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Abstract

 The phenomenon of dopant diffusion as a viable means of coupler fabrication is

investigated. It is well known that the diffusion of dopants can improve the uniformity of

multimode star couplers manufactured by the fused biconical taper technique. The

theoretical basis for the same phenomenon in a single mode coupler is developed, on the

basis of the theory of diffusion and the Gaussian approximation for circular fibers.

A novel technique to manufacture and design single mode optical fiber couplers

with a minimization of the manufacturing complexity is demonstrated. Traditionally fused

biconical tapered couplers have been manufactured by twisting, fusing and elongating

optical fibers at elevated temperatures. Usually, high temperature oxy-hydrogen flames are

used for such purposes and some degree of skill is needed for a human operator. The

complexity of control procedures for automation of the process is greatly increased by the

fact that the tapering process is an integral part of the feedback loop. This can be eliminated

if a constant tension is maintained on the fibers in the heating process while heat is applied

uniformly from a source such as a platinum wire furnace. Since the refractive index

differentials responsible for the guiding phenomenon at optical frequencies are directly

dependent on concentration of dopants like fluorine and germania, radial diffusion of such

dopants causes the fiber cores that are heated in a platinum wire furnace to come closer

together. Such proximity leads to the phenomenon of evanescent field interaction or

coupling of optical power from one arm of the coupler to the other.

The time evolution of the coupling process can be predicted in theory. While initial

results are promising, the ability to automate the manufacture of couplers will be

successful only after greater control over the variables is established. It is the intention of

this work to understand the physics behind the mechanism as well as to prove the

feasibility of modeling real world phenomena under controlled conditions.
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1   Introduction

1.1   Dopant Diffusion as a Coupling Mechanism for Optical Fibers

Many different techniques are applied to the analysis of single mode couplers

often a number of assumptions are made on the basis of the way the coupler is

Bearing this in mind, a novel technique of coupler fabrication and design is sugg

albeit from a theoretical standpoint. While there is some limited experimental w

included, this should be merely viewed as being proof of concept, with the idea th

practical issues raised may generate further attempts to improve the applicability 

present model.

The phenomenon of diffusion of typical optical fiber dopants like Germanium

Fluorine has been reported by many other workers [McL88, Bot88], the modeling of

phenomenon has been difficult, partially due to the intractability of the problem, as w

due to the lack of good characterization of the diffusion process. It has been demon

[McL88, Vup94] before that dopant diffusion can be held accountable for explanatio

some of the various phenomena encountered in optical fiber couplers. [Vup94] repo

use of a dopant diffusion mechanism to improve the uniformity of large core multim

fiber couplers.

This work presents a study of the modeling of single mode couplers tha

manufactured by dopant diffusion in a high temperature furnace. The assumption h

that the two fibers can be brought into close contact without significant tapering losse

the tapering is well within the adiabatic assumption for a single taper region. The fibe

then heated in a high temperature furnace with a constant temperature distribution

length equal to 6 mm. Due to the heat applied, the dopant diffusion causes the c

expand (in terms of the refractive index profiles), as well as decrease the refractive

delta, defined in any standard way. Accordingly, the evanescent field interaction ca

modal overlap phenomenon, whereby optical power is exchanged. Thus we se

traditional methods of analysis of Fused Biconical Taper (FBT) couplers [Bur88, Pa

are not exactly applicable; rather the problem can be analyzed in terms of the cro

between two optical fibers as presented in [Sny83]. We neglect the modeling of lo

partly due to the problematic nature of the analysis, but also due to the experimental 

that show negligible losses, in terms of industry accepted levels.
Introduction 1
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Chapters 2 and 3 treat the mathematical formalism involved in the mod

rigorous detail; the purpose of this introduction is to present the concepts and justifi

for any assumptions made in our analysis. Firstly, as demonstrated in Chapter 2, so

of the diffusion equation for a cylindrical optical fiber having a single dopant, either in

core or the cladding is presented. An approximately Gaussian dependence is note

bell shaped curve with a maximum and a smoothly decreasing amplitude is noted

intuitively, we see that the Gaussian mode theory for circular optical fibers can be ap

As [Sny83] states, the Gaussian approximation for circular optical fibers is of parti

interest to fibers that exhibit significant core/cladding dopant diffusion. Chapte

considers the mathematical derivation of the coupling phenomenon, using a 

superposition technique. It then goes on to explain mathematically the subtleties 

scalar wave equation and the weakly guiding condition. Finally, it ends with the deriv

of the coupling coefficient for two parallel Gaussian index profile fibers. Chapter 

paramount to this thesis as the theoretical results developed in Chapters 2 and

developed into two theoretical models, for the purposes of comparison. One mode

adaptation of work done by [Sny83, McL88], while the other is an extension of an

model developed by [Sny83]. The two models work on two parallel sets of assump

and each of these is evaluated against a proof of concept experiment. The importanc

Gaussian approximation in the analysis is revealed by the results obtained. Cha

presents the conclusions and directions for future work.
Introduction 2
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2   The Problem of Diffusion

2.1  Introduction

In simplistic terms, the process of diffusion is a mass transport mechanism wh

a substance moves from a region of higher concentration to a region of lower concent

This process is usually defined in terms of differential equations that account for the

variables involved in the process. The fundamental properties of diffusion are describ

Ficks' Laws. We do not intend to explore the derivation of these results at this leve

apply them along the lines suggested by [Cra75] and treat the problem of dopant dif

in a cylindrical optical fiber from a mathematical standpoint. However, the intuitive b

for the form of the solution will be developed, to gain insight into the mechanism. Note

diffusion at the molecular level is not considered.

2.2  Diffusion in Homogenous Media

In vector analytic terms the diffusion equations can be expressed for

coordinate system can be expressed as

. (EQ 2.2-1)

In cylindrical coordinates where the parameters of interest arer, θ, andz defined in the

usual manner, equation (2.2-1) reduces to

, (EQ 2.2-2)

whereD is the diffusion coefficient having the dimensionsL2T-1, andC is the concentration

of the substance undergoing diffusion, defined in any standard way. We consider th

problem of diffusion in a cylinder from first principles, by regarding the issue of diffus

in one dimension, for a constant value ofD. A fundamental assumption in the analysis i

that the value of D remains a constant for a fixed temperature. Equation (2.2-1) redu

, (EQ 2.2-3)

t∂
∂C D C×( )∇•=

t∂
∂C 1

r
---

r∂
∂

rD
t∂

∂C
 
 

θ∂
∂ D

r
----

θ∂
∂C

 
 

z∂
∂

rD
z∂

∂C
 
 ++

 
 
 

=

t∂
∂C

D
x2

2

∂
∂ C

=

The Problem of Diffusion 3
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and the solution to this is of the form

. (EQ 2.2-4)

Note the symmetrical nature of the solution about thex-axis atx=0. For t=0, it vanishes

everywhere except at x=0, where it becomes infinite and assumes the form of a d

function. It is also important to note the principle ofsuperposition and reflectionat a

boundary. For instance, consider the case of a semi-infinite medium, extending

cylinder (remember that the initial distribution was a delta function) with an imperme

boundary atx=0. The solution forx<0 can be reflected and added to the solution 

diffusion in thex>0 region. This is done as the equation itself is linear, and hence the

of the solutions is in itself a solution to the diffusion equation. To examine the proble

a finite source width we initially consider the one-dimensional case, i.e. the bounda

t=0, which may be defined as:

. (EQ 2.2-5)

As an example [Cra75] considers the case of a long column of clear water resting on

column of solution, or two metal bars placed end to end. The solution is gleane

considering the extended distribution (forx<0 from equation (2.2-5)) to be composed of a

infinitum of line sources and applying the principle of superposition to the infinitum

corresponding solutions.

