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The paper considers a class of smoothly irregular integrated optical multilayer
waveguides, whose properties determine the characteristic features of guided propaga-
tion of monochromatic polarized light. An asymptotic approach to the description of
such electromagnetic radiation is proposed, in which the solutions of Maxwell’s equa-
tions are expressed in terms of the solutions of a system of four ordinary differential
equations and two algebraic equations for six components of the electromagnetic field
in the zero approximation. The gradient of the phase front of the adiabatic guided
mode satisfies the eikonal equation with respect to the effective refractive index of
the waveguide for the given mode.

The multilayer structure of waveguides allows one more stage of reducing the model
to a homogeneous system of linear algebraic equations, the nontrivial solvability
condition of which specifies the relationship between the gradient of the radiation
phase front and the gradients of interfaces between thin homogeneous layers.

In the final part of the work, eigenvalue and eigenvector problems (differential and
algebraic), describing adiabatic guided modes are formulated. The formulation of
the problem of describing the single-mode propagation of adiabatic guided modes is
also given, emphasizing the adiabatic nature of the described approximate solution
of Maxwell’s equations.

Key words and phrases: smoothly irregular integrated optical multilayer waveg-
uides, eigenvalue and eigenvector problem, single-mode propagation of adiabatic
guided modes

1. Introduction

Fundamental results in the theory of regular waveguides were obtained for
closed (metallic) waveguides by A. N. Tikhonov and A. A. Samarskii [1], and for
open (dielectric) waveguides by A. G. Sveshnikov [2] and V. V. Shevchenko [3].
Among the irregular waveguides, one can distinguish transversely irregular and
longitudinally irregular waveguides. For transversely irregular waveguides, the
equations and the corresponding solutions allow the separation of variables [4].
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Here the incomplete Galerkin method developed by A. G. Sveshnikov [2], [5],
[6] received the greatest recognition.

For closed longitudinally irregular waveguides, B. Z. Katsenelenbaum de-
veloped the method of cross sections [7], which was generalized for open
longitudinally irregular waveguides by V. V. Shevchenko [8|. These models do
not describe depolarization and hybridization of guided modes in irregular sec-
tions of waveguides. A. A. Egorov, L. A. Sevastyanov and A.L. Sevastyanov
developed the foundations of the theory of smoothly irregular 3D dielectric
and, in particular, integrated optical waveguides [9], [10], which was success-
fully applied to a number of three-dimensional integrated optical waveguides
and smoothly irregular 3D waveguide devices based on them [11]-[13]. The
mathematical basis of the model of adiabatic guided modes (AGMs) is the as-
ymptotic method and the method of coupled modes. The asymptotic method
for solving a boundary value problem for a system of differential equations
with respect to a small parameter ¢ allows it to be reduced to a system of or-
dinary differential equations with special boundary conditions, the method
of solving which is known. The coupling of two second-order equations for
modes of two different polarizations when solving the original system of equa-
tions by the asymptotic method, manifests itself in the first approximation as
a weak (of the order of §) coupling of two linear oscillators. It reflects the vio-
lation of the structure regularity caused by a change in the phase constant of
smoothly irregular dielectric waveguides.

In this paper, we consider an approach to the construction of a model
of propagation of electromagnetic radiation in integrated optical smoothly
irregular waveguide structures. Traditionally, such models are described using
Maxwell’s equations. The paper considers only monochromatic radiation,
depending on time as exp(iwt). Such time dependence of the solution allows
considering a model of steady-state guided propagation of electromagnetic
radiation.

2. Basic concepts and notations

Guided propagation of monochromatic polarized electromagnetic radiation
in integrated optical waveguides is described by Maxwell’s equations. The
electromagnetic field is described using complex amplitudes. A material
medium is considered, consisting of dielectric subdomains that fill the entire
three-dimensional space. The permittivities of the subdomains are different
and real, and the permeability is everywhere equal to the permeability of
vacuum. It follows that in the absence of foreign currents and charges, the
induced currents and charges are equal to zero.

In the absence of foreign charges and currents, the scalar Maxwell’s equa-
tions follow from the vector ones, and the boundary conditions for the normal
components follow from the boundary conditions for the tangential compo-
nents [14]. The constitutive equations are assumed to be linear. Thus, the
electromagnetic field in a space filled with dielectrics in the Gaussian system
of units is described by equations

10B 10D
rotE = ——aa—t, rotH = _19D D=¢cE, B=_uH, (1)
c
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where E, H are the electric and magnetic field strength vectors, D is the
electric displacement vector, B is the magnetic flux density vector, c is the
velocity of electromagnetic waves in vacuum.

At the interface between dielectric media 1 and 2, the tangential compo-
nents of electric and magnetic field strengths satisfy the following boundary
(matching) conditions:

H |, =H.,, E][ =E/|. (2)

-
The asymptotic boundary conditions for guided modes at infinity

IE| m 0, [H] m 0, (3)

ensure uniqueness of the solution of the problem (1)—(3).

