampos normuojamos pagal centriniy laidininko(-y) itampa(-as).
Algoritma sudaro devyni Zingsniai.
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S6 pav. Normuotyjy laidininky plociy priklausomybé nuo tarpo tarp laidininky dydZzio esant
skirtingoms pagrindo santykinéms dielektrinéms skvarboms: a) lyginés bangos ir b) nelyginés
bangos atvejais
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1. Nustatomi pradiniai daugialaidés linijos parametrai: laidininky plociai W,
tarpai tarp laidininky S;, pagrindo storis # ir dielektriné konstanta &

2. Sintezé pradedama nuo pirmosios laidininky poros.

3. Skaiciuojamos modos jtampos (kaip apraSyta 2-ajame skyriuje).

4. Tikrinama, ar n-tosios laidininky poros modos {tampos yra norimose
ribose, jei ne atliekas 5-asis Zingsnis, jei taip, pereinama i 6-3ji Zingsj.

5. n-tosios poros laidininky plociai kei¢iami pagal (3.5) arba (3.6) iSraiSkas ir
pereinama i 3-iaji Zingsni.

6. Tikrinama, ar visos laidininky poros perskai¢iuotos, jei taip, pereinama i
8-aji zingsni, jei ne —pereinama i 7-aji Zingsni.

7. Laidininky poros rodiklis n padidinamas 1 ir griZtama i 3-aji Zingsni.

8. Tikrinama, ar visy laidininky modos itampos yra norimose ribose. Jei ne —
visi laidininkai yra skaifiuojami nuo 2-ojo Zingsnio, jei taip — laikoma,
kad linijos sintezé baigta ir pereinama { 9-aji Zingsni.

9. Rezultatai iSsaugojami ir skai¢iavimas baigiamas.
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S7 pav. Sintezuotyjy simetriniy Sesiy laidininky mikrojuosteliniy liniju, veikianéiy a) lyginés ir b)
nelyginés normaliosios bangos reZimu laidininky charakteringieji impedansai, kai Wj 4/h =1
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S5-ajame Zingsnyje numatytas laidininky plociy keitimas atliekamas remiantis
Niutono-Rapsono metodu, pagal iSraiska:
X. — X,

t == f () e S1
l f( )f(xi)_f(xi—l) ( )

¢ia x5, — kita ieSkomo parametro reikSme, x; ir x;,; — atitinkamai paskutiné ir
prieSpaskutiné bandyta (iteruota) parametro reikSmes, f(x;) ir flx,;) — atitinkamai
paskuting ir prieSpaskutiné funkcijos (charakteristikos) reikSmés.

Taikant sukurta metodika atliktos 4-iy ir 6-iy laidininky daugialaidziy linijy
sintezés. ISnagrinéta, kiek turi buti keiciami laidininky plociai esant jvairiam tarpy tarp
laidininky dydZiui ir skirtingoms pagrindo dielektrinéms konstantoms (S6 pav.).

Taip pat visiems atvejams rastos efektyviosios skvarbos ir laidininky
charakteringieji impedansai.

Nustatyta, kad didZiausia itaka mody itampoms turi krastiniai laidininkai. Siekiant
suvienodinti lyginés modos jtampas krastinius laidininkus reikia platinti, siekiant
suvienodinti nelyginés modos jtampas, krastinius laidininkus reikia siaurinti. Kuo tarpai
tarp laidininky maZesni, tuo daugiau reikia keisti krastinius laidininkus. Keiciant tik
krastiniy laidininky ploc¢ius galima pasiekti mody itampy skirtumus ne didesnius nei 2%.

Modeliuojant taip pat apskaiciuotos daugialaidés linijos elektrinés charakteristikos.
S7 paveiksle pateiktos laidininky charakteringyjy impedansy priklausomybés nuo tarpo
tarp laidininky. IS grafiky matyti, kad krastiniy laidininky charakteringieji impedansai
Zenkliai skiriasi nuo likusiyjy. Lyginés modos atveju, krastiniy laidininky plociai yra
didesni nei likusiyjy, todél ju ilgio vieneto talpos yra didesnés, ir atitinkamai
charakteringieji impedansai maZesni. ApskaiCiavus laidininky plocius, reikalingus
uztikrinti vienodus fazinius greifius nelyginei modai, iSoriniy laidininky plociai yra
mazesni, nei likusiyjy. Tokiu atveju Siy laidininky ilgio vieneto talpos yra maZesnés, ir
atitinkamai charakteringieji impedansai didesni. Analizuojant grafikus S7 paveiksle
matyti, kad §is skirtumas maZ¢ja didinant tarpa tarp laidininky. Sis skirtumas didesnis
esant mazesnei pagrindo dielektrinei skvarbai.