This is illustrated in Fig. (2.2-1) where the concentrationC at pointp, a distanceξ from a

narrow strip source of widthδξ is given by

. (EQ 2.2-6)

The quantityC0δξ denotes the amount of substance diffusing in a cylinder

infinite length and unit cross section. Thus by integration over all such elements δξ we may

find the concentration as a function of distance and time, i.e.,

C
A

t
-----exp

x2

4Dt
--------- 

 =

C C0 x 0<,=

C 0 x 0>,=

C x t,( )
C0 ξδ

2 πDt
-----------------exp

ξ2

4Dt
---------– 

 =
The Problem of Diffusion 4
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FIGURE 2.2-1 Framework for modeling the superposition principle.

. (EQ 2.2-7)

Note that a dummy variable, sayA where

(EQ 2.2-8)

and

(EQ 2.2-9)

is used. Making the necessary change in variables and the change in limits,

. (EQ 2.2-10)

This can be defined in terms of the complementary error functionerfc(A). We know that

. (EQ 2.2-11)

ξ

dξ
C0

x=0 p

C x t,( )
C0δξ

2 πDt
-----------------exp

ξ2

4Dt
---------– 

  ξd

x

∞

∫=

A
ξ

2 Dt
--------------=

Ad
ξd

2 Dt
--------------=

C x t,( )
C0

π
------- exp A2–( ) Ad

x 2 Dt( )⁄

∞

∫=

erfc z( ) 2

π
------- exp η2

–( ) ηd

z

∞

∫=
The Problem of Diffusion 5
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The error function and the complementary error function are a well tabulated ser

integrals [Abr70]. Thus

. (EQ 2.2-12)

Let us examine the diffusion of a substance that initially has a step distribution in a r

of width 2h. The region of integration is modified from [x, ]  to [x-h,x+h], i.e.

. (EQ 2.2-13)

Applying the usual change in variables as stated before in equations (2.2-8) and (2.2-

reduces to

. (EQ 2.2-14)

Since the system is symmetrical, the system can be cut in half by a plane atx=0, without

affecting the distribution. Thus we can consider the semi-infinite problem, with

boundary atx=0, and the application of superposition.To examine the general philos

of having an impermeable boundary, we consider the case of the following bou

condition:

. (EQ 2.2-15)

Thus reflection takes place at the boundariesx=0 andx=l  an infinite number of times. The

original solution given by equation (2.2-14) corresponds to two error functions. 

solution for an infinite number of reflections may thus be constructed by an infinite su

such functions, i.e.

(EQ 2.2-16)

C x t,( )
C0

2
------erfc

x

2 Dt
-------------- 

 =

∞

C x t,( )
C0

2 πDt
----------------- exp

ξ2

4Dt
---------– 

  ξd

x h–

x h+

∫=

C x t,( )
C0

2
------ erf

h x–

2 Dt
-------------- erf

h x+

2 Dt
--------------+

 
 
 

=

x∂
∂C 0 x, 1= =

C
C0

2
------ erf

h x–

2 Dt
-------------- erf

h x+

2 Dt
-------------- erf

2l h+( ) x–

2 Dt
----------------------------+ +





+=

erf
2l h+( ) x+

2 Dt
---------------------------- erf

2l h–( )– x–

2 Dt
-------------------------------- erf

2l h–( )– x+

2 Dt
-------------------------------- …+ + +





The Problem of Diffusion 6
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Rewriting in terms of error functions summed to infinity,

. (EQ 2.2-17)

Thus we see a simplified explanation of the typical form of solution for the diffus

equation. The use of the one dimensional case merely serves to gain insight in

mathematical formalism. The solution that is of interest to us is by the nature of the pr

most suited to the cylindrical coordinate system. This therefore does turn out to be a

of Bessel's differential equation, familiar to waveguide theoreticians and many 

branches of science and engineering. The equations are set up in terms of theory 

out in [Car59] and are based on results shown in [Cra75]. We accordingly prese

solution of [Cra75] and see how they are applicable to the case of Fluorine doped ste

fibers as well as Germania doped step index fibers.

2.3  Diffusion in a Cylindrical Doped Dielectric Waveguide

For an impermeable surface condition with an initial concentration distribu

f(r),

, (EQ 2.3-1)

whereαn represents the roots of

. (EQ 2.3-2)

Let b represent the cladding radius for a step index fiber anda be the core radius. The

diffusion coefficient isD, r is the radius and t is the time of heating. Therefore the initia

conditions can be represented as

. (EQ 2.3-3)

C x t,( )
C0

2
------ erf

h 2nl– x+

2 Dt
-------------------------- 

  erf
h 2nl x–+

2 Dt
-------------------------- 

 +
 
 
 

n ∞–=

∞

∑=

C
2

b
2

----- r ′f r ′( ) r ′ exp Dαn
2
t–( )

J0 r αn( )

J0
2

bαn( )
-------------------- r ′f r ′( )J0 αnr ′( ) r ′d

0

b

∫×
n 1=

∞

∑+d

0

b

∫ 
 
 

=

J1 bαn( ) 0=

f r ′( ) C0 0 r a<≤,=

f r ′( ) 0 a r b<≤,=
The Problem of Diffusion 7
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Substituting in equation (2.3-1) we get

, (EQ 2.3-4)

where the relationship for the indefinite integral of the Bessel function of the first kin

order 0 is

. (EQ 2.3-5)

Now consider the case for a Fluorine doped fiber having a step profile. The new 

conditions are given by

. (EQ 2.3-6)

This result when substituted into equation (2.3-1) leads to the following solution fo

concentrationC:

. (EQ 2.3-7)

C
a2

b2
-----C0

2aC0

b
2

------------- exp Dαn
2t–( )

J0 r αn( )

αnJ0
2

bαn( )
-------------------------- J1 aαn( )⋅×

n 1=

∞

∑+=

zJ0 az( ) zd∫ z
a
---J1 az( )=

f r ′( ) 0 0 r a<≤,=

f r ′( ) C0 a r b<≤,=

C
C0 b

2
a

2
–( )

b
2

----------------------------
2aC0

b2
------------- exp Dαn

2t–( )
J0 r αn( )

αnJ0
2

bαn( )
-------------------------- J1 aαn( )⋅⋅

n 1=

∞

∑–=
The Problem of Diffusion 8
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3   The Problem of Coupling

3.1  Modeling the Coupling Behavior

The approach taken in the following analysis is an application of results pres

in [Sny83] with a comparison of the results of an exact analysis of the mode cou

problem with a Gaussian best fit. The analytical model closely mimics that presen

[Sny83] and the model is extended using the diffusion model shown in Chapter 2. No

the use of the word exact is questionable, but the gain in the tractability of the proble

outweighs any error introduced by the approximation. As stated earlier, the probl

considered as crosstalk between two optical fibers whose mode field radii are broa

by diffusion. Thus there is an interaction between the fields of the two fibers and o

power is exchanged between the two fibers. One fiber can be regarded as the perturb

(i.e. the fiber into which no optical power is launched) and the second can be regar

the perturbing fiber into which optical power is launched. The ray analysis approach

the problem as one of evanescent field interaction, i.e. frustrated total internal reflect

tunneling. This approach is particularly useful to our analysis as the phenomen

crosstalk between two parallel identical fibers can be used, since the underlying assu

is that there is noz dependent non-uniformity in the region of interest. This proceeds f

the analysis of diffusion in the earlier chapter on diffusion, where the assumption was

that diffusion from the fibers is purely radial.
The Problem of Coupling 9
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3.2  Crosstalk

Two caveats must be borne in mind; that the analysis is correct only unde

weakly guiding assumption and that the optical separation is sufficient to ensure

superposition of the modal fields is valid. Consider two fibers that are in proximity to 

other as indicated in Fig (3.2-1). We restrict the analysis to the case of2x2 couplers that

are single moded at the wavelength of interest when considered in isolation. Couplin

be represented by two coupled differential equations. The field solutions are const

from solutions to the scalar wave equation, and thus the polarization of the field 

accounted for in the strict analysis. The scalar wave equation can be represented as

, (EQ 3.2-1)

FIGURE 3.2-1 Coordinate System for Crosstalk Analysis

where Ψ is a field solution in any Cartesian coordinate ofE or H representable in the

standard cylindrical coordinate system.k0 is the free space wave number,n the refractive

index in the region of interest which for the case of the index profiles under conside

is symmetrical about the z axis, and a function of the radial coordinater. β is the

propagation constant. The expressions for theE field may then be reduced to:

