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Preface and Acknowledgments

The rapid acceptance of fibre optics technology in commercial systems

applications has brought forward an increased need for guided wave

optical components (passive and active) which permit coupling,

multiplexing and demultiplexing, switching and distributing of light

signals propagating in optical waveguides. Optical components such as

light sources fibre couplers, splices, connectors, directional couplers,

multiplexers, switches and modulators are essential elements for

transmission and sensing systems. Splices and connectors between

fibres are important because splice losses remain a factor of primary

importance in existing and future fibre optics network design.

In the search for simplicity, all-fibre components associated with

optical functions have recently received considerable attention, mainly

because of the strong potential benefits such components may play in

the field of light wave technology, including optical fibre communica-

tions, opto-electronic signal processing and optical fibre sensing.

Devices constructed from optical fibres may have advantages such as

low insertion loss due to circular symmetry.

Our purpose in this book is to provide an overview, focused on

those all-fibre devices that are already available or have the greatest

potential for providing improved performance. We have not attempted

to catalogue all the variations that have been proposed, but we

describe their physical principles and the results, and we give some

applications. It should be emphasized, however, that most of the

components and devices are still in the laboratory stage.

We have also tried to provide references to guide the interested

reader to more detailed studies, but we have not attempted to quote

all the technical contributions that have advanced the field to its

present stage.
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Introduction

The new technology of optical low-loss transmission has the

advantages of large information carrying capacity, immunity from

electromagnetic interference and small size and weight. The optical

fibre has become the medium for communications not only for

transoceanic communication, but also for local industrial networks.

Fibre optics systems represent the largest growing market in the

electro-optic industry. The major fibre optics applications include

telephones, cable TV, industrial automation, sensors and computers.

Many textbooks and monographs on optical fibres have been

published throughout the development of low loss optical fibres. Most

of these have been devoted only to the theoretical aspects of optical

waveguides. The book describes major components, including aspects

of linear and non-linear optics. It discusses in detail optical fibre

devices in the present state of development.

Likewise, micro-optic components and integrated optical compo-

nents, which are based on forming patterns of optical waveguides on

the surface of a planar substrate, are not covered here, as reviews of

recent development in the fabrication and performance of these optical

components have been published elsewhere.

Chapter 1 is devoted to a description of optical fibres and their

characterization. We also give some explanation of the methods used in

the realization of these devices. In the second chapter we examine the

problem of splices and connectors.

The more usual devices using linear effects are described in

Chapter 3 and devices using polarization effects in Chapter 4.

In addition, optical fibres can be utilized not only for their

transmission characteristics, but also as non-linear devices. A

significant aspect described in Chapter 5 is the use of non-linear

optical effects in order to provide special useful optical device functions

xiii



such as optical gating and switching, optical pulse shaping and short

pulse generation, which may find interesting new applications in

future optical signal transmission, signal processing or optical sensing

systems.

Fibre optical amplification and lasers using doped fibres are

treated in Chapter 6.

Finally, Chapter 7 is devoted to the synthesis of the most

significant devices described in this book and to recent developments

promising important future applications.

xiv Introduction



Chapter 1

OPTICAL FIBRE AND PROPAGATION

To understand the way optical fibre devices work, it is necessary to

study some basic concepts of optics and physics. This chapter is

intended to introduce these ideas to those who may not have studied

the field, and to review them for those who have. The reader is urged to

seek additional information in the references at the end of this Chapter

(Jeunhomme 1988, Miller et al. 1986, Miller and Kaminov 1988,

Neumann 1988, Marcuse 1974, Adams 1981, Snyder and Love 1983,

Vassallo 1991, Kapany and Burke 1972, Senior 1992). Reviews of the

development, fabrication and performance of optical components

(Stolen and De Paula 1987, Goure et al. 1989, Noda and Yokohama

1988, Dakin and Culshaw 1988, Dakin and Culshaw 1989) and sensing

systems (Culshaw 1984, Jones 1987) have been published.

1.1 GEOMETRY AND CHARACTERISTICS OF OPTICAL FIBRES

The visible light by which we see the world around us is part of the

range of electromagnetic waves, which extends from radio frequencies

to high-energy gamma radiation. These waves are formed by electric

(E) and magnetic (H) fields, which propagate through a vacuum or a

dielectric medium with a wave vector k (see Figure 1.1). They have as

their most distinguishing features their frequencies n of oscillation.

The light speed c, the frequencies of oscillation n and wavelengths in

empty space l are connected by:

l ¼ c=n ð1:1Þ

c ¼ 36108 ms�1. The wave vector is defined by:

k ¼ ð2p=lÞe3 ð1:2Þ

1



where e3 is the unit vector in the direction of propagation. The

wavelength range for visible light is from 400 nanometres (nm) to

about 700 nm (1 nm¼ 1029m). In the technology optical fibres, the

most useful sources of electromagnetic radiation operate in the visible

or in near infrared region at wavelengths around 800 and 1500 nm.

1.1.1 Refraction and reflection of a light ray

In most simple cases, the results of the interaction of an electro-

magnetic wave with an isotropic and homogeneous medium can be

expressed in terms of a single number n, the refractive index of the

medium. The refractive index is the ratio of light speed c in empty space

and the light speed v in the medium.

n ¼ c=v ð1:3Þ

The refractive index is always greater than 1, since the speed of

light in a medium is always less than in empty space. In glass, it varies

from about 1.4 to about 1.9, in gallium arsenide (GaAs) it varies from

3.5 to 3.7.

In an isotropic homogeneous medium, the refractive index is

constant in space and light travels in a straight line. When the light

meets a variation or discontinuity in the refractive index, the light rays

will be bent from their initial direction.

Where the refractive index within a material varies, the behaviour

of the light is governed by the index change in space. If the change of

refractive index is abrupt, as in the boundary, between air and glass,

the change in direction is governed by the laws of geometrical optics

Figure 1.1. Scheme of an electromagnetic wave in a homogeneous medium: E

electric vector; H magnetic vector; c speed in empty space; k wave vector.
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(see Figure 1.2). If y0 is the angle of incidence between a ray and a line

perpendicular to the interface at the point where the light ray strikes

the interface, then:

. the three rays (incident, reflected, refracted) are in a same plane,

. the angle of reflection y 0
0 also measured with respect to the same

perpendicular, is equal to the angle of incidence y0 : jy0j ¼ jy 0
0j

. the angle y of the transmitted light is given by the relation:

n0 sin y0 ¼ n sin y ð1:4Þ

The second of these propositions is known as the law of reflection;

the third as the law of refraction or Snell’s Law.

If now rays in glass (index n) are incident on the interface at a

range of angles (see Figure 1.3), ray 1 is refracted into air. Ray 2 is

incident at an angle such that the refracted angle in air is 908. If the

angle of incidence of ray 3 is larger than y2, all light is reflected back

into the incident medium, and no light enters the second medium.

Nevertheless, in this last case, the electromagnetic field does not

entirely vanish in the second medium. There is in fact a small flow of

energy across the boundary. This energy induces a non-homogeneous

wave which falls off exponentially with the distance x in the second

medium from its boundary.

Figure 1.2. Snell’s law. Reflection and refraction of light at air–glass

interface.
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There is thus a penetration depth of the wave which vanishes very

rapidly and is called an evanescent wave. Although there is a wave in

the second medium there is no energy corresponding to it. (This can be

verified by calculating the Poynting vector in the second medium: its

average is zero). There is no light actually transmitted into the second

medium. The light is said to be totally internally reflected. For all

angles of incidence greater than this critical angle, total internal

reflection will occur. This critical angle occurs for the angle of incidence

at which the transmitted ray is refracted along the surface of the

interface (the case illustrated by ray 2). Setting the transmission angle

equal to 908, the critical angle yca corresponding to y2, is found from the

relationship:

sin yca ¼ n0=n ð1:5Þ

To understand the behaviour of light rays at the interface, let us

talk in terms of wave propagation. The incident ray is associated with

an electromagnetic wave of three vector components (E0, H0, k0). k0 is

the propagation vector in the medium of refractive index n0 and the

lines of force corresponding to k0 are represented by the ray

fjk0j ¼ 2pn0=l ¼ o=v0g. E0 and H0 are the electric and magnetic

vectors in the same medium.

Figure 1.3. Illustration of total internal reflection for ray 3 (ray 1 is

transmitted).
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In the general case, the propagation vector k0 (or the incident ray)

is not necessarily in a direction perpendicular to the interface plane.

This ray is said to be at oblique incidence. So the electrical field vector

E0 is not always in the plane including the propagation vector k0 and

the direction perpendicular to the interface, named the incidence plane

(x, z) and represented on Figure 1.2. To see the behaviour of electrical

field E0 at the air-glass interface, E0 has to be decomposed into two

parts; one component in the incidence plane (x, z) which will be noted

EP and one component perpendicular to the incidence plane (x, y) noted

EN. This decomposition is equivalent to separation of the incident wave

into a TM wave (transverse magnetic) and a TE wave (transverse

electric).

The reflected and transmitted fields can be completely known and

if y0 6¼ 0 the coefficients of the field amplitude reflection are given by:

rP ¼ �ftanðy0 � yÞ= tanðy0 þ yÞg

rN ¼ fsinðy� y0Þ= sinðyþ y0Þg ð1:6Þ

where y0 and y are the incident and refracted angles. Coefficients of the

field amplitude transmission can be also defined.

For the particular case of normal incidence (y0 ¼ 0) the normal

component is zero because the electric field is in the incident plane. In

this case, the amplitude reflection coefficient is then reduced to the

parallel component expressed by:

r ¼ ðn0 � nÞ=ðn0 þ nÞ ð1:7Þ

and for the optical power reflection coefficient R (also known as the

Fresnel reflection coefficient), we find:

R ¼ ½ðn0 � nÞ=ðn0 þ nÞ�2 ð1:8Þ

and the optical power transmission coefficient T (or Fresnel transmis-

sion coefficient) is:

T ¼ 4 n0 n=ðn0 þ nÞ2 ¼ 1� R ð1:9Þ

1.1.2 Optical fibre

An optical fibre is a circular waveguide consisting of dielectrics of low

optical loss. It comprises a central portion known as the core,

surrounded by a cladding material (see Figure 1.4). The core has a

refractive index n1 higher than the refractive index n2 of the cladding.

It is used as a transmission medium for guided optical waves. The

cladding is covered with protective plastic sheathing. The energy is

carried partly inside the core and partly outside. The external field

Geometry and characteristics of optical fibres 5



decays rapidly to zero in the direction perpendicular to the propagation

direction. Because the refractive index of the core is slightly higher

than the cladding one, total reflection of most optical rays within the

core occurs. Hence rays will be continuously reflected and travel a long

distance within the fibre if they remain close to the axis and if they do

not encounter sharp bends.

1.1.3 Step index multimode fibre

This consists of a homogeneous core of refractive index n1 surrounded

by a cladding of slightly lower refractive index n2 (see Figure 1.5a). If r

describes the radial distance from the core centre and a the core radius

nðrÞ ¼ n1 a 
 r 
 0

nðrÞ ¼ n2 r > a

The relative index difference D is given by:

D ¼ ðn2
1 � n2

2Þ=2n2
1 ffi ðn1 � n2Þ=n1 ð1:10Þ

Light is guided by total internal reflection. This is the oldest fibre

type. D is of the order of 1% or less for fibres based on fused silica. The

core diameter (50–500 mm) is important. Several other fibre kinds are

also available such as burried step profile fibres.

1.1.4 Graded index multimode fibre

Earlier it was noted that light rays can be deflected by variations in the

refractive index of a medium as well by encountering an abrupt

interface between two indices. In these fibres the light is not guided by

total reflection but by a refractive index gradient (see Figure 1.5b). The

Figure 1.4. Schematic representation of an optical fibre.
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optimum index profile is near-parabolic. If r describes the radial

distance from the core centre, n1 the refractive index at the core centre,

a the core radius, the refractive index profile is:

nðrÞ ¼ n1 1� 2D
r

a

� �ph i1=2
r < a

nðrÞ ¼ n2 r > a

ð1:11Þ

r2 ¼ x2 þ y2, x and y being the transverse coordinates. The parameter p

is characteristic of the doped profile.

For a step-index profile

p ¼ 1 for r < a

p ¼ 0 for r > a

If p ¼ 2 the index profile is parabolic.

Figure 1.5. (a) Step-index fibre, (b) graded-index fibre.
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1.1.5 Numerical aperture

The numerical aperture, (NA) is a parameter defining how much light

can be collected by an optical system, which may be an optical fibre or a

microscope objective. It is the product of the refractive index of the

incident medium and the sine of the critical angle.

NA ¼ n0 sinðycaÞ ð1:12Þ

In most cases, the light is incident from air and n0 ¼ 1.

The numerical aperture of a step-index fibre is given by the

critical angle yca, which can be used to find the size of the light cone

that will be accepted by an optical fibre. In Figure 1.6 a ray is

drawn incident on the core-cladding interface at angle a comple-

mentary to angle yc where yc þ a ¼ p=2. Then, if a corresponds to the

critical angle yca, we have:

NA ¼ sin yca ¼ ðn1
2 � n2

2Þ1=2 ð1:13Þ

When D is very small (weakly-guiding approximation), the NA is

given approximately by:

NA ffi ð2n2
1DÞ

1=2 ¼ n1ð2DÞ1=2 ð1:14Þ

In the same manner as for the case of step-index fibre a local

numerical aperture can be defined for the graded-index fibre as follows:

NAðrÞ ¼ nðrÞ sin ycðrÞ ¼ ½n2ðrÞ � n2
2�

1=2 ð1:15Þ

where sin yc(r) is the maximum value for the ray to be guided.

1.1.6 Time delay

Because the refractive index n depends on the wavelength l, pulse
spread occurs in the optical fibre. This is partly caused by material

dispersion. The material dispersion is given by:

M ¼ ðl=cÞðd2n=dl2Þ ps:mm:km ð1:16Þ

A pulse propagating inside the optical fibre is thus lengthened if

its spectral bandwidth is large. Another cause of pulse spread is the

guiding effect. Consider (Figure 1.6) two rays in a step-index fibre. One,

the axial ray, travels along the axis of the fibre; the other, the marginal

ray, travels along a path near the critical angle for the core–cladding

interface and is the highest-angle ray that can be propagated by the

fibre. At the point where the marginal ray hits the interface, the ray

8 Optical fibre and propagation



has travelled a distance L2, while the axial ray has travelled a distance

L1. From the geometry, it can be seen that:

sin a ¼ n2=n1 ¼ L1=L2

The length L2 is greater than L1 by a factor n1/n2 in the case shown

in Figure 1.6. For any length of fibre L, the additional distance

travelled by a marginal ray is

dL ¼ ðn1 � n2ÞL=n2 ffi Lðn1=n2ÞD

The additional time it takes light to travel along this marginal ray is:

dt ¼ dL=v ¼ Ln1D=c ð1:17Þ

Therefore, a pulse with a length representing one bit of

information will be lengthened to tþ dt. This time difference between

axial and marginal rays will cause the pulse to smear, and thereby

limits the number of pulses per second that can be sent through a

fibre and be distinguishable at the far end. In such a case the system

may be limited not by how fast the source can be turned on and off or

by the response speed of the detector, but by the differential time

delay of the fibre. This smearing of pulses can be minimized or

avoided by the use of graded-index or single-mode fibres.

Figure 1.6. Optical path in a step-index fibre.
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1.2 PROPAGATION IN OPTICAL FIBRES

1.2.1 Multimode fibres

In this paragraph we recall the results for the modes of an ideal fibre in

homogeneous, isotropic and linear media. Theoretical treatments can

be found in Snyder and Love 1983, Jeunhomme 1988, Vassallo 1991.

The model of light rays reflected at the boundary between core and

cladding cannot entirely explain light propagation into fibres. The

number of rays is limited; they do not form a continuous spectrum; and

a speckle pattern appears at the end of a multimode fibre when a

coherent source is used. That is why modes are introduced to describe

propagation in fibres. A mode is a three-dimensional field configura-

tion (E, H, k). It is characterized by a single propagation constant b
connected to phase speed. It represents one of the possible solutions of

Maxwell equations for the geometry and refractive index profile. In a

fibre only a finite number N of modes exists. The Maxwell equations

give the relations between each electromagnetic component (E, H) of

the field.

curl E ¼ � @B=@t curl H ¼ � @D=@tþ sE ð1:18Þ

with s ¼ 0 for dielectrics.

D ¼ �eeE B ¼ �mmH

�ee is the electric permittivity tensor and �mm the magnetic permeability

tensor of each medium. The Fourier transform (FT) of each equation is

taken with respect to t and the electric field is assumed to be sinusoidal

in time so it can be written in complex notation in a cylindrical

coordinate system as:

Eðr;j; z;oÞ ¼ Eðr;jÞ eiðot�bzÞ ð1:19Þ

with

Eðr;j; z;oÞ ¼ FTo½Eðr;j; z; tÞ�

o is the optical pulsation, b the propagation constant of the wave

propagated along the z-axis, and r, j are the cylindrical coordinates (r

radius, j azimuth) at the point M of the field.
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In the case of homogeneous media and without non-linear effects

(i.e., low intensity beam), �ee is a constant (¼ e) and under the hypothesis

�mm ¼ m ¼ constant, the Maxwell equations become:

curl E ¼ � i o m H D ¼ e E

curl H ¼ þ i o e E B ¼ m H

The conservation of electrical charges is expressed by div B¼ 0

and div D¼ r where the electrical charge density r is zero for the

chosen materials.

Combining all these equations one obtains the vectorial form:

HðHEÞ � H2E ¼ k2emE ð1:20Þ

where em¼ e/e0¼nm
2 , H is the nabla operator, H2 is the vectorial

Laplacian. em is the reduced permittivity and k¼ 2p/l is the free space

propagation constant of light of wavelength l.
If we suppose that D 5 1% we can use the scalar wave

approximation. The error imposed on all mode characteristics remains

below 0.1%. If Ez is the electric field component along the Oz axis we

have:

@2 Ez

@r2
þ 1

r

@Ez

@r
þ 1

r2
@2 Ez

@j2
þ k

2 n2 rð Þ � b2
� �

Ez ¼ 0 ð1:21Þ

We examine Ez solutions such as:

Ez ¼ FðrÞ cos nf

and follow the same procedure for Hz.

The scalar wave propagation equation can only be solved

analytically for a few index profiles n(r) such as step-index or infinite

parabolic profile. In the other case of guided modes, only numerical

solutions exist.

For the case of step-index profiles (n(r)¼n1 for the core n(r)¼n2

for the cladding), the solutions in the core (and in the cladding) are

Bessel Jn (and Mac-Donald Kn) functions. The continuity of the fields

imposes at the core-cladding interface the following dispersion

equation:

J
0
n uð Þ

uJn uð Þ þ
K

0
n wð Þ

wKn wð Þ

� �
:

J
0

n uð Þ
uJn uð Þ þ 1� 2Dð Þ K

0
n wð Þ

wKn wð Þ

 !
¼ bn

kn1

� �2
V

uw

� �4

ð1:22Þ
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where u2 and w2 are related to the propagation constant b of each mode

by the relationships:

u2 ¼ a2 k2n2
1 � b2

� �
ð1:23Þ

w2 ¼ a2 b2 � k2n2
2

� �
The constant term V introduced in (1.22) is called the normalized

frequency and is defined by:

V 2 ¼ u2 þw2 ¼ a2k2ðn2
1 � n2

2Þ ¼ a2k2 n2
1 2D ð1:24Þ

The symbol
0
designs the derivative of the Bessel functions with respect

to r.

By analysing the equation (1.22) we can see that four types of

modes can exist. Two kinds of modes exist if n ¼ 0 and two if n 6¼ 0.

If n¼ 0, when the first term of equation (1.22) is zero the modes are

TE0m transverse electric (the Ez longitudinal component is zero). When

the second term of the same equation is set to zero, the modes are TM0m

transverse magnetic (Hz¼ 0Þ with always n ¼ 0. The Greek letter m
corresponds to the mth root of the dispersion equation (first or second

term if TE or TM).

For the case n 6¼ 0 , the components Ez and Hz are not equal to zero

and the modes are the hybrids HEnm or EHnm. (These hybrid modes are

called HEnm if the Ez component is higher than Hz and EHnm if Ez is

lower than Hz). A particular case is HE11 which corresponds to the first

mode appearing during the propagation. If there is only the HE11

mode, the fibre is said to be single-mode, sometimes called ‘monomode’.

An approximation can be made by combining HEn-1m and EHn+1m

modes which have nearly identical propagation constants if D551

(weakly guiding fibre) (Gloge 1971). It induces linearly polarized

modes LPmn with only one component in Cartesian coordinates for

the cross-section. LPmn are transverse electromagnetic waves. Both

electrical and magnetical fields are perpendicular to the direction of

propagation. Each of these HEn-1m and EHn+1m modes constituting

LPnm are nearly degenerate. LPnm can be considered as modes having

each two independent linear components if their azimuthal depen-

dence is upon sin nj or cos nj. Each mode is polarized vertically or

horizontally (see Figure 1.7).

The normalized frequency V is important for characterization of

propagation in fibres. It permits calculation of the number N of guided

modes for a fibre with a large number of modes. We have:
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Figure 1.7. Scheme of polarized LPnm modes.
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for step-index fibres

V 2

2
� 1 < N <

V 2

2

and
V 2

4
� 1 < N <

V 2

4

for graded-index fibres with parabolic profile. N includes both possible

polarizations of the mode, HEnm (or EHnm).

For example, in a step-index fibre with a normalized frequency

V¼ 3 at a given wavelength l, 3,5 5 N 5 4,5. So there are 4 modes

propagated by the fibre: HE11, TM01, TE01, HE21.

The cut-off normalized frequency of HE11 is 0. The HE11 mode is

always propagated into the fibre. Indeed, the next modes appearing in

the fibre are the TE01 and TM01 modes. These modes TE01 and TM01

correspond to the first root solution of J0(x)¼ 0.

To eliminate all but the HE11 mode, the normalized frequency

should be less than the one corresponding to the cut-off of the second

modeTE01 orTM01.ThismeansV52.404withJ0 (2.404)¼ 0, first root of

Bessel function. This assumption could be realised when the fibre core

radius a or the index difference D are small enough. If V � 2.404, then

several modes propagate.

Another useful quantity is often used to characterize each

propagating mode, namely the effective index ne connected to the

mode propagating constant b by:

ne ¼ b=k ¼ bl0=2p ð1:25Þ

1.2.2 Single-mode fibre

Then multipath or multimode transmission can be avoided almost

completely by choosing a core diameter so small that only one axial ray

or one mode can propagate. These fibres are most useful where a large

frequency bandwidth is needed. In order to operate in single-mode, the

refractive profile index is generally step-index and the core radius a of

the fibre has to be below a value ac:

ac ¼ ð1:202=pÞðl=2n1Þ ð1:26Þ

which corresponds to V¼ 2.404.

