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Introduction

Open cylindrical round cross-section gyrotropic
waveguides (GW) manufactured using semiconductor,
ferrite and dielectric are broadly used in the electromag-
netic (EM) microwave devices. Their design is convenient
for production and they have a wide working frequency
band [1-3]. However structures of their EM fields are not
completely investigated. This limits application of the GW.

In this paper a methodology for the digital and visual
investigation of the EM fields in GW is developed using a
mathematical model [1] of waveguides.

The solutions of transcendental dispersion equations
are needed to calculate strength of the EM fields compo-
nents in GW. These solutions are inserted into equations of
the components, next, distribution functions of EM fields
strength [1] are calculated, and then the EM fields in two-
dimensional and three-dimensional spaces are visualized.

General electrodynamical and mathematical models of
gyrotropic waveguides

Basic electrodynamical model of the open cylindrical
round cross-section GW in cylindrical coordinate r, ¢, z
system is presented in Fig. 1 [1-5].
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Fig. 1. Basic electrodynamical model of the open cylindrical
round cross-section GW: 1 — semiconductor, ferrite or dielectric
core; 2 — external non-magnetic dielectric layer; 3 — air
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This model is suitable for large class of gyrotropic
and dielectric waveguides. It estimates the gyrotropic,
artificially induced in ferrite and semiconductor
waveguides by the external constant longitudinal magnetic
field which flux density vector is B,.

Model area 1 (Fig. 1) is a semiconductor, ferrite or
dielectric core. It is characterized by complex permittivity

and permeability tensors g%, [i* and real permeability and

permittivity p®,e® respectively. Model area 2 is an exter-
nal non-magnetic dielectric layer with the real relative
permittivity €’ and permeability p¢ =1. Model area 3 is

air with real relative permittivity and permeability
e = =1.

The part of basic mathematical GW model [1] is pre-
sented below.

The wave type of the GW is defined by distribution
of longitudinal components of EM fields in the waveguide
cross-section. The complex of longitudinal electric field
strength in model’s area 1 (Fig. 1) is described by equation
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where a is waves coupling coefficient, which indicates the

proportion mixes £ and H type waves in hybrid modes;
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A,, B, — unknown amplitude coefficients; J,, (k" ,r) is

the Bessel cylindrical function of the first kind m-th order;

k%, ,r — first and second internal transverse waves num-

bers normalized to radius »; m =0, 1, 2, ... are waves azi-
muthal periodicity index; +¢ — the azimuth angles of the

left and right polarized waves; e '** — the EM waves de-

pendence on z; h=h"—ih" is the longitudinal waves num-

ber, where 4" — EM waves phase coefficient, A" is

the damping coefficient; ¢'®’ is the dependence on fields

angular frequency o and time ¢.



EM fields distribution in waveguides doesn’t depend
on the damping coefficient 4", so imaginary values aren’t

+imo

included in the calculations. Function e is writing
under the Euler equation and real part is taken only. Addi-
tionally it’s considered that z=0, (=0, A4, =B =1,
a = Re(a). In this manner distribution functions of the EM

fields strength longitudinal components only under gyro-
tropic waveguides coordinate » and ¢ are derived.

Then, the longitudinal electric field strength in gyro-
tropic core distribute according to function, derived from
the equation (1)

E£(KE, 7, @,m) = [ajm(ki]r)um(kizr)] cos(mo). (2)

The distribution function of the longitudinal electric
field strength in model area 2 is described as follows

EL (kS r.g.m) =] 1, (k{r)+N,, (kir) |cos(mp),  (3)

where J, (kir) is the first kind Bessel and m-th order Neu-

mann cylindrical functions with argument k‘r. It’s inter-
nal normalized transverse wave’s number in the dielectric.

The distribution function of the longitudinal electric
field strength in model area 3 is described by equation

EX (k% r,0,m) =HP (k% r)cos(mo), )

where H’(k'r) is the second kind cylindrical Hankel

function with argument k{r, it’s external normalized
transverse waves number in air.

The distribution functions of the longitudinal mag-
netic field strength are derived by analogy. The transverse
components are calculated from the equations of longitudi-
nal components using Hamilton operator V.

General algorithm to calculate the EM fields strength
distribution

In this paper general algorithm to calculate the EM
fields strength distribution is created (Fig. 2).
Following steps of the algorithm may be noted.

