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Application of finite-difference method for numerical investigation of
eigenmodes of anisotropic optical waveguides with an arbitrary tensor
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In this paper 3D finite-difference methods is developed for analyzing anisotropic optical waveguides. An eigenvalue matrix equa-
tion is derived through considering simultaneously four transverse field components. The numerical results show that the proposed
scheme is highly efficient and yields complex effective indices while requiring match less computer memory and calculation time than
the commonly used methods. Algorithm is used to study modes on a electrooptic polymer waveguide and a liquid-crystal optical
waveguide with arbitrary director orientation, clearly demonstrated in the numerical examples.
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INTRODUCTION

In fiber and integrated optics, a fundamental prob-
lem is to compute the eigenmodes of optical waveg-
uides. Several techniques are commonly used to
compute the electromagnetic modes of waveguides,
including finite element methods, mode-matching
techniques, method of lines, and finite difference
methods. Many methods completely neglect the
anisotropy of the constituent materials. Of those that
do account for material anisotropy, most require that
the permittivity tensor be diagonal when expressed
in the coordinate system of the waveguide. In this
paper, we present an finite-difference (FD) method
for solving full-vector modes of optical waveguides
with arbitrary permittivity tensor, i.e. with general
three-dimensional (3-D) anisotropy. Only fewer FD
works deal with structures including anisotropic ma-
terials [1-5] and they at most considered anisotropy
in the transverse plane, i.e. in the waveguide cross-
section. In [5] was developed a more rigorous vec-
tor FD mode solver, based on the traditional approach
for anisotropic waveguides, but again assuming non-
diagonal anisotropy only in the transverse plane (in
permittivity tensor all &, €, &,,&, =0). Now, we
derive a matrix standard eigenvalue problem from the
FD method, which is easier to solve for the all modes.
For absorbing boundary condition is used method of
perfectly matched layers (PMLs) for anisotropic me-
dia [6] at the outer boundaries of the computational
domain. In so doing, leaky waveguide modes having
complex propagation constants can also be analyzed.
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For optimize numerical realization we proposed
scheme with only one complex array similar complex
potential of Riemann-Silberstein [7], instead four
field components (two for transverse electric field
components E,, E, and two for transverse magnetic
field components H, and H, - total four arrays).

The eigenmodes and eigenvalues of the waveguide
were calculated using an iterative shift-inverse power
method with Rayleigh criteria.

FORMULATION

For analysis of a waveguide is used computational
domain (Fig. 1), where the waveguide cross-section in
the transverse x — y plane is truncated and surrounded
by PML regions of thickness d. The incorporation of
PML regions allows the analysis of leaky modes.

We consider anisotropic material, which permit-
tivity tensor [€] is formulated as:

Exx 8xy Exz
Syx gyy gyz ’ (1)
Ex 8zy &z

B

el =&

-

Fig. 1. The cross-section of arbitrary waveguide with the
PML, placed at the edges of the computing domain.
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where & is the permittivity of free space, and g; ; may
be a complex value.

For permeability tensor [u] is assumed diagonal
structure:

We 0 O
u]=toq O py 0 &, 2)
0 0 w

where [y is the permeability of free space, and u; ;
probably are equal to 1 for non-magnetic waveguide
structures.

Assuming a z dependence of ¢ A for all fields
and a time dependence of ¢®’, with  being the
modal propagation constant Maxwell’s equations can
be written as:

V- ([e]E) =0 (3)
VxE =—io([u]H) 4)
V- ([ulH) =0 5)
V x H = iw([€]E) (6)
In the matrix form assuming % = —if} curl equa-

tions can be written as:

)

0 if — Ex
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dy ox E;
Hox 0 0 H,
=-—opy§ 0 py 0 H, (7
0 0 p H;
J H
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i PR
d
_ _— H, =
lﬁ ox y
d d
2%
dy dx H,
Exx Exy & E,
= W& | Ex &y & E) (8)
Ex &y & E,

For eigenmode form equations we need to elimi-
nate £, and H form (7) and (8).
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Expression for H, can be obtained from equation
(5) or from third of equations (7).

o] OH, | OHY
*T Bu o gy °

1 OE, JE,
m__mww<_w+8f> ®

For E in general case we have from third of equa-
tion (8)

E & £y 1 JH, OJH,
e E.  €4E,  i0&E, < dy = Ox ) '
(10)
By substituting the E, and H, expressions into (7)
and (8) can be derived eigenvalue matrix equation for
the four transverse field components.
Our new original proposal is to replace these four
field components with only one complex filed com-
ponent F and its conjugate F*

i—H. (11)

E=F+F", iH=F —F* (12)
U D (.

