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Introduction

Topicality of the problem

Slow-wave systems are widely applied for various purpose microwave de-
vices: antennas, filters, phase converters and dividers, delay lines, analog signal
processing devices and so on. Spiral or meander structure slow-wave systems
are used in these devices, which are investigated by analytical, numerical or
hybrid methods.

The designing of the slow-wave systems began from the use of analytical
methods, i. e. circuit and long lines theory and their application, and from the
twentieth century eighties began intensive slow-wave systems research, when
showed up mainframe computers. Simpler slow-wave systems designs were
considered with analytical methods, in addition were wasn’t taken into account
a number of physical factors. Created numerical methods allowed to investigate
complex structure slow-wave systems, but because of small computing power
and long computation time a relatively small, simple structures were analysed
at that time. Analysis of these structures led to the development of new models
and numerical methods, which allowed faster and more accurate assessment of
the characteristics of slow-wave systems. The first commercial electromagnetic
fields solution and slow-wave systems design software packages created after a
few decades, when workstations and personal computers spread. At the end of
twentieth century faster computers and more efficient software packages al-
lowed to optimize planar slow-wave systems. In recent years hybrid methods
were applied for slow-wave systems analysis and synthesis — a combination of
several different methods (artificial neural networks, fuzzy logic, analytical and
numerical).

To satisfy the telecommunications, signal processing and other scientific
and industrial needs, the constant development of new electronic systems ope-
rating in the higher frequency range is ongoing, for this reason it is necessary to
improve the slow-wave systems models and structures. When developing new
slow-wave system models it must be taken into account structural inhomoge-
neities in delay devices, which results undesirable signal reflections — narrows
the working bandwidth of the slow-wave system and whole device. Therefore it
is desirable to seek new slow-wave system designs, which allows broadening
the bandwidth and reducing undesirable reflections in the system.

Computational capabilities and possibilities are constantly increasing, but
current slow-wave systems analysis and synthesis methodologies and algo-
rithms do not allow to quickly and efficiently find parameters of the slow-wave
system. Therefore, it is important to look for new automated slow-wave sys-



tems analysis and synthesis methods for the reduction of these systems design
time.

Object of research
Objects of research — mathematical models of multiconductors and mean-
der delay lines.

Aim of the work

The aim of the work is to create models based on finite difference time
domain method and to investigate non-uniformity influence of marginal and
terminal conductors of microstrip meander delay lines on time and frequency
characteristics, propose microstrip meander delay lines improvement measures.

Tasks of the work

To achieve the aim of the work the following tasks must be solved:

1. Create microstrip and multiconductor microstrip lines models and in-
vestigate time and frequency characteristics, based on the finite difference and
finite difference time domain analysis methods.

2. Create uniform characteristic impedance multiconductor microstrip
lines synthesis and meander microstrip delay lines analysis algorithms and their
time and frequency characteristic calculation methodology.

3. Validate the efficiency of proposed slow-wave systems parameters
calculation methods using imitational calculations.

Methodology of research

The work applies methods of electrodynamic problem solution adapted for
analysis and synthesis of slow-wave systems — multiconductor lines, numerical
time and frequency domain methods. Computer models of slow-wave systems
and developed algorithms are implemented using Matlab®, specialized CST
Microwave Studio” and Sonnet® software packages.

Scientific novelty

The following results, significant to science of electrical engineering were
obtained:

1. Created finite dimensions microstrip transmission line structure mod-
els, based on the finite difference and finite difference time domain methods,
and investigated electrical characteristics of these structures over a wide fre-
quency range.



2. Created and implemented algorithms based on the multiconductor
lines, finite difference and finite difference time domain methods, that allows
investigate frequency characteristics of meander slow-wave systems terminal
conductors. Results of these calculations are used for synthesis of uniform
characteristic impedance slow-wave systems.

3. Created meander microstrip slow-wave system mathematical model,
based on finite difference time domain method, for estimating the uniformity of
slow-wave systems marginal and terminal conductors effects on systems fre-
quency characteristics.

