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Introduction

The formulation of the problem
Nowadays there is a tendency to use the new functional materials for micro-
wave electronic devices. Based on materials functionality the microwave de-
vices with the specific characteristics are created. The artificially created meta-
materials and the broad-bandwidth semiconductor materials, for example SiC,
are the modern and widely used.

The SiC waveguides operating at the microwave frequency range can be
used at the high temperature, high power and the high radiation conditions. The
SiC material has better properties, compare with silicon, and suitable for the
high power electronics. The technology potential of the metamaterials is very
large today. The proposed metamaterials with the exclusive electrodynamical
properties, like those of the effective permittivity and permeability, which both
can be negative at the same time, can help us to overcome number of technical
obstacles appearing while using regular materials for microwave applications.
We should pay attention at the fact that the permittivity and permeability of
mentioned materials are complex numbers with sufficiently large imaginary
parts. For detailed investigation of the SiC waveguides and waveguides made of
metamaterials needs to create the approbated algorithms for calculations of
waveguide structures made of materials with large losses. In addition, one needs
to analyze the solution of the Helmhotz equation with certain boundary condi-
tions in the situation when the materials are characterized by the anomalous
dispersion.

The topicality of research

A number of scientific works describing the EM wave propagation through the
metamaterial waveguides with intricated shapes of the cross-sections, i. e. circu-
lar, square or more complicated shapes, is limited.

The number of scientific works analyzing the SiC waveguides is also lim-
ited. The main reason that even in modern research-laboratories, to investigate
experimentally the large-loss making materials and their properties dependence
upon temperature is difficult.

This work proposes results of simulation of the dispersion characteristics
and electromagnetic field distributions in the 2D open SiC and metamaterial
waveguides. Our calculations are in good agreement with many results from
published scientifical sources, including and experimental results. Numeric val-
ues of the complex permittivity and permeability have been taken from the ex-
perimental data of other authors. Our results are new and original. Similar in-
vestigations have not been made by other authors.



The object of the research
The object of the research is the waveguide made of absorptive materials.

The aim of the work — to find the peculiarities of the electrodynamical charac-
teristics and to define the areas of their applications in the microwave devices.

The tasks of the work

1.

To create the algorithms and to fulfil the electrodynamical analysis of
the open waveguides, made of modern materials (SiC, metamaterial)
with anomalous dispersion and very high losses. The electrodynamical
analysis is based on calculations of the dispersion characteristics and
electromagnetic field distributions. The Maxwell’s equations are
solved rigorously and all the boundary conditions are satisfied.

To create algorithms and to fulfil the investigations of the 2D and 3D
electric and magnetic field distributions of the guided modes.

To analyze the dispersion characteristics of the main and the first-
higher modes propagating in the investigated waveguides.

Methodology of research

The Singular Integral equations’, the partial area methods were used. These
methods allow us to solve boundary problems. The Muller’s method was used
in order to find the complex roots of the dispersion equations. The computer
algorithms were created in Matlab.

Scientific novelty

1.

The algorithms for calculations of the dispersion characteristics and
electromagnetic field distributions of the modes propagating in the
waveguides made of materials absorbing energy and having the
anomalous dispersion were created and presented in current work. In
the last case the problem solution is modified. We have found out that
the two dimensional problem solution in the frequency range with the
anomalous dispersion does not agree with the solution in the fre-
quency range with the normal metamaterial dispersion. The problem
solution was found when all the elctrodynamical conditions were sat-
isfied, including condition at the waveguide edge (for waveguides
having edges) and at the infinity, i. e. the components of the electro-
magnetic field approached to the zero at the infinity.

We have found out that the slow and fast modes are the same analyz-
ing the number of the electric field variations by the waveguide radius.
It is important classifying the waveguide modes.



3. The construction of the modulator was created on the basis of the SiC
waveguide electrodynamical characteristics (the Lithuanian patent Nr.
5710).
Practical value

The obtained research results can be useful for creating of the microwave elec-
tronic devices, for example, filters, modulators, phase shifters, absorbers. The
created algorithms are useful in order to investigate the absorptive material
waveguides of the complicated cross-shapes.

