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Structure of modes of a smoothly irregular integrated-optical
four-layer three-dimensional waveguide

A.A. Egorov, L.A. Sevast’yanov

Abstract. The asymptotic method and the method of coupled
waves used to study an integrated-optical multilayer three-
dimensional waveguide satisfying the conditions of a con-
tinuously variable effective refractive index are considered.
Three-dimensional fields of smoothly deforming modes of a
four-layer integrated-optical waveguide are described analyti-
cally. Explicit dependences of the contributions of the first
order of smallness to the electric and magnetic field
amplitudes of quasi-waveguide modes are obtained. The
canonical type of quasi-wave equations describing the
structure of quasi-TE and quasi-TM modes in a smoothly
irregular four-layer integrated-optical three-dimensional
waveguide is presented for the asymptotic method. By using
the perturbation theory, shifts of complex propagation
constants are obtained in an explicit form for these modes.
The elaborated theory can be used to analyse structures from
dielectric, magnetic and metamaterials in a rather broad
wavelength range of electromagnetic waves.

Keywords: integrated optics, waveguide mode, smooth three-dimen-
sional irregularities, asymptotic method, quasi-wave equations,
generalised Luneburg lens, coupled waves.

1. Introduction

Guided modes propagating along the regular segment of an
integrated-optical waveguide are independent: they do not
exchange energy with each other and the medium
surrounding the waveguide [1, 2]. In the waveguide section
with smooth refractive index irregularities of layers or their
thicknesses, the guided mode experiences perturbation. This
weakly-perturbed mode can be considered as a quasi-
waveguide mode, which is characterised by the fact that in
the transverse cross section of the waveguide, the wave is
standing and the number of nodes (zeros) of the electric
field strength during the waveguide propagation of the
mode remains invariable. Quasi-waveguide modes can
exchange energy with each other and the surrounding
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medium [2—18]. Because this energy is a small part of the
energy transferred by separate modes, approximate meth-
ods can be used to study smoothly irregular waveguides
(see, for example, [3—10]).

For the efficient energy transfer through different
coupling elements (lenses, couplers, prisms, multiplexors),
it is necessary to take into account the vector character of
the fields at all the stages in solving the electrodynamic
problem of propagation of a plane monochromatic light
wave in a planar multilayer integrated-optical structure. The
coupling efficiency, as is known, strongly depends on the
field matching in front of and behind the coupling element
[2, 7-13, 16—-18].

The analysis of the processes [2—17, 19—21] shows that
the modes of a smoothly irregular waveguide segment are
weakly  hybrid quasi-TE and quasi-TM  modes
[9, 13, 16, 17, 21]. The retention of terms proportional to
the dielectric constant gradient in boundary conditions and
in the solution of quasi-wave equations allows one to take
into account the vector character of the monochromatic
electromagnetic field propagation along the smoothly irreg-
ular segments of the multilayer multimode integrated-
optical waveguide [2, 8—10, 13, 16, 17, 21]. Note that the
vector scattering of the waveguide mode in a statistically
irregular waveguide was considered in detail in papers [8—
10, 13, 21] including in the presence of noise [15].

In Section 2 of the present paper, we discuss the
peculiarities of propagation of monochromatic electromag-
netic waves in smoothly irregular four-layer integrated-
optical three-dimensional waveguide. We found that the
boundary conditions ‘couple’ two modes of this waveguide
with different polarisations into one hybrid mode. The
physical reason for this discrepancy between TE and TM
modes in a regular planar waveguide is the polarisation
dependence of the plane wave reflectivity [2, 9]. In the
smoothly irregular section of the three-dimensional wave-
guide at the oblique incidence of the waves (at the interface
of the media forming the waveguide), polarisations are
mixed and the linearly polarised mode becomes a hybrid
one. Thus, our consideration is based on the method of
short-wave asymptotics [4, 6], in which the solution of U is
represented in the form of some asymptotic series: U ~
> Um/kg', where the terms of the series are proportional to
ko™ = @2mr/l)™™; Ay is the wavelength of monochromatic
light in vacuum; k, is the modulus of the wave vector k. In
the visible wavelength range, 4o — 0 (kg — o0), which
allows one to use the solution in the form of a finite
asymptotic series known as the adiabatic approximation
[4, 6, 16, 17, 22].
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We show in Section 3 that the allowance for the
adiabaticity of the quasi-waveguide mode in the smoothly
irregular four-layer three-dimensional waveguide leads to
quasi-wave equations, which are solved asymptotically in
the zero and first approximations. In both cases, we present
the structure of the mode field components. The canonical
type of quasi-wave equations is presented for the asymptotic
method.

The quasi-TM and quasi-TE modes in the smoothly
irregular four layer integrated-optical three-dimensional
waveguide are analysed in Section 4. By using the pertur-
bation theory we obtained in the explicit form the shifts of
complex propagation constants (spectral numbers) for
weakly coupled quasi-TE and quasi-TM modes. We found
that these shifts are imaginary and different for different
modes. Note that the development of the vector three-
dimensional theory of waveguide propagation and scatter-
ing of light is one of the urgent topics in optoelectronics
[8—10, 12—-21]. Indeed, the use of the scalar two-dimen-
sional wave equation [1-5,9, 16] upon passage to the
submicrone and, all the more, to the nanometer range of
linear dimensions restricts the possibilities in solving the
problem of analysis and synthesis of elements in integrated-
optical devices [17].