∇t
2Ψ k0

2
n

2 β2
–( )Ψ+ 0=

d

n1(x,y)

n2(x,y)

ncl

z

z

r1

r2

y

y

x

x

The Problem of Coupling 10
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(EQ 3.2-2)

and

, (EQ 3.2-3)

where thea’s and b’s represent the modal amplitude coefficients. Note the explicz

dependence of the amplitude coefficients. The factorsN1 and N2 are normalization

parameters that arise from the process of treating these as orthonormal modes.   Th

be represented generically as:

, (EQ 3.2-4)

where nco denotes the core index of refraction. The overall region of integratio

represented by the area  where the cladding is assumed to extend to infinity. It 

shown that   the coupled integro-differential equation that represents the process of t

one fiber as a perturbation of the other is:

. (EQ 3.2-5)

For a strict analysis the infinite set of radiation modes and the finite set of guided m

have to be considered. This would mean solving the expression for the scalar field

large number of modes and thus having a large number of coupled equations. In o

simplify the problem the principle of superposition can be applied under the approxim

that the fields in the fiber are a linear sum of the field of the individual fibers in isola

This approximation of course assumes that the fibers are not too close to each

optically, and that they are very similar, if not identical. Thus we can approximate the

field for the waveguide by the expression

. (EQ 3.2-6)

This when substituted into equation (3.2-5) gives the result

Ex1 x y z, ,( ) a1 z( )Ψ1 x y,( )exp jβz–( ) N1⁄ b1 z( )Ψ1 x y,( ) N1⁄= =

Ex2 x y z, ,( ) a2 z( )Ψ2 x y,( )exp jβz–( ) N2⁄ b2 z( )Ψ2 x y,( ) N2⁄= =

N
nco

2
-------

ε0

µ0
----- Ψ2

Ad
A∞

∫=

A∞

zd

db1 jβ1b1–
jk
4
-----

ε0

N1µ0
------------- n

2
n1

2
–( )

A∞

∫ ΨΨ1 Ad=

Ψ x y z, ,( ) b1 z( )Ψ1 x y,( ) N⁄ 1 b2 z( )Ψ2 x y,( ) N⁄ 2+=
The Problem of Coupling 11
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. (EQ 3.2-7)

Similarly, we treat the first fiber as being perturbed by the presence of the second fibe

obtain

. (EQ 3.2-8)

Equation (3.2-8) may be obtained by duality also from equation (3.2-7). TheClm

coefficients are the coupling coefficients defined as

, (EQ 3.2-9)

wherel,m=1,2. Further approximations may be made to this by considering the fact

over the core of fiberl, the field solution due to fiberm decays exponentially and thusC12

andC21 are negligible in comparison with theβ1 andβ2 terms respectively. Under the

weakly guiding approximation [Saf93], we know that the allowed value forβ is

(EQ 3.2-10)

and hence the self coupling coefficientsC11 andC22 are negligible.

A striking feature of modeling the crosstalk between fibers that are identical or very n

so is that under resonant conditions, total power transfer can occur between the two

If this condition is not met, then the effect of coupling to backward propagating mod

well as to radiation modes must be included and the modeling of this phenomenon be

difficult. Accordingly, the resonance condition means that the cross coupling coeffic

are identical, i.e.,

, (EQ 3.2-11)

from equation (3.2-9). This when substituted into equations (3.2-7) and (3.2-8) give

to the following result for the condition that whenz=0 the amplitude coefficients are

b1(z)=b1(0) and b2(z)=b2(0):

zd

db1 j β1 C11+( )b1– jC12b2=

zd

db2 j β2 C22+( )b2– jC21b1=

Clm
k
4
---

ε0

NiN jµ0
------------------- n

2
n1

2
–( )ΨlΨm Ad

A∞

∫=

k0ncl β k0nco< <

C12 C21≅ C
k
4
---

ε0

N1µ0
------------- n

2
n

2
–( )

A∞

∫ Ψ1Ψ2 Ad≅=
The Problem of Coupling 12
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(EQ 3.2-12)

and

(EQ 3.2-13)

,

where

, (EQ 3.2-14)

and

. (EQ 3.2-15)

Thus we see that the modal amplitudes show a sinusoidal dependence alongz

dimension. To examine the power flow along the composite waveguide, we consid

intensity distribution as the magnitude of the time averaged Poynting vector. The

representation of any parameter of interest can be represented as

(EQ 3.2-16)

and

(EQ 3.2-17)

.

b1 z( ) { b1 0( ) C
M
-----z 

  +cos=

jM b2 0( )
β1 β2–

2C
-----------------b1 0( )+

C
M
-----z 

 



exp jβz( )sin

b2 z( ) { b2 0( ) C
M
-----z 

  +cos=

jM b1 0( )
β1 β2–

2C
-----------------b2 0( )+

C
M
-----z 

 



exp jβz( )sin

β
β1 β2+

2
-----------------=

M 1
β1 β2–( )

2

4C
2

------------------------+

1 2⁄–

=

E1 x y z, ,( ) e1 x y,( )exp jβ1z–( )=

etj x y,( ) ezj x y,( )z+[ ]exp jβz–( )=

H1 x y z, ,( ) h1 x y,( )exp jβ1z–( )=

htj x y,( ) hzj x y,( )z+[ ]exp jβz–( )=
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The value of the propagation constantβ is unique for each mode. For a nonabsorbi

waveguide, which is a reasonable approximation for an optical fiber, power flows alon

axis of the waveguide, i.e. along thez dimension. The time averaged Poynting vector is th

given by

, (EQ 3.2-18)

whereS1 is the intensity or optical power. Note that for convenience the transverse

components are considered to be real and accounting for the normalization, from eq

(3.2-18) and equations (3.2-2) and (3.2-3), we see that the power in each corresp

mode is

(EQ 3.2-19)

and

. (EQ 3.2-20)

The quantitiesb1(z) and b2(z) from equations (3.2-12) and (3.2-13) when substituted i

equations (3.2-19) and (3.2-20) give rise to the following equations:

(EQ 3.2-21)

and

(EQ 3.2-22)

.

Again, the assumption of real values for the modal parameters ensures that the mo

in phase atz=0. The condition that initially power is launched into one fiber and initia

this fiber contains all the power atz=0 may be enforced, i.e.

(EQ 3.2-23)

S1

a1
2

2
----------Re E1 H j

∗ z⋅×{ }
a1

2

2
----------e1 h1

∗ z⋅×= =

P1 z( ) b1 z( ) 2
=

P2 z( ) b2 z( ) 2
=

P1 z( ) P1 0( ) M
2

P2 0( ) P1 0( )– +{+=

β1 β2–
C

----------------- P1 0( )P2 0( ) } C
M
-----z 

 sin2

P2 z( ) P2 0( ) M
2

P1 0( ) P2 0( )– –{+=

β1 β2–
C

----------------- P1 0( )P2 0( ) } C
M
-----z 

 sin2

P1 0( ) 1=
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. (EQ 3.2-24)

This leads to the result [McI73]:

(EQ 3.2-25)

and

. (EQ 3.2-26)

From these equations it becomes obvious that a portionM2 of the power in the first fiber is

transferred to the second fiber and back. This occurs spatially along thez direction and for

identical fibers complete power transfer occurs in one beat lengthzb defined as

. (EQ 3.2-27)

The representation of the fields as a linear combination of the fields of the individual 

is valid under the condition that the fibers are similar and optically well separ

Examination of equation (3.2-15) reveals the reason why coupling under these con

would be negligible for significantly different fibers. The coupling coefficientC is small

with regard toβ1 and β2 and therefore as it appears in the denominator of the t

containingβ1, β2 andC, it is of significant magnitude to cause the value ofM to be very

small. We see therefore that the coupling as defined by equations (3.2-25) and (3

becomes negligible for non-identical fibers.