4. Hibridiniai meandrinés mikrojuostelinés vélinimo linijos
sluoksniuotame dielektrike modeliai

Remiantis sukurta sintezés metodika ir daugialaidziy liniju metodu, suprojektuota
meandriné vélinimo linija, grista daugialaide mikrojuosteline linija, veikian¢ia lyginiy
normaliyjy bangy rezimu. Projektuojant meandring vélinimo linija daugialaidziy liniju
metodu, i§ pradziy sintezuojama daugialaidé mikrojuosteliné linija veikianti lyginés
normaliosios bangos reZimu (S8 pav. a)). IS norimo ilgio sintezuotos linijos segmento
suformuojama meandriné linija (S8 pav. b)).

Siekiant patikrinti tokios linijos charakteristikas, suprojektuota linija sumodeliuota
Sonnet® programa.

Siekiant patikrinti oro mikrosluoksnio itakos dviekraniy vélinimo jtaisy
sluoksniuotame dielektrike elektrinéms charakteristikoms, remiantis daugialaidZiy linijy
sluoksniuotoje dielektrin¢je terpéje modeliu ir S-parametry matricy metodu
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suprojektuota dviekrané meandriné vélinimo linija (S9 pav.). Oro mikrosluoksnio jtaka
Sioje linijoje ivertinta pagal 2-ajame skyriuje sililoma metodika, ir charakteristikos
apskaiCiuotos S-parametry matricy metodu bei palyginimui momenty metodu grista
programa Sonnet®.

S8 pav. Meandrinés linijos modelio sudarymas: a) Mikrojuostelinés daugialaidés linijos struktiira,
ir b) mikrojuostelinés meandrinés vélinimo linijos, gristos daugialaide linija, modelis:
1 — signaliniai laidininkai, 2 — dielektrinis pagrindas, 3 — ekranas, 4 — meandro strypy sujungimai

S-parametry matricy metody gauta vélinimo trukmé #; = 7,1 ns, o programa
Sonnet® — tq= 17,4 ns.

Rezultaty adekvatumas parodé, kad siiloma metodika taikytina projektuojant
tokius jtaisus.

L

|éjimas

hy

ISéjimas

S9 pav. Dviekranés mikrojuostelinés meandrinés vélinimo linijos struktiira: 1 — meandro formos
signalinis laidininkas, 2 — apatin¢ dielektriné plokstel¢, 3 — apatinis ekranas, 4 — virSutiné
dielektrine plokstelé, 5 — virSutinis ekranas; vaizdumo délei dalis virSutinio ekrano nepavaizduota
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S10 pav. Dviekranés meandrinés mikrojuostelinés vélinimo linijos maketas (prie§ surinkima);
maketo parametrai: & = §, = 6,15, W= 1,1 mm, h; = h, = 1,27 mm, S = 1,0 mm, #; = 0,035 mm,
2A =50 mm, meandro strypy skaicius N = 20

Taip pat siekiant patikrinti modelio adekvatuma, buvo pagamintas ir iStirtas
dviekranés meandrinés vélinimo linijos eksperimentinis maketas (S10 pav.).

Vélinimo linijos charakteristikos iSmatuotos osciloskopu PicoScope 9312 padedant
UAB , Eltesta* inZinieriams. Matavimy oscilogramos pateiktos S11 paveiksle.

Siekiant iSmatuoti linijos vélinimo trukmeg, | vélinimo linijos i¢jima buvo
siun¢iamas Zingsnio formos signalas ir matuojamas laikas, po kurio signalas iS¢jime
pasiekia 0,5 nusistovéjimo jtampos vertés.

|Ex| Direct Pos Persistence

Freerun

Current Total Wfms Minimum Maximum Std Deviation
Deiay 1R-1R Chi-Ch2 7.074ns 3068 7.058 ns 741ns

S11 pav. Pereinamyjy procesy vélinimo linijos j¢jime (virSuting kreivé) ir iS¢jime (apatiné kreive)
oscilogramos
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Matuojant gautos tokios vélinimo trukmés reikSmeés: vidutiné vélinimo trukmé —
7,094 ns, didZiausia iSmatuota — 7,11 ns, maziausia iSmatuota — 7,058 ns, vidutinis
nuokrypis — 7,158 ps. Gauti matavimo rezultatai yra artimi S-parametry matricy metodu
apskaiciuotais rezultatais — 7,1 ns.

