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Abstract - The article presents mathematical
modeling and experimental study of
microwave waveguide taking into account
boundary value problems on the geometric
middle of the domain. For the first time,
general classes of local and nonlocal
boundary value problems on the geometric
middle of the domain for three-dimensional
Bianchi-type equations for the
electromagnetic  field of  microwave
rectangular waveguide are investigated. New
mathematical models of the electromagnetic
field of microwave rectangular waveguide
operating in the frequency range of 4,9-7,05
GHz are developed taking into account the
nonlinearity of the medium, wave types and
effective algorithms for solving the models
are proposed, which made it possible to
improve the electrical, magnetic, structural
and operational parameters and
characteristics of microwave rectangular
waveguide. For E-type and H-type waves, 3D
models of the distribution of electromagnetic
field strengths in elementary regions of
rectangular waveguide are developed.
Experimental devices and functional circuits
for measuring the parameters of the
microwave path, including the electric and
magnetic fields of a rectangular waveguide in
a nonlinear state of the medium, were
developed, and the parameters of the

microwave rectangular waveguide were
experimentally determined. Comparison of
theoretical and experimental results of the
electric and magnetic field strengths showed
that the relative error for these parameters is
4%. This proved the adequacy of the
theoretical and experimental results obtained.
The proposed work differs from the existing
[1-5] works in that, in this work, for the first
time, the factor that the studied microwave
waveguide is filled with nonlinear media is
taken into account.

Index Terms - Microwave Rectangular Waveguide,
Electromagnetic Field, Mathematical Modeling,
Experimental Research, 3D Bianchi Type
Equations, Correct Solvability.

I. INTRODUCTION

At present, for mathematical modeling, it is
relevant to study the interactions of
electromagnetic ~ waves  with  complexly
structured materials: composite [1-5];
anisotropic, biisotropic, and bianisotropic [6-10].
Of practical interest is the study of the
electrodynamic properties of anisotropic media,
including crystals, ferrites, magnetized plasma,
and gyrotropic materials [11-15]. Single-layer
and multilayer screens made of anisotropic and
bianisotropic materials are studied [16-20].
Waveguides and waveguide structures are
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widely used in technical devices of radio
engineering [21-26]. In particular, waveguides
are used to study the properties of materials that
are included in the waveguide in the form of a
diaphragm. Also, waveguides with partitions
and inclusions are used as filters and wave type
converters [27-31]. As a rule, waveguides with
perfectly conducting walls are studied, which
facilitates analytical modeling. To build more
accurate models, it is necessary to take into
account the absorption of energy by the walls of
waveguides, which are made of various
materials. The classical method for modeling
absorption in a wall is the Bianchi method of
impedance boundary conditions [32-35]. This
method has been developed in relation to
various types of electromagnetic fields and
materials of massive surfaces. Impedance
boundary conditions were obtained for
anisotropic surfaces [36], for surfaces with
multilayer coatings [37, 38], for curved surfaces
with allowance for curvature [39] in the case of
monochromatic fields, and integral boundary
conditions for nonstationary and pulsed fields
[40].

In this article, impedance boundary conditions
are formulated for scalar potentials on the
waveguide wall, taking into account the
curvature of the surface under the influence of
monochromatic fields from a bianisotropic
partition. The solution of the problem of
reflection and transmission of symmetric E- and
H-partial waves of a circular waveguide through
a bianisotropic-gyrotropic partition is reduced to
a numerical solution by the direct grid method
of block matrix sweep [39] of a boundary value
problem for a system of two elliptic equations
with integral radiation boundary conditions [40,
41] at the ends waveguide, taking into account
the impedance boundary conditions.

The proposed work differs from the existing [1-
5] works in that, in this work for the first time
the factor is taken into account that the
investigated microwave waveguide is filled with
nonlinear media. For the nonlinearity of the
microwave rectangular waveguide medium,
mathematical models of the electromagnetic
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field are developed for the first time taking into
account boundary value problems on the
geometric middle of the region. For the first
time, general classes of local and nonlocal
boundary value problems on the geometric
middle of the region for three-dimensional
equations of the Bianchi type for the
electromagnetic  field of the microwave
rectangular waveguide are investigated.