3.3  The Gaussian Approximation for Circular Fibers

3.3.1 The Scalar Wave Equation and Weakly Guiding Waveguides

In this   section we consider   the   theoretical implications of modeling the diff

profiles under the Gaussian approximation followed by [Sny81]. At this juncture it is 

worth commenting on the various possibilities open in terms of analytic techniques. W

P2 0( ) 0=

P1 z( ) 1 M2 C
M
-----z 

 2
sin–=

P2 z( ) M2 C
M
-----z 

 2
sin=

zb
2πM

C
------------=
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this enumeration is by no means exhaustive, it covers the salient and feasible tech

that could be used. The fundamental assumptions in the consideration of most die

waveguides of practical interest are that they are nonabsorbing and gen

translational invariant, i.e., there is noz-dependent non-uniformity. While this is strictl

not true for fused couplers, especially the biconical tapered variety, for a diffused co

we make the translational invariance approximation. This of course neglects the cha

the fiber dimension after diffusion broadening of the core, but we model this as an

transition in the cores. Modeling of the loss on the basis of a modal overlap formali

electromagnetic theory has not been generally successful, and is further disregarde

Therefore, before we detail the various approximations under the Gau

approximation for circular fibers, it is instructive to examine the vector wave equation

the issue of polarization. The field solution for a time harmonic electromagnetic field

the form expressed in equations (3.2-16) and (3.2-17), where propagation is defined

z direction. Note that the time dependency has been suppressed. Normally the expz-

dependence is also suppressed. Also note that the system assumed here is Cartesi

mode is a field solution that does not change in the transverse direction as the wave

in thez direction [Saf93].

 By elimination of either theE or H fields from Maxwell's equations the

inhomogenous vector wave equations are obtained, i.e.

(EQ 3.3-1)

and

. (EQ 3.3-2)

We refresh the following mathematical identities to provide crucial backgro

information. In Cartesian coordinates

, (EQ 3.3-3)

∇2 n
2
k

2
+( )E Et ln n

2( )t∇⋅( ) j
ε0

µ0
----- kJ

1
k
--- ∇ J⋅

n
2

----------- 
 ∇+

 
 
 

–∇–=

∇2 n
2
k

2
+( )H H∇×( ) ln n

2( )t∇× J J ln n
2( )t∇×–∇×–=

Ψ∇
x∂

∂Ψ
x

y∂
∂Ψ

y
z∂

∂Ψ
z+ + Ψ

z∂
∂Ψ

z+t∇= =
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where Ψ is a scalar quantity. For a vectorA, with Cartesian coordinatesAx, Ay, andAz,

(EQ 3.3-4)

and

. (EQ 3.3-5)

It is worthwhile pointing out that the above equation applies for an arbitrary coord

system. In Cartesian coordinates the following identity is of use:

(EQ 3.3-6)

We confine ourselves to the consideration of the homogenous vector wave equatio

no sources present, i.e.,

(EQ 3.3-7)

and

. (EQ 3.3-8)

where all the parameters of interest have been defined before. Now, on the basis

vector identities (3.3-3) to (3.3-6), we see that the above equations (3.3-7) and (

couple the field components for any coordinate system. Simplifications can be made

above system if the Cartesian coordinate system is used as a reference, as well as u

principle of translational invariance. These results are presented as

(EQ 3.3-9)

and

, (EQ 3.3-10)

wheren is assumed to vary as a function ofx andy only. Note that the scalar operator  

used as opposed to the vector operator  in equations (3.3-7) and (3.3-8). Also a p

confusion may be the use of the Cartesian unit vectors  and . The spatial varia

∇ A⋅
x∂

∂Ax

y∂
∂Ay

z∂
∂Az+ + ∇t At⋅

z∂
∂Az+= =

A∇2 ∇ A⋅( ) A∇×( )∇×–∇=

A∇2 A∇2 Ax∇2( )x Ay∇2( )y Az∇2( )z+ += =

∇t
2 n

2
k

2 β2
–+( )e ∇t jβz+( )et ln n

2( )t∇•–=

∇t
2 n

2
k

2 β2
–+( )h ∇t jβz+( ) h×{ } ln n

2( )t∇×=

∇t
2 n

2
k

2 β1
2

–+( )e1 ∇t jβ1z+( ) etl ln n
2( )t∇•( )×–=

∇t
2 n

2
k

2 β1
2

–+( )h1 ln n
2( )t∇( ) ∇t jβ1z+( ) h1××–=

∇
∇

x̂ ŷ, ẑ
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each of these components is directly translatable to a cylindrical coordinate s

without loss of generality. The longitudinal field componentsezl and hzl are also

expressible by means of the coupled equations:

(EQ 3.3-11)

and

(EQ 3.3-12)

,

where the index is translationally invariant. Examination of equations (3.3-9) to (3.3

reveals the reason for the various polarization phenomena, and the complexity o

description for weakly guiding waveguides. Under the weak guidance approximatio

value of the core index of refractionnco and the cladding refractive indexncl are

approximately equal. A more rigorous proof of this is demonstrated in [Saf93] wher

field solutions are used to calculate the amplitude ratios of the longitudinal (axial) 

components to the transverse field components. This is shown to be of order∆1/2 where

. (EQ 3.3-13)

Since ∆<<1, we see that the wave exhibits TEM-like behavior (noez or hz) or

approximately plane wave like behavior, i.e. the medium behaves like it is infinite

homogenous. However for a translationally invariant waveguide with a step profile

RHS of equations (3.3-11) and (3.3-12) vanish in the core and the cladding, but not 

boundary. The general solution of the wave equation in such a case is the solution

familiar Bessel's differential equation, in terms of Bessel functions.

In conclusion, the use of the Scalar Wave Equation (SWE) under the 

guidance approximation to solve for the value of the propagation constant gives o

approximate value, sufficient for all practical purposes. However, the issue of polariz

∇t
2 n

2
k

2 β1
2

–+( )ezl
β

n
2
k

2 β1
2

–( )
--------------------------- ∇tezl ln n

2( )t∇•( )–

µ0

ε0
-----

kβ1

n
2
k

2 β1
2

–( )
---------------------------z ∇thzl ln n

2( )t∇×( )•⋅–=
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2 n

2
k

2 β1
2

–+( )hzl
n

2
k

2

n
2
k

2 β1
2

–( )
--------------------------- ∇thzl ln n

2( )t∇•( )–

µ0

ε0
-----

kn
2β1

n
2
k

2 β1
2

–( )
---------------------------z ∇tezl ln n

2( )t∇×( )•⋅–=

∆
nco

2 ncl
2–
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2

---------------------=
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is not adequately explained. It is not the intention of this thesis to explore the ramifica

of polarization, but to provide a justification for many of the assumptions that mak

analysis more tractable.

3.3.2 The Scalar Wave Equation and the Gaussian Approximation

The calculus of variations is used in the solution of eigenvalue problem

detailed in [Sny81, Gre87, Mat70]. The mathematical formalism is non-trivial, an

suffices to say at this juncture that the intuitive variation of the fundamental mode

distribution is used as a trial function to calculate the largest eigenvalueβ achievable. The

largest value ofβ is that for the fundamental mode, and hence the trial function is

accurate representation of the field solution for the fundamental mode. In the selec

the Gaussian approximation for the analysis of the coupler problem, the selectio

made on the basis of the fact that the formalism allowed use of both arbitrary profi

well as provided closed form solutions for a Gaussian distributed index profile. R

from the arguments in Chapter 2 that the variation of the index profile under conditio

isotropic thermal diffusion is Gaussian-like. This is particularly true for the case whe

infinite medium is considered with a line source [Shi90]. Furthermore, as [Sny81] s

numerical solution of the SWE for the fundamental mode distribution reveals Gaus

like behavior, i.e. with a maximum at the axis of the waveguide (remember that the 

section of the guide is under consideration) and a smoothly decreasing amplitude

radius increases. [Sny81] also goes on to state that the Gaussian approximation is

for the analysis of fibers that have core and cladding materials diffusing into one an

during manufacture. The analysis of the coupler based on the theory developed ab

demonstrated by [Sny83] is presented.

