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A WAVE PROCESSESIN METALDIELECTRIC WAVE GUIDE

A number of questions according to the description and studying of the electrodynamic processes happening in a
plain metaldielectric wave guide is considered on the basis of beam representations. The beam treatment of the phenomena
in a wave guide allowed to define structure of an electromagnetic field in a wave guide, parameters of directing system, the
dispersion equations and parameters of own waves, including the main type of Hio wave.
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CeBacTONOJIbCKHIA HAIIMOHAJILHBIH TEXHUUECKUI YHUBEPCUTET
Boanossie mpoueccsl B METALDIELECTRIC BostHOBOR

A psi0 eonpocoe 8 coomeemcmeuu ¢ ONUCAHUEM U U3YYeHUeM 3/1eKmpodUHAMUMECKUX NPOYeccos, NPOUCXodsiWux 8 npocmom
metaldielectric eo.1H080da cuumaemcs Ha ocHoganuu npedcmas.senuti nyyuka. JleueHue nyvok s6AeHUll 8 601HO800 N03601UA onpedesums
cmpykmypy 34eKmpoMAazHUMHO20 NoAs 8 80/1H0800e, Nnapamempsl HanpasAsowel cucmembl, AUCNEPCUOHHBIX YPASGHEHUL U napamempos
€06CMBEHHbBIX 80IH, 8 MOM Yucae 0cHO8Ho20 guda H10 goHbl.

Katouesvle cao8a - anekmpomaziumuoe nose; pagHuta metaldielectric go.110600; Bekmop Iloiinmunza

Introduction

It is possible to present the structure of an electromagnetic field in any metaldielectric wave guide of
rectangular section including flat, as result of addition of four plain uniform waves called component, repeatedly
reflected from its boundary surfaces (Fig 1). The beam treatment of the phenomenain a wave guide allows to define
structure of an electromagnetic field in a wave guide, parameters of directing system, the disperson equations and
parameters of own waves. Such approach to questions of the description of eectrodynamic processes of the wave
guide structures provides physical presentation and simplicity of understanding of a spatiad pattern of a field at all
stages of the task solution, leading to finite expressions for components of vectors of a field, parameters of wave
guides and own waves which are completely coinciding with solutions of Maxwell's equations. Such terms as phase
and group velocity, wave length in a wave guide, transverse coefficients, a phase constant, critical length of a wave,
types of waves and otherstake clear physical meaning in this treatment.[1].

Structur e of the electromagnetic field in the wave
Thedirection of Poynting vector of a plain wave is defined by three angles (g, ay, g, ), formed with axes

of coordinates (Fig 2). Directiona cosines of these angles, sum of squares of which isequal to unit, are functions of
wave length, the transverse sizes of a wave guide, electrodynamic parameters of the environments filling the
waveguide structure, indexes of own fields.

Ay

A

Fig. 1. Schematic drawing of transver se section of wave guide and pr ojections of Poynting vector s of component waves on diametral
plane

The component wave generally can have linear, circular or éliptic polarization. The plain wave of any
polarization can be presented by the sum of two linearly polarized plain waves, having mutually perpendicular
vectors of intensity of eectric and magnetic field. Resolution on two orthogona linearly polarized waves can be
made on two any mutually perpendicular unitary vectors lying in cross plane in relation to the direction of
propagation and called polarizing basis. It is expedient to choose the plane of polarizing basis perpendicular to the
plane S passing through the direction of propagation of a wave and one of axes of coordinates for simplification of
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mathematical record of projections of vectors of a field on an axis of coordinates. Three variants of Splane
positioning are possible.

Above stated couple of two orthogonal linearly polarized component waves is interpreted as a system of
own fields of a rectangular wave guide of any cross
structure. b

Vectors E u H of plan wave are
perpendicular to the propagation direction IT , owing to
a vector ratio I1=E~ H , besides, they are mutually
perpendicular. Spread out vector E to two orthogonal
components E; and E,. One of vectors, for example

El, will be perpendicular to S plane, then other =

0
a

vector EZ will liein this plane Thewave, vector El of Fig. 2. Structure of plain metaldielectric wave guide

which is perpendicular to planeS, we will call normally polarized, and other wave with vector E, — parallé

polarized.
We choose axis 0z for theanalysis of a studied wave guide (Fig 3).