In equations (1), € is the medium permittivity, x is the medium permeability.
Let us denote by n = ,/u€ the refractive index of the medium (hereinafter —
of a dielectric layer of the considered multilayer dielectric structure).

3. The considered class of objects

The object of our consideration is the guided propagation of monochromatic
electromagnetic radiation of the optical range in thin-film integrated opti-
cal structures. Such structures are complex waveguide structures formed by
the deposition of additional waveguide layers of various (smoothly irregular)
geometric configurations on the base waveguide. As a base waveguide, we con-
sider a regular planar three-layer waveguide filling the entire three-dimensional
space (open waveguide): a substrate layer (substrate) is located in the lower
half-space, then a guiding layer of constant thickness is located, and a cladding
layer is located in the upper half-space. In this case, the guiding layer (core)
is optically denser compared to the substrate and the cladding. By a thin-film
waveguide, we mean a waveguide whose core thickness is comparable to the
wavelength of propagating radiation.

Integrated optical waveguide structures are formed by introducing into the
three-layer planar dielectric waveguide additional layers of variable thickness
h(y, z). The additional waveguide layers are specified by the interface between
the additional and waveguide layers x = h(y, z) and directly affect phase
distribution ¢(y, z) and effective refractive index ng(y, z) of the composite
waveguide system. The phase velocity is smaller and the effective refractive
index n.4(y, z) is greater in the locations where the total thickness of the
waveguide layers is greater.

In particular, it can be a few-mode integrated optical waveguide imple-
mented in the form of a three-layer dielectric “plate”. On this structure, a local
but smoothly irregular optical inhomogeneity is deposited, i.e., an additional
dielectric layer of variable thickness. A thin-film waveguide generalized lens
(TFWGL) (see Figure 1) is an example [11], [12].
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Figure 1. Schematic of Luneberg TFWGL with an additional waveguide layer having
cylindrical symmetry

In such integrated optical waveguide, a normal mode of the planar waveguide
(allowed by the structure!, see Appendix) travelling from infinity (or from
a point source in the plane of the planar waveguide) is deformed when meeting
the localized irregularity (optical inhomogeneity). However, it preserves the
structure of a ‘transverse resonance’, i.e., the structure of a standing wave
in the ‘transverse’ (vertical) direction. Gorelyshev, Neishtadt et al. [20], [21]
formulate this conditions as conservation of an adiabatic invariant.

After passing the irregularity region, the deformed “adiabatically invariant”
guided (quasi)mode restores the initial (vertical) parameters of a normal mode
of a regular waveguide (or transforms into a superposition of normal modes).

For convenience, let us define the Cartesian coordinate system so that all
spatial subdomains corresponding to infinite dielectric layers be bounded by
planes parallel to the yOz-plane and surfaces asymptotically parallel to the
yOz-plane, so that hereafter ¢ = e(x), p = 1.

We will call smoothly irregular the optical structures satisfying the inequal-
ities specified by the geometry of the additional waveguide layer:

8h‘ oh

—|, |=—| <« 1.
oyl |0z

In weakly inhomogeneous 3D media the electromagnetic radiation prop-
agation is described by locally planar waves or adiabatic approximations
to the solutions of the Maxwell’s equations, obtained using the asymptotic
method [22]. By analogy with locally plane and locally spherical 3D waves [22],

LFrom the theory of planar regular waveguides [15]-[19] it is known that an electromagnetic
wave propagates through a regular waveguide in the form of a normal guided mode.
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[23], we seek the guided propagation of electromagnetic monochromatic po-
larized radiation in a smoothly irregular integrated optical waveguide in the
form of modified locally normal guided modes of reference waveguides®.

The adiabatic approximation of the solution of Maxwell’s equation obtained
in this way will preserve the adiabatic invariants that reflect the guided
character of light propagation (the so called transverse resonance condition [15],
[26].

This work is devoted to the search for a model of adiabatic guided prop-
agation of monochromatic electromagnetic radiation in smoothly irregular
integrated optical structures. The technique for finding it is based on an as-
ymptotic approach in the form of locally normal guided modes of a locally
planar reference waveguide. The adiabatic approximation of the solution of
Maxwell’s equations obtained in this way will preserve adiabatic invariants
reflecting the waveguide nature (the so-called transverse resonance condition)
of light propagation.

4. Basic equations of the adiabatic guided mode model

Let us recall the earlier assumptions made for the considered integrated
optical waveguides and the electromagnetic radiation propagating along them.

1. Electromagnetic radiation is optical and monochromatic with a fixed
wavelength \ € [380; 780], nm.

2. The thickness of the guiding layer (core) of the base thin-film waveg-
uide is comparable to the length of the propagating monochromatic
electromagnetic radiation d ~ A.

