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Abstract. The paper discusses the relationship between the modes traveling along
the axis of the waveguide and the standing modes of a cylindrical resonator, and
shows how this relationship can be explored using the Sage computer algebra system.
In this paper, we study this connection and, on its basis, describe a new method for
constructing the dispersion curve of a waveguide with an optically inhomogeneous
filling. The aim of our work was to find out what computer algebra systems can
give when calculating the points of the waveguide dispersion curve. Our method for
constructing the dispersion curve of a waveguide with optically inhomogeneous filling
differs from those proposed earlier in that it reduces this problem to calculating the
eigenvalues of a self-adjoint matrix, i.e., a well-studied problem. The use of a self-
adjoint matrix eliminates the occurrence of artifacts associated with the appearance
of a small imaginary addition to the eigenvalues. We have composed a program in
the Sage computer algebra system that implements this method for a rectangular
waveguide with rectangular inserts and tested it on SLE modes. The obtained results
showed that the program successfully copes with the calculation of the points of
the dispersion curve corresponding to the hybrid modes of the waveguide, and the
points found fit the analytical curve with graphical accuracy even when with a small
number of basis elements taken into account.

Key words and phrases: waveguide, Maxwell’s equations, normal modes, partial
radiation conditions

1. Introduction
In classical electrodynamics, there are two related spectral problems —

the problem of the normal modes of the waveguide and the problem of
eigenmodes of the resonator. Recall their formulations.
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Let G be a regular domain in R3, below referred to as a resonator. A non-
trivial field of the form

E = E(z,y,2)e™t, H = H(x,y,z)e™!,

satisfying the system of homogeneous Maxwell equations and boundary con-
ditions R R

nxkE=0, n-H=0,
is called the eigenmode, and the corresponding value of the positive parameter
w is called the eigenfrequency, instead of which the wave number k = w/c
is usually used. To find the eigenfrequencies, it is necessary to solve the
eigenvalue problem

rotE = —ikuﬁ, rotH = ikeE

with the boundary conditions

—

nxE=0, n-H=0.

This problem, like the scalar one, is written as an eigenvalue problem for
a completely continuous self-adjoint operator, and therefore it has a discrete
spectrum, which can be found approximately using the Ritz method [1,
p. 181]. To theoretically substantiate this statement, special Sobolev spaces
are introduced, the embedding theorems for which, unfortunately, have so far
been proved under the assumption of a smooth boundary [2, § 6.1].

Let S be a regular domain in R?, let us call the cylinder S x R a waveguide.
Assume that the axis Oz of the used Cartesian coordinate system is directed
along the axis of the cylinder. A non-trivial field of the form

E — E(.T}, y)eiwt—iwz’ Ef — ﬁ(l’, y>eiwt—z”yz7

satisfying the system of homogeneous Maxwell equations and boundary con-
ditions . .

nxFkE=0 n-H=0,
is called the normal waveguide mode [3]. In this case, the parameter § = v/c
is called the phase constant. To find it at a fixed frequency, it is required to
solve the eigenvalue problem

totE = —ikpH, TotH = ikeE

with the boundary conditions

—

nxE=0, n-H=0.

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

The spectral problem for waveguide modes does not belong to any studied
type. In the case when the filling of the waveguide is homogeneous, the
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complete system of waveguide modes can be composed of two types of modes:
transverse magnetic (H, = 0) and transverse electric (E, = 0) ones. The
Borgnis theory of functions makes it possible to reduce the study of such modes
to the study of the Laplace operator spectrum. In this case, the dispersion
curve turns out to be the union of a countable number of hyperbolas |3, 4].
Traditionally, this problem is written as an eigenvalue problem with respect
to three field components. The choice of the three field components from

the six components of the vectors E and H can be done in different ways,
which leads to different formulations of the problem. A.N. Bogolyubov
and T.V. Edakina [5, 6] and Frank Schmidt [7, 8] used the components

of vector H, in the papers by E. Lezar and D. Davidson [9] vector E was
used, A. L. Dehtsyn [10-13] formulated the problem in terms of H,, H,, E.

Normal modes of an axially symmetric waveguide with a dielectric core Were
considered by N. A. Novoselova, S. B. Raevsky and A. A. Titarenko [14], as
well as by A. L. Delitsyn and S.I. Kruglov [15]. Potentials can be used instead
of fields, for example, four scalar functions, as proposed in Refs. [16-18].
Finally, with considerable efforts, it is possible to reduce the spectral problem
to the study of the spectrum of a self-adjoint quadratic pencil [19].