Practical value

Created analysis and synthesis calculation methodologies for the slow-
wave systems development and estimation inhomogeneities in system— mar-
ginal and terminal conductors influence on the slow-wave systems perform-
ance. Slow-wave systems frequency characteristics calculation algorithms
based on the multiconductor lines and finite difference time domain methods
were created, that allows reducing the duration of slow-wave system design
process. The resulting models and algorithms are implemented using C, C++
programming languages, Matlab® software package and is applicable to auto-
mated delay line design systems in order to increase the accuracy and to im-
prove the designed device performance.

Defended propositions

1. The developed meander microstrip delay line model based on the fi-
nite difference time domain method allows to evaluate the influence of the elec-
tromagnetic field scattering at the marginal and terminal conductors to the ana-
lyzed lines characteristics and revealed that the regular rods characteristic
impedance of meander can differ by more than 15 %.

2. The proposed multiconductor microstrip line synthesis algorithm al-
lows designing a line, which conductors characteristic impedances values vary
less than 1 %.

3. Meander microstrip delay lines, designed in accordance with a uni-
form characteristic impedance multiconductor line model, bandwidth is up to
20 % wider than the lines, designed in accordance with the periodic multicon-
ductor line model.

4. Signal propagation delay time difference in conductors of multicon-
ductor microstrip lines, operating in c-mode or z-mode, are less than 1 % over a
wide frequency range.



The scope of the scientific work

The dissertation consists of an introduction, four chapters and a summary.
The total scope of the dissertation — 128 pages, not including appendixes, 70
numbered formulae are used in the text, 53 pictures and 18 tables. Bibliography
consists of 115 literature sources.

1. Review of Slow-wave Devices Structures and Their Analysis Methods

Models, properties and applications of slow-wave systems are reviewed in
the first chapter. Problems which arise from the applications of slow-wave sys-
tems, also design and synthesis problems of slow-wave devices by analytical
and numerical methods are considered.

Microwave slow-wave devices have components whose dimensions are
the same or less in a row size as in these devices propagated electromagnetic
wave length. Therefore, the electrical characteristics of microwave device are
highly dependent on the structure dimensions and design, as well as on the sur-
rounding medium characteristics. Primary electrical parameters of these devices
are calculated from Maxwell’s equations, which describes electric and mag-
netic fields. Knowing some slow-wave device structure parameters it is possi-
ble to get the electrical parameters of the device by analysis (or modelling) over
a wide frequency range.

Analytical methods were used first to investigate early electromagnetic
slow-wave devices. These methods provide useful design information but have
very limited range of applications, because of their dependence on closed form
expressions. Numerical methods allow investigating complex structure slow-
wave devices, but they require large computational resources. To save compu-
tational recourses for the synthesis of meander delay line the combination of
multiconductor lines, finite difference and finite difference time domain
method can be used. In multiconductor line method it is assumed, what the
multiconductor line is periodical and infinite, therefore it is not taken into ac-
count the non-uniformity of delay line structure — marginal and terminal con-
ductors’ effects on systems frequency characteristics.

The study is focused on slow-wave systems and mainly on microstrip mul-
ticonductor and meander delay lines. The main goal of analysis of the slow-
wave systems is to determine its frequency and time characteristics — the char-
acteristic impedance and delay time versus frequency.

Characteristic impedance of the system can be found using the equation:

U(z,0)
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where U(z,®) and I(z,®) the voltage and current dependence on the fre-

quency at a given point z; @ — angular frequency.
Delay time frequency response is calculated as follows:
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where / — length of delay line; (p(a)) — phase frequency response; v; (a)) -

“w):@, 1, (0)= (2)

frequency response of wave phase velocity.

Modelling of slow-wave devices are useful for understanding the physical
processes in the devices, which allows for modifications of the existing designs
of the devices and to create new ones.