3. The surface of additional waveguide layer (z = h(y, z)) satisfies the

8h‘ oh

oyl 10z

4. The integrated optical waveguide is a material medium consisting of
dielectric subdomains that fill the entire space.

5. The permittivities of the subdomains are different and real, and the
permeability is everywhere equal to the magnetic permeability of vacuum.

6. There are no external currents and charges. It follows from this that in
the absence of external currents and charges, the induced currents and
charges are equal to zero.

7. A Cartesian coordinate system is introduced as follows: the interfaces
between the dielectric media of the basic three-layer waveguide are parallel
to the yOz-plane. In this case, the subdomains of space corresponding
to the cladding and substrate layers are semi-infinite, the additional
waveguide layers are asymptotically parallel to the yOz-plane, so that

e =¢(x).
In Cartesian coordinates associated with the geometry of the substrate (or

a three-layer planar dielectric waveguide), Maxwell’s equations are written in
the form

limiting conditions < 1.

I The notion of reference waveguides (dielectric planar) is presented in papers by Kat-
senelenbaum and Shevchenko [7], [8], [24], [25].
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OH, OH, ¢9E, 0B, 0E,  u0H,

dy 9z c ot dy 0z c ot
OH, OH, _ faE@l OE, OE, _ ,uaH (4)
0z ox c Ot 0Oz ox c Ot
OH, OH, €0k, ok, OFE, _ pOH,

or Oy c ot dx OBy ¢ ot

To construct the model of adiabatic guided modes (AGMs) we represent the
solutions of (4) in the form of locally normal guided modes of a locally planar

reference waveguide (see [7], [8], [27]), which in the method of asymptotic
expansion take the form

Bla,y, 2, 1) = ZMexp{zwt—zkw@(y, 2}, (5)

H(z,y,2,t) = i M exp {iwt — ikyp(y,2)} . (6)

In the notation E’S (z,y,2,1), Fls (z,y, z,t) the separation of x with a semi-
colon means the following assumption

OE (x,y,2)|| ||OF,(z,y, 2) 1||0E,(z,y, 2)
‘ By ) 92 ~ ol e Il J=TY% (7)
and
8FIS T, 2 8ﬁ5 T,Y, 2 1 6’ﬁs T, Y, 2 _
H ( Y ) ’ ( Y ) ~ = ( Y ) y J=%Y,%, (8)
w Ox
where | | is the Euclidean norm and w is the circular frequency of the

propagating monochromatic electromagnetic radiation.

Using the approach of the asymptotic expansion method with respect to
the dimensional small parameter w™! [23], [28], [29], we substitute expres-
sions (5), (6) into the system of equations (4) and equate the coefficients at
equal powers of the small parameter w™!. As a result, with the relations (7)
and (8) taken into account, in the zero approximation of the method of as-

ymptotic expansion with respect to small parameter we arrive at a system of
homogeneous equations:

—zkog HE + kog‘pﬂy ikye B2, 9)
HZ
ik, 2P MGy gy (10)

0z ox
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a(gg +ikog—zH3 = ikye EZ, (11)
—ikog@E'z + k;og EY = ikopuHE, (12)
ik, giEm 355 — ikopHY, (13)
aaExy +zkzog Ef = ikopuH;. (14)

By means of simple transformations, we reduce it to the form of interest to
us. Namely, from the relation (12) we get the expression

dp1 Ly Opl

E? = ——L
0 0y e Oz ¢

y
-Hyg,

which we substitute into equations (13)—(14) that take the form

8EZ dp ( Opl Op 1 .
ik -Hj Hy> — ikouH? 1
Ox 082( Dy e +8z YPokHo> (1)
OEY . L Oy ( Opl Op 1
=0 — ik uH? — ik, — —H; Hy>. 16
ox okHo Zoay( (9y5 +625 (16)
From relation (9) we get the expression
Hy =92 1g Oelpy
Jy p 9z
and substitute it into equations (10)—(11), which take the form
OH§ dp [(Op 1 oy
COHS i eBY 4 ik <__Ez - __Ey) 1
ox ¥ +208 dyp °  dzp (17)
OHY Dy (Op Op
= tkoe E§ — ik EZ — ——Ey> 18
ax  0f 08y<8yu O dzpu (18)

Ultimately, Maxwell’s equation reduced in the zero approximation to two
algebraic equations and four differential equations of the first order.

At any fixed values of (y, z), equations (15)—(16), (17)—(18) take the form
of a system of ordinary differential equations of the first order. Hereinafter, we
deal with the zero approximation of the asymptotic expansion with respect to
the small parameter; therefore, the index of the order of smallness is omitted:

dH* ik, Oy <8g0 Op
27 T (T e Yy
dx + @ 0z \ 0y 0z

dHY  iky 6@ (8@ dp
T Rpr_ TRy
dx 14 8y oy 0z

) +ikyeEY =0,
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dE* ik, 0p (Op Op ) .