Defended propositions

1.

The created algorithms can be used for calculation of the dispersion
characteristics and 2D and 3D distributions of EM field in the rectan-
gularly and circularly shaped waveguides made of semiconductors
and metamaterials absorbing the EM waves. All the boundary condi-
tions are satisfied.

The EM wave signals of narrow 2.5 GHz frequency range propagat-
ing along the open metamaterial waveguides (» = 2.5 mm) are ab-
sorbed. The losses of the EM wave propagating through the band-stop
filter at the passing frequency range (75-100, 102.5-115 GHz) are
100 times less than losses at the absorbing frequency range (100—
102.5 GHz).

The losses of the rectangular SiC waveguide with the side of the
cross-section equal to 27 are 2.5 times smaller than losses of the circu-
lar SiC waveguide with radius ». The main reason of the small losses
at the rectangular SiC waveguides is the increased concentration of
the EM field of the guided wave at the waveguide edges and outside
the waveguide. By this reason the major part of the EM energy propa-
gates outside the waveguide and the value of losses decreases.

The losses of the circular SiC waveguide stay constant at the
30-70 GHz frequency range. The phase of the EM wave may be regu-
lated changing the temperature from 500 till 1500 °C. Such wave-
guide may be used creating the modern modulators, phase shifters or
other elements of the microwave technique in order to transfer the EM
waves with the smallest losses.



The scope of the scientific work

The scientific work consists of the general characteristic of the dissertation, 3
chapters, conclusions, list of references, list of author’s publications. The total
scope of the dissertation is 94 pages, 35 pictures, 5 tables.

1. The rigorous solution of the electrodynamical boundary problem
if there are waveguide regions filled with the absorbing materials.
The analysis of literature.

A number of scientific works describing the EM wave propagation
through the metamaterial waveguides with intricated shapes of the cross-
sections, i. e. circular, square or more complicated shapes, is limited. The 1D
waveguides are researched by Alu, Kim.

The number of scientific works analyzing the SiC waveguides is also limi-
ted. The main reason that even in modern research-laboratories, to investigate
experimentally the large-loss making materials and their properties dependence
upon temperature is difficult.

The expressions of all the electric field components which satisfy the
boundary conditions by all the waveguide contours dividing the different wave-
guide materials are presented below. We apply the Krylov-Bogoliubov method
whereby the contour L is divided into n segments and the integration along a
contour L is replaced by a sum of integrals over the segments j=1...n. The ex-
pressions of all electric field components for the area S (the inner area of coun-
ter L) and S (the outer area of counter L) are presented below:

n
Ef =X wi(sp) [ H (ir)ds (1)
j=1 AL
-_r ) -
E; =2 He(sj) [ Hy™ (k1 r)ds 2)
= AL

t_ S 2\ Vs

(£) =-ingS o (k111 3 (wi6)) | O 12200
J=1 AL r

3)

win (ki) {kIZ(Mg(Sj))I 1P )50 ds}- HOKT 000t 5
J=1 AL r (kI)




o) =l 12§ oz ) P

“4)
-iuou§ico/ (ki)z{ki > (g (55)) 1 P i ds]
= AL
2p0u§i wcosd 4
S T
f
() ~-ingnto/ () {k;jfl(m} () ) Hfz)(kmys;—,yods]
(&)
+ih/(kj_ )2 {kj_ i (u'e(sJ ) [ H(z)(k' ) xO ds] 2popr w200s9 b (si)
J=1 ki
(&) —-ih/(kl)z {/& (pe(s ))AJLHfz)(kir')yS;—,yods]
Q)