The scalar wave equation for the radial dependence of the electric field redu

the form

, (EQ 3.3-14)

under the weak guidance approximation. The trial solution for the application o

variational principle is:

r
2

2

d

d 1
r
---

rd
d

k2n2 r( ) β2
–+ +

 
 
 

Ψ 0=
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 about
. (EQ 3.3-15)

where r0 is the spot size, where the intensity should be1/e of the maximum. Substituting

equation (3.3-15) into equation (3.3-14) and using the identity

, (EQ 3.3-16)

we see that the resulting stationary expression is

. (EQ 3.3-17)

To remove the dimensional dependence the dimensional parametersU andV are used,

following standard convention in waveguide theory, where

(EQ 3.3-18)

and

, (EQ 3.3-19)

where

. (EQ 3.3-20)

The factorρ here is used as a scaling parameter. A word of explanation is needed

the scaling parameter. We may define a normalized radiusR0 defined as

. (EQ 3.3-21)

Ψ0 r( ) exp
r

2

2r0
2

--------–
 
 
 

=

rF 0
r

2

2

d

d F0 F0 rd
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rd

d
rF 0 rd
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r
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dF0

 
 
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β2
rd
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 
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2
n

2
r( )Ψ2

+
 
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r rd
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∞

∫

r Ψ2
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0

∞

∫
-----------------------------------------------------------------------=

U ρ k
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2 β2
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V
2

U
2

W
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+ 2πρ∆
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--------------= =
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2
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For a continuous index profile the difficulty is in distinguishing between the core an

cladding, i.e. there is no well defined interface. Therefore the scaling parame

adjusted for the Gaussian best fit approximation. The Gaussian profile is unique 

sense that the factor plays the same role as the spot sizer0 in the field distribution for the

trial function. The spotsize is obtained by solving the following equation

. (EQ 3.3-22)

The trial function given by equation (3.3-15) is substituted into equation (3.3-17) to 

β2 and this solution is used in (3.3-22). The value ofr0 is thus obtained. Oncer0 andβ are

known then the values of interest may be calculated from the equations:

(EQ 3.3-23)

and

. (EQ 3.3-24)

These equations are applicable to thex-polarized modes and they-polarized modes are

obtained by the application of duality. Again, it must be emphasized that since the 

wave equation is under consideration, the polarization properties are not strictly refl

The general equation for the index variation for a given profile function is

. (EQ 3.3-25)

The normalization that is effected on the waveguide dimensions involves the sc

parameter

. (EQ 3.3-26)

The equations for the modal parameters are then given by

r0∂
∂β2

0=

Ex exp
r

2

2r0
2

--------–
 
 
 

exp jβz–( )=

Hy

ε0

µ0
-----ncoEx=

n
2

R( ) nco
2

1 2∆f R( )–{ }=

R
r
ρ
---=
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ation

given
(EQ 3.3-27)

and

. (EQ 3.3-28)

For an arbitrary profile the field intensityS can be represented as

(EQ 3.3-29)

and the normalizationN as

. (EQ 3.3-30)

The cutoff frequency is given by

. (EQ 3.3-31)

For the special case of a Gaussian index profile, the equation for the spotsizer0 is given by

substituting the equation for the index variation given by equation (3.3-25) into equ

(3.3-28) and solving to obtain

. (EQ 3.3-32)

3.3.3 Coupled Mode Analysis of Two Parallel Gaussian Index Profile Fibers

For a composite solution of two fibers placed near one another, the profile is 

by

U
2 1
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--------------exp
R
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(EQ 3.3-33)

whereρ1 andρ2 are the scaling lengths and the profilen12 is given by equation (3.3-33)

with the exponential inr2 left out. We then apply equation (3.2-11) to find the coupli

coefficientC. The dominant term in equation (3.2-11) comes from a region close to

axis of the second fiber, i.e.Ψ2 is exponentially small over the core of the unperturb

fiber. To account for this from equation (3.2-9) we see that the general form o

coupling coefficient is

, (EQ 3.3-34)

where

. (EQ 3.3-35)

To reiterate, the following assumption is made:n-n1 vanishes over the core of th

unperturbed fiber (fiber 1), i.e. from equation (3.2-10) and thereforeΨ1Ψ2 is the dominant

term in the numerator. We then substitute for the index terms in equation (3.2-11) to

, (EQ 3.3-36)

as justified above. Next we take advantage of the following identity,

. (EQ 3.3-37)

Using

, (EQ 3.3-38)
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where the value of the scaling parameter is assumed to be equal for both fibers

symmetry arguments, we see that

. (EQ 3.3-39)

Now make the substitution for the field distribution of the second fiber using equ

(3.3-15) where the spotsize is obtained from equation (3.3-32) as

. (EQ 3.3-40)

Note that this is the near field distribution. An important issue may be raised a

juncture.Ψ1 corresponds to the perturbing fiber andΨ2 corresponds to the perturbed fibe

The value of the cladding index decreases exponentially with respect to the core in

we move away from the axis of the waveguide. This is confirmed on the basis o

solution of the diffusion equation. Thus, away from the axis of the perturbing fibe

have to consider the far or evanescent field ofΨ1 especially in the analysis of an optica

fiber coupler where good optical separation has been assumed as a necessary cond

the analysis. Thus it is expressed in more quantifiable terms. The scalar wave eq

when solved for the uniform cladding assumption yields the solution in terms o

modified Bessel functionK0(WR) where all the parameters of interest have been defi

before. Using the large argument approximation of this function we can see the e

exponential behavior whenWR>>1:

. (EQ 3.3-41)

Thus a modification to the Gaussian approximation must be made to calculate the fa

pattern. This may be done by substituting the profile function into the scalar w

equation which is rewritten in terms of the modal parameterW defined earlier in equation

(3.3-20) as well as the index profile representation for an arbitrary fiberf(R) as

. (EQ 3.3-42)
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The value off exhibits a maximum value of 1 in the cladding. Thus the correction he

applicable to the region near the fiber axis where the Gaussian approximation hold

the RHS is significant) and we thus may replace the expression forΨ on the RHS with the

explicit exponential dependence predicted by the trial function given by equation (3.3

Equation (3.3-42) may be rewritten as:

. (EQ 3.3-43)

Using Green's function Methods the following results are presented. The solution 

equation having the form

, (EQ 3.3-44)

whereχ is a function of the radial position across the fiber is discerned by use o

Green's functionG(r,r') of this equation. After suitable boundary conditions are appl

the Green's function satisfies

, (EQ 3.3-45)

given that the positionr' is fixed andδ denotes the Dirac delta function. The solution 

equation (3.3-44) reduces to the integral over the volume for non-zeroχ as:

. (EQ 3.3-46)

For the case of the far field pattern using the scalar wave equation for the Ga

approximation equation (3.3-44) assumes the form

, (EQ 3.3-47)

where the Green’s functionG(R,R’) is given by

(EQ 3.3-48)
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From equation (3.3-46) we see that the solution is

(EQ 3.3-49)

.

χ(R') is of the form of the RHS of equation (3.3-43). The key point to note here is tha

second integral's contribution away from the fiber axis is negligible due to ea

arguments and hence may be neglected. The far field pattern forΨ1 is then given by

. (EQ 3.3-50)

For the Gaussian profile where the index variation is given by substituting into equ

(3.3-25) as

, (EQ 3.3-51)

 we get

. (EQ 3.3-52)

The expressions forΨ1 andΨ2 are substituted into equation (3.3-39) as

(EQ 3.3-53)

.