O LTI (Pgy TP =) ke uHY =
dx e 0z (82 Oy okt 0
dEY ik, O0p (O¢ dy )

O LT IP (y TP e ik uHA =
dx + e 0y (82 dy R 0

In addition, for any fixed values of (y, z) the algebraic equations are valid

Eo_g<8ZH —8—H>, HO_—<8yE B )

Remark 1. In the proposed form (5)—(6) of the desired solutions of

0 dp
Maxwell’s equations the quantities 8_90 and 6_ have the meaning of phase
Y z

constants of guided propagation of radiation in the directions Oy and Oz in
all layers of the waveguide simultaneously, i.e., they determine the effective
refractive index of the waveguide under study for the given adiabatic guided

mode:
99 y,2) 4 99 y,2) 2 = ng(y, 2)- (19)

From the analysis carried out, we conclude that with the accepted assump-
tions the zero approximation to the guided solution of Maxwell’s equations is
given by the following relations:

E('x?yvzat) o Eo(ﬁ;ywz) e it — i p
{Fl(x,y,z,t)}_{ﬁo(x;y,z)} p {iwt —ip(y, 2)},

with
< iy (52) (52) i (s (52))
< 2
5 () 0 (52 (52
aHy 0 0 20)
2 ¥ Y 2
M o _Z’{"O(ay)(a )Ey“k0< - a_> )EO’
JOHG 00\ 1y »
L (w_@) )E ik (22) (22 s
and ool . 9pl ool
g:___so_ 2, 991 1y Hm__gp_EZ__SO_Ey 21
Eg 8yH+8z Hg, Hj Dy 0 9ap (21)
as well as
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For thin-film multilayer waveguide, consisting of optically homogeneous
layers, from (2) the conditions of the electromagnetic field matching at the
interfaces between the media follow:

nx E-+nxEt=0, (22)
nxH +nx H"=0. (23)
From (3) the asymptotic conditions follow
0 F0 0 fO
Ey7Ez7Hy7Hz mo (24)

The system of equations (20), (24) for any fixed (y, z) defines a problem of
finding eigenvalues (@gp)z (y, z) and eigenfunctions (EZJ,, E, HZ, Hﬁ)T(y, z),
j

normalized to unity:

[1Ef e =1, [ | dz =1,

5. Algebraic model of adiabatic guided modes

In the case of a multilayer integrated optical waveguide consisting of
homogeneous dielectric layers (possible, with complex permittivities) the
relations (20), (22)—(24) are valid with generally non-horizontal interfaces
between the layers (see Figure 2).

el Al —=e0

i, =(1, —oh /oy, —oOh/éz)

x=h(y.z)
ii,=(1, —oh,/8y, —oh,/éz)

x=h,(y,z)

(1, —éh /ay, —oh/oz)

x=h(y.z)
*
. ; Z
ii,=(1, —oh, /oy, —oh,/oz)
-
/\T_/\ x=hy(.2)
|2]-| 7] —==—0

Figure 2. Structure of a multilayer thin-film waveguide
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In this case, in each inner layer the four-dimensional system of ordinary
differential equations with constant coefficients has a four-parameter system
of fundamental solutions. Then the general solutions of equations (20) in the
layers take the form

ﬁ(x; Y,2) = C’1515”96 + 025267’3: + 035367& + 045467’{

. B —I(Ay — A4)\/—,u6 + ay k’o\/ + 88“22 — uax}
o) = 890 9 -
8y Dz
exp{kzo\/ 8Z —uz—:m} (A; + As) (,us— 8£2)
¢ d¢ ’
8y 9z
—(Ay + Ay) (,ue — aa—‘f eXp {—ko\/aa—“f 8{;’; — usaz}
Hz(x) = 900 -
op oy
8y 9z
I(A; — Ay)eexp {k:o\/ +92 - — ,UEJ?} \/6522 88“; — pe
N Ip 9
ay Dz
0% 0p?
H,(r) = (A2+A4)exp{ —kg <p —|—8—i—u€aj},
E, (x)= (A, + A4;) exp{ \/ —Z—,uex},
where

i = (H*(z;y, 2); B*(x;y, 2); HY (239, 2); BY (239, 2))"

and v, = iko\/—g,u + @2 + 2.

The rest components of the electromagnetic field are calculated using
formulas (21), and all the six components enter the explicit form of rela-
tions (22), (23).

In the substrate and cladding layers due to asymptotic conditions the
two-dimensional systems of ordinary differential equations with constant
coefficients have two-parametric systems of fundamental solutions.