Il. DEVELOPMENT OF MATHEMATICAL
MODELS OF MICROWAVE RECTANGULAR
WAVEGUIDE TAKING INTO ACCOUNT THE

STRUCTURAL PROPERTIES OF SPACE

As can be seen from Figure 1, the coordinate
origin coincides with one vertex of the rectangle.
Let's accept the following notations: a - the size
of the wide wall of the rectangular waveguide, b
- the size of the narrow wall of the rectangular
waveguide, R - the radius of the slits, h - the
distance between the centers of the slits.

Fig. 1. A rectangular waveguide with a circular slot
on the sidewall.

By now, due to the efforts many mathematicians,
the theory differential equations with constant or
sufficiently smooth coefficients has been
developed quite well. In these and other works,
various methods have been developed for
studying the questions of the correct solvability
initial, initial-boundary value problems, as well
as questions constructing fundamental solutions
for such equations. It should be especially noted
that equations with a dominant mixed derivative
E(H),, (x,y,z) are used in modeling vibration

processes and play an essential role in
approximation and mapping theories [42-45].
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Therefore, a very topical question arises about

the study questions of correct solvability
connected with hyperbolic equations with
dominant derivatives, generally speaking, with
nonsmooth variable coefficients. In this regard,
this demonstrated work is devoted to the study
initial-boundary value problems of a new type
for hyperbolic equations with dominating mixed
derivatives, which, in general, have nonsmooth
Lp-coefficients (i.e., coefficients from Lp-type
spaces). It is presented mainly in relation to
third-order hyperbolic equations with triple
characteristics. In this case, an important
fundamental point is that the equation under
consideration has discontinuous coefficients
that satisfy only certain conditions such as P-
integrability and boundedness, i.e., the
considered hyperbolic differential operator does
not have a traditional adjoint operator. In this
article, for the study such problems, a technique
has been developed that essentially uses modern
methods function theory and functional
analysis. With the help this technigue, a new
concept adjoint problem is introduced for
initial-boundary value problems. Such adjoint
problems, in contrast to traditional adjoint
problems defined by formally conjugate
differential operators, by definition have the
form an integral equation, and therefore make
sense under rather weak conditions on the
coefficients.

The paper [45-48] study boundary value
problems stated in the geometric middle of the
domain for 3D Bianchi integro-differential
equations with nonsmooth coefficients. Here
E(H)=E(H)(x,y,2) is a sought for function
determined on G:

G =G, xG, %G, 1)
where G; = (X, %), Xo 20; G, = (Yo, Y1), Yo 20;
G;=(24,7),2,20.

In these papers, ubder the imposed conditions,
the solution E(H)(X,y,z) of the 3D Bianchi

equation is in the S.L. Sobolev space

WO (G) = E(I—L)e LPLG)/ DLEiju €L,(®)](2)
P i=01j=01 k=01
where 1< p <oo.
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We will define the norm in the space W% (G)
by the quality

"E(H)”vv(l“)(e) Z ‘

At first we note that mtegral representations of
functions from spaces type W(G) (from

Sobolev spaces with dominant mixed derivatives
of general form) have been studied in the papers
of R. Caroca, |. Kondrashuk, N. Merino and F.
Nadal [41], A.Y. Kamenshchik [42], S. Azami,
M. Jafari, A. Haseeb, A.A.H. Ahmadini [43], F.
Ma, Y. Cao, H. Du, et al. [44] and others. But we
will use the integral representation from [41],
according to which any function

E(H)(x,y,2) eW ) (G) is uniquely
represented in the form

M, 0@

X Yy
EH)(6,9,2) = @004 2) =bygy + [brgg(@dact [bosg (BB +
o o (4)

X

; fbo‘o,lmdﬂj jbmaﬁdadmf fbmﬂy)dﬂdw

# [ [ousl@pdady+ | f [ bl B )dadpdy,

by means of the only element
b =(0o,0,0:P10,0:P01,0:0,01:011.0:B01.1:P101:P111) € E(pl’l'l) =
=RxL (X, %) x Ly (Yo, Y1) x Ly (29, 21) x Ly (G x G, ) x
x Ly (G, xG3)x L, (G xGy) x L, (G).
This time, there exist such positive constants
M. and M7 that
M bl <[QOYX, Y. D)0 gy <Mzl nn (5)

forall be E(p“'l).