The aim of this study is solve the electrodynamic three-
dimensional problem formulated in this paper and to
analyse the quasi-wave equations and analytic expressions
obtained for the fields of deforming modes of a four-layer
smoothly irregular integrated-optical three-dimensional
waveguide both in the zero and first approximations of
the asymptotic method.

2. Formulation of the problem. General analysis
of the problem

We studied smoothly irregular integrated-optical three-
dimensional structures containing regular (waveguide) and
irregular (of the type of the generalised waveguide
Luneburg lens) segments (Fig. 1). Coupling devices widely
used for connecting different elements of the integrated-
optical processor as well as, for example, such elements of
integrated-optical schemes as prisms and film-based lenses
refer to smooth ‘irregularities’ [5, 11, 17, 18]. The latter
include, in particular, a thin-film waveguide generalised
Luneburg lens [5, 17]. The requirement to the calculation
accuracy of the parameters of a similar waveguide lens on
passing to the nanometer range strongly increases due to
the presence of restrictions caused by diffraction effects
[2, 5, 17], which strongly affect the spectrum analyser reso-
lution.

Similar problems exist in coupling different elements of
one integrated-optical scheme. In particular, in an inte-
grated-optical high-frequency spectrum analyser there exists
the problem of coupling of a laser beam with a waveguide
and in optical data transmission systems it is necessary to
couple optical fibres with radiation sources and with signal
detectors.

To transmit efficiently energy through three-dimensional
smoothly irregular elements of a multilayer integrated-
optical scheme, the vector character of the fields at all
the stages in solving the electrodynamic problem of the light
wave propagation should be taken into account
[2, 8-10, 16, 17].

Maxwell’s equations for an unabsorbed inhomogeneous

medium in the SI system in the absence of sources can be
written in the form:

oH

N OE .
tH=¢— tE=—p—
ro g—, TO TR

o (1)
where ¢ = ¢.¢) is the dielectric constant of the medium; u =
U Ly is the magnetic permeability of the medium; ¢,, u, are
the relative dielectric constant and magnetic permeability,
respectively; ¢ and p, are the electric and magnetic
constants, respectively; w,/ue = nky; n is the refractive
index of the medium (layer); ko =2n//, =w/c is the
modulus of the wave vector ky; Ao is the wavelength of
monochromatic light in vacuum; ¢ is the speed of light in
vacuum; o = 2xnf; f'is the electromagnetic field frequency;
E. H are the vectors of electric and magnetic field strengths;
the tilde above the field vectors refers to their complex
character.

In a regular four-layer waveguide, the thickness of the
second waveguide layer /(y,z) = const, and the fields of
eigenmodes propagating along the z axis have the form [I,
16]:

E(x,y,z;t) = Aexp(io?) exp(—ik,x) exp(—ik.z),
2

H(x,y,z;t) = Bexp(io?) exp(—ik,x) exp(—ik.z).

In this case, for TE modes A4 = (O,A},,O)l and B=
(B,,0,B.)", and for TM modes A= (A4,,0,4.)" and
B =(0,B,,0)", where (*,*,*)" is the column transposed to
the line (*,%,%). Between the mode components, the
following relations are fulfilled [1, 16]: for TE modes
B, = (=p/w)A,, B.=(i/kop)dA4,/dx; for TM modes
A, = (B/e)B,, A.=(—i/koe)dB,/dx, where = k./k; is
the coefficient of the phase deceleration of the mode
(effective refractive index of the waveguide).

In a smoothly irregular four-layer three-dimensional
waveguide (see Fig. 1), the thickness of the second wave-
guide layer is not constant, A(y,z) 7 const, so that
Oh/0y #0, 0h/0z #0. It is assumed in this case that
|0h/0y|, [Oh/0z] < 1.

In the regular segment of the four-dimensional wave-
guide, a TE or TM mode (2) propagates along the z axis.

vc\ : Ji h(y,z)
y : 4

e I
" 3 R
!

Field profile of TE, mode

Figure 1. Cross section of the considered three-dimensional integrated-
optics structure produced by the surrounding medium (cover layer is air)
with the refractive index n. (1), the first waveguide layer (the regular
segment of the structure) with the refractive index n; (2), the substrate
with the refractive index ng (3) and by the thin-film waveguide Luneburg
lens (the irregular segment of the structure) with the refractive index ny.
(second waveguide layer) (4); i( y, z) is the thickness of the layer forming
the Luneburg lens; R is the radius of the lens aperture; d is the thickness
of the regular segment of the waveguide integrated-optics structure. The
propagation direction of the TE;, mode is shown by the thick arrow.
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The waveguide layer —air interface x — /( y, z) = const in the
regular segment is horizontal and at any point (i( y,z), v, z)'
the plane tangent to it coincides with the yz plane. The
tangent boundary conditions H.|,_ = H.|, o E,|,_o=
Eylyo and E,_o = E-lyg, Hylyo = Hylpyo are fulfilled
separately for both modes.

At the surface interface x = h(y,z) of the three-dimen-
sional irregular segment of the waveguide, the tangent plane
at the point (A(y,z),y,z)' in the general case does not
coincide with the horizontal plane yz. In this case, the
tangent boundary conditions E.|, = E.|, o H.|,_o=
H. |, ., in the general case are not fulfilled separately for
TE and TM modes. Thus, it is the boundary conditions that
combine two initially independent waveguide modes into
one weakly coupled hybrid mode. The coupling is weak due
to the estimate |0h/0y|, |0h/0z| < 1.