2 n
. - - - 2) - . Xg-X
-inont of (kL) [ K1 X (whisi)) | HP i)™= ds
Jj=1 AL r
2uoud wcosd .
+ RO i)
k1
Here p (s;) and p,(s;) are functions at the same contour point are dif-
ferent for the field components in the areas S and S, i.e. (s;) # W, (s;) . The
magnitude H” is the Hankel function of the zeroth order and of the second

kind, H® is the Hankel function of the first order and of the second kind. Here



complex magnitudes & =.k’eW°-n* and k; =K -k’c'n’ are the

transversal propagation constants of the SiC medium in the area S* and in the
air area S, correspondingly. Here /7= h'-ih" is the complex propagation con-
stant where /' is the phase constant and /" is the attenuation constant (wave-
guide losses). The magnitude £ is the wave number in a vacuum. The segment
of the contour L is AL=L/n, where the limits of integration in the formulae (1-
6) are the ends of the segment AL. The angle 6 is equal to g-90° with g from 1
till 4, if the contour of the waveguide cross-section is a rectangular one, as a
result can be cos =+1 and sin 6==1 in the formula (3-6).

We can obtain the transversal components of the magnetic field H, and H,
using SIE method in the form analogical formulae (1)—(6).

After we know all EM wave component representations in the integral
form we substitute the component representations to the boundary conditions.
We obtain the homogeneous algebraic equations’ system with the unknowns
HLGS,) s e (s,) s witsy) and s, ).

The condition of solvability is obtained by equalizing the determinant of
the complex system to zero. The roots of the system let us to determine the
complex propagation constants of the main and higher modes of the waveguide.
For finding the complex roots of the complex determinant we have used the
Miiller’s method. Miiller's method uses 3 initial guesses xo, x;, x, and deter-
mines the intersection with the x axis of a parabola. Note that this is done by
finding the root of an explicit quadratic equation. After obtaining the propaga-
tion constant of some required mode the determination of the electric and mag-
netic fields of the mode becomes possible. For the correct formulated problem
the solution is one-valued and stable with respect to small changes of the coef-
ficients and the contour form.

2. The electrodynamical analysis of the circular waveguides

We analyze the circular metamaterial waveguide. Its radius is 2.5 mm. The
dispersion characteristics are presented in Fig. 1. The main mode is denoted
with points and the first higher one — with circles. In Fig. 1 (a) we see that the
dependences of the normalized phase constants upon frequency are smooth,
except the distortions of lines observed at 97—102 GHz frequency range.

In Fig. 1 (b) we see that the losses of the main mode are the largest when
the frequency is 101.25 GHz.

We analyze the circular SiC waveguide with radius 3 mm at temperature



7=1000 °C . The permittivity of the SiC material at this temperature is €, = 7-i,
when the EM wave frequency is /= 11 GHz. The dependences of the phase
constants and losses upon frequency are presented in Fig. 2.

The dispersion characteristics of the main and the first higher modes prop-
agating in the circular SiC waveguide with radius 2.5 mm at three different
temperatures are presented in Fig. 3.

The permittivity of the SiC material at =11 GHz is g, = 6.5-i0.5, when
T=500 °C, g, = 7-i, when T=1000 °C and ¢, = 8-i2, when 7=1500 °C. The val-
ue of the phase constant increases when the frequency increases (see Fig. 3).
Comparing the dependences of the phase constants upon frequency we see that
the larger temperature the larger values of the phase constants are.
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Fig. 1. The dispersion characteristics of the circular waveguide made of metamaterial:
(a) — the dependences of the normalized propagation constants upon frequency; (b) — the
dependences of the attenuation constants (losses) upon frequency. The main mode is
denoted by points and the first higher mode by circles

The losses of the EM wave increase when the temperature increases. When
the frequency is larger than 20 GHz, the losses are close to constant. The got
results are useful creating the modern signal modulators and phase shifters. The
amplitude of the EM wave does not change modifying the frequency, because
the losses are closed to constant.
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Fig. 2. The dispersion characteristics of the propagating wave in the SiC waveguide:
(a) — dependences of the phase constants; (b) — dependences of the attenuation constants
(i.e. losses) upon frequency. The main mode is denoted by the point symbols, the first
higher mode — by the circles, the fast mode — by the triangles
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Fig. 3. The dispersion characteristics of the main mode of the circular SiC waveguide:
(a) — dependences of the normalized phase constant upon frequency at temperature
500 °C (solid line with crosses), 1000 °C (solid lines with black points) and 1500 °C
(solid line with circles); (b) — losses calculated for the same temperatures.

