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Introduction

Silicon carbide (SIC) waveguides operating at the
microwave range are presently being developed for
advantageous use in high-temperature, high-power, and
high-radiation conditions. SIC however, has superior
properties for power devices, compared to silicon. A
change of technology from silicon to silicon carbide will
revolutionize the power electronics.

The fabrication of single mode SiC waveguides and
the measurement of their propagation loss is reported in
[1]. This loss can be used as a benchmark for further
development of SiC microphotonic components and circuit
for sensor systems [1].

Electrodynamical model of the gyrotropic open
circular cylindrical waveguide and its dispersion
characteristics are presented in [2].

The circular waveguides can be analyzed using the
finite element method. Thus direct and iterative solution
techniques of equation systems used in finite element
method are analyzed in [3].

A new method for the magnetic field distribution
measurement distortions' elimination using gradient-echo
double measurement isintroduced in [4].

Helical and meander retard systems based on the
multiconductor lines with the complex cross-sections using
multiconductor line method are considered in [5].

We present here results of electrodynamical analysis
of the open circular rod ceramic (composite) SiC
waveguide (see Fig.1l). The solution of the Maxwell’'s
equations has been carried out by method of partial areas
[6]. We have already made the electrodynamical analysis
of some circular cylindrical gyrotropy waveguides[7, 8].

Here we for the first time investigate the complex
propagation constants h of the main and higher modes

propagated in the open waveguide made of very lossy
material. We also study the propagation of fast mode for
the first time. Here we analyze two slow modes and a one
fast mode. In order to examine the behavior of complex
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vaue h we look for complex roots of the complex

dispersion equation. For this reason we used the modified
Muller method. We carried out a stability test of our
algorithm and made the algorithm regularization when the
material losses were quite large. The solution of this
electrodynamical problem and the approbation of our
computer algorithm are given in our articles [6-8]. The
numerical results of the SIC waveguide investigations are
presented at the temperature T = 1800°C. The permittivity

of SIC materia is QSC =11-7i [9]. We have accepted

that this value of permittivity Qsc corresponds to the

frequency 12.5 GHz. In the present article the azimuthal
index characterizing azimuthal variations of the electric
field is m=1. We have created a computer algorithm with
2D graphical visualization in the MATLAB language.

Fig. 1. The SiC waveguide model

Dispersion  characteristics and  €lectric field

distributions

The dependences of the rea part h'=Re(h)and
imaginary part (propagation losses) h”"=Im(h) of the



complex propagation constant h=h"—ih" of the SIC
waveguide with the radius R= 2.5 mm when T = 1800°C
on the operating frequency f are presented in Fig. 2 (a)
and (b).
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Fig. 2. Dispersion characteristics of the SiC waveguide

There are dispersion curves of three waveguide
modes in Fig. 2. The main and first higher waveguide

modes are slow modes, because their h’/k >=1. The third
depicted mode is a first dow mode because the value
h'/k <1 for this mode.

The cutoff frequencies of the two slow modes are
for =125 GHz and 30 GHz respectively. The cutoff

frequency of the first fast modeis f,;, = 46 GHz.

The propagation losses of all analyzed modes (see
Fig. 2 (b)) were calculated in the assumption that the

imaginary part of the complex permittivity |m(8§c) is
equal to 7 at the operating frequency 12.5 GHz. The value
Im(er'C) decreases when the operating frequency f

increases, because this magnitude is inversely proportional
to the value f . Analyzing the propagation losses of the
sow and fast modes we see that the first slow mode has
the largest propagation losses in the region of its cutoff
frequency. We see peaks on the losses' curves of the
second and third modes. Our researches have shown that a
position of these peaks depends on the waveguide radius
also. At smooth reduction of waveguide radius the peak of
propagation losses will be smoothly displaced to the right
side on a scale of frequencies.

The electric field distributions of the slow and fast
modes are presented in Figs 3-5. The distributions of the
electric field were calculated in 10000 points. The electric
field strength lines are presented in Figs 3(a) — 5(a).
Visualizations of the electric field intensity are shown in
Figs 3(b) — 5(b).

The values of the electric E ,E, E, and

magnetic H,,H,,H, field components of these modes
are presented in Table 1.