The solution unique for all layers satisfies the matching conditions at the
interfaces between the layers, i.e., determines a system of linear algebraic
equations for indefinite coefficients, which specify the expression of particular
solutions in the layers in terms of the systems of fundamental solutions.
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At an arbitrary smooth interface between two dielectric media, described
by the equation F(x,y,z) = x — h(y,z) = 0 (see Figure 3), conditions (22)
and (23) take the form

. oh oh oh oh\ T
nxEl=(E~—_-FE-"._E —E-"FE —F =" 2
|:n>< ] ( yaZ zayv z m827 Yy may> ) (5)

. oh oh oh or\ T

H =(H-"_-H-"._H —H-"-H —H — 2
[nx ] ( Y0z oy’ z oz Y m@y) (26)
XA

i =(1, —oh /oy, —oh/oz)

x=h(y.z2)

>
Z

Figure 3. Equation of a normal to the interface between the layers

2
In the expressions (25) and (26) the denominator \/1 + (g—Z) + (%)2 in

the expressions for the normal was omitted, since it is nonzero and coincides
in both sides of equations (25), (26). It is worth noting that only two of three
components of the obtained vectors (25) and (26) are linearly independent.
Therefore, for writing the boundary conditions we will use the following

expressions:
(Al + Al 8h> (A2 + A2 8h>
0 =h(y,?) 9 =h(y,z)
(Al A}C gh> = <A2 A?E gh) ,
Y7 \a=n(y,2) Y7 lan(y,2)

where A = {E, H } Moreover, for a planar boundary F(z,y,z) = x — const
the above expressions simplify to the following form:

Al = A

2|
Y Ylz=const ’

#lx=const

:l

xr=const Zlx=const

The above relations should be completed with the asymptotic condition (24).

Thus, in each inner layer of a k-layer waveguide the four-dimensional
general solution is parametrized by four indefinite coefficients, in the substrate
and cladding layers at the expense of asymptotic conditions the number of
coefficients is reduced by two in each layer. Therefore, there is a total of
4(k—2)+ 242 = 4(k — 1) coefficients. To each of (k — 1) interfaces four
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equations correspond, making the total of 4(k — 1). Thus, we have 4(k — 1)
linear homogeneous algebraic equations for 4(k — 1) unknown coefficients.

Returning to the calculation of the electromagnetic field in the multilayer
waveguide, we seek a nontrivial solution to the homogeneous system of linear
algebraic equations with respect to the coefficient of expansion over the
fundamental system of solutions in each dielectric layer:

—

M (h(y, 2), Vh(y, 2), o(y, 2), Vo(y, z)) A = 0. (27)

To find nontrivial fields E, H at an arbitrary point (y, z) the condition of
solvability should be satisfied for the system of homogeneous linear algebraic

equations
! det (M ((y, 2), Vh(y, 2), (3, 2), V5, 2))) = 0. (28)

Thus the system of homogeneous linear algebraic equations (27), nontrivially
solvable under the condition (28), is an algebraic model of adiabatic guided
modes in a smoothly irregular multilayer integrated optical waveguide. The
roots of equation (28) are a set of eigenvalues and the solution of the system of
equations (27) after substitution of each particular root is the corresponding

eigenvector normalized by the condition HEH =1.

6. Results

Thus, in the course of several stages of sequential reduction, we have
formulated a number of problems of modeling the adiabatic guided modes in
a smoothly irregular integrated optical multilayer waveguide.

Problem 1. The problem of finding eigenvalues and eigenfunctions within

the AGM model

E(.ﬁ(),y,Z,t) EO('CC;Z/?Z) . .
. =< exp {iwt —ip(y, 2)}, 29
{H(%y’z’w} { _ )} p {iwt —ip(y, 2) } (29)

is formulated as follows:

8 Yy . 8(’())2 z
Oz Y (az> o=t (w < v) ) (30)
OF; 0N\ Ly . (09N (09 ...
o = ik (ew— (%) ) Hy + ik <_z> _y> H;
oy dp\ (O y 0o\ ..
P = ik <_y> (E Ey +iky | ep — <_y E%,
(31)
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Eigenfunctions (Eg,ES,HS,HS)?F (:U;(Vgp)j) correspond to eigenvalues
J

2
The accompanying components of the electromagnetic field are calculated by
the formulas:

Op 1 Op 1 Op 1 Op 1
Er=_P g gy pgr %P g %P gy 32
0 dye © 9ze W O " dyp 0 Qzp O (32)

Problem 2. The problem of finding eigenvalues of eigenfunctions within the
AGM model

E(@,v,%1 = Eo(ziy,2) exp {iwt — 1 z
{I:j(:l:,y,z,t)} {ﬁo(ﬂi;y,z)} p{ SO(y’ >}’

is formulated as follows:

0’Eg 45 2\ O°Hy 1o 2) gy
5o TR (en— (V9)*) By =0, "0 + I3 (en— (V)*) Hy = 0. (33)

Eigenfunctions (Eg, HS, )T (.CE; (Vgo)j) correspond to eigenvalues (V(p)?.
j

The accompanying components of the electromagnetic field are calculated by

the formulas
a Yy . 890 ? z
(82) Hy — ik, (eu— <8y> ) Hg,
0 . )

