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of general asymmetric two-waveguide and symmetric three-

waveguide couplers are included to demonstrate the

applications and usefulness of this method.

The conventional matrix method algorithm which has

been used to study graded index and nonlinear waveguides is

modified here for enhanced accuracy and efficiency. This

enhanced algorithm is used to investigate the propagation

characteristics and the nonlinear switching behavior of

general five-layer waveguide structures with self-

defocusing nonlinear coupling media. The saturation

effects of the nonlinear media are incorporated by using a

two-level saturation model. The numerical results obtained

for a multiple quantum well directional coupler are shown

to be in agreement with published experimental data. This

method is also applied to analyze a nonlinear three-

waveguide coupler with self-defocusing coupling media. The

results show the power dependent switching characteristics

when the light is coupled to the input of an outside guide,

whereas a quasi-linear switching behavior is obtained for

excitation to the center guide.
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Analysis of Linear and Nonlinear Coupled

Dielectric Waveguides

CHAPTER 1

INTRODUCTION

1.1 Background

The field of integrated optics (10) for signal

processing and communication systems has experienced a

rapid growth in recent years in view of the anticipated

size advantages and cost reductions as well as reduced

power consumption and performance superior to that of bulk

optics. With the development of GaAs/A1GaA5 hetero-

junction lasers [1-3] which operate at room temperatures

with low threshold currents and optical fibers [4] with an

attenuation constant of 20 dB/kin at the wavelength of 632.8

nm, there has been a revolution in the field of optical

communications.

For silica-based optical fibers, attenuation loss

minima have been found at 1.2 ,m (0.47 dB/km), 1.3 jm (0.6

dB/km), and 1.55 (0.2 dB/km) [5-7]. These advances in

optical fiber development have enabled the coterminous

development of long wavelength (e.g., from 1.0 to 1.7 m)
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semiconductor lasers [8-17]. Accompanying this progress in

fiber technology, a number of complementary devices have

been developed to provide light sources and detectors,

modulators and couplers, and the integration of opto-

electronic components.

Optical directional couplers, which consist of more

than two closely-spaced, single-mode waveguides, are

important components of almost all integrated optical

circuits. Directional couplers can be used as power

dividers or combiners, modulators and switches [18-24], and

samplers and filters [25-27]. A primary technique for the

analysis and design of such optical multiports has been the

coupled mode theory. Coupled mode theory was first

formulated by Pierce [28] in 1954 for the analysis of

coupled electron beams in microwave travelling-wave tubes.

Miller [29] subsequently applied the principle to the

analysis and design of microwave waveguide structures, and

Marcuse [30-31], Snyder [32], Yariv [33], and Kogelnik

[34], in turn, provided implementations of conventional

coupled mode theory for optical waveguides. The theory has

since been widely applied to numerous optoelectronic

components and fiber optic devices, including optical

directional couplers which can perform optical logic

functions [35-36].

Conventional coupled mode theory is based upon the

assumption that uncoupled waveguide modes are orthogonal to
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one another. Hardy and Streifer [37-39] introduced cross-

power terms which are based on the nonorthogonality of

modes for conventional coupled mode theory and Haus et al.

[40-42] developed the method derived from variational

principle and power nonorthogonality. These nonorthogonal

formulations have been shown to yield more accurate results

for weakly-coupled waveguides and TE (transverse electric)

modes than the conventional method. However, the numerical

accuracy of the coupled-mode analysis has not yet been

determined for strongly coupled cases and for TM (trans-

verse magnetic) modes [40,43].

A finite length coupled transmission system can be

characterized in terms of multiport network functions such

as an immittance matrix, a chain matrix, or scattering

parameters. Explicit closed form expressions of scattering

parameters of asymmetric two-line and symmetric three-line

structures were derived by Tripathi [44-47] in terms of

normal mode parameters of coupled systems. This form of

coupled line analysis which has been applied to numerous

active and passive coupled distributed parameter circuits

[48-54] can be used as an alternative analytical tool for

the study and design of multiple weakly or strongly coupled

optical waveguides.

Single and coupled waveguides imbedded in a nonlinear

media such as a Kerr-like nonlinear medium whose refractive

index changes in proportion to optical intensities has
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attracted increased interest. Nonlinear dielectric

constant (i.e., the optical Kerr effect) originates from

the third-order susceptibility term of nonlinear polariza-

tion expansions. Most studies of the intensity-dependent

characteristics of nonlinear guided waves have been based

on theoretical analyses, but a number of all-optical

devices [55-57) for single waveguide schemes, including

optical limiters, lower threshold devices, spatial

scanners, and optically tunable optical filters, have been

proposed. Materials such as silicate glasses, ZnS, and

liquid crystal MBBA, have been considered as the primary

nonlinear material choices for self-focusing media where

the refractive indices increase with optical intensities,

exhibit such weak nonlinearities that applications of these

materials to optical signal processing has been restricted

due to high power consumption and large device dimensions.

The nonlinear directional coupler (NLDC), capable of

performing novel all-optical switching and logic opera-

tions, was first proposed and analyzed based on the coupled

mode theory by Jensen [58]. The semiconductor multiple

quantum-well (MQW) layer is a self-defocusing medium whose

refractive index decreases in proportion to optical

intensity, exhibiting high nonlinearity due to excitonic

absorption [59-60] near the bandgap in multiple quantum-

wells. Power dependent switching characteristics at

substantial reductions of switching power were first
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demonstrated by Li Kam Wa et al. [61] for a strain-induced

GaAs-A1GaAs multiple quantum-well coupler. The coupled

mode theory provides an analytical tool for the description

of intensity-dependent switching behaviors, and had been

almost exclusively applied to the analysis and design of

nonlinear directional couplers. Recently, Ghatak et al.

[62-63] have developed a convenient matrix method for the

analysis of linear planar waveguides with inhomogeneous

refractive index profiles as well as three--layer nonlinear

planar waveguides. In addition, Cada et al. [64] have used

a mode combination method based on a combination of

perturbed symmetric and antisymmetric modes of a multiple

quantum well directional coupler and have shown that

coupling length is power dependent.

Recently, experimental results [65-661] for GaAs-based

multiple quantum-well directional couplers have shown that

at high input powers, the results based on coupled mode

theory are not in good agreement with the measured data.

Saturation effects, thermal nonlinearity fluctuation,

material losses, and fabrication errors were suggested as

possible sources of this discrepancy [65]. In practical

terms, however, maximum changes in the refractive indices

of a nonlinear medium were evidenced, and the dielectric

constants did not change in proportion to 'the optical

intensities. Two saturation models [67-71], the exponen-

tial saturable and the two-level saturable models, have
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also been proposed to model this refractive index variation

with electric field. At high powers, the saturation of

nonlinearity serves to degrade the switching characteris-

tics of a nonlinear directional coupler. Although,

improved versions [72-74] of the coupled mode theory have

been proposed that include saturation effects and absorp-

tion losses [75-76], the results obtained by using these

techniques have not clearly explained the experimental

data.

Over the next few years, based upon the demands for

the realization of ultrafast optical signal processing and

optical computing methodologies, the area of nonlinear

integrated optics based on the third-order nonlinearities

is expected to be an active area of research.

1.2 Organization of the Study

The current investigation is presented in six

chapters. Chapter 1 includes a brief historical background

of the development of linear and nonlinear directional

couplers, as well as the summary of the organizational

structure of the present study, as described in this

section.

In the second chapter, normal mode analysis of coupled

guided wave transmission line structures (i.e., coupled

transmission line analysis) is reviewed and then applied to

the case of general multiple coupled optical waveguides.
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The method of analysis includes the derivation of the

scattering parameters expressed in terms of normal mode

parameters for asymmetric two-line and symmetric three-line

structures with nonmode converting terminations. Multiport

impedance matrix parameters and the scattering parameters

for a general n-waveguide coupler are derived from the

normal mode analysis by following the same procedure that

used for multiple coupled transmission lines. In addition,

procedures for the determination of normal mode parameters

for optical coupled waveguides, based upon the solution of

the field equations obtained by solving the standard

boundary value problem and transverse resonance technique,

are also presented.

The normal mode parameters for asymmetric two-

waveguide and symmetric three-waveguide directional

couplers are calculated in Chapter 3. Numerical results

for the output power distributions of asymmetric two-

waveguide and symmetric three-waveguide couplers, based

upon calculation of the scattering parameters derived in

Chapter 2, are obtained and are compared to those obtained

from the implementation of coupled mode theory.

In chapter 4, analytic solutions for nonlinear wave

equations in relation to various waveguide structures are

considered. For the analysis and design of nonlinear

directional couplers with saturable nonlinear coupling

media, the matrix method is modified to provide better
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accuracy and efficiency. To obtain the power-dependent

characteristics of the couplers with saturable coupling

media, procedures for the determination of unperturbed and

perturbed modes of nonlinear two-waveguide directional

couplers are illustrated.

Numerical results for the power-dependent characteris-

tics of the unperturbed modes, as obtained from the appli-

cation of extended matrix methods, are compared with those

for exact analyses in Chapter 5. Nonlinear switching

behaviors which can be explained by combinations of

perturbed modes in the presence of saturation in multiple

quantum well coupling medium are compared to the experi-

mental data. The system consisting of symmetric two-

waveguide couplers bounded by two self-focusing nonlinear

media is also considered. In addition, the analysis of a

three-waveguide coupler with two multiple quantum-well

nonlinear coupling regions is presented together with the

numerical results.

The final chapter includes concluding remarks as well

as suggestions for future research directions for the

improvement or extension of the techniques developed in the

course of the present investigation.



CHAPTER 2

LINEAR MULTIPLE COUPLED DIELECTRIC WAVEGUIDES

2.1 Introduction

A multiport structure which consists of two or more

uniformly coupled waveguides leads to power exchange

between the guided modes of the individual waveguides and

can be used as a directional coupler. The system

considered in this chapter consists of such parallel

dielectric waveguicles with linear and lossless media.

Coupled mode theory has been the predominant tool used

for the analysis of optical directional couplers since the

first coupled mode formulations for optical circuits were

developed by Marcus, Snyder, Yariv, and Kogelnik E30-34].

This method employs perturbation theory to calculate the

coupling coefficients, k12 and k,1, from one guide to the

next for two-waveguide couplers. The principle of power

conservation requires that k17 and k21 be complex conjugate

of one another. However, this method provides accurate

results for identical waveguides or weakly coupled

waveguides only, and may not be applied, in general, to

nonidentical or strongly coupled waveguides.

9
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Conventional coupled mode theory for coupled guided

wave structure is based upon the assumption that the

uncoupled waveguide modes are orthogonal to one another.

Nonorthogonal coupled mode theory, as investigated by Haus

et al. [40-42], has resulted in more accurate dispersion

relations for weakly coupled waveguides and TE modes.

Though coupled mode formulation has been significantly

improved over the years, the method dose not lead to

accurate results for strongly coupled waveguides and TM

modes [40,43].