Vector El, which is perpendicular to plane S, has two components E;, and E,, . The projection of vector

E, to axis 0z is equal to zero —E,, =0. Vector Va

H, is perpendicular to vector E, and lies in
planeS. It hasthree projections Hy,, Hyy, Hy,. vV
TapasiIebHO MOAPH30BaHHOM BomHbI Vector E,

liesin plane Sat paralld polarized wave. It has all
three projections to coordinate axes E,,, E,y,

E,,. Vector H, of this wave is perpendicular to
the plane, therefore it has only two projections B
H,x andH,y,and H,, =0. X a 0

and E.. ina Fig 3. Rectangular wave guide and plane S, per pendicular to polarizing
mn basis plane

Comparing own fields H
metal rectangular wave guide with orthogonal
linearly polarized flat waves, we see that one of them — normally polarized and has the same projections of vectors,
aswell asH,,,, another — parallel polarized wave correspondsE,,,, .
The resultant plain wave with vectors E and H and generally hasall six components:
Ex:E1x+E2x; Ey:Ely+E2y; Ez:Elz+E22; HX:H1X+H2X; Hy:Hly+H2y; Hz:le+H22'
Superposition of four flat waves extending in the directions TI;, II,, I, I1,, (Fig 1), forms a resultant

non-uniform wave, intensity components of e ectric or magnetic fields are defined by expression [2]

A= Ancos‘g(xx-

j x, © jy 0 e 0
L jcosgg,y- Jijcosgwt K,z % +jij, )
2 5 2 5 2 25

where A,, — amplitude of a component independent on spatial coordinates and time; k, =kcosq,, k, =kcosq,,

k, = kcosq, — projections of a wave vector k to axes of coordinates; k =1k — the wave vector which is equal

in size to coefficient of wave propagation in thisenvironment k =w,/e,m, = ? , and coincidesin the direction with

Poynting's vector 1T ; | :ITO — wave length in the di€lectric environment; | ; — wave length in free space; | ,,
e
J yo — phases of coefficients of reflection of field vectors components from the boundary planes x=0 and y =0
respectively.
For a metal wave guide j ,, and j ,, can assume the values equal to 0° or 180°. Tangent components of

vector E and normal components of vector H are equal to zero (walls are ideally conductive). Therefore, phases
of their coefficients of reflection j ,o, j yo, are equa 180°. Norma components of vector E and tangent
components of vector H are maximum at boundary surfaces, phases of coefficients of reflection | %0 1 yo for
them, are equal to zero. Thus, on a surface x=0 for components E,, Hy, H, we have j ,,=0, and for
components— E,, E,, H, —j ,,=180°.
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Onasurface y =0 for components E, H,, H, —j o =0, andfor components E,, E,, H, —j ,, =180°.

Amplitudes of vectors components E and H also depend on directing cosines of these vectors. Knowing
directing angles of Poynting vector IT : q,, q,, g, and orientation of vectors E,, u H;, normaly and parallel
polarized waves as regard to chosen plane S, it is possible to define their directing cosines as regard to axes of
coordinates: Ox, Oy, 0z. It isexpedient to enter new system of coordinates for this purpose: 0x¢, 0y¢, 0z¢, which
axes coincide with the direction of vectors E, ,, Hy,, IT.

Position of new coordinate system as regard to old one can be completely characterized by three angles
entered by L. Euler: nutation angle, procession pure rotation angle. It is possible to define directing cosines of

vectors by these angles, E;, H; and E,, H,.

There arethree variants of directing cosines according to three variants of polarizing bases positioning.

We specify a, b, ¢ — angles between vector Ellzand axes of coordinates Ox, Oy, 0z; af, b( gt —
angles between vector ﬁl,z and the same axes.

The plane S passes through vector TI and axis 0z . Vectors E, and H; of normally polarized wave have
the following directing cosines

_ cos u

E, ® cosa = J cosbh = ﬂ; cosg=0;y
sing, sinq, ;/ )

_ €0s(q,, CoS 7

H,® cosa& £OSAxC0SQz . (oghe M cosgtsing,. !

sing, sing, b

Directing cosines of vectors E, and H, of paralld polarized wave are defined by the following
expressions:

_ €0S(, COS U

E, ® cosa = £050,COsq, . cosb:M; cosg=sing,;j
sing, sing, ;/ 3)

_ cos 2

H, ® cosat= —qy cosht= ﬂ; cosg¢=0.!

sing, sing, b

The direction of Poynting vector TI is defined by values of anglesq, , dy, g, , with the positive directions

of axes of coordinates.
Amplitudes of vectors components E and H are connected with their amplitude coefficient ratios:
Exm=Encosa;  E,,=Ejcosh; E,, =E;cosg il @