H @11 111) H
Obviously, the operator Q:E™” —W;7(G)is

a linear bounded operator. The inequality (5)
shows that the operator Q has also a bounded

inverse operator determined on the space
W (G). Consequently,the operator Q is an
homeomorphism between the Banach spaces
ECH and WY (G). Furthermore formula (4)
shows that any function E(H)(x,y,z) W (G)
has the traces:

[JIMOT-2024-9-352860 © 2024 IAMOT
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UK Yo Y 202 ) U, (X VoY 202 ) U, (V%X V2022,
U, (%X Yo Y 2ty (%, Yo 2,20, (V30X ¥, 2,1, (X 4V, Vs, 2)

and the operator of taking these traces are
continuous ~ from  WHY(G)  to R,

L, 06 %), L (V6 ¥ L (2,,2), (G, xG,), L (G, xG,), L, (G, xG,)
respectively. Then following equalities are also
valid for these traces [42-46]:

E(H)(XoX0 s/ YoY1s+/ZoZ1) =00 0.0
E(H) (X/YoYs/Z021) = i (¥),
E(H), (%% Y /Zoz1) =by10(Y),
E(H), (%X .+Yo¥1:2 ) =Dy 4(2). (6)
E(H)y (Y Zo2) =by36(% Y),
E(H),, (X%, Y 12 ) =bo15 (¥, 2),
E(H) (%yYo1, 2 ) =Dy, (%, 2).

I11. SOME GENERAL CLASSES WELL-
POSED BOUNDARY VALUE PROBLEMS
FOR 3D BIANCHI TYPE EQUATIONS

The conditions well-defined solvability of the
boundary value problem found in [42], show
that the operatin taking the traces

E(H)(\/Xoxl’\/YOYv\/zoZl)v
E(H), (X YoYs /2020,
E(H), (%X, Y202,
E(H), (%% /YoY1. 2), (7)
E(H),y (X, Y:1/202,),
E(H),, (VXX Y, 2),

E(H), (X, YoY1:2),

in some sense can be considered as principal
parts of the operators

VO,O,O! Vl,O,O! VO,l,O’ VO,O,1’ Vl,l,O’ V0,1,1'Vl,0,l
respectively generated by boundary conditions.

Therefore, it is natural to expect that the
problem of finding the solution

E(H)(x,y,2) eW"*(G) of the boundary value
problem of the general form

VOL.19, NO.6, NOVEMBER 2024

(V1,1,1E(H))(Xv Y, Z): E(H)xyz (X’ Y, Z)+(\;1,1,1U)(Xr Y, Z):
=¢111(X ¥ Z) (%Y, Z)EG:
VoooE E('*)(MMH)”m =000
(V100E(H) ( mm) 6/100 XX ‘/’100()( XEGiv

)=
(Vow E(H)) y E(H) ( XoX1: Y, 2021)+6/010E(H Xy %10( )VEGZ

(8)

(VomE(H)) Z (\/XDTlM ) (\/001 H)XZ) %01(2 2€G,,
(V11 E(H ) y (X Ys \/ﬁ) V110E(H)XX y) ¢11o ) (x,Y) €G; xG,,
(VouE ) H) (M Y, Z) (\/011E(H)Xy Z) (/)011 ) (y,2) €G, xG;,

V01 ECH))x, ) E(H).0 (6032 2)+ Vs ECH),2)= 0104 (,2), (x.2) €6, G,
for the operators rather small in the norm

V= 00OYV10O'VOIOYVO01'V110’V011’V101lV111)Wélll)(G)_) E(Ml)

everywhere is well-defined solvable. We will
study the problem (8) by means of the integral
representation (4) functions

E(H)(x,y,2) eW(G).
Theorem. Let the operator\i:wrfl'l‘” (G)—>EW,
1< p<oo be rather small in the norm, and in the

case p=oo has a conjugate acting in E&.