To the electrodynamic slow-wave devices investigation and applications
for the electronic devices problems solving have contributed professors S. Sta-
ras, R. Kirvaitis, R. Martavic¢ius, J. Skudutis, L. Nickelson, V. Urbanavi¢ius,
associated professors A. Gurskas, A. Jurjevas, V. Daskevi¢ius, R. Pamarnacki,
A. Katkevicius and others. In Lithuania professors Vainorius group of scientist
started slow-wave devices investigations, they created unified theory of slow-
wave devices analysis, also investigated and compared many slow-wave de-
vices characteristics and qualities. S. Staras investigated helical and meander
structures of slow-wave and deflection systems. R. Kirvaitis investigated elec-
trodynamic properties of delay lines. R. Martavi¢ius considered broadband pla-
nar slow-wave systems. V. UrbanaviCius investigated microstrip delay lines
using numerical methods. J. Skudutis and V. Dagkevicius applied the special-
ized software for investigation of helical and meander structures of slow-wave
systems.

The author of this dissertation has created a microstrip transmission, cou-
pled, multiconductor and meander delay line models using finite difference
time domain method and investigated the characteristics of these lines in a wide
frequency range. The author also investigated the non-uniformity effects of
meander microstrip delay lines marginal and terminal conductors to time and
frequency characteristics.

2. Development and Investigation of the Microstrip Line Model

In this chapter microstrip transmission line models, designed with two dif-
ferent numerical methods, were investigated in order to choose the method for
the synthesis of line structural parameters and to compare the accuracy of the
methods. Electrical parameters of microstrip lines models, based on finite dif-



ference and finite difference time domain methods, calculated and the obtained
results were compared with the other authors’ results.

Microstrip transmission lines are often used for matching the transmitter
and antenna, and to achieve this objective — characteristic impedance of the line
must be calculated. Microstrip transmission line is also widely used in filters,
dividers and other devices with a certain signal phase variations. In this case
effective permittivity of microstrip transmission line must be evaluated.

Finite difference iterative and sparse matrix techniques, also Gauss law of
induction and electric field energy concept were used for construction parame-
ters of microstrip transmission lines synthesis.

Using finite difference time domain method and sparse matrix technique,
potential distribution in cross section of microstrip transmission line are ob-
tained by solving linear equation system. This kind of calculation takes consid-
erably faster, when the iterative technique (Fig. 1).
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Fig. 1. Microstrip line analysis time dependence on analyzed area size and the method of
calculation

According to the finite difference time domain method the partial differen-
tial form of time dependent Maxwell's equations are approximated, using cen-
tral difference approximations, to calculate values of electric and magnetic
fields components at every point in a problem area for every increment of time.
For electromagnetic 3D field analysis of the microstrip transmission line
(Fig. 2), the Yee algorithm and uniaxial perfectly matching layer is used. In this
algorithm each field component depends on its value of the previous time step
and the surrounding components.

The proposed technique for analysis of dispersion of the microstrip trans-
mission line was investigated in the following order. Firstly, accuracy of the
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mathematical model, used in the proposed technique, was tested. Next, the dis-
persion characteristics of microstrip transmission lines with different microstrip
width and substrate dielectric constant were investigated.
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Fig 2. Microstrip line structure for analysis by finite difference time domain method
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Fig. 3. Effective permittivity of microstrip line, calculated by proposed model (solid
curves) and measured (dashed curves) in (Jain, Brown 1997) work dependency on

frequency, when g, =4.0; 4 =0.2 mm. Values calculated using the method of
moments are pointed by asterisks

The dispersion characteristics, calculated according to finite difference
time domain method, differ from measured and published by other researchers
(Fig. 3) no more than 3 %. Analysis of dispersion characteristics of multicon-
ductor transmission line reveals that dispersive properties are manifested in the
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greater degree in the case of microstrip transmission line with wide microstrips
and on substrates with the larger dielectric constant.

Microstrip transmission line analysis using finite difference method is
much faster than the finite difference time domain method with the same com-
puter configuration. Therefore, the finite difference method is more suitable for
the initial microstrip transmission lines structural parameters synthesis and the
finite difference time domain method more suitable for line analysis of these
structural parameters in wide frequency range.

3. Development and Investigation of the Multiconductor Microstrip Line
Model

In the third chapter mathematical models of coupled and multiconductor
microstrip lines are investigated and presented the results of the investigations.
Uniform and non-uniform characteristic impedance calculation and synthesis
methodologies are created.