Problem 3. Following the ideology of the cross section method, the steady-
state regime of guided propagation of electromagnetic radiation within the

frameworks of the AGM model, i.e., the solution of Maxwell’s equations rotH =

- — — — S\ T —
ikeE, rotE = —ikuH with asymptotic conditions (E,H) (x) —— 0 is

XT—r£00

sought in the form of a sum

(B 1) (w.9,2) =3 Cy (0.2) (B.H) (2, 5)),
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where (E,ﬁ)T(m,Bj) are solutions to the equations (30)—(31), (32) with
additional condition:
— — S\T . — S\ T
V(EH) (x,y.2) == iB,C; (y,2) (E.H) (x,5)),

J

—

where B(y, z) = V(y, 2).

Problem 4. Following the ideology of the method of cross sections, the
steady-state regime of guided propagation of electromagnetic radiation within
the frameworks of the AGM model, i.e., the solution of Maxwell’s equa-

tions rot(rotH) = k3epE, rot(rotE) = kiepH with asymptotic conditions
L \T L
(E, H) (x) ——— 0 is sought in the form of a sum

r—£00

—

(B H) (2.9,2) =3 C4 (9.2 (B H) (2. 5)),

> o\ -
where (E, H) (:I:,ﬁj> are solutions to the equations (33), (34) with additional

condition:
V(B ) (2,9,2) ==Y i8,C5 (0,2) (B H) (2, 6),

J

where B(y, 2) = Ve(y, ).

The single-mode regime is specified by ansatz

— >\T - S\ T
(E.H)_ (@,y,2) = C5 (v,2) (B, H) " (2,6))
with the additional condition
T -
J

@ (E7ET) (:z:,y,z) = _iﬂjcﬂj(y?z) (E,FI)T(;E’Bj)’

where Ay, 2) = Vo(y, 2).

Remark 2. Similar to the method of cross sections [24], [25], [30], the
solution of the last equation has the form

Ci0:2) = 50— exp{z’ko / (@@,Z)dwﬁz(y,@dz)}

Y0520

which together with relations (29), (30)—(31), (32) concludes the description
of the adiabatic character of the model under consideration.
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7. Conclusion

The development of methods for the rigorous and approximate analysis of
smoothly irregular integrated optical waveguides requires the development
of new mathematical models of the corresponding objects, as well as the
use of new methods for studying the problems arising in this case. The
fundamental problem of electrodynamics of smoothly irregular waveguide
three-dimensional (3D) structures is the development of stable methods and
algorithms for solving the corresponding Maxwell’s equations.

The paper considers an approach to the formulation of the problem of prop-
agation of electromagnetic radiation in integrated optical smoothly irregular
waveguide structures. Traditionally, similar problems are formulated based
on Maxwell’s equations. In this paper, only monochromatic radiation is con-
sidered, which is reflected in the dependence of solution on the frequency
of propagating radiation. This type of time dependence of the solution al-
lows considering a steady-state electrodynamic problem for electromagnetic
radiation.

The problem of finding the eigenvectors (guided modes) and eigenvalues is
considered using the model of adiabatic guided modes in the framework of the
zero approximation of the asymptotic expansion for a planar regular three-
layer optical waveguide. Considering that the permittivity and permeability
are piecewise constant functions, the problem is solved in each subdomain
with constant values of ¢, p with subsequent matching of solutions at the
interfaces between the dielectric media. In each layer e, 4 have constant values,

and the construction of the entire fields E, H requires setting and solving the
problem of finding ¢(y, 2).

The paper considers a class of smoothly irregular integrated-optical multi-
layer waveguides, the properties of which determine the characteristic features
of waveguide propagation of monochromatic polarized light in them. An as-
ymptotic approach to the description of this type of electromagnetic radiation
is proposed, reducing the solutions of the system of Maxwell’s equations to
a form, which is expressed in terms of the solutions of a system of four ordi-
nary differential equations and two algebraic equations for six components of
the electromagnetic field in the zero approximation.

The multilayer structure of waveguides allows one more stage of reducing the
model to a homogeneous system of linear algebraic equations, the nontrivial
solvability condition of which specifies the relationship between the gradient
of the phase front of radiation and the gradients of interfaces between thin
homogeneous layers.

In the final part of the work, eigenvalues and eigenvector problems (differ-
ential and algebraic) describing adiabatic guided modes are formulated. The
problem of describing the single-mode propagation of adiabatic guided modes
is also formulated with emphasis on the adiabatic nature of the described
approximate solution of Maxwell’s equations.
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Appendix. Normal modes of a regular planar optical
waveguide

“Plane” guided modes

The monographic literature [15]-[19] widely describes normal modes of a reg-
ular planar dielectric waveguide propagating along the axis Oz from —oo
to oo (and/or back). In the vertical direction (along the Oz axis) they
have the structure of standing waves, while in the horizontal direction along
the waveguide they are travelling waves and are considered (not quite cor-
rectly) steady-state (‘invariant’) in the direction transverse with respect to
the propagation direction (along the axis Oy).