Traditionally, the spectral problem of the theory of waveguides was consid-
ered as an eigenvalue problem with respect to the parameter v, and the wave
number was considered given. This approach is justified, since the problem
of waveguide diffraction considers the incidence of a monochromatic wave,
which partially passes through and is partially reflected from the inhomogene-
ity; in this case, transmitted and reflected waves arise, travelling from the
inhomogeneity, but having the same frequency as the incident wave. On the
other hand, to construct a dispersion curve, it is quite unnecessary to to cal-
culate its points at a sequence of frequency values. It is possible to search
for its points at fixed values of v. What is of importance here is only the
convenience of solving the problem.

It is obvious from physical considerations that there should be a simple
relationship between the modes traveling along the waveguide axis and the
standing modes of the cylindrical resonator. In this paper, we investigate this
relationship and, based on it, describe a new method for constructing the
dispersion curve of a waveguide with an optically inhomogeneous filling.

2. Relation between travelling and standing modes

We managed to express the relation between the travelling and standing
modes by two theorems.

Theorem 1. If the waveguide S X R has a normal mode
E — E(J?, y)eiwt—i’yz’ H’ — ﬁ(:l)’, y>6iwt—i'yz

at certain values of w,~y, then the resonator S x [0,7mn/v] has an eigenmode at
the same w, .

Theorem 2. If the resonator S x [0, L] has an eigenmode

E = E(z,y,2)e™t, H = H(z,y, z)e™"
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whose components have continuous derivatives at z = 0, L, then it also has an
etgenmode

nz . nz .
E‘T’y - Em’y(l’, y) sin WT@ZWta Ez = EZ<£U, y) CcoSs _ﬂ-L eu,ust7

. ny .
Ha;,y - Hw,y(x7 y) CcOs WTTLZezwt’ Hz = Hz(x7 y) sin WLzezwt’

for some natural value n, and the waveguide S X R has a normal mode at the
same frequency w and v = mn/L.

Proven theorems allow us to reduce the solution of the spectral problem of
the theory of waveguides to the solution of the spectral problem of the theory
of cylindrical resonators.

3. Eigenmodes of resonators

Let G be a resonator filled with a substance characterized, generally speak-
ing, by variable € and constant p. In this case, it is convenient to exclude

E from the system of Maxwell equations and write down the system of
second-order equations

1 — —
rot—rotH = k*uH, (1)
€

to which the boundary conditions should be added

—

H-71=0, rotHxn=0 (2)

Every non-trivial solution H of the problem (1), (2) has an eigenmode

E = —rotHe™t H = He*!
1ke

of the resonator G. Let us multiply (1) by the test vector F integrate over G
and apply the integration by parts:

/// rot B - rot H oY% g2y, /// P Hdzdydz = 0. (3)
€
G

G

The closure of the set of vectors F' € C'(G) satisfying the condition

divF =0in G and F-n =0 on its boundary, in the norm generated by the
scalar product

(F’, H) = ///rotﬁ* -rotﬁdxdydz + u///ﬁ* - Hdzdydz,
€
G G

is a Hilbert space, which we will denote as (G). The generalized eigenmode of
the resonator G is the nonzero vector H € $(G) that satisfies the identity (3)
for any vector F' € $H(G).
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It follows from the embedding theorem [2| that there exists a completely
continuous self-adjoint operator A such that

L a ~ . dxdyd
,LL///F*-dedydz:///rotF*-rot(AH) TOvaz
€
G G

Therefore, the relation (3) can be written as H=Fk>AH.

Hence, the eigenfrequencies of the resonator form an infinitely large sequence,
and the eigenmodes corresponding to them form an orthonormal basis in the
space (G).

The eigenvalues of a self-adjoint, completely continuous operator can be
found using the Ritz method, it is only necessary to choose the basis of the
space $(G) in a proper way.

4. Dispersion curve of a waveguide

Let us consider the points of intersection of the waveguide dispersion curve
S X R with the straight line v = const. Each such point corresponds to the
normal mode of the waveguide, and, by virtue of theorem 1, to the eigenmode
of the resonator S x [0,7/7]. The eigenfrequencies of this resonator form an
infinite monotonic sequence w;,w,, .... By virtue of theorem 2, these points
correspond to modes from which one can construct normal waveguide modes.
From here a theorem immediately follows.

Theorem 3. The points of intersection of the wavegquide dispersion curve
S X R with the straight line v = const form a countable set of points, whose set
of abscissas coincides with the set of the resonator eigenfrequencies S X [0, 7 /v].