Multiconductor microstrip line (Figure 4) is widely used in various mi-
crowave devices: filters, antennas, slow-wave systems and delay devices. In
periodic multiconductor microstrip line, consisting of equal width of signal
conductors, electromagnetic wave propagation speed of each conductor in the-
ory is the same as well as the characteristic impedance. This assumption lets
perfectly match sources and loads with multiconductor microstrip line. How-
ever, the actual multiconductor microstrip lines are fabricated from finite num-
ber of conductors — these lines are non periodic and electrical parameters of
these lines in general case are different.

/////

7/
! 7/
m/ﬁ A6

Fig. 4. Multiconductor microstrip structure for analysis: 1 — reference conductor;
2 — dielectric substrate; 3 — signal conductors; 4 — signal source; 5 — excitation area
(marked as straight, without side spread, electric field lines) in cross section;

6 — perfectly matching layer
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In created coupled and multiconductor line models a quasi-static approach
is applied, therefore in voltage and current calculations the longitudinal compo-
nents of electric and magnetic fields unestimated in higher frequencies. With
increasing frequency also increases longitudinal components and results uncer-
tainty. In order to lower the uncertainty of analysis, the longitudinal compo-
nents in coupled and multiconductor microstrip lines must be estimated.

Model verification was done by comparison of dispersion characteristics
of the multiconductor microstrip line, which operates in different modes, and
calculated using the proposed technique and measured by other authors (Figure
5). For these calculations three-conductors multiconductor microstrip line was
used, which geometry parameters are as follows: # = 0.635 mm; W, = 0.3 mm;
S;=0.2 mm; W, =0.6 mm; S, = 0.4 mm; ;= 1.2 mm; substrate ¢, = 9.8.

10 : T T
o — W, c-mode R
9.0}

e : -~ combined

8.0

Eref

7.0¢

6.0f

5.0 | | | | | | |
0 5 10 15 20 25 30 35 40

£ GHz

Fig. 5. Effective permittivity of three conductors multiconductor microstrip line
dependencies on frequency and on mode. Values calculated by other authors work
marked as crosses

Effective permittivity calculated according to proposed model differ from
measured and published by other researchers no more than 10 % in lower fre-
quency range and less in higher frequency range.

Due to dispersion and coupling effects delay time of each conductor is dif-
ferent and depends on the space between them. The largest time delay differ-
ence of the analysed multiconductor microstrip line is observed between out-
side and inside conductors. Analysis of dispersion and coupling effects of the
multiconductor microstrip line reveals, that coupling effect is greater when
space between conductors is narrower. Due to this effect time delay difference
of each conductor of the multiconductor microstrip line is greater when the
multiconductor microstrip line operates in hybrid mode.
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Fig. 6. Conductors characteristic impedance of multiconductor microstrip line based on
periodic multiconductor microstrip line (black color) and uniform characteristic
impedance (grey color) synthesis algorithms, when ¢, = 9.6; £ = 0.5 mm; W= 0.6 mm; S
=0.5mm; N=20

Two different multiconductor microstrip line synthesis algorithms were
created, which allows quickly find structural parameters of desired uniform and
non-uniform characteristic impedance. In figure 6 shown multiconductor mi-
crostrip lines characteristic impedance values of each conductor calculated with
uniform and non-uniform algorithms. Structural parameters acquired with these
algorithms can be used for designing meander microstrip delay lines.

4. Development and Investigation of the Meander Microstrip Delay Line
Model

In the fourth chapter two meander microstrip delay line models, based on
finite difference time domain method and multiconductor lines in combination
with finite difference method, were created and investigated their frequency
characteristics dependence on structural parameters. Proposed microstrip me-
ander delay line models analysis results are compared with the results obtained
using software packages CST Microwave Studio® and Sonnet®. The influence
of non-uniformity of the multiconductor microstrip line parameters on the re-
sponses of the meander microstrip delay line is investigated.