In paper [5] for a thin-film waveguide Luneburg lens,
which is an example of smoothly irregular integrated
waveguide structures under study, Southwell obtained
dispersion relations in the approximation when ‘inclined’
tangent boundary conditions were replaced by their pro-
jections to the horizontal plane, i.e. the solution obtained in
[5] was two-dimensional. The account for the conditions
|0h/0y| # 0,|0h/0z| # 0 introduces into Southwell’s rela-
tions a small correction with respect to the parameter o,
where ¢ :max|V},72[3|(koﬁz)7l (this is a two-dimensional
analogue of the quantity |Ve/eg|).

This approach explains the appearance of hybrid modes
with six field components in the waveguide with smooth
irregularities (see Sections 3, 4) and not with three as is the
case of TE and TM modes [1—13]. For hybrid modes, the
conditions 0E/0y = 0, 0H/dy = 0 [1, 2, 9] are not fulfilled,
i.e. there exist variations of fields in the direction of the y
axis.

3. Quasi-wave equations for adiabatic modes
of a smoothly irregular four-layer
three-dimensional waveguide

3.1 Asymptotic method for solving quasi-wave equations

In the analysis of the propagation of polarised mono-
chromatic electromagnetic field in the multilayer integrated-
optical three-dimensional waveguide with smoothly varying
layer thicknesses, we used the combination of the short-
wave asymptotic method [22] and the modified averaging
method [23] (see Appendix 1). As a result, we obtain three
separate problems:

(i) the nonlinear equation coupling the phase ¢(y,z) and
its partial derivatives 0 /0y and O¢/0z with the profile of
the waveguide layer thickness /(y,z) and its partial deriv-
atives 0h/0y and 0h/0z generalising the dispersion relation
for the regular waveguide;

(ii) ordinary differential equations of the second order
for the amplitudes E(x) and H(x) with small (~ ) right-hand
sides specifying the interaction between them,;

(i) integral equations of type Al.4, where integration in
expressions for the electromagnetic field E(x; y, z), H(x; y, z)
is performed along the rays, which are the solution of the
system of ordinary differential equations

d(,dy\ 0 d[,dz\ 0p
&(%J—@ a(ﬁa)—az'

Our method for solving the formulated electrodynamic
problem has five advantages:

(1) the solution obtained satisfies Maxwell’s equations;

(ii) there is no need to solve the search problem of the
orthogonal basis;

(iii) at each point of the horizontal plane (y,z) the
vertical distribution of the electromagnetic field is calculated
separately independently of the variables ( y, z); however, the
solutions at two neighbouring points are related parametri-
cally through f(y,z);

(iv) the dispersion relations are solved separately from
other factors of the required solution of Maxwell’s equa-
tions;

(v) the obtained solution fS(y,z) of the dispersion
relations makes it possible to calculate separately the
rays and wave fronts in the horizontal plane, after which
the phase delay ¢(y,z) can be determined by integration
along the rays.

Note that in this case both the Fourier method of
separation of variables used for regular waveguides [1, 2]
and the method of expansion in the total system of guided
and radiation modes of a regular two-dimensional wave-
guide [2, 7—13] are inapplicable because the propagation
constant is here complex and there exists the problem of
orthogonality of the corresponding modes [9, 13, 15, 19].

Thus, we will seek for the solutions of Maxwell’s
equations (1) in the form:

E(x,y,z;t) = E(x;y,z) exp(iwt)

< exp [ ik [ ﬁ(yﬁz/)ds(y',z’)] B2,
JYosZ0 (3)

H(x,y,z;t) = H(x;y,z) exp(io?)

o <ika | 07,20, 10

YosZo0

where ds = (dy? + dzz)'/ 2 is the element of the ray length.

The method for solving three independent problems is
iterative with respect to the smallness parameter 6 and
consists of the following stages™:

(1) The solution of the wave equation in the zero
approximation for E)(x;y,z) and H,(x;y,z) for TE and
TM modes, respectively, in the homogeneous subregions
[see below (7)];

(ii) the substitution of the solutions into the boundary
conditions (of the zero order of smallness in §) to obtain
dispersion relations for the zero-order TE and TM modes —
algebraic transcendental equations for f;

(iii) the solution of the ray equation in the zero
approximation;

(iv) the integration of phases along the rays and
obtaining of full solutions (in the zero approximation
with respect to o).

After this, it is necessary to repeat all the stages for the
corresponding equations in the first approximation with
respect to d. Equations of dispersion relations for TE and
TM modes in this cycle are nonlinear first-order differential

*A detailed analysis of these problems is beyond the scope of this paper

and will be presented elsewhere.
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equations in partial derivatives. Quasi-wave equations for
E,(x;y,2) and H,(x;y,z) in the first approximation prove to
be coupled. All this considerably hampers the calculations
of electromagnetic fields in the first approximation.

