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Power Exchange between Two Nonparallel Waveguides
Jia Yubin, Hao Yilong
Institute o f Microelectronics, Peking University, Beijing 100871
Abstract A concise analytical method (extending coefficient) of coupling between two

nonparallel waveguides is reported in this paper. By this method, a novel coupled equations are
derived for two non-parallel waveguides. From this, the perfect analytic solutions between two

nonparallel waveguides are obtained. In according with these analytic solutions, the propagation

distance and spaces of input/output-guide ports and angle may be optimized for the nonparallel

waveguide structures.
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0 Introduction;

TN256

There is many applications for nonparallel

relative
[1]

waveguides in integratéd optics and
optoelectronics devices such as tapered coupler
and input/output waveguides of X-type and some
MEMS optical switcht?~*1.

based on local normal modes is often adopted for

Coupled-mode theory

the analysis of the tapered and nonparallel

s~ Two types of local

waveguide structures
modes are employed in the analysis: the local array
modes defined as the normal modes of the parallel
waveguides at a position along the z axis and the
local waveguide modes defined as the normal
modes of individual uniform waveguides at z. The

L4~71 can be

conventional orthogonal coupled theory
applied to the description of the mode coupling
If the local

waveguide modes are chosen as the base functions

between the local array modes.

in the trial solutions, the nonorthogonal coupled

- mode formalism®~

11 can be used. The coupled-
mode formulation based on the exact local array
modes contains less approximation than the one
based on waveguide modes, but usually more
complicated and difficult to apply to practical
waveguide structures such as circular fiber and
waveguides. So far, two  self-consistant
nonorthogonal coupled-mode formulations have
been proposed: a scalar theory by Syms and
Pealll'*®) and a vector theory by Haus and

(14151 In these analytical methods, the

Huang
change of nonparallel waveguide's geometric shape
is translated into the one of the refractive index.
Their analytical formulations and calculation is
usually very complicated. In general, the coupled
mode equations are merely solved by numerical

techniques®!,
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In this paper the method of the extending
coefficient is reported: the change of nonparallel
waveguide geometry is directly translated into the
one of the distance between two parallel
waveguides in the coupling coefficient. In other
words, the coupling coefficient is extended
technologically,and novel coupling-mode equations
are derived, in which the change of the distance
between two parallel waveguides is included in
The perfect

system for

coupling equations by exponent.

analytical solutions of coupled
nonparallel waveguides are readily obtained by
using a technological transformation. Some salient
features of the power exchange between two

nonparallel waveguides are revealed and discussed.

1 Basic theory of optical waveguide
coupling
1.1 Basic coupling equations
The analysis hereafter is carried out for two-
dimensional configurations , but the results are
applicable for three-dimensional structures as well
by utilizing the effective index method.

between
{17]

Coupling equations two parallel

waveguides are expressed as

dA,

dz =—jK;;Azexp (—j202) @)
d(ﬁz =—jKnA exp (j28z) 2)

Where A, and A, is the field amplitudes,26=8, —
B. s/ and B, are the propagation constants of guide
1 and 2, respectively. K;; and K; are coupling
coefficient, and

[(n*—nb)el e;dzdy

K= - 3)
e T¢er XA, +e XA )zdzdy
2 ___ 2 *
K 1 = we, [(n* —ni)e; eldxfiy @)
[Ces X hy+e; Xh; )zdzdy
where
nt=nl—nd)+ (f —nd)+nd (5)

is refractive index.
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The equations (1) ~ (4)are general formalism
of coupling between optical waveguides, where
integrated range in the equations(3)and (4)is the
area of whole cross sections of coupling optical
waveguide.

Note that the self-coupling coefficient K,, and
K in the coupling equations (1) ‘and (2) have
been neglected, because they are very small
generally,that is | K|, |Ku | <K |Kiz || Kz .