The vertical distribution of the electromagnetic field of a T'E mode expressed
in terms of the ‘leading’ transverse component of the electric field E, is given

by the equation
dzEy )
(@) + (e~ ), () = 0. (35)

Two other components of the electromagnetic field of the T'E mode are
expressed in terms of the leading one by the formulas

| dE,
v w Y ko dx

(36)

These three relations can be derived from Maxwell’s equations in the
form (4).

For T'M modes analogous relations that follow from Maxwell’s equations
have the form

d (1di, )

o (252 ) @)+ (n= ) ) =0, (37)
8 | dH,

B ="H, B,=—— Y 38

vy F ikye dx (38)

Equations (35) and (37) in multilayer waveguides composed of uniform reg-
ular dielectric layers, in each subdomain of the real axis (at the intersection
of each layer with the vertical axis) take the form of second-order linear or-
dinary differential equations with constant coefficients. Therefore, the most
common form of solutions to these equations is obtained using a fundamen-
tal system of solutions. Consequently, the distributions of the corresponding
leading components of the electromagnetic field are written in the form of ex-
pansions of general solutions in terms of (sin(xx), cos(xx)) or (exp {+i(xx)})
and the expansion coefficients of the particular solution are determined from
the boundary conditions (22)—(23).

These solutions, in particular, can be obtained according to the following
algorithm.
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For guided T'F modes we get a homogeneous system of linear algebraic equa-
tions (SLAE) with matrix Mz3(3) with respect to variables A¥, AT, AT, A7

Al exp {’ygal} = A exp {ix{al} + A7 exp {—ix{al} ,
g esp {olar} = 3 (47 exp firder} - A7 exp {-indar}).
AT exp {ix{aQ} + A7 exp {—ix{aQ} = A_ exp {—vgaQ} )

J .
T (AJr exp {leaQ} A7 exp {—zx1a2}> = —;YTCOAC exp {—fyg%} .

The homogeneous SLAE (]\2/ E) A=0is nontrivially solvable if and only if
its determinant is zero,

det (M) = 0. (39)

For guided T'M modes a system of homogeneous linear algebraic equations
is obtained with the matrix Mz3,(8) for unknowns Bf, Bf,By B, the
solutions of which yield the values of the unknown amphtude coefﬁments

B} exp {fygal} = B exp {ix{al} + By exp {—ix{al} :

J , )
B} exp {%al} k?; (BIr exp {ix{al} — B exp {—ileal}> ,

B exp {ixiaQ} + B exp {—ix{ag} = B_ exp {—72@2} ,

zk:o

day).

The homogeneous SLAE (M H) B=0is nontrivially solvable if its deter-
minant equals zero

ko 1 (B+exp {2X1a2} By eXp{—2X1a2}> ko

det (M) = 0. (40)

Here A and B are the coeflicients of expansion of TE and T'M modes in
terms of the fundamental system of solutions, respectively.

Equations (39) and (40) are equivalent to the dispersion relations in the
trigonometric form

X sd = arctg (7 > + arctg (7 ) + mm (41)
X1 X1
for guided TE modes and
X yd = arctg (Eﬂfn> + arctg (Elifn) +mm (42)
cAl €sX1

for guided T'M modes.



A. L. Sevastianov, Asymptotic method for constructing a model ... 269

If the expressions for the electromagnetic field strength are presented in
complex form with the described dependence on the rest coordinates and
time taken into account, i.e., in the form

T . .

(Ey, H,, HZ) (1,9, 2,t) = (Ay, Ay, A3) T (2, y, 2) exp {iwt —icg(z,y,2)},
T . )

(Hy, E,, EZ) (m,y,2,t) = (By, By, B3)T(z,y, 2) exp {iwt — iy (z,y,2)}

with real-valued amplitude A(B) and phase ¢ (@), then the phase remains
constant in time along x, defines a travelling wave along z, and is constant
along y. In other words, the phase front of the described solution to Maxwell’s
equations is “planar” (i.e., linear in the yOz-plane) and defines a “plane” ( i.e.,
linear in the yOz-plane) wave. There exist “forward” and “backward” waves
travelling in opposite directions along the z-axis. The can be identified with
the “plane” (in the yOz-plane) waves emitted by infinitely remote sources.

“Cylindrical” guided modes

Now let us proceed to the guided modes of a regular planar dielectric waveg-
uide, excited by a source linear along the Oz-axis and point-like in the
yOz-plane, localized at the point (0, z,). The structure of the modes along
the Oz-axis completely coincides with that of “plane” guided and leaky TE
and T'M modes. Let us analyze the structure of cylindrical guided modes
propagating in the yOz-plane

. N\ E.H
(?[) (z,y,2,t) = (g) B (x) exp {iwt — ik, S},

where 7% = y? + (2 — 2)%; y = rsinf, 2 = 2, + rcosf. In the yOz-plane
circular fronts propagate from the origin of polar coordinates y = rsin6,
z = %y + rcosb.