In this paper we pay the main attention to the analysis of
the dependence of the electromagnetic field components on
the argument x. Let us write vector Maxwell equations with
respect to the components and construct certain linear
combinations from differential expressions from them
(see Appendix 2). Relations (A2.8)—(A2.11) obtained in
Appendix 2 we reduce by the common multiplier, which
is not identically equal to zero. As a result we obtain
expressions for the field components E.(x;y,2), E,(x;,2)

and H,(x;y,2), H(x;,2):
,0s Os

0 Os . dE,
-2 {[m(0g) -rEs ] i)
=y {( ip )dH— iew/?@Ez},
oy
“4)
o 0 65 , 0s 0s . dH,
‘Z{ki ) amJ@+W”m}’

0s\ dE. Os
_ 2 .08
Ex =1 {( ﬁaz> ax e dy ‘]

For the components E.(x;y,z), H.(x;y,z) we obtain the
quasi-wave equations:

d E- 2 ap}’ 2 ax._z
(- E. = Dy +—=———p; —=——|E
dx2 <P,\~P} + 3y PylX: 3y z
ap, _ Op. 02\ dH.
-— =2 P P:X- : - -, (5)
0z ay 0y ) dx
d2HZ ) op, 2 0%
SH.=—|pyp, H.
dx2 +X4 z (p}p} ay p\ Lz ay ) z
i (0p, . 012 dE.
( 0z Oy P dx ©

With the help of notations y> = kieu + p.p. + dp./0z,
py = —ikoB3s/dy — (2B)"'0B /By, p. = —ikoBDs/0z — (2p)"
x 0f/0z, used in (4)—(6), the derivatives with respect to
ﬁeld strengths E; are expressed in the form: 0F;/0y = p}E,,
3°E;/y* = (p,p, + Op,/OY)E;, OF;/dz =p.E, O°E;/0z* =
(p.p- +0p./0z)E;. The derivatives with respect to field
strengths H; have similar forms.

In each of the regions [; (j =
constants ¢ and g,

1, 2, 3, 4) with the

L ={(x,»,2) s x € [h(y,2), +00); »,2 € (=00, +00)},

L= {(X,y,Z) X € [_d>0]; »,z € (—OO,+OO)},
(7)

L={(x,y,z) : x € (—00,—d]; y,z € (—00,+00)},
14 = {(X,}’,Z) RS [07/1()}72)}; .z € (7OO7+OO)}7

equations for the x dependence of longitudinal components
E.(x;y,z), H.(x;y,z) have the form:

d’E. i (dp. Op,)\ dH.
z 2 < D > z (8)

"'E7:7 3
dx2+)(f T ows \ Oy dx

©)

z

d°H. i (Op, 0Op.\dE.
o (E3)
J

- 0z Oy /) dx’

Here, 17 = 17| 5, are the values of %° in the reglon I; [see (7)];
1t =y +DyDy T Op,/0y. Let us substitute %% in the form of
the sum of terms of the zero, first and second order of
smallness with respect to o:

where

()" = ki (e = B7);
ENON 0s0f 0sof
() = iko (6y62+azay>

0 Os 0 Os

-l (75)+ 5 (03] o

o () (@)
z ay oz

op 0 [0p -

[ay (@y( Ay > +§(5(2ﬁ) )}

Expressions in braces in the right-hand side of

Eqns (8), (9) can be also presented as a sum of terms of
the first and second order of smallness with respect to o:

op, Op.

0z Oy

—p 1@

where

o0 Zikg [ 2 (p2) 2 (5],
o [@y (ﬁ62> @Z<ﬁ@y)}

(2)_6 op o [0p
P *a(@ 2")%(@/2@‘

We will solve equations (8), (9) asymptotically [24] by
representing the fields in the form of asymptotic (with
respect to ) series:

ZE x) 6", H.(x) = H!(x)s",

m=0 m=0

(1)

(12)

where m, as a rule, is bounded above: m < cc.

3.2 Zero approximation of quasi-wave equations

In each of the homogeneous regions I} —1I; in (7),
expressions (8), (9) take in the zero approximation (with
respect to the order of smallness ¢) a simpler form of wave
equations
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dE

e +ko<Ju, BHEL =0, (13)
d?H
o +ko<,-u,-—/32>H§°>=0, (14)

where & = nZ; ity = nf; espty = ng; eapy = nf. Thus,
202 p2 2 22,2 2
:k()(ns_ﬁ):_ys<07 Xf:ko(nl'_ﬁ)>07

1 =ko(nf = B7) >0, 78 =ki(nd = B*) = =i <0.

For the quantities E., E,, H,, H, expressions

1 asdE Os
0 _ oup S 5O
Ot g n)
i (15)
1 Os Os ©)
0 _ 20505 1r0) _ z
y (xf)(°)< baatt *Tdx )
1 osdHY s
0): . z bl )
' (x%><°>( Vorax gﬁay’)’
. (16)

1
0 _ _
b ()" <

are valid in the zero approximation.

The solutions of Eqns (13), (14) for the components E_,
H, (taking into account the boundary conditions
|H.|,|E.| < oo in the region /5 at x — —oo and the boundary
conditions |H_|, |E.| < oo in the region [} at x — oo) take
the form:

ES(0> (x) = Agexp(ysx), x € (—o0,—d],

Ef(())(x) = Af exp(iyex) + Ap exp(—iyx), € [—d, 0],
17

E{V(x) = A{ exp(iz,x) + Ap exp(—ixx), x€[0,h],

EC(())(X) = Ac exp(—ycx), X € [h,OO),

HS(O) (x) = Bs exp(ysx), X e (_007 _d]a

H{"(x) = Bi" exp(izx) + By exp(—izx), x € [~d,0],
(18)

H{" (x) = B{" exp(iz.x) + By exp(—ix x), x €[0,4],

H(x) = B.exp(—y.x), x € [h,o0).

