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Abstract— The over-determined boundary value problems in the partial domains are proposed
to be used as the auxiliary problems to investigate the wave processes in the complex structures.
The necessary and sufficient conditions of solvability of the over-determined problem are the
dependencies between the boundary functions. These dependencies can be obtained in terms of
the Fourier transforms or Fourier coefficients of the boundary functions. The diffraction problems
for the electromagnetic waves on the conducting screens in the space and in the waveguides with
metallic walls are considered as the examples.

1. INTRODUCTION

The method of partial domains is widely used in the electromagnetic wave propagation and diffrac-
tion theory to solve the conjugation problems and boundary value problems with mixed boundary
conditions. In the case when the integral or summatorial representations of the field to be found are
obtained in some parts of the waveguide structure it is possible to get the integral or summatorial
equations equivalent to the initial problem.

It is convenient to consider the over-determined boundary value problems in the partial domains
as the auxiliary problems. By this we are to consider more boundary conditions on some pieces of
the domains boundaries than it is necessary to choose the unique solution. The review of articles
devoted to over-determined boundary value problem method for the partial differential equations
is given in the paper [1].

The necessary and sufficient conditions of solvability of the over-determined problems have the
form of the supplementary connections between the auxiliary boundary functions. These con-
nections together with the initial boundary conditions and the conjunction conditions form the
complete set of equations to determine the electromagnetic field. In many cases the conditions at
the infinity for the unbounded domains (the radiation conditions) can be formulated also as the
auxiliary conditions for the boundary functions in the over-determined problem.

2. TWO-DIMENSIONAL PROBLEMS IN THE PLANE WAVEGUIDE

Consider the diffraction problem for two-dimensional TE-wave in the plane waveguide on the in-
finitely thin ideally conducting screen (see Fig. 1).

The eigen TE-wave of the waveguide with potential function u°(x,z) is falling down on the
screen M. It is necessary to find the potential functions u¥(x, z) of the field being generated by
the diffraction of this wave.
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Figure 1: Lateral screen in the plane waveguide.
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It is well known that the potential function u(z, z) of any of two possible polarizations of two-
dimensional electromagnetic field in the plane waveguide is to satisfy the Helmholtz equation

Pu 0%u 9

0x2+322+k u=0, (1)
here and further k£ being the real number. The function u(x,z) is to vanish on the walls of the
waveguide z = 0 and h = h for TE-waves.

Consider the auxiliary over-determined boundary value problem in the right-hand part z > 0 of
the waveguide structure. It is necessary to find the solution of the Equation (1) in the half-strip
0 < x < h, z > 0, satisfying the boundary conditions on the walls of the waveguide u(0,z) =
0, u(h,z) = 0 and the conditions u(x,0 + 0) = ug(z), %(az,o + 0) = ui(z) on its cross-section.
Besides, the solution to be found is not to contain the elementary harmonics transferring energy
from infinity or infinitely increasing by z — +o0.

It is easy to show that solution of such over-determined boundary value problem for the
Helmholtz equation exists and is unique if and only if the Fourier coefficients of the functions
uo(z) and wuj(x) satisfy the conditions

Ulp + iYUon =0, n=12,..., (2)

where

2
= k2—(%> Con=1,2,...

Let us determine these numbers in such way that either Re~, > 0, or Im v, < 0. By this

+oo 4 +oo '
u (x,z) = Z Appn(z)e? ut(z,2) = Z Bpon(x) e %,
n=1 n=1

where

In the same time functions ug(z) and u;i(x) then and only then are traces on the cross z = 0 of
the solution of the Helmholtz equation in the half-strip satisfying the boundary conditions and the
condition at the infinity when

h 400 1
uo(x) = /ul(t) Ki(t,x)dt, ze(0,h), Ki(t,x)= Z 7—¢m(t)¢m(x). (3)
0 m=1 '™

The same statements are valid for the left-hand half of the waveguide structure.
As it is shown in [2], by e* = ¢ the diffraction problem for the electromagnetic wave on the
lateral screen in the plane waveguide is equivalent to the infinite set of linear algebraic equations

+o0o +o0 1
A=Y Ay Y — Tummk = —Ci ik, k=1,2,... (4)
n=1 m=1 '™

or to integral equation

ur (@) — / W (1) Lt 2) dt = —iCyy(x), x € M,
M

where I, Jk are some constants, L(t, x), ¢;(z) are some functions.
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3. THE CAUCHY PROBLEM FOR A HALF-SPACE

Consider the Maxwell equations set for complex amplitudes ¥ and H of the electric and magnetic
vectors of the electromagnetic field harmonically dependent on time

rot H =iwepe E, rot B = —iwpop H (5)
in the upper half-space R3 and in the lower half-space R, heree =e(2) = {z >0:¢e4; 2<0:¢e_}
and p are real numbers. Let the traces of tangent components £ and H be given on the plane
z =0 and

(20, E)(,,0) = e y), [0, H](2,9,0) = h(z, ). (6)

We call the solution F, H of Maxwell equations set in the domain Ri outgoing into a half-space
if each of its components is the distribution of slow growth not containing harmonics which transfer
the energy on infinity and the traces (6) are defined correctly.