Thus, in both cases the solutions for the normal modes are written as

EH
E _ (B, e it —ikge(y, 2)}

where:
— ¢(y, z) = Bz for the modes from an infinitely remote source and
— ¢(y,2) = B\/y? + (2 — 2y)? for the modes from a localized source.
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AcuMnToTYecKuii MeToa MOCTPOEHUST MO I
agnadbaTnvecKnX BOJIHOBOJHBIX MO/,
MJIAaBHO-HEPETYJ/JISIPHbIX MHTErPpaJIbHO-ONTUYECKUX
BOJIHOBOJ/IOB

A. JI. CeBacThbIHOB

Poccutickut ynusepcumem dpyorcoHvr Hapodos
ya. Muxayzo-Maxaas, 0. 6, Mocksa, 117198, Poccus

B pabore paccmoTpeH Kitacc IJIABHO HEPETYJIAPHBIX WHTETPAJIbHO-ONTHYECKUX
MHOT'OCJIOMHBIX BOJTHOBOJOB, CBOMCTBA KOTOPBIX OIPEJIEIIIOT XapaKTEePHBIE Y€PThHI
BOJIHOBOJIHOT'O PACIPOCTPAHEHUA B HUX MOHOXPOMATHIECKOT'O IOJIAPU30BAHHOTO
cBeta. Ilpenjoxken acUMITOTUYECKUI ITOAXOJ K ONUCAHUIO JAHHOTO BUIA IJIEK-
TPOMArHUTHOIO U3JIyU€HUs, B PE3Y/IbTATE KOTOPOr'O PEIEHNUs CUCTEMbI YPABHEHU
MakcBesuia peayupyercsa K TAKOMY BHUIY, KOTOPBIH BbIPAYKACTCI Uepe3 PEIeHus
CHCTEMBI YeTHIPEX OOBIKHOBEHHBIX MU (EPEHITNAILHBIX YPABHEHNN U ABYX aJired-
pamYeCcKnX ypaBHEHWH Ui IIIECTU KOMIIOHEHT JIEKTPOMATHUTHOTO TIOJIsi B HYJIEBOM
npubamKenuu. I'paguent ¢azoBoro GpoHTa aanadaTUICCKON BOTHOBOTHON MOJIbI
Y/IOBJIETBOPSIET yPABHEHUIO SUKOHAJIA OTHOCUTEIHHO 3(MEMEKTUBHOIO MOKA3ATE S
MIPEJIOMJIEHUS] BOJTHOBO/IA OTHOCUTEJIFHO JIAHHON MO/IBI.

MuorocsoitHast CTPYKTypa BOJHOBOJOB ITO3BOJISIET TPOU3BECTH €IE OJUH ITAI
PELYKIMK CHCTEMBI YPABHEHUI MOJIEIN K OJHOPOIHON CHCTEME JIMHEHHDBIX aJredpan-
YeCKUX YPaBHEHU, yCJIOBUE HETPUBUAJILHON Pa3PEIINMOCTH KOTOPOH 33/1aéT CBA3b
rpajuenTa Ga30BOro (ppoHTa M3JIyUEeHHs C IPaJIMeHTAME ITIOBEPXHOCTEH pasjesia
MEXKJIy TOHKAMU OHOPOIHBIMU CJIOSIMHU.

B 3aBeparomieii wactu paborsl cchopmyupoBanbl 3agaau (auddepenipaibaast
u anrebpanyeckas) Ha COOCTBEHHBIE 3HAYEHUs U COOCTBEHHBIE BEKTODBI JIJIsl OIMCA~
HUs a/1rabaTUIecKnX BOJHOBOJHBIX Moj. [IpuBesena Takxxke opMyIupoBKa 3a1a49u
OIMCAaHUs OJJHOMOJIOBOTO PEXKUMa PACIPOCTPAHEHUS A uabaTHIeCKUX BOJHOBOIHBIX
MOJI, TIOTYEPKUBAIONIALA aInabaTHIECCKN XapaKTEP OIMUCHIBAEMOTO ITPUOJIHKEHHOTO
pemrenus ypasaenuit Makcsesia.

KuroueBsblie cjioBa: MJIaBHO HEPETY/ISPHBbIE HHTEIPAJIbHO-ONTHYECKNE MHOTOCIONHBIE
BOJIHOBO/IBI, 331291 HA COOCTBEHHbBIE 3HAYEHUS I COOCTBEHHDBIE BEKTOPHI, OJTHOMO/IOBbII
PEXKUM PACIPOCTPAHEHUsT aIMAa0ATUIECKUX BOJIHOBOJIHBIX MO,