Thus, according to (2), the TE mode has the following
structure of the electromagnetlc ﬁeld com onents: EY =o,
HY =0, E” =0, H" #0, H # 0, E) # 0; the explicit
expressions for them are given by relatlons (16) (18) For
the ™ mode H?Y =0, HY =0 E(0 0 £,

7&0 EL #0 [according to (2)]; exp11c1t expresswns
for these components are given by relations (15), (17).

3.3 First approximation of quasi-wave equations

For the contributions of the first order of smallness with
respect to ¢ to amplitudes (12), we obtain, according to the

rules of the asymptotic method, a system of equations with
a small parameter in the right-hand side:

d2E(! da©
L k= pIEY — B0 LI )
d*H. ‘ de©
R p Y =~ LS o)
where
- 0% 3% 0pos 0P s
/i 71k05<§ ) 2= <6y62+626})

By substituting expressions for the field amplitudes from
(17), (18) into expressions (19), (20), we obtain

a*ely 2 (1) + . _ .
il + 7 E2Y = filA] exp(iy;x) + A; exp(—iyx)]
B et o B e
+iy; " [B;" exp(iy;x) — B; exp(—iy;x)], 1)
d2H ~ .
dx; + }’ = —/ilB; eXP(l/(, x) + B~ exp(—iy;x)]
N . _ .
—iy; ﬁ [Aj exp(l,{jx) — A; exp(—l,{jx)]. (22)

After grouping similar terms, the system takes the form
canonical for the asymptotic method:

d?E ) - -

e + 1 E: C1 exp(iy;x) + Cjy exp(—iyx),  (23)
aza , B ,

2 T 2 = Djj exp(iyx) + Dy exp(—iyx). (24)

Because the left-hand and right-hand sides of equations
(23), (24) are periodic with one ‘frequency’ y;, the solutions
of these equations reflect the appearance of resonance
phenomena in the system under study. Because of the
first order of smallness f; and f, following from (10),
(11), both (19), (20) and equations from them are weakly
coupled.

The solution of equations (23), (24) has the form

EM(x) = x[C;f exp(iyx) — Cip exp(—igx )](2ix,) ", (25)

HIY(x) = x[Dji exp(izx) — Dji exp(—iz;x)](2iz;)~". (26)
The multiplier x in the resonance terms does not violate the
solution regularity because its linear growth is suppressed at
x — +oo by the exponentially decreasing multiplier (see
details in [24]).

The comparison of expressions (23)—(26) yields the

equalities

le = j+f1 +Bj‘+(i7xjf2/3)’ Cy = 4; i1 — J (17/f2/8)

(27)
= =B fi + 4; (ix;/2/ W)

D,T =-B +fl (M,fz/ﬂ)
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From (25)—(27) we obtain according to (12) the explicit
dependence of contributions of the first order of smallness in
d to the amplitudes of electric and magnetic fields:

h dED(x) | xh

EM(x) = - HY 2
) 2}5].2 dx 2 F (), 28)
(0)
((y) = S AHT(X) _ xf2 o) 5
e =5 S (29)
Note also that the coefficients Cﬂi and Djli at the

oscillating multipliers exp (diy;x) in the first (with respect
to the smallness parameter §) approximation of solutions
E_,“)(x), Hz(l)(x) depend on the coefficients Aii, Bii and f in
the zero approximation. S

The solutions for the electric and magnetic field ampli-
tudes in the first approximation have the asymptotics

E.(x) = EO(x) + EM(x) = EO)(x)
X[ g0 fldEz“”(x)} 2
AR RN
H.(x) = H" (x) + H (x) = HO(x)
x| fi dHC ()}
5 [ B - PR +0(5?) 31)

uniformly along the entire x axis at arbitrary (y,z) € yz (see
details in [24]).

4. Quasi-TE and quasi-TM modes of a smoothly
irregular four-layer integrated-optical
three-dimensional waveguide

We analysed above the solutions in the zero and first
approximations of Eqns (5), (6) for an arbitrary polarised
mode propagating from the three-layer regular two-dimen-
sional waveguide into the four-layer irregular three-
dimensional waveguide.

In this section we will consider successively two partic-
ular cases: propagation of the TE or TM mode from the
regular three-layer integrated-optical two-dimensional
waveguide (the left part in Fig. 1 up to the dashed vertical
line) into the four-layer smoothly irregular integrated-
optical three-dimensional waveguide (the right part in the
figure). We will pay the main attention to the trans-
formation of the vertical field distribution of these modes
in the four-layer waveguide.

The boundary conditions at the three boundaries of the
integrated-optical waveguide structure under study (see
Fig. 1) produce a homogeneous system of twelve linear
algebraic equations for twelve undetermined amplitude
coefficients AS,BS,Afi, Bi, Af ,Bi*, 4 B, [17]. This system
has a nontrivial solution, if it is degenerate, i.e. if the
determinant of the matrix corresponding to it is zero.

We consider first the TE mode [see the first expression in
(2)]. The coefficient of the phase deceleration f satisfies the
dispersion relations for six amplitudes B; of the longitudinal
component of the field strength H.. The admissible values f
are given by the roots 7, p37, ... of the dispersion relations
(they are also the roots of the dispersion relations in the
generally accepted trigonometric notation [2, 16]).