At microwave and millimeter wave frequencies uniformly

coupled transmission line circuits have also been used for

various applications, including filters, couplers, and

impedance matching networks. Circuits have been designed

by using network functions such as impedance, admittance,

scattering, and other parameters to represent multi-port

networks. Closed form expressions for the scattering

parameters of two- and three-line multiports were derived

by Tripathi [44-47] in terms of the normal mode parameters

for coupled transmission line structures with nonmode

converting terminations encompassing the excitation of the

individual normal modes of the coupled systems. General

expressions for the network functions of n-line structures

were developed by Chin [48]. Normal mode parameters

consist of the ratios of line voltages, propagation

constants, and characteristic line impedances for normal
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modes. Analogous normal mode parameters can also be

defined for coupled optical waveguides. These normal mode

parameters consisting of the ratios of the peak amplitudes

for electric fields within guiding layers, propagation

constants, and wave impedances for the guided modes can be

used to evaluate the scattering matrix of the coupled

waveguide multiports.

The basic parameters used for characterizing coupled

transmission lines such as characteristic impedances are,

in general, not defined for inhoinogeneous guided wave

structures including coupled optical waveguides. This is

primarily because the characteristic impedance or wave

impedance does not have a unique definition for inhomoge-

neous structures. However, a set of equations representing

waveguide fields can be obtained from the application of an

analogy between normal mode waveguide solutions and those

for transmission lines. This form of normal mode analysis

can be used as an alternative tool for the analysis of

general and multiple coupled optical waveguides.

The coupled mode theory which is most frequently used

for the analysis and design of optical devices is briefly

reviewed in the following section. The normal mode

analysis of coupled transmission lines and coupled

waveguides are then considered in the subsequent sections.



2.2 Coupled Mode Theory

Based upon the use of conventional coupled mode theory

as a starting point, TE modes, lossless media, and two

single-mode individual waveguides are considered in this

section without loss of generality. For planar optical

waveguides, z is considered to be the direction of propaga-

tion and x the direction perpendicular to the interfaces of

the dielectric media. With propagation constants /3 and f2,

E1(x) and E2(x) are the individual modes which satisfy the

wave equations

VE1 + [k1(x) - = 0

VE2 + {k202(x) - p2)E2 = 0

where

V=V2
3z2

and k = W2L00. The field in a coupled structure is

approximated by a summation of the individual waveguide

modes as

= A1 (z) E1 (x) e1' + A2 (z) E2 (x) (2-3)

where A1(z) and A2(z) are the expansion coefficients which

describe possible changes in field amplitudes as the super-

position modes propagate along the guide. The total field

satisfies

(2-la)

(2-ib)

(2-2)

12



V2E + + k(x)E 0
3z2

Substituting eq. (2-3) into eq. (2-4) with a slowly varying

approximation (SVA), given by

d2A1

dz2

d(2
dz [1

dA

dz
,

leads to the well-known coupled mode equations [77]:

I2)
= 2Irn

[A, *J(91 -
(k12 - k21) = 0

(2-4)

(2-5)

where

= _J LIEJ E1E dx (2-7)

and LI(x) = c(x) - e(x). Solutions for A1(z) are obtained

from eqs. (2-6) with initial conditions A1(0) = 1 and A2(0)

= 0 when the power is excited into guide 1. The output

power from guides 1 and 2 along the direction of propaga-

tion is proportional to AiAi* and A2A2, respectively. The

power conservation condition for real values of k12 and k21

is given by

(2-8)

Power is conserved when the structure is symmetric (k12 =

k21). Power conservation is violated for asymmetric struc-

13

= -jk1A - jk12Ae1
(2-6a)

= -jk22A - jk21A1e12
(2-6b)
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tures in this approximate formulation, since calculation of

coupling coefficients using eq. (2-7) shows k12 k21.

Conventional coupled mode theory is based upon three

assumptions: 1) The cross-power terms (i.e., the overlap

integrals of the uncoupled modes) are neglected, 2) slowly

varying approximation (the second derivatives of amplitudes

are neglected), and 3) the coupled system field is

expressed as the sum of the individual waveguide modes.

This method is thus improved by the exclusion of assump-

tions 1 and 2, and by the application of the variational

principle. Though the accuracy of nonorthogonal coupled

mode theory has been demonstrated for weakly coupled

waveguides, the same approach may result in inaccuracies

when very strongly coupled waveguides and TM modes are

considered.

2.3 Normal Mode Analysis of Coupled Transmission Lines

An asymmetric two-waveguide directional coupler can be

represented as a coupled two-line structure, as shown in

Fig. 2-1(a). The reflection and transmission coefficients

for the individual modes of each line are given as [78]

where

j (Z,/Z3 - Z/Z) sinO
(2-9a)

T=2 (2-9b)
.1-xj



= 2cosO + j (z./z. + Z/Z) sinO

and where x represents the two normal modes (C and ir) of

the coupled waveguide, j symbolizes the lines (1 and 2), 0,,

is the electrical length (JL) of the line for mode x, Z is

the termination impedance for line j, and is the

characteristic impedance of the line j for mode x. The

ratios of the line impedances for the two normal modes and

the voltage elgenvectors are obtained from the coupled-line

analysis [44] and are given by

Zc2 = -RR
c; (2-ha)

[M]= [:R bRj
(2-lib)

where R and R represent the ratio of the voltage of line 2

to line 1 for the c and ir modes, respectively. The ratio

can be measured directly from the electric field distribu-

tions for the coupled dielectric waveguide and line

impedances can be replaced by wave impedances for given

waveguide modes. Terminating with Z7/Z1 = the so-

called nonmode converting termination, enables the excita-

tion of individual normal modes. Since the ratios of the

mode impedances for the two lines are the same for all the

modes, line reflection and transmission coefficients calcu-

lated from eqs. (2-9) for both modes are found identical.
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Fig. 2-1 (a) An asymmetric two-waveguide coupler and its

equivalent transmission line structure. (b) Configurations

of sources and terminations.
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When the power is initially launched into guide 1,

that is,

v1=l, v2=v3=v4=o
the settings a + b = 1 and aR + bR = 0 determines the

constants a and b as

Ra = , b- R-R

Rr - Rr
S11 = 533 = -

C 1-

S21 = S12 S34 = S43 = '-RR
r - r

V

T - T
S41 = S14 = S23 S32 =

C

- R7.

RT - RT
S31 = 13

are similarly obtained as

RI' - Rr
- R

RT - RT
S42 = S24 R-R

(2-12)

17

The scattering parameters are then obtained from the source

configurations and terminations shown in Fig. 2-1(b). The

scattering parameters are

(2-l3a)

(2-l3b)

(2-13c)

(2-13d)

When the power is excited into guide 2, that is,

V21, V1V3V40
the constants a and b are determined from a + b = 0 and

aR + bR 1. The remainder of the scattering parameters

(2-14a)

(2-14b)
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For a symmetric two-waveguide coupler, as a special case of

the asymmetric two-waveguide structure, even simpler

expressions for the scattering parameters may be found for

the values of R = 1 and R -1.

A symmetric three-waveguide coupler, represented as a

coupled three-lines structure, as shown in Fig. 2-2(a), is

also considered. The line impedance ratios for the three

normal modes (A, B, and C) and the voltage elgenvectors are

obtained from the coupled-line analysis [46] by a process

similar to that previously described for the two-waveguide

coupler:

where RB and Rc are ratios of the amplitudes of the

electric fields for guide 2 to those for guide 1 for the

even-even and even-odd modes (respectively, B and C). The

scattering parameters are then determined by calculating a,

b, and c from the input conditions. Based upon the

configuration of sources and terminations shown in Fig. 2-

2(b), the results are

zx1 = zx3
ZX2 RR

- 2

a

zx1

b c

(2-15a)

[Mr] = 0

-a

bR

b

cR

c

(2-15b)



"I'll-
"I-lIla

Zi 1

z2 2

line 1

line 2

z=O

line 3

(a)
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equivalent transmission line structure.
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S11 S33 = S44 = 66 +
RBFC - RCrB

2 2(RB-Rc)

S21 - S12 - S23 - - S45 - S - S56 - 65

1-RBRCrB-PC
2 RBRc'

RBI'C - RcI1B
2(RB - R)

= S43 = -- RBTC - RCTB
2 2(RB-Rc)

831 = 813 = S46

S61 = S16 = S34

864

RERCTBTC
2 RBRc'

T
= = '36 = +

RBPB - RI'
S22 = 555

R3 -

RBTB - RT
852 = 825 RBRc

rA
2

+

(2-16a)

(2-16b)

(2-16c)

(2-16d)
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Setting RB 2 and R = -V2 for a symmetric three-

waveguide directional coupler consisting of three identical

waveguides simplifies the expressions for the scattering

parameters.

The properties of coupled two-line and symmetric

three-line structures are governed by eqs. (2-ha) and

(2-15a), respectively. The normal mode analysis with

S51 - S115 - 835 - S53 - S24 - S42 - S62 (2-16e)

RBTC - RCTB (2-16f)

2 (RB - R)

(2-16g)

(2-16h)
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nonmode converting terminations provides compact expres-

sions of output power distributions and yields very

accurate results. The nonmode converting termination

technique may not be directly applicable to general

multiple coupled structures with arbitrary terminations.

However, based upon analogy between transmission lines and

optical waveguides, a method for general coupled optical

waveguides can be developed.

2.4 Normal Mode Analysis of Multiple Coupled Waveguides

As shown in Figure 2-3, TE modes and a general

asymmetric coupled waveguide consisting of n waveguides are

considered. Fields in each guide can be expressed as a

linear combination of forward and backward travelling

guided modes. The electric and magnetic fields can be

written as

e1 = A1R11e_31z + A2R12e_2z + +

+ A1R11e" + A 2R12e32Z + + A2R1e'

e2 = ARe + A2R22ei + + AR2e-'

+ A1R21e' + A+2R22e2Z + + AR2e (2-17a)

e = A1Riei + A2R2e + + ARe'

+ + + +
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Fig. 2-3. An asymmetric coupled n-waveguide structure.
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e2 / h2
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= -A1R11Y11e - A2Ri2Yi2e_2Z - -

+ A+1R11Y11e + A2Ri2Y12e" + + A2R1Y1e'

h2 = -A1R21Y21e -J/31Z - A2R22Y22e - AR2Y2e -JZ

+ A R Y21 + A R22Y22e' + +
(2 -17 b)

n+2n+1 21

h = -A1R7Y1e - A2R2Y2e - -J3Z

+ A1RjY1e1z + + +

where for TE modes,

h.
=

e
(2-18)

and where j = guides and i = modes. The negative and

positive signs in eq. (2-18) indicate, respectively, the

forward and the backward travelling waves. Eqs. (2-l7a)

and (2-17b) can be conveniently denoted as

e3 = EAR3e + (2-l9a)

= E -AR11Y1e + (2-l9b)

Positive values are assumed for both wave admittances and

impedances. For the circuit parameters, it is necessary to

specify the fields at both the input (z = 0) and output

(z = L) ends, which are then expressed in matrix form as:
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and

H1

-{M11] [MH]
H2

H

-H1
-H2

-H2

where a matrix with subscript d represents a diagonal

matrix and O = 31L. [ME] and [MH] are the eigenvectors

corresponding to the eigenvalues and are given by

-JO.
[MH][e ]d -[MH] [0]d

25

E2

E

E2

E2

[ME] [ME]

[ME] [e°]d [ME] [e0']

A1

A2

A+2

(2-20a)

A2

(2-20b)
A+1

+2



[ME] =

[E] =

R11 R12 . . .