Then the problem (8) is ewerywhere well-
defined solvable.

Proof. Since the operator (8) is an
homeomorphism from ES'“) to W:Ym (G), then
each function E(H)(x,y,z) eW{"*?(G) can be
identified by the element
b=E(H)(y/ 0%/ YoY1202),
E(H)L (% YoYs 207
E(H)y (%%, Y 2020),
E(H), (%% ./ Yo¥s. 2), ©)
E(H),y (% Yi/2022),
E(H)y. (V%% ¥, 2),
E(H),. (/oY1 2),
E(H),, (X y,2)
from E Therefore, the problem (8) is

equivalent to the canonical operator eqgation
VQb =b +VQb = ¢, (10)

(111)_

where
Q= (‘/’o,o,o 10100190101 90,011 P11,01Po111Prosr Pras )‘5 EE)LM) )

[IMOT-2024-9-352860 © 2024 IAMOT
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be some linear bounded functional in E{™Y,

where 1/p + 1/q = 1. Since V has the conjugate

~

acting in  E&Y, then  for  all
E(H)(x,y,2) eWV(G) the following identity
is valid

f (\iu)z <\io,o,ou)f0,o,o + f(vl,o,ou) fl,o,o(x)(x)dx +

o (11)
Y1 z
+ .[(\io,l,ou)fg’l’o (y)dy + I(\iO.o,lu)(Z)fo,o,l(Z)dz .

" ~r T(\il,l,oE(H))(x, y)fm‘o (x, y)dxdy +

Vrox Yoy

Yy 7 .
" -[ J‘(VOJJE(H ))fo,m(y, z)dydz +
Vyo¥s 2ot

* -[ Jl&lrorlE(H))(xvZ)fl‘o‘l(X,Z)dXdz+

Vxox 2oz

+ ]2 T if(\i1,1,1E(H))(Xr Y, Z)f1,1,1(xv y, z)dxdydz =
Vxox Yor V201

=E(H) XX v YoY1 .4 202 )(‘Z’o,o,o f )"'
+ _[ E(H) (X4 VoY1 v\/ﬁ)(&’w,o f XX)dX“‘
XOX

Jion
Y1
+ J‘ E(H), (XXt Vi ZoZy )(&’0,1,0 f Xy)dy +
Yoy
+ I E(H), (VXoXy yYoYi Z)(&)O,O.l f Xz)dz +
e
X Yy
+ [ JEH) 0y 2020 )X, )dxdy +
ok Yoy
Y1 Z
+ [ JEMH) L (Pxox, ¥ D) (@0, Py, 2)dydz +
Yoy 2oz
| JEH) VoY 2)(@y0, T 2)xz+
Vxox, 201,

X Vi 4
* -[ .[ .[E(H)XYZ(X'y'z)(é’l,l,lf)(xv y, z)dxdydz
Prox Jyon o
It follows from the identity (11) that for all

fe Ec(ll'l'l) and E(H)eWél'l’l)(G) we have

V= (Vo,o,o vV1,o,o vVo,l,o ’VO,O,livl,l,O ’Vo,1,11V1,0,1’V1,1,1)-

v« [ n R R R A A R N
V= (0)0,0,0 10,01 @p1,0vD0,011 11,01 W11 Pro1s a’l,l,l)
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FVE(H)) = ECH)%o% yYoYs 1202 ) (Fop0 + @noo f )+
+ IE(H )x(Xv\/ yOylv\/ﬁ)(fl,O,U(X)+ 031,0,0 f XX)dX+