In the irregular segment of the three-dimensional wave-
guide, the cofactors H.(x;y,z) and E.(x;y,z) entering the
longitudinal components of the fields H and E of type (3)
satisfy equations (8), (9). These equations include functions

f1 and f, depending in the case of the TE mode on ﬁ,ﬁl

(m=1,2,...) beyond the boundary of the irregularity
region. Upon passage of the TE mode in the irregularity
regions it deforms and begins to satisfy the dispersion
relations, which include all twelve amplitudes 4;, B; [17].
We will denote the solution of the zero approximation of
these dispersion relations coinciding with one of the roots
B at the boundary of the irregularity region by f7(y,z).
This solution can be found numerically.

By denoting f1(8,/(v,2)) by /i’ and f(8,/(1,2)) by £,
we will write equations (8), (9) in the form:

d’E, . f2 dH.
dx + (ﬁ )E fl E +— dx )

d’H. wy  fTAE
dx .2 +/1 (ﬁm ) z _fl H: 1 dX .

The solutions of these equations in the first approx-
imation are given by expressions (30), (31) in which the
dependences of the functions f}, f, and y; on the coefficient
B(y,z) are specified.

Thus, upon the passage of the TE mode to the
irregularity region and upon the further propagation of
the deforming mode in the irregular three-dimensional
waveguide, the amplitudes H.(x; y,z) E,(x;y,2z) and
H (x;y,z) parametrically depend via ﬁm ( y,z) on the argu-
ments (y,z). Simultaneously, the amplitudes E.(x;y,z),
H(x;y,z) and E.(x;y,z) stop bemg equal to zero and
also parametrically depend via $7(y,z) on the variables
(»,2). In the zero approximation, the right-hand side of
quasi-wave equation (8) is equal to zero for the TM mode in
the regions with the constant dielectric constant and
magnetic permeabillty and the solution of equation (8)
for the component E 7é 0 has the form of (17). Due to
(15), the components F 9 and H % are also nonzero for the
TM mode. Similarly, the rlght hand side of quasi-wave
equation (9) is equal to zero for the TE mode in the zero
approximation, and the solution of equation (9) for the
component HZ(O) # 0 has the form of (18). Due to (16), the
components HA(,O) and E;O) are also nonzero for the TE
mode. Thus, in the zero approximation propagating modes
retain the initial linear polarisation and in the first approx-
imation the propagating waveguide mode is depolarised, i.e.
it changes the initial polarisation.

In the case of the TM mode [see the second expression in
(2)], the consideration, similar to that for the TE mode,
allows us to write equations (8), (9) in the form:

d2 E E fz dH
dx? +/J (B JE- =T E. += o
d2HZ 2, 0 E E _fQEdEZ
W+lj (ﬁm)Hz*— 1 [‘I_,—7 i .

Here, as in the zero approximation (8), (9), propagating
modes retain the initial polarisation and in the first
approximation they are depolarised.

The author of paper [21] studied ‘the eigenwaves of the
mean field’ in a statistically irregular waveguide. The
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solutions obtained in [21] have the structure similar to that
of quasi-TE and quasi-TM waves. The expressions for the
shifts of spectral (eigenwave) numbers were obtained in [21]
by the method of the perturbation theory in the form of the
formal expression via the multiple integral. We obtained
similar results in the explicit form. The distributions of
complex propagation constants, distortions in their spec-
trum, the structure of the corresponding modes should be
analysed on the complex plane [2, 7-10, 13, 15, 19].

When the structure of the modes under study is taken
into account, equations (8), (9) for the quasi-TM mode take
the form:

d’E.
K,Ezl + /C/z(ﬁnb;(yv Z))Ez :fl (ﬁff(y7 Z))Ez7
(32)
d’H. dE.
A AL ) b

One can see from first equation (32) that for the quasi-
TM mode, the eigenvalue, equal to Xj2 in the zero approx-
imation, is

Y = 22 BED,2) —AiBEW, 2) (33)

in the first approximation.
Similarly, equations (8), (9) for the quasi-TE mode
assume the from

d’H.
e B0 2V, = A (B ).

(34)
d’E, dH.
2 NE = L) G

Thus, for the quasi-TE mode the eigenvalue in the first
approximation is

G =1 B, 2) + A (B (v, 2)).

Note that due to (33) and (35) additions of the first order
to eigenvalues (X/-z)(o)(ﬁ,fﬂ ) are purely imaginary and differ
for different quasi-waveguide modes.

When the adiabatic waveguide mode propagates along
the irregular segment of the multilayer integrated-optical
three-dimensional waveguide, the following characteristic
features take place.

The phase distribution of the electromagnetic field is
described by the fast-oscillating multiplier. The polarisation
of the electromagnetic field is described by the evolution of
multipliers E(x;y,z), H(x;y,z) during the propagation of
‘centres of the transverse energy distribution’ along the ray
tubes. In this case, in the region with 0h/0y # 0 and
0h/0z # 0 the initially linearly polarised TE and TM modes
experience depolarisation.

The simultaneous solution, for example, of equations
(32) and (34) will make it possible to analyse the peculiarities
of the energy exchange between quasi-TE and quasi-TM
modes. One of the difficulties in this analysis is related to the
numerical solution of the dispersion relation obtained with
the help of the system consisting of twelve linear algebraic
equations [17].

