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Abstract. Various approaches to calculating normal modes of a closed waveguide are considered. A review of the
literature was given, a comparison of the two formulations of this problem was made. It is shown that using
a self-adjoint formulation of the problem of normal waveguide modes eliminates the occurrence of artifacts
associated with the appearance of a small imaginary additive to the eigenvalues. The implementation of this
approach for a rectangular waveguide with rectangular inserts in the Sage computer algebra system is presented
and tested on hybrid modes of layered waveguides. The tests showed that our program copes well with calculating
the points of the dispersion curve corresponding to the hybrid modes of the waveguide.
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1. Introduction

In classical electrodynamics there are two related spectral problems, the problem of normal modes
of a waveguide and the problem of eigenmodes of a resonator [1, 2]. The first of these problems in
the vector case turned out to be surprisingly difficult, its solution requiring the use of very subtle
theorems from the field of functional analysis.

2. Scalar model

Let S be regular domain in R?, the cylinder S X R will be called a waveguide, and the Oz axis of the
Cartesian coordinate system used is directed along the axis of the cylinder. A nontrivial solution

u= u(x’ y)eiwt—iyz

of the oscillation equation
1 0%u
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in the cylinder S X R, satisfying the Dirichlet boundary condition

Ulagsxr =0

or Neumann boundary condition

Jou

= =0

onlssxr
is called the normal mode of the scalar waveguide, and the corresponding value of the positive
parameter w is called the natural frequency. The parameter y/c is called the propagation constant. If
y > 0, then the normal mode runs along the z axis, if y < 0, then against it. These modes are called
guided modes. If y contains an imaginary part, then the normal modes either increase exponentially
or decrease exponentially with increasing z. Such modes are called evanescent.

The problem of finding normal modes of a scalar waveguide is reduced to a 2D spectral problem of

finding a nontrivial solution u of the equation

Au+ K2 —yHu=0

with Dirichlet or Neumann boundary conditions.
Let the eigenvalues of the problem

A,p+a?p=0, $log=0

be numbered in ascending order taking into account the multiplicity as a?,a3,..., and the
corresponding eigenfunctions be denoted as ¢,. In this case, functions

Pn(x, y)elent

describe the natural oscillations of the membrane S. For a given domain S, the numbers a?, a3, ...
are uniquely determined. For some domains, they can be calculated analytically, for all others they
are found using the Galerkin method.

For this reason, the parameters w and y of the normal modes of a scalar waveguide are related as

kK —y?=da.

Therefore, for a fixed frequency w, there are at most a finite number of positive values of the parameter
y, for which normal modes exist. These modes describe waves traveling along the waveguide and,
as already said, are called guided modes. All other normal modes have an imaginary y and for this
reason they exponentially increase or decrease along the waveguide axis.
By Steklov’s theorem, a monochromatic scalar field in a waveguide can always be represented as
asum
Z (aneiwt—iynz + bneiwt+iynz) ¢n(x’ y)’

where a,, b, are the complex amplitudes. Therefore, the field, say, at large z is a superposition of
a finite number of running normal modes, a sum of exponentially decreasing evanescent modes, and
a sum of exponentially growing modes. The partial radiation conditions are such that there should
be no exponentially growing terms [1].

It should also be noted that normal modes in the framework of the scalar model with Dirichlet
conditions exist only for those values of k, y that lie on hyperboles

K—y?=a, n=12,...
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The set of such points (k, y), which correspond to normal modes, is called the dispersion curve of the
waveguide. The dispersion curve of a scalar waveguide consists of a countable number of hyperbolas.

The case of Neumann boundary conditions does not present any fundamental difficulties. Let us
agree that the eigenvalues of the problem

0
ap+py=0, Fig=o0

are numbered in ascending order and taking into account the multiplicity as 7,82, ..., and the
corresponding eigenfunctions are denoted as ,,. Let us add to them the zero eigenvalue 5, = 0 and
the corresponding eigenfunction 1, = 1. The system of functions ¢, is again complete, and normal
modes within the framework of the scalar model with Neumann conditions exist only for those values
of k, y that lie on the hyperbolas

K—-y>=62 n=0,1,2,...

Thus, in the scalar case, classical theorems of mathematical physics are sufficient to construct the
theory of waveguides [1].

3. Vector model

Let us now turn to the vector model of an electromagnetic waveguide. A nontrivial field of the form
E= ﬁ(x, y)eiwt—iyz’ H= ﬁ(x, y)eiwt—iyz’
satisfying the system of homogeneous Maxwell’s equations and the boundary conditions
AxE=0, Ai-H=0,

is called an eigenmode, and the corresponding value of the positive parameter w is called
an eigenfrequency. The parameter § = y/c is called the propagation constant. To find the
eigenfrequencies, it is necessary to solve the eigenvalue problem

TotE = —ikuH, TotH = ikeE )

with the boundary conditions
ixE=0, i-H=o.