Thus, in order to construct a dispersion curve, it is necessary to solve the
self-adjoint problem of natural vibrations of a cylindrical resonator G using
the Ritz method. The choice of a basis is complicated by the fact that the

elements of the space $(G) must satisfy the condition div F' = 0.
To construct such a basis, we took the eigenfunctions ¢,, of the Dirichlet
problem on the section of a cylinder

A2¢+a2¢:07 ¢‘8S:0
and eigenfunctions 1),, of the Neumann problem on the section of a cylinder

0y

=0.
onlyg

A2w + 52¢ - 07

We will take orthonormal systems ¢, and 1, with respect to L?(S). With
their help, we construct the basis formed by TM fields

) Oy b (2,Y)
H = —0_6, (x,y) | cossvz, n,m e N,

0
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and another basis for the TE fields
V0, by, (2, y) cos sz
H= YO, ¥, (x,y)cossyz |, nEN, meZ m2=0,
B, (x,y) sin syz

where v = /L, and s takes integer values, but for our case when € is
independent of z, it is sufficient to take s = 1.

Truncating the infinite system to the first IV basis functions, we reduce the
problem of finding the wave numbers (3) to an algebraic eigenvalue problem

AH = k?BH. (4)

If we agree to write the first N TM waves, and then the first N TE waves,
then the matrices of this system will have a block form

A= (Ana A12> : B= <B117 0 ) .
Agr, Ag 0, B

We composed the matrix elements as integrals over a cylinder and took

those integrals that could be calculated explicitly for €(x,y). The matrix B
turned out to be diagonal, and

2
B, = diag (ag,u) : = diag ( g,u (v + 5%)) :

Therefore, the generalized eigenvalue problem (4) is reduced to the standard
eigenvalue problem:

DH = K2H.

The elements of the symmetric matrix D are defined as double integrals:

dxd dxd
- (V6,90 T+, / um e,
n,m=1,..., Ny,
’ 8xy 0
n—17...,N1,m:N1+1,...N1+N27
dxd
dn,m=6 VB VB2 + A2 / Vi, - Vi,

n,m=N;+1,...,N; + N,.
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5. Calculation of the points of the waveguide dispersion
curve in the Sage system

As is usually the case when applying the Ritz method, the matrix elements
are integrals, which in the general case are calculated approximately. To avoid
this problem in the first tests, we considered a special case when all integrals
are calculated in elementary functions.

Consider a rectangular waveguide S = L, x L, with uniform filling €, = 1

and p = 1 (see figure 1). Inside it we place a rectangular insert S; with
constant filling €; and p = 1. In this case, ¢,, and v,, are products of sines
and cosines, and the matrix elements are integrals of such products over
rectangular regions.

Y
L!/
go=1
L!/
2
€1
o L, x

Figure 1. Waveguide cross section

We compiled a program (https://github.com/malykhmd) in the Sage
computer algebra system that calculates these integrals in symbolic form,

composes the D matrix for any given numerical value of v, and calculates its
eigenvalues using the standard linalg library function.

To test this program, we considered a waveguide in which the insert occupies
the bottom half (see figure 1). In this case, two families of normal modes can
be written analytically: SLE and SLH modes [4]. This example is interesting
because these modes are hybrid and cannot be found by methods that ignore
this effect.

Figures 2, 3, and 4 demonstrate the results of analytical and numerical
calculations performed using our program. It is clearly seen that for lower
modes, the points found by our program fit the analytical curve with graphical
accuracy even when a very small number of basis elements are taken into
account (three for each direction). This is not hindered by the proximity of
the neighboring arc due to the close values of ¢, and €;. The accuracy of the
calculations decreases with the growth of €;, but when using 10 modes the
calculated points fit the analytical curve even at e; = 2 (see figure 4).

The obtained results showed that the program successfully copes with the
calculation of the points of the dispersion curve corresponding to the hybrid
modes of the waveguide, and the points found fit the analytical curve with
graphical accuracy even when with a small number of basis elements taken
into account.
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Figure 2. Dispersion curve of a waveguide with an insert at L, = 1, L, = 2. The dots
indicate the points of the dispersion curve found numerically (3 modes were taken in each
of the directions), the solid lines are arcs of the dispersion curve corresponding
to the SLE modes
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Figure 3. Dispersion curve of a waveguide with an insert at L, =1, L, = 2. The dots
indicate the points of the dispersion curve found numerically (6 modes are taken in each
of the directions), the solid lines are arcs of the dispersion curve corresponding
to the SLE modes

6. Conclusion

Our approach to constructing the dispersion curve of a waveguide with
an optically inhomogeneous filling differs from those proposed earlier in that
it reduces the problem to calculating eigenvalues of a self-adjoint matrix,
i.e., a well-studied problem. The use of a self-adjoint matrix eliminates the
occurrence of artifacts associated with the appearance of a small imaginary
addition to the eigenvalues.
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Figure 4. Dispersion curve of a waveguide with an insert at L, =1, L, = 2. The dots
indicate the points of the dispersion curve found numerically (10 modes were taken in each
of the directions), thesolid lines are arcs of the dispersion curve corresponding
to the SLE modes