Table 1. The electromagnetic field components in the fixed point (r = 2.4mm, ¢ =0, z= 0) of the SIC waveguide cross-section

when T = 1800 °C

Slow modes

The m=1,f =15GHz

main
E,,Vim E,. Vim E,,Vim H, A/m H, . A/m H,, A/m
2.2.1072- 3.9.10% + 81072 + -5.94310%- | -1.6:10°+ 4.14810% -
81075 4103 1.46:10% 6.49-10°%i 4.267-10°5 4.424.10%

Thefirst m=1,f =50GHz

higher E, ,Vim E(p,V/m E,,Vim H, A/m Hw,A/m H, A/m
1.349-10° - 1.554-10" 4.205-10*+ -1.604-10° - 1.32.10°- 8.011-107 -
1.582-10°i +1.204-10°%i 3.623-10% 1.127-10°%i 1.643-10°%] 1.115-10°%]

Fast mode

The m=1,f =51GHz

second

higher E, ,Vim E(p,V/m E,,Vim H, A/m Hw,A/m H, A/m
25107 - 2.10°-1.610% | 2.95107%- -3.434.10% + 10°- 107 -2.887-10% +
1.4-10% 3-10% 6.650-10°5 1.958-10°%i
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Fig. 3. The eectric field distribution of the first slow mode propagating in the SiC waveguide at f =15 GHz

The electric field distributions of the first slow
mode (the main mode) are presented in Fig. 3.

We should notice that the electric field distribution
of the first dow mode depicted in Fig. 3 (a) is rotated
clockwise by 90 degrees respectively to the electric field
distribution of the same mode propagated in the analogical
waveguide made of lossdess materiad SIC  with

Im(e5€)=0. In Fig. 3 (a) we can see that electric field
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strength lines are directed clockwisein the | and Il quarters
and counterclockwise in the Il and IV quarters. The
electric field strength lines are directed radially inside the
SiC waveguide. We see that there is only one variation of
the electric field on the waveguide radius. In Fig. 3 (b) we
can see that the strongest electric field concentrates in the
two areas. These ones are in the waveguide center and on
the waveguide boundary.

®

Fig. 4. The electric field distribution of the second slow mode propagating in the SiIC waveguide at f =50 GHz

In Fig. 4 we can observe an interesting behavior of
the electric field distribution of the second slow mode (the
first higher waveguide mode) inside the SiC waveguide as
well as outside it close to its boundary. In Fig. 4 (a) we see
that there are two variations of the electric field on the
waveguide radius. The electric field intensity distribution
inside the waveguide has an intricate picture of a shape of
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two lobes. We see that when the distance from the
waveguide becomes larger the electric field becomes
smaller outside the waveguide. We should notice that there
is a third dow mode (the third waveguide mode) in the
frequency range of 1 — 100 GHz. The cutoff frequency of

this mode is f; = 51 GHz. The analysis of the third slow
mode is beyond this article.

r,mm

(b)
Fig. 5. The electric field distribution of the first fast mode propagating in the SiC waveguide f =51 GHz



In Fig. 5 (@) we can see that the electric field characteristics // Optics and Laser Technology, 2007. - No.

strength lines of the first fast mode (the second higher 3(39). —P. 532-536. . o
waveguide mode) have three variations by the radius. In 2= Asmontas S., Nickelson L., Malisauskas V. Investigation
Fig. 5 (b) we can observe that the electric field distribution of magnetized semiconductor and ferrite waveguides //

Electronics and Electrical Engineering, 2006. - No. 2(66). —
P. 56-61.

Tarvydas P., Noreika A. Usability Evaluation of Finite

of the first fast mode inside the SiC waveguide is in the
form of two lobes. The strongest electric field concentrates 3

outside the waveguide. The number of variations of afield Element Method Equation Solvers // Electronics and

along the waveguide radius for all the modes corresponds Electrical Engineering, 2007. - No. 2(74). — P. 13-16.

to the nowadays understanding about the main and higher 4. Andris P., Frollo I. Elimination of Distortions in Static

mode of dielectric waveguides. The comparison of Fig. 3-5 Magnetic Field Distribution Measurements // Electronics

shows us that the electric field distributions are strongly and Electrical Engineering, 2008. - No. 2(82). —P. 9-12.

different 5. Burokas T., Staras S. Properties of the Retard System

’ Models Based on the Complex Cross Section

) Multiconductor Lines // Electronics and Electrical

Conclusions: Engineering, 2008. - No. 4(84). -
P. 3-8.