VxF=2VxE+i;VxH (13)
I DI |

Therefore, the equations (7) and (8) are reduced to
an equation:

J F,
0 ip 2
J
Jd 0
5 o 0 F
1 Fel F
:i[Tl] 2 +§[T2] FF oo, (15)
F Fr

where F, = %EZ + i%HZ already known from expres-
sions (9) and (10),

[T1] = opo[u] + wg[€]

T3] = —opolu] + ©zfe]. (1o

For the boundary conditions of considered
anisotropic waveguide in the PML (perfected
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matched layer) regions, the permittivity and perme-
ability tensors are taken to be

SyS;

Ex SzE&y  Sy€x
Sx
5,8,
[epmL] = Mo SzEyx p Ey S8y (17)
y SxSy
SyEx  SxEy —E&
Sz
§yS
vz
T 0
X
SxSz
[UpmL] = Mo 0 5 My 0 ,  (18)
SxSy
0 0 Hzz
Sz

where s,, sy and s, are the complex PML parameters
defined as

sy=1—io, sy,=1—ia,, s;,=1—ia; (19)

witch appropriate values controlling the field attenu-
ation in PML regions. As in [6] we may determine
parameter s as follows

Ce . Om

s=lia=1—iots :1—lm, (20)

where o, and o, are the electric and magnetic con-
ductivities of the PML, respectively, and n is the
refractive index of the adjacent computing domain.
This relation means that the wave impedance of a
PML medium exactly equals to that of the adjacent
medium in the computing window regardless of the
angle of propagation. Assume that the electric con-
ductivity of the PML medium has an m-power profile
as

0.(p) = omax (7). e

where p is the distance from the beginning of the
PML and d is thickness. At the interface of the PML
and the computing window, the theoretical reflection
coefficient for the normal incident wave is

Omax (4 \m
R =exp [_280011/0 (p/d) dp] o (22)

and the maximum conductivity Gpyax can then be de-
termined as

m+1 gcn 1
maxzii1 . 2
o, 4 n<R> (23)

where c is the speed of light in free space. For the
case of m =2

B 34 /py\2 1
s= i (E) In (R>' @4

In our considerations we choose

2
- ()

for j=xand j =1y, and o, = 0, where p represents the
distance in the j-direction from the beginning of the
PML region and o} max is determined by the assumed
reflectivity value from the PML layer.

When the waveguide media can be represented
with diagonal permittivity tensor it is more convenient
to use modified differential operator in PML regions:

v 1d 10 190
~ \sx x5, 0y’ s, 07
without changes of permittivity and permeability ten-
sors.

(25)

(26)

NUMERICAL SCHEME REALISATION

For numerical discretisation of equations (15) is
used (FD) finite difference method based Yee’s mesh
algorithm by applying the central difference scheme
for the differential operators. In brackets i and j is
not indexes of arrays, they presented Yee’s cells coor-
dinates.
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Applying the Yee’s mesh and the central difference scheme expressions for curl operators

become

0-Ey (i j+1/2) TIBEy (i j+1/2) +

—iBE, (iv1/2,5) T0-Eyiv1/2.5) +

Ey (iv1,j+1/2) = By (ij+1/2)

Ey (iv1/2,j+1) —Ex

E, ij+1)—E i)

Y(j+1) = Y()

E: (iv1,) = Eo i)

X(i41) —X()

(i+1/2,))
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=
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In ourcaseFx:Ex—i—Ec*,Fy:Ey+P;,*,FZ:EZ—i—FZ*,Fx* =F -