1. Input of the solutions A’7¢(fr*) of transcendental
dispersion equations and other parameters [1].

2. Calculation of electrodynamical coefficients.

3. Calculation of special Bessel, Neumann and
Hankel cylindrical functions.

4. Calculation of the EM fields longitudinal (2—4)

and transverse components [1].
5. Check of boundary conditions for -electric

E£(r®)=EX(r®), EX(R)= E*(R) and magnetic
HE(r®)=H!(r*), H'(R)= H*(R) fields, where

r® is boundary between area 1 and 2 of wave-
guide model; R is boundary between area 2 and 3.
Selection of transverse 2D or longitudinal 3D sec-
tion. Selection of the EM fields strength imaging
method. It may be: vectors lines, colour contours
or areas of equal strength.
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7. Imaging of the EM fields strength distribution.

Output of tables and graphs.

The distribution of the EM fields strength longitudi-
nal components in GW is calculated by using our proposed
general algorithm and our created program in MATLAB®.
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Fig. 2. General algorithm to calculate the EM fields strength
distribution

7
Imaging of the EM fields strength distribution.
Output of tables and graphs

Finish

The EM fields strength distribution is presented be-
low using contours of equal strength, though it may be
presented as strength vectors lines, as it shown in [5].

Investigation of the EM fields distribution in dielectric
waveguides

To test our proposed algorithm and written program,
the EM fields distribution is investigated in dielectric
waveguides. Relative dielectric permittivity of the core

material TMI15 is €’ =15, its radius r°=1mm. The

waveguide is which thickness

d* =1.5mm.
In Fig. 3 (a—d) distribution the EM fields at m =0,

when normalized frequency fi* =0.04 GHz-m, is pre-

sented. Bold dots in Fig. 3—6 mark the areas, where EM
fields strength lines are aimed at us, crosses — from us. In
Figs. 3 (¢, d) and 4 (¢, d) the letter r (red) mark the areas,
where strength of EM fields is the maximal positive, b
(blue) — maximal negative, g (green) — close to zero.

It is seen in Figs.3 (a) and (c) that electric field
hasn’t longitudinal components in the dielectric

surrounded by air



waveguide. The strongest magnetic field is in the centre of
dielectric core (Fig. 3 (b, d)) and much weaker in the oppo-
site direction is in external air layer near the boundary with
the dielectric. This EM fields distribution is characterized
by mode Hy;. The separate modes H and E with azimuthal
periodicity index m =0 (Ho, Eo1, Hoa, Egp, ...) Mmay exist in
dielectric waveguides [1].
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Fig. 3. Distribution of EM fields of mode Hy, in dielectric
waveguides cross-section (a, b) and in horizontal plane (¢, d)

In Fig. 4 (a—d) distribution of EM fields in the cross-
section of earlier specified dielectric waveguide, at m = 1,

and normalized frequency fi =0.05 GHz-m is presented.

2

— ~1

£ £

E E

1) w0

2 El

el el

g 3,

-2
-2 -1 0 1 2 2 -1 .0 1 2
Radius (mm) Radius (mm)
a) b)
E ! E !
= <
£ 05 T £ 05
2 2
J 8 3 .8 g
2 »
b} kel
205 b 205
2 ©
g -TR" —Vd I"d R 3] _1_Ru —Vd : l”d R
I -2 1.0 1 2 2 -2 1.0 1 2
Radius (mm) = Radius (mm)
c) d)

Fig. 4. Distribution of EM fields of mode HE;, in dielectric
waveguides cross-section (a, b) and in horizontal plane (¢, d)
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In Fig. 4 (a) the electric field is rotated at 90° in res-
pect of magnetic field in Fig. 4 (b). The electric field is the
strongest and magnetic is equal to zero in the horizontal
plane shown by dashed line. It is seen that fields are sym-
metric by the horizontal and vertical. This feature is typical
to all the waves in space and time in all waveguides [1].
Therefore, this investigation can rely on.

Distribution functions of the longitudinal electric and
magnetic fields are similar and include 2 sharp extremes in
dielectric waveguides near the boundary with the air layer.
Moreover, there are 2 mild extremes in surface air layer.

This EM fields distribution is characterized by hybrid
mode HE| 1.

Investigation of the EM fields distribution in GW

The longitudinal EM fields are investigated in semi-
conductor and semiconductor-dielectric »-InSb  wave-
guides. They are exposed to constant longitudinal magnetic
field which flux density By =1 T. Dielectric constant of

semiconductor grating is ;"
tration N=510""m™.

r* =1 mm. Without the external dielectric layer, the core is

=17.7, and electron concen-
Semiconductor core’s radius is

surrounded by air which thickness d* =1.5 mm. The ex-
ternal dielectric layer’s, when it is, thickness d =0.5 mm.