Now the formula

(EQ 3.3-54)

Ψ r( ) K0 WR( ) I 0 W R'( )χ R'( )R'dR'

0

R

∫–=

I 0 WR( ) K0 W R'( )χ R'( )R'dR'

R

∞

∫–

Ψ R( ) V
2
K0 WR( ) R' 1 f R'( )–{ }I 0 W R'( )exp

R'
2

2R0
2

---------–
 
 
 

dR'

0

R

∫≅

f R( ) 1 exp R
2

–( )–=

Ψ1 R( ) V
2

V
2

1+
----------------K0 V 1–( )R( )exp

V 1–( )2

2 V 1+( )
---------------------

 
 
 

=

C
2∆
ρ

----------- V
3

V 1–( )
V 1+( )

------------------------exp
V 1–( )2

2 V 1+( )
---------------------

 
 
 

⋅⋅=

K0 V 1–( )R1( )exp
V 1–( )2

2
--------------------R2

2
–

 
 
 

R2dR2dφ2

0

∞

∫
0

2π

∫

K0 ar1( ) mφ1( )cos p( )K p m+ ad( )I psgn
p ∞–=

∞

∑= ar2( ) pφ2( )cos
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take
is applied. This nomenclature applies to that described by Fig. (3.2-1). Note that we m

to be zero and that once the integration is performed overφ2, the resulting terms of the

form sin(p)/p vanish except whenp is zero. Therefore equation (3.3-53) reduces to

(EQ 3.3-55)

.

Now the formula

(EQ 3.3-56)

may be used to evaluate the integral so that equation (3.3-55) reduces to

. (EQ 3.3-57)

C
2∆
ρ

----------- V
3

V 1–( )
V 1+( )

------------------------exp
V 1–( )2

2 V 1+( )
---------------------

 
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V 1–( )d

ρ
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 
 
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⋅⋅=
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2
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2
–

 
 
 
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∞

∫

zI0 bz( )exp a
2
z

2
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0

∞

∫ exp b
2
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------------------------------=
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ρ
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3
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------------------------exp
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 
 

K0
V 1–( )d

ρ
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4   Evaluation of the Model

4.1  Comparison of the Gaussian Approximation with the Step Index
Approximation

The motivation to look at two different ways of modeling the coupling beha

arises from the fact that two types of coupling behavior are generally exhibited. For 

Biconical Tapered (FBT) couplers, the predominant method of manufacture, it is

uncommon to have the coupler go through multiple power exchange cycles [McL8

the course of its fabrication. The predominant coupling mechanism there is the red

in core size, as evidenced by the elongation of the interaction region. The tapered 

can grow by up to 200% in some cases. The action has been successfully modeled 

as the field spreading due to a decrease in the value ofV driven by the core size reduction

The index values are assumed to remain constant.

This analysis is no doubt appropriate for thestrong coupling regime, where

multiple power exchange cycles are exhibited. However, the intention of this evalu

was to examine theweak couplingregime, as an alternative means of coupler manufact

This would imply on the order of one crossover. Practically, to enforce this,

assumption that the core sizes do not change had to be ensured. To do this, a s

designed platinum wirePac-Man furnace (see Fig. 4.2-2) was used to diffuse the fib

The increase in taper length was restricted to 20%.

Other authors [McL88] have investigated the phenomenon of diffusion for

tapered coupler in the weakly coupled regime with some success. However, to the 

the author’s knowledge, the question of fabrication of a non-tapered coupler (pract

this is difficult to enforce; an increase in length about 20 percent is anticipated due 

axial stress that needs to be maintained to ensure that the minimum taper region d

buckle while being heated) has not been investigated. One way to analyze this woul

extend the model due to [McL88] for the non-tapered coupler. This is attempted i

following section on thestep index approximation. Initial investigations raised question

on the applicability of this model, and it was decided that thegaussian approximation

would be a more suitable candidate for this analysis. This is due to the fact th

gaussian approximation enables the use of a scaling parameterρ on the radius of the fiber

This is important as it couples the decrease in index (and consequent change in tstep
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index delta) to the varying effective radius. No clear cut core-cladding interface exists

minimum and maximum values may be used in conjunction with the scaling parameρ.

This approximation is verified by evaluating the spot-sizer0 in the Gaussian

approximation and using this as an indicator ofρ as demonstrated in section (4.1.3) belo

4.1.1 The Step Index Approximation

Since diffusion is a mass transport phenomenon, we know that the mass 

diffusing substance remains constant. Consider a cylindrical structure as shown in Fi

1).

FIGURE 4.1-1 Cross-section of an optical fiber showing the radius post and pre-diffusion

 The volume of the inner region over a heightz, defined as our coupling interactio

length, is given by

(EQ 4.1-1)

whereM denotes the volume anda0 is the radius of the core. Given that the mass rema

constant, we see that there is a change in the density corresponding to the increased

after diffusion. Using the expressions for density, and equating the masses we s

ao

a

M πa0
2
z=
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before diffusion and after diffusion, we may write

(EQ 4.1-2)

or

(EQ 4.1-3)

whered0 andd are the densities before and after diffusion and a is the new core radius

we may get an indication of the various densities from the numerical simulation o

diffusion equations shown for various times in Fig. (4.1-3) for aGe doped matched clad

fiber, based on equation (2-3-4). The first 95 terms of the roots of the Bessel functio

taken to ensure stability of the solution. The peak concentration, which is proportio

the dopant concentration, is an indication of the density. Strictly speaking, this is true

for a step index profile, but can be applied to the Gaussian profile since solution

insensitive, under the equal profile volume concept [Sny83], to profile volume chang

the first order. We then calculate the new values of the core radii and use these

calculation of the various coupling coefficients

4.1.2 Formulation of the Step Index Crosstalk Expression.

These results are shown without proof and can be found in any standard tex

on optical waveguide theory [Ada81]. [Sny83] presents the coupling coefficient defin

a manner similar to that in Chapter 3 as

(EQ 4.1-4)

for crosstalk between two identical (or very nearly so) fibers, where all the paramet

interest have been defined before.d in this case is the separation between the fibers

shown in Fig. (4.1-2).

πa
2
zd πa0

2
zd0=

a a0

d0

d
-----=

C
2∆
a

-----------
U

2
K0 Wd a⁄( )

V
3
K1

2
W( )

-----------------------------------⋅=
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FIGURE 4.1-2 Coordinate System for Crosstalk Analysis

Note that the solution for the value ofU requires that the eigenvalue equation given by

(EQ 4.1-5)

where

(EQ 4.1-6)

and

(EQ 4.1-7)

is satisfied.

We solve fork0a from the expression

d

n1(x,y)

n2(x,y)

ncl

z

z

r1

r2

y

y

x

x

J0 U( )
UJ1 U( )
--------------------

K0 W( )
WK1 W( )
-----------------------=

U k0a nco
2 β2

–=

W k0a β2
ncl

2
–=
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nt. A

 Thus,

ainst

based
. (EQ 4.1-8)

The eigenvalue equation is solved numerically for the propagation consta

combination of the bisection method and a variation of Newton's Method was used.

for V=1.5, Fig. (4.1-7) plots the variation of the dimensionless parameter  ag

d/a whered is the separation between the fibers anda is the core radius. As the diffusion

proceeds, the core radius increases.

FIGURE 4.1-3 Variation in the Index Profile for Heating Times of 100s, 1000s and 10000s.

The values of the index as a function of heating time are shown in Fig. (4.1-3) 

on parameter values set as detailed in the section below.
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4.1.3 The Gaussian Approximation

For evaluation of the gaussian approximation, the field solution is given

equation (3.3-23). In order to compare the step index approximation with the gau

approximation, the similarity between the spotsizer0 and the scaling parameterρ is

exploited. We equate the radial functionf(R) to the concentration distributionC predicted

by equation (2.3-4) where,

(EQ 4.1-9)

for germania doped fibers and

. (EQ 4.1-10)

Thus the coupling coefficient is given by

. (EQ 4.1-11)

We know from equations (4.1-10) and (2.3-4) that

. (EQ 4.1-12)

From equation (3.3-25),

. (EQ 4.1-13)

We solve for the value of the spotsize from equation (3.3-28) and the formula

, (EQ 4.1-14)

to get

. (EQ 4.1-15)
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When equation (3.3-28) is applied, note that the order of integration 

summation is changed. This is valid as the infinite series representation off(R) given by

equation (4.1-2) is convergent. We see this by the application of theWeierstrass M-test. It

is well known that the exponential function of a real variable has a greater ra

convergence than any power of that variable. When we consider the function repre

by the terms involving the Bessel functions, it is possible to bound these by the mod

J0(x) and J1(x) and observe that the series are convergent. Alternatively, the s

expansion ofJν(x) [Abr70] could be used to apply the ratio test, to prove the same re

The mathematical details are neglected for brevity. A simple application of the ratio t

study the absolute convergence of the series was attempted, and proved. A satis

evaluation of the summation was found to work over the first 95 terms of the zeros 

function:

. (EQ 4.1-16)

One important factor was the error analysis in the function evaluation. Nume

results for the error analysis of equation (4.1-16) are shown in Fig. (4.1-4).