In order to match any transmission line, including the meander microstrip
delay line, with the remaining signal transmission path, impedances of the me-
ander microstrip delay line and the path must be equal. Designing the MMDL
according to the multiconductor line method, it is supposed, that the impedance
of all meander strips is uniform (identical) and their widths I are also identical.
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However, real meander microstrip delay lines have finite number of meander
strips, therefore inhomogeneity of an electric field takes place on the marginal
strips, resulting in different impedances of marginal and inner strips. The gen-
eralized structure of the microstrip meander delay line is presented in figure 7.
It consists of a dielectric substrate, on one side in which is a conductive layer,
and a meander shaped transmission conductor on the other side.

Vs
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Fig. 7. Structure of meander microstrip delay line: 1 — signal conductors; 2 — dielectric
substrate; 3 — reference conductor (shield)
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Fig. 8. Magnitude response of parameter S, with different height meander strips
of the meander microstrip delay line, which design parameters are following:
&=9.6; h=0.5mm; N=20

Proposed meander microstrip delay line model is verified by comparing
the calculated frequency characteristics of meander microstrip delay line with
similar characteristics obtained by analyzing the same topology models with
Sonnet® software package. Differences of pass band amplitude frequency char-
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acteristics of proposed meander microstrip delay line model and characteristics
obtained with Sonnet® software package are less than 2 dB and characteristic
impedance dependence on frequency differences — 4 %.

The performed calculations showed that the meander microstrip delay line
based on the model of the uniform impedance multiconductor microstrip line is
better matched with the transmission path and has a wider bandwidth than the
non-uniform impedance meander microstrip delay line (Figure 8). However,
delay time of the uniform impedance meander microstrip delay line due to the
fact that the electromagnetic wave propagates in them faster is always slightly
less than the delay time of the non-uniform impedance meander microstrip de-
lay line.

General Conclusions

1. Proposed microstrip transmission line, coupled microstrip line and
multiconductor microstrip line models, based on finite difference and finite-
difference time domain method, allows to study regular and irregular meander
microstrip delay lines, consisting of a finite number of strips. The adequacy of
the models is verified by comparing the electrical parameters obtained from
proposed models and from other authors provided similar parameter values
measurements.

2. Computer experiments shown that created meander microstrip delay
line models, based on the finite difference time domain method allow to evalu-
ate the electric field scattering in conductors and nature of change of electrical
parameters in a wide frequency range.

3. Computer studies have shown that c-mode and 7z-mode normal waves
cannot propagate at the same time in certain multiconductor microstrip line
structure, only one of the two normal wave modes can propagate. Therefore,
uniform characteristic impedance multiconductor microstrip line can be synthe-
sised only in one excitation mode.

4. Computer experiments shown that uniform characteristic impedance
multiconductor microstrip line synthesis algorithm allows to design a line,
which characteristic impedances of signal conductors differs less than 1 % and
this allows to get meander microstrip delay line with 20 % wider bandwidth, in
comparison with meander microstrip delay line designed with non-uniform
multiconductor microstrip line model.

5. Studies have shown that external multiconductor microstrip line con-
ductors have greater impact on multiconductor microstrip line equality of char-
acteristic impedance and to better align meander microstrip delay line with the
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signal transmission path, it is enough to change only the marginal meander
strips width.

6. Created uniform characteristic impedance multiconductor microstrip
line synthesis algorithm based on the finite difference method and sparse matrix
technique allows to speed up design process of the meander microstrip delay
line several times in comparison with algorithms based on finite difference
method and iterative technique.
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MIKROJUOSTELINIU LETINIMO SISTEMU TYRIMAS
DAZNINIAIS IR LAIKO SRITIES METODAIS

Mokslo problemos aktualumas

Létinimo sistemos (LS) placiai taikomos jvairios paskirties mikrobangy
jtaisuose: antenose, filtruose, faziniuose keitikliuose ir $akotuvuose, vélinimo
linijose, analoginio signaly apdorojimo jtaisuose ir kt. Siose sistemose dazniau-
siai taikomos spiralinés arba meandrinés sandaros LS, kuriy tyrimui taikomi
analitiniai, skaitiniai arba hibridiniai metodai.