R21 R22 . . .

R1 R2 . . .

(2-21)

The impedance or admittance matrix can then be obtained by

eliminating the constants A1 and by solving for the electric

and magnetic field relationships:

[ME] [ME] - - -[fr111] [MHJ

[ME] [e°]d [ME] [e'°]d

By rearranging eq. (2-22), the impedance matrix then

becomes

, [Ms]

[MH] [e'°]d -[M11] [e°]d

R11Y11 R12Y12 . . . RY
R21Y21 R22Y22 . . .

R1Y1 R2Y2 . . . RY

[H] (2-22)
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[Z] =

'[ME]

[0]

[O]

[ME]

[U]

[e°]d

[U]

[e'°]d

-[U]

[e'°]d

[U]

[e'°] d

-1

TMH]

[0]

[0]

[MH]

-I

'[ME] [0] TicotO]d [jcscO1] [M11]1 [0]

[0] [ME] [jcscO]d {jcotOl]d [0] [MH]1



[ME] [jcotOl]d[MHF

[ME] [jcscOj]d[MHF1 [ME] [jcotOl]d[MHL'

Eq. (2-23) represents a general expression of the impedance

matrix for an n-waveguide coupler; the admittance matrix

can be obtained in a similar manner. The impedance matrix

for the TM case can be derived in the same manner and is

included in Appendix A.

The scattering matrix [S] is defined by [b] = [S][a],

where [a] and [b] are column vectors. The terms a, and b,

are normalized so that a1a*1/2 and b.b*1/2 are, respectively,

time-averaged incident power and reflected power at port i.

Thus, a1 and b can be defined as

E +vfH)

b l( E1 vT')

where Z01 is the terminating impedance at port i. Using the

normalized impedance and admittance matrices,

[Zn]
1 [Z] -1

[Y] [/][Y][/]

the scattering matrix is then expressed in terms of the

normalized immittance matrix,

ME] [jcscOj]d[MHY'
(2-23)
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(2-24a)

(2-24b)

(2-25a)

(2-25b)



[S] = ([Zr] - [U])([Z] + [U]) = ([Zn] + [U])'([Z] - [U])

= ([U] - [Y])([U] + [Y])1 = ([U] + [Y])'([U] - [Yr])

(2-2 6)

Eq. (2-26) can be used to calculate the scattering

parameters S or normalized output power distributions ISiI2

at output port i for input to port j.

2.5 Normal Mode Parameters

2.5.1 Asymmetric Two-Waveguide Couplers

Consideration is given to a dielectric slab waveguide

consisting of homogeneous and lossless media, as

illustrated in Fig. 2-1(a). Based upon the assumption of a

structural wave equation solution, E E(x) exp[j(wt -

fz)], the wave equation is reduced to

r32
I + (kfl2(X) f32)

-J

E(x) = 0

28

(2-27)

where k0 = w/c = is the free space wave number and

c is the speed of light in free space. Eq. (2-27) holds

for each homogeneous region and the determination of solu-

tions for this equation is subject to the application of

appropriate boundary conditions. Boundary conditions state

that tangential components E and H must be continuous at

each boundary for TE modes and that tangential components

H,, and E are contnuous for TM modes. When solutions for
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guided TE modes are considered, the mode function E(x) in

different regions can be written as

where y2 =
13 - k02n12 for i = 1, 3, 5 and

k02n12
[32 for i = 2, 4.

Applying boundary conditions yields eight equations for

eight unknowns (respectively, A through H). The system of

the equations is abbreviated in the form

Mx = x = [A B C0,

(2-28)

(2-29)

and

1 -cosq0 -sinq0 0 0 0 0 0

Yi y2sq0 y2cosq0 0 0 0 0 0

o -1 0 e 0 0

o 0 'y2 -ye -'ye 0 0 0

M=
o 0 0 -1 0 0

o 0 0 'y3e yei 0 'y 0

o 0 0 0 0 cos2q7 -sin2q2 -1

o 0 0 0 0 y4sin2q2 y4cos2q2

Reg.I

Bcos-y2(x - d/2) + Csiny2(x - d/2) Reg.II

E = De + Ee Reg.III

Fcos-y4(x + d/2) + Gsiny4(x + d/2) Req.IV

Reg.V



tan2q2 =

(2-30)

where h1 = 'y1cosq0 - 'y2sinq0 and h2 = y2cosq0 + y1sinq0. The

propagation constants, fi, are determined from the eq.

(2-30), whereas the values of the unknown constants are

determined from the boundary conditions and the normaliza-

tion condition

-j: EH

(h1y2 + h2'15) + (h1y7y5/'y3 + h2y3) tanh2q1
(h2y4 - h1y2y5/'y4) + (h1y2y4/'y3 - h7'y3y5/'y4) tanh2cf1

= I E(x)dx=l,
2WLL0J-c.,

(2 -31)

30

where q0 = -y2W1, q1 = y3d/2, and q2 = 'y4W2. For the eight

unknowns to be linearly dependent, det M = 0, which results

in the following eigenvalue equation

where

H =

and wave impedance is obtained from

ZTE = -E/H =

Thus, the propagation constants, the wave impedances, and

the field distributions for the guided modes are obtained.

In turn, R and R are defined as the ratios of the peak

amplitudes of the fields in guide 2 to the fields in guide

1 for, respectively, c and ir modes. These ratios are

measured from the field distributions of the guided modes,

as shown in Fig. 2-4(a). The normal mode parameters (i.e.,

R and R, the propagation constants, and the wave



(a)

(b)

Fig. 2-4. Typical field distributions of (a) asymmetric

two-waveguide couplers and (b) symmetric three-waveguide

couplers.
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impedances) are substituted into the expressions for the

scattering parameters previously considered to obtain

normalized output power from the output ends of an optical

two-waveguide directional coupler.

2.5.2 Symmetric Three-Waveguide Couplers

The normal mode parameters for a symmetric three-

waveguide coupler are calculated in the same manner as

described in section 2.5.1. A symmetric three-waveguide

coupler can be treated as a special case of an asymmetric

three-waveguide coupler. Therefore, a general three-

waveguide coupler, as shown in Fig. 2-2(a), is considered.

For the given structure, E for different regions is given

by

Ae - W1 - W212 - d1) i

Ecos'y2(x - W2/2 - d1) + Csiny2(x - W7/2 - d1) II

- W2/2)
+ Ee - WI2) III

where

32

WI2)
+

+ WI2) V

Jcos'y6(x + W2/2 + d2) + Ksin'y6(x + W,/2 + d7) VI

Fcos'y4x + Gsin'y4x (2-32)

+ 1472/2 + W3 + d,) VII



h1h3 + h2h4
tan2q2

h2h3 - h1h4
(2-33)

33

= - k02n2 for i = 1, 3, 5, 7 and

'y2 = k2n2 for i 2, 4, 6.

By applying boundary conditions successively and setting

q0 = 'Y2W1, q1 = y6W3, q2 -y4W2/2, q3 y3d1, q4 y5d2

the matrix N, as listed in Table 2-1, is obtained. From

det 14 = 0, the eigenvalue equation is derived as

where

= y3('y3t1sinhq3 + y2t2coshq3)

h2 = y4('y3t1coshg + y2t2sinhq3)

h3 = y4(-'y6t3sinhq4 + y5t4coshq4)

h4 = ')/5(')(6t3coshq4 + y5t4sinhq4)
(2-34)

ti = 1sinq0 + y2cosq0

y1c0sq0 - 'y2sinq0

- 'y7cosq1

y6coSq1 + y7sinq1

The propagation constants for the three normal modes are
calculated from the eigenvalue eq. (2-33). Field distri-
butions and the wave impedances are determined for the

given propagation constants. Then, R11 and R are defined

as the ratios of the peak amplitudes of the fields in the
center guide to those for the fields in one of the outside
guides for, respectively, B and C modes. They may also be



Table 2-1. Matrix H for an asymmetric three-waveguide coupler.

1 -cosq0 -s.inq,

y2cosq0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

o i o -e -e 0 0 0 0 0 0 0

o 0 Y2 y3e -y3e 0 0 0 0 0 0 0

o 0 0 1 1 -cosq2 -sinq2 0 0 0 0 0

o 0 0 S(3 y4sinq2 y4cosq2 0 0 0 0 0

0 0 0 0 0 cosq2 -sinq2 -1 -1 0 0 0

0 0 0 0 0 y4sinq2 y4cosq2 y5 -y 0 0 0

0 0 0 0 0 0 0 e e -1 0 0

o 0 0 0 0 0 0 -y5e y5e 0 -y 0

0 0 0 0 0 0 0 0 0 cosq1 -sing1 -1

0 0 0 0 0 0 0 0 0 ySiflq1 y6COSq1
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measured from the field distributions of the guided modes,

as illustrated in Fig. 2-4(b).

2.5.3 Transverse Resonance Technique

The transverse resonance technique (TRT) also provides

an alternative procedure for evaluating the propagation

constants for slab waveguide. The technique [79-80] was

initially used for the evaluation of the dispersion

characteristics of waveguides with discontinuities placed

in a direction perpendicular to the propagation axis. As

an example, for a planar waveguide with three dielectric

layers, when propagation along the x direction occurs, the

waveguide can be represented by a transverse equivalent

transmission line circuit, as shown in Fig. 2-5(a).

For this planar structure, d1 and d3 extend to 03 and

x1 = x2 = 0. We have Z0 = w0/k1, k2 k20(n2 /32)
, and input

impedance Zm(x = W + d1) oc j/k3. At x = d1, The resonant

condition, Z11 + Z1 0, gives

+ ltank2W
(2-35)

k3 k2
=0.

1c2 1
- 1tank2W

Solving eq. (2-35) yields the elgenvalue equation

The eigenvalue equations for two-waveguide and three-

tank2W =
k2(k1 + k3)

(2-36)
(k - k1k3)
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Fig. 2-5. (a) A three-layer waveguide and an equivalent

transverse network. (b) An equivalent transverse network

for a general slab waveguide.
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waveguide couplers can be obtained in a similar fashion and
the transverse resonance technique yields the same results
obtained from the method as described in sections 2.5.1 and

2.5.2.
Chain matrix representation is helpful for the evalua-

tion of propagation constants of general slab waveguides
and the chain matrix is given by

electrical length. The trigonometric functions in eq. (2-

37) are replaced by hyperbolic functions for cladding
layers. The overall chain matrix [80] is

[T]
=

[Ti] =

For terminations of jX1 and jX2, The resonant condition is

- jX2t11 + jt12
:1X1 221 + jt22

iti2l
jt21 t22

(2-38)

(2-39)

For a planar waveguide (X1 = X2 = 0), from eq. (2-37) the

resonant condition becomes t12 = 0, and tanh(k1d1) and

tanh(kd) converge to unity as d1 and d approach infinity.
The propagation constants are then obtained from the

eigenvalue equation t12 = 0.