Vxoxs
Y1
+ IE(H)y(mV yv\/ﬁ)(fo,l,o(y)"'d’o,l,ofXy)dy+
N
+ J.E(H)z(mv\/YOYpZ)(fo‘o,l(Z)Jr‘;’o‘o,lfXZ)dZJr
Ji 12)
Ny
| M)y 00202 (a6, y)+ G PO )xdy +
Vo yon

o4
+ILJLE<”)W(~/XOX1'Y' D)(fos(y, 2)+ o, 1)y, 2)dydz +
YoY1 204

X Zy

+ [ B Y0¥ ) (Fuo(x 2)+ G0, F)(x, 2)lxdlz+

Xy Y1 7y
] JEMH 0y (s v 2)+ én, Py, 2)dxdydz
It follows from the equality (12) that the operator
V has a conjugate V" that acts in the space
Eé“'l). Moreover,

V*fz(fo,o,o“;)o,o,ofa f1,o,o(x)+(‘?’1,o,of)(x)v f0,1,0(Y)+(‘Z’0,1,0f)(y)v
foo1 (Z)+(‘Z’0,o,1 f )(Z)| fm,o(xv y)+(‘2’1,1,0 f )(X, y)| fo,m()’a Z>+(‘Z’o,1,1 f )(y’ 1),

flo1 (x2)+ (‘?’1,0,1 f )(X’ 2), f1,1,1(X1 y.2)+ (5?’1,1,1 f )(X1 Yi Z)) =f4V°f,

Therefore, we can write the equation V*f =y
in the form

VE=f+V'f=y, (13)
where

111
V= (‘/’0,0,0 W10,0%010:%001:¥110:¥011: V1000 ‘//1,1,1)6 Ec(1 )

Using the identity (11), we can show that in the
case 1< p <oothe operator V * is a conjugate for

VQ, and in the case 1< p < oothe operator VQ is

a conjugate for V*. Therefore, in all the cases
Vo=V

Obviously, if f e Eél'“) is the solution of the
equation (13), then

I llegan <[V I Flegan + [V f ||Eé1.1,1>- (14)
Choosing A :”\/*H <1 from (14) we obtain

[IMOT-2024-9-352860 © 2024 IAMOT
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[Flges <M

*

. M” =const.
Eél,l,l)

v
Under the same condition, using (10), we can

show that
|ECH) a0 = MIVE(H)]pan, M = const (15)

Inequality (15) shows that the operator V of the
problem (8) is a homeomorphism from

WE(G) to EXY(G), iie. the problem (8) is

ewery where well-defined solvable. The
theorem is proved.

There is a great arbitrariness in the choice of the

operator V in problem (8). Therefore, problem
(8) can be used as a source for obtaining new
classes of well-posed boundary value problems
for 3D (three-dimensional) Bianchi type
equations.

For the E-type wave
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IV. CALCULATION OF THE ELECTRIC
FIELD OF AN MICROWAVE
RECTANGULAR WAVEGUIDE

Based on the finite difference method,
calculations  were performed and the
electromagnetic field strengths of a microwave
rectangular waveguide with a nonlinear medium
operating in E-type and H-type waves in the
frequency range of 4,9-7,05 GHz were
determined. The obtained numerical values are
given in Table 1 and Table 2. Figure 2-6 shows
3D models of the electric field strength
distribution for an E-type wave of a rectangular
waveguide operating in the frequency range of
4,9-7,05 GHz. Figure 7-11 shows 3D models of
the magnetic field strength distribution for an E-
type wave of a rectangular waveguide operating
in the frequency range of 4,9-7,05 GHz.

Ez csleuiated

m.@..\\\\\ .
"“" . \\ \”/ég \ i
S N
RN

Fig. 2. Components of the field inside the waveguide in case y = 0,01.

Ex calculated

Fig. 3. Components of the field inside the waveguide in case y =0,5.