Let k be a wave number, k% = w?pouege. Denote by

e = {@ P =k iVETE R @<k VR P

Vector-functions E, H are the solution of the Cauchy problem (5), (6) in the class of solutions
outgoing into the half-space if and only if, when [3] the equality for the Fourier transforms of traces
of their components on the plane z =0

weoey(§;me(€,n) + P& mh(€,n) =0 or P& n)e(€,n) —wpopy(&,mh(§,n) =0 (7)
is fulfilled, where

B &n k‘2—§2> B 10 B 0 O

Formulas (7) follow one from another; they determine the dependence between the traces of
the tangent components of the field given on the boundary of the domain in terms of their Fourier
transforms. It follows from (7) that

1
e(z,y) = T oeee //K(xlvlﬂ;xay) h(z1,y1) dxy dyz,
8)
1 (
h(z,y) = oo // K(x1,y1;7,y) e(z1,91) dr1 dyr,

where

Klaniey) = o [ [ cgr Pl 101 =081 =0 ge ay

In the case of analogues statements for the solutions of the Cauchy problem outgoing into the
lower half-space in R? one should change a sign of the function v(£,7) in above given formulas.

4. THE DIFFRACTION PROBLEM ON A PLANE SCREEN

Let M be a metallic screen placed in the plane z = 0 and N be its supplement up to the whole
plane. Let ex =&, ugx = pand Ey(x,y, z) be the electric field of a wave falling down on the screen.
It is necessary to seek the solutions of the Maxwell equations set outgoing from the plane z = 0
into half-spaces satisfying the boundary conditions

[20, B+ + Epl(z,y) =0, (z,y) € M,
20, By — E_|(2.y) =0, |20, Hy — H_|(z,y) =0, (z.) € N.

Let us write down the equalities of the form (8) for the traces of tangent components of the
vectors Ey, Hy. It follows from the boundary conditions that e =e_ = —ep on M and ey =e_
on N. Denote by e = ey =e_. Then hy +h_ = 0 everywhere on the plane z = 0, by this hy = h_

on N. Thus 1

0E //K(xlvylax7y) hi(xlvyl) dwl dyla
M

e(z,y) = F—
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1 1
//K@l,yl;fﬂ,y) eo(x1,y1) dry dy; £ //K(l‘l,yl;%y)6(9317211)61961 dy;.
wiolt J witoft ).

hi(‘T?y) =+

It is proved in [3] that the diffraction problem on a plane screen is equivalent to the vector
integral equations

1
WEQE

M
6(96‘,.@)+//€($1,y1)LM(fL’1,yl;fﬂ,y) dzy dy ://eo(xlayl)LM(iflayl;l'ay) dxq dy,
N M

= // K(x1,y152,y) ha(z1,y1) doy dyy = —eo(z,y);

1
Ly(x1,y152,y) = kg// K(x1,y1; 72, y2) K (2, Y25 T, y) dwv2 dy2; (9)
M 1
h:t(xay)‘f‘// he (w1, y1) LN (21, Y152, y) do dylzﬂquoﬂ //K(mluyﬁ%y)eo(xlyyl)dxldyl’
M M

1
Ly(z1,y152,y) = 14;2// K(z1,y1522,1y2) K(22,y2; 7, y) da dys.
N

5. THE CLOSED WAVEGUIDE OF ARBITRARY SECTION

Let C be media interface in the waveguide with metallic walls placed along axis z, and S be a
lateral section on the waveguide (see Fig. 2). Let the function z = f(z,y), (z,y) € S determine
the media interface C. We are to obtain the integral identities connecting on C' the traces [n, E] =
e(z,y), [n, H] = h(z,y), (z,y) € S of tangent components of the vectors E and H of the field from
the right-side on C.

As it is known, any solution of the Maxwell equations set for complex amplitudes in the case of
harmonic dependence on time can be represented as a superposition of fields of normal TE- and
TM-waves. For TE-waves we have

FE = iwpoprot I, H = grad div I™ 4 K211,
for TM-waves we have
FE = grad div II¢ + k?T1°, H = —iwege rot I1°,

where

00 ' o0 )
" = (0,0,23,2%”3‘ Zso?(w)) , I = (o,o,ZBze“fﬂsoZ(x,yQ :
n=1

n=1

~™ and ¢ (x,y) are the eigen values and eigen functions of the Laplace operator with homogeneous
Neumann conditions on the boundary S, v¢ and ¢°(z,y) are the eigen values and eigen functions of
the Laplace operator with homogeneous Dirichlet conditions. For the waves going in the direction
of the axis z the sign of v is chosen so that Rey > 0 or Im~ > 0 by Re~y = 0. For the waves going
in the opposite direction in is suitable to assume that numbers v have another sign and, more over,
the vector E for TE-waves and the vector H for TM-waves have the another direction.

Figure 2: Cross-section of the closed waveguide.
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Let us construct 2 x 2-matrix K (&,n,z,y) of the elements of the form

+00 +00
Z Z krswr(fa 77)905(117,3/)
r=0 s=0
so that
e(%iy) = // K(fan,x,y)h(ﬁ,n) dfg d’l’]s, (x,y) c S, (10)
S

By this the coefficients of all elements of the matrix K(§,n,z,y) are determined from the infinite
set of the linear algebraic equations in the form of the linear equation for the infinite matrices.
Formula (10) is the initial integral identity.

Let us transform the conditions of conjugation of fields on C in the diffraction problem

n,E°l +[n,E7) = [n,EY], [n,H° |+ [n,H | =[n,H"]

by the following way: we apply the integral operator with the kernel K(§,n,z,y) to the left-hand
side of the second kind equation [4]. Having projected the new vector equation onto the set of
functions ¢ (z,y), ¢, (z,y), we obtain regular (i.e., with the properties of the operator equation
of the first kind) infinite set of linear algebraic equations for propagation constants of the field in
the left half of the waveguide. The reduction method can be applied to this set of equation.
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