(35)

5. Conclusions

In this paper, we have studied a multilayer integrated-
optical three-dimensional waveguide with the help of the
asymptotic method and the method of coupled waves.
Analytic expressions for the deforming modes of the four-
layer smoothly irregular integrated-optical three-dimen-
sional waveguide have been derived in the zero and first
approximations of the perturbation theory. Quasi-wave
equations describing the transformation of the vertical
structure of quasi-TE and quasi-TM modes have been
presented. We have obtained in the explicit form the shifts
of wave number eigenvalues.

The theory developed takes into account the vector
character of fields, i.e. makes it possible to describe
adequately, unlike the scalar consideration, the real
smoothly irregular waveguide structures. The solution
obtained can be used for the analysis of similar three-
dimensional integrated structures from dielectric, magnetic
and metamaterials, including materials consisting of N
layers, in a rather broad wavelength range of electro-
magnetic waves.

The results of this paper can lay the basis for developing
the algorithms of the approximate numerical solution of
synthesis problems of smoothly irregular integrated-optical
multilayer waveguide three-dimensional structures, for
example, the specified amplitude-phase transformation of
electromagnetic radiation. The solution of this problem,
despite its urgency and practical significance, has been
restricted till recently by the absence of the analytic solution
of the corresponding electrodynamic problem obtained by
the authors of this paper.

Acknowledgements. L.A. Sevast’yanov thanks the Russian
Foundation for Basic Research for partial support (Grant
Nos 07-01-00738, 08-01-00800).

Appendix 1

When using the method of short-wavelength asymptotics,
the solution of the wave equation for the electric field
strength taking into account the gradient of the dielectric
constant

V2E + kin*(r)E = —2V[E, V(Inn(r))], (A1)
which follows from Maxwell’s equations [22] is represented

in the form of the finite asymptotic series called the
adiabatic approximation:

E(r) = Elro) y/n(ro) exp <—ik0 Jr n(r')dl).

n(r) "o

In the ray approximation, radiation coupled into a
regular optical waveguide propagates along the z axis in
the form of plane waves moving in a zigzag manner and
experiencing total internal reflection at the waveguide
boundaries [2, 12]. In the case of total internal reflection,
as is known, the wave phase experiences a drastic jump upon
each reflection from the waveguide boundaries. In addition,
the waveguide as a guiding structure has different character-
istic spatial scales L;: along the x axis the scale L, is of the
order of the wavelength / (in the visible range, L, ~ 1 um),
along the y, z axes the scales L, L. > L,. As a result, the

(A1.2)
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phase of the electromagnetic wave changes much faster
along the x axis than along the y, z axes. This allows one to
consider the variable x to be ‘fast’ and variables y, z —
‘slow’, which is the basis for the applicability of the
averaging method.

According to the averaging method [23], we first find the
averaged two-dimensional solution:

E(y,7) :W

X exp [—iko JL ﬁ(y/’z’)ds} ,

Yo:Zo

(A1.3)

where ds = (dy? +dz?)!"/? is the element of the ray length;

@(y,2) = koJ

JYosZ0

pi

ﬁ(y/7 Z’)ds(y',z')

is the wave phase of the averaged two-dimensional equation
V}%ZE(y, 2)+ kiB*(y,z)E(y,z) = 0 for the unaveraged wave
equation corresponding to unaveraged wave equation
(A1.1). The integral in the exponential is taken along the
ray propagating through the points (g, zy) and (y,z).

After this, unlike the conventional averaging method
[23], we seek for the solution of the unaveraged problem in
the form

E(x.v.2) = E(x:p. 2 exp|—iko [ B(y,z)ds]
E( sV, 2) E(,7y’ ) ﬁ(y7z)

)

(Al.4)

x . 2) = Hix: p. 2) SR J B, 2)ds]
Hx,7,2) = H(x,2) B(y.z)

and substitute it in Maxwell’s equations (1) and boundary
conditions taking into account the non-horizontal tangent
planes at the points of the interface between media.

Appendix 2

We will write Maxwell’s equations (1) in the coordinate
form:

OH. OH, ¢OE,

dy 0z ¢ o’ (A0
a:zrx B aaix _ E @ait (A2.2)
aaz? B G;X _ g 661:;: 7 (A2.3)
aaiz B % _ % agx’ (A2.4)
aaix B 6@% _ % % 7 (A2.5)
aa? B afyx _ _% %_ (A2.6)

According to (3) each of the electromagnetic field
components has the form

Y(x,y,2;:1) = @(x;,z) exp(iot)

X exp —ikoj}’; B’ z")ds(v',2") | B, 2)] /2,

Yo,Zo0

and partial derivatives of  —

1 exp(iw?) d¢

%:exp —ik J ) ﬁ(y',z')ds(y/,z/)

Ox Yo:Zo0 | \/ﬁa’
oy oy o
a - pylpa 5 = Pglﬁ, E = la)lp.

Thus, relation

a2lﬁ Eﬂazlﬁ 2 2 Op:
@‘?W*(kosf‘”’f*az)‘”

(A2.7)

is valid for each electromagnetic field component of type
3).