We implemented this approach for an example of a rectangular waveguide
with rectangular inserts in the Sage computer algebra system and tested it
using SLE modes. At the same time, it was shown that our program perfectly
copes with calculating the points of the dispersion curve corresponding to the
hybrid modes of the waveguide.
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O ,II;I/ICHepCI/IOHHOﬁ KpPIBOﬁ BOJIHOBO/1a, 3AallIOJTHEHHOI'O
HECOJHOPOJAHBbIM BeIieCTBOM

O. K. Kpoiitop', M. JI. Maupix!:2

I Poccutickuti ynusepcumem dpyorc6u, Hapodos,
ya. Muxayxo-Maxasas, 0. 6, Mocksea, 117198, Poccus
2 Jlabopamopus ungopmanuonnsiz mexnorozuti um. M. I'. Mewepsarosa,
063eduHERHIT uncmumMYym A0EPHHLT UCCAedo8aHU,
ya. 2Koavo-Kropu, 0. 6, lyona, Mockosckan obaacmon, 141980, Poccus

Annoramusa. B cratbe paccMaTpuBaeTcs CBsI3b MEXKJy MOJIaMU, OET'yIIIUMU BJIOJIb
OCH BOJITHOBOJIA, U CTOSTIMMU MOJIAMHU IUJINHIPUYIECKOTO pe3oHaropa. llokaspiBaercs,
KaK JTaHHAd CBA3b MOXKET OBbITh MCCJIEIOBAHA C ITOMOIIHIO CUCTEMbI KOMITHIOTEPHOM
asiredpbl Sage. B pabore MbI ucciieyemM 3Ty CBsI3b U HA €€ OCHOBE OIHUCHIBAEM HOBBII
MeTO/I ITIOCTPOEHUs JTUCIIEPCUOHHON KPUBOI BOJTHOBOA C ONTUYECKUA HEOIHOPOIHBIM
3arosiHenneM. 1lenbio Harmeir paboThl OBLIO BBISCHUTH, YTO MOTYT JIaTh CUCTEMBI KOM-
BIOTEPHON aJreOpPhl TPKU BBIYUC/IEHUY (TOYEK) JUCIIEPCUOHHON KPUBOI BOJTHOBOJIA.
MeTo,1 TOCTpOEHUS JUCIIEPCUOHHON KPUBOI BOJIHOBOJIA C ONITUYECKH HEOIHOPOIHBIM
3aII0JIHEHUEM, TTPEJIJIOYKEHHBIH HAMU, OTJINIAETCA OT IPEJJIOKEHHDIX PAaHee TeM, UTO
CBOJIUT 9Ty 33/1a49y K BBLIYUCIEHUIO COOCTBEHHBIX 3HAYEHUI CAMOCOIPSKEHHON MaT-
PHIIBI, TO €CTh K 3ajiade, XOopoIo nlydennoii. Vcrosmb3oBanne caMoconpsizKEHHOM
MaTPHUIIbI UCKJIIOYAeT BOBHUKHOBEHUE apTedaKTOB, CBA3aHHBIX C ITOSIBJIEHUEM MAaJION
MHUMO TOOABKM y COOCTBEHHBIX 3Ha4YeHUil. MbI COCTaBUIN TPOTPAMMY B CHUCTEME
KOMIIBIOTEPHOIT ajrebpbl Sage, B KOTOPOU peajim30BaH 9TOT METOJ Jijisi BOJHOBO-
JIa TIPAMOYTOJIBHOTO CEeYeHUs C NPAMOYTOJIbHBIMU BCTaBKAMU, W ITPOTECTUPOBAJIN
eé Ha SLE-momax. Ilosydennbie pe3yabTaTbl MOKA3aJIMd, YTO IIPOrPAMMA, YCIIEIITHO
CIIPABJISETCS C BBIYUCJIEHUEM TOYEK JUCIIEPCUOHHON KPUBOW, OTBEYAIONX TMOPU/I-
HBIM MOJAM BOJIHOBO/A, W HAWJIEHHBIC TOYKNA C TPadUICCKON TOTHOCTHIO JIOYKATCS
Ha aHAJUTUIECKYIO KPUBYIO JlayKe IIPU HEOOJIBIIIOM YUCJIE YIUTHIBAEMbIX OA3MCHBIX
9JIEMEHTOB.

KuroueBbie ciioBa: BOJIHOBOJI, ypaBHeHus Makcsesia, HOpMaJabHbIE MOJIbI, TTAPIIH-
aJIbHbIE YCJIOBUS U3JIyUeHUS