[T1]

where Z01

=

=

cosO1 jZ0jsinOjl
jY0sinO1 cos01 j

c0/k, k12 = k02(n12 32) , y01 =

(2-37)

Z01, and O is the



2.6 concluding Remarks

The procedure for the derivation of closed form

expressions for scattering parameters for asymmetric two-

line and symmetric three-line structures, expressed in

terms of the normal mode parameters for coupled systems,

has been presented. This normal mode analysis can be

applied to analyze coupled waveguide structures including

general two-waveguide and symmetrical three-waveguide

optical couplers.

General expressions for the scattering parameters of

asymmetric multiple coupled optical waveguides were also

derived. The scattering parameters have been obtained from

impedance matrices which are expressed in terms of the

normal mode parameters.

The proceures for the evaluation of the normal mode

parameters, including the propagation constants, the wave

impedances, and eigenvectors, were also presented. Eigen-

value equations f or asymmetric two-waveguide and three-

waveguide coupler were derived for the calculation of the

propagation constants of TE modes.

The formulations for the scattering parameters are

general, with various applications for multiple coupled

guided wave structures operating at microwave or optical

frequencies. The advantage of normal mode analysis with

38



respect to coupled mode theory is that the use of normal

mode parameters provides more accurate results.

For the greater part, the analyses provided in this

chapter has been concentrated upon TE modes. The normal

mode analysis for TM modes is treated in Appendix A. The

numerical results for the computation of the scattering

parameters for general two-waveguide and symmetric three-

waveguide couplers are considered in the next chapter.

39



CHAPTER 3

NUMERICAL RESULTS ON LINEAR MULTIPLE

COUPLED DIELECTRIC WAVEGUIDES

3.1 Introduction

The normal mode analysis of the coupled waveguide

system presented in chapter 2 is used to study propagation

characteristics and circuit properties of coupled optical

waveguides. The scattering parameters are expressed in

terms of the characteristic normal mode parameters and

results obtained from the normal mode analysis are compared

with those based on the coupled mode theory for typical

waveguide multiports.

3.2 Symmetric Two-Waveguide Couplers

As the first example we consider a symmetric two-

waveguide directional coupler consisting of two identical

slabswithn1=n3=n5 3.2, n2=n4= 3.3, W1=W2 0.8

jim, d = 1 m, and X = 1.5 m as shown in Fig. 3-1(a). The

electric field component E associated with TE modes of the

coupler is shown in Fig. 3-1(b). The structure exhibits

perfect symmetry and we have a symmetric (even) mode and an

antisymmetric (odd) mode, while there exist a symmetric-

40
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Fig. 3-1. (a) A refractive index profile of a two-waveguide
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modes of a symmetric two-waveguide coupler.

Wi d w2



42

like mode (even-like or c mode) and an antisymmetric-like

mode ( odd-like or IT mode) for an asymmetric two-waveguide

coupler. We refer symmetric or symmetric-like modes as c

modes, since symmetric modes can be treated as a special

case of symmetric-like modes. We also refer antisymmetric

or antisymmetric-like modes as 71 modes for this case. The

effective indices (normalized propagation constants)

obtained are = 3.2569640 and = 3.2605762. A coupling

length L is calculated from 1r/k0(/3 - fly) and found to be L

= 207.63 sam. For TE modes, the wave impedance defined in

terms of the ratio of electric to magnetic field in each

waveguide, is give as EX/HY = f3/o and the wave impedances

are Z = 115.672074 and Z =115.543926. The ratios of peak

amplitudes between guides are always R = -1 and R = 1 for

a symmetric structure.

We consider first the normal mode analysis with

noninode converting terminations which is Z1 = Z2 for the

symmetric structure. This condition can be realized into

the geometry of a structure with characteristically

terminated (Z1 =Z2 = (ZZ)"2) as shown Fig. 3-2(a). When we

assume the guide 1 is excited, from eqs. (2-13) and eqs.

(2-14), the scattering parameters are simplified to

S11 (F +

S21 = (r -
(3-1)

S31 = (T + T)/2

S41 = (T - T)/2
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Fig. 3-2. (a) A general two-waveguide coupler and an

equivalent transmission line structure. (b) Normalized

output power distributions along the waveguide.
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Normalized power at port i for the given input to port j is

I s 12.

The scattering parameters can also be obtained from

the generalized expressions for arbitrary terminations and

we have R11 = R12 = 1, R21 = R, R22 = R,r 'iii = = = l/Z,

and 12 = = = l/Z. [ME] and [MH]1 becomes

where J. = (R - RC)YCY. The impedance matrix parameters and

the scattering parameters are then obtained from eq. (2-23)

and eq. (2-26), respectively.

The numerical result on power flows along the coupler

is shown in Fig. 3-2(b). There exhibits complete power

transfer between guides at a coupling length L. The

results calculated from the normal mode analysis and the

coupled mode theory are almost indistinguishable for this

symmetric structure with the characteristic terminations.

For this matched system, we have vanishing values of Js11J2

and 1S2112.

For a mismatched system, we consider a waveguide with

large refractive index difference between guiding layers

(n2 = n4 3.8) and non-guiding layers (n1 n3 = n5 3) as

shown in Fig. 3-2(c). Port 2 and port 4 are terminated

with the substrate material. The termination impedance is

assumed to be equal to the intrinsic impedance of the

[ME'
=

11 11

[Rc Rj [MH]1
= K

[RY _Yt1

[- yj
(3-2)
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Fig. 3-2. (c) A mismatched symmetric two-waveguide coupler.

(d) Normalized output power distributions along the wave-

guide.



substrate which is given by (0/0)112/n5. Normalized power

at port 1, 1s1112 is shown in Fig. 3-2(d) and the normal

mode analysis yields ISllI2max 6 x lO and IS2lI2max 1.5 X

3.3 Asymmetric Two-Waveguide Couplers

From the coupled-line analysis, the property of a

coupled line is given by Z2/Z1 Z2/Z1 = -RR1. as described

in section 2.4. Nonmode converting terminations must

satisfy the condition Z2/Z1 = -RR. For an asymmetric

coupled optical waveguide, mode impedances are given by

wj//3 and 13/c,,c for TE modes and TM modes, respectively and

we have Z2/Z = Z2/Z = 1 for TE modes and generally Z2/Z1

= Z2/Z1 for TM modes if the dielectric constants of the
two guides are not equal. From the normal mode analysis,

for the given electric field and magnetic field eigen-

vectors, the impedance matrix parameters for TE modes are

46

(3-3)

Z11 = Z33 = RçcotO1 - RYcotO2,

Z12 = Z34 = -YcotO1 + YcotO2,

Z21 = Z43 = RR(YcotO1 - YcotO2)

Z22 = Z = -RYcotO1 + RYcotO2,

Z13 = Z31 RçcscO1 - RYcscO2,

z14 = z32 = -YcscO1 + YcscO2,

Z23 = Z41 = RR (YcotO1 - YcotO2)

Z24 = Z42 = -RYcscO1 + RYcscO7,
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where Y = 13I Y = Here, j/z. was assumed and =

(Rn. - R)YY. Since there is no loss or gain involved, we

must have Z = by reciprocity. Thus, we have a relation-

ship -RR = 1 which is the required condition for the

normal mode parameters of TE modes. Therefore, the normal

mode analysis can be applied to coupled waveguides since

the product -RR is approximately equal to unity.

For an asymmetric structure as shown in Fig. 3-1(a),

the structural parameters used are n1 = n3 = n5 3.4, n2 =

n4 = 3.6, Wi = 0.15 jnn, W2 = 0.14 m, d = 0.4 j.un, and X =

0.8 jm. For TE modes, electric field distributions are

shown in Fig. 3-3(a) and calculated normal mode parameters

are

= 3.4667519, = 3.4486981, R = 0.7305947,

R1. = -1.3621991, 1/Ye = 108.6722643, l/Y = 109.2411601.

The accuracy of the coupled mode theory is often checked by

comparing calculated values of effective indices with the

normal mode parameters and j3. The effective indices

obtained from the nonorthogonal coupled mode theory are

= 3.4663470, /3 = 3.4487641. The output power profile

along the waveguide obtained from the normal mode analysis

is shown in Fig. 3-3(b) and is in good agreement with that

of the coupled mode theory. Incomplete power transfer
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Fig. 3-3. (a) c mode and 7T mode of an asymmetric coupled

waveguide. (b) Output power distributions obtained from

coupled mode theory (solid lines) and normal mode analysis

(dotted lines).
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Fig. 3-4. (a) Magnetic field distributions for TM modes of

an asymmetric coupled waveguide. (b) Normalized output

power distributions obtained from normal mode analysis.
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Zm2i RR - = -1
Z1fl11 g2

(3-4)

where wave impedances Z = f31/oc, and 6g1 and 6g2 are

dielectric constants of guide 1 and guide 2, respectively.

Here, R and R are the elements of magnetic field

eigenvectors. For TM modes, the normal mode parameters of

the same structure are

= 3.4603795, = 3.4409762, Zmii = Zrn21 = 100.5861972,

Zmi2 = Zm22 = 100.0221829, R = 0.7535940, R = -1.3188956.

Magnetic field profiles and the output power distribution

calculated from the normal mode method are shown in Fig. 3-

4(a) and (b), respectively. The result also exhibits

incomplete switching.

For asymmetric coupled waveguides where the refractive

indices or widths of two guiding layers have considerable

difference, the product -RR deviates from given

conditions for this asymmetric waveguides. In this case,

R and R can be defined differently from the usual

50

between guides occurs for this asymmetric coupled wave-

guide.

The elements of the impedance matrix and the property

for TM modes of a two-waveguide coupler are shown in Appen-

dix A. The required condition for the normal mode

parameters of TM modes is given by
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definition used here. One of the possible definitions for

R and R is discussed in Appendix B.

3.4 Symmetric Three-Waveguide Couplers

The circuit parameters of a symmetric three-waveguide

coupler can be similarly obtained as described in sections

3.1, 3.2, and Appendix A. Electric field and magnetic

field eigenvectors for TE modes can be written as

[MEl = [MHI

Y1 Y2 Y3

0 RY2 RY3
._-Y1 Y2 Y3

Then, the elements of the impedance matrix are expressed as

cotO1 RcotO2 RBCOtO3

- 2Y1 2 (R3 - R) Y2 2 (RB - R) Y3

1 cotO2 cotO3)

= R-R Y2

RBRc cotO cotO3)

= 2 (RB - R) Y2

(3-5)

(3-6)

Here, j is assumed. The condition to be a reciprocal

system is -RBRC 2. This condition holds for TE modes of

a symmetric three-waveguide coupler either with identical

guides or with nonidentical guides.