= tr
E= (Exo,yovExo-i-Ax,yo’ s vEXo+nAx7yo ) Exo,yo-i-Ayv Ex0+Ax7y0+Ayv cee >Ex0+nAx,yo+Ay7 s 7Ex0+nAx7y0+mAy)

t
H= (on,yoaon Yo+Ays -+ 7on,yo+mAy7on+Ax,y07on+Ax,yo+Ay7 oo 7on+nAx,yo+Aya ce ’onJrnAx,yoerAy)

where E can be any of E,, E or E; and H can be H,, H, or H,.
Then we can define derivates of functions using matrices according [8]
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—E=UE =

1
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[—1 1
—11

Ey7

iH,, ...
Assuming field vectors functions represents one column array according Yee'’s cells.
For example if Ax = x; 1 —x; where i =0,1,2,...,nand Ay =y; 1 —y; where j=0,1,2,....m

(i,j+1/2) T IO€EE (i jy1/2)
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1

J 1 !
H=VH= —
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Final eigenvalue matrix equation for the four
transverse field components can be derived as in the
fooling form:

Aqp App Az Ay
Az App Az Any
A3y A3y Azz Az
Agr Agp Ayz Ayy

(41)

DRSNS
SRS

After some obvious algebraic simplification (41)

can be written as:
B33z B3 | | Fy B F,
Bys By | | Fy F |’
2F, = E,+iH,, 2F, =E,+iH,

(42)

and once solved this matrix equation, then can find
four transverse field components by formulas (12).
Or we can solve equation (41) and directly find field
components. Note, if choose (42) matrix equations
are twice less, which reduces memory and optimize
iterative work of eigen solver.

Below are listed coefficients of matrix A. They are
similar to [8], distinguished by their ranking

S
Ay = —i—U,
8ZZ]
App=— UxVya
€0€z; (43)
2y
A13 =1 va
3
Ay = Ux Vi + ouopyy I,
WEYE,,
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e OLo Mz ¢ (44)
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S
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22
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Ayz = 0 EG———V, Uy — ,
® Loz, v &z (48)

+Exz
A44 = —zéVx.

NUMERICAL EXAMPES AND RESULTS

To demonstrate the accuracy and applications of
the proposed 3D method, we present two numerical
examples, one with electrooptic polymer waveguide
that is poled at an oblique angle relative to the direc-
tion [9 - 10], and the other involving LCs with arbi-
trary director orientation [11].

In first example the cladding layers are assumed
to be nonpolar (and hence immune to the poling field)
with an isotropic refractive index of n; = n3 = 1.60.
The middle layer is modeled as an electrooptic poly-
mer with a refractive index of ny = 1.65 prior to pol-
ing. This waveguide structure provides an interesting
challenge for mode calculations because both the ori-
entation and strength of the birefringence are nonuni-
form throughout the waveguide core. Moreover,
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Fig. 2. H, and H, modes of electrooptic polymer waveguide.

the induced anisotropy, although small, plays an es-
sential role in guaranteeing transverse mode confine-
ment. The net birefringence is assumed to be split
between the ordinary and extraordinary indices in the
following way:

Noye = Ny + (2/3)An,

with An given by eq (18) in [5]. The local permittivity
tensor in the middle layer is then described by

nye =na—(1/3)An  (49)
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n3,cos?0+n3,sin” @ (n3,—n3,)sinBcos® 0

(n3,—n3,)sinOcos O n%660529+n%0sin29 01,
0 0 n3,
(50)

where 0 is an angle of axis of anisotropy.

Our results for first 5 modes (Hy,H,) and for 4
different values of 8 are shown in Fig. 2.

In [5] is shown only fundamental mode.
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In second example we study an LC (liquid crys-
tal) optical waveguide. The substrate being glass with
the refractive index n; = 1.45 and the core region be-
ing filled with nematic LCs (5CB). The elements of
the relative permittivity tensor of the nematic LCs are
given as:

Ecc/€0 = n2 + (n2 —n?)sin® O cos® ¢ (51)
€vy /€0 = & = (n —n2)sin’*Bsingcosd  (52)
&/ € = & = (n> —n2)sin O cos O cos ¢ (53)
&/ € = n’+ (n2 —n2)sin’ @ cos® ¢ (54)
€y:/€0 = &y = (n> —n2)sin@cosOsing  (55)
€./ = n2+ (n2 —n?)cos’ . (56)

We have made many calculations at different rota-
tion angles (0, ¢) defining the director of LC, where 6
is the angle between the crystal c-axis and the z-axis,
and ¢ is the angle between the projection of the crys-
tal c-axis on the x — y plane and the x-axis, as shown
at Fig. 3.