Here rot is a differential operator in which differentiation with respect to z is replaced with
multiplication by —iy. As in the scalar case, the points of the ky plane at which this problem has
a nontrivial solution form a certain curve called the dispersion curve of the waveguide.

In the case where the waveguide filling is uniform, Tikhonov A.N. and Samarskii A.A. [3] proved
a field decomposition theorem, from which it follows that the complete system of waveguide modes
can be composed of two types of modes: transverse magnetic (TM, H, = 0) and transverse electric
(TE, E, = 0). For a TE mode, from the equation

diveE =0

it follows that there is such a function u that
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Figure 1. Waveguide filled with layers

This function is called the Borgnis function [1]. By direct substitution of these expressions into
Maxwell’s equations, it is possible to express all the components of the field through the derivatives
of the Borgnis function, and for the Borgnis function itself to obtain a scalar eigenvalue problem
with the Dirichlet condition. Similarly, the TM mode can be expressed through the derivatives of the
Borgnis function, for which it is possible to obtain a scalar eigenvalue problem with the Neumann
condition. It is only necessary to discard the zero eigenvalue, which will correspond to the trivial
electromagnetic field.

Thus, the theory of Borgnis functions allows reducing the study of the modes of a waveguide filled
with an optically homogeneous substance to the study of the spectrum of the Laplace operator. In
this case, the dispersion curve turns out to be the union of a countable number of hyperbolas, which
are dispersion curves for a scalar waveguide with the Dirichlet and Neumann conditions.

However, in practice, waveguides with optically inhomogeneous filling are quite common. Such
waveguides include waveguides with a core, which are obtained by coating a dielectric cylinder with
another dielectric and then with a conducting layer, and multicore waveguides, which are obtained
by adding several dielectric cylinders into a bundle covered with a conducting layer on the outside.
In this case, it is impossible to decompose the field into TE and TM modes.

4. Rectangular waveguide with two layers

As an example, consider a waveguide with rectangular cross-section L, X L, (see Fig. 1), the filling of
which is piecewise constant and depends only on y. In other words, the waveguide consists of several
layers, Fig. 1 shows two such layers of equal thickness L,/2. When one of the layers is air, we say that
the waveguide is considered half-filled.

There are two families of normal modes in such a waveguide, the SLE and SLH modes, the former
have E, = 0, and the latter have H, = 0 [4]. The theory of these modes is in many ways similar to the
theory of TM and TE modes developed by Tikhonov and Samarskii [5].

We will search for SLE modes using the method of separation of variables:

Ax(y)cosk,x
E — 0 pikzz—iwt )

A,(y)sink,x
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and
B, (y)sink,x

-

H=|B,(y)coskyx |€
B,(y) cosk,x

Here the choice of sines and cosines is determined in such a way as to satisfy the boundary conditions.
First of all, let us consider what Maxwell’s equations lead to in a layer, where ¢ and yu are constant.
From Maxwell’s equations we have:

ik,z—iwt

A,
dy ~
ikuB, + ik, Ay — kA, = 0,

—ikuB, + % =0,
‘ . 3)
— iekA, — ik,By + d—yz =0,

ikuB, + 0,

ik,B, + kyB, = 0,
5,

dy =0.

ickA, + k,By +

Three equations from this system allow us to express Bin terms of A, and A, and their derivatives.
After this substitution, out of 6 equations, 3 non-trivial ones remain:

k d?A, 1
—iekAy + i(k Ay + ikxAz)ﬁ —i dy2x o =0,

., dA, 1 dAz 1
B TR T i
. . ke .d*A; 1
l€kAz - (szx + lkxAz)ﬁ + lwzzm =0
The second equation, up to an insignificant constant, allows finding a linear relationship between A,
and A,:
ik
Ay = _k_zx X* 4
As a result, two equations that differ only by a constant factor turn out to be nontrivial. Therefore, in

the layer, Maxwell’s equations are reduced to the equation
2

A
dyzx + (euk? — k2 —k2)A, =0 (5)
and equations that allow calculating A, and B from the known Ay.

At the waveguide boundary, the modes must satisfy the condition of a wall with ideal conductivity:
AxE=0.

At the boundary x = 0, L,, these conditions yield:

Ey=E, =0.

For SLE modes, the component E,, is identically zero, so the condition E, = 0 remains valid. We
took the sine in (2) for E, so that this condition is always satisfied at x = 0. At x = L, we obtain the
condition sin(k,L,) = 0, from which suitable values of k, are determined as

n

ky=1- neN. (6)
X
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Figure 2. Dispersion curve for a test waveguide with two layers (69 = 1,63 =1, u =1, Ly = 1, Ly, = 2).