Létinimo sistemy projektavimas prasidéjo nuo analitiniy metody panaudo-
jimo, t. y. grandiniy ir ilgyjy linijy teorijos taikymo ir nuo XX a. aStunto de-
Simtmecio, atsiradus didiesiems kompiuteriams (angl. mainframe computers),
prasidéjo intensyvesni LS tyrimai. Analitiniais metodais buvo nagrinéjamos
paprastesnés LS konstrukcijos, be to nebuvo atsizvelgiama j daugelj fizikiniy
veiksniy. Sukurti skaitiniai metodai leidzia nagrinéti sudétingy konstrukcijy LS,
taciau, dél mazy tuometiniy skaiciavimo pajégumy, ilga sprendimo trukmé lei-
do analizuoti tik palyginti mazas, nesudétingas struktiiras. Siy struktiiry analizé
leido sukurti naujus modelius ir skaitinius metodus, leidzian¢ius greiiau ir tiks-
liau jvertinti LS charakteristikas. Pirmieji komerciniai elektromagnetiniy lauky
sprendimo ir LS projektavimo programy paketai sukurti po keliy deSimtmeciy,
paplitus darbo stotims ir asmeniniams kompiuteriams. XX a. pabaigoje spartes-
ni kompiuteriai ir efektyvesné programiné jranga leido optimizuoti planarines
LS struktiras. Pastaraisiais metais LS analizei bei sintezei pradéti taikyti hibri-
diniai metodai — keliy metody kombinacijos (dirbtiniy neurony tinkly, nerai$-
kiosios logikos, analitiniy ir skaitiniy metody).

Tenkinant telekomunikacijy, signaly apdorojimo ir kity mokslo ir pramo-
nés sri¢iy poreikius nuolat kuriamos naujos elektronines sistemos veikiancios
vis aukstesnio daznio radijo bangy diapazone, dél Sios prieZasties btina tobu-
linti LS ir jy strukttiry modelius. Kuriant naujus LS modelius biitina atsizvelgti
i Siose sistemose taikomy létinimo itaisy (LI) konstrukcijy netolygumus, dél
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kuriy susidaro nepageidaujami signaly atspindziai, kuriy pasekmé — siauréja
létinimo sistemos ir viso jtaiso, kuriame jos naudojamos, darbo dazniy sritis.
Todél tikslinga ieskoti naujy létinimo sistemy konstrukcijy, leidzianciy praplés-
ti darbo dazniy sritj bei sumazinti §ioje sistemoje esancius nepageidaujamus
signaly atspindzius.

Skai¢iavimo technikos pajégumai ir galimybés nuolat didéja, taciau esa-
mos LS analizés bei sintezés metodikos ir algoritmai neleidzia greitai ir efekty-
viai surasti létinimo sistemy parametrus. Todél yra aktualu ieSkoti naujy auto-
matizuoto létinimo sistemy analizés bei sintezés metody, leidzian¢iy sumazinti
$iy sistemy projektavimo trukme.

Tyrimy objektas
Darbo tyrimy objektas — daugialaidziy ir meandriniy mikrojuosteliniy lini-
ju matematiniai modeliai.

Darbo tikslas

Sio darbo tikslas — sukiirus modelius, gristus baigtiniy skirtumy laiko sri-
ties metodu, istirti galiniy ir kratiniy laidininky netolygumy jtaka meandriniy
mikrojuosteliniy vélinimo linijy laiko ir daznio charakteristikoms, pasitlyti
meandriniy vélinimo linijy konstrukcijy tobulinimo priemones.

Darbo uZdaviniai

Tikslui pasiekti darbe reikia spresti §iuos uzdavinius:

1. Sudaryti modelius ir istirti pavienés, susietyjy ir daugialaidziy mikro-
juosteliniy linijy laiko ir daznines charakteristikas, taikant baigtiniy skirtumy
bei baigtiniy skirtumy laiko srities analizés metodus.

2. Sudaryti tolygios buidingosios varzos daugialaidziy mikrojuosteliniy
linijy sintezés ir meandriniy mikrojuosteliniy vélinimo linijy analizés algorit-
mus bei jy laiko ir dazniniy charakteristiky skai¢iavimo metodikas.