We consider first a symmetric three-waveguide where

all three waveguides are identical. From Fig. 3-5(a), the
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structural parameters are n1 = n3 = n5 = n7 = 3.4, n2 = n4

n6-3.6, W1=W2=W3=0.l5Lm, d1=d2=0.4j.m, andX=

0.8 m. Computed values of the normal mode parameters are

Ia = 3.4612656, = 3.4473212, = 3.4714101

1/11 = 108.8445158, 1/12 = 109.2847905, 1/13 = 108.5264396

RB = 1.3904038, R = -1.4432537.

The numerical results obtained from the normal mode

analysis for different input conditions are shown in Fig.

3-6. For excitation to center guide, as shown in Fig. 3-

6(a), power flows are periodic. For excitation to an outer

guide, power flows of outer guides are not periodic while

output power distribution of center guide is periodic. The

results are in very good agreement with those obtained by

Hardy and Streifer [38] using the coupled mode theory.

The parameters used for a symmetric three-waveguide

coupler with nonidentical guides are n1 = n3 = n5 = fl-, 3.4,

= no = 3.6, n4 3.58, W1 = W3 0.15 jtm, W2 = 0.14 tim, d1

= d2 = 0.4 jim, and X = 1.05 jim. The normal mode parameters

are calculated as

= 3.4396584, 13B = 3.4018417, !3c = 3.4551154

1/11 = 109.5282535, 1/12 = 110.7458265, 1/13 = 109.0382609

RB = 1.0230693, R, = -1.9594716.

The optical input power is not completely transferred to

outer guides for excitation to the center guide as shown in
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Fig. 3-5. (a) A structure of a symmetric three-waveguide

coupler and an equivalent transmission line. (b) Electric

field distributions for TE modes of a symmetric coupler

which consists of three identical waveguides.
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Fig. 3-6. Variation of output power along the coupler with

three identical waveguides for (a) excitation to center

guide and (b) excitation to an outside guide.
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Fig. 3-7(a). The normalized power flows for asymmetric

excitation are plotted in Fig. 3-7(b). Again, the input

power is not completely delivered to the central guide and

the other outside guide. Power conservation is satisfied

with the condition -RBRC = 2 which is required by

reciprocity. The normal mode analysis maintains high

accuracy as long as -RBRC 2 holds for symmetric three-

waveguide directional couplers.

When an outside guide is excited, output powers from

the output ports are non-periodic and the input power is

not completely transferred to the other outside guide. The

output power distributions can be periodic, if the

following conditions are met [81]

2/3A-/3B-$c=0. (3-7)

To realize eq. (3-7), the center guide must be wider than

the outside ones. We consider TM modes, as an example, and

the parameters are n1 = n3 n5 = n7 = 3.4, n2 = n4 n6 =

3.6, d1 = d2 = 0.4 m, X = 0.8 m, W1 W3 = 0.15 ,im, and W2

= 0.1585 jtm. The impedance matrix is similarly obtained

and the required condition for the normal mode parameters

of TM modes of this symmetric three-waveguide is given by

= 2. (3-8)

The effective indices for the three normal modes are

3.44141286, 13A = 3.45433667, and /3B = 3.46725440. The
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Fig. 3-8. Output powers emerging from ports 4, 5, and 6 for

TM modes and for asymmetric excitation.

100

z (urn]

806040200



58

result obtained from the normal mode analysis is shown in

Fig. 3-8. The power distribution along the coupler is

periodic and full power transfer from one outside guide to

another is achieved.

3.5 concluding Remarks

Numerical calculations on output power distributions

for two-waveguide couplers and symmetric three-waveguide

couplers using the normal mode analysis have been

performed. The numerical results of the normal mode

analysis has shown to be in good agreement with those of

the coupled mode analysis.

For the normal mode analysis, high accuracy and power

conservation are achieved when the conditions, which is

required by reciprocity, are satisfied. Those conditions

may be violated for asymmetric structures where the

refractive index or width of one waveguide shows large

difference from that of others. An improved definition of

R or R (RB or R) can be devised in order for the normal

mode method to maintain high accuracy for such structures.

The normal mode analysis can be applied for the

analysis and design of asymmetric three-waveguide couplers

and multiple coupled waveguides which consist of more than

three waveguides. The normal mode method for the analysis

of optical coupled waveguides has advantage of simplicity,

accuracy, and power conservation over the coupled mode



theory and the normal mode analysis can be used to

investigate impedance mismatching problems which may

develop in interconnecting optical components.
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CHAPTER 4

ANALYSIS OF NONLINEAR DIRECTIONAL COUPLERS

4.1 Introduction

A great deal of attention has been given to the devel-

opment of a low power, all-optical switch operating at

faster speeds than electronic counterparts. Such a device

first analyzed by Jensen [58] based upon coupled mode

formulations is a nonlinear directional coupler (NLDC)

composed of Kerr-like nonlinear media, whose refractive

indices change linearly with optical intensity. Large

nonlinearity is required to obtain appreciable switching at

low optical powers.

One of the most promising materials is GaAs-A1GaAs

multiple quantum-well (MQW) layer. The radius of a bound

electron-hole pair, the so-called exciton, is reduced due

to confinement in a narrow well. Therefore, there is an

increase in binding energy, resulting in a clear excitonic

absorption spectrum near the bandgap even at room tempera-

tures [59-60]. Since a high density of photogenerated free

carriers serves to screen out the excitons, nonlinear

optical effects are induced as the intensity of the light

is increased. The absorption spectrum is thus intensity

60
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dependent and results in the phenomenon of an intensity-

dependent refractive index. However, though large non-

linearity can be achieved in the MQW layer by operating at

frequencies near the band edge, the application of this

technology has resulted in increased absorption losses.

Thus, for the reduction of absorption losses, Cada et al.

[64] proposed a coupler structure based upon the use of a

multiple quantum well layer in the coupling region only.

Since the nonlinear wave equation has been analyti-

cally solved only for Kerr-like nonlinearity, most of the

investigations related to the use of nonlinear waveguides

have been based on the use of Kerr-like nonlinear media.

Coupled mode theory has been used exclusively for the

development of nonlinear and linear directional couplers,

and is presently the only analytical method which has been

used to describe the power-dependent coupling behavior of

nonlinear structures. Even when losses and saturation

[75-76] are considered, analyses of the coupled mode theory

have not been in agreement with experimental results

[65-66] obtained for GaAs-based MQW directional couplers

with high input powers. Saturation effects, thermal non-

linearity fluctuation, material losses, and fabrication

errors have been suggested as the possible sources of this

discrepancy [65].

Ghatak et al. [63] developed a matrix approach for the

investigation of linear planar waveguides with inhomoge-

neous refractive index profiles and three-layer nonlinear
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waveguides with both Kerr-like and non-Kerr-like nonlinear

media. Applying the original matrix method to a five-layer

NLDC, especially when the nonlinear coupling medium is

bounded by two linear guiding layers of finite thickness or

when two linear guiding films are bounded by two outside

semi-infinite nonlinear media, leads to inaccurate results.

In the present investigation, an extended matrix

method for NLDC analysis, where the value of the nonlinear

refractive index is calculated in terms of the average

field amplitude for each stratified nonlinear layer, is

considered. For any material, there are maximum changes in

the refractive index which do not increase or decrease in

precise linearity to the level of optical intensity. For

the consideration of saturation effects, both an exponen-

tial and a two-level system model have been proposed. The

two-level system model can be readily incorporated into the

matrix method. The numerical results obtained have

suggested that the saturation effects must be considered in

the analysis and design of nonlinear directional couplers.

4.2 Nonlinear Wave Equations

Consider a three-layer waveguide consisting of a line-

ar guiding film bounded by one or two nonlinear media, as

shown in Fig. 4-1(a) and (b). The refractive index of the

Kerr-like nonlinear region is given by

= (n0 + n1I)2 n02 + aE2 , (4-1)
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where a = n0 is the refractive index at zero light

power, Z0 is the free-space impedance, and I represents the

intensity of the light; nonlinear media can be either self-

focusing (a > 0) or self-defocusing (a < 0). The nonlinear

wave equation for guided TE modes, E(x,z,t) = E(x) exp(jwt)

exp(-jk0/3z), reduces to [64]

d2E(x)/dx2 - k2E(x) + 2AE3(x) = 0 , (4-2)

where k2 = k02(/92 - n02), k0 is the free-space wave number, A

= ak02/2, and f3 is the effective index. Integration of eq.

(4-2) gives

(E)2 - k2E2 + AE4 = C (4-3)

where E = dE/dx. Since fields vanish for x -+ ± , the

constant C must be zero for semi-infinite nonlinear media.

The solutions for eq. (4-2) are given by [81-84]

E(x) = ----sechk(x - x0)

= ± -----1-cschk(x - x0)
al k0

where x0 is a constant of integration.

For example, when structures are similar to the illus-

tration in Fig. 4-1(a), the remainder of the modal fields

in the linear regions are given by

E(x) = Acosk2x + Bsink2x , 0 < d (4-5a)

= Cexp[k3(x - d)] , x > d (4-5b)

a> 0 (4-4a)

(4-4b)
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Fig. 4-1. A three-layer waveguide (a) with a semi-infinite

nonlinear medium. (b) bounded by two nonlinear media. (c)
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From the boundary conditions, the eigenvalue equation may

be obtained as

k2(k1tanhk1x0 - k3)
tank2d

k + k1k3tanhk1x0

The parameters A, B, C, x0, and f are involved in four

algebraic equations and an eigenvalue equation. When x0 is

arbitrarily chosen, the remainder of the parameters and the

mode power can be determined. For structures with a linear

film bounded by two nonlinear media (e.g., Fig. 4-1(b)),

power dependent dispersion may be similarly obtained.

When a nonlinear film is sandwiched between two linear

media, as shown in Fig. 4-1(c), the constant c has nonzero

value. The integration constant C is evaluated from

C = E2(x) - k2E2(x1) + AE4(x1) , (4-7)

where x1 can be chosen conveniently at the linear-nonlinear

layer boundary, and where the first derivative of E is

known. Then, from eq. (4-7):

fdx=f

=1
IA E2- k2 + I

4A2
(E2- k2 - 4AC+k4)

7N 4A2

(4-6)
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Solutions are then expressed in terms of Jacobian elliptic

functions [85-863 for differences dependent upon on the

signs for A and C. To obtain real solutions for the E

fields, we have 4AC + k4 0, which is otherwise a cutoff

dE

k2E2 - AE4

dE (4-8)
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condition for a certain mode. For a self-defocusing medium

(a, A < 0) with an antisymmetric mode (C > 0), the solution

is

E(x) = p sc[q(x - x0) Jrn) , (4-9)

where

p2 = (q2 - k2)/A , (4-ba)

q2 = [k2 + (k4 + 4AC)112]/2 , (4-lob)

m = 2 - k2/q2 , (4-bc)

and where x0 is another constant of integration, determined

by substituting E(x = x1) into eq. (4-7). Different combi-

nations of the signs for A and C yield different solutions

[87-88], as shown in Table 4-1.