Spot size is used to quantify the distribution of power in the

fundamental mode of single-mode fibres. There is a number of

definitions of spot size. Peterman (1977) gives the definition of spot
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size o0 commonly adopted in terms of the normalized second

momentum of the field, based on weak guidance.

The modal distribution can be satisfactorily approximated by a

Gaussian function cg¼cgo exp [2(r / oo)
2] with oo permitting to

maximize the overlap integral w

w ¼
ð1
0

EðrÞcgrdr

����
����
2

=

ð1
0

jcgj
2
rdr

ð1
0

jEðrÞj2rdr
����

����
E(r) is the real expression of the field; oo is so defined by dw/doo¼ 0.

Marcuse (1977) proposes an analytical expression which gives a good

approximation of oo versus l or V corresponding to amplitude field

width at e21:

oo=a ¼ 0:65þ 1:619V�3=2 þ 2:879V�6 ð1:27Þ

with

V ¼ akNA ¼ ð2p=lÞ a n1ð2DÞ1=2

1.3 CHARACTERISTICS AND MEASUREMENTS

1.3.1 Numerical aperture

In step-index fibre, numerical aperture is defined by NA¼n1 (2D)1/2

¼ (n2
1 – n2

2)
1/2 (see equation 1.13) as shown in § 1.1.5. It is related to the

fibre maximum acceptance angle which is the maximum angle yca for

rays propagating in air and injected into the fibre (equation 1.12).

For the case of graded-index fibres, a local numerical aperture is

defined by:

NA ¼ nðrÞ sin ycðrÞ

For the central point (r¼ 0) the same relation as for step-index

fibres stands for numerical aperture. A typical method to obtain the

numerical aperture measurement is the analysis of the far field

pattern.

Two different ways of launching light into the fibre for measure-

ment of numerical aperture are shown in Figure 1.8. In (a) a beam of

light is focused into the fibre by a microscope objective with an NA of

not less than the estimated NA of the fibre. At the other end of the fibre

a detector centred on the end-face moves through an angle y,
measuring the light intensity. In (b) the detector remains aligned with

the fibre while a plane wave wider than the fibre core moves through

the angle y.
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Generally NA is calculated by taking the angle at which the

accepted power has fallen down to 95 % of the maximum accepted

power at y ¼ 0. Typical fibre (D ffi 0.01, n1¼ 1.46 at l¼ 630 nm) gives

the numerical value NA¼ 0.2 which corresponds to y¼ 11.58. NA range

values are from about 0.1 for a single mode fibre to 0.2–0.3 for

multimode communication fibres and up to 0.5 for large core fibres.

1.3.2 Diameter control and measurement

In practice, the mode propagation in an optical fibre is affected by core

diameter variations. One method for measurement and controlling of

the core diameter is based on refracted rays interference. A laser beam

is launched perpendicular to the fibre propagation axis. The optical

path difference between the reflected ray on the external surface and

the refracted ray at the air–cladding interface creates interferences.

The fringe spacing is proportional to the fibre diameter (Watkins

1974). Study of the fringe system gives precise information on the fibre

geometry (Gagnaire et al. 1981) (see Figure 1.9).

1.3.3 Attenuation measurement

Attenuation proceeds from diffusion and absorption losses. The power

P after a fibre length L is related to the injected power Pi by:

P ¼ Pi exp½�a1L� ð1:28Þ

Figure 1.8. Measurements of numerical aperture: O microscope objective, D

detector, OF optical fibre (a) with focused light, (b) with plane wave.
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The a1 attenuation coefficient converted into a coefficient is

expressed in decibels per kilometre:

aðdB=kmÞ ¼ ð10=LÞ log10ðPi=PÞ ¼ 4:34294 a1ðin km�1Þ ð1:29Þ

Good quality glasses have an attenuation coefficient of about

1000 dBkm21. For optical fibres, losses have to be much reduced. By

suppression of impurities 0.01 dBkm21 has been obtained.

Rayleigh scattering in dielectric media is due to micro irregula-

rities acting like so many diffraction centres. This phenomenon follows

a 1/l4 law. That is why working at longer, infrared wavelengths is very

useful. Absorption can appear when core material contains transition

metals in which the electron energy levels are not completely full, so

their presence has to be avoided. This is technologically easier than

suppressing numerous OH2 ions. It is achieved by drying the fibre in an

atmosphere of chlorine. Losses such as those introduced by bending or

micro-bending need to be avoided.

1.3.3.1 Cut-fibre method

The power Pðz; l) for different values of length z at a given wavelength

is measured and plotted on a semi-log scale. The slope of the curve

gives the value of a/10 (a: attenuation coefficient in dB). More

commonly two measurements are taken, one with the total fibre

length, the other with a measured length of several meters of the same

fibre. This method is not currently used because the fibre has to be cut.

Figure 1.9. Experiment for diameter measurement.
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1.3.3.2 Retro-diffusion method

A light pulse is injected into an optical fibre (see Figure 1.10). A

proportion of diffused light in the optical fibre creates feedback and the

echo continuation forms an envelope sent back to the detector and

analysed at the fibre entry face. The back-scattered signal P(z), a

function of the distance for a symmetric fibre of constant attenuation a,
is written as:

PðzÞ ¼ 0:5PotSadVgr expð�2azÞ ¼ A expð�2azÞ

where Po is the injected power, t the light pulse width, ad the diffusion

coefficient, S the total solid angle, Vgr the group velocity. The signal

PcðzÞ reflected by a break of reflecting power R is:

PcðzÞ ¼ RPo exp �
ðz
0

ða 0ðlÞ þ a 0 0ðlÞÞdlÞ
� �

where a 0 and a 0 0 are the attenuations for forward and backward paths.

Then the signal PcðzÞ can be compared with the retrodiffusion signal

just forward of the break.

Other methods can be used. The lateral scattering is measured by

the power lost along the fibre. The reflection pulse is realized by setting

a mirror at the end of the fibre. The last method we will mention is the

differential modal attenuation. Plane waves with different angles y or a
focused wave are injected in a step or a graded index fibre. Either or

both y and r can be varied. Each mode m is given by the relation:

m ¼ 2p½ðr=aÞp þ ðsin y= sin ycaÞ2�ðpþ2Þ=2p

with p the profile parameter, a the core radius, yca the acceptance

angle, r the radius coordinate and y the angle coordinate. The enlarged

image of the fibre end is formed on a diaphragm in front of a detector.

Several fibre parts are selected. The detector measures the emitting

power for varying values of y.

Figure 1.10. Retrodiffusion method: BS Beam Splitter, D Detector, OF

Optical Fibre, LD Laser Diode.
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1.4 BIREFRINGENCE

An important activity area in optical fibres is the development of

polarization-maintaining fibres. These are single-mode fibres able to

preserve a stable state of linear polarization. This ability is derived

from the intrinsic birefringence which is designed to be greater than the

extrinsic environmentally induced birefringence. Intrinsic birefrin-

gence can be achieved by core asymmetry or an asymmetric stress

distribution in the core, using either an elliptical core or a mechanical

stress profile to induce linear birefringence.

We can thus distinguish two types of birefringence. Intrinsic

birefringence appears in a fibre because of built in anisotropies: shape

or stress. An induced birefringence appears when a fibre is bent,

twisted or otherwise submitted to forces or to external fields.

1.4.1 Shape birefringence

Consider a single mode fibre with an elliptical core whose major axis is

2a and minor axis 2b (see Figure 1.11a). In such a fibre the x-polarized

and y-polarized LP01 modes will have slightly different propagation

constants bx and by. We define birefringence:

B ¼ db=k ð1:30Þ

where

db ¼ by � bx

As soon as the two LP01 modes have different propagation

constants, they have different propagation group delay times. A very

strong birefringence requires both a large major–minor axis ratio and a

high index difference. The beat length Lb is the fibre length such as:

dbLb ¼ 2p ð1:31Þ

Figure 1.11. Birefringent fibres: (a) with elliptical core, (b) (c) with stress

regions: PANDA, (d) with stress region: Bow-tie.
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The extinction ratio Z is the fraction of the total cross-power

coupled into the x-polarization component from the y-polarization

component for y-polarization eigenmode excitation:

Z ¼ Ix=ðIx þ IyÞ ð1:32Þ

High birefringence optical fibres are also obtained by preform

deformation (Stolen et al. 1984) and have a rectangular geometric cross

section.

1.4.2 Stress birefringence

In birefringent fibres we have two principal polarization axes. These

two axes may be due to stress application (see Figure 1.11b, c, d). In a

‘‘panda fibre’’ as in ‘‘Bow tie’’ fibre, the stress is due to doped stress areas

near the core.

1.4.3 Stokes parameters and Poincaré sphere

The problem to measure more general states of polarization is soluble

using readily obtainable techniques. They involve essentially the

measurement of the so-called Stokes parameters of the incident

polarized wave. In order to determine these parameters the incident

wave is crossing four devices which measure various polarization

properties of the wave:

. polarization-insensitive half power attenuator

. linear polarizer oriented horizontally

. linear polarizer oriented at 458 from the horizontal

. right-handed circular polarizer.

The intensities of the transmitted light through these four devices

are I0; I1; I2; I3 and the Stokes parameters are:

S0 ¼ 2I0

S1 ¼ 2I1 � 2I0

S2 ¼ 2I2 � 2I0

S3 ¼ 2I3 � 2I0

ð1:33Þ

S1 measures the amount of linear horizontal polarization, S2 the

amount of linear polarization at 458 from the horizontal, S3 the

circularity of the incident beam. They characterize the state of

polarization (SOP) and are normalized such that S0¼ 1. Linearly

horizontally polarized light corresponds to S1¼ 1, S2¼S3 = 0; vertical

polarized light to S1¼21, S2¼S3¼ 0. If S3¼ 1, S1¼S2¼ 0 the light is

right circularly polarized and if S3¼21, S1¼S2¼ 0 the light is left

circularly polarized.
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If we represent elliptical polarization (see Figure 1.12a) in a

reference system 0x, 0y, it may be characterized by the aspect ratio

tan n¼ b/a, where b and a are the lengths of the two axes, and by angle

o between the axis of the ellipse and the x-axis. The Stokes parameters

are

S1 ¼ I cos 2n cos 2o

S2 ¼ I cos 2n sin 2o

S3 ¼ I sin 2n

ð1:34Þ

A useful representation of the Stokes parameters is the Poincaré

sphere. This geometrical construction permits a simple calculation of

the evolution of the state of polarization (SOP) of an arbitrary input

polarization through an arbitrary birefringent medium (see Figure

1.12b).

Figure 1.12. Representation of polarization: (a) elliptic polarization, (b)

Poincaré sphere representation of a point M, (c) transformation by a quarter

and by a half wave plate on the Poincaré sphere.
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The equator on the sphere represents linear polarization states

(S3¼ 0, n¼ 0). The north and south poles on the sphere represent right

and left circularly polarized light respectively. An arbitrary origin may

be chosen as the x-axis (horizontal polarization). Linear y-polarization

(vertical polarization) is represented by the point y on the sphere

diametrically opposite. Lines of constant latitude on the sphere

describe SOPs of constant ellipticity e given by e ¼ tan n. The Stokes

parameters S1, S2, S3 and the angles n and o are reported on the

Poincaré sphere (see Figure 1.12b).

An arbitrary birefringent section may be characterized in terms of

the eigenmodes through that section and of the phase difference for

propagation of these eigenmodes. These eigenmodes are the SOPs

which pass through the birefringent section unaltered and are

elliptical. They are represented by diametrically opposite points on

the Poincaré sphere. The phase difference between the two eigen-

modes being y, the position of the input polarization on the sphere,

after the sphere has been rotated through angle y about the diameter

joining the eigenmodes, represents the output polarization. Conver-

sely, any rotation around an arbitrary axis on the sphere may be

resolved into polar and equatorial rotations, and any path may be

resolved into circularly birefringent components with eigenmodes on

the poles and a linearly birefringent component with eigenmodes on

the equator.

A quarter-wave plate would have the points C and D as

eigenmodes. If the input polarization to a quarter-wave plate is linear

and at 458 to the principal axes – point M on the sphere – then rotating

the sphere by 908 puts point M on to one or other of the poles P or P 0,
representing circular polarization. Putting circular polarization into a

quarter-wave plate rotates the pole on to the equator at an angle

exactly bisecting the principal axes, so that linear polarization

emerges.

A half-wave plate–with the same eigenmodes, but a 1808 phase

difference–will always produce linear output polarization from linear

input, taking the input to an output that is the reflection of the input in

a plane defined by the poles and the diameter (point M 0 on Figure

1.12c).

1.5 FABRICATION AND MATERIALS

1.5.1 Fabrication

There is a variety of methods of creating controlled index gradients.

Some involve introducing impurities into thin layers of glass as they

are laid down on a substrate. This is not a continuous process since the
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refractive index within each layer is nearly constant. The resulting

variation of refractive index in a fibre resembles a set of concentric

rings rather than a smooth change in the index.

Silica fibres are made by drawing a preform which has a structure

similar to that of the required fibre. There are various methods of

preparing performs, namely MCVD (modified chemical vapour deposi-

tion), OVD (outside vapour deposition), VAD (vapour axial deposition).

These methods are the most popular processes. Details on materials

and fabrication can be found in Izawa and Sudo (1987). In this chapter

we will discuss only the MCVD method. A silica (SiO2) film is deposited

on the inside surface of a fused silica tube (see Figure 1.13).

This tube is put on a glass working lathe and is rotated. Raw

halide material vapors carried by oxygen gas are introduced into the

silica tube. A driven carriage which carries oxy-hydrogen torches at a

constant speed is added to the lathe. The flame heats the tube from the

outside to about 1600 8C. It is moved repeatedly along the tube, and

during each traverse the halide vapours are oxidized to fine glass

particles and deposited on the inner surface of the tube. The heated

zone can be kept at a constant temperature by controlling the flow

rates of oxygen and hydrogen. The raw materials used for high silica

glass are silicon, germanium and boron chlorides and phosphorus

chlorate. To reduce the refractive index to lower than that of silica,

dopants such as SiCl4 or BCl3 are used; for higher values, GeCl4 or

POCl3 are used. The flow rate is controlled by a gas supply system and

the mixing ratio of halide vapour is controlled to a programmed value.

By changing GeCl4 concentration in the vapours for each traverse, the

refractive index of each glass layer can be controlled. The metal halides

(except BCl3) remain in the liquid state at less than 50 8C giving porous

material. Dehydratation and consolidation follow the process. The

reacted gas is exhausted from the silica tube. After sufficient film

thickness is obtained, the tube is collapsed so that the deposited layers

form a high index core and the tube provides the low index cladding.

Figure 1.13. Drawing apparatus.
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This preform is drawn into a fibre in a furnace. The drawing

equipment includes a preform carrier, electric furnace, outer diameter

measurement instrument, plastics coating applicator and take-up

drum (see Figure 1.14).

1.5.2 Materials

The three major material systems used in the manufacture of fibres are

silica, others glass types and plastics.

The silica system is a mixture of silicon dioxide, SiO2, and other

metal oxides, to establish a difference in refractive index between the

core and cladding. Various dopants have been used to increase the

refractive index of silica including titanium, aluminium, germanium,

and phosphorus oxides. Chalcogenide glasses have a longer cut-off

wavelength than oxide and fluoride glasses. They are solid solutions of

metal sulphides, selenides and tellunides of arsenic, germanium and

Figure 1.14. Drawing apparatus.
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antimony. They have a stable vitreous state and a wide range of

transmission wavelengths.

Fluoride glasses are made from beryllium, zirconium, mercury,

aluminium and barium fluorides. They are promising materials for use

in the infrared wavelength range because they have very low losses in

this region, up to 2mm, whereas losses in oxide glasses is comparatively

high.

The advantages of plastics fibres are low price and ease of use due

to large core diameters. They have a much higher attenuation

coefficient than glass fibres. Their length can reach 50 m. The

numerical aperture is around 0.5 and the attenuation from 10 to

1000 dBkm21. Typical plastics used for optical fibres are poly-methyl

methacrylate and polystyrene. The transmission loss of plastics results

mainly from vibrational absorption owing to carbon–hydrogen bonds

and Rayleigh scattering.

1.5.3 Rare-earth doped fibres

In addition to silicate and fluoride glasses, phosphate, fluorophosphate

fluorozirconate, fluoroberyllate and ZBLAN (zirconium, barium,

lanthanium, sodium) glasses are also used as host materials for rare-

earth doped fibre. These particular fibres, when used as laser fibres

and amplifiers (Ainslie et al. 1990, Miniscalco 1991, Cognolato and

Gnozzo 1993) have their core doped (for example with lanthanide ions

with incomplete inner 4f levels). Neodynium (Nd3+) and Erbium (Er3+)

are the most common rare earth used as dopants. Other ions like Ce3+,

Pr3+, Tb3+, Dy3+, Ho3+, Tm3+ and Yb3+ can be used in host materials

like heavy metal fluoride glass fibres (ZBLAN, ZBLANPb, ZBLAN P).

All these fibres can be fabricated by rare-earth vapour phase

deposition at high pressure, or by impregnation and diffusion of rare-

earth doped solutions followed by drying. Generally, the concentration

of rare-earth materials is less than those of the classical dopants (300–

1000 ppm) for the highest gain.

1.6 LIGHT SOURCES

With optical fibre, suitable light sources are lasers, LEDs and

sometimes filament lamps. The model of a Gaussian beam is used to

characterize the sources radiation geometry specifically for lasers. For

LEDs the Lambertian model of sources is used.
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1.6.1 Laser diodes

The Gaussian beam is the simplest beam that complies with Maxwell’s

equations. It has linear polarization with its electric field orientated

along the y-direction, perpendicular to the direction of propagation z.

The magnetic field is orientated along the x-direction. It has a finite

width that smoothly transforms along the z-axis into a narrow one of

fixed numerical aperture (see Figure 1.15).

The electrical field is expressed as:

Eðr; zÞ ¼ E0ðzÞ exp½�r2=o2ðzÞ� ð1:35Þ

z is the distance from the beam waist, along the propagation direction,

Eo (z) the electric field, r the radial distance from the z-axis, oðzÞ the
beam radius where the power density is down to 1/e2 of maximum (the

electrical field is down to 1/e of maximum).

At z, the beam radius o (z) is related to the beam waist radius oo:

o2ðzÞ ¼ o2
0ðzÞ½ 1þ ðl z=po2

0Þ
2� for small z

oðzÞ ¼ l z=p o0 for large z
ð1:36Þ

oo is the radius of the beam waist. At the beam waist the wave front is

planar. At larger distances it becomes spherical, and the beam can be

described by a numerical aperture:

NA ¼ 0:18 l=o0 ð1:37Þ

Figure 1.15. Propagation of a Gaussian beam: o0 is the radius at the beam

waist, z the direction of propagation.
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For this Gaussian beam, the total power P and the on-axis

irradiance M ðzÞ are found by integrating the irradiance on a plane

located at z from the origin. We have:

P ¼ ðp=2ÞM ðzÞo2ðzÞ

Laser diodes are sources used in telecommunications and sensors.

In typical laser diodes, the active zone is 4–12 mm wide, 0.1–0.3 mm
high and 300 mm long (average) value. The facets behave as semi-

transparent mirrors (30% reflectance) at the ends of the resonator

cavity. Emission is through both facets. Lasers generate partially

polarized light. The orientation of the electrical field is parallel to the

junction. The radiation pattern in the far field is elliptical with a full

width at half maximum between 208 and 408. The ellipticity stems from

Figure 1.16. Representation of the laser diode with the radiation field.

Figure 1.17. Measurement of the power density.
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different degrees of diffraction at parallel and perpendicular junction

cavity boundaries. The near field of a laser diode is elliptical too (see

Figure 1.16).

1.6.2 LED sources

In the case of a Lambertian source defined by an uniformly diffusion

surface and corresponding to LED’s emission model, let us consider a

source with a small diameter and a detector with a small surface that

is assumed to move at a constant distance, the centre being at the

source location. The viewing angle is a. On the axis (i.e., perpendicular

to the source) we measure a power density Mo. In the field, when

leaving the axis, the measurements follow a cosine relationship (see

Figure 1.17). We have:

IrradianceðW m�2Þ MðaÞ ¼ M0 cos a

RadianceðW sr�1 m�2Þ LðaÞ ¼ L0 cos a

IntensityðW m�2Þ IðaÞ ¼ I0 cos a

a being the source radius, the total power in all space is given by:

P ¼
ðp=2
0

M að Þ2pa sin ada

P ¼ pa M0 with M0 ¼ pa I0

This relation can be used to estimate LED power. Most of the

optical sources can be modelled by a raised cosine function (Goure and

Massot 1982).
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EXERCISES

1.1 – The refractive index of a fibre core is n1 = 1.46. What is the value

of the optical power reflective constant and the relative transmitted

power when the fibre is lighted in air (n0 = 1).

1.2 – Consider an optical step index fibre with refractive indices

n1¼ 1.540 and n2¼ 1.530.

Calculate:

a – the relative index difference

b – the numerical aperture

c – the critical angle yca
d – the difference of length and of propagation time between a ray

propagating along the axis and a ray at the critical angle for 1 km

of optical fibre.

1.3 – Given P(0)¼ 1 mW signal at the input of an optical fibre:

a – what is the transmitted light power at a distance l¼ 10 km, if

the attenuation is 0.2 dBkm21?

b – What is the maximum allowable distance to the detector with

a minimum reliable level of 1 mW?

1.4 – A fibre has the following characteristics:

NA¼ 0.1

a¼ 5.93 mm
D¼ 2.561023

Calculate the value of the wavelength in order to have a single mode

fibre and the values of core and cladding refractive indices.

1.5 – Establish the wave equation for the magnetic field H.
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Chapter 2

COUPLING: MICROCOMPONENTS,

TAPERS, SPLICES, CONNECTORS

The increasing use of optical fibres for light wave communications,

local area networks, or sensors, requires techniques for splicing and

coupling. The implementation of optical fibres depends to a large

extent on the availability of low cost connectors and devices in order to

couple a single-mode fibre to integrated optical components or to couple

small sources (laser diode or LED) to optical fibres. Major problems are

difficulties in establishing and maintaining a precise and critical

alignment. This requires careful mechanical polishing of waveguide

ends. A further problem is the difference between diameters of the two

parts (for example between single-mode and multimode fibre) or

between sections of two light spots (for example between a circular

fibre and a rectangular waveguide).

Coupling between a semiconductor laser and a single-mode fibre,

or between any two optical elements, is often a coupling between two

Gaussian beams. A review of coupling devices for single-mode fibres

was carried out by Khoe et al. (1984) and in single mode fibre optical

components by Minowa et al. (1982).

In this Chapter we describe some microcomponents such as GRIN

lenses, spherical microlenses, micro Fresnel lenses and tapers. Then

we present the methods used in coupling from fibre to fibre (splices,

microcomponents, connectors), from fibre to waveguide and from

sources (lasers and LEDs) to fibre.