At the boundary y = 0, Ly, the conditions of ideal conductivity yield:

Since A, and A, are linearly related in layers, this condition reduces to the Dirichlet condition on A:
Ax(0) = Ax(Ly) =0.

At the boundary of two layers y = M, the requirement of continuity of E,, E, and H,, H, is to be
satisfied.
The continuity of E, indicates the continuity of A,. The coefficient in Eq. (4), relating A, and A,,

does not depend on the filling, so the continuity of A, implies the continuity of A,, and, consequently,
of E,.

Maxwell’s equations (3) yield

dA,

ikuB, = —dAZ, ikuB, = rn

dy

From this it is clear that the continuity of H,, H, is equivalent to the continuity of lA’x.

As a test example, we consider a waveguide of rectangular cross-section L, X L, with two layers:
fory < Ly/2lete = ¢, and fory > L,/2 let e = ¢, (see Fig. 1). We consider u to have a constant value.

According to the discussed above, such a waveguide has a family of SLE modes (2), the parameters
of which at a given frequency w are determined as follows. The number k, is given by Eq. (6). The
number k, is the eigenvalue of the problem:

2

A
dyzx + (euk? — k2 — k2)A, = 0,

L
[Ax]=[d$x]=°’ y== @
Ax(0) = Ax(Ly) =0.
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This problem comprises Eq. (5), the boundary conditions and the matching conditions found above.
From the eigenfunction A, we can calculate A, using Eq. (4), from them we determine B, and thus
determine all the quantities involved in Eq. (2).

For further tests, we are interested in the dependence of the eigenvalues k, of the problem (7) on
k=w/c.

The solution of (7) fory < L,/2is

A, = asin(\/ e uk? — k2 — k%y).

The solution of (7) for y > L,/2 is

A,=b sin(wl €opk? — k% — k3(Ly — y)). (8)

The choice of sines ensures that the boundary conditions are satisfied. For y = L,/2 we have

a sin(ﬂ g uk? — k% — k%Ly/2> =b sin(\/ eopk? — k% — k%Ly/2>
ay/ ey uk? — k% — k2 cos<\/ g uk? — k% — k%Ly/2> =

- b\/zo,ukz —kZ —kZ cos(\/eo,ukz — k- k%Ly/Z).

Thus, k, is the root of the determinant of this homogeneous system of linear equations.

and

5. Results

The calculation result is shown in Fig. 2 as solid lines. Their unexpected discontinuity occurs because
in Eq. (8) the sine transforms into the hyperbolic sine. We added the second piece of the program,
in which the sine is replaced with the hyperbolic sine. The resulting continuation of the dispersion
curves is shown in Fig. 2 with dotted line.

Thus, the conjugation method allows finding a family of normal modes of the test waveguide.
These modes are neither TE nor TM modes, so they are often called hybrid modes. The considered
example proves that hybrid modes exist. This circumstance makes it a very important test for all
kinds of calculations of dispersion curves of waveguides, since it is the hybridization of modes that
introduces non-self-conjugation into the known approaches to calculating modes.

6. Discussion

Without the decomposition theorem, the normal waveguide mode problem (1) does not decompose
into two scalar problems and, thus, does not reduce to any type of problem studied above. It should
be noted that the problem (1) contains two parameters, k = w/c and y, and we must choose one of
them as the spectral parameter.

In the early 1990s, in the first works on calculating normal waveguide modes [6], the frequency
was used as the spectral parameter. This resulted in a self-adjoint spectral problem with respect to
k, which could be solved relatively successfully using the software that was available in the early
1990s. The key difficulty at that time was constructing a basis for the Galerkin method that satisfies
the condition div H = 0.
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This approach was soon abandoned in favor of an approach in which y is considered as a spectral
parameter, and the frequency w is considered given [7-11]. With this approach, the problem (1) is
reduced to the study of the spectrum of a non-self-adjoint operator pencil that is quadratic with
respect to the spectral parameter y. By analogy with the scalar case, it is necessary to prove the
completeness of the system of normal modes. However, the conditions under which Keldysh [12-15]
proved the completeness of the root vectors of the quadratic operator pencil are not satisfied in all
possible notations of the problem of waveguide normal modes. For the first time, the completeness
of the system of root vectors of a waveguide with piecewise constant filling was substantiated in the
papers by Yu.G. Smirnov [16-19], for an arbitrary filling in [9, 20-22]. This in turn made it possible to
substantiate the formulation of partial radiation conditions. The basis property of the system of root
vectors of a waveguide could be substantiated only for the axially symmetric case [23, 24].