Laikant, kad faziniai iSkraipymai neturi virSyti 0,35 rad, vélinimo linijos
pralaidumo juosta randama pagal iSraiska:

0,35

F = R S2
2mAt (52)

¢ia At — vélinimo trukmeés dispersijos nuokrypis nuo vidutinés veélinimo trukmes
reik§més, iki vélinimo trukmeés reik§més esant fazinés charakteristikos nuokrypiui nuo
idealios 0,35 rad. Pagal apskaiCiuotas charakteristikas ir iSraiSka (S2) gauta apie
AF = 300 MHz. pralaidumo juosta.

Pagal i$¢jimo signalo pereinamojo proceso forma (S11 pav.) matyti, kad {tampa
nuo 0,1 iki 0,9 pastovios vertés pakyla per 1,2 ns. Linijos pralaidumo juosta AF
remiantis Siais parametrais skai¢iuojama pagal iSraiska:

0,35

T,

t

AF (S3)

¢ia 7, yra iSéjimo signalo pakilimo laikas nuo 0,1 iki 0,9 pastovios vertés. Pagal iSraiSka
(S3) apskaiciuota pralaidumo juosta yra apie AF = 300 MHz.

Remiantis sukurtos, sluoksniuotos dielektrinés terpés itakos ivertinimo elektrinéms
velinimo linijy charakteristikoms, metodikos taikymo rezultatais ir pagaminto maketo
matavimo rezultatais matyti, kad sukurta metodika yra adekvati ir taikytina tokiy itaisy
projektavime.

Bendrosios iSvados

1. Sukurta sluoksniuotos dielektrinés terpés itakos juosteliniams jtaisams
ivertinimo metodika. Si metodika naudinga projektuojant juostelinius
vélinimo jtaisus. Taikant $ig metodika galima parinkti sluoksniy
dielektrines skvarbas ir storius taip, kad susietyjy juosteliniy liniju
efektyviosios dielektrinés skvarbos lyginei ir nelyginei normaliosioms
bangoms bity vienodos. Si savybé naudinga projektuojant perdavimo
ir vélinimo linijjas. Minétoji metodika taip pat pritaikyta oro
mikrosluoksnio jtakai dviekraniy juosteliniy jtaisy elektrinéms
charakteristikoms jvertinti.

2. Sukurta daugialaidZiy mikrojuosteliniy linijy, veikian¢iy lyginiy arba
nelyginiy normaliyjy bangy reZimu metodika. Normaliosios bangos
rezimas pasiekiamas dviem budais — pirmuoju, keiCiant laidininkais
sklindanciy signaly jtampas, antruoju — keiciant laidininky gabaritus
taip, kad konkreciai vienai normaliajai bangai itampy moduliai biity
vienodi. Pastarasis yra labiau praktiskai pritaikomas. Taikant sukurta
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sintezés metodika randami daugialaidés mikrojuostelinés vélinimo
linijos laidininky plociai, kuriems esant laidininky jtampy moduliai
konkreciai modai yra vienodi.

Suprojektuota mikrojuosteliné meandriné veélinimo linija, grista
daugialaidés mikrojuostelinés linijos, veikiancios lyginiy normaliyju
bangy reZimu, modeliu ir modeliuojant rastos linijos charakteristikos.
Nustatyta, kad tokios linijos faziniai iSkraipymai sumaZinami 2%,
lyginant su analogiSka vélinimo linija, grista daugialaidés
mikrojuostelinés linijos, veikiancios miSriyjy bangu rezimu (t. y.
tokios, kurios visi laidininkai vienodo plo¢io), modeliu.

Naudojant hibridinj metoda, grista sukurta daugiasluoksnés terpés
itakos juosteliniy itaisy charakteristikoms ivertinimo metodika ir S-
parametry matricy metodu, suprojektuota dviekrané meandriné
juosteliné vélinimo linija. Linija modeliuota momenty metodu grista
programine jranga, taip pat pagamintas ir eksperimentiSkai iStirtas
linijos prototipas. Nustatyta, kad vélinimo trukmés verté, gauta darbe
sukurtu metodu, nuo gautos komercine, momenty metodu grista,
programine jranga, skiriasi apie 2%, o nuo iSmatuotos skiriasi apie 1%.
Sitloma metodika yra adekvati ir taikytina tokiy itaisy projektavime.
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