2.1 FIBRE ENDS

For splicing two fibre ends or for coupling light into a fibre, flat end faces

are required. There are severalmethods of preparing fibre end faces. The

first method is grinding and polishing. The fibre end is embedded in
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epoxy resin or a metallic ferrule and polished using abrasives.

Commercial equipment gives good durable quality, but this method is

expensive and time consuming.

A second method is fibre cleaving (see Figure 2.1). The fibre is bent

under tension and scribed with a small carbide, sapphire or diamond

head. A wide range of cleaving tools is available. High quality ends

perpendicular to the fibre axis can be obtained, with angles not

departing from 908 by more than 18. The end face quality can be

checked with a microscope.

At the silica fibre end face in air the power reflection due to the

Fresnel coefficient R (see equation 1.8) is around 3.5%. In many cases

(coupling to laser source, interferometric sensors, backscattering

measurements) this power loss cannot be tolerated. For these

applications it is important to reduce the reflection factor. The end

face can be coated by an anti-reflective multilayer dielectric or can be

immersed in a liquid whose refractive index matches that of the fibre

core (an index-matching fluid).

Another method of avoiding reflection losses is to polish the fibre

obliquely. This method is used in fibre connectors (see § 2.3.4, Figure

2.20). Results of coupling efficiency have been presented for several end

face angles by Clement et al. (1993).

In other applications, such as fibre resonators or in optical time

domain reflectometer (O.T.D.R.) measurement technology, reflecting

fibre ends are obligatory. A simple way of making an optical mirror is

by plating the fibre end with an metal alloy having a low melting point.

The obtained reflectance is 50–60% at l ¼ 0:633 mm (Ishikawa et al.

1985).

Figure 2.1. Principle of fibre tool.
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2.2 MICROCOMPONENTS

2.2.1 GRIN Lenses

Various methods have been proposed to reduce the coupling losses in

optical fibre devices. Among the options, coupling using GRIN (for

GRaded INdex) lenses offers great potential. These lenses are also

called SELFOCTM lenses. (SELFOC is a brand name of the Nippon

Sheet Glass Co.)

In Chapter 1 we described graded index fibres. The index variation

with radial distance in the core is given by the power law profile

(Equation 1.11). A fan of rays injected into a graded-index fibre is

converged to recross the axis at a common point in a similar way to

rays from a small object reimaged by a lens (see Figure 2.2a). The

distance it takes for a ray to travel one full sine path is called the fibre

pitch. The pitch length is determined by the fractional index difference

D. If a parabolic graded-index fibre is cut to a length of a quarter of the

Figure 2.2. Operation of a graded-index (GRIN) lens showing ray paths for a

object point: (a) on-axis (meridional rays), (b) off-axis (coupling between two

fibres), (c) (d) used as relay lens, (e) input and output characteristics (r; y) of a
ray.
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fibre pitch, it can serve as an extremely compact lens (see Figure 2.2c

and d). It is called a GRIN lens and it is used in various fibre

applications such as connecting. By positioning the output of a first

fibre in front of the GRIN lens, light will be collimated, just as light

diverging from the focal point of a lens is collimated (see Figure 2.2c).

Because its properties are set by its length, this lens is referred to as a

quarter-pitch or 0.25 pitch lens.

Equation (1.11) can be rewritten with p ¼ 2 and A ¼ 2D=a2 as:

nðrÞ ¼ n1½1� Ar2�1=2 ð2:1Þ

The gradient constant A and n1 are functions of wavelength. When

a meridional ray strikes the GRIN rod lens at position r1 and angle y1
relative to the rod axis, position r2 and angle y2 of the output ray can be

given approximately as (see Figure 2.2e):

r2
y2

����
���� ¼ M

r1
y1

����
���� ð2:2Þ

where M is a ray matrix:

M ¼ cosð
ffiffiffiffi
A

p
zÞ 1

n1

ffiffiffiffi
A

p sin
ffiffiffiffi
A

p
z

�n1

ffiffiffiffi
A

p
sinð

ffiffiffiffi
A

p
zÞ cosð

ffiffiffiffi
A

p
zÞ

������
������ ð2:3Þ

with z the length of the rod lens. The refractive index at the rod axis n1

and the refractive index difference coefficient A are usually fixed and

the rod lens length is treated as an independent parameter.

In equations (2.2) and (2.3), taking a full pitch length Z ¼ 2p=
ffiffiffiffi
A

p

we have r2 ¼ r1 and y2 ¼ y1; taking a length z ¼ Z=2 ¼ p=
ffiffiffiffi
A

p
we obtain

r2 ¼ �r1 and y2 ¼ �y1 (half pitch lens). A quarter pitch lens has a

length z ¼ Z=4 ¼ p=2
ffiffiffiffi
A

p
and r2 ¼ y1=n1

ffiffiffiffi
A

p
, y2 ¼ �n1

ffiffiffiffi
A

p
r1.

An important factor in judging the transmittance quality of the

branching components is the coupling efficiency. It may be reduced by

aberrations, mismatch losses, misalignment losses and crosstalk. In

fibre devices using GRIN rod lenses, the lenses form an image of an

input fibre end face (or LD) on an output fibre end face. Aberrations

broaden that image, reducing the efficiency.

Approximate expressions for aberration losses due to mismatch

and misalignment for branching components, crosstalk due to reflec-

tion at the endface of rod lenses, as a function of the basic lens and

fibres parameters, can be obtained using ray tracing calculations,

geometrical optics, Gaussian beams and aberration theory results

(Maekawa and Azuma 1987, Tomlinson 1980, Chen et al. 1992). GRIN
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lenses are fabricated by the same methods used for graded index fibres

or by ion exchange technology (Makita et al. 1988, Gomez-Reino 1992).

Increase of the NA and minimization of the wavefront aberration

of the lens is necessary to obtain high efficiency. As well as con-

ventional GRIN lenses, PC-GRIN lenses (Plano-Convex GRIN lenses)

has been used (Makita 1988, Ishikawa et al. 1985) (see Figure 2.3). The

convex surface increases the Numerical Aperture N.A and allows more

power to be coupled into the lens. It decreases wavefront aberrations,

resulting in a smaller focal spot on the fibre.

It should be noted that the imaging quality of the GRIN lenses is

not as good as that of a good conventional lens, but coupling efficiency is

equivalent or better, and leads to excellent solutions for photometric

problems.

2.2.2 Microlenses

Another type of component used to obtain high coupling efficiency

between LD and fibre or between fibre and fibre is the microlens.

Several designs are available, and various coupling structures are

described in the literature (see Figure 2.4).

Among these microlenses some are formed on fibre ends

(Sakaguchi et al. 1981, Yamada et al. 1980, Eisenstein and Vitello

1982, Cohen and Schneider 1974, Tanigami et al. 1989, Kotsas et al.

1991, Eftimov and Hitchen 1993, Saitoh et al. 2000). Single mode fibres

with tapered hemispherical or hemicylindrical have been also

described (Mathyssek et al. 1985, Kuwahara et al. 1980, Khoe et al.

1983, Wang et al. 1991).

The use of spherical lenses has been proposed by Lambert and

Goure (1985), Goure et al. (1984), GRIN rod lenses by Sugie and

Saruwatari (1983), optical fibre taper by Presby et al. (1987) and non-

imaging expanded-beam optics by Moslehi et al. (1989). The major

consideration is the coupling efficiency, so non-imaging optics are

relevant. Several fabrication methods have been tested (see Figure

2.5).

Figure 2.3. Plano-convex GRIN lens.
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In a method for simple and reproducible manufacturing of fibre (or

taper) with spherical lenses, with a lens radius of 10 mm, glass is

melted in a small container and the plane fibre or taper end is briefly

dipped into the melt (see Figure 2.5a). The lens material is dense flint

glass with a refractive index n ¼ 1:8 at l ¼ 1:3 mm.

Fabrication of hemispherical or hemicylindrical lenses on optical

fibre surfaces is obtained from light-sensitive polymers (photoresist)

crosslinked directly (see Figure 2.5b). A thin film of commercially

available photoresist is deposited on the front surface and the resist

exposed to UV radiation through the fibre core. The unexposed

photoresist is removed; a hemispherical structure has been created.

By using a slit to project UV straight on to the front surface of the fibre a

hemicylindrical lens can be made. A photolithographic technique can be

also used.

Hemispherical microlenses can be manufactured on the ends of

single-mode optical fibres using an electric arc discharge. A silica rod

with a diameter of about 30–50 mm is placed opposite a single-mode

fibre flat end surface (see Figure 2.5c). The electric arc discharge fuses

the rod and the fibre end. As the rod is pulled apart, a rounded tip is

left on the end of the fibre.

By chemical etching of a single mode fibre in a solution which

consists of one part 40% hydrofluoric acid buffered in 10 parts of 40%

ammonium fluoride in aqueous solution, truncated conical lenses are

formed (see Figure 2.5d). The etching rate is lowest in the central part

Figure 2.4. Microlenses used in coupling: (a) (b) hemispherical lens, (c) conical

lens, (d) Fresnel lens, (e) microsphere, (f) tapered hemispherical fibre end.
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of the core where the Ge concentration is highest. The lens has the

correct core diameter dimension, is aligned with the core, is easy to

manufacture and readily reproducible.

A microlens at a tapered fibre ouput is also obtained by drawing it

in an arc discharge (see Figure 2.5e). The hemispherical fibre tip is

formed by the surface tension of the molten glass. The radius of

curvature is 15–25 mm. In the tapered area the core and cladding

thickness decrease by the same ratio. A typical separation between the

two electrodes is 2 mm and the discharge time 3 seconds.

In a similar method the single-mode fibre is locally heated in the

discharge under tension between a fixed clamp and a moving clamp.

The constricted area is asymmetric and the short taper is broken with

Figure 2.5. Fabrication of integrated microlenses on fibre end faces: (a)

dipping the top in molten high index glass [After Khoe et al. 1984, Mathyssek et

al. 1985], (b) exposed photoresist [After Cohen and Schneider 1974], (c) fusion

of silica rod and fibre end [After Yamada et al. 1980], (d) chemical etching

[After Kayoun et al. 1981, Eiseinstein and Vitello 1982], (e) drawing in arc

discharge [After Kuwahara et al. 1980], (f) process from a master MFL

(moulded fibre lens) to a production MFL [After Tanigami et al. 1989].
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a special tool. The lens is made by dipping the top of the cleaved taper

in molten high index glass. The taper is lifted out immediately after

contact with the molten glass.

In Figure 2.5f a moulded micro-Fresnel lens (MFL) fabrication

process is shown. By electron beam lithography, a master lens is drawn

and a stamper is made by a nickel electro-forming method. A UV

curable resin is added between the stamper and a glass substrate.

Photopolymerisation creates a moulded replica lens. Aberrations are

very low.

Hemi-ellipsoidal microlenses have been made by polishing fibre

ends into quadrangular pyramids with rectangular cross sections.

Hemi-ellipsoids are formed by subjecting these ends to heat fusion

from an arc discharge. In coupling experiments between a single mode

fibre and a laser diode, improvements of 5.6–9.7 dB have been

achieved in comparison with a flat ended single-mode fibre.

Molded aspheric glass lenses have been developed and used in

cameras and optical disk drivers. These lenses can be designed by a ray

tracing method. They have the advantages of low aberration, low cost

and high reliability (Kato and Nishi 1990, Kikuchi et al. 1981).

Numerical computation shows that a high degree of aberration

compensation has been achieved. To couple sources to multimode

fibres, calculations using ray tracing show that maximum coupling

efficiency is obtained with one or two spherical lenses of high index

material (see Figure 2.4e) (Presby et al. 1988a, Lambert and Goure

1985).

It is possible to fabricate non-imaging optics (NIO) expanded-beam

multimode fibre-optics couplers using injection moulding technology.

Such plastics couplers and connectors have been packaged in biconic

Figure 2.6. Hyperbolic profiled NIO concentrator with end diameters 2a1 and

2a2. A beam of diameter j1 with a divergence angle y1 is concentrated into a

beam of diameter j2 with a divergence angle y2 [After Moleshi et al. 1989].
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and SMA housings (see Figure 2.6). They could easily be mass

produced at low cost.

2.2.3 Tapers

The use of single-mode fibres requires reliable hardware such as field

connectors, laser-fibre couplers and directional couplers. The fabrica-

tion of these components is difficult because of the small core size of

single-mode fibres. The addition of self-aligned beam expansion can

eliminate the need for lenses that require critical and stable alignment.

The associated single-mode hardware construction is very sensitive to

axial and transversal displacements induced mechanically or ther-

mally, as well as to tiny dust particles. The introduction of beam

expansion optics alleviates these problems. Conical fibre tapers are

fibre sections whose diameter changes continuously along their axis

(see Figure 2.7). Fibre tapers can be made very simply by heating a part

of fibre in a flame and applying axial tension (see § 2.2.2). By breaking

this biconical taper at the waist, one obtains two conical fibre tapers. In

a contracting taper, the core radius and the normalized frequency

decreases while the spot size increases. The beam cannot widen faster

than it does due to diffraction during propagation in a homogeneous

medium. Thus, in a strongly contracting taper a great part of guided

energy is converted into radiated energy. Practical fibres have a finite

cladding surrounded by a protective sheath. During the heating and

drawing taper fabrication process, the sheath is removed and the

cladding is exposed. Accordingly, tapers are modelled assuming a finite

cladding surrounded by air.

Theoretical studies of single mode tapers have been developed:

mode conversion using scalar approximation (Marcuse 1987), computer

simulation employing a beam propagation method (Amitay and Presby

1989), spot size variation (Love 1987, Henry and Love 1989, Love

1989).

Fabrication, design limitation and characteristics of a single mode

tapered beam expander are reported by Keil et al. (1984), Jedrzejewski

et al.(1986), Martinez et al. (1988), Kiwahara et al. (1996), Martinez et

al. (1988), Kihara et al. (1996). Let us consider a single mode tapered

fibre with a step profile (see Figure 2.7e).

The core radius a0ðzÞ decreases along the z-axis and the ratio of

cladding radius a1ðzÞ to core radius a0ðzÞ remains constant.

a1ðzÞ=a0ðzÞ ¼ a1ð0Þ=a0ð0Þ ð2:4Þ
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Figure 2.7. Tapered step profile: (a) (b) (c) expansion beam taper, (d) (e)

reduction beam taper.
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The local V value for a fibre is given by Equation 1.24 and for this kind

of taper we have:

V ðzÞ ¼ V ð0Þa0ðzÞ=a0ð0Þ ð2:5Þ

If the angle is sufficiently small to ensure negligible coupling between

the fundamental and higher order modes, the taper is said to be

adiabatic. In this case all the energy remains in the fundamental

mode. However, because of loss of cylindrical symmetry there is

coupling from the fundamental mode into higher-order modes, which

are cladding modes. If the taper angle is not small enough, the coupling

energy loss is not negligible and the taper is non-adiabatic or lossy.

Consider an infinite adiabatic taper with a parabolic profile

defined at a length z from the input by:

n2ðRÞ ¼ n2
0ð1� 2DR2Þ ð2:6Þ

where Rð¼ r=a0Þ is the normalized radial distance using the Peter-

mann definition of spot size (Petermann 1977). The local spot size oðzÞ
normalized to the initial radius a0ð0Þ is given by Henry and Love 1989:

oðzÞ=a0ð0Þ ¼ ½oð0Þ=a0ð0Þ�½V ðzÞ=V ð0Þ�1=2 ð2:7Þ

It increases linearly with increasing aðzÞ or decreasing taper ratio. This

result is different from that of the spot size for a finite clad step-profile

taper (see Figure 2.8).

Figure 2.8. Normalized spot size as a function of local V value along a taper

for: (a) finite clad, step-profile fibre (solid line), (b) infinite parabolic profile

(broken line) [After Henry and Love 1989].
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In the case of non adiabatic tapers the spot size is determined by

the total field. It results from the superposition of the mode fields over

the core cladding cross-section, fundamental mode and higher order

cladding modes. Owing to axial symmetry, the HE11 local mode is

coupled to higher order HE1m modes ðm ¼ 2; 3 . . .Þ. The results are

more complicated. In the case of finite clad step profile non-adiabatic

taper with a linear taper shape we have:

a0ðzÞ ¼ a0ð0Þ½1� ðz=LÞ� ð2:8Þ

where L is the length of the taper. The ratio oðzÞ=a0ð0Þ in the case of

adiabatic variation presents a peak at a distance smaller than in the

case of non-adiabatic variation (see Figure 2.9).

Calculation of the actual loss is usually involved, and requires

sophisticated mathematics (Love (1989), Love et al. 1991, Black et al.

1991). Consider a single-mode fibre whose fundamental mode is

excited. Fundamental mode power is coupled to the radiation field by

any non-uniformity that alters the cylindrical symmetry. If the single

mode is tapered, the cylindrical symmetry is destroyed. In the case of a

finite clad fibre the power is lost through coupling between the

fundamental mode and cladding modes. The coupling length Lc is

defined in terms of the propagation constants b1 of the fundamental

mode HE11 and b2 of the cladding mode:

Lc ¼ 2p=ðb1 � b2Þ ð2:9Þ

Figure 2.9. Normalized spot size as a function of distance along a linearly

decreasing, finite clad, step-profile taper, showing: (a) adiabatic variation

(broken line), (b) non adiabatic variation (solid line) [After Henry and Love

1989].
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In the case of taper (see Figure 2.7e) a length scale L 0 is defined in

terms of the angle OðzÞ between the tangent to core cladding interface

and the fibre axis. If aðzÞ is the local radius we have:

tanOðzÞ ¼ aðzÞ=L 0 ð2:10Þ

where L 0 is the distance along the taper axis from to apex of the cone

with half angle OðZÞ. Scattering theory indicates that if the length

scale L 0 of the non-uniformity is longer than the wavelength of the

electromagnetic field, losses or scattering are observed, because the

length scale of the field is small enough to detect the non-uniformity. If

n1 ffi n2 ffi n (weakly guiding approximation), losses are significant

when ðl=n , L 0Þ. Significant loss will occur if the length scale of the

non-uniformity (taper) is bounded approximately by the scattering and

coupling length scale i.e. Love (1989):

ðl=nÞ , L 0 , Lc ð2:11Þ

Thus for an adiabatic taper we have tan OðzÞ ffi OðzÞ and equation (2.9)

indicates that if L 0 > Lc we have low or equivalent loss if:

OðzÞ < aðb1 � b2Þ=2p ð2:12Þ

The taper angle must be sufficiently small and must satisfy the

equation (2.12) at each position along the taper.

The basic property of a taper is also to expand the single-mode spot

size. These devices have for example a standard single-mode geometry

at one end and increase gradually in cross section so that the core size

at the other end is comparable to a multimode fibre one. For a

sufficiently slow taper the wavefronts remain nearly practically plane.

For a gradual taper, which can support multimode propagation at the

enlarged end, the conversion of the fundamental mode into higher-

order or radiation modes must be negligible if a very low excess

coupling loss is maintained. These tapers can be coupled with very low

excess-loss (less than 0.1 dB) and are essentially lossless for close

coupling.

The field in the fibre taper can be described by coupled mode

theory (Snyder and Love 1983, Marcuse 1987, Winn and Harris 1975,

or can be determined by solving the scalar wave equation using

generalized Laguerre Gaussian polynomials (Bolle and Lundgren

1990), or by employing the beam propagation method (BPM) (Amitay

and Presby 1989).

Let us consider coupled mode theory principle as an example. A

tapered fibre core radius is increased linearly along z. At each point

along z, the cladding to core radius ratio is constant. The refractive

index is given by equation (2.1), in which r is a function of z. Using the
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scalar approximation, the field c which can be regarded as the most

important transverse component of the electric field, is a solution of the

wave equation in cylindrical coordinates:

q2c
qr2

þ 1

r

qc
qr

þ q2c
qz2

þ 1

r2
q2c
qj2

þ n2 r; zð Þk20 ¼ 0 ð2:13Þ

At any point the field is expressed as a superposition of modes jn:

c ¼
X1
n¼0

CnðzÞjn exp �i

ðz
0

bnðz 0Þ dz 0
2
4

3
5 ð2:14Þ

The modes jn are solutions of the reduced wave equation local normal

modes (Marcuse 1975).

q2jn

qr2
þ 1

r

qjn

qr
þ n2 r; zð Þk2 � b2n
	 


jn ¼ 0 ð2:15Þ

The expansion coefficients Cn(z) satisfy the coupled wave equations:

dCnðzÞ
dz

¼
X
m

RnmCmðzÞ exp i

ðz
0

bn � bm
� �

dz 0

2
4

3
5 ð2:16Þ

Rnm are the coupling coefficients.

Values of Rnm and Cm can be calculated in the case of step index

fibre and in the case of a fibre with an infinitely extended radial

parabolic index profile. Knowing the coupling coefficients, the coupled

wave equation (2.14) can be solved numerically. The results show that

the dominant mode adapts itself adiabatically to the changing fibre

radius if the change is gradual.

However a difference in the mode power appears between the step-

index fibre and the parabolic-index fibre. It is caused by the different

dependence of the functions b0 and b1 (see Figure 2.10a and b). In the

case of a linear taper with a parabolic-index medium the loss curve of

mode 0 as a function of length has deep nulls as well as the power of

mode 1 (see Figure 2.11c). This work has demonstrated that the

fundamental mode in short optical up-tapers (�1 cm) can be propagated

with an insertion loss below 0.1 dB.

The presence of spot size oscillations along a taper is due to a

mismatch between the exciting beam at the taper entrance and the

fundamental mode. However, slight mismatch should not affect the

coupling to a single-mode fibre through such a taper.

For various 1.5 cm long optical up-tapers followed by a straight tip,

beam expansion ratios in the range 5 –10 are feasible with a

corresponding insertion loss per taper of less than 0.01– 0.025 dB. In
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Figure 2.10. (a) Parabolic-index fibre: loss of mode 0 as a function of taper

length L of a linear taper (solid line) and for raised cosine tapers (broken line),

initial core radius a1 ¼ 4 mm final core radius a2 ¼ 361 mm, (b) Loss of mode 0

as a function of length L for several step index tapers, initial core radius 4 mm,

final core radius 48 mm. [After Marcuse 1987].
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Figure 2.11. Power in mode 1 as a function of z: (a) for step index fibres, linear

taper, (b) for step index fibres, raised cosine taper, (c) for a linear taper in a

parabolic index fibre [After Marcuse 1987].
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the case of parabolic index taper with BPM simulation method, the

shape of the fields at different cross sections of the straight tip does not

vary, indicating a pure fundamental mode. The beam spot radii at the

output are enlarged. However, after a geometrical magnification a of 20
the fundamental mode in the straight tip is confined well within the

enlarged core (see Figure 2.12). In the case of step-index tapers the

influence of length is important in the mode conversion. The shorter the

taper, the bigger is the fundamental mode field deviation, due to higher-

order mode conversion (see Figure 2.13). The fundamental mode losses

decrease with length (0.36, 0.06 and 0.01 dB for 9, 12 and 24 mm taper

lengths).