1.2 Coupling coefficient with waveguide structure
parameters

The coupling coefficient between the parallel
optical waveguides whose material and size are the
same, are obtained from the equation (3) and (4)

as
2 pht
Ki: =Ky _K_B(w_*_z/i)(hz_*_P) ¢
exp (— ps) (6)
where
Pr=F —nik* (7"
P=nik’—F (8)

where k=2n/),and B is the propagation constants
of guide 1 and 2,

2 A novel coupling analytical methods
between nonparallel waveguides
2.1 The

nonparallel waveguides

coupling equations between two

A  schematic drawing of two-nonparallel-
coupling-waveguides system is shown in Fig. 1.
This structure consists of two single-mode coupled
waveguides, In order to simplify analysis, the
assumption are made as follow .

1) The sizes and material for two waveguides
are the same.

2) The phases of two coupled modes is
matched in propagation direction, which is

Bi=f or 26=0 )

3)The taper varies slowly so that the coupling
to the radiation modes and /or the effect of

wavefront tilt may be neglected.

\- Pr

Fig.1 The coupling system of nonparallel double
waveguides
The equation (6) shows that the coupled
coefficient changes by the exponent of the interval
between two parallel waveguides. We assume that

nonparallel waveguides in Fig, 1. can be considered
as a superposition of two parallel waveguides.
Therefore, the coupled system of the nonparallel
guides may be expressed as the one of the parallel
guides by the continuing variation of the interval of
defined at
Therefore the interval s of parallel guides in the

the parallel guides z-direction,
equation (6) is translated into

s—~s+2ztan § (10)
By substituting (10) into (6),

coefficients of two nonparallel waveguides can be

the coupling

expressed as

K 1d=2pﬁhzexp (—ps—2pztan )=
no-paral ﬂw(hz _+_p2)
Kexp (—2pztan §) (11

By substituting (11) and K,, = K,
equation (1) and (2), we obtain

= Kno—parnllcl Into

di‘:-jKAzexp (—2p=ztan @) (12)
d£2 =—jKA,exp (—2pztan ) (13

which include all information such as the angle of
two nonparallel guides, the guide interval of the
input ports, and propagation distance and the
power exchanging with these parameters. From
coupling equations derived here between two
nonparallel waveguides, we can present perfect
analytical solutions.

2.2 Analytical solutions

A set of effective analytical solutions of the
equation (12) and (13) can be derived using a
mathematical transformation.

By substituting the equation (13) into the
derivative of the equation(12)with respect to z, we
have

d’A,

d=*

dA,
dz

exp (—4pztan §) =0 (14)
In a similar way, we have also

dA dA
dzzz+2ptan 6 dzZ+K2A2 .

exp (—4pztan §) =0 (15)
To solve the equation (14) and (15)
t=f(z) (16)

is defined, so the equations(14)is

+2ptan @ +K:2A, -

d;i} [f’(z):]z+%[f"(z)+2ptan 6f (2)]1+
K?A,exp (—4pztan ) =0 an
Assuming
f()+2ptan ' (2)=0 s
then
f (z)=exp (—2pztan &) 19
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From(16)and(18), we have

1
t=—mexp (—2pztan §) (20)
By substituting (18)and (19) into (12), we have
2
A
ddt; +K?A, =0 ¢4))

The general solution of equation (21) may be
expressed as

A;=C;cos (Kt)+C;sin (Kt) 22)
By using the equation (12) and (20), the initial
conditions of the equation (21) are written as
1

t|‘=°=_2ptan0 (23)
A1 (2) | .20 =0(the input condition assumed),
dA .
i e ="K €2

A;(2)|,=0=0(the input condition assumed) ,
dA; _
E l z=0 _0 (25)
By substituting (23)and(24)into(22), we have

]—czsin [

C[ COs

] —0 (26

_K
Zptan 0 Zptan 0

C1 sin l
Then

+C;cos

K K .
Zptan 6’ Zptan 6’ =i @D

CI - _jSin i

] »C; = —jcos ] (28)