Table 4-1. Guided TE mode solutions of nonlinear
equations for different types of bounded nonlinear media.

A<O
C > 0

E(x p sc[q(x - x0) rn]

p
q2 = [k2 + (k4 + 4AC)"2]/2
rn = 2 - k2/q2

A<O
C < 0

E(x = p nc[q(x - x0) rn]

p = (k2-q2)/2A
q2 (k4 + 4AC)112

rn = (k2 + q2)/2q2

A>O
C < 0

E(x = p nd[q(x - x0) Irn]
p = (k2-q2)/A
q2 = [k2 + (k4 + 4AC)"2]/2
rn = 2 - k2/q2

A>O
c>o

E(x = p cn[q(x - x0) rn]
p =(k2+q2)/2A
q2- (k4+4AC)112
rn = (k2 + q2)/2q2



4.3 Extended Matrix Method

Consider a two-waveguide coupler consisting of a

nonlinear coupling medium bounded by two linear guiding

layers, as shown in Fig. 4-2(a). The nonlinear region is

divided into a large number of layers, each with identical

thicknesses, to obtain the approximate electrical field

distributions for each layer, as shown in Fig. 4-2(b). For

the 1th layer of a guided TE mode, Eq. (4-2) can be approx-

imated as

d2E1/dx2 - k02 (j32 - n02 - aE12) E1

= d2E1/dx2 - k02(/2 - n12) E = 0 , (4-11)

which provides solutions in terms of the trigonometric or

hyperbolic functions, given by

= A1 cos[k1(x -

+ B1 sin[k(x - d11)] , for k2 > 0 (4-12a)

= A cosh[k1(x - d1)]

+ B1 sjnh[k1(x - d1)] , for k12 < 0 (4-12b)

where k12 = k02(n12 f32). Then, since the field decays to

zero as x goes to - and , A1 = B1 and AN + BN = 0 for the

guided TE modes. The field amplitudes of the 1th and the

(i+l)th layers relate to the boundary conditions in the

matrix form [63]:
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Fig. 4-2. (a) A structure of a nonlinear coupler. (b) A

stratified nonlinear medium. (C) The th nonlinear layer.
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where

Si
A,

B

cosh, sinh

= k. k.
sinh. cosht.k.l l k1l

for k2 < 0

and = k1(d1 - d1). Eq. (4-14) is useful for the computa-

tions of the field amplitudes. Each layer in the nonlinear

region is assumed to be sufficiently thin to take the field

amplitude within the layer as a constant. Since A1 is

already known from the boundary condition, n2 is initially

approximated (see Fig. 4-2(c)) as

= n02 + a (Al2) (4-15)

and E (A1, B1, and )c1) can then be obtained from the initial

(4-13)

(4-14)
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value of n12 and the refractive index of the

expressed as

th layer,

n12 =

where

(E)0

n02 + a

=

(E2) avg I

E dx

(4-16)

(4-17)

for which (Ei2)avg is conveniently written as

S.=
COS

-k.
t s1n.

SiflL

k.
' cOst.

for k12 > 0
k,+l ' k,l



where

q, = Al2(2 + sin2A.) + B12(2A. - sin2A.)

+ 2A,B1(l - cos2A.) , for k2 > 0

= Al2(2A + sinh2A.) - B2(2 -sinh2z)

+ 2A1B1(1 - cosh2A.) , for k2 < 0

A = k1(d1 - d11) = kx

=-
8\

N
q1

II Ld
I.o 1=1 i
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(4-20)

(E)avg
=

[2(A - BJYA1 (A + B)sinh21 (4-18)
+ 2A1B1(cosh2A1 - 1)]

For the given values of A1 and the effective index, the

averaging process is subject to iteration until the values

of n12 converge. After the process reaches a sufficient

distance from the linear waveguide region, based upon the

use of successive boundary conditions, the effective indi-

ces of the two independent guided modes for the fixed

values of A1 are then determined from the eigenvalue equa-

tion, AN + BN = 0

For the original matrix method, the refractive index

of the th nonlinear layer is assumed to be

n2 = n02 + a (A112) (4-19)

It should be noted that when the nonlinear region is bound-

ed by two linear guiding films of finite thickness, the use

of eq. (4-19) leads to inaccurate results.

The guided wave power per unit length is expressed as

P = - Re( f (EXH*)z
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From eq. (4-3), the nonzero integration constant C is given

by

C = E2(x) - k2E2(x0) + AE4(x0) (4-2 2)

where x0 is chosen at the linear-nonlinear layer boundary

(d2) for which the 1st derivative of E can be known. Thus,

from eq. (4-22),

fdx=f
dE

+ kE2 - AE4

dE

k2 I 4AC+k4 k2 I
4AC+k4E2-

(4-23)

To obtain real solutions for the E fields, 4AC + k4 0,

which is otherwise the cutoff condition for antisymmetric

modes.

Since the linear combinations of the two modes do not

satisfy the nonlinear wave equation, these two independent

modes cannot be used for coupler analysis. A nonlinear

combination of these modes, as introduced by Cada et al.

[64, expressed the total field as the sum of two perturbed

modes such that E(x,z) Y(x,z) + Ya(X,Z) Thus, express-

ing the two perturbed modes as Y(x,z) = y(x) exp(-jkj3z)

and Ya(X,Z) = y(x) exp(-jk03z), respectively, results in

two simultaneous nonlinear differential equations for the

ith nonlinear layer:

+

7N 4A2 \ AN 4A2



and

d2y1 / dx -
+ ak02 (y2 + 2YsiYaiCOSOi + Yai2) Ysi = 0

d2Yai/dX - kai2Yai

+ ak02 (y2 + 2YSiYaiCOSOI + Yai2) Yai = 0

where
i. 2 = k02(52 - n02) 2 = k 2/p 2

I oJ'si

= k0( - I3ai) Z ,

and

Ys,ai = As,ai cosh 1 (x-d11)]

+ Bs,ai Slflh[ks,aj(Xdii)]

- n02), O

It is convenient to calculate the propagation constants and
the field distributions for the perturbed modes at the

where
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(4-24)

(4-2 5)

(4-26)

(4-27)

and where i = k54x. The refractive index of the jth nonlin-

ear layer can then be calculated from
n2 = n2 + a (y5 + Yai) 2avg (4-28)

input end (z = 0). To obtain an initial field Yai' the
initial value of n12 is evaluated from

n2 = n02 + a (y51 + Aai) 2avg

where (y + Aaj)2avg is expressed as

4_{2 (A - B) 'si + (A, + B) sinh2L + 2AcjBj ( cosh2

- 1) + 4A si + 8Aai(AsiSflhLsi + (cosh1 - 1))]



=
[2 (A - B1) + + B1) sinh2i51

+ 2A51B51 (cosh2A51 - 1)]
+

[2 (A - A51

+ (A + B1) Slflh2Aai 2A5B51 (cosh2A51 - 1)]

+ A A
sinhA55,1 sinhAS_a,i)

SI 51
5+5,1 s-a,1

COShA551 - 1 COShA55 - 1
+ A.B.0Si Si Asa,i
+ B A

coshA55,1 - 1 COShA55,1 - 1
SI ai

SlflhAs+a,i S1flhAsai+B.B.(Si Si As_&i
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(4-29)

and where As+ai = (k1 kai) and Asai = (k1 - kai) Ax. The

initial values of the propagation constant and the field
profile for the independent symmetric mode (y)1 as previ-

ously determined, are then substituted into equation (4-

25), from which calculations the results for the perturbed

antisymmetric mode (Yaj) are substituted into equation (4-

24) to obtain the propagation constant and the field dis-

tribution for the perturbed symmetric mode.

The procedure described above is subject to reitera-

tion until the propagation constants for both modes con-

verge. While the power of the perturbed symmetric mode is

maintained during these iterations, because all the power

is initially excited into a single waveguide, it is neces-

sary to determine an antisymmetric mode with the ability to

cancel a symmetric mode across one-half of the coupler

cross section. The propagation constants for the perturbed

(ysi + Yaji avg



=
Esat a(E2'I avg

sat ± a (E2' '
' 1avg

(4-30)
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modes are calculated sequentially in terms of input power

by increasing the power in small steps, modifying the modes

to the end that the total power distribution at the input

plane is in conformance with input excitation.

To consider saturation effects, a two-level saturation

model is used, where a(E2)ayg is replaced by

and where + and - correspond to, respectively, self-

focusing and self-defocusing media. The dielectric func-

tion is Kerr-like for low intensities, and for high inten-

sities reaches the maximum or the minimum n02 ± esat.

4.4 concluding Remarks

In this chapter, the matrix method was extended to

obtain the power-dependent switching characteristics for

nonlinear two-waveguide directional couplers, based upon

the assumption that nonlinear couplers may be characterized

by combinations of the two perturbed modes. In addition, a

two-level system model was incorporated with the extended

matrix methods for consideration of the saturation effects.

The proposed method can be applied to NLDCs with non-

Kerr-like coupling media, the refractive indices of which

reflect arbitrary dependence upon electrical field ampli-

tudes. The numerical calculations for the unperturbed and



perturbed modes for symmetric two-waveguide and three-

waveguide couplers are described in Chapter 5.
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CHAPTER 5

NUMERICAL RESULTS ON NONLINEAR

DIRECTIONAL COUPLERS

5.1 Introduction

The matrix method for the analysis of nonlinear

directional couplers described in chapter four is used to

analyze nonlinear two-waveguide and three-waveguide

couplers. The method represents an extension of the

original matrix method and the method is based on an

iterative averaging algorithm which calculates the average

values of the dielectric constant and the field amplitude

in each stratified nonlinear layer. The numerical results

for a multiple quantum well two-waveguide coupler are

compared with published experimental data.

5.2 A Multiple Quantum Well Directional Coupler

A system to be considered first is a structure of two

waveguides coupled through a multiple quantum well (MQW)

medium as depicted in Fig. 5-1. Only guided TE modes and

homogeneous and lossless materials are considered here.

The parameters for the GaAs-based MQW directional coupler

are n1 = n5 3.4576, n2 = n4 = 3.5336, n = -1.88 x 108 m2/w,
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Fig. 5-1. A structure of a nonlinear two-waveguide direc-

tional coupler with a multiple quantum well (self-defocus-

ing) coupling medium.
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W1 = W2 = 0.8 jnn, d = 1.2 pan, and X 811.8 run. n0 is taken

as 3.48445 to yield a linear coupling length Lc 2.0 mm.