Comparing the metamaterial waveguides with different radiuses, we see
that the metamaterial waveguide with radius » = 2.5 mm is more useful for crea-
tion of the filter than the metamaterial waveguide with radius » = 2 mm. The
losses of the first higher mode propagating in the waveguide with smaller radius
change chaotically. Thus the main mode could be modulated.



3. The electrodynamical analysis of the rectangular waveguides

The dispersion characteristics of the rectangular SiC waveguide
(6 x 6 mm?) at the temperature 7= 1000 °C are presented in Fig. 4.
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Fig. 4. Dispersion characteristics of the main and the first-higher modes of the SiC
waveguide with the square (6 x 6 mm?) cross-section: (a) — the phase constants and
(b) — the attenuation constants (losses) upon frequency dependences. The main mode is
denoted by line connected points and the first-higher-mode is denoted by
line-connected-circles.

The dispersion characteristics of the main and the first higher mode propa-
gating in the rectangular SiC waveguide are presented in Fig. 4. The losses of
the main and the first higher modes are not the monotonically changeable func-
tions (see Fig. 4). When the EM wave frequency is /< 30 GHz, the losses of the
main mode are larger than the losses of the first higher mode. When the fre-
quency is 30 GHz < f'< 40 GHz, the losses of the both modes are almost the
same. When the frequency is /> 40 GHz, the losses of the both modes change
in a different manner. The main is the hybrid mode HE;; and the first higher
mode is the EH,; mode.

Comparing the losses of the circular waveguide (» = 3 mm), made of SiC,
with losses of the rectangular waveguide, we see that the losses of the modes
propagating in the rectangular waveguide are smaller.

General conclusions
1. The open waveguides on the basis of absorptive materials with differ-

ent shapes of the cross-section can be investigated using the created
computer algorithms. We are able to calculate the dispersion character-



istics and 2D and 3D electromagnetic field distributions—These results
can be very useful constructing the waveguide device.

2. The created computer algorithms were used investigating the wave-
guides made of the new materials. i. e. metamaterials, SiC. The got re-
sults are in good agreement with the well known electrodynamical
laws. By this way the created computer software could be used inves-
tigating waveguides made of different materials.

3. The circular metamaterial waveguides (» = 2 mm, » = 2.5 mm) could
be used as filters. However the losses of the first higher mode propa-
gating in the waveguide with the smaller radius change in an irregular
manner. By this reason the main mode could be modulated in the
smaller waveguides.

4. The circular SiC waveguide (» = 2.5 mm) could be used as modulator.
The wave phase could be modulated changing the temperature of the
waveguide.

5. Changing the dimensions of the periodical waveguide, i.e. the dimen-
sions of the air holes and their dimensions, we can reach the suitable
electrodynamical characteristics of the waveguide, i.e. the dispersion
characteristics and electromagnetic field distributions.
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ELEKTROMAGNETINIU LAUKU IR DISPERSINIU
CHARAKTERISTIKU SKAICIAVIMAI ATVIRUOSIUOSE
BANGOLAIDZIUOSE IS SPINDULIUOTE SUGERIANCIU
MEDZIAGU