K K
Z2ptan § 2ptan §
By substituting (28) into (22), we obtain

cos (Kt)—jcos
K

Z2ptan §

By substituting (20) into (29), we have

K K .
Zptan @ 2ptan @

+:z

sin (Kt)= —jsin K 29

A, = —jsin { 2pt§n a[l—exp (—2p=ztan 6)]} (30)
In similar way, we obtain
A,=cos { 2p§n a[l—exp (—2pztan 0)]} (3D
The output power from the waveguide 1 and 2 are,
respectively
P, =|A,|*=sin%{ K (1—
2ptan @
exp (—2pztan §)]} (32)
P, =]A, |2=cosz{—2—m[l—
exp (—2pztan ]} (33)

which are perfect solutions of the coupling between
two nonparallel waveguides, These theoretical
results provide a simple analytical method for the
design of other similar nonparallel waveguide
devices, and avoid complicated numerical analysis
for the similar devices.

2.3 Discussion of the solutions

1) The power is conservative throughout the
whole propagation process of the nonparallel
waveguide, that is

AP+ 1A =1 and L (1A, 17+ A, 1) =0(30)

which shows that the results derived in this
paper is self-consistent,

2 ) When the
propagation distances are enough large, that is z—

nonparallel-waveguide

oo , the output powers are

. K
— 20 =
P, | .—cc—>sin ptan 0] ,
2
P; |,—c—>cos 3 ptan 6 (35)

which are the functions of tan 6.

3) At the output ports, the output power
exchange may be all or part due to the coupling
When § is

constant, the max-power positions and min-ones of

between two nonparallel guides.

the power exchange are given as
when P; is at the max-power positions
1 ln[ 1 Zmnptan 0! ,

B sptan 8 K
m=0,1,2- m<[L] (36)
sl ’ 271’Ptan 0
when P, is at the min-power positions
o 1 2’ m—|-l xptan 6
Zz= 2 ptan 6111 1— 2 ]
pta K
= _K _1
m=0,1,2 m<[27rptan€ 2} (37
4) the coupling length between two
nonparallel waveguides is given as
__ 1 _ 2ztan 8
Lno—purullel - Zptan elnl 1 K } (38)

which is the results with m=0 and m=1. With
respect to the enough large m, there is no coupling
length between two nonparallel guides. The result
is different from parallel waveguides coupling®).
The calculation example is shown in Fig, 2.
The input conditions are assumed to be A, (0)=0
and A, (0) = 1. The width of each guide is w=16 pm.
The refractive indexes aren; = 1. 4888 and n, = 1. 4660,
The effective refractive index is N=1. 4863. The
output power as function of the propagation
distance z are shown in Fig. 2. (a)~(c) . When the
title angle @ and the interval s between two input
guides ports are smaller, the power at the output
ports may exchange totally as shown in Fig 2(a).
When the title angle @ and the interval s between
two input ports are larger, the power at the output
ports may exchange partly as shown in Fig. 2. (¢).
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Fig. 2 Tthe curves of the output power as a function of the propagation distance z for different angle § and
interval s of the input ports, Here A;(0)=0 and A, (0)=1

3 Conclusion

There are many reports for the coupling of the

nonparallel waveguides, in which change of

nonparallel waveguide’ s geometric shape is
translated into the one of the refractive index.
Their analysis and calculation is very complicated
and difficult.

equations

In general, the coupled mode

are merely solved by numerical
techniques.

The novel method of the extending coefficient
this paper: the change of

nonparallel waveguide geometric shape is directly

is presented in

translated into the one of the interval between two
parallel waveguides in the coupling coefficient. In
other words, the coupling coefficient is extended
the
equations are derived, in which the change of the
interval

technologically, and novel coupling-mode

between two parallel waveguides is
included in coupling equations by exponent. The
perfect analytical solutions of the coupled system
for the nonparallel waveguides are readily obtained

by using a technological transformation. Some
salient features of the power exchange between two
nonparallel waveguides are revealed and discussed
in the section 2. In short, a concise analytical
method (extending coefficient) is presented in this
paper for the nonparallel-waveguide devices in
relative optoelectronics

integrated optics and

devices.
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