Ey calculated Ez calculated

PN % \ \\‘
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Ex calculated Ey calculated Ez calculated
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\\\\ "N \\\‘\
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Fig. 4. Components of the f|eId inside the waveguide in case y = O 8

Ex calculated Ey calculated
Ez calculated

1, l:,o R
'l" 'Q\ ll
AR |
T "" R, |
"\\ 'I,'; o\\ "' ,

< axis o s |
0 2 axis 00 2 axis

Fig. 5. Components of the field inside the waveguide in case y =1,01.

Ey calculated Ez calculated
Ex calculated 2

\,.\\ ‘

m \‘\%\ RS

a 'u ] "" //
| {\ m //, ‘.
\ \\\\“‘“\ ' ‘ y .

2z axis zaxis 2 axis

Fig. 6. Components of the field inside the waveguide in case y =11.

For the H-type wave

Ex caloulated
Ey calcuated

Ez calculated

.' "' o

'4’.'»..\\\\ e . & |
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\\\\‘(////

X axis 0o

Fig. 7. Components of the f|eId inside the waveguide in case y = 0 01.
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Ex calculated Ez calculated

00 xaxs oo _—

Fig. 8. Components of the field inside the waveguide in case y = 0,5.

Ey calculated Ez calculated
Ex calculated T

X axis 0 g 05 s 0o

Fig. 9. Components of the field inside the waveguide in case y = 0,8.

Ey calculated Ez calculated

Ex calculated
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Fig. 11. Components of the field inside the waveguide in case y =1,1.
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V. DEVELOPMENT OF A MEASURING
DEVICE FOR THE EXPERIMENTAL
STUDY OF THE ELECTROMAGNETIC
FIELD OF MICROWAVE WAVEGUIDE

The structural scheme and general appearance of
the proposed measuring device for the
investigation of the electromagnetic field in the
waveguide are shown in Figure 12 and Figure
13, respectively. All nodes included in the
waveguide tract of the measuring device are
made on the basis of microwave rectangular
waveguide with a cross-sectional area of 40x20
mm. The electromagnetic wave is supplied to the
line through an microwave with a Hann diode.
This generator is fed through a power supply
unit. A ferrite valve is placed at the input part of
the measuring device to agree the input with the
load. After the attenuator, which is used to
adjust the power level of the wave, the
measuring line of the waveguide is placed. With
the help of the measurement line, standing wave
coefficient ~ and  distribution  of  the
electromagnetic field in the load, as well as the
values of the electric and magnetic field
intensity vector of the waveguide are

determined.
/
HDG FV A MLW L
] 7 l
FU MD

Fig. 12. Structural diagram of the measuring setup for
experimental study of the electromagnetic field in a
microwave waveguide: HDG - Hann diode
generator; FV — ferrite valve; A — attenuator; MLW —
measuring line of waveguide; L — load; FU — food
unit; MD — measuring device.
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Ferrite

| Measuring line
value

t

Generator Attenuator

Fig. 13. General view of the measuring setup for
experimental study of the electromagnetic field in a
microwave waveguide.

The measuring device connected to the output of
the measuring line detector is a constant voltage
microvoltmeter. Table 1 shows a comparison of
the results of existing works [1-5] and those
obtained in this work. The comparisons were
made using the following parameters of the
microwave rectangular waveguide: limit power,
releasable power, extinction coefficient, standing
wave coefficient, refractive coefficient, special
quality, the phase of the reflection coefficient,
characteristic resistance. As can be seen from
Table 1, the results obtained in this work are in
good agreement with existing works [1-5]. The
relative  error  between  theoretical and
experimental results for the electric field of the
microwave rectangular waveguide is shown in
Table 2, the relative error between theoretical and
experimental results for the magnetic field of the
microwave rectangular waveguide is shown in
Table 3. Comparative analysis and error
assessment of the results given in these tables
show that the relative errors between theoretical
and experimental results do not exceed 4%. This
is also considered satisfactory for the microwave
range.