3. Imitaciniy skai€iavimy biidu patikrinti sitilomy LS parametry skaicia-
vimo metody veiksminguma ir efektyvuma.

Tyrimy metodika

Darbe taikomi elektrodinaminio uzdavinio sprendimo metodai, pritaikyti
létinimo sistemy analizei ir sintezei — tai daugialaidziy linijuy, skaitiniai laiko ir
daznio srities metodai. LS kompiuteriniai modeliai ir sukurtieji algoritmai jgy-
vendinti naudojant programavimo kalba C, C++, taip pat taikant programy pa-
keta Matlab® bei specialios paskirties programy paketus CST Microwave Stu-
dio® ir Sonnet®.
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Mokslinis naujumas

Rengiant disertacija buvo gauti Sie elektros ir elektronikos inZinerijos
mokslui svarbiis nauji rezultatai:

1. Sukurti baigtiniy iSmatavimy mikrojuosteliniy perdavimo struktiiry
modeliai, gristi baigtiniy skirtumy ir baigtiniy skirtumy laiko srities metodais,
bei iStirtos $iy struktiiry elektrinés charakteristikos placiame dazniy ruoze.

2. Taikant daugialaidziy linijy, baigtiniy skirtumy ir baigtiniy skirtumy
laiko srities metodus, sukurti ir jgyvendinti algoritmai, leidziantys istirti meand-
riniy létinimo sistemy galiniy laidininky jtaka dazninéms charakteristikoms,
kuriy rezultatai panaudoti meandrinés tolygios biidingosios varzos LS sintezei.

3. Sudarytas meandrinés mikrojuostelinés létinimo sistemos matematinis
modelis, gristas baigtiniy skirtumy laiko srities metodu, leidziantis jvertinti LS
krastiniy ir galiniy laidininky netolygumy jtaka sistemos dazninéms charakte-
ristikoms.

Praktiné verté

Sudarytos analizés ir sintezés skai¢iavimo metodikos, leidzian¢ios projek-
tuoti létinimo sistemas, jvertinant sistemose esancius netolygumus — galiniy ir
krastiniy laidininky jtaka LS savybéms. Sudaryti daugialaidziy linijy bei baigti-
niy skirtumy laiko srities metodais grjsti létinimo sistemy dazniniy charakteris-
tiky skai¢iavimo algoritmai, leidziantys sumazinti LS projektavimo proceso
trukme. Sudarytieji modeliai ir pasidilytieji algoritmai jgyvendinti naudojant C,
C++ programavimo kalbas bei programy sistema Matlab® ir yra taikytini auto-
matizuotose vélinimo linijy projektavimo sistemose, siekiant padidinti analizés
tiksluma ir pagerinti projektuojamy jtaisy charakteristikas.

Ginamieji teiginiai

1. Sudarytasis meandrinés mikrojuostelinés vélinimo linijos modelis,
gristas baigtiniy skirtumy laiko srities metodu, leidzia jvertinti elektromagneti-
nio lauko sklaidos krastiniuose ir galiniuose laidininkuose jtaka analizuojamy
linijy charakteristikoms ir atskleidé, kad galiniy ir reguliariosios srities strypy
biidingoji varza gali skirtis daugiau negu 15 %.

2. Pasitilytasis daugialaidziy mikrojuosteliniy linijy sintezés algoritmas
leidzia suprojektuoti linija, kurios signaliniy laidininky budingosios varzos ver-
tés skiriasi maziau negu 1 %.

3. Meandrinés mikrojuostelinés vélinimo linijos, suprojektuotos pagal to-
lygios biidingosios varzos daugialaidés linijos modelj, pralaidumo juosta iki
20 % platesné negu linijos, suprojektuotos pagal periodinés daugialaidés linijos
modelj.
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4. Daugialaidés mikrojuostelinés linijos, veikian€ios sinfaziniy arba
priesfaziniy normaliyjy bangy rezimu, visais laidininkais sklindanc¢iy signaly
velinimo trukmé skiriasi maziau negu 1 % plac¢iame dazniy diapazone.

Darbo apimtis

Darbo apimtis yra 128 puslapiai, tekste panaudota 70 numeruoty formuliy,
53 paveikslai ir 18 lenteliy. Rasant disertacija buvo panaudota 115 literatiiros
Saltiniy.