Hym = Hn€0sa¢ Hyp = Hpy0osb¢  Hoy, = Hipcosgd)
All these amplitudes can be expressed through one of them, for example, as it is made in the analysis of
magnetic waves in ametal rectangular wave guide.
All these amplitudes can be expressed through one of them, for example H,,, asit is made in the analysis
of magnetic waves H ., in ametal rectangular wave guide.
In this case

n

H Z,H
Hp=—2% E,=ZH,="22 5
m 945 m 0" 'm gt ()

where Z, = }ﬂ — wave resistance of the environment filling a wave guide.
ea

Substituting H,,, and E, from (5) to (4), we receive values of amplitudes of all components, expressed
through H . Directing cosines thus are defined by expressions (2):

Z,cosq Z,C0Sq il

S —— ! zm» Eym = %H m Ezm = 0’I
sin-q, sn-q, ;/ (6)

_ cosq, cosq i _ cosqy cosq . i

me_%XHzm’ Hym_+Hzm’ Hzm' T

sn’q, sn’, b

The amplitudes of all components are expressed through E,, during the analysis of electric waves E,,,
and directing cosines are defined by expressions (3).

Subgtituting in (1) values of amplitudes (6) and considering values of phases on surfaces x=0 and y=0,
we write down expressions for vectors components of own field H
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i Zocosq, i . . i

Ex=] ;nzqzng cos(kxx)sn(kyy)sm(wt - k,2); i

)

_iz cosqX i

E, = H k k t-k

T e t,) ansin( x)cos( yy)sm(w ,2); i
& =0 i )

y

H =Im 7H msin(k, x)cos(kyy)sm(wt - k,2) :

t sn’g, i

T

Hy, Im 7H m cos(K, x)sm(kyy)sn(wt - k,2)ii

f sin’q, [

H,= Hmcos(kxx)cos(kyy)cos(wt - k,2). Ib

Similarly it is possible to find components of vectors E and H of own field E,,

E, = Im E cos(k x)s n(kyy)s n( kzz);':'J
1 sin’g, i
i
E, :Im E sm(k x)cos(kyy)sm(wt -k z):
it sin’q, i
E, = Ezmsin(kxx)s n(kyy)cos(wt - kzz); i
N . y
1 cosqy ¢ . . i

H,=j——yE k k t- k
x %Zoﬁnzqzﬁ msin(k,x)cos] yy)sm(w ,2); i
3 i

T cosg, ©

H, =j——=—yE k k t- k i
T ng mcos{k,x)sin( yy)sm(w ,2); :
HZ =V b

According to expression (1) digribution of amplitude of any component along axis 0X is described by
function

A = cosgixx- 100
e 2

2

Then at value x=0 we have A@:cosJ ;o ,andat x=a — —cosai a- X0° . At the same time, at
@

x=a wehave A, = cosJ ;" , where j ., — phase of reflection coefficient on border x=a.

Equality of functions cosgixa— gog—cosjé‘” is reached at the following ratio of arguments:
e @

k.a- JT"O:mp+17>‘”. It follows, that kxa=mp+JTXO+J7X" . Conddering that, j ,, =] .o =0, wereceive

k.a=mp, Ky =
a
From a condition j ,,=180° equality of functions follows sink.a=cos90° =0, from where it is aso
possibleto receive k.a=mp, where m=0, 1, 2,...
@ , k = E
a I

Fromratios k, =kcosq, , k, =

" we define expression for a cosine of theangle g,

_m
COS(, " on

Similarly we define k, =% , and directing cosine

cosqy = 5"

where n=0, 1, 2,...
Directing cosines of these angles are connected among themselves by a known ratio [3]:
cos”q, +cos’q +cos’q, =1,
from which theratio follows
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(8)

Thus, the direction of Poynting vector TI depends on wave length| , the sizes of awave guide a and b,
and on wave type which is defined by indexes m and n, it is quantity of the half waves which are keeping within
thesizes a and b of wave guide walls.

At increase in length of awave | value sing, increases, and at g, =90°, sing, =1. Propagation of an

electromagnetic wave along a wave guide stops. Length of a wave with which the angle g, reaches 90°, iscalled as
the critical length of awave | .
From (8) follows that

(9)

If the critical length of awave is known, the angle g, can be defined in a different way

. I
sing, = , cosq, =
(.
And vice versa, the critical length of awave of any mode can be determined on known directing sine of the

angle g, . Using ratios (8) and (9), we write down expressions for sines and critical lengths of waves for types of

. I . I . I
modes: Hyy, Hy, Hoyw Hyp — S‘r‘quo:z—a! | p10=22; SmCIzzo:E! | 20 =@ S‘”qzolzz_b! | po1=20;

. _3 _2a
S””|qz30_2_a! Kp30_?'
Expressions (7) for vectors components E and H of own field of type H,,, can be modified if to

multiply numerator and denominator by k? and to consider that k=wy/e,m , k,=kcosq,, k, =kcosq, ,