Problemos formulavimas
Naujy medziagy pagrindu kuriami naujos kartos elektroniniai jrenginiai, turin-
tys novatorisky specifiniy charakteristiky. Prie moderniausiy ir placiai taikomy
medziagy priskirtinos dirbtinai sukurtos metamedziagos ir puslaidininkiy
medziagos su placia draudziamosios energijos juosta, pvz. silicio karbida (SiC).
SiC bangolaidziai, veikiantys mikrobangy dazniy ruoze, gali biiti taikomi,
esant auk$ty temperatiiry, dideliy galiy, auk$tos radiacijos salygoms. SiC
medziaga turi labai geras savybes, tinkancias auksty galiy elektronikai, lyginant
su silicio medziaga. Siandieninis metamedziagy technologinis potencialas —
labai didelis. Unikalios metamedziagy elektrodinaminés savybés, tokios kaip
neigiamos efektinés dielektriné ir magnetiné skvarbos, gali pakeisti bangolai-
dziuose naudojamas Siuolaikines medziagas, kuriy technologija ir sudétinga ir
santykinai brangi superaukstyjy ir ypa¢ aukstyju dazniy diapazonuose. Reikia
atkreipti démesi i tai, kad minéty medziagy dielektriné ir magnetiné skvarbos
yra kompleksiniai skai€iai, kuriy menamosios dalys gali bati labai didelés.
Bangolaidziy, i§ minéty medziagy, elektrodinaminei analizei reikia turéti gerai
aprobuotus algoritmus, kurie jvertina EM bangu nuostolius medziagose, o taip
pat atsizvelgia | Helmholtzo lygties sprendinius.

Darbo aktualumas

Straipsniy, kuriuose nagriné¢jamas EM (elektromagnetinés) bangos sklidimas
sudétingos skerspjiivio formos, pvz. apskritosios, statiakampés, metamedziagi-
nése struktiirose, skaiCius Siandien ribotas.

Darby, susijusiy su SiC bangolaidziy skai€iavimais, nedaug. Pagrindiné
eksperimentiniy tyrimy problema — intensyvi EM bangy sugertis bangolai-
dziuose ir sugerties priklausomybé nuo temperatiiros.

Daugelio 2D atviryjy SiC ir metamedziagos bangolaidziy dispersiniy cha-
rakteristiky ir EM lauky pasiskirstymai prof. L. Nickelson ir T. Gric skai¢iuo-
jami jau nuo 2006 mety. Skai¢iavimy rezultatai labai gerai sutampa su eksperi-
mentiniais rezultatais. Siame disertaciniame darbe medziagy kompleksiniy san-
tykiniy dielektrinés ir magnetinés skvarby eksperimentinés reik§més, priklau-
san¢ios nuo daznio ir temperatiiros, buvo imamos i§ kity autoriy publikuoty
moksliniy darby. Pagal turimus duomenis atlikti bangolaidziy skaitiniai tyrimai
yra unikalds ir nebuvo atlikti kity mokslininky.



Tyrimy objektas — bangolaidziai, pagaminti i§ EM spinduliuot¢ sugerian¢iy
medziagy.

Darbo tikslas — nustatyti atviryjy bangolaidziy elektrodinaminiy charakteristiky
ypatumus ir nurodyti ty ypatumy pritaikymus naujos kartos mikrobanginés te-
chnikos jrenginiuose.

Darbo uidaviniai

1. Sukurti algoritmus ir atlikti atviryjy (neekranuoty) bangolaidziy,
pagaminty i moderniy medziagy, tokiy kaip SiC ar metamedziaga, ir
pasizymin¢iy anomaliaja dispersija ir stipria EM bangu sugertimi,
elektrodinaming analiz¢. Suskai¢iuotos dispersinés charakteristikos ir
EM lauky pasiskirstymai yra tiriami, kai Maxwello lygtys
sprendziamos tenkinant visas krastines salygas.

2. Sukurti algoritmus ir atlikti EM bangy, sklindan¢iy atviraisiais
bangolaidziais, mody 2D ir 3D elektriniy ir magnetiniy lauky tyrimus.

3. I3analizuoti EM bangy pagrindiniy mody ir pirmujy auk$c¢iausiyju
mody, sklindan¢iy tiriamaisiais = bangolaidziais, dispersines
charakteristikas.