Table 1: Comparison of the results of existing works and this work on the parameters of a microwave rectangular

waveguide.
The phase
Limit Releasable | Extinction Standin . . of the Characteristic
References power, power, coefficient, wave ’ CRggggit;Vni iﬁgﬁgl reflection resistance,
Wt Wt dB/m coefficient coefficient, Ohm
rad/m
[1] 4020,1 1209 0,0209 1,026 0,0091 4496,6 39,21 377,7
[2] 4017,6 1218 0,0208 1,028 0,0093 4497,3 39,1n 377,9
[3] 4005,5 1210 0,0203 1,022 0,0096 4499,5 40,21 376,1
[4] 4018,3 1207 0,0207 1,023 0,0097 44937 40,3n 378,3
[5] 4015,7 1205 0,0202 1,019 0,0090 4492,3 40,67 378,1
This work 4010,5 1211 0,0201 1,021 0,0098 4497,2 39,91 376,7
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Table 2: Relative error between theoretical and experimental results for the electric field of an microwave
rectangular waveguide.

The values obtained from the Relative error between theoretical and
Experimental values of electric calculation of the electric field experimental results
Number of field im(_ensity in elementary inter?s_ity in_ elementary regions by
regions, (10°%), V/Im the finite difference method, (10°), |Xexp, - Xca|,|/|XeXp,| -100%
elem_entary vim
regions E-wave H-wave E-wave H-wave E-wave H-wave
EXx Ey EXx Ey EXx Ey EXx Ey EXx Ey EXx Ey

1 2,25 4,51 4,52 2,55 2,18 4,45 4,45 2,45 3,11 1,33 1,54 3,92
2 3,52 5,18 1,59 2,61 3,48 5,24 1,6 2,59 1,13 1,15 0,62 0,76
3 4,10 5,30 1,38 3,42 4,07 5,28 1,43 3,39 0,73 0,37 3,62 0,87
4 4,50 5,29 5,50 4,22 4,47 5,29 5,42 4,13 0,66 0 1,45 2,13
5 4,41 5,41 5,49 3,36 4,44 5,36 5,51 3,44 0,68 0,92 0,36 2,38
6 4,42 6,11 4,81 3,44 4,43 6,07 4,78 3,37 0,22 0,65 0,62 2,03
7 4,49 6,51 2,09 2,39 4,43 6,42 2,11 2,42 1,33 1,38 0,95 1,25
8 2,91 4,66 1,40 1,42 2,83 4,75 1,37 1,40 2,74 1,93 2,14 1,40
9 3,78 4,19 4,19 1,21 3,85 4,27 4,21 1,19 1,85 1,90 0,47 1,65
10 4,22 5,51 5,29 1,26 4,15 5,47 521 1,23 1,65 0,72 1,51 2,38
11 4,13 6,11 6,61 1,62 4,19 6,03 6,52 1,60 1,45 1,30 1,36 1,23
12 3,17 6,30 4,22 1,57 3,16 6,25 4,12 1,54 0,31 0,79 2,36 1,91
13 2,69 6,18 4,21 1,81 2,67 6,26 4,11 1,79 0,74 1,29 2,37 1,10
14 2,62 6,32 7,26 2,25 2,55 6,29 7,31 2,19 2,67 0,47 0,68 2,66
15 2,50 5,63 7,62 3,71 2,43 5,59 7,52 3,61 2,8 0,71 1,31 2,69
16 2,35 5,09 1,53 1,59 2,27 5,14 1,49 1,57 34 0,98 2,61 1,25
17 2,88 5,19 1,44 1,21 2,91 5,12 1,42 1,19 1,04 1,37 1,38 1,65
18 3,23 1,21 2,48 4,20 3,16 1,20 2,51 4,1 2,16 0,82 1,20 2,35
19 4,50 4,42 3,21 5,52 4,37 4,37 3,19 5,49 2,88 1,13 0,62 0,54
20 5,31 4,81 4,51 6,51 5,24 4,78 4,42 6,49 1,31 0,62 1,99 0,30

Table 3: Relative error between theoretical and experimental results for the magnetic field of an microwave
rectangular waveguide.