- _mp _hp - {ma
k, =kcosq,, and ado kx—?, ky-?, Zy= e—a_

Vectors components of afield of type H ., arewritten in the form of:

E, :&wr}‘ jaEmgHchosgarmxgsingElrﬂ ygsin(wt - k,2); i
ki geb o ea g eb’'g i
o ) i

_ gwm, 2a8TP g . 38D 0 8P 0. g
E, =G—*1¢—*H 5, SiINg—— x+cos¢— y+sin(wt - K,z);+
Y kc,'agatazm €a g &b g ( Z):
E,=0; I
|

&, Oganp G, . 2amp O aap 0. Y

H =cz=2P0% g —— X+C0S¢— y+sin(wt - k,z); i
Xé@agagz‘“ €a g &b’y ( Z)-|-
; [

&K, QP § anp O P 0. 0

H, =Gz 0% — XFSinc— y=sinwt - k,z); -
Y é@aebgz‘“cosga g eb g ( ) :
ap 6 ap O I

H,=H — X — y-=+cos\wt - k,z). i
2 = Han COSE—_x"0086™ = y~cosfut - k,2) !

Itis similarly possible to modify expressions (6) for vectors components of afield of type E,:
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& 2 Ogn 8P | O o

Ex =¢S5 1¢—E,Co —x—sn y—:snwt-kz; i
gkcz ﬂg ag sg a f; a ( ) |

:

E, é Z_aenp snggﬂxocosgmp yosn( - k,2); i
'} '} :

) :

E, = Emn?fﬂx%néﬂygcos(wt- k,2); i
a g eb’g y

_Gwe, Oap g a@mp o ap 9 !

P O Sine® x cosBP \ Oin(wt - k,2); !

- ki b o f; a g Sgb I} ( ) :
:

Hy = il aemp_E COSQ—X smg y sn(wt- k z),|'
Koeaa o i
H,=0, E)

where kZ =k +kJ — cross wave number.

The received expressions for vectors components E and H of own fidds H,, and E,,, on the basis of
ray representations completely coincide with the expressions found by the analysis of Maxwell eguations. The
specified compliance confirms validity of assumptions that own fields are the orthogonal linearly polarized flat
waves extending in a wave guide on certain angles g, toitsaxis. Structure of field of a wave of H,q type is obtained

2
| &

at subtitution in (7) of following parameters: cosq, =0; sjnqz=cosqx=|—; cosq, =,|1- &0 ; kX=B;
2a elag a

k, :|2_p, obtained at substitution in the corresponding formulas of zero value of index n and m = 1. Thus the

constant of wave propagation in awave guide k, isequa

2 2
k, =kcosq, = pcosqz—l—p,

B

where parameter | is called the wave length in awave guide
[ I

I, = = .
cosq, 2
\/1 &l o

&2ag

Expressions for projections of vectors of afield to coordinates axes of a wave of Hyotype:
E,=0; E,=0, H,=0

E, =20

Y= ang H,sin(kcosq,x)sin(wt - kcosq,z) =

z
0
= 7,22 smp sin wt-@ 7z
IB B O
_cosq : .
<= sinqz H msin(k cosg,x)sin(wt -

H

kcosq,z)=

z

2 & 2
—aHzmsnEsmgwt- —pz~
| a Iy o

i
i
i
i
i
i
i
I
]
y
i
i
i
i
i
i
H, = H cos(k cosq,x)cos(wt - kcosq,z) = H oo™ cosgwt 1

5 ﬁb

Hio type wave has simple structure of a field, possibility of a single-wave operating mode, demands the
minimum sizes of a wave guide. It is called the main and the large mgjority of the wave guide devices works at Hg
type wave.

Par ameter s of wave guide and own waves extending in

The main parameters of a plain metal dielectric wave guide are: critical length of wave 4,,, wave length in
wave guide A,, propagation constant (or a phase constant) k,, phase speed of wave V, group speed (or power) V.,
cross coefficients k,, k,. and characteristic resistance of wave guide Z,.

If the direction of propagation of a plain partial wave coincided with the direction of alongitudinal axis of
awave guide, wave length in a wave guide would coincide with wave length in uniform dielectric which fillsawave
guide. However propagation of plain waves happens on angle 6, to a wave guide axis. According to geometrical
constructions (Fig 4) it is possible to define interrelation of wave length in the wave guide | , with awave lengthin
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didlectric | ;.
In thedirection TI the flat wave with a speed extends

where ¢ — electromagnetic constant; m =1.