The insertion loss increases with increasing beam expansion ratio

and decreases by increasing the taper length for a constant beam

expansion ratio. To couple energy from fibre A to fibre B with very low

excess loss (less than 0.1 dB at l ¼ 0:63 mm), the use of two similar

tapers has the advantage of relaxing the tolerances of the axial and

lateral displacements. The excess coupling loss which is defined as the

ratio between the output power Po from the first taper A to the incident

power Pe in the second B is expressed by (Amitay et al. 1987):

for axial displacement z

T z ¼ 4=½4þ ðz=lÞ2=p2ðo0=lÞ4�

Figure 2.12. Parabolic index taper simulation. Normalized field magnetic

versus transverse coordinate r=a0. D ¼ 0:3335%, l ¼ 1; 3 mm, a0 ¼ 5 mm, z = 2

cm, a ¼ 20 [After Amitay and Presby 1989].
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for lateral displacement d

Td ¼ exp½�ðd=o0Þ2� ð2:17Þ

For angular displacement y

T y ¼ exp½�ðp o0 y=lÞ2�

with Gaussian beam representation for the dominant modes in the

tapers; o0 is the equivalent Gaussian beam waist radius for a parabolic

profile:

o0 ¼ ½ðal=n0 2 pÞð2=DÞ1=2�1=2 ð2:18Þ

So the sensitivity of the excess loss for lateral and axial displacements

of two coupled tapered sections is greatly reduced compared to two

coupled single-mode fibres.

For example, for an excess loss of 0.5 dB, the maximum allowed

lateral displacement is 3.1 mm for taper coupling (compared to 0.73 mm
for fibre coupling). An axial displacement of 291 mm for taper coupling

produces 0.5 dB loss (compared with 16.5 mm for fibre coupling). The

conversion of the fundamental mode into higher order modes by the

taper, which can support multimode propagation at the enlarged end,

must be negligible for a gradual taper. These tapers are self-aligning

elements.

Figure 2.13. Step index taper simulation. Normalized straight tip and fibre

pigtail fundamental mode field magnitude versus transverse coordinate r=a0.

D ¼ 0:5%, n ¼ 1:45, l ¼ 1:3 mm, a ¼ 20, a0 ¼ 2.41 mm [After Amitay and Presby

1989].
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Tapered single-mode optical fibres can be used in solid state

devices using the evanescent field in the tapered area. Coating layers

such as sol-gel or polyvinyl acetate solution containing fluorescent

materials, permit use of these tapers for sensing applications or

amplifiers and laser devices (Henry and Payne 1995).

Recently supercontinuum light with a spectrum 370–1545 nm was

generated by femtosecond pulses in a tapered fibre, with potential

applications in metrology (Birks et al. 2000).

2.3 COUPLING FROM FIBRE TO FIBRE

2.3.1 Alignment losses, butt coupling

2.3.1.1 Splice of circular fields

Common connectors for optical fibres simply bring the fibre ends into

direct contact (butt coupling). Low loss splices between optical fibres

are indispensable for achieving optical fibre transmittance systems.

Splicing is a most important problem for single-mode fibres. Alignment

losses are due to lateral, longitudinal and angular offset (see

Figure 2.14). Lateral offset is the largest cause of insertion loss

Figure 2.14. Types of splice misalignment: (a) longitudinal, (b) tilt, (c) lateral

offset.
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(Di Vita and Vannucci 1975, Gordon et al. 1977, Verrier and Goure

1987, Sakai and Kimura 1978).

Let us consider the case of two identical step-index fibres carrying

a beam of incoherent light. The relative transmitted power L is the

ratio of the common area S1 þ S2, divided by the area S of each core

(see Figure 2.15a).

L ¼ �10 log10½ðS1 þ S2Þ=S � ð2:19Þ

Multimode fibre

For step-index fibres, if a is the core radius, the coupling efficiency Z of

a joint between two multimode glass fibres with a lateral offset d is

given by Neumann and Weidhaas 1976 as:

Z ¼ ð2=pÞ arc cosðr=2Þ � ðr=pÞ½1� ðr=2Þ2�1=2

Figure 2.15. Misalignment — transverse offset: (a) of two circular sections, (b)

of two elliptic sections, (c) of circular and elliptic section.
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where r ¼ d=a and for a small offset:

Z ffi 1� ð2r=pÞ

The resulting coupling loss expressed in decibels is for small offset

values:

LðdBÞ ¼ �10 log10 ½1� ð2r=pÞ� ð2:20Þ

For a parabolic index fibre

Z ¼ ð2=pÞ arc cosðr=2Þ � ðr=pÞ½4� r2�1=2ð1� ½2þ r2�=12Þ

and for small offsets the coupling loss is

LðdBÞ ¼ �10 log ½1� ð4=3Þð2r=pÞ� ð2:21Þ

The insertion loss for longitudinal offset is caused by the divergence of

the light beam from the emitting fibre. It is generally calculated by

considering the ratio of illuminated area to core area of the second

fibre. Under such conditions calculated losses are much larger than

those observed. In fact, the irradiance shows a peak on the central axis

within a short distance from the emitting area.

UsingWo for power accepted and guided by the second fibre andWi

for the power emitted by the first fibre, the coupling efficiency

Z ¼ W o=W i is calculated (Di Vita and Vannucci 1976) utilizing the

relation for W0,i as follows:

W o;i ¼ 4p
ða
0

r dr

ðyM
0

R sin y cos y dy ð2:22Þ

where a is the fibre radius, R the radiance and r represents a point on

the fibre end face. yM is the maximum value of the angle y for a guided

ray for Wo; yM ¼ p=2 for Wi and y is the angle a ray makes with the z-

axis. For small separations and for a step index and weakly guiding

fibre, the coupling efficiency Z and the insertion loss L are (Di Vita and

Rossi, 1978):

Z ¼ 1� ½ð4z NAÞ=ð3p a n0Þ�

LðdBÞ ¼ �10 log10 ½1� ð4z NAÞ=ð3p a n0Þ� ð2:23Þ

z being the longitudinal offset and n0 the refractive index of the

medium between the fibre ends. If air separates the two fibre ends, a

loss of 0.3 dB must be added because of Fresnel reflections at both glass

/ air interfaces.

The cross-mechanism for connections between graded-index fibres

is more complex than for step-index fibres. The modal distribution in

the fibre is important. At a short distance from the source, full
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excitation of all modes is usual; but after a long distance (nearly 1 km)

the equilibrium modal distribution (EMD) has taken over, and the

modes are more strongly concentrated into the core centre.

For a parabolic index, weakly guiding fibre ðz NA=a551Þ, the

coupling efficiency Z and the insertion loss L are given by (Di Vita and

Rossi 1978):

Z ¼ 1� ðz NA=2aÞ
LðdBÞ ¼ �10 log10 ½1� ðz NAÞ=ð2aÞ� ð2:24Þ

Single-mode fibre

Losses caused by the misalignment of two single-mode fibres joined in

a splice are easily obtained if the mode is effectively Gaussian in shape.

A longitudinal fibre separation Z of two identical fibres gives a power

loss (see Figure 2.14a) (Marcuse 1976):

LðdBÞ ¼ �10 log10 f½1þ 4z2�=½ð2z2 þ 1Þ2 þ z2�g ð2:25Þ

where z ¼ k n2 o2
0 Z and o0 is the width radius of the Gaussian field. n2

is the refractive index of the cladding.

For a splice with an offset d (see Figure 2.14c):

LðdBÞ ¼ �10 log10 ½expðd2=o2
0Þ� ¼ 4:34 d2=o2

0 ð2:26Þ

and for a splice with tilt y (Figure 2.14b):

LðdBÞ ¼ �10 log10 fexp½�ðn2 p y o0=lÞ2�g ¼ 4:34ðn2 p y o0=lÞ2 ð2:27Þ

Theoretically the characteristics of the junction between two

optical dielectric waveguides can be calculated by using the Huyghens–

Kirchhoff diffraction model (Neumann and Opielka 1977). The splice

losses caused by transverse and angular misalignments between two

graded-index single-mode fibres can also be evaluated by an efficient

theoretical model using the weighted sum of simple Laguerre Gaussian

functions (Meunier et al. 1991, Meunier et al. 1994).

When transverse offset and angular misalignment are present, the

loss arising in a joint between single-mode fibres depends on the relative

directions of the tilt and the plane of polarisation. The individual losses

are additive only when the defects are small (Gambling et al. 1978).

Mc Cartney et al. (1984) have measured loss histograms for splices

between shifted zero dispersion monomode fibres at l ¼ 1:55 mm. They

have used fusion and gluing techniques. They have found that glue

splicing may be required for triangular profile fibre. A low-loss compact

optical directional coupler for single mode fibres has been made from

two sapphire ball lenses, a beamsplitter and two ferrules (Masuda and
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Iwama 1982a, Masuda and Iwama 1982b). The excess loss is 1.5 – 2.5

dB in the 1.2 – 1.5 mm wavelength range.

There is often a need for durable fibre splice. Both fusion and

mechanical splices are used. The latter require more care. In the

fusion-splicing process, the two fibres are carefully aligned and then

joined by arc-welding. This process utilizes the surface tension of glass

for self-alignment of the two fibres. Many splicers operate on the basis

of core alignment, joining the fibres when the lowest insertion loss is

observed. This can be detected by observation of the optical power

radiated from a sharp bend after the joint. Mechanical splices use V-

grooves and index-matched optical cement. This technique is simpler

than that of fusion splicing. In an elastomeric splice, the V-groove and

the opposite lid are made of polyester. The fibre is put in the triangular

cavity. A small lateral pressure produces precise alignment. The

problems of end separation and losses are reduced by adding index

matching fluid. Typical splice loss is 0.1 – 0.2 dB.

2.3.1.2 Splice of elliptic fields

Somework onmode field radius (MFR) definitions of an elliptical field in

a single-mode fibre, and the relation with splice losses has been

published (Sakar et al. 1984, Miller 1986, Marcuse 1976). In the case

of non-Gaussian field distribution, a good result is obtained if the width

spot size parameters of each direction are defined by the field moments

proposed by Ohashi et al. 1987.

From the theoretical analysis of a splice between different

Gaussian elliptical fields in single-mode fibres, splice losses under

various mechanical misalignment conditions have been derived. As an

example, let us consider an azimuthal rotation j (see Figure 2.15b).

The transmitting and receiving fields are represented by:

Ei ðxiyiÞ ¼ exp½�ðx2i =o2
xiÞ � ðy2i =o2

yiÞ�

oxi and oyi being the mode field radius along xi (major) and yi (minor)

axes for each fibre. The splice loss is (Fan and Liang 1990):

Lj ¼ �10 log10 ½4=ðZþ w sin2 jÞ� ð2:28Þ

where w ¼ ½x1 � ð1=x1Þ�½x2 � ð1=x2Þ� and x1 ¼ ox1=oy1 x2 ¼ ox2=oy2

and where:

Z ¼ ½Zx þ ð1=ZxÞ�½Zy þ ð1=ZyÞ�

and

Zx ¼ ox1=ox2 Zy ¼ oy1=oy2
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One result concerns the case of two optical waveguides where one has a

circular Gaussian mode field x ¼ 1 (see Figure 2.15c). The splice loss

for azimuthal rotation j will be reduced to

Lj ¼ �10 log10ð4=ZÞ ð2:29Þ

and can be used to calculate the mode field mismatch loss for an LD or

LiNbO3 waveguide to SMF coupling (cf. § 2.5.2).

2.3.2 Coupling with microcomponents

The graded-index(GRIN) rod lens (see § 2.2.1) is useful for coupling

between multimode optical fibres. One GRIN lens collimates light

from an input fibre and a second focuses it on to an output fibre. The

systems using lenses are not strictly image-transferring systems. The

light radiated by the input fibre needs to be imaged on to the output

fibre, but this is not sufficient to achieve lossless coupling because of

the limited numerical aperture. Losses due to lens aberrations also

have to be added to the losses due to misalignments or spacing, but

these aberration losses can be held to be better than 1 dB . Palais

(1980) has analysed losses resulting from lateral and angular

misalignments. In a well designed system, the transmitting lens will

be large enough to contain all the light transmitted by the fibre.

Incorrect length of the GRIN lens causes degraded collimation.

Many authors have proposed, the use of beam expansion optics to

alleviate alignment problems (Amitay et al. 1987, Benner et al. 1990) or

of lenses (Nicia 1981). Such devices are described in § 2.2. In the first

case two tapers are held within a precision ceramic sleeve. The

fundamental mode of the single-mode fibre is adiabatically expanded

in the first taper. It leaves the taper as a quasi-gaussian propagating

beam crossing the space between the tapers. This beam is injected in to

the second taper with a coupling efficiency determined by the overlap

between the radiation field and the output taper fundamental mode.

The device has a low dependence on polarisation and wavelength;

attenuation is greater than 75 dB, so the device can be used as a

variable optical attenuator.

In the case of single-mode fibre (SMF) components using GRIN

lenses the output from the first SMF is assumed to have Gaussian

profile. Provided the transmitting SMF and receiving SMF are

identical, and provided the Fresnel reflections are suppressed by using

index matching, the field inside the GRIN lens can be calculated using

the optical transfer function of the lens. The coupling efficiency,

computed from the overlap integral of this field distribution and the

receiving SMF, shows that a 1% error in length on a half-pitch GRIN
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lens will result in about 0.7 dB loss: the longer the wavelength, the

larger is the loss (see Figure 2.16) (Lu et al. 1988).

In the case of angular misalignment of the fibres, there is little loss

until the angle is larger than 308 (see Figure 2.17). Two GRIN lenses

can be used for coupling bunched optical fibre to single-mode optical

fibre with cross-talk attenuation greater than 30 dB (Maekawa and

Azuma 1987).

Several other methods of improving the coupling efficiency

between a light source and an optical fibre waveguide or between

two fibres have been developed using a cylindrical glass fibre as a

focusing element (Weidel 1975), a small diameter fibre between the

source and the waveguide (Panock et al. 1984), or a thermally

expanded core fibre (Kihara et al. 1996).

A process for mass production consists of splicing a micro-optics

array on to a ribbon shape at the end face of a single-mode fibre. The

micro-optics is composed of two welded sections of a GRIN fibre array

and a silica array section (Chanclou et al. 1999).

Figure 2.16. GRIN lenses: loss curves for different wavelengths with no

misalignment [After Lu et al. 1988].
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2.3.3 Non-intrusive tap

The use of devices employing non-invasive or non-intrusive optical

fibre taps is of considerable interest, as such devices can be deployed,

moved or removed without the need to break the fibre for splicing or

connecting. A method of coupling light into and from a fibre is to use a

single macrobend of small radius (1 to 5 mm). However, stress in the

macrobend makes this method unsuitable because of probable

reduction in the life of the device.

Figure 2.17. GRIN lens: loss curves due to angular misalignment [After Lu et

al. 1988].
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The use of a mechanical grating puts much less stress on the fibre.

The fibre is sandwiched between the grating and a lens (see Figure

2.18). The grating perturbs the fibre so that it induces coupling

between the core and cladding modes. The power is transmitted across

the boundary between the cladding and the protective coating. The

light is collected and focused by a lens onto a detector. Light injection is

obtained similarly. The tapped fraction is defined by the force between

the grating and the fibre (Cannel et al. 1988). Similar effects can be

obtained by Bragg gratings written directly into the fibre (see Chapter

3 § 3.3).

A passive device can be made with a multimode fibre spliced

between two single-mode fibres (Horche et al. 1989) (see Figure 2.19).

Figure 2.18. Schematic diagram of direct injection/collection fibre tap: (a)

single macrobend of radius R, (b) grating and lens [After Cannell et al. 1988].

Figure 2.19. Structure of untapered multifibre union [After Horche et al.

1989].
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The power transmittance varies with the wavelength. The applications

are similar to abruptly tapered single-mode fibres, and the advantage

lies in low cost. They are applicable to channel separation in

wavelength multiplexed optical fibre systems.

2.3.4 Connectors

The fabrication of graded index fibre connectors has reached the level

of routine production. Unlike a laser-to-fibre coupler, a connection is a

demountable device that should outlast many disconnections and

reconnections (see Figure 2.20). The principles of connectors has been

described in numerous papers, e.g., Nawata 1980, Minowa et al. 1982.

Such a device uses lenses (Nicia 1978, Masuda and Iwana 1982,

Kanayama et al. 1995) or butt coupling (Khoe et al. 1984, Khoe 1986).

A connector in which two lenses produce an image of the emitting

fibre end upon the receiving end is not always a good solution as it is

difficult to have perfect and reproducible alignment. A single-mode

connector based on a butt joint between two ferrule-terminated fibre

ends is preferable. The sheathing material is stripped to the exact

ferrule length and the bare fibre inserted in the central hole of ferrule.

The diameter of the hole exceeds the outside diameter of the fibre by

less than 1-2 mm. The fibre is glued in position and the end of the

ferrule and fibre are polished. The ferrule is assembled into a plug and

two plugs are coupled by an adaptor.

In one connector design, in order to reduce the reflected energy,

the two fibre ends are cut at an angle and the two Gaussian modes are

tilted (Rao and Cook 1986, Kihara et al. 1996).

2.4 COUPLING FROM FIBRE TO WAVEGUIDE

Fibre-to-waveguide couplers are essential for coupling optical signals

from fibres to integrated optical signal processing circuits. Coupling

efficiency depends on the spatial overlap between the transverse fields

of the optical modes in the fibre and in the channel waveguide. The

problem has been studied for several kinds of channel waveguide

material: silica, silicon, InP and LiNbO3. The geometric mismatch

between the waveguide core, which tends to have an elongated cross-

section and the fibre core, which is circular, is a complicating factor. As

for fibre-to-fibre coupling, it is possible to use lenses or butt coupling

but in this case the use of V-grooves to locate the fibres is very

important, simplifying alignment and allowing repeatable coupling

(Bulmer et al. 1980, Sugita et al. 1993). A review of fibre attachment to

guided wave devices is described by Murphy (1988).
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Figure 2.20. Example of connector [Optaball system developed by Radiall].
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Calculations of coupling coefficients showing a value of 80 – 90%

order have been made (Burns and Hocker 1977, Ramos et al. 1994,

Ramos et al. 1995).

2.4.1 Butt end coupling

In butt end coupling technology both guides are terminated facing one

another in contact. A theoretical coupling analysis can be made by a

mixed-spectrum eigenwave representations of fields inside the wave-

guides and Fourier integrals describing the field between the two

guides. To satisfy the boundary conditions on the terminal planes of

both waveguides, a coupled system of integral equations is derived.

The computations show that a coupling efficiency of around 20% could

be achieved between the two guides under proper alignment. The most

critical tolerance seems to be lateral displacement of the two guides

(see Figure 2.21) (Capsalis and Uzunoglu 1987).

Figure 2.21. Variation of coupling efficiency with lateral displacement d

between the two guide axes for a single-mode fibre with a ¼ 5 mm, n2 ¼ 1:450,

n1 ¼ 1:454 and a dielectric planar guide 2a ¼ 1 mm, n2 ¼ 3:40 mm and n1 ¼ 3:61

at l0 ¼ 1:55 mm. The interguide distance is z ¼ 121:8 mm and n0 ¼ 1 [After

Capsalis and Uzunoglu 1987].
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Efficient butt-end coupling from fibres to Ti: LiNbO3 channel

waveguides has been obtained at 1.32 mm and 1.15 mm (Guttmann et al.

1975, Fukuma and Noda 1980, Ramaswamy et al. 1982, Alferness et al.

1982) as well as for fibres to channel waveguide on glass (Ramos et al.

1994, Rios et al. 1995). Fibre–TiLiNbO3 waveguide coupling loss is

minimized by using appropriate diffusion parameters (Mc Caughan and

Murphy 1983). The coupling loss is well correlated to the match

between the fibre mode diameter and the waveguide geometric mean

diameter.

2.4.2 Coupling using grooves

A fibre guiding groove facilitates alignment between fibres and

waveguides (LiNbO3 or silica). It has been used for high silica channel

waveguides on silicon substrate (Bulmer et al. 1980, Sagita et al. 1993,

Nutt et al. 1984). However, alignment of the silicon V-grooves with the

waveguide substrate presents a problem. Also the difference in the

coefficients of thermal expansion may result in misalignment.

Grooves cut in the same substrate as the waveguide are used for

fibre location and alignment (see Figure 2.22.). The grooves may be

defined by conventional photolithography and fabricated using ion

milling (Murphy and Rice 1986, Nutt et al. 1984, and Bristow et al.

1985) (see Figure 2.23).

A large number of grooves may be cut on one substrate in a single

process. Many fibres may be coupled to one waveguide circuit (see

Figure 2.24). The advantage of this method is the ease of alignment.

Figure 2.22. Schematic diagram of coupler. Groove is cut in the same

substrate as the waveguide [After Nutt et al. 1984].
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Figure 2.23. Procedure for alignment groove formation in LiNbO3: (a)

aluminium layer, (b) polyimide layer, (c) photoresist pattern of groove, (d)

resist pattern transferred to Al, (e) reactive ion etched in oxygen, (f) argon ion

milling [After Bristow et al. 1985].
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2.4.3 Other methods

An automated method for aligning arrays of fibres to waveguide

devices uses the functional dependence of coupling efficiency on fibre

waveguide misalignment (Bahadori and Murphy 1989, Murphy et al.

1985). If the waveguide substrate ends in an out-of-plane 458 angle, the

guided wave will be totally internally reflected out of the waveguide

surface through the perpendicular end face. This allows easy connec-

tion with a fibre (Kincaid et al. 1989).

Low splice loss and zero reflection from the splicing between

optical fibre and planar deposited silica waveguide is obtainable by

fusion, using a CO2 laser as a heat source (Shimizu et al. 1982).

A ball lens can provide an efficient coupling between a single-mode

optical fibre and a silica guide. Theoretical analysis and experiment

show that the coupling efficiency is similar to butt-coupling; but

tolerances are better with a ball lens (Ramos et al. 1995).

Coupling loss theory for a multimode channel waveguide section

fabricated by ion exchange in a glass substrate employs a ray-optic

approximation (Ctyroky 1984). Coupling losses in the range 2– 0.25 dB

can be achieved for single channel and sandwiched structures coupled

to graded-index fibres.

In an alternative arrangement a single-mode fibre can be

efficiently coupled to a single-mode waveguide via a tapered multi-

mode area. To couple the optical power efficiently from the fibre

without critical matching of the fibre and waveguide modes, a

Figure 2.24. Silicon chip coupling [After Murphy et al. 1985].
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multimode area that is gradually tapered to a single-mode waveguide

is used. With milling, very smooth surfaces can be obtained (see Figure

2.25). The groove milled on the side of a glass substrate is generated by

the friction of a micro drill shank in a polishing paste (Chung and

Millington 1987).