Tyrimy metodika

Siekiant iSspresti elektrodinaminius uzdavinius, darbe buvo taikomas Singuli-
ariyjy integraliniy lygciy metodas, daliniy sri¢iy metodas. Pastarieji metodai
leido i8spresti ribines uzduotis. Siekinat surasti dispersiniy lyg¢iy kompleksines
Saknis buvo naudojamas Mullerio metodas. Kompiuteriniai algoritmai buvo
kuriami Matlabo aplinkoje.

Mokslinis naujumas

1. Darbe pasitlyti dispersiniy charakteristiky ir elektromagnetiniy lauky
pasiskirstymy skai¢iavimy algoritmai, kuriais istirti bangolaidziai,
pagaminti i§ medziagy, pasizyminéiy jvairaus stiprio spinduliuotés
sugertimi ir anomaliaja dispersija. Nustatyta, jog dvimacio uzdavinio
sprendinys dazniy ruoze, kuriame pasireiskia anomalioji
metamedziagos dispersija, nesutampa su sprendiniu dazniy ruoze,
kuriame pasireiskia normalioji metamedziagos dispersija. Sprendinys
buvo surastas, kai tenkinamos elektrodinaminés salygos bangolaidzio
briaunoje ir begalybéje, t. y., kai elektromagnetinio lauko dedamosios
begalybéje artéja prie nulio.

2. Nustatyta, kad létosios ir greitosios modos yra lygiavertés atzvilgiu
elektriniy lauky variaciju pagal bangolaidzio spinduli, t. y. variacijy



pagal bangolaidzio spindulj skai¢ius nepriklauso nuo to, ar moda yra
greitoji, ar létoji. Gautasis rezultatas svarbus, klasifikuojant
bangolaidziy modas.

Gauty SiC bangolaidziy elektrodinaminiy charakteristiky pagrindu
buvo sukurta moduliatoriaus konstrukcija ir paskelbtas Lietuvos Re-
spublikos patentas Nr. 5710.

Praktiné verté

Darbe gauti rezultatai gali biiti naudojami siekiant sukurti bangolaidinius jren-
ginius, pavyzdziui, filtrus, moduliatorius, fazés suktuvus, sugériklius. Sukurtus
algoritmus galima naudoti, norint tirti bet kurios skerspjivio formos bango-

laidZius.

Ginamieji teiginiai

1.

Sukurtais skaitmeniniais algoritmais galima suskai¢iuoti staciakampio
gretasienio ir apskrito skerspjiiviy formy bangolaidziy, pagaminty i$
EM bangas sugerian¢iy puslaidininkiy ir metamedziagy, dispersines
charakteristikas ir 2-D bei 3-D EM lauky pasiskirstymus, iskaitant vi-
sas uzdaviniy krastines salygas.

Atvirasis apskritasis metamedziagos bangolaidis (» = 2,5 mm) slopina
siauros (2,5 GHz) dazniy juostos EM bangy signalus. EM bangy skli-
dimo nuostoliai, tokio juostinio filtro praleidziamu dazniy srityje (75—
100, 102,5-115 GHz) per 100 karty maZesni, nei nuostoliai spin-
duliuote sugerian¢iame dazniy ruoze (100-102,5 GHz).
Stac¢iakampiuose SiC bangolaidziuose, kuriy skerspjuvio krastiniy il-
giai lyglis 2r, nuostoliai 2,5 karto mazesni nei r-spindulio apskritu-
osiuose SiC bangolaidziuose. Pagrindiné mazy nuostoliy staciakam-
piuose SiC bangolaidziuose priezastis — padidéjusi sklindan¢iosios
modos EM lauko koncentracija bangolaidzio kampuose (briaunose) ir
uz bangolaidzio riby. Dél to didesné EM energijos dalis sklinda uz
bangolaidziy riby ir nuostoliai mazéja.

SiC apskritojo bangolaidzio nuostoliai nekinta dazniy ruoze nuo 30
iki 70 GHz. Bangolaidziu sklindan¢ios EM bangos faz¢ galima valdyti
bangolaidzio temperatiira, jai kintant intervale 500—1500 °C. Toks
bangolaidis gali biti pritaikytas kuriant modernius moduliatorius,
fazés suktuvus ar kitas mikrobanginés technikos elementus, skirtus
EM bangy perdavimui.