Accuracy of numerical results obtained from the matrix

method for a nonlinear coupler depends on the calculated

value of the refractive index in each stratified nonlinear

layer. From chapter four, the choices are

n12 = n02 + a (A112)

= n02 + a (Al2)

n12 = n2 + a (E12) avg

Eq. (5-1) has been used in the original matrix method to

calculate the refractive index of nonlinear media. The

equation cannot be utilized for a bounded nonlinear medium,

since the refractive index of the first thin nonlinear

layer is expressed in terms of the field amplitude in a

linear region (see Fig. 4-2(b)). Using eq. (5-1) leads to

inaccurate power dependent dispersion characteristics as

shown in Fig. 5-2(a). In eq. (5-2), the refractive index

of the 1th layer is expressed in terms of its own amplitude

at the boundary, since A is already known from the boundary

conditions. However, using eq. (5-2) yields a nonsymmetri-

cal refractive index profile throughout the nonlinear

region and therefore gives an asymmetric-like dispersion

diagram for this symmetric coupler. The results obtained

by using eq. (5-2) are shown in Fig. 5-2(b).

Using eq. (5-3) with calculations of (Ej2)avg in an

iterative manner generates a symmetric refractive index
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distribution throughout the nonlinear medium and yields an

accurate power dependent dispersion curve. There is

excellent agreement between the exact analysis and the

extended matrix method for the unperturbed modes as shown

in Fig. 5-3(a). Cutoff for antisyinmetric modes or

asymmetric modes has not occurred yet in the range of input

power as scaled in the figure and may appear at higher

input powers. Typical field distributions for unperturbed

symmetric modes, anti-symmetric modes, and asymmetric modes

are shown in Fig. 5-3(b). The asymmetric modes disappear

when saturation effect is taken into account and the

dielectric constant change of 0.031 is allowed (see Fig. 5-

3(a)). The dielectric constant changes with saturation and

without saturation are shown in Fig. 5-4(a). The

dielectric function is Kerr-like for low intensities and

converges to a saturation level as the intensity increases.

The power dependent switching characteristics of the

coupler at guide length of L = 2.73 x L with saturation

effects incorporated are shown in Fig. 5-4(b) and there is

good agreement between the numerical results and the

experimental data [66] for the same structure. A quasi-

linear coupling behavior is expected at higher input

intensities as the refractive index and the effective index

(normalized propagation constant) saturate. The numerical

results suggest that saturation effects must be considered

in the analysis and design of the nonlinear waveguides.
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Fig. 5-2. Comparison of power dependent dispersion diagrams

of unperturbed modes calculated from exact method and re-

suits (a) using original matrix method (dotted lines) and

(b) using field amplitudes at each boundary (dashed lines).
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power for an asymmetric NLDC with sat = 0.031 at guide
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fractional output power for input to guide 2 and input to

guide 1, respectively.
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sechy1(x W)

A cosyx + B siny2x

E(x) = A coshy3x + B sinhy3x
Y3

C cosy2 (x + d) + D siny2 (x ±d)

NI-
sechy1 (x + x2 + W + d)

c

where 'y2 = k02(f32 - n12) for i = 1, 3 and Y22 = k02 (n22 fl2)
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Fractional output power of a nonsymmetric coupler (n1

= 3.4576 and n5 = 3.455) is shown in Fig. 5-5. Output

power distribution is more sensitive to input power when

the power is launched into guide 2, as compared to the case

when the power is launched into guide 1. Excitation of

either of the two waveguide results in over 70 % of input

power remaining in guide 2 at guide length of 0.8 x L for

a normalized input power of about 0.85.

5.3 A Nonlinear Waveguide Bounded by Two Nonlinear Media

As shown in Fig. 5-6, a system to be analyzed is a

symmetric two-waveguide nonlinear directional coupler with

two outside self-focusing nonlinear layers. The parameters

used are n1 = n3 = 1.55, n2 = 1,57, d = 2 /.tm, W X = 1 m,

and a = 10h1 m2/V2. Analytic solutions of nonlinear wave

equations can be obtained since the nonlinear media are

semi-infinite. For TE modes, electric fields are given by

reg. (5)

reg. (4)

reg. (3)
(5-4)

reg. (2)

reg. (1)
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Fig. 5-6. A symmetric two-waveguide coupler with two

outside nonlinear media.
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Fig. 5-7. Power dependent dispersion diagram of symmetric

(branches A and B) and antisymmetric (branches C and D)

modes.
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In eq. (5-4), signs + and - indicate symmetric and

antisymmetric modes, respectively. Applying appropriate

boundary conditions yields two simultaneous eigenvalue

equations:

tany2W= !(C- I 2 Y1C sechYlx2)

D N a cos?2W
(5-5a)

tany2W = - (D +
2 yc sechy1x2 tanhYlx2) (5-5b)

a Y2 cosy2W

where

C = A coshy3d - -'-B sinhy3d
Y3

D = B coshy3d - --A sinhy3d
Y2

and where

A =
'1

sechyx1 (y2cosy2W y1siny2W tanhy1x1)

B = ± I 2 71C
sechy1x1 (y2siny2W - y1cosy2W tanhy1x1)Na Y21)

Signs + and - indicate symmetric and antisymmetric modes.

x1 and x2 are integration constants. In eqs. (5-5), we have

two equations and three unknowns (fi, x, and x2). f and x2

can be calculated from the two eigenvalue equations for a

given value of xl. Power dependent dispersion characteris-

tics of nonlinear guided modes are shown in Fig. 5-7 and

(5-6)

(5-7)
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the results of the matrix method are in excellent agreement
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with those of the exact analysis. The results can also be

compared with ref. [89]. Thus, the extended matrix method

can lead to very accurate results for unperturbed modes.

Symmetric mode solutions form a symmetric branch A and an

asymmetric branch B (see Fig. 5-8(a)), while antisymmetric

mode solutions generate an antisymmetric branch C and an

asymmetric branch D as shown in Fig. 5-8(b). Branch D

exhibits a field profile which has a soliton-like peak [89]

in a nonlinear layer outside a guiding film.

5.4 A Nonlinear Three-Waveguide Directional Coupler

A structure to be analyzed is a three-waveguide coupler

which consists of three identical waveguides with two self-

defocusing nonlinear coupling media as shown in Fig. 5-9(a).

The parameters are n1 = 3.48445, n2 = 3.5336, n0 = 3.48445,

n1 = -1.88 x 108 m2/W, W = 0.8 iim, d = 1.2 m, and X = 811.8

nm. The extended matrix method yields power dependent

dispersion characteristics of unperturbed modes, as depicted

in Fig. 5-9(b), for the three-waveguide structure. There

exist well-balanced modes (branches A, B, and C) and two

asymmetric modes (branches A1 and C1) for Kerr-like media.

These two asymmetric modes disappear for saturable media and

the propagation constants of A, B, and C mode tend to satu-

rate at high powers. Typical field profiles of unperturbed

modes are shown in Fig. 5-9(c) and (d).
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Power dependent switching behavior can be explained by

the combination of perturbed modes as described in section

4-3. In this section, to calculate perturbed modes, we

consider saturation effects only. All the calculations are

based on an assumption that only the small change of the

refractive index of the nonlinear medium is allowed. The

number of modes involved in this calculation depends upon

input conditions. Therefore, different switching character-

istics are expected for different input conditions.

5.4.1 Center Waveguide Excitation

At low power, the extended matrix method gives the

values effective indices A = 3.5190121, IB = 3.5191300, and

= 3.5188916. When the center waveguide is excited, as in

the case of linear three-waveguide couplers, only B mode and

C mode are superposed so that the total field at z = 0

conforms the input condition. A linear coupling length L

is calculated from 7r/kO(13B - /) and L 1.703 mm. Proce-

dure for calculating perturbed modes are same as the one

described in section 4.3. Typical field distributions of B

and C modes are shown in Fig. 5-10(a) with the maximum

dielectric constant change of 0.031 for saturable media.

Fig. 5-10(b) shows that how fast the propagation constants

of the modes converge. Fractional output power distribu-

tions at L = L and L = 2.8 x L are shown in Fig. 5-10(c)

Since saturation of refractive index and effective index and
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coupler at two differnt guide lengths for the case of exci-

tation of the center guide.
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the ability of C mode to cancel the field of B mode in outer

waveguide regions prevent switching from being strongly

power dependent, switching characteristics is weakly power

dependent or quasi-linear.

5.4.2 Excitation of An Outside Waveguide

With saturation effects considered, all three modes are

involved when an outside guide is excited (asymmetrical

excitation). Procedure for finding the three perturbed

modes which can satisfy the input condition are illustrated

in Appendix C. The perturbed modes become asymmetric in the

presence of other modes, because the amplitude of A mode is

additive in calculation of the refractive index of a nonlin-

ear coupling medium and subtractive in the other coupling

medium. These perturbed modes are shown in Fig. 5-11(a).

Power dependent switching characteristics of the nonlinear

directional coupler with asymmetrical excitation for guide

length L = L and L = 2.8 x L are shown in Fig. 5-11(b) and

(C). Coupling length is power dependent and also saturates

as the power increases. L is a linear coupling length

calculated for the central guide excitation. P1, P2, and P3

denote the fractional output power emerging from the outside

guide (input guide), the central guide, and the other out-

side guide, respectively. Output power distributions can be

varied for waveguides with different guide length.
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Pàwer dependent switching characteristics of the coupler at

guide length L = L for excitation of an outer guide.
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5.5 Concluding Remarks

Power dependent switching characteristics of a two-

waveguide coupler with a multiple quantum well medium

obtained from the extended matrix method with saturation

effects considered has shown to be in agreement with

published experimental data. Power dependent dispersion

characteristics of unperturbed modes for a two-waveguide

coupler with two semi-infinite self-focusing nonlinear

media has been compared with analytical solutions. The

numerical results has also shown that most of power remains

in one waveguide for an asymmetric two-waveguide coupler

regardless of input conditions at high input powers and

that for identical three-waveguide couplers with two

multiple quantum well coupling media, switching character-

istics are dependent on input conditions. Steps for

finding perturbed modes of a nonlinear three-waveguide

coupler are described in Appendix C.
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CHAPTER 6

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

6.1 Conclusions

Closed form expressions for multiport network

functions, such as impedance matrix parameters and

scattering parameters, of multiple coupled optical

waveguides have been derived in terms of normal mode

parameters of the coupled systems. The procedures for the

evaluation of these normal mode parameters have also been

presented. This normal mode analysis has been used to

study the propagation characteristics of general two-

waveguide and symmetric three-waveguide couplers for both

sets of TE and TN modes. For matched systems, the

numerical results of the normal mode analysis are, as

expected, in good agreement with those obtained by the

coupled mode theory.

The method presented in the thesis, however, is

applicable for arbitrary terminations and is readily

applied to the case of multiple coupled waveguides. For

lower order systems with two or three individual

waveguides, the expressions for impedance matrix parameters

and scattering parameters are found in a convenient closed

form leading to efficient CAD compatible models. The
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method can be applied to investigate structure terminations

often encountered in interconnecting optical components

since the formulation is quite general and can be applied

to numerous guided wave structures including optical

waveguides and microwave components.