Its relative dielectric permittivity is €! =15. In this case,

dielectric is surrounded by air which thickness d* =1 mm.

In Fig. S (a, b) distribution of EM fields of main
mode HE;; in semiconductor »-InSb waveguides at nor-

malized frequency f* =0.025 GHz-m is presented. The

longitudinal EM fields are concentrated in semiconductor
core near the boundary with the air layer.
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Fig. 5. Distribution of EM fields of mode HE;, in the cross-
section of the semiconductor waveguide at fi-* =0.025 GHz-m
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In Fig. 6 (a, b) distribution of EM fields strength of
main mode HE,, in the earlier specified semiconductor
n-InSb waveguides at  normalized frequency

fr* =0.05 GHz-m is presented. It is seen that the longitu-

dinal EM fields are concentrated in the semiconductor core
more than in the dielectric core shown in Figs. 4 (a)

and (b). This is explained by the higher than &' =15 semi-

conductor background dielectric constant &, =17.7 and
by the much larger concentration of free electrons.



Let we compare Fig. 5 (a, b) and Fig. 6 (a, b). It is
evidence, that at lower frequency, a large part of EM wave
is transmitted by air (Fig. 5 (a, b)). By doubled frequency
the extremes of the EM fields strength retreat to the middle
of waveguide and the fields are almost entirely concen-
trated in the core (Fig. 6 (a, b)). So, the surface layer of
high frequency EM waves becomes tightened.

In Fig. 6 (¢, d) distribution of EM fields strength of
mode HE;; in semiconductor-dielectric n-InSb waveguides
is presented. It’s seen here that external dielectric layer pull
up the longitudinal EM fields from the semiconductor co-
re into dielectric and air. The EM fields here have 4 fairly
sharp extremes of strength at semiconductor core boundary
with the dielectric layer and in the external air layer. This
distribution of EM fields doesn’t present in any literature.
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Fig. 6. Distribution of EM fields of mode HE,; in semiconductor
(a, b) and semiconductor-dielectric (c, d) n-InSb waveguides at
fr*=0.05GHz-m

Conclusions

General algorithm, program in MATLAB® and tech-
nique for investigation of the distribution of the electric
and magnetic fields in open cylindrical round cross-section
GW are developed. The program is tested for modes Hy,
HE,, in dielectric waveguides on TM15 dielectric type.
Testing showed that the investigation can rely on.

The EM fields distribution of the mode HE,; is inves-
tigated in gyroelectric semiconductor and semiconductor-
dielectric n-InSb waveguides.

The EM fields distribution images are consistent with
physical nature of the fields in all waveguides. It also con-
firms the correctness of calculated distribution of EM
fields in gyrotropic waveguides.

The EM fields are concentrated in cores of gyrotropic
waveguides when normalized frequency is increased.

The external dielectric layer changes the EM fields
distribution in gyrotropic waveguides. In this case the EM
fields are partly redistributed from gyrotropic cores to
dielectric layer and the air.
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In this paper a general algorithm, program in MATLAB® environment and technique to investigate electromagnetic (EM) fields in
gyrotropic waveguides are created. To test them distribution of EM fields of modes H,,, HE;; were investigated in dielectric
waveguides. Distribution of EM fields of mode HE); in gyroelectric semiconductor and semiconductor-dielectric n-InSb waveguides are
investigated. Dependence of distribution of EM fields of the hybrid main mode HE,; in semiconductor n-InSb waveguides on
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Siame darbe sukurti bendrieji algoritmas, programa MATLAB® terpéje ir metodika elektromagnetiniams (EM) laukams girotropi-
niuose bangolaidziuose tirti. Ju patikrai istirtas Hy,, HE;, bangu EM lauky pasiskirstymas dielektriniuose bangolaidziuose. I$tirtas HE,
bangos EM lauky pasiskirstymas giroelektriniuose puslaidininkiniuose ir puslaidininkiniuose-dielektriniuose bangolaidziuose i§ n-InSb
puslaidininkio. Nustatyta hibridinés HE;; pagrindinio tipo bangos EM lauky pasiskirstymo priklausomybé nuo normuotojo daznio ir
iSorinio dielektriko sluoksnio puslaidininkiniuose n-InSb bangolaidziuose. 1. 6, bibl. 5 (angly kalba; santraukos angly ir lietuviy k.).
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