Hy

b

Fig. 3. Schematic definition of rotation angles for the LC
molecular or director.

We use that where n, = 1.5292 and n, = 1.7072
are, respectively, the ordinary and extraordinary re-
fractive indices of the nematic LCs.

To illustrate 3D features of our method we present
all four field modes for selected values 6 = 60°,
¢ =0 and 6 =60°, @ =60°. Results are shown at
Fig. 4 and Fig. 5.
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Fig. 4. All mode—field profiles for the first mode of the LC waveguide with 8 = 60°, ¢ = 0.
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Fig. 5. All mode—field profiles for the first mode of the LC waveguide with 6 = 60°, ¢ = 60°.

CONCLUSIONS

We have presented a new FD method based eigen-
value algorithm for computing guided modes of
anisotropic optical waveguides with arbitrary permit-
tivity tensor. Instead of using the standard eigen-
value matrix equation involving four transverse field
components, we involve only two (complex vector of
Riemann- Silberstein and its conjugated) witch halves
the required computer memory. Algorithm has been
used to solve guided modes on a liquid-crystal opti-
cal waveguide with arbitrary molecular director ori-
entation. This established mode solver provides an
efficient tool for studying and designing as ordinary
waveguides and waveguides with complicated mate-
rials such as liquid crystals.
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[TPUJIOKEHUE HA METOIIA HA KPAMHUTE PA3JIMKU 3A HAMUPAHE
HA COBCTBEHMTE CTOMHOCTU Y BEKTOPU HA MHOTOCJIOVHU
AHM3OTPOITHU OITTUYHU BbJIHOBOJIU

UB. lIBaHOB

Qusuuecku paxkynmem, Inosduscku ynusepcumem “Ilaucuii Xunenoapcku”,
yn. “Ilap Acen” N°24, 4000 ITnosdus, Banzapus

(Pesrome)

B pa6oraTa ce mpejjiara 41cJioB MO/ Ha OCHOBaTa Ha 3D MeTofa Ha KpaifHUTe Pas3/iMKy 3a M3CIeJBaHe Ha aHU3O0TPOIHM OIl-
TUYHM BBIHOBOIM C IIPOM3BOIHA KOH(DUIYpalys Ha TEH30pa Ha IMeIeKTPUYHA POHMIIaeMOocT. [IpuiaraHeTo My BOZIM JI0 IIOTyYaBaHe
Ha yoo6HO MaTPUMYHO yYpaBHEHME, OT KOETO Ce OIMpPeesT CIIeKTbpa ¥ cO6CTBeHNUTe My (YHKIMM, KOUTO MIPEACTaBAT YeTUPUTE Hall-
peuHM IMojieBM KOMIIOHEHTH, TIOApeeH ! TTbHO eIHO TIOf APYro B eqHOpa3sMepeH MacuB. HaMupaHeTo Ha Bb3MOXHUTE KOMIUIEKCHU
COBGCTBEHM CTOTHOCTHM ¥ BEKTOPY Ce U3BbpIIBa nmocpeactsom shifted inverse power method, uneTo ormMecTBaHe ce onpeness IMHAMMNY-
HO IToCpeacTBOM KoeduimenTa Ha Peseit. Toit e oco6eHo eheKTHBeH IIpy paspeneHy JIeHTbUHM MaTPUIM U ITpUTeRaBa IoYTY KyouduHa
CXOAMMOCT. AJITOPUTMBT € TIPUJIOKEH 3a U3UMCIeHNe Ha MOAUTE Ha: 1) BhIHOBOJ, C eJIeKTPOOIITHYEH MOMMEPEH CJI0; U 2) BHIHOBOJ,
C TEYHOKPMCTAJIEH CJIOJ C MMPOM3BOJIHA OPMEHTAIMST Ha HAITPaB/IsIBAIIS BEKTOD. UMCIOBMTE Pe3y/ITaTy Ce ChIIACyBaT MHOTO HOGpe ¢
MOJTyYeHM Upe3 APYTY YMCIOBY aITOPUTMMU.
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