Pirmajame skyriuje pateikiama literatiiros analiz¢, aptariamos létinimo sis-
temy taikymo sritys. Analizuojama létinimo jtaisy projektavimo ir sintezés ana-
litiniais, skaitiniais metodais problema. Aptariamas autoriaus indélis i nagriné-
jamos problemos sprendima. Skyriaus pabaigoje formuluojamos iSvados ir
tikslinami disertacijos uzdaviniai.

Antrajame skyriuje parenkami mikrojuosteliniy linijy konstrukciniy para-
metry sintezei naudojami metodai. Sudaromos elektriniy parametry skaiciavi-
mo metodikos ir pateikti tyrimo rezultatai.

Treciajame skyriuje tiriamos susietyjy ir daugialaidziy mikrojuosteliniy li-
nijy matematiniai modeliai, pateikiami tyrimo rezultatai. Sudaromos tolygios ir
netolygios biidingosios varzos skai¢iavimo ir sintezés metodikos.

Ketvirtajame skyriuje parodoma daugialaidés mikrojuostelinés linijos lai-
dininky parametry netolygumo jtaka meandrinés mikrojuostelinés veélinimo
linijos charakteristikoms.

Bendrosios isvados

1. Pasitlyti mikrojuostelinés perdavimo linijos, susietyjy mikrojuosteli-
niy linijy ir daugialaidziy mikrojuosteliniy linijy modeliai, grjsti baigtiniy skir-
tumy ir baigtiniy skirtumy laiko srities metodais, leidzia tirti reguliarias ir nere-
guliarias meandrines mikrojuostelines vélinimo linijas, sudarytas i§ baigtinio
strypy skai€iaus. Sudaryty modeliy adekvatumas patikrintas lyginant sudarytais
modeliais gautas elektriniy parametry vertes su kity autoriy pateiktais analogis-
ky parametry matavimy vertémis.

2. Kompiuteriniais eksperimentais parodyta, kad sudarytieji meandrinés
mikrojuostelinés vélinimo linijos modeliai, gristi baigtiniy skirtumy laiko srities
metodu, leidzia jvertinti elektrinio lauko sklaida laidininkuose ir elektriniy pa-
rametry ties laidininkais kitimo pobtidj pla¢iame dazniy diapazone.

3. Kompiuteriniai tyrimai parodé, kad sinfaziné ir prie$faziné normalio-
sios bangos negali sklisti vienu metu tam tikros konstrukcijos daugialaide mik-
rojuosteline linija, galimas tik vienas i§ dviejy darbo rézimy. Taigi tolygiosios
biidingosios varzos daugialaidé mikrojuosteliné linija gali biiti susintezuota tik
vienam suzadinimo biidui.
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4. Kompiuteriniais eksperimentais parodyta, kad tolygios bitidingosios
varzos daugialaidziy mikrojuosteliniy linijy sintezés algoritmas leidzia supro-
jektuoti linija, kurios signaliniy laidininky btidingosios varzos vertés skiriasi
maziau negu 1 %, o tai leidzia gauti meandring mikrojuosteling vélinimo linija,
kurios pralaidumo juosta iki 20 % platesné nei linijos, suprojektuotos pagal
periodinés daugialaidés linijos modelj.

5. Tyrimai parodé, kad iSoriniai daugialaidés mikrojuostelinés linijos lai-
dininkai daro didziausia jtaka daugialaidés mikrojuostelinés linijos biidingosios
varzos tolygumui ir, norint geriau suderinti meandrine mikrojuosteling vélinimo
linija su signalo perdavimo traktu, uztenka keisti tik iSoriniy meandro strypy
ploti.

6. Sudarytas tolygios budingosios varzos daugialaidés mikrojuostelinés
linijos sintezés algoritmas, paremtas baigtiniy skirtumy metodo ir susietyjy
matricy budu, leidzia paspartinti meandrinés mikrojuostelinés vélinimo linijos
projektavima kelis kartus lyginant su algoritmais, gristais baigtiniy skirtumy
metodu ir iteraciniu skaic¢iavimo biidu.
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