. Relative error between
; Experimgntc—_ll values of magnc_atic cll?:il\;?ilcl)fifo t%tglr?gé]:gtriz giheel‘d theoretical and experimental
ield intensity in elementary regions, h P ) results
Number of Alm intensity |n_e|ementary regions by
elementary the finite difference method, A/m Xexp. — Xca|,|/|Xexp,|~100%
regions E-wave H-wave E-wave H-wave E-wave H-wave

HX Hy HX Hy HX Hy Hx Hy Hx Hy Hx Hy
1 51,82 24,31 54,02 28,30 51,86 24,2 53,6 27,94 0,08 0,45 0,78 1,27
2 67,84 43,24 25,43 35,63 67,11 44,25 24,5 36,3 1,08 2,34 3,66 1,88
3 44,53 25,63 35,82 77,12 43,56 25,43 36,57 76,23 2,18 0,78 2,09 1,15
4 63,72 35,42 46,22 45,74 64,16 34,98 44,89 46,98 0,69 1,22 2,88 2,71
5 11,64 85,81 66,14 62,71 11,34 86,78 65,79 63,39 2,58 1,13 0,53 1,08
6 52,61 43,70 34,53 64,74 53,12 44,9 34,79 65,15 0,97 2,75 0,75 0,63
7 54,74 38,92 76,32 22,62 55,56 39,19 74,76 22,37 1,50 0,69 2,04 1,11
8 61,23 32,13 24,31 34,73 60,47 33,18 24,26 33,71 1,34 3,27 0,21 2,94
9 63,41 25,24 12,11 37,72 62,12 25,17 11,98 38,18 2,03 0,28 1,07 1,22
10 53,20 44,34 32,63 11,73 51,45 43,45 33.76 11,56 3,29 2,01 3,46 1,45
11 52,92 45,93 36,22 33,71 51,9 44,86 35,69 32,96 1,93 2,33 1,46 2,22
12 43,54 47,11 74,72 35,44 42,45 46,58 73,72 34,48 2,39 1,13 1,34 2,71
13 34,73 52,53 36,14 20,60 35,19 53,56 35,43 20,11 1,32 1,96 1,96 2,38
14 55,72 66,90 66,23 41,91 56,61 67,5 67,31 40,81 1,6 0,9 1,63 2,62
15 47,52 31,72 34,33 42,53 48,13 31,34 34,53 43,12 1,28 1,2 0,58 1,39
16 59,20 43,71 34,10 29,52 60,16 42.95 33,99 30,15 1,62 1,74 0,32 2,13
17 79,34 62,94 64,32 10,23 80,78 61,89 64,44 10,35 1,81 1,67 0,19 1,17
18 61,71 44,43 75,83 37,71 62,34 43,56 76,45 38,48 1,02 1,96 0,82 2,04
19 61,82 44,21 41,94 29,54 60,45 43,56 41,25 30,05 2,22 1,47 1,65 1,73
20 49,51 25,83 41,11 21,63 50,23 26,21 40,38 22,38 1,45 1,47 1,78 3,47
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VI. CONCLUSION

New mathematical models have been developed
in the Cartesian coordinate system of the
electromagnetic  field of a rectangular
waveguide operating in the frequency range of
4,9-7,05 GHz, taking into account the
nonlinearity of the medium and types of waves,
and effective algorithms for solving the models
have been proposed, which has improved the
electrical, magnetic, structural and operational
parameters and characteristics of the microwave
rectangular waveguide. For E-type and H-type
waves, 3D models of the distribution of
electromagnetic field strengths in elementary
regions of a rectangular waveguide operating in
the frequency range of 4,9-7,05 GHz have been
developed. Experimental devices and functional
circuits for measuring the parameters of a
microwave path, including electric and
magnetic fields, a rectangular waveguide in a
nonlinear state of the medium are proposed, and
the waveguide parameters are experimentally
determined. Comparison of theoretical and
experimental results of electric and magnetic
field strengths showed that the relative error for
these parameters is 4%. This proved the
adequacy of the theoretical and experimental
results obtained.
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