Even greater difficulties are offered by the numerical calculation of normal modes. The application
of the Galerkin method, as well as any other truncation method, leads to the study of a non-self-adjoint
matrix pencil. Numerical methods for calculating its spectrum are very whimsical. In a number of
works [8, 10, 11], algorithms built into, for example, MatLab were used according to the “black box”
principle. In such computer experiments, the dispersion curve turned out to be non-monotonic, real
eigenvalues suddenly went into the complex domain, etc. Generally speaking, all these phenomena
are inherent in the spectral theory of non-self-adjoint matrices. However, the physical meaning of
these phenomena raises many questions.

Over the past 30 years since the publication [6], the situation has changed radically. It seemed
then that new methods for approximate calculation of the spectrum of non-self-adjoint matrices
would appear in the near future, which would solve the difficulties noted above. However, instead,
computer algebra methods came into use, which allow constructing Galerkin method bases that
satisfy certain properties. This renewed the interest in the idea of Ref. [6]. The choice of frequency
as a spectral parameter has a simple physical background. There is an obvious connection between
the modes travelling along the waveguide axis and the standing modes of a cylindrical resonator.
Having studied it, we obtained a method for constructing a dispersion curve, which requires solving
the spectral problem in a cylindrical resonator, i.e., a classical self-adjoint problem. This approach
was implemented as a program for the Sage computer algebra system and presented in Ref. [25].

To test this program, we considered a waveguide in which the insert occupies the lower half (see
Fig. 1,0 =1, = 0.1, L, = 1, L,, = 2). Tt turned out that for the lower modes, the points found in our
program lie on the analytical curve with graphical accuracy even with a very small number of basis
elements taken into account (three for each direction).

7. Conclusion

Using a self-adjoint formulation of the problem of normal waveguide modes eliminates the occurrence
of artifacts associated with the appearance of a small imaginary additive to the eigenvalues. We
implemented this approach for a rectangular waveguide with rectangular inserts in the Sage computer
algebra system. Tests on SLE modes of layered waveguides showed that our program copes well with
calculating the points of the dispersion curve corresponding to the hybrid modes of the waveguide.

On the other hand, the approach based on a non-self-adjoint formulation gives important results
from a theoretical point of view on the completeness of the system of normal modes and, therefore,
allows us to justify the partial conditions of Sveshnikov radiation. At the moment, only a combination
of two approaches allows us to bring our knowledge of the vector model of the waveguide closer to
the well-studied scalar one.
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3apaya 0 HOpMaJibHbIX MOf,axX BOJIHOBOA,A

0. K. Kpoiitop?, M. A1. Manbix2, /1. A. CeBacTbsiHoB 2

L Poccuiickunin YHUBEPCUTET ApYx6bl HAPOAOB, Y. Muknyxo-Maknas, g. 6, MockBa, 117198, Poccuiickas
depepayus

2 06BbeANHEHHbIN WHCTUTYT ilepHbIX UCCiegoBaHuiA, yn. Xonuo-Kiopu, a. 6, lybHa, 141980, Poccuitickas
depepayus

AHHoTauus. PacCMOTpeHE! pasHyYHbIe TOAXO/ABI K BEIYMCIEHUIO HOPMaJIbHBIX MO, 3aKPBITOTO BOJIHOBOZA. [laH
0030p IUTEPaTypPHl, IPOBEIEHO CPaBHEHNE BYX GOPMYIUPOBOK 3TOM 3azadu. [IokasaHO, YTO UCIIOIb30Ba-
HIe CaMOCOTIPSKEHHO ITOCTAHOBKY 3314y O HOPMaJIbHBIX MO/JIaX BOJTHOBO/IA MCKJII0YaeT BOSHUKHOBEHIE
apTedaKTOB, CBI3aHHBIX C ITOSBI€HNEM MaJoi MHUMOH J06aBKU y COOCTBEHHBIX 3HaYeHU. IIpecTaBieHa
peasu3anus 5Toro moAX0a AJIsl BOTHOBOJA IIPSIMOYTOJBHOTO CEYEHUS C IPSIMOYTOJIbHEIMU BCTABKAMHU B CHCTe-
Me KOMIIBIOTEPHOI anre6psl Sage 1 MpOTECTHPOBaHa Ha TUOPUAHBIX MOJaX CIOUCTHIX BOTHOBOJOB. TeCTsl
IIOKa3aJjIy, YTOo Hallla IPOTrpaMMa IIPEKPACHO CIIPABJISETCS C BEIYUCIEHHEM TOYEK ANCIIEPCHOHHOMN KPHUBOI,
OTBEYAOUINX F'UOPUAHBIM MOJAM BOJHOBO/A.

KniouyeBble cnosa: IIOJIAPN30BAHHOE 3JIEKTPOMAarHuTHOE W3JIlydeHHre, HOPMaJibHble MOJAbI BOJIHOBOJA,
CIIEKTpa/ibHad 3aJa4a TeOPUHU BOJTHOBO/ZA, AUICIIEPCHOHHAA KPHBasgd BOJIHOBOAA