The dashed line 1- 1¢ shows the wave front in atimepoint t =0. The wave front 1- 1¢ is perpendicular to
Poynting's vector I (lineAB). For a short time Dt =T , where T — the period, the front of a wave will reach
position 2- 2¢. During this time the plain wave will pass a way in the direction of the propagation, equal to AB.
We assume, that the wave phase was equal in a point A to zero; asthe waveis plain, and in al points of the front

1- 1€ will be a zero phase. The front of a wave moves paralld to itsdf, therefore, in line points 2- 2(¢ the zero phase
of awave alsois observed.

1« @
s
A: D C
] 9z
1 o2 €a1r Ma1 @
1 B ®z

Fig. 4. Wave length determination in plain metaldielectric wave guide

Speed of movement of wave front (phase speed in direction AB') coincides with the speed of propagation of

energy and isequal to V, = % . Speed of propagation of the front along an axis 0z is defined by aratio V,, =A?: .

Speed of propagation of energy along a wave guide (group speed) is equal to V,, =%. SpeedsV,, Vg, V., itis

easy to connect among themselves; as 4D = 4Bcosq, .

ABcos
Vip = 720054, =V, cosq,; (10)
AB V,
A =1 (11)

~ Dcosq, cosqg,
If on piece AB one length of wave | ; keeps, that along a longitudinal axis of a wave guide length of a
wave | , keepson apiece AC, that is,
I, = 4 . (12)
cosq,
Asit seen from expressions (10) — (12), phase and group speeds, wave length in a wave guide depend on
value of a directing cosine cosq,, which, in turn, is defined by type of the waveguide structure, electromagnetic

parameters of diglectric, and also the sizes of a wave guide a and b, wave length in free space, a class of fields,
wave type.
The constant of wave propagation in awave guide k; isdefined by length |

[, :I—, (13)

Jey cosa,

2p 2p
kz :I_:k1COSQZ :I_\/ECOSQZ' (14)

Cross coefficients ky and k, are determined by formulas:
k., =kcosq,, k, =kcosq, . (15)

Characterigtic resistance of a wave guide Z, for Hyo type wave is equal to the relation of cross components
of intensity of electric and magnetic field.

Z :E:ZOIB: ZO = ZO
X [ o & oosq,
_9?_
ecag
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As for Hyo type wave cosq, =0, as n=0 the sine of the angle g, is equal to a cosine of the angle q, .
y z X

2
Therefore sing, = cosq, =2|— , €0sQ, =]/1- gezl_g and in ratios (10) — (15) for wave length, phase and group
a ecag

speeds in a plain metaldiel ectric wave guide to substitute value

_ @l o
cosq, =,|1- ez—a; .

On the basis of the offered and theoretically studied plain metaldielectric wave guide it is necessary to
develop, first of al, anumber of elements of paths of measuring instruments of wave guide parameters, two-detector
microwave converter for construction on its basis of the measuring instrument of wave length in PLMDW, the
measuring insrument of complex coefficients of reflection and transfer of devel oped elements and devices.

Such elements and devices are: transitions from the coaxial line and a hollow standard wave guide to the
plain metaldielectric wave guide, the coordinated loading, a detector head through passage and the microwave
converter.

The structure of an electromagnetic field in a plain metaldielectric wave guide is presented as result of
addition of four plain uniform waves called partial, repeatedly reflected from its boundary surfaces. On the basis of
ray representations inclined falling of a plain (partia) wave with any type of polarization is investigated. Thus
liberally polarized plain wave was presented in the form of two orthogonal linearly polarized waves. Decomposition
is made on the polarizing basis plane of which is perpendicular to the direction of a wave and a longitudinal axis of
coordinates. The structure of an electromagnetic field in a wave guide is defined. Expressions for component
strengths of eectric and magnetic fields of resultant non-uniform waves of Hy,, and E.,, types which correspond to
the orthogonal linearly polarized waves are obtained. The dispersion equations from which directing angles of
Poynting vectors of partial waves are found.

The found ratios for directing corners allowed to determine all parameters of waves of H,, and E types
and the main Hyo wave: critical waves lengths, phase and group speeds, waves lengths in a wave guide, phase
congtants, cross coeffi cients and characteristic resistance of a wave guide.

The applied approach to questions of the description of the electrodynamic processes happening in a wave
guide, provides physical presentation and smplicity of understanding of a spatial picture of afield a al stages of
the task solution, leading to final expressions for vectors components of a field, parameters of wave guides and own
waves which are completely coinciding with solutions of Maxwell equations. Such terms as phase and group speeds,
wave length in a wave guide, cross coefficients, a phase constant, critical length of a wave, types of waves and
others get clear physical sensein new representation.
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