1. Weinvestigated the two slow and one fast modes that 6. Nickdson L., Gric T., Asmontas S, Martavicius R.
can propagate in the SiC rod waveguide with the Electrodynamical analyses of dielectric and metamaterial
radius R = 2.5 mm at the temperature 1800° C in the hollow-core cylindrical waveguides // Electronics and
frequency range of 1 — 100 GHz. The distribution of Electrical Engineering, 2008. - No. 2(82). — P. 3-8. ,
electric field is very different for every investigated /- NickelsonL., GricT. Dispersion characteristics and electric
mode geld _ g;lsltrlbutlons c_)f mod_es 8ropagat|(r)lg in the_dope/r/l

) L . ectrically gyrotropic semiconductor rod waveguide

2. The electric field of the second slow mode is the Proceedings of 17th Intern. Conf. on Microwaves, Radar and
strongest in the center of the waveguide. Therefore the Wireless Communications, MK ON-2008, 19-21 May 2008,
breakdown energy can be lower for this waveguide Wroctaw, Poland, 2008. - Vol. 2. — P. 577-580.
mode. 8. Nickelson L., Asmontas S., Malisauskas V., Shugurov V.

3. The strongest electric field of the first slow mode The open cylindrical gyrotropic waveguides. — Vilnius.
concentrates in the air, close to the SIC waveguide Technika, 2007. - 248 p. (in Lithuanian).
border. 9. Baeraky T. A. Microwave Measurements of the Dielectric

Properties of Silicon Carbide at High Temperature // Egypt.

4. The propagation losses of the first sow mode are the 3. S0l., 2002. - No. 2(25). — P.263-273.

largest in comparison to the losses of other two modes
closed to the cutoff frequency.
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IpencTaBiieH 2JEKTPOMHAMUYCCKUN aHAIN3 KEPaMHYECKOTO KPYIJIOrO CTEP)KHEBOro CWIIMKOH kapbuaxoro (SiC) BosiHOBOza ¢
pamguycom R = 2.5 mm mpu temneparype 1800° C. Mbl npeacTaBuiii MOTEpU ABYX MEMJICHHBIX U OIHOW ObICTpOM Mojbl. B craTthe
MOMEIIEHbI IUCTICPCHOHHBIC XapakTepucTuku SiC BoJHOBOAA B yacToTHOM nHTepBasie 1-100GHz. B paGote mokasaHbl pacipeaencHust
EKTPUYECKHUX I10J€H MEICHHON M OBICTPBIX MOJ, PAacHpOCTPAHSIOIIMXCS B MCCIENYyeMOM BOJHOBOJE, a TAaKKe JaHa Tadnuua
3HAYCHUH KOMITIOHECHT BJICKTPHYECKOTO0 W MArHMTHOTO moJiell B (ukcupoBanHoi Touke ceuenust SiIC BonHoBoma. M. 5, 6ubn. 9 (na
AHTJIMICKOM s3bIKe, pedepaThl Ha aHITIMIICKOM, PYCCKOM U JIMTOBCKOM $3.).
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bangolaidyje, elektriniy lauky pasiskirstymai // Elektronika ir elektrotechnika. — Kaunas: Technologija, 2009. — Nr. 5(93). — P.
87-90.

Pateikta keraminio apskritiminio strypinio silikoninio karbidinio (SiC) bangolaidzio, kurio spindulys R = 2,5 mm, elektrodinaminé
analizé, atlikta esant 1800 °C temperatiirai. Pateikiami dvigju létyjy ir vienos greitosios mody nuostoliai, bei SIC bangolaidzio
dispersines charakteristikos 1-100 GHz dazniy ruoze ir létyju bei greityju mody, sklindan¢iu nagrinéjamame bangolaidyje, elektriniy
lauky pasiskirstymai. Taip pat pateikta elektriniy ir magnetiniu lauky reiksmiy, gauty SiC bangolaidzio skerspjuvio fiksuotame taske,
lentele. I1. 5, bibl. 9 (angly kalba; santraukos angly, rusy ir lietuviy k.).
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