Another method for coupling signal from single-mode fibres to thin

film waveguides (A) employs a coupling waveguide (B) having the same

film thickness as the diameter of the fibre. This waveguide B is

designed to couple optical power distributively into the second thin film

waveguide A with an intermediate layer between them. The two

waveguides are parallel. Once incident into waveguide B, optical power

will transmit gradually into waveguide A due to the distributive optical

coupling between them. The length of waveguide B is approximately

Lc ¼ p=Db where Db ¼ b0 � b1. b0 and b1 are the propagation constants

of the 0th and first order mode in the structure (Cai et al. 1991).

To effect a coupling between a thin integrated waveguide (for

example InP) and a single-mode fibre, a chip can be constructed by

liquid phase epitaxy and wet chemical etching with two masking steps.

The chip is then used as a taper device (Pohl et al. 1995).

2.5 COUPLING FROM SEMICONDUCTOR LASER OR LED INTO

FIBRES

2.5.1 Multimode fibre

Large diameter optical fibres and fibre bundles are currently used in a

growing number of applications. Several papers present an analysis of

theoretical limits and practical possibilities of power launching for

LEDs (Bodem 1978, Albertin et al. 1974, Lambert and Goure 1985, Di

Figure 2.25. Fibre-to-guide coupling via a multimode tapered section [After

Chung and Millington 1987].
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Vita and Vannucci 1975). Various coupling structures have been

presented (see Figure 2.26).

Let us consider the case where multimode fibre and LED are

facing each other (see Figure 2.26a). The fibre can support a large

number of modes, so the electromagnetic theory of energy launching

into the optical fibre becomes very complicated. The energy coupled to

an optical multi-mode fibre can be calculated using geometrical

analysis. One must consider not only rays that cross the fibre axis

(meridional rays), but also those that never meet the axis along their

path (skew rays).

Using a cylindrical coordinate system (r;c; z) in which the fibre

axis represents the z axis (see Figure 2.27), a point ðr;cÞ, centre of a

surface element dS ¼ r dr dc on the source emits rays in a direction

defined by the angle y that they form with the z axis and by the

azimuth angle j with the radius. The total energy Wo emitted by the

Figure 2.26. Coupling structures from semiconductor laser or LED to

multimode fibre.
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source of area As is calculated from its energy Iðr;c; y;jÞ by integrating

the following equation in the emission solid angle:

dWo ¼ Iðr;c; y;jÞr sin y dr dc dy dj ð2:30Þ

over y from 0 to p/2 (y being a function of r and j), over j from 0 to 2p
and over the source area As. In the same way the energy Wi collected

and guided by the fibre of area Af is obtained by integrating equation

(2.30) over the surface As \ Af , and over y from 0 to yca, where yca is the
maximum angle for all rays (skew and meridional) corresponding to

the fibre numerical aperture (Chapter 1 Equation 1.12). The launching

efficiency is:

L ¼ W i=W o ð2:31Þ

If the source is an LED emitting uniformly, independently of j,
and having a Lambertian distribution, we have IðyÞ ¼ I0 cos y and

As ¼ pb2 (b¼ radius of the LED). So we obtain:

W o ¼ I0p2 b2 and W i ¼ I0 p2 a2 sin2 yca

and if

Af < As L ¼ ða2 sin2 ycaÞ=b2 ð2:32Þ

It can be demonstrated that the launching efficiency increases

with the fibre acceptance angle.

Coupling efficiency between laser diodes and low loss multimode

optical fibres have been calculated using a spherical lens with a high

refractive index (> 1.78) and ray tracing (Kawano et al. 1985), and by

using a microlens formed at the fibre end (Benson et al. 1975). In the

first case the attenuation effects of higher-order modes in the multi-

mode fibre strongly affect the maximum coupling efficiency and

Figure 2.27. Cylindrical coordinates system. Position and angular coordinates

of a light ray.
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misalignment tolerance. In the second case the maximum coupling

efficiency achieved by melting the fibre tips to form lens structures

varies greatly with fibre taper in the range of 15–63%.

2.5.2 Single-mode fibre

Moreover, in transmitter modules, sensors or instruments, maximum

coupling efficiency of the semiconductor laser beam into a single-mode

fibre and a low optical feedback into the laser are required. There are

several factors that reduce the coupling efficiency of a laser diode to

single-mode fibre coupling arrangement. They are ellipticity of the

laser diode light, differences in the field shapes and the spot size

mismatch of the fields.

The laser diode has an elliptic near field given by the function:

Cðx; yÞ ¼ 2=pð Þ1=2½1


ðoxoyÞ1=2� exp �½ðx2=o2

xÞ þ ðy2=o2
yÞ�

n o
ð2:33Þ

with the assumption of Gaussian field distribution. ox is the spot size

in the x– direction perpendicular to the junction plane and oy is the

spot size in the y– direction parallel to the junction plane. For the fibre

the near field is given by:

CðrÞ ¼ ð2=pÞ1=2½1=o� exp �ðx2=o2Þ
� �

ð2:34Þ

Various coupling structures have been presented (see Figure 2.28).

Butt coupling, lenses, GRIN lenses, spherical microlenses or tapers are

used. In the case of coupling devices including lenses, additional causes

for the losses are the Fresnel losses, the roughness of the surfaces and

the spherical aberration. An increase of coupling efficiency by a factor

of 3.5 is obtained in comparison with butt coupling (see Figure 2.28a)

when using lenses (Kayoun et al. 1981).

Glass ball lenses and silicon plano-convex lenses are used (see

Figure 2.28b,c) (Kartensen and Drogemuller 1990). Lens aberrations,

and losses due to misalignment decrease coupling efficiency (Sumida

and Takemoto 1984, Kartensen 1988). To reduce the degree of

aberration it is necessary to select a lens material of high refractive

index and short focal length, in particular for coupling units with ball

lenses. Couplers with two lenses have a higher coupling efficiency than

couplers with only one lens, and the minimum loss is achieved with

lenses of high refractive index and small diameter. Good coupling

efficiency has been achieved with a small cylindrical lens (Saruwatari

and Nawata 1979).

Coupling can also be made using a moulded aspherical glass lens

(see Figure 2.28d) or an aspheric lens with a thermally diffused
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expanded core single-mode fibre (Kato and Nishi 1990, Kato et al. 1991).

Use of taper and ball lens together could be a solution (Figure 2.28e).

Several publications report the use of amicrolens attached to the single-

mode fibre ends (see Figure 2.28g,h) (Gangopadhyay and Sakar 1998).

The difficulty is that a rotationally symmetric lens cannot transform an

elliptical laser beam into a rotationally symmetric one. The coupling

efficiency is improved by using a cylindrical lens. Hemispherical

microlenses have been fabricated on the ends of the single-mode optical

fibre by using an electric arc discharge (Yamada et al. 1980).

With microscopic lenses, fabricated on optical fibre ends using a

photolithographic technique, the coupling efficiency between a laser

and single-mode fibre is increased from 8% without a lens to 23% with a

spherical lens and 34% with a cylindrical lens (Cohen and Schneider

1974). In another method for increasing the coupling efficiency a high

index micro-lens is attached to the cleaved end of a tapered single-mode

fibre (Khoe et al. 1983).

GRIN rod lenses (see Figure 2.28i) have been used for collimation

and focusing with commercially available optical isolators. The

Figure 2.28. Coupling structure from semiconductor laser (LD) to single-mode

fibre (SMF).
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advantage is generous alignment tolerances, typically 40 mm and 250

mm for lateral and axial misalignment (Makita et al. 1988).

The drawn fibre taper with a fused spherical microlens on the fibre

front end is a coupling arrangement described and tested by Wenke

and Zhu 1983. Coupling efficiency of more than 55% is obtained with

these coupling structures, with a lens radius of approximately 10 mm.

A tapered waveguide must be considered as a three–layer guiding

structure (core – cladding – external medium) and is sensitive to the

refractive index of the external medium. If this external medium is a

liquid crystal, transmittance should depend on the relative orientation

of the liquid crystal director axis with respect to the polarization of the

electric field of the fibre. It is possible to use liquid crystals in an electric

field, for modulation of side-polished fibre outputs (Veilleux et al. 1986).

Confocal lens systems can also be used (Figure 2.28j) (Kawahara 1980).
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EXERCISES

2.1 – What is the length value of a full pitch SELFOC which has a

relative refractive index difference Dn=n ¼ 10�3 and a core diameter

a ¼ 50 mm?

What is the length value for a quarter pitch SELFOC lens?

2.2 – Calculate the radiance I0 at the output of a multimode step index

optical fibre of radius a ¼ 50 mm, n1 ¼ 1:46 and yca ¼ 17� emitting a

power of 50 mW if I0 is independent of y.
2.3 – A similar fibre is located at 10 mm from the fibre of exercise 2.1

and perfectly aligned on the same axis. What is the power injected into

the second fibre?

2.4 – In a connector the fibre ends of two identical step index fibres

(core radius¼ 25 mm) have a lateral offset of 3 mm. What is the

resulting coupling loss?

2.5 – A LED (Lambertian source) with a radius b ¼ 40 mm and a power

5 mW is used in front of a multimode fibre
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a – calculate the radiance I0
b – calculate the power injected and transmitted by the fibre (core

radius¼ 25 mm, NA¼ 0.21) in the case of butt-coupling

c – what is the coupling efficiency L
2.6 – The light emitted by a point source is injected in an optical fibre

of core diameter d ¼ 100 mm and of numerical aperture NA¼ 0.3. What

is the distance for a good coupling?

74 Coupling: Microcomponents, tapers, splices, connectors



Chapter 3

DEVICES BASED ON COUPLING

EFFECT WITH NON-POLARIZED LIGHT

Over the past few years there has been a growing interest in the use of

optical fibres for information distribution systems and sensors.

Consequently the fabrication of multiport fibre devices to divide or

combine transmission signals, called power couplers, has been

developed. Fibre couplers are the most important devices in fibre

applications such as high-speed data link systems, wavelength

demultiplexer–multiplexer systems, coherent transmission systems,

fibre sensors and fibre optics measurement systems.

An optical coupler is usually a passive device that distributes

power from the main fibre to one or more branch fibres. Figure 3.1

shows a 262 coupler. Several techniques have been developed to

construct couplers. Each has some advantages and drawbacks, and

several types have been proposed using optical fibres and micro-optics

components, e.g. polished cladding couplers, fused biconical taper

couplers, beamsplitters, micro-bend types, and lateral offset types. A

classification of fibre optic power splitters is given by Agarwal 1985.

Several theoretical techniques have been applied to investigate

the behaviour of the optical power distribution in the two fibres and the

interlay waveguide as one function of the fibre and waveguide

propagation parameters. One utilises the beam propagation method

(Van Roey et al. 1981, Lamouroux and Prades 1987); an alternative

approach is to use the coupled mode theory or the effective index

method (Qian 1986, Bures et al. 1983, Huang and Chang 1990 a, b,

Okamoto 1990, Zheng and Snyder 1987, Wright 1986).

Fibre couplers may be categorized into polarization-independent

and -dependent couplers. The latter are classified into polarization-

maintaining and -splitting couplers, and these will be examined in

Chapter 4.
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3.1 COUPLING THEORY FOR CIRCULAR FIBRES

Coupling between two single-mode fibres is achieved when the fields

associated with their LP01 modes interact. In order to access the field of

a single-mode fibre we must either taper the fibre down or locally

remove a part of its cladding. In a tapered fibre the field width (spot

size) increases as the radius of the core is reduced. When two fibres lie

side by side in close proximity their field distributions overlap. Access

to the field is achieved by grinding and polishing some of the cladding

away leaving a thin layer above the core cladding interface, then

bringing the polished regions together. The coupling between the fibres

takes place through their evanescent fields.

We examine propagation along, and power transfer between, two

parallel fibres (see Figure 3.1). The field of a fibre extends indefinitely

into the cladding, interacts with the second fibre, and thus excites its

field. In turn, the field of the second fibre interacts with the field of the

first. As the field propagates there is an exchange of power between the

two fibres. This phenomenon is the optical cross-talk. The amount of

power exchange depends on the amount of overlap of the fields of the

two fibres.

Cross-talk can be described in terms of the modes of the composite

waveguide, and is manifested by the beating (or interference) of the

composite mode; or in terms of the modes that propagate along each

fibre independently, when we have sufficiently separated weakly

guiding fibres. If there are more than two propagated modes, the first

method is very difficult, because it requires a large number of coupled

equations. Theoretical explanations can be found in Snyder and Love

(1983), Ankiewiz et al. (1986), Peng and Ankiewicz (1991) and Huang

and Chang (1990 a, b).

Figure 3.1. X coupler realized from two fibres with a core spacing d. The

energy is transferred by an evanescent wave along the interaction length L.
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In the first method, let us consider a composite two-fibre

waveguide with a cross section as in Figure 3.2. Two identical (or

nearly identical) parallel fibres are optically separated. Using these

two single-mode fibres in isolation and within the weak guidance

approximation, the field of the composite waveguide is approximated

by a sum of the fields of the two fibres in isolation.

Each single-mode fibre has two orthogonally polarized funda-

mental modes. These fields are obtained from the fundamental

solution of the scalar wave equation. In the case of two fibres in the

composite waveguide, the number of propagated modes is multiplied

by two, owing to symmetry. We have two pairs of orthogonally

polarized fundamental modes (see Figure 3.3).

The scalar wave equation solutions of the fibre isolation are

respectively c1, c2 and the composite waveguide solution is cðx; yÞ. The
symmetry of the composite waveguide leads to two fundamental

solutions for cðx; yÞ:

cþ ¼ c1 þ c2 c� ¼ c1 � c2 ð3:1Þ

The propagation constants associated with cþ and c� are bþ and

b� respectively and b is associated with c1 or c2. So the four

fundamental modes of the two identical fibres are formed by pairs of

antisymmetric and symmetric modes cþ and c�. The transverse

electric fields are polarized parallell to the x or y axes. Figure 3.3 shows

the orientation of the transverse electric field for the four fundamental

modes. The power at the end of the fibres is:

P1ðzÞ ¼ cos2ðCzÞ
P2ðzÞ ¼ sin2ðCzÞ

ð3:2Þ

Figure 3.2. Cross section of a fibre optical coupler.
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C is the propagation constant due to the coupling modes and is related

to the composite waveguide geometry (Snyder and Love 1983). A

proportion of the power is transferred from one fibre to the other fibre

and back in a beat length:

Lb ¼ p=C ð3:3Þ

In the second method, using two single-mode fibres in isolation

from each other and within the weak guidance approximation, the j-

polarized fundamental modes ðj ¼ x or yÞ are

Ejðx; y; zÞ ¼ ajCjðx; yÞeibjz ¼ bjCjðx; yÞ ð3:4Þ

with
a1 ¼ 2 cos Cz

a2 ¼ 2i sin Cz

bj ¼ aj e
ibjz

where bj is the propagation constant of the mode. The fields of the

composite wave guide are approximated by a linear combination of the

modes of the fibres in isolation, when the two fibres are well separated

and not too dissimilar:

Cðx; yÞ ¼ b1C1ðx; yÞ þ b2C2ðx; yÞ ð3:5Þ

Two coupled equations are obtained by treating one fibre as one

perturbation of the second:

db1=dz� iðb1 þ C11Þb1 ¼ i C12 b2 ð3:6Þ

db2=dz� iðb2 þ C22Þb2 ¼ i C21 b1

where Cij are coupling coefficients, independent of z.

Figure 3.3. (a) Symmetric, (b) antisymmetric modes.
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In the case of identical and nearly identical fibres, the power

transfer between two modes can be written in terms of the initial

power. We can set C12 ¼ C21 ¼ C and C11ðC22 being negligible), and

eliminate b1 or b2 from the equation (3.6) to obtain a second-order

differential equation. With unit power launched in the first fibre and

zero power in the second, the power transfer between two lossless

waveguides in close proximity, having a constant separation d between

them along the coupling region (parallel-fibre coupler), is given by:

P1ðzÞ ¼ 1� F 2 sin2½ðCz=FÞ�

P2ðzÞ ¼ F 2 sin2½ðCz=FÞ� ð3:7Þ

With

F ¼ ½1þ ðb1 � b2Þ2=4 C2��1=2

A fraction F 2 of the power is transferred from one fibre to the other

fibre and back in the beat length Lb ¼ pF=C. For two identical fibres

F ¼ 1.

In these conditions of weak interaction through a tunnel barrier

the power will be totally transferred from one guide to the other with a

spatial periodicity L given by L ¼ p=2C.

For two identical step profile fibres, the coupling coefficient

(Snyder and Love 1983) becomes:

C ¼ ðp D=w d aÞ1=2 ðu2=V 3Þ½ðexpð�w d aÞÞ=K2
1w� ð3:8Þ

For each fibre, V ;u and w have been defined in equations (1.23)

and (1.24). In the case of two identical Gaussian profile fibres, the

profile for the composite waveguide is given by:

n2 ¼ n2
1 f1� 2D½1� expð�r21=a

2Þ � expð�r22=a
2Þ�g ð3:9Þ

r1 and r2 are the radial coordinates taken from each fibre centre, n is

the fibre core refractive index and the coupling coefficient is:

C ¼ðpD=daÞ1=2 V 3 ðV � 1Þ1=2=ðV þ 1Þ�1=2
h i

6exp
n
ðV � 1Þ½ðV � 1Þ=ðV þ 1Þ � ðd=aÞ�

o
ð3:10Þ

Coupled mode equations can be used for two or more coupled

weakly guiding fibres and for double core fibres (Qian 1986).

Using the coupled mode theory in the vectorial form based on the

exact HE11 and HE21 modes, the effect of the polarizations has been

considered. Both fundamental modes of single-mode fibres become

coupled through their evanescent fields. As explained at the beginning
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of this chapter, the action of a single mode-fibre coupler relies on the

beating of the two lowest order modes. If bx11 (or b
y
11Þ and bx21 (or b

y
21Þ are

the propagation constants for the HEx
11 (or HE

y
11Þ and HEx

21ðHE
y
21Þ

modes, the coupler is defined by two polarization-dependent coupling

coefficients Cx ¼ ðbx11 � bx21Þ=2 and Cy ¼ ðby11 � by21Þ=2: HE
p
ij is the

polarized mode (p ¼ x or y) with i ¼ 1 and j ¼ 1, field zero in the x

and y directions (Huang and Chang 1990a).

As an example, in the case of fused tapered single-mode fibre

couplers, the fields of theHExy
11 and HExy

21 modes along the centre line of

the coupler (y ¼ 0) at various values of V ¼ b k ðn2
2 � n2

3Þ
1=2

are given in

Figure 3.4; n3 ¼ 1 for air and b is the cladding radius. The cladding–

core radius ratio b
a
and the core separation d have significant effects on

the coupling characteristics.

3.2 DIRECTIONAL COUPLERS

3.2.1 X-coupler, 262 coupler

The X-coupler (also called a 262 couple) is the guided equivalent of the

conventional beam splitter (see Figure 3.1). The purpose is to bring the

fibre cores close to each other so that efficient power coupling can take

place. The energy is transferred from the excited optical fibre to the

adjacent parallel fibre because an appreciable part of the energy is

propagated into the cladding by the evanescent wave, as seen in x 3.1.
Most coupling schemes therefore try to position the cores as close to

each other as possible.

One method of fabricating these couplers consists of polishing one

side of the core for both fibres fixed in holders, and then bringing the

cores into contact with an index-matching liquid interface (see Figure

3.5).

Two quartz blocks are prepared by first grinding their respective

top and bottom faces parallel. A slot is cut into the top face with the

bottom of the slot giving a downward curvature. This gives the path of

the fibre a curvature which controls the length of the interaction

region. The fibre is prepared by stripping the sheath with the help of a

solvent for a length equal to that of the holder. The fibres are fixed in

the slots. The blocks are polished on one side of the cores in order to

partially remove the cladding. The two blocks are then brought into

contact. A refractive index matching fluid is inserted by capillary

action. The result is a reciprocal power transfer from one fibre to the

other. The power transfer ratio depends on the core spacing and on the

interaction length. Detailed theoretical and experimental analysis can

be found in Bergh et al. (1980), Annovazzi-Lodi and Donati (1990),

Leminger and Zengerle (1990).
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A similar device is obtained when an optical fibre is put on a low

curvature plano convex lens and fixed to it with a thin film of epoxy

resin (Parriaux et al. 1981a,b).

During the fabrication of the coupler, one of the main factors is the

amount of cladding remaining on each substrate. The correct spacing

between the surface and the fibre axis can be determined non-

Figure 3.4. Fields of the symmetric HE
xy
11 and antisymmetric HE

xy
21 modes in a

coupler with core (solid lines) or without core (broken lines) at various values

of V . d ¼ 1:2 b, D ¼ 0:003, b=a ¼ 20, a and b core and cladding thicknesses

[After Chiang 1987].

Directional couplers 81



destructively by measurement of the attenuation obtained when a drop

of liquid with a known refractive index is placed to cover the whole

polished surface (Digonnet et al. 1985, Lamouroux et al. 1985). In a

similar method for exact determination of the variable core-to-surface

spacing along the polished region of the fibre coupler blocks, a drop of

liquid with a known refractive index n3 slightly higher than the

effective index ne of the fundamental mode is placed on part of the

surface. The attenuation is measured while the liquid gradually covers

the block surface (Leminger and Zengerle 1987).

An all-fibre device such as the polished fibre coupler could lead to a

power transfer Pi; i ¼ 1; 2 along the interaction region toward positive

z given in Figure 3.6a, relative power division versus wavelength l
given in Figure 3.6b and coupler wavelength selectivity versus l shown

in Figure 3.7. It is possible to see experimentally how the coupling

efficiency varies in such a coupler, using a tunable single-mode optical

fibre coupler. In a holder provided with micrometer screw the position

of the top substrate is adjusted with respect to the bottom substrate,

offseting the top fibre by any desired amount. When the spacing of the

fibres is increased, the coupling between the fibres decreases and

allows fine tunning of the transfer ratio. Figure 3.8 shows experi-

Figure 3.5. Polished single mode optical fibre: (a) half coupler block, (b)

scheme of the coupler.
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Figure 3.6. (a) Power transfer Pi, i ¼ 1,2, n1 ¼ 1:475, n2 ¼ 1:46, ne ¼ 1:47,

2d ¼ 0:6 mm, a ¼ 1:5 mm, curvature radius R ¼ 0:5 m, l ¼ 0:6328 mm, (b)

Relative power division versus wavelength l,d ¼ 0:54 mm [After Parriaux et

al. 1981a].
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mental tuning curves at different wavelengths (Digonnet and Shaw

1982).

A second process for constructing a coupler makes use of fused

biconical taper techniques, in which two or more fibres twisted around

each other are heated and fused while the two stages of the fusion state

are moved steadily apart (see Figure 3.9). The twist ensures that the

fibres remain in contact. Such a coupler can be made with flame

microburners or by microheaters controlled by electric current

(Takeuchi and Noda 1992). The two fibres are secured to two movable

plateforms. The tapering is stopped when the coupler has reached the

desired transfer ratio.

Optical fibre coupling devices based on the fused biconical taper

structure have been used as low loss branching points for multimode

circuits (Agarwal 1985, Noda et al. 1987, Kawasaki et al. 1981). Many

single-mode fibre couplers are produced by fused biconical taper

Figure 3.7. Coupler wavelength selectivity versus lðmmÞ (a) lp ¼ 1:248 mm,

a ¼ 2:55 mm, (b) lp ¼ 1:422 mm; a ¼ 2:71 mm, (c) lp ¼ 1:636 mm; a ¼ 2:55 mm
(lp ¼ l peak) [After Parriaux et al. 1981b].

Figure 3.8. Experimental tuning curves of a coupler with corresponding

theoretical fit: (a) l ¼ 514:5 mm, distance between cores d ¼ 5:24 mm cladding

index n2 ¼ 1:4569, L , Lc, (b) l ¼ 632:8 mm, d ¼ 5:4 mm, n2 ¼ 1:456, L ¼ Lc, (c)

l ¼ 632:8 mm, d ¼ 4:77 mm, n2 ¼ 1:4578 L > Lc (overcoupling) [After Digonnet

and Shaw 1982].
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structures (Georgiou and Boucouvalas 1985, Rawson and Nafarrate

1978, Saleh and Kogelnik 1988, Bures et al. 1984). This device

exhibits low loss (0.5 dB), arbitrary branching ratio, polarization

independence and broadband wavelength operation. Single-mode fused

biconical couplers are also used for wavelength division multiplexing

(Eisenmann and Weidel 1988).

In a fused biconical single mode fibre coupler, the coupling

mechanism is not associated with evanescent waves and the infinite

cladding approximation is not valid. A single guide is formed (Bures et

al. 1983). The normalised optical power depends on the index n3 of the

external medium at various stages of fabrication, i.e. for various values

of the waist radius o (see Figure 3.10). An oscillating variation of the

coupling factor as a function of the surrounding index n3 is seen. The

oscillation in power transfer becomes more rapid as o decreases. The

total power P1 þ P2 remains constant except when n3 approaches

n2ð¼ n3
(c)). Variation of coupled power depends not only on surround-

ing refractive index but also on taper ratios (see Figure 3.11).

For evaluating the coupling ratio of fused biconical couplers the

equation (3.8) in the approximation of weakly guided modes gives (for

identical fibres) (Falciai et al. 1990):

CðzÞ ¼ ½NA u2K0ðw d =aÞ�=½n1 a V 3 K2
1 ðwÞ� ð3:11Þ

In the coupler the propagation does not actually occur in the cores but

in the common cladding of the two fused fibres, because in the coupler

the fundamental mode in the input fibre is at cut-off (V ,, 1). The

fibre coupling coefficient parameter C in equation (3.7) is replaced by

those of the guide formed by the cladding and the surrounding medium

(see Figure 3.12). Then we have:

CðzÞ ¼ ½ðn2
2 � n2

3Þ
1=2

u2 K0ðw d =bÞ�=½n2 a V
03 K2

1 ðwÞ� ð3:12Þ

Figure 3.9. Fused biconical coupler.
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with

V 0 ¼ ð2 p b=lÞ ðn2
2
� n2

3Þ
1=2

where b is the diameter and V 0 the normalized frequency of the new

guide.

As V 0 is large, a simplified expression can be used (Ragdale and

Goodman 1985):

CðzÞ ¼ 1:018 l5=2=p3 ðn2
2 � n2

3Þ
3=4

n2 ½bðzÞ�7=2 ð3:13Þ

Figure 3.10. Characterization of a coupler as a function of the external

refractive index for two values: (a) 2o ¼ 8 mm (waist diameter), (b) 2o ¼ 4 mm
For n3 ¼ n

ðcÞ
3 (cut-off value), P1 and P2 fall to zero [After Bures et al. 1984].
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Figure 3.12. Schematic of fused coupler without cores.

Figure 3.11. Variation of normalized coupled power Pi/Ptot versus refractive

index: NA = 0.09, d/a = 20, Pi coupled power, Ptot total power.

taper ratio Tr ¼
initial fibre diameter

diameter at the centre of taper
;

Broken curve��Tr ¼ 10; solid curve��Tr ¼ 20:

[After De Fornel et al. 1984].
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The resulting coupling ratio is

CR ¼ P1=ðP1 þ P2Þ ð3:14Þ

If L is the length of the coupler, the powers P1 and P2 are

respectively proportional to

cos2
ðL
0

CðzÞdz and sin2

ðL
0

CðzÞ dz ¼ CR ð3:15Þ

Fused tapered single-mode 262 fibre couplers are available. They

have a flat wavelength response and are thus useful in applications

requiring a near-constant power-splitting ratio over a wide spectral

range. The main difference between tapered fibres is their overall

diameters.

A fused taper asymmetric multimode coupler consists of two

dissimilar multimode fibres. The larger can be a bus fibre and the

smaller a tap fibre. Only a small fraction of the bus power is coupled

to a tap fibre, and so several similar fused tapers can be used along

this bus fibre (Griffin et al. 1991).

Couplers made from unlike fibres may also be useful for

integrating systems having different fibres, and can be used in sensors.

For example, in some fibre lasers, pump light may need to be injected

by a coupler at a wavelength that is well outside the single-mode range

of the laser fibre (see Chapter 6).

The operation of asymmetric couplers depends not only on the

level of asymmetry but also on the degree of fusion of the fibres. For

two fibres with suitable initial diameters, the control over the degree of

fusion of the coupler should be sufficient to produce the required power

transfer without the need to etch or pretaper the fibres (Birks and

Hussey 1988).

3.2.2 Y-coupler

The Y-coupler is a similar device to the X-coupler, and made by the

same techniques: polished cladding, fibres brought together, fused

coupler. The literature reports a number of designs for multimode and

single-mode Y couplers (Belovolov et al. 1987, Kieli and Herczfeld 1986,

Chattopadhyay and Nakajima 1990). For local area networks (LANs),

asymmetric non-reciprocal fibre optic couplers are useful for construc-

tion of a linear bus. In order to cascade many such couplers, good power

transfer between trunk ports 1 to 2 or 2 to 1 is necessary (see Figure

3.13).

Efficient coupling from the drop 3 to the trunk 1 or 2 is desirable in

order to take full advantage of signals from a local transmitter. The
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coupling from the trunk to the drop should be small. The optical power

between the three ports is given (in the case of a linear system) by:

P01

P02

P03

2
4

3
5 ¼

p11 p12 p13

p21 p22 p23

p31 p32 p33

2
4

3
5 Pi1

Pi2

Pi3

2
4

3
5 ð3:16Þ

P0j are the output powers and Pij the input powers. The terms p13 and

p31 are small, p21 and p12 are large and pii ¼ 0.

When a Y junction is operating as a power combiner, at least 50%

of the incident power in each leg is lost by radiation. An asymmetric

non-reciprocal fibre optic coupler using multimode fibres with unequal

core diameters showing a non-reciprocity p23>p32 due to modal-

dependent coupling has been achieved (Kieli and Herczfeld 1986).

When a Y junction is used as a power splitter, a minimum

insertion loss is 3dB, because 50 % of the incident power is coupled to

one output port and 50 % to the other. In order to avoid excessive power

losses caused by radiation, the angle between the two legs of Y must be

very small (,18). Low losses of 0,5-1 dB for splitting have been

obtained with fused tapered fibres (Berolov et al. 1987).

3.2.3 Star coupler

A star coupler uses one mixing rod to distribute light evenly to a large

number of terminals, provided all cable lengths are approximately

equal. It can be designed to allow communication between every

terminal of the system or to allow every terminal to communicate with

a central processing unit. A single-mode fibre passive star coupler is an

example. It can be used in architectures of high-speed optical local area

networks (LANs). Many techniques are shown in the literature for

constructing transmissive N6N star couplers (Rawson and Nafarrate

1978, Ozeki and Kawasaki 1976, Wilson and Bricheno 1990, Ohshima

et al. 1985).

The evanescent field 3 dB coupler (262 coupler) previously

mentioned can be used as a building block to construct a larger n-star,

with n equal to an arbitrary power of 2 (see Figure 3.14). Reflective N-

Figure 3.13. Scheme of a Y coupler.
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stars, where N is a perfect square, can also be constructed using 3dB

couplers and mirrors, the number of components needed to realize a

reflection star coupler is half that needed for an equivalent transmis-

sive star coupler (see Figure 3.15). Examples are given by Saleh and

Kogelnik (1988).

For an N6N star, in a network structure for interconnecting N

terminals (i.e., with N input ports and N output ports), the number of

crosspoints or switches is N2. This number is a huge quantity for large

values of N. Several one-sided optical switching networks minimizing

the number of switching elements are described. When N is a power of

2, the number of stages is log2 N, and the number of 262 couplers

required is N/2 log2 N/2 (Hill 1986). A reduction in the number of fibres

can also be achieved using a technique in which the centralized

transmissive N6N star coupler or the reflective N star coupler is

replaced by a distributed version (Irshid and Kavehrad 1991).

In another fabrication process the fibres are bundled together.

They are heated with an oxyhydrogen flame and pulled into a biconical

taper shape which is cut at the waist. A cylindrical mixer rod is

inserted between the tapers using the fusion-splice technique. The

fibres are not twisted, and will be free from microscopic bendings which

would lead to mode conversion. A 1006100 star coupler using standard

Figure 3.14. Star coupler (b) made from X couplers (a).
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graded index silica glass multimode fibres with a waist diameter

nearly 200 mm and excess loss 3.2 dB has been successfully fabricated

(Ohshima et al. 1985).

A different approach uses radiative coupling between carefully

configured bundles of tapered single mode fibres. The schematic

arrangement of the two bundles is shown in Figure (3.16). In such

tapered fibres, radiation is no longer confined to their cores, but fills

the whole fibre cross section. For 16N couplers, the optimum

geometry is obtained when each fibre of the N arrays is directed

towards the input fibre. In the case of N6N coupler, every fibre is

directed towards the centre of the opposite array.

Figure 3.15. Scheme of star coupler: (a) transmissive, (b) reflective.

Figure 3.16. Schematic arrangement of angled 64664 coupler [After Wilson

and Bricheno 1990].
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A new approach uses planar waveguides (Tabiani and Kavehrad

1991, Yanagawa et al. 1990) or two arrays of strip waveguides

separated by a free-space planar waveguide propagating region

(Dragone 1989, Dragone et al. 1989). With this technique, the losses

are smaller and the loss benefit over a parallel geometry is 3dB for the

16N star and 6 dB for the N6N star (Wilson and Bricheno 1990).

Switching networks with star coupler can be used in order to

interconnect a large number of optical terminals (Hill 1986). Star

couplers can also be used with active fibre amplifiers (Irshid and

Kavehrad 1992, Willner et al. 1991, Liaw et al. 1993). The advantages

of the star coupler have already been pointed out, but for future

developments it will be necessary to reduce costs and improve

performance (Lu et al. 1990).

3.2.4 Micro-optics coupler

Another category of optical fibre couplers is based on micro-optic

components: cylindrical GRIN rod lenses, spherical retro-reflecting

mirrors using two fused silicamicroprisms suitable formultimode fibres

witha large core, or two optical fibreswith end faces cut at anangle of 458.

(see Figure 3.17b, c) (Kuwahara et al. 1975, Tomlinson 1980, Suzuki and

Kashiwagi 1976).

3.3 BRAGG GRATINGS

3.3.1 Production

Gratings are useful components for many devices both passive and

active. In these ones, the grating can be either an external component

or written directly into the fibre.

To produce a fibre grating resonator, a single-mode fibre is lapped

and polished to gain access to the field in the core (for details see x 3.3.2).
It is then coated with a thin layer of photoresist. A moiré grating is

formed in the photoresist by successive exposures to two interference

patterns of slightly different periods. After developing the photoresist,

the grating is etched, coated with a thin layer of aluminium oxide and

covered with index-matching oil. The resonator has a linewidth of 0.04

nm near 1500 nm (Reid et al. 1990).

Bragg gratings can be also realised in germanium–silicate fibres

by a transverse holographic method, i.e., by a single exposure of the

core from the side of the fibre to a two-beam interference pattern. To

write these gratings the sheath material is temporarily removed for

exposure. The source is a coherent UV beam from a pulsed laser tuned
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to a wavelength lying in the 244 nm germanium–oxygen vacancy defect

band. The grating period L is fixed by the source wavelength and the

angle y of the interfering beams by L ¼ lL=ð2 sinðy=2ÞÞ. Reflectances
from 55%–94% can be obtained for several wavelengths (570 nm–1500

nm) using different lengths (Meltz et al. 1989, Ball et al. 1990, Kashyap

et al. 1990). Grating reflectances as high as 99.5% are possible. The

highest grating length, 15 mm to date, gives narrowest spectral

bandwidth. For example, in high germanium-doped fibres, index

modulation changes can reach 1.861023 and depending on the

intensity of the exposing beam and the exposure duration. The grating

forms a band-blocking filter, as shown in Fig. 3.18, by reflecting optical

signals of wavelength lL in the light guiding core according to the

Bragg condition: lL ¼ 2neL where L is the grating spacing and ne the

refractive index defined by equation (1.25).

The grating spacing and thus the Bragg wavelength depends on

the angle of each of the exposing beams on the side of the fibre, and on

the exposing beam wavelength. Reflection gratings have been

fabricated with Bragg wavelengths from the visible spectrum to the

1550 nm IR communication bands. These gratings can be erased in the

Figure 3.17. Micro-optic coupler: (a) GRIN lens, (b) Microprisms, (c) fibre end

face cut at 458 angle.
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same way by another photorefractive effect (Niay et al. 1994). Gratings

can also be written in elliptical-core HiBi (High Birefringent) fibres by

the transverse holographic method (Niay et al. 1995).

In a broadly similar way, the feasibility of writing permanent

moire�photorefractive gratings directly into the core of a germanosi-

licate fibre has been demonstrated by using two successive transverse

illuminations of the fibre by UV fringe patterns of slightly different

periods. The grating filter consists of two intra-core Bragg reflection

gratings separated by an optical phase shift (Fertein et al. 1991,

Legoubin et al. 1991).

Absence of germanium reduces photosensitivity in optical fibres,

so Bragg gratings are easier to write in germanium-doped fibres.

Photosensitivity could be improved by loading of fibres with molecular

hydrogen. This process depends on both temperature and pressure.

The best results for Bragg grating writing, i.e., with highest index

change, have been obtained with germanium-doped fibres in cold

hydrogen under high pressure (Kashyap 1999). Writing gratings in

rare-earth doped fibres is more difficult than in standard fibres

because they do not contain any germanium.

High-performance long-period fibre gratings, based on induced

periodic microbends can be made using an electric arc (Hwang et al.

1999). Bragg gratings canalso bewritten inmultimode fibres (Mizunami

et al. 2000).

The applications of all-fibre components are various: wavelength

multiplexing and demultiplexing (see x 3.4), frequency shifting,

wavelength filtering, dispersion compensation (Eriksson et al. 1994,

Williams et al. 1995), sensors (Morey et al. 1992, Brady et al. 1994)

fibre lasers (see x 6.2), compressors (Karlsson 1994) and as part of

delay lines (Ball et al. 1994). Multiple mode conversion LP01 and LP02

can be induced by periodic coupling through a fibre grating and

through a Fabry-Perot mirror (Shi 1992) and a wide band Fabry-Pérot-

like resonator may be fabricated using two chirped Bragg gratings

(Town et al. 1995).

Figure 3.18. Illustration showing fibre grating reflector and Bragg condition

for reflection.
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A grating–fibre coupler consists of a fine relief grating of period L
formed usually in photoresist on the surface of a side-polished single-

mode fibre (Russel and Ulrich 1985). The fibre is cemented on to a

curved groove in a glass block. The block and the fibre are polished,

removing part of the cladding, in order to have access to the evanescent

field of the fibre (see Figure 3.19). Experiments are using gratings,

holographically defined in deposited photoresist layers or metal

gratings not stamped on to the polished fibres.

3.3.2 Theory

The different beams travelling into the fibre and coupled outside have

wave vectors with z components. If K ¼ 2p=L is the grating constant

and L the spatial period, the interaction of light with the grating

direction am is given using the components of the wave vectors with z

(see Figure 3.20b).

ðkm � keÞ: L ¼ m 2 p ð3:17Þ

with

L ¼ L ez jkmj ¼ ð2 p=l0Þnij jkej ¼ ð2p=l0Þne ð3:18Þ

where ne¼ b/k0 is the mode effective index, ni the superstrate index

(ni ¼ 1 for air) or the substrate index (ni ¼ n0, the silica glass index); l0
is the wavelength in empty space; m denotes the diffraction order.

Equation (3.17) gives:

ni sin am � ne sin a1 ¼ m l0=L ð3:19Þ

Figure 3.19. Scheme of a grating fibre coupler. The y axis is perpendicular to

the plane of the drawing [After Russel and Ulrich 1985].
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The angle a1 equals approximately p/2 because the direction of

modes propagating in the fibre are nearly perpendicular to the x-axis

and in the case where the substrate is air, we have:

sin am ¼ ne þml0=L ð3:20Þ

and in the glass (ni ¼ n1)

sin a0m ¼ ne=n1 þml0=Ln1

so light is diffracted.

When l0 > neL output radiation can leave the coupler only in two

half cones of order m ¼ �1, with k�1 directed backward.

If l0 ¼ ne L, these half cones become the plane a�1 ¼ 0; which is

the xy plane of Figures 3.19 and 3.20a. Power in the m ¼ �2 order is

Figure 3.20. Grating fibre coupler: (a) direction of beams, (b) l0 > lc ¼ ne L;
only m ¼ �1 is possible, a light directed backward; (c) l0 ¼ lc. Light is in plane

xy, (d) l0 , lc several orders can propagate in both forward and backward

directions.
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reflected into the input fibre. When l05 ne L several output orders can

propagate in both forward and backward directions.

Russel and Ulrich (1985) have described a spectrometer based on a

grating fibre coupler. A photoresist grating is placed in the evanescent

field near the core. When light from a tunable laser is injected into the

fibre two fan-shaped output beams are observed. The angle of

deviation, in air (n1 ¼ 1), varies with l0 following the equation

sin a�1 ¼ ne½1� l0 = ðne LÞ� ð3:21Þ

For example, with ne ¼ 1:459; n1 ¼ 1:55, L ¼ 434 nm, results are

shown on table 3.1.

Rowe et al. 1987 have studied the effects of surface relief gratings

in single-mode fibres. Figure 3.20c also illustrates the effect of

wavelength variations around those fitting the Bragg condition. The

grating vector providing phase matching at the first order Bragg

condition is defined by K ¼ 2b (or l ¼ 2neL). In this representation, the

semicircle radii and b vary inversely with l. At wavelengths l longer

than that specified by the equation l ¼ 2ne L, the tip of the K-vector

ðK ¼ 2p/L) lies beyond the tip of the b vector K > 2b, no phase-

matching condition is possible and the grating exerts no influence on

the propagating mode. By moving to shorter wavelengths however, the

condition K52b is achieved and the grating induces radiation into the

cladding. The range of wavelength between the peak of the Bragg

condition and the onset of radiation is clearly determined by the size of

ne 2 n2.

Structures employing high refractive index overlayers (Al2O3/oil)

are discussed. Reflectances up to 98% and linewidths of 0.8 nm at the

first order have been achieved. Figure 3.21 shows the measured

response as a function of wavelength. Applications of these Bragg

gratings could be as different as multiplexing (x 3.4), filtering (x 3.6),

resonating (x 3.9.1) or different laser reflector (Chapter 6).

Table 3.1 Values of � and �’ for different orders m

l ¼ 1 mm l ¼ 0.6328 mm l ¼ 0.4 mm

m a(8) a 0(8) a(8) a 0(8) a(8) a 0(8)
1 – – – –

0 – – – +70.17 – +70.27

21 257.69 233.04 0 0 +32.50 +20.28

22 2 – – 270.07 222.60 214.36

23 – – – – – 257.41
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3.4 WAVELENGTH MULTIPLEXERS AND DEMULTIPLEXERS

3.4.1 With external components

More efficient utilization of the large transmission capacity of optical

waveguides is obtained by the wavelength division multiplex mode in

fibre optics communications systems and sensors. Experimental fibre

optics links operating in the wavelength division multiplex mode have

already been used successfully (Mahlein 1983).

The basic wavelength division multiplex (WDM) concept is the

simultaneous transmission of the modulated emission of several light

sources operating with different wavelengths over a single optical

Figure 3.21. Measured response of a fibre grating as a function of wavelength:

(a) transmission, (b) reflection [After Rowe et al. 1987].
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waveguide. An example of an unidirectional communication link

operating with three wavelength channels is shown in Figure 3.22a.

For the combination and separation of the light of the various

wavelength channels at the beginning and end of the link an optical

multiplexer (M) and demultiplexer (D) are used. For example, three

diodes (LEDs, or laser diodes) L1, L2, L3 send the light into the

multiplexer and then into the fibre. Three PIN or avalanche diodes

receive the signal through the demultiplexer MD (see Figure 3.22b). It

acts as a multiplexer for some of the channels and as a demultiplexer

for some of the others. The numbers of ‘Go’ and ‘Return’ channels need

not be equal.

Various physical principles are available for the practical realiza-

tion of the MD devices: image formation by lenses or concave mirrors,

beamsplitting principles (Winzer et al. 1981), material dispersion by

interference with multilayer structures, or diffraction by gratings (see

Figure 3.23). In this last case, for example, a length of step-index

single-mode fibre is cemented in a convex groove in a fused silica block.

Following polishing and cleaning a surface relief grating with a period

L is added (Rowe et al. 1987, Russel and Ulrich 1985, Jauncey et al.

1986).

Another method for wavelength division multiplexing has been

reported using holographic gratings produced in deposited photoresist

layers, or metal gratings in contact with polished fibres. Reflectivities

of 98% at the first order Bragg wavelength and linewidths of 0.8 mm are

achieved. These applications are also in laser mode selection, switching

Figure 3.22. Scheme of multiplexer and demultiplexer: (a) unidirectional

lines, (b) bidirectional lines.
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and nonlinear fibre modulators. The degree of suitability for a given

application depends on the physical principle of the devices. They

require low insertion loss, compact design and high reliability (Whalen

and Walker 1985).

In optical WDM (wavelength division multiplexing) systems,

several independent digital signals are transmitted in a single fibre

at different wavelengths. Each signal can be affected by noise or by

cross-talk from neighbouring channels (Geckeler 1990, Loeb and

Stilwell 1990, Rocks 1987). A polarization-independent narrow channel

WDM fibre coupler for operation in the 1.55 mm wavelength region has

been developed (Mc Landrich et al. 1991). Dense WDM for systems is

achieved by devices where the wavelength spacing is of the order of 1

nm; optical frequency division multiplexing (FDM) by systems where

the optical frequency spacings are of the order of the signal bandwidth

or bit rate. A review of WDM systems is given by Brackett (1990).

3.4.2 All-optical-fibre devices

3.4.2.1 Using Bragg grating devices

In the first method the channel signal is split into several branches by

a star coupler and in each branch end a Bragg grating selecting a

specific wavelength is written (Agrawal and Radic 1994) (see Figure

3.24). Fibre gratings are currently proposed for WDM (Liaw et al. 1999;

see also x 3.6).

Figure 3.23. Several examples of WDM couplers: (a) with concave grating Gc,

(b) with plane grating G and mirror M, (c) with plane grating G and graded

index lens L, (d) with an interference filter IF and two graded index lenses L.
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Another method uses a Mach-Zehnder interferometer with Bragg

gratings written into the fibres constituting the arms of this one.

Coupling efficiency of 99.4%, transmission loss ,0.5 dB, return loss of

23 dB have been achieved (Bilodeau et al. 1995) (see Figure 3.25).

3.4.2.2 Using mechanical devices

An in-line fibre tap has been fabricated from bimodal fibre supporting

light propagation for two modes (LP01 and LP11) at the operating

wavelength. This tap consists of two fibre devices: a mode converter,

and a fused directional coupler (see Figure 3.26). Light entering the tap

propagates in LP01 mode. Passing through the mode converter a part of

this light is converted into LP11 mode. The periodic perturbation may

be stress-induced, step or holographically written. The mode converter

is designed to induce mode conversion for only a narrow band of

wavelength. The fused coupler is designed to couple the LP11 mode of

the first fibre into the mode of the second optical fibre, whereas light in

the LP01 mode is uncoupled and travels through the coupler with low

Figure 3.24. Scheme of an all fibre WDM.

Figure 3.25. Bragg gratings written into a Mach-Zehnder interferometer.
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loss. The mode converter is fabricated by microbending, inducing

coupling between LP11 and LP01.

A Mach-Zehnder interferometer constructed with a twin-core fibre

can also be used for demultiplexing two wavelengths. The coupling

power for one of the two wavelengths is achieved by bending the fibre

in the plane of the twin cores (Arkwright et al 1993).

3.5 FREQUENCY AND PHASE SHIFTERS

3.5.1 Frequency shifters

In an unperturbed straight fibre the two modes LP01 and LP11 are

orthogonal, and do not exchange power as they propagate along the

fibre. In interferometric and sensor applications, periodic coupling

between the modes in an optical fibre is important; it gives rise to

frequency-shifting effects. Coupling between the LP01 and LP11 modes

can be achieved by introducing microbends into the fibre, by

periodically squeezing it, or by an acoustic wave travelling inside the

fibre (see Figure 3.27) (Birks et al. 1996).

An all-fibre optics frequency shifter can be made using mode

coupling between LP01 and LP11 modes by a travelling acoustic flexural

wave, guided along the optical fibre (Kim et al. 1986) (see Figure 3.28).

Coupling between modes is achieved when the phase matching

condition L ¼ Lb is fullfilled.

L is the acoustic wavelength and Lb the fibre beat length

(Lb ¼ l0/Dn, where l0 is the optical wavelength and Dn is the

refractive index difference between the two polarized modes). In this

case, the optical signal coupled from one mode to the other is shifted

in frequency (Risk et al. 1984, Heismann and Ulrich 1984, Yijiang

1989). The signal coupled from the slow mode LP01 to the fast mode

Figure 3.26. Bimodal fibre narrow-band tap [After Hill et al. 1990].
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LP11 is shifted down in frequency when the acoustic wave is

propagated in the same direction as the optical signal, and shifted

up if the acoustic wave is travelling in the opposite direction to the

signal one, for coupling from the fast mode to the slow mode.

In another device an acoustic wave with an acoustic wavelength Ls

(Ls¼ ns / fs where ns and fs are respectively the acoustic phase velocity

Figure 3.27. Modal coupler made with squeezed fibre.

Figure 3.28. (a) Schematic diagram of an all-fibre-optics frequency shifter

with mode filter for the LP01 and LP11 modes and a travelling acoustic flexural

wave, (b) Frequency shifting in a double-mode fibre using intermodal coupling

by an acoustic flexural wave excited by an acoustic horn [After Kim et al. 1986].
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and frequency) is launched along a fibre containing a strong Bragg

grating. The overlap of acoustical and optical power can be increased

by reducing the fibre diameter. In this device the forward and

backward propagating modes in the gratings are coupled and operate

in counter-directional reflection modes. A guided mode incident on a

Bragg grating carrying a counter-propagating acoustic wave is

reflected into a counter-propagating mode with a Doppler shift ^ fs.

This device is a frequency shifter in reflection and it can also be a

tunable filter or a switch (Liu et al. 1998).

A birefringent fibre guides two orthogonally polarized modes, and

owing to the large difference between their propagation constants,

there is little coupling between these modes. However, if the fibre is

periodically stressed, complete transfer of power from one polarization

to the other can occur. Passive and active couplers have been

demonstrated (Youngquist et al. 1985, Risk et al. 1986). By using a

travelling acoustic wave to produce a spatially periodic stress in the

fibre, light can be coupled between the two principal polarizations of

the birefringent fibre. The phase matching condition is the same as

above (L ¼ Lb ¼ lo / Dn). The power coupling from one polarization to

the other reaches a peak when the optical wavelength is such that the

beat length of the fibre matches the acoustic wavelength. By changing

the acoustic frequency, the centre wavelength of the optical passband

can be tuned. This device can also act as wavelength filter. It is

described under WDMs (see § 3.4).

Another LP01 to LP11 modal coupler uses periodic microbends

spaced by a beat length defined as Lb ¼ 2p/Db, where Db is the

difference of the propagation constants between the two modes LP01

and LP11 along the fibre. For example, the beat lengths are 270 mm

and 265 mm at l ¼ 590 nm and l ¼ 496:5 nm when the fibre used has a

core radius of 2.28 mm and a cut-off wavelength for the second mode of

lc ¼ 671 nm. The maximum coupling to LP11 mode achieved so far has

been 99.68 % (Blake et al. 1986, Blake et al. 1987).

Wavelength tuning can be achieved by applying a small,

controllable flexure to a long period fibre grating (Van Viggeren et al.

2001) or by pressing a plate with periodic grooves against a short fibre

length (Savin et al. 2000).

3.5.2 Phase shifters

A thermo-optic phase shifter can be constructed by coating the arms of

the interferometer with resistive ink. On the application of a voltage

between the ends of the coated region, the temperature of the fibre arm
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of length L is raised owing to resistive heating. The differential phase

shift is:

1

L

df
dT

¼ k
ne

L

dL

dT
þ dne

dT


 �
ð3:22Þ

A second phase shifter can be created by longitudinally stressing

one fibre arm. A strain eL induced by a force F along the fibre length L

is given by eL ¼ F=AE, where E is the Young’s modulus for silica and A

is the cross section area. The optical phase shift is:

Df ¼ bFL
AE

1� n2
e

2
1� sð Þp12 � sp11f g

� 

ð3:23Þ

where s is Poisson’s ratio and p11, p12 the Pockels coefficients.

Longitudinal stress is obtained using a flexing translation. Two

piezoelectric ceramic plates act in opposition, causing a shear stress

on the fibre.

Phase shifting can be also created using fibre Bragg gratings

(Agraval and Radic 1994).

3.6 WAVELENGTH AND MODAL FILTERS

3.6.1 Wavelength filters

As seen at the beginning of this chapter, recent theoretical and

experimental investigations have led to wavelength filtering devices

for WDM operation and for light source spectral filtering. Optical edge

filters transmit light for wavelengths l, l0 or l >l0, l0 being the

specified band-edge. They are usually designed as interference filters.

Different edge filters made of single-mode fibres have been fabricated.

In x 3.2.1 of this chapter concerning the construction of X couplers, we

have seen that these devices show a power division function of

wavelength l. The fundamental mode propagates under ideal condi-

tions losslessly with a phase constant b and an effective index

ne¼ b=k ðk ¼ 2p/l). Both b and consequently ne depend on the

wavelength l. If part of the cladding has a refractive index n3 greater

than ne, it acts as a mode sink, and power leakage occurs from the

guided light. This effect depends on the wavelength. The power leakage

increases as the wavelength increases because the field of the mode

extends into the cladding and the difference n3 2 ne increases (see

Figure 3.29). Insertion losses are below 1 dB in the transmission bands

and attenuations are better than 230 dB in the stop bands.

In another device the waveguide is overclad by a silica super-

strate n4 equal in index to that of the fibre cladding n2 (see Figure

3.30). For efficient directional coupling, phase velocity matching
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conditions require that the film and the fibre mode refractive indices

be equal (n3e ¼ ne). Guidance in the waveguide and wave coupling

occurs when n3 > n3e¼ne > n4 ¼ n2.

The wavelength lm at which the fibre mode is phase-matched to

the forward film mode is given by:

lm ffi 2d

m
n2
3 � n2

e

� �1=2 ð3:24Þ

where m is the order of themth propagating mode at lm in the direction

of the fibre axis in the symmetric planar waveguide of thickness d. If

the interaction length of the fibre–film coupler is equal to the coupling

Figure 3.29. Transverse cross-section of a single-mode fibre with a mode sink

[After Zengerle et Leminger 1985].

Figure 3.30. Experimental construction of a channel-dropping filter [After

Millar et al. 1987].

Wavelength and modal filters 107



length, light at wavelength lm couples out of the fibre into the overlay

guide. With a thin overlay waveguide the device has a single tunable

dropped band response (see Figure 3.31a) and with a thick overlay

waveguide it has a comb filter response with a channel spacing of 13

nm (see Figure 3.31b) (Miller et al. 1987).

Another technique for creating a wavelength filter is based on the

use of coaxial couplers–dissimilar waveguide couplers. The coupled

waveguides are a rod and a tube and can thus be represented by the

Figure 3.31. (a) Response for a thin oil overlay waveguide (thickness 0.91mm),

(b) channel-dropping response for a thick overlay waveguide (thickness 81 mm)

[After Millar et al. 1987].
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core and cladding of a fibre. Significant power transfer between the

core and cladding of a single-mode optical fibre has been demonstrated

by the tapering technique. A tapered coaxial coupler represented in

Figure 3.32a appears as alternating db couplers, if the taper thickness

is below a value defined by the phase matching thickness of the coupled

waveguide (Boucouvalas and Georgiou 1987). When the coupling

begins, the transmitted power oscillations appear and after a desired

number of oscillations the process of tapering is stopped. This number

of oscillations determines the period of the coupler used as a filter. A

(rectified) sinusoidal curve fits the taper wavelength response lm
(Figure 3.32b).

The transmission P(l) can be written as:

PðlÞ ¼ 1

2
1þ sin

2p
dl

l� lmð Þ
� �� 


ð3:25Þ

where dl is the period of the tapered filter response.

In a similar way, when a concentric ring with an index higher than

the cladding one is added to a conventional core, the structure supports

an additional symmetric mode with substantial power in the ring. The

outer ring and the central core play the respective parts of the two

cores in a mismatched fibre filter core (Dong et al. 2000).

Another kind of selective fused coupler consists of a mismatched

twin core fibre and a standard fibre. This device acts as a filter or as a

switch (Ortega and Dong 1999).

A tunable filter system is based on two piezoelectric stack

actuators moving a mechanical device allowing both traction and

Figure 3.32. (a) Tapered coaxial coupler, (b) transmitted power of the filter

[After Boucouvalas and Georgiou 1987].
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compression thus setting up an apodized fibre Bragg grating. The

device can work in transmission and in reflection (Iocco et al. 1999).

Fibre-optics filters based on coupling between two dissimilar fibre

waveguides have also been reported (Marcuse 1985). A dissimilar two-

core fibre segment can be used as a channel dropping filter based on

the principle of grating-frustrated coupling. The grating can be located

either outside or within the coupling region (Jacob-Poulin et al. 2000).

A spectral filter directly integrated into a single-mode fibre is

made by cascading biconical fibre tapers, converting a single-mode

optical fibre into a wavelength filter system (Lacroix et al. 1986, Wang

1987).

Low-loss structures employing gratings etched into polished fibre

and overlaid with high refractive index coatings (see Figure 3.29)

provide more than 90% reflectivity into the first Bragg order at 1.3 mm
and can serve as a filter, mirror, non-linear modulator or switch (Rowe

et al. 1987, Bennion et al. 1986, Ragdale et al. 1990).

3.6.2 Filters based on modal filtering

A device uses phase-matched evanescent coupling to transfer energy

between a single-mode fibre and the LP11 mode of a two-mode fibre

(Sorin et al. 1986). The transfer of power to the unwanted mode is

minimized by making use of both the phase mismatch and the smaller

modal overlap between the two lowest modes (Morishita 1991). Such a

device is an in-line all-fibre modal filter with greater than 90%

coupling to the LP11 mode. Suppression of the coupled power to the

lower order LP01 is better than 224 dB. A similar device using two

elliptical core fibres has been suggested by Kumar et al. (1990).

Other techniques for creating a filter require either a fibre in

which guided acoustical and optical waves can propagate simulta-

neously by means of a piezoelectric transducer bonded to the fibre (Jen

and Goto 1989) or a two-mode fibre around which helical microbending

is produced by winding a length of wire along it. This last system

induces strains in the same way as a grating grooved on the fibre

(Poole et al. 1991).

3.7 LINEAR SWITCHES AND TAPS

3.7.1 Switches

Optical switches with low losses, small size and low driving power

are required in transmission systems and signal processing. A key

functional element for an advanced single-mode optical fibre network
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is a 262 cross-point switch for routing optical signals. An optical

waveguide switch can be a device to turn the power on and off in a

waveguide. This function is most simply performed electrically at the

light source itself. A more general definition of an optical waveguide

switch is a device for diverting the power from one optical fibre to

any other in a number of adjacent waveguides.

An optical signal may be switched from one optical channel to

another in three basic ways. In the first method a mirror, prism or other

mechanical device may be placed in the path of the beam to be deflected,

e.g., in the beam between two fibres (Young and Curtis 1981). Another

possibility is a micro-electromechanical system (MEMS) technique

using hinged flapping micro-mirrors in a linear array, and piston type

micro-mirrors in a two-dimensional array (Riza et al. 1999). Figure 3.33

is a schematic diagram of an electrostatically driven fibre-optic micro-

mechanical on/off switch. The elements are a membrane and a metal

substrate, an insulator and input and output fibres. The membrane tip

is inserted into a small gap between the two fibres. Light is transmitted

between the fibres through a small hole in the membrane. When a

voltage is applied between the membrane and the metal substrate, the

membrane is distorted by electrostatic force. The life of a switch of this

type can be as much as 105 cycles (Hogari and Matsumoto 1990).

It is also possible to construct an optical switch based on the

electrowetting phenomenon. This is a surface tension effect caused by

shear forces tangential to the interface (and is not the same as

capillarity, which is caused by a force perpendicular to the interface). A

capillary tube containing an electrolyte and mercury is sandwiched

between two quarter-pitch GRIN lenses. By the electrowetting effect, a

voltage applied between two electrodes at the ends of the tube causes a

displacement of the mercury in or out of the light paths (see Figure

3.34). This switch has been tested for more than 107 cycles with no

degradation in performance (Jackel et al. 1983).

Figure 3.33. Electrostatically driven fibre-optic micro-mechanical on/off

switch structure [After Hogari and Matsumoto 1990].
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The presence of moving parts implies slow switching, so these

devices are used in sensors rather than in communications systems:

The second method of switching gives a quicker response. The optical

signal is converted into an electrical signal by a photodetector; this

electrical signal is then switched.

The third method of optical waveguide switching utilises deflection

of the optical power itself. In an optical cross-point switch using a high-

index waveguide sandwiched between two polished fibre coupler

blocks, the interaction length varies from 500 mm to 4 mm. The

refractive index of the interlay waveguide is higher than the effective

mode index of the fibres. Switching is effected by the input radiation

coupling through the interlay waveguide into the second fibre (cross-

coupled state) or recoupling into the first fibre (straight-through state).

The switching action is obtained by varying the waveguide thickness

(e.g., using a piezoelectric tranducer) or by varying the waveguide

refractive index using a liquid crystal interlayer (see Figure 3.35).

The cladding of the fibre is polished down to within about 10–20 mm
of the core. This device shows a spectrally varied response with peaks in

the transmitted power at several wavelengths. The behaviour of the

device at the transmissionpeak is dominatedby the beating of twomodes

of oppositeLc symmetry (as in the fused tapered coupler). In the case of a

liquid crystal interlayer transducer, the relationship between crystal

Figure 3.34. Fibre optical switch using continuous electrowetting [After

Jackel et al. 1983].
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pulsations frequency and voltage is approximatively linear (see Figure

3.36) (Goldburt and Russel 1986, Wright et al. 1988).

Coupling of unpolarized light from one optical fibre to one of two

other fibres can be achieved using a 262 optical switch with chiral

liquid crystals and switchable waveplates (Shankar et al. 1990).

Another method consists of using two ‘D’ fibres (polished to near the

core) laid at a small angle to one another, their flat surfaces in contact

(see Figure 3.37). The switching is achieved by small movements of this

contact. Coupling efficiency of the switch is dependent on the angle

between the two fibres (Cassidy and Yennadhiou 1988).

Shipley et al. (1987) have described a single-mode optical fibre

switch that is electrically activated. This device is a Mach-Zehnder

interferometer (see § 3.10), made with two couplers in series with a

pair of single-mode fibres. It differs from the standard switch in that

Figure 3.35. Interlay coupler.

Figure 3.36. Plot of frequency versus voltage for the crystal pulsations �
experimental data, — theoretical fit [After Goldburt and Russel 1986].
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either one or both of the couplers are constructed to have a

beamsplitting ratio that is dependent on wavelength. Power splitting

in the output arms is achieved by introducing a phase shift or path

difference by the thermo-optic effect or by a piezoelectric ceramic that

produces a flexing output.

When an acoustic wave is applied laterally to a fibre grating, it

induces lateral vibrations and hence microbending of the fibre grating.

The microbending serves as a long period grating for coupling core and

cladding modes, so the reflection window of the fibre grating can be

switched between theBraggwavelength and the claddingmode coupling

wavelength (Liu et al. 2000).

3.7.2 Taps

In-line optical fibre taps have been demonstrated using angled fibre

mirrors placed into fibres (Shin et al. 1989), using bimodal fibre (Hill

et al. 1990), or acousto-optic mode coupling (Patterson et al. 1990,

Heffner and Kino 1987). An acousto-optic tap permits the amount of

light taken from the fibre to be varied electronically by use of a phase

array with acoustic transducers fabricated directly upon the surface of

a standard cylindrical fibre. The Bragg condition allowing light to be

deflected out the fibre by the acousto-optic interaction is sin a ¼ ka/2k

where ka is the acoustic wave propagation constant, a the angle

between the acoustic wave vector ka and the optical propagation

vector k. The longitudinal waves are excited by the transducer phase

array of acoustic transducer (with a period d) at angle ^ g to the

normal, given by sin g ¼ 2p d/ka. If f is the centred frequency and Va

the acoustic velocity of the acoustic wave, by equating a and g we

obtain f ¼ Vaðkd=p)1/2 (Heffner and Kino 1987).

Figure 3.37. Scheme of 2D fibre switch.
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Acousto-optic mode coupling from the fundamental mode to a

higher order core or cladding mode has been achieved using two optical

fibre switchable taps (Patterson et al. 1990). The coupling is maximum

when the interaction length L is equal to the beat length Lbð¼ 2p=Db,
where Db is the difference in mode propagation constants arising from

intermodal dispersion). The coupling will tend to be shifted in phase as

the interaction length becomes much greater than the beat length, and

the coupling efficiency will decrease. A high frequency acoustic wave is

introduced into the core at a slight angle y measured from the plane

normal to the fibre axis. The acoustic frequency is selected so that its

propagation constant ky in the z–direction (fibre axis) is equal to the

difference in the mode propagation constants Db of the optical beat

wave.

3.8 MODULATORS

3.8.1 Phase modulators

A modulator acts on the phase of the lightwave. When a strain is

produced in a single-mode fibre, the phase of the light changes (De

Paula and Moore 1984). A simple modulator is made of a sheathed

optical fibre wound on a hollow cylindrical piezoelectric transducer

(PZT) (Wysocki et al. 1989) and is used in interferometers to correct

phase drift. All-fibre modulators using polymer or ceramic and optical

fibres have been developed (Martini 1987). One method involves

bonding a fibre into a piezoelectric plastic film. Strain is induced in the

plastic film by an applied electric field and transmitted to the fibre.

Fibres coated with a polyvinylidene fluoride (PVDF) or vinylidene

fluoride copolymer sheath have been developed. The sheathed fibre

and coaxial electrodes forms of a long, thin layered cylinder (Imai et al.

1988, Gusarov et al. 1996, Roeksabutrand Chu 1996) (see Figure 3.38).

Figure 3.38. Schematic diagram of an all-fibre phase modulator.
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The light phase propagating through an optical fibre is defined

as f ¼ b L = k0 ne L, and when the fibre is subjected to modulating

effects an optical phase shift Df occurs:

Df ¼ bDLþ LDb ¼ k0 ne L sz þ k0 LDne ð3:26Þ

where sz is the axial strain and represents the change in length; the

second term is the change in refractive index due to the photoelastic

effect. If we consider now the induced uniform pressure field with a

radial strain sr, we have:

Dj ¼ k0 ne Lfsz � ðn2
e=2Þ½ðp11 þ p12Þsz þ p12sz�g ð3:27Þ

where pij are the photoelastic coefficients. This phase modulation

has been demonstrated over a frequency range of 20–50 MHz with a

phase sensitivity of 3.561026 rad/(V/m). A plastic sheath 50–100 mm
thick is used (Imai et al. 1987). A fibre-optic magnetic force

modulator using an aluminium sheathed current-carrying fibre coil

has been demonstrated by Godil (1989).

Another method of constructing a simple modulator is to use a

fibre loop attached to a piezoelectric plate, which produces two strains

in opposite directions, leading to a standing wave and resonance

frequencies (Zervas and Giles 1988). Another type of modulator is

based on the optical Kerr effect, which induces a change in refractive

index by means of a high-intensity light beam. This is described in

Chapter 5.

3.8.2 Intensity modulators

Using a taper made on a single-mode fibre length and exciting an

acoustic wave in the taper waist with a PZT disc, the input single mode

is coupled to the second mode, which is non-guided and is stripped by

the fibre coating at the end of the device. The optical output amplitude

varies with acoustic amplitude for a given wavelength. The resonant

wavelength can be tuned by changing the acoustic frequency. This

device can thus also be used as a tunable filter (Birks et al. 1994).

3.9 LOOPS AND RINGS

By using fibre couplers, several devices, such as: rings, loops and

mirrors (Figure 3.39) can be made. They can be combined in order to

construct specific components for a number of applications (Ja 1991).
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3.9.1 Resonators

A fibre reflector can be made by forming a fibre loop between the

output ports of a low loss fibre coupler (see Figure 3.39c) (Capmany and

Muriel 1990, Mortimore 1988, Levy 1992Ya 1990). It is made by fused

taper technology from a single length of fibre, thus reducing unwanted

reflections and additional losses caused by fibre splices. The reflec-

tance of the fibre loop depends upon the coupling characteristics of the

directional coupler and the degree of birefringence in the fibre loop.

The wavelength response is dependent upon the degree of birefrin-

gence in the loop and the spectral characteristics of the coupler. The

light may for example, be split equally by the coupler to form two fields.

50% of the input light travels clockwise round the loop and 50%

anticlockwise. Light coupled from port 1 to port 4 across the waveguide

suffers a p/2 phase lag. The transmitted intensity in port 2 is the sum

of the clockwise and the anticlockwise field of phase � p, both of equal

amplitude. This results in zero transmitted intensity at port 2, and

conservation of energy requires that all input light is reflected back

along the input port 1. This description is simplified: it ignores the

effects of birefringence of the loop and polarization response, which are

examined in Chapter 4.

These reflectors are used as passive Fabry-Pérot devices, or to

form a resonant cavity for a rare-earth doped laser fibre (see Chapter 6)

(Miller et al. 1987, Millar et al. 1988).

3.9.2 Delay lines and circulators

Loop reflectors (see Figure 3.39c) are also used as delay line memories

(Thompson and Giordano 1987, Thompson 1988) in time slot

interchangers. These architectures permit interchange data, i.e., data

are stored in a loop as they are received and can be recovered by

random access. These loops have the same physical fibre length but are

read at different delay times corresponding to different circulation

Figure 3.39. Schematic of a: (a) fibre ring, (b) fibre loop, (c) loop reflector.
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numbers in delay lines. These architectures offer applications in

computing and signal processing. A ring with two couplers and a length

of active erbium doped fibre has been tested for use as a delay line

fibre-optic filter in high-speed signal processing (Pastor et al. 1995).

A third application of delay line loops is the measurement of laser

frequency fluctuation. The analysis is achieved by a delayed self-

heterodyning set-up using an acousto-optic modulator for the local

signal, the delay fibre and an erbium doped fibre amplifier being in the

same loop (Ishida 1992).

3.10 INTERFEROMETERS

The principle of an interferometer is to divide a monochromatic beam

into two paths and recombine them on a detector. Each path has a

specific phase and the phase difference is transformed by the detector

into intensity modulation.

The phase of a light wave propagated in an optical fibre is more

sensitive to external influences than any other propagation parameters.

Optical fibre sensors utilize this phase dependence and give a high

sensitivity. There are two general approaches in thedevelopment of fibre

optic interferometric sensors (Culshaw 1984, Jeunhomme 1983, Dakin

and Culshaw 1988, Dakin and Culshaw 1989, Jones 1987). The first

relies on the disturbance phase and is normally called an interferometric

sensors (see Figure 3.40). The fibre-optic Mach-Zehnder interferometer

utilizes two single-mode fibres in the arms of the interferometer to detect

the relative phase shift of light (see Figure 3.40a). An all single-mode

fibre interferometer is made with pigtailed laser diodes and fibre optics

couplers (Schmuck and Strobel 1986) (see Figure 3.40b). The second

approach considers the relative phase displacement of two polarization

eigenmodes (such devices are called polarimetric sensors) (Rogers 1985,

Mermelstein 1986) (see Figure 3.40c), or of the two first modes HE11 and

HE21 (Lacroix et al. 1988).

The interferometer output intensity is given by the superposition

of the two transmitted fields. If we have in each arm respectively:

~EE1 ¼ E01 e
i ot�f1ð Þ

~EE2 ¼ E02 e
i ot�f2ð Þ ð3:28Þ

Figure 3.40. Interferometer: (a) Mach-Zehnder interferometer, (b) optical

fibre Mach-Zehnder interferometer, (c) the same with one arm, (d) heterodyne

method with a Michelson interferometer, (e) Sagnac interferometer.
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where f1;f2 are the phases in each arm given by ji ¼ ð2p ne li) / l0, li is
the fibre path length on the arm i, and ne the effective index (ne < n1

index of the core), the resulting field is ~EE ¼ ~EE1 þ ~EE2; and the intensity

is:

I ¼ ~EE ~EE
� ¼ I1 þ I2 þ w I1I2ð Þ

1
2cos j1 � j2ð Þ ð3:29Þ

* is the complex conjugate quantity and w designates the degree of

coherence between the two fields, I1 ¼ ~EE1
~EE
�
1; I2 ¼ ~EE2

~EE
�
2. In the

particular case where E01 ¼ E02 ¼ E0 ¼ ðI0Þ1=2, the intensity is:

I ¼ 2I0½1þ cosf� ð3:30Þ

f ¼ f1 � f2 is the resulting phase. The variation dI in function of df is

given by

dI ¼ 2I0 sinfdf

we see that dI < 0 when sin f< 0 i.e. if f< 0 (or p). In order to obtain a

better result (f ¼ p/2) a phase modulator is inserted in the reference

arm. This is called homodyne detection (see Figure 3.40b).

A second method of measurement is the heterodyne method. Many

of the problems with interferometric detection can be overcome by the

use of a heterodyne interferometer. In such a device the reference beam

is frequency shifted by using a Bragg cell, imposing a frequency shift

oB on the deflected beams (see Figure 3.40d). The transmitted waves

through the different arms are

1 E0e
iot

2 E0e
i½ðoþoBÞt�

20 E0e
i½ðoþoBÞt�fðtÞ�

3 E0e
iðot�cÞ

30 E0e
i½ðo�oBÞt�c�

c is the phase difference due to the way 3. If the amplitudes in the two

arms are equal, the output from the detector is:

I ¼ 2E2
0½1þ cosð2oBt� fðtÞ þ cÞ�

The frequency is well outside the 1/f noise region. So a gain in

achievable signal-to-noise ratio of over 20 dB is obtained.

In a Sagnac interferometer, the two beams issued from the

beamsplitter are injected into a single fibre-optics coil (see Figure 40e).

The beams circulate in the coil with clockwise and anticlockwise
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propagations respectively. The phase difference df is due to a small

rotation of the coil around it’s axis. df is related to the delay time dt
measured in the fixed system of reference. This principle finds

practical applications in accelerometer systems and non-mechanical

gyroscopes.

Polarization-maintaining single-mode (PMSM) fibres with ellip-

tical cladding have been developed in order to maintain linear

polarization over long distances. An additional advantage lies in their

two orthogonal independent optical paths, which are along their

principal axes, a fast axis and a slow axis. The two paths make up two

arms of an interferometer, and the beat length between two normal

modes changes with strain (see Chapter 4 x 4.5).

A two-port all-fibre reflection Mach-Zehnder interferometer con-

sists of two directional couplers configured so that there are only two

open ports. The light beam undergoes splitting and coherent

recombinaison into the two couplers (see Figure 3.41) (Millar et al.

1989). The light exits the interferometer either as a transmitted output

from the opposite port or as a reflected output from the launching port.

The entire device can in principle be made from one continuous length

of fibre. When the two couplers have coupling ratio of CRi = 0.5, the

ratio of the intensities at the output I0 and at the input I1 is given by:

ðI0=I1Þi ¼ ½ðBi þDiÞ2 � 4BiDi sin
2ðdfÞ� expð�2a L3Þ

df=b (L1 – L2) is the phase difference between the two arms of lengths

L1 and L2. Bi, Di, (in which i = 1, 2 depending on whether the output is

Figure 3.41. (a) Fibre reflection Mach-Zehnder interferometer, (b) equivalent

interferometer bulk optical mirrors and beam-splitters [After Millar et al.

1989].
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from port 1 or 2) are expressed as functions of the coupling losses gi, of
the coupling ratio CRi and of the transmitance ti and reflectance ri of

the couplers; l3 is the length of the loop, and a is the absorption

coefficient of the fibre (Millar et al. 1989).

When the losses of the fibre and of both the couplers are negligible,

the intensity equations can be written in the simple form:

ðI0=I1Þi ¼ sin2ðdfÞ i ¼ 1 if r2 ¼ 1

¼ cos2ðdfÞ i ¼ 2 if r1 ¼ 1 ¼ r2

This interferometer can be potentially useful as a sensor or a reflection

modulator (Capmany and Muriel 1990).
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EXERCISES

3.1 – In a 262 coupler made with two identical fibres the beat length

has a value Lb ¼ 500 mm. A power P1¼ 100 mW is injected into port 1.

Calculate the coupling coefficient C. What is the power in port 2 for

z ¼ 250 mm; z ¼ 2:5 mm:

3.2 – For a phase shifter:

a- Establish the value of dj versus temperature variation dT
b- Calculate dj if n1 ¼ 1:46, L ¼ 1m, l ¼ 1mm, dT ¼ 18C, dn1=dT ¼
0.6861025 /8c, a ¼ 5.5610 –7 /8c.

3.3 – A Bragg grating with a grating period L is obtained by

interferometric exposure into the fibre core. Demonstrate that is acts

as a mirror for a wavelength lB.
What is the value of lB if L ¼ 531 nm and n1 ¼ 1:46:
Show that this device can be used as a temperature sensor.

3.4 – A fibre Bragg grating has a period L ¼ 4 mm. What are the

diffracted orders when the fibre propagates light at wavelength

l ¼ 0:8 mm (ne ¼ 1:46).

3.5 – A gyroscope is an optical fibre Sagnac interferometer. A single

mode fibre is wound into N loops of radius R (see figure 3.40).

a – What is the phase shift dj if the device rotates at an angular

velocity

O (rd / s).

b – Calculate dj if l ¼ 1:5 mm, N ¼ 800, R ¼ 100 mm, c ¼ 36108

m/s,

O ¼ 1024 rd / s, n ¼ 1:4:
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Chapter 4

DEVICES USING POLARIZED LIGHT

Multimode and single-mode fibres have been developed to a high

degree of performance for communication and sensor applications.

Single-mode optical fibre has applications not only in very wide

bandwidth optical communication systems, but also in current rotation

monitoring and other interferometric devices. For such applications

the fibres operate with coherent polarized light. In order to obtain

measurements of the desired accuracy it is often essential that the

light has only one polarization or that the state of polarization is

controlled.

Birefringent fibres maintain two linear orthogonal polarizations

along their length (see Chapter 1 x 1.4). Polarization maintaining and

polarization splitting couplers, polarizers, depolarizers, wavelength

devices, isolators, circulators and interferometers, are all currently

manufactured as fibre optics components.

4.1 POLARIZATION IN SINGLE-MODE FIBRES

In many applications, the state of polarization of the modes in a fibre

needs to be strictly controlled, for example in interferometric sensors,

in coherent transmittance, or in coupling to integrated optical circuits.

In ordinary single-mode fibres, the state of polarization is undetermi-

nated. As seen in Chapter 1, in an unperturbed single-mode fibre, two

degenerate eigenpolarization modes HE11
x and HE11

y, whose electric

fields can be denoted as ex and ey, can be propagated. Theoretically,

when a perfect (i.e., circularly symmetric) fibre is laid in a straight line,

linearly-polarized light launched at the input will maintain this state

along the fibre length to the output. In practice, fibres cannot be made

as perfectly cylindrical structures. There are intrinsic imperfections,

bends, stresses, vibrations and changes in temperature, which effects
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produce inhomogeneities. When uniform perturbations are present in a

fibre, elliptical birefringence is introduced. This leads to different

propagation constants of the eigenpolarization modes and degeneracy

is no longer present. The resultant electrical field E is then represented

as a linear superposition of the fields ex and ey of the unperturbed fibre.

E ¼ AxðzÞex þ AyðzÞey ð4:1Þ

where Ax (z) and Ay (z) are the amplitude of the eigenmodes, depending

on the position z along the fibre. The change of the amplitudes along

the fibre is described by the coupled mode equations:

d

dz

AxðzÞ
AyðzÞ

� �
¼ i

A11 A12

A21 A22

� �
AxðzÞ
AyðzÞ

� �
ð4:2Þ

where Ajk are the coupling coefficients and A21¼A12*. When a linearly

polarized light beam is launched, it may be decomposed by the fibre

into two linearly polarized orthogonal components along the two

principal transverse axes with different phase velocities. Thus coupling

between these two components will cause the state of polarization to

vary randomly along the length of the fibre. In single-mode fibre, this

modal birefringence due to geometrical core deformation and external

stress gives rise to polarization mode dispersion (Hakli 1996). It may

cause significant problems in multigigabit systems using direct

detection techniques as well as in coherent detection systems. A

review of polarization mode dispersion measurement methods in long

optical fibres is given by Namihira and Wakabayashi (1991).

Introducing strong linear birefringence into the fibre reduces the

amount of coupling between the two mode components and stabilizes

the linear polarization state. As seen in Chapter 1, several methods are

available. One method is to make the core non-circular in shape, so

that the refractive index distribution in the two principal directions

differs, i.e., a fibre with an elliptical core. Another method of producing

linear birefringence is to introduce an asymmetric stress over the core

of the fibre. The core and cladding remain circular, but asymmetric

sectors of a different expansion coefficient are introduced into the

cladding: ‘bow-tie’ or ‘Panda’ fibres (see Chapter 1 Figure 1.11). These

fibres are termed polarization-maintaining fibres. In case of ‘bow-tie’

fibres, beat lengths of less than 1 mm (modal birefringence

B¼ 661024) can be obtained.

A fibre exhibiting a high degree of linear birefringence as described

in Chapter 1 and, as indicated above, can operate in distinct ways.

Assuming that the two orthogonal modes have low transmittance

losses and propagate with the same attenuation, then when an equal

amount of light is launched into each of the modes, the phase constants
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are different and coupling results. So the state of polarization changes

periodically along the length of the fibre, from linear to circular and

back again. However, when only one of the modes is launched and no

mode conversion occurs, the light continues to be linearly polarized

along the length of the fibre. Under external perturbation (bending,

stress, etc.) some of the first polarization will couple into the orthogonal

mode and will propagate in that mode through to the output.

The development of linearly birefringent optical fibres has led to

the construction of highly anisotropic optical fibres in which

differential polarization mode attenuation may be present under

certain conditions. In the case of these kinds of fibre one method of

operating is to introduce attenuation preferentially into one of the

modes. When the light is launched in the low loss mode, it will

continue in that mode along the length of the fibre. When the light is

launched in the orthogonal mode, with high loss, it will be attenuated.

In practice this means that single polarization is achieved when one

polarization state of the fundamental mode, for example the

y-polarization, is guided and the other is leaky. So the output

remains linearly polarized despite the mode coupling for any state of

input polarization. Such a fibre is termed a single polarization fibre.

For example, in fibres exhibiting a polarizing effect the propagation

difference db is 66103 rad/m (beat length Lb¼ 1mm) the losses are

ax ¼ 5 dB/km and ay ¼ 40 dB/km i.e. Da¼ 35 dB/km. The practical

importance of these fibres is related to the construction of fibre optic

sensors and line polarizers.

Theoretical analysis of single polarization fibres has been mainly

concentrated upon mechanisms which achieve polarizing properties.

The polarization properties depend on bending loss difference between

the two polarization modes, the macro and microbending effects in

‘bow-tie’ anisotropic fibres and the stress-induced birefringence in

PANDA fibres. In all cases the birefringence and the differential

attenuation are of prime interest. In order to introduce a preferential

loss into one mode of a bow-tie fibre, the fibre is wound into a coil. So

there are different refractive index distributions in the two principal

transverse planes and the bending loss edges of the two modes of the

bow-tie fibre will be on different wavelengths. The attenuation of the

two modes is very different in a wavelength region. The spectral

dependence of the attenuation coefficients for the bow-tie single-mode

fibre is given in Figure 4.1.

For enhancing birefringence of elliptical single-mode fibres the use

of an azimuthally modulated index in the inner layer of an elliptical

three-layer fibre is attractive (Cancielleri et al. 1990). Theory of these

kinds of fibres can be found in several books and papers, e.g., Kortenski

et al. (1990) Ulrich and Simon (1979). The evolution of the state and
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degree of polarization in uniformly anisotropic single-mode and single-

polarization optical fibre in the quasi-monochromatic case is obtained

using the Muller-Stokes matrix formalism. Starting from equation 4.1

the Stokes parameters can be expressed in terms of the amplitudes

Ax(z) and Ay(z) as follows:

S0ðzÞ ¼ AxðzÞj j2þ AyðzÞ
�� ��2

S1ðzÞ ¼ AxðzÞj j2� AyðzÞ
�� ��2

S2ðzÞ ¼ 2Re AxðzÞA�
yðzÞ

h i
S3ðzÞ ¼ �2 Im AxðzÞA�

yðzÞ
h i

ð4:3Þ

The Muller matrix M (z) of a polarizing single-mode fibre which

transforms the input Stokes vector S	 ¼S(0) into the output vector is

SðzÞ ¼ M ðzÞ Sð0Þ ð4:4Þ

where SðzÞ ¼ fS0ðzÞ; S1ðzÞ; S2ðzÞ; S3ðzÞg

and Sð0Þ ¼ S
	

0 ¼ f S
	

0; S
	

1; S
	

2; S
	

3g

Figure 4.1. Spectral dependence of the attenuation coefficients and for ‘bow-

tie’ single-mode fibre [After Varnham et al. 1983].
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For a polarizing single-mode fibre we have:

M 0ðzÞ ¼ e�az

coshðDazÞ sinhðDazÞ 0 0

sinhðDazÞ coshðDazÞ 0 0

0 0 cos dbz sin dbz
0 0 � sin dbz cos dbz

2
664

3
775 ð4:5Þ

db is the birefringence, Dað¼ ax � ayÞ is the differential mode attenua-

tion and a ¼ ax þ ay. This matrix reduces to the matrix of a linearly

birefringent optical fibre if Da¼ 0 (i.e. ax ¼ ayÞ and to the matrix of an

ideal polarizer if ax ¼ 0 (or if ay ¼ 0) when ay (or ax) is large.

Fibres exhibiting a high degree of circular birefringence have been

made. One method of producing circular birefringence is to twist an

optical single-mode fibre about its longitudinal axis. The propagation

constants of modes polarized in the left and right circular directions

are different.

To calculate the coupling coefficients Ajk of equation 4.2 resulting

froma twist, it is assumed that the elastic properties and the elasto-optic

tensor pjk are uniform throughout the fibre. The twist t causes a rotation
g ¼ tz of the cross section plane z. A positive value of parameter tmeans

a right-handed twist. Forweakly guiding fibres of arbitrary index profile

the influence of twist gives:

A11 ¼ A22 ¼ 0 A12 ¼ �A21 ¼ �i n2 p44 t=2

where n is the mean refractive index of the fibre. Ajk coefficients cause

circular birefringence or optical activity. A fibre subjected to right-

handed twist t exhibits a strain-induced rotatory optical activity of

angle y ¼ gt. The proportionality factor g equals 2n2 p44; for weakly

doped silica fibre, p44¼ (p112p12) / 2¼2 0.075 and n¼ 1.46 for silica

fibre, thus g¼ 0.16 (Ulrich and Simon 1979). Twisted fibres may be used

as polarization rotators.

Another method is to produce a fibre in which the core follows a

helical path around the longitudinal fibre axis.

Birefringence in the fibre can also be caused by the application of

magnetic or electric fields. A magnetic field with a component Hz along

the direction of propagation in the fibre produces a rotation y of linear

polarization (Faraday effect).

y ¼ VD

ð
Hz z dz ð4:6Þ

where VD is the Verdet constant. This effect can be used in sensors for

measurement of current intensity.
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4.2 X-COUPLERS USING BIREFRINGENT FIBRES

These devices are made with polarization-maintaining fibres. During

the fabrication of polarization-dependent fibre couplers such as

polarization-maintaining and polarization-splitting couplers, the prin-

cipal axes of polarization-maintaining fibres must be parallel and

precisely aligned. For example, the structure of devices fabricated with

PANDA fibres is given in Figure 4.2.

Fabrication methods for fibre couplers are mainly classified (as

seen for power coupler in Chapter 3) into two types: a mechanical

polishing method and a fusion elongation method.

4.2.1 Polarization-maintaining couplers

Polarization-maintaining couplers have been studied by Nayar and

Smith (1983), Kawachi et al. (1982), Kawachi (1983), Villarruel et al.

(1983), Morishita and Takashina (1991), Yokohama et al. (1987),

Ioannidis et al. (1996). The manufacture of fibre polarization-

maintaining couplers uses equipment with automatic fusion–elonga-

tion processes, which is applied to fabricate single-mode couplers.

With, for example, PANDA fibres, the coupling between the two fibres

is caused by a decrease in the distance between the cores and in the

Figure 4.2. Scheme of fibre coupler realized from PANDA fibres: (a)

Polarization maintaining coupler, (b) polarization splitting coupler.
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diameters of the cores and claddings. The fabrication system is

composed of two elongation stages, two pairs of microburners driven

by motors and control systems. The pairs of microburners are located

in the vertical and the horizontal planes and are moved longitudinally

and transversely, so that the fibres are heated symmetrically. The

modal birefringence of the fibre is of 1.3 6 1024 with a refractive index

difference D¼ 0.6%. The excess loss is less than 0.11 dB and a coupling

ratio better than 1.3% is obtained.

Fused fibre couplers are important because of their low-cost

fabrication potential and their application for optical polarization

control. However, the fabrication of these devices has had a mixed

success in terms of achieving a reproducing fabrication process. In

particular, there are problems of fibre birefringence loss owing to fibre

etching and tapering, internal axis rotation and index difference

between the cladding and the stress region.

There are three origins of degradation of the cross talk in these

devices: the misalignment of the principal axes (an angle of 28 gives

crosstalk of 230 dB), the decrease in modal birefringence due to the

mutual stress compensation produced by joining two stress-applying

parts and the presence of stress-applying parts with a lower refractive

index than that of the cladding (Noda et al. 1987). Dopant diffusion

during the tapering of high birefringent fibres increases with initial

modal birefringence (Pickett et al. 1988).

Polarization preserving couplers have been fabricated with

birefringent fibres that self-align their axes within the coupling region

(Pleibel et al. 1983). The birefringence of the fibre is elasto-optically

introduced by a highly doped elliptical cladding. The outer shape of the

fibre is made oval rather than round with dimensions 120 mm6150 mm.

When bent, the fibre bends automatically around an axis parallel to

the major axis of the birefringent fibre.

All these devices show a wavelength dependence of the normalized

coupling ratio between the two fibres. The two cases for the input

polarized along the fast axis or the slow axis are shown Figure 4.3. The

relative power in the two fibres is given by equation 3.2. In the through

fibre P1¼ cos2 Cz and in the crossed fibre P2¼ sin2 Cz, where C is the

coupling coefficient and z the coupling length. C can be approximated

by C ¼ Ol3 where O is a constant. So the wavelength-independent part

of the coupling is the product Oz for the slow and fast modes.

4.2.2 Polarization splitting and polarization-selective couplers

In a polarization-selective directional coupler, light