FIGURE 4.1-4 Percentage Error in the Root Evaluation
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Note that the error is greater for the initial zeros, but this was acceptable in th

significant changes in the analysis was evidenced by further improvements in the 

We are interested in the behavior of a series having the general form of theDini

Expansion:

(EQ 4.1-17)

where

, (EQ 4.1-18)

and we are interested in the behavior of the series as . The series passed t

test for an acceptable value ofε and the trade-off between computer speed and error 

made. The coefficientbn is expressible in integral form, and the analytical evaluation is

carried out as numerical methods are more tractable.

The next step was to examine the time evolution of the index variation as pred

by equation (4.1-13) for the parameters described above. Diffusivity data in the lite

is scarce and one reference [Kra86] was chosen for the value ofD. Since the coupling

interaction length is fixed, any power oscillations predicted by the theoretical result

have to include the time factor. The diffusion coefficient is temperature dependent a

follow the assumption due to [Bot88] that the variation is an Arrhenius relationship g

by

, (EQ 4.1-19)

whereD is the diffusion coefficient,Do andK constants found by experimental fits t

measured data [Kra86] and measured data andT is the absolute temperature in degre

kelvin (K).

bnJ1 λn a b⁄( )( )
n 1=

∞

∑

λn bαn=

n ∞→

D( )log D0( ) K
T
----–log=
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FIGURE 4.1-5 Variation of the Diffusion Coefficient for GeO2 in SiO2 with Temperature

This is indicated for germania in Fig. (4.1-5), whereg = 3.34102 x 104 andlog(D0)

=  6.273. A value oft = 100 seconds andD = 1 x 10-15 m2s-1 is used. Perturbation analysi

revealed that the small variation inD does not impact the variation in the couplin

coefficient, especially for larger values of time. Using these parameters, the 

variation was computed for different values of time, spaced an order of magnitude 

i.e. 100 s, 1000 s and 10000 s. This is indicated in Fig. (4.1-3). For the purpos

simulation, core and cladding indices of 1.45 and 1.44 were assumed as typical val

pure Germania core was also assumed, as this is the most common fiber type 

coupler manufacture.

The next step was to solve equation (4.1-15) numerically to evaluate

normalized spotsizeR0. We defined the spotsizer0 as given by the field solution in

equation (3.3-15) where the normalized spotsize is given by equation (3.3-21). 

gaussian best fit, the value of the spotsize given by equation (4.1-15) is normalize

hence the radius of interestb, has to be normalized by the same parameterρ using

equation (4.1-10). The value of the parameterV is fixed. This is not unreasonable as can
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demonstrated from physical arguments. For fibers of smallV, the spread of power is non

negligible away from the fiber axis. Simulations on the time of interest (i.e. the diffu

times) and the values of diffusion coefficient reveal a negligible variation in delta fo

valueV, defined as

. (EQ 4.1-20)

Thus V remains substantially constant over the range of heating times

diffusion coefficients, even though the profile shape may change considerably, an

safe to assume that the fundamental mode uniquely exists and therefore the the

developments in Chapter 3 are applicable. Under the Gaussian approximation,V has to be

greater than 1, yet for single moded operationV should be less than 2.592 [Sny83]. Th

thesis concentrates on a value ofV=1.5 though any appropriate number in the op

interval (1, 2.592) could have been chosen. Using this value ofV the RHS of (4.1-15) is

evaluated and plotted in Fig. (4.1-6).

FIGURE 4.1-6 1/V2 as a Function of the Spotsize (ro/b)
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This shows the solution for the limiting value ofρ that ensures a solution to th

equation forV=1.5. This is of course a two valued function as expected (i.e. there ar

roots, and hence two values for the normalized spotsize). The scaling parameter

dependent variable on which basis the equation is solved. We may consider the s

for other values ofV, on the basis of experimental evidence, for the weakly coupled c

but restrict consideration toV=1.5 in the absence of a near field scan of experiment

generated data from the cross-section of a fiber across its minimum taper regio

value of the scaling parameter thus obtained for the Gaussian best fit approximatio

4.2373.

FIGURE 4.1-7 Coupling parameter variation with d/ρ for Gaussian Approximation (-) and Step
Index Approximation (+)

Finally, within the gaussian approximation the coupling coefficient predicted 

calculated using equation (4.1-11). This is plotted in Fig. (4.1-7) along with the re

predicted by the equivalent step index approximation. As is shown there are about

orders of magnitude difference in the result.
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4.2  Experimental Verification of the Model

The theoretical analysis of coupler manufacture is complicated for a varie

reasons. The proof of the pudding in terms of experimental verification of any prop

model is inherently hampered by the fact that a multiplicity of factors are invol

Isolating the effects of any one process requires that controlled environments are re

which is difficult to enforce in practice. Based on experimental observations, three m

problems are encountered in the manufacture of coupler using the dopant dif

technique. First the problem of maintaining good contact between two fibers wi

overheating of the twists, if the fibers are twisted together before diffusion, has 

solved. This was done by twisting the fibers initially to fuse them together quickly usin

oxy-propane torch. Then the twists are removed. This is a process that has to be do

carefully as the taper region is extremely fragile. The initial length is fixed at this stag

The second problem requires that there be an approximately constant tempe

spread across the coupling interaction length. This is achieved by heating the co

interaction length in a specially designed diffusion furnace as shown in Fig. (4.2-1).

is constructed using a ceramic shell with a coil former to hold a platinum wire heating

Insulation is provided using glass wool packing. Ideally, all such experiments should

been done in an evacuated chamber. Also temperature measurement should be do

a pyrometer. The coupling interaction region should be coated with carbon to im

emissivity. However as this was a proof of concept experiment, it was decided th

fibers could be exposed to air.

Thirdly, a constant axial stress should be applied to the fibers during diffusion

purpose of this is to accelerate the diffusion process [McL88] as well as to ensure th

fibers do not sag during the diffusion process. However the stress should not tap

interaction region. In practice this is difficult to enforce. As we were looking for

interaction length of 6 mm to ensure adiabaticity, the initial length was fixed at 5 mm

the coupling interaction region was allowed to grow to 1 mm to compensate for sag.
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FIGURE 4.2-1 Block Schematic of Pac-Man Diffusion Furnace

This was done using a fiber tapering station shown in Fig. (4.2-2).

FIGURE 4.2-2 Coupler tapering Stage used to Support Fibers during Diffusion [Vup94]
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This consists of two travelling position stages driven by a dc motor. The relative pos

of the stages can be adjusted along a rail and a foot pedal controls the motor opera

human operator controls the sag of the fibers during diffusion.

Experimental verification of the model was attempted using step indexGeO2 doped

SMF at 1.3µm. Fiber type SMF-028 manufactured by Corning Glass Works, Corn

New York was used. A block diagram of the system is indicated in Fig (4.2-3). Powe

monitored on a 4 port UDT S390 optical power meter with data acquisition sup

provided by a GPIB/IEEE-488 bus to read power at 1 second intervals.