The conventional matrix method, which has been

designed to study three-layer nonlinear waveguides, has

been modified to analyze five-layer nonlinear waveguides

with Kerr-like nonlinear coupling media. A two-level

saturation model has been incorporated with the matrix

method to consider the saturation effects of nonlinear

media. The numerical results obtained for a multiple

quantum well two-waveguide coupler are seen to be in

agreement with the published experimental data. The matrix

method has also been applied to a three-waveguide coupler

with multiple quantum well coupling media and the results

indicate that the six port optical device exhibits

nonlinear switching behavior when an outside guide is

excited and a quasi-linear switching behavior when the

center guide is excited.

The nonlinear directional couplers can be used as fast

all-optical switches and all-optical logic gates which

perform logic functions such as AND and XOR. The matrix

method can be applied to analyze couplers with non-Kerr-

like nonlinear media.



6.2 Suqgestions for Future Work

There are a few areas which should be investigated for

development and improvement of the analyses of multiple

coupled linear and nonlinear waveguides. Some suggestions

for future study are summarized in the following

paragraphs.

Analyses and design procedures for multiport

components which consist of more than three individual

waveguides can be devised for possible applications in

multiple optical components including optical inter-

connects. The normal mode analysis can be extended to

investigate lossy and graded index linear coupled

waveguides and three-dimensional structures consisting of

multiple coupled waveguides having finite rectangular

crosssection.

The matrix method should also be extended to analyze

the nonlinear couplers with lossy and saturable coupling

media. Experimental work to characterize the refractive

index of useful nonlinear media including saturation effect

is warranted, since only few measurements of the optical

properties are available. Experimental work including

fabrication and testing of two-waveguide and three-

waveguide couplers with multiple quantum well coupling

media must be undertaken so that the accuracy and the

100
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validity range of the matrix method can be checked and the

optical circuits can be physically realized.
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APPENDIX A

The Impedance Matrix for TM Modes

General expressions for the impedance matrix of an

asymmetric n-waveguide can be obtained by methods similar

to those described in section 2.4. Fields are expressed as

+ (A-l)

(A-2)
ej -

111

where

zji = ±
p1

1 J

(A-3)

for which j and i represent,respectively, the guides and

modes, and where Z is the wave impedance of guide j for

mode i. A positive sign indicates waves travelling +z

direction, whereas a negative sign indicates waves propa-

gating -z direction. The fields at input and output ends

of the coupler are



and

- H1

H2

-H2

E2

E2

[MH] {MH]

- [MH] [e°] - [MH] [e°] d

E1]
I I

[A1

[ME] - [ME]
A2

A

E1 -
E2

[ME] [e°] d - [ME] [eJ°1]
d

A2

A1

A2

where [ME] and [Ma] are the eigenvectors corresponding to

eigenvalues and d denotes a diagonal matrix. The eigen-

vectors are
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(A-4)

(A-5)



[MH]

[E] =

[z] =

R11 R12 R

R21 R22 . . . R

R1 R2 R

[ME] - [ME]

[ME] [e0] d - [ME] [e°] d

By rearranging eq. (A-7), the impedance matrix is then

'JME] [0]

[0] [MEl

[ME]

[UI -[UI

[e°] d - [ei°j] d

R11Z11 R12Z12

R21Z21 R22Z22

R1Z1

R2Z2

R1Z1 R2Z2 . RZ

[MH] [MH]

- [MH] [e] d - [MH] [e0] d

[U] [U]

- [e°] d - [e°] d

-1

(A-6)

Eqs. (A-4) and (A-5) can be rewritten as [H] = [TB][A] and

[E] = [TB] [A]. The impedance matrix can be obtained by

substituting [A] = [TE]'[H] into eq. (A-5). The electric

field and magnetic field relationships are then

(A-7)

[MH] [0]

[0] [MH]
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-1

[H]



[ME] [jco tO1] d [ME]
-1 [ME] [jcscO1] d [ME] -1

(A-8)

[ME] [jcsc01] d [MH]
-1 [ME] [jcotO1] a [ME] '

Eq. (A-8) represents a general expression of the impedance
matrix f or TM modes of a n-waveguide coupler; the admittance

matrix can be obtained similarly.
For a two-waveguide coupler, [ME] and [NH] are given by

F Z11 Zmi2 1

[ME] =1 I

LRcZm21 RZm22j'
[MH]

11
= RR

(A-9)

where Zmii = I3c/(s6gii Zm12 = /3ir/g11 Zm21 = fcIW6g2F and Zm22 =

Iir/g2 6g1 and 6g2 are dielectric constants of guide 1 and

guide 2. From eq. (A-8), the impedance matrix parameters

are then easily obtained as
Zn Z33 = RZmijcotOi - RcZmi2cotO2

Z12 Z3 = ZmllcotOl + Zml2cotO2

Z21 Z43 = RRZ1cotO1 - RRZ122cotO2

Z = ReZm2icotOi + RcZmi2cotO2

Z13 Z31 = RZmiicscOi - RcZmi2cscO2

Z14 = Z32 = -

Z23 = Z41 = RcRZm2icscOi - RcRZm22cscO2

Z24 = Z = RcZm2icscOi + RcZmi2cscO2

ZmllcscOl + Z12cscO2
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(A-b)

[ME] [0] [jcotO] d [jcscO1] d [MH]' [0] -

[0] [ME] [JCSCO]d [icotOl]d [0] [MH]'
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Here, -j/i was assumed and z = R - R. It is noted that R

and R are the elements of the magnetic field eigenvectors.



APPENDIX B

Comments on Measuring Elements of Eigenvectors

We have defined R and R as the ratios of amplitudes

of the fields in guide 2 to the fields in guide 1 for the

two modes of a two-waveguide structure where the structural

parameters of a guide are close to those of the other, as

described in chapter 2. Another definition for these

normal mode parameters can be made for an asymmetric two-

waveguide as already shown in Fig. 2-1. The parameters are

n1 = = n5 3.2, n2 = 3.3, n = 3.35, d = W1 = 1 pm, and X

= 1.5 Complete power exchange between guides can be

achieved for this asymmetric structure by controlling W2

and W2 is found to be 0.4734 /m [90]. TE modes of the

coupler are shown in Fig. B-l(a).

Synchronism of the two guides is expected from the

field distributions. We extend the regions of guide 1 and

guide 2 to the first half and to the other half of the

coupler, respectively. Power associated with the field

distribution is proportional to integration of E2 across

the structure. R and R1. must be related to field

amplitudes rather than power. Then, R and R can be

defined as
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Fig. B-i. (a) TE modes of an asymmetric two-waveguide

coupler. (b) Power distribution of the coupler.
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= l,l2 dx / \j f0IEc,itI2 (B-i)

where a positive sign and a negative sign indicate c mode

and 7T mode, respectively. Based on this definition, power

distribution of the coupler is calculated from the normal

mode analysis and is shown in Fig. B-l(b).



APPENDIX C

Perturbed Modes of A Three-Waveguide Coupler

The matrix method can be used to analyze a three-

waveguide coupler with two nonlinear coupling media in a

similar manner as described for a two-waveguide coupler in

section 4.3. Total field can be expressed as the sum of

three perturbed modes such that E(x,z) = YA(x,z) + Y11(x,z)

+ Y(x,z). By expressing each perturbed modes as Y1(x,z) =

Ym(X) exp(-jkof3z) for in A, B, and C, a nonlinear wave

equation results in three simultaneous nonlinear differ-

ential equations:

where F is a function of three modal fields and their

propagation constants and is given by

F = YA2 + YB2 + Yc2 + 2yycosO + 2yycosO + 2YAYCCOSOAC.

km2 k02 (/m2 - n02) and C = k0(111 - f9) z for in, n = A, B, C

and for in n. The field in the th nonlinear medium is

given by

Ym,i = A1 COSh[kmi(Xd11)] +Bmi Siflh[kmi(xdi)] (C-5)
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d2yA/dx - kA2yA + akO2FyA = 0 (C-l)

d2yB/dx - kB2yB + akOFYB = 0 (C-2)

d2y/dx - k2y + ak02Fy = 0 (C-3)
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It is convenient to calculate the propagation constants and

the field distributions for the perturbed modes at the

input end (z = 0). When we assume a subscript i for the ith

nonlinear layer, F and n2 can then be written as

F= (YA + YB + Yc)2 and n2 o2 + QF2avg (C-6)

To obtain an initial field YA for mode A, the initial

value of n2 is evaluated from

n2 = n02 + (YB + Yc + AA) 2avg (C-7)

where (YB + Yc + AA)2avg is expressed as

(YB + Yc + AA)avg = + (A - B + Ac - B)

+ __[(A + B)sinh2B + 2AHBB(cosh2zB - 1)

+ 8AA(ABsinhB + BB(coshB - 1))] + 1[(A + B)sinh2B

+ 2AB(cosh2 - 1) + 8AA(Acsinhc + B(cosh - 1))]
+ 1

[(AA + BBBC) sinhB+C + (BBAC + AHBC) (cosh8+ - 1)]

+
[(ABAC - BBBC) sinhiBC + (BBAC - ABBC) (coshBC - 1)]

(C-8)

and where BC = kBx and B+C = (kB ± k)z1x. Perturbed A

mode YA in the presence of other two modes is obtained

based on the value of the dielectric constant calculated

from eq. (C-7). The refractive index of the ith nonlinear

layer can then be calculated from

n2 = fl02 + a (YA + YB + Yc) 2avg = n02 + aG2avg, (C-9)

G2avg is rewritten for computational purpose as



2 1
Gavg = - B + - B + - B)

1 2 - B)sinh2A + 2A(cosh2AA - 1)]
4AA

[(AA

1 2+ 4A [(AB + B)sinh21XB + 2ABBB(cosh2AB - 1)]
B

1 2+ 4AcN + B.)sinh2A + 2AB(cosh2Ac - 1)]

+ 1

+
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[(AAAB + BABB) sinhAA+B + (BAAB + AABB) (coshAA+B 1)1

[(AAAB - BABB) sinhAAB + (BAAA - AABB) (coshAAB - 1)1

[(ABAC + BBC) sinhAB+c + (BBAC + A.BC) (coshAB+c -

[(ABAC - BBBC) sinhABc + (BBAC - ABBC) (coshA - 1)]

[(AAAC + BABC) sinhAA+C + (BAAC + ABBC) (coshAA+c 1)]

[(AAAC - BABC) sinhAAc + (BAAC - AABC) (coshAA_c - 1)1

where An±n = (km ± k)Ax for ra, n = A, B, C and for m n.

The steps of calculating perturbed modes are summarized as

The initial value of the nonlinear refractive

index for mode A is calculated from eq. (C-7) in

the presence of other modes.

A mode function YA is obtained from eq. (C-i).

Calculate the refractive index from eq. (C-9).

Repeat steps 2 and 3 until the refractive index

converges.

B and C modes are obtained from eq. (C-2) and eq.

(C-3), respectively by following steps 1 through 4.