We obtain from Maxwell’s equations (A2.1)—(A2.6)
expressions of type (A2.7) for the components
H, H. E,E. Namely, applying the operator 9/0z to
relation (A2.1) and the operator (g/c)(0/0f) to relation
(A2.5) and then summing these relations, we obtain a
new expression:

' ’ y 2 2, Op.
- = keeuw+p: + 37 ) H,

0z
o (o) 0 (o,
T oz \ oy cot\ ox /)’

Similarly, applying the operator (1/c)(0/01) to relation
(A2.1) and the operator 0/0z to relation (A2.5), the operator
0/0z to relation (A2.2) and the operator (g/c)(0/0f) to
relation (A2.4) as well as operator (u/c)(0/0f) to relation
(A2.2) and the operator 0/0z to relation (A2.4) and then
summing the found relations in turn, we obtain, respec-
tively,

op- 0 (OE wo (O0H.
2, 2 b4 _ z _rY z
(k08ﬂ+pz T )Ex 0z ( Ox ) c@l< dy )’ (A29)

op. 0 (0H.\ &0 (OF.
(kggy+p3+ p‘)Hx ( ~>+b—(ay~), (A2.10)

(A2.8)

oz “oz\ox ) Tcor
op 0 [ OF. uo (OH.
2 2 z _ z I z
(k08ﬂ+pz + aZ)Eyf—aZ< ay) +c76t< - ) (A2.11)

Thus, we have obtained for the components H,, H,,
E,, E, algebraic expressions from the components H., E.
and their derivatives.

Now we obtain from Maxwell’s equations
(A2.1)—(A2.6) second-order equations for the longitudinal
components H., E. of the electric field. To do this, we
substitute expressions for H,, H, from relations (A2.8) and
(A2.10) and expressions for E, E, from relations (A2.9) and
(A2.11) into the left-hand sides of equations (A2.3) and
(A2.6), respectively.



A.A. Egorov, L.A. Sevast’yanov

574

References

1. Deryugin L.N., Marchuk A.N., Sotin V.E. Izv. Vyssh. Uchebn.
Zaved., Ser. Radioelektron., 10, 134 (1967).

2. Marcuze D. Theory of Dielectric Optical Waveguides (New York:
Academic Press, 1974; Moscow: Mir, 1974).

3. Katsenelenbaum B.Z. Teoriya neregulyarnykh volnovodov s
medlenno izmenyayushchimisya parametrami (Theory of Irregular
Waveguide with Slowly Varying Parameters) (Moscow: Izd.
Akad. Nauk SSSR, 1961).

4. Kravtsov Yu.A., Orlov Yu.l. Geometricheskaya optika
neodnorodnykh sred (Geometrical Optics of Inhomogeneous
Media) (Moscow: Nauka, 1980).

5. Southwell WH. J. Opt. Soc. Am., 67, 1004 (1977).

6. Babich V.M., Buldyrev V.S. Asimptoticheskie metody v zadachakh
diffraktsii korotkikh voln (Asymptotic Methods in Problems of
Short-Wave Diffraction) (Moscow: Nauka, 1972).

7. Shevchenko V.V. Plavnye perekhody v otkrytykh volnovodakh
(Continuous Transitions in Open Waveguides) (Moscow: Nauka,
1969).

8. Unger H.G. Planar Optical Waveguides and Fibres (Oxford:
Clarendon Press, 1977; Moscow: Mir, 1980).

9. Snyder A.W., Love J. Optical Waveguide Theory (London:
Chapman and Hall, 1983; Moscow: Radio i Svyaz’, 1987).

10.  Sodha M.S., Ghatak A.K. Inhomogeneous Optical Waveguides
(New York: Plenum Press, 1977; Moscow: Svyaz’, 1980).

11.  Zolotov EMM., Kiselev V.A., Sychugov V.A. Usp. Fiz. Nauk, 112,
231 (1974).

12.  Hunsperger R.G. Integrated Optics: Theory and Technology
(New York: Springer, 1991; Moscow: Mir, 1985).

13.  Nefedov E.I. Diffraktsiya elektromagnitnykh voln na
dielektricheskikh strukturakh (Diffraction of Electromagnetic
Waves on Dielectric Structures) (Moscow: Nauka, 1979).

14.  Egorov A.A. Laser Phys. Lett., 1, 421 (2004).

15.  Egorov A.A. Kvantovaya Elektron., 34, 744 (2004) [ Quantum
Electron., 34, 744 (2004)].

16.  Adams M.J. An Introduction to Optical Waveguides (New York:
Wiley, 1981; Moscow: Mir, 1984).

17.  Sevast’yanov L.A., Egorov A.A. Opt. Spektrosk., 105, 632 (2008).

18.  Letov D.M., Polovinkin A.N. Pis’'ma Zh. Tekh. Fiz., 3, 295
(1977).

19.  Manenkov A.B. Izv. Vyssh. Uchebn. Zaved., Ser. Radiofiz., 48,
388 (2005).

20. Golant E.I, Golant K.M. Zh. Tekh. Fiz., 74, 99 (2006).

21.  Zhuk N.P. Zh. Tekh. Fiz., 56, 825 (1986).

22.  Solimeno S., Crosignani B., Di Porto P. Guiding, Diffraction, and
Confinement of Optical Radiation (New York: Acad. Press, 1986;
Moscow: Mir, 1989).

23.  Bakhvalov N.S., Panasenko G.P. Osrednenie protsessov v
periodicheskikh sredakh (Averaging of Processes in Periodic
Media) (Moscow: Nauka, 1984).

24.  Konyaev Yu.A. Asimptoticheskie i analiticheskie metody resheniya

nekotorykh klassov prikladnykh model'nykh zadach (Asymptotic
and Analytic methods for Solving Some Classes of Applied
Model Problems) (Moscow: Izd. RUDN, 2005).