FIGURE 4.2-3 Block Diagram of the Experimental Setup

A number of single mode 2x2 couplers were made on a coupler station that al
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tapering control. A 1.3µm laser diode source was used, and the wavelength dependen

the source was measured using a white light source and an optical spectrum analyz

platinum wire diffusion furnace was used to diffuse the fibers. Based on the 

survivability over extended periods of heating at high temperatures, as well as the

variation simulations (Fig. (4.1-3)) a maximum diffusion time of 1000 seconds was tho

to be practicable. This has been borne out in actuality. The experimental details are

photographically in Figs. (4.2-4) and (4.2-5).
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FIGURE 4.2-4 View of the Diffusion Furnace and the Tapering Stage
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FIGURE 4.2-5 View of the Diffused Coupler mounted on the Tapering Stage
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4.2.1 Procedure

Normally when Fused Biconical Tapered Couplers are manufactured, the fibe

twisted together prior to fusion. This ensures that the fibers remain in intimate cont

the fusion process proceeds. It is fairly well known [Gun94] that the primary coup

mechanism is due to the tapering action, and that the losses in the twists are neg

However, if the twists are diffused, then the localized variation of the index at the t

causes the loss of the inherent parallel waveguide structure, due to dopant diffusio

the twists exhibit considerable losses. Initially, the experiments were done using tw

it was hoped that the coupling due to dopant diffusion would manifest itself over a 

time interval, before the excess losses rendered the coupler useless as the d

proceeded. The next series of experiments were done with the removal of the twists

initial contact had been made due to the fusion of the fibers. This is fairly arduo

achieve in practice as the glass becomes extremely brittle at the twists. Howev

expected, complete power transfer was achievable when this was done.

The initial length of the interaction was fixed at 5 mm and increased to 6 mm a

fibers were pulled. Tapering was stopped after 6 mm was reached. The throughpu

throughput fiber split was approximately placed at 60%/40%. A figure of 6 mm 

decided on to ensure that the tapering would be adiabatic, as according to [Lov87] a

of 3 mm is needed for a single taper to be adiabatic for standard 1.3µm

telecommunications grade fiber. Furthermore, on diffusion, the adiabaticity cond

would be further improved due to the increased core broadening. The interaction 

was then heated in the platinum wire furnace at 1200 C. While care was taken to 

that the finite ramp time of the heating was accounted for, including minimizatio

thermal shock effects on the furnace, it must be borne in mind that the temperature

are not precise. It is suggested that any future experiments that conducted be done

pyrometer, and that the coupling region be placed in a vacuum and coated with car

improve the emissivity of the minimum taper region. An approximately three mi

transportation lag was found to exist for a step change in voltage in the autotransf

control voltage.
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4.2.2 Experimental Results

Two experiments that were considered representative of the results achiev

presented, and the time evolution of the coupled power is examined to elucida

coupling behavior. The first type of experiment with the twists in place is indicated in

(4.2-6) and is an example of the twisted diffused coupler detailed above. The results

second type of experiment (i.e. without twists) are indicated in Fig (4.2-7).

Figs. (4.2-6) and (4.2-7) show the variation of coupled power in the various arm

two single mode couplers. Fig. (4.2-6) shows variation in the coupled power for a co

made with twists according to the above procedure, at 1200 C. After about 375 seco

was seen that the effects of diffusion become pronounced. The coupler goes throu

crossovers, and after about 600 seconds the excess loss starts dominating to the poi

it was decided that continuation of the coupler manufacture would be of little use.

behavior is attributed due to the dopant diffusion at the point where the fiber is tw

[Gun94] and the coupler begins to become very lossy. Note that the coupler's crosso

not exhibit total power transfer, signifying weak coupling. The process of the cross

takes place in about 50 seconds, indicating a sinusoidal variation in power coupled 

period of about a 100 seconds. Insufficient data exists to draw further valid conclu

about the coupling mechanism, due to the inability of the experimentalist to obtain 

profiles showing the concentration as a radial function of distance across the co

region.

The next series of experiments were attempted with removal of the twist. Fig.

7) shows the variation in powers for the first 600 seconds. Note that the cou

mechanism seems much weaker than that for the previous case. This is felt to be du

removal of any tension on the fiber due to the untwisting process. However, the exce

remains fairly constant proving that the twist was responsible for the higher losse

[McL88] theorizes, the slower diffusion may be due to the fact that stress accele

diffusion. However, the process is not well understood and the behavior of vitr

materials at elevated temperatures is not the focus of this thesis. An interesting p

note, as illustrated in Fig. (4.2-7) is that almost total power transfer has taken 

Extreme bend sensitivity is noted at points approximately 75, 175 and 275 seconds 

°
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tion of

on the

ndex

ening

nfinite
(4.2-8) on the twisted coupler. This is due to the sagging of the fiber, and the interac

the operator in order to ensure that sufficient axial tension was present. However, 

introduction of an external perturbation to the coupling region, in terms of an i

differential, no change in the power is noted. This seems to signify that the core broad

has made the coupler extremely sensitive to bends, but the assumption of an i

cladding is still valid.

FIGURE 4.2-6 Measured Time Evolution of a 2x2 Single Mode Coupler; Top Trace is the Sum of
the Branch Powers.
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FIGURE 4.2-7 Time Evolution of a Coupler with Removal of the Twists

FIGURE 4.2-8 Bend Sensitivity of the Coupler in Figure (4.2-6)
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4.3  Comparison of Experimental Results and Theoretical Results

As we are looking at the weak coupling regime, we are interested in the beh

the coupler exhibits over one crossover. It follows from this that if we define the 

length as the distance over which one complete power exchange cycle takes place, 

knowing the interaction length we can predict the coupling coefficient required for

beat length. It is important to note that we are predicting the time evolution of the co

and relating it to the spatial variation in the index distribution. This is valid only if the t

constants are such that uniformity in C can be expected in relation to the overall ti

diffusion. Thus the selection of the time of diffusion is paramount. Earlier studies 

used different fiber types at different temperatures and different times of diffu

[Kra86] diffused fiber sections for relatively shorter periods of time (tens of seconds

higher) at higher temperatures while [Bot88] did this at lower temperatures for lo

periods of time (tens of minutes), albeit for a different dopant. We selected a 

intermediate between the two. We were interested in the behavior of a coupler o

typical range of 100 seconds based on our numerical simulations. Examination of th

gathered above revealed that the Gaussian approximation could be used to gen

value of C consistent with that generated experimentally as shown in Fig (4.3-1).

As is seen, the behavior, while not perfect predicts the time evolution of

coupler fairly well from qualitative arguments. The initial change in behavior can

attributed to the sagging of the fiber and the intervention of the operator to correct t

detailed in the section (4.2.2) above on bend sensitivity. The deviation in the latter 

is due to the breakdown of our inherent assumption that the time constant is favo

This is akin to saying that the assumption that thed/ρ ratio in equation (4.1-11) is

relatively constant breaks down. Further modeling of this phenomenon would re

experimental verification of the linearity (or lack thereof) of the behavior.
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FIGURE 4.3-1 Theoretical and Measured Variation in the Normalized Coupled Power using the
Gaussian Approximation.

As regards the step -index approximation, it is easy to see that there are arou

or three orders of magnitude difference in the value of C predicted by the Gau

approximation, and hence application of those results are questionable. The 

arguments about the validity of the Gaussian model are further enhanced by a 

correlation analysis of the theoretical and practical data. The correlation coefficient

value of 90.14% for the data shown in Fig. (4.3-1), which enables us to have stat

confidence in our model. This is true only if the regions where the deviation from

actual behavior due to the reasons detailed above is neglected from the analysis

regions where the deviant behavior is included, the correlation coefficient drop

33.93%, but this is expected as the Mean Squared Error (MSE) is large for the initia

of the curve.
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5   Conclusions
A novel technique for the design and analysis of single mode optical fiber couplers

has been presented. While it is not possible at the present stage of experimental

verification to state that the model is accurate enough for practical applications, the

qualitative evaluation of the model seems to suggest that it shows promise. Future work

needs to refine the numerical analysis to account for the variation of some of the other

parameters like the effect of axial stress on the diffusion constant. These are issues that

need to be addressed by a materials engineer. However, if it becomes possible to predict

the time evolution of the coupling process to within the required accuracy, this will mean a

significant reduction in the labor required to manufacture couplers. One issue that has not

been examined in great detail is the wavelength dependence of such couplers. Promising

results may be achieved insofar as the WDM capabilities of the couplers are concerned.

The possibility of accurate index profiling on the coupling region would be of great benefit

in further testing of the model.
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