Darbo apimtis
Disertacija sudaro jvadas, trys skyriai ir rezultaty apibendrinimas.

Darbo apimtis yra 94 puslapiai, tekste panaudotos 24 numeruotos
formulés, 35 paveikslai ir 5 lentelés. RaSant disertacija buvo panaudota 20
literattiros Saltiniy.

Pirmasis skyrius skirtas literatiiros, metody, naudojamy bangolaidiniy
irenginiy analizei, apzvalgai. Taip pat jame pateiktas algoritmuy, sukurty aptarty
metody pagrindu, aprobavimas.

Antrajame skyriuje pateikti apskritujy cilindriniy bangolaidziy, pagaminty
i§ SiC ir metamedziagy elektrodinaminés analizés rezultatai. Apskritieji
metamedziagos bangolaidziai (» = 2 mm, » = 2,5 mm) gali biiti naudojami kaip
filtrai. TaCiau maZesniojo spindulio apskrituoju metamedziagos bangolaidziu
sklindancios pirmosios aukstesniosios modos nuostoliai kinta chaotiskai, keici-
antis dazniui. Dél Sitos priezasties siauresniuose bangolaidziuose gali biti
moduliuojama pagrindiné moda.

TreCiajame skyriuje sudétingos skerspjiivio formos bangolaidziy,
pagaminty i§ SiC ir metamedziagu elektrodinaminés analizés rezultatai.
Lyginant apskritojo bangolaidzio (» = 3 mm), pagaminto i§ SiC, nuostolius su
staciakampio bangolaidzio, i kurj galima jbrézti apskritaji, nuostoliais, matome,
jog mody sklindan¢iy sta¢iakampiame bangolaidyje nuostoliai yra mazesni.

Bendprosios iSvados

1. Sukurta programine jranga gali biti tiriami betkurios skerspjuvio for-
mos bangolaidziai, pagaminti i§ spinduliuote sugerian¢iy medziagy.
Taip pat galima skaiciuoti bangolaidziy dispersines charakteristikas ir
2D ir 3D elektromagnetiniy lauky pasiskirstymus. Gauti tyrimy rezul-
tatai svarbiis, kadangi jie yra pagrindinés bangolaidziy charakter-
istikos, praktiskai konstruojant bangolaidini prietaisa.

2. Sukurti programiniai algoritmai buvo pritaikyti, tiriant bangolaidzius,
pagamintus i§ nauju medziagy, tokiu kaip metamedziagos, SiC.
Nustatyta, kad tyrimy rezultatai nepriestarauja bendriems elektrodi-
namikos désniams. Tai reiskia, kad sukurtos programos gali bilti tai-
komos, siekiant atlikti bangolaidziy, pagaminty i§ jvairiu medziagy,
tyrimus.

3. Apskritieji metamedziagos bangolaidziai (» = 2 mm, r = 2,5 mm) gali
biti naudojami kaip filtrai. Taciau maZesniojo spindulio apskrituoju
metamedziagos bangolaidziu sklindancios pirmosios aukstesniosios
modos nuostoliai kinta chaotiskai, keiCiantis dazniui. Dél Sitos
priezasties siauresniuose bangolaidziuose gali biiti moduliuojama pa-
grindiné moda.
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4. Apskritasis bangolaidis, pagamintas i§ SiC (» = 2,5 mm), gali buti
naudojamas kaip moduliatorius. Bangos fazé¢ gali biiti moduliuojama,
keiciant bangolaidzio temperatiira.

5. Keiciant periodinio bangolaidzio geometrija, t. y. kei¢iant ertmiy
padétis bei ju matmenis, galima valdyti bangolaidzio -elektrodi-
namines charakteristikas, t. y. dispersines charakteristikas ir elektro-
magnetiniy lauky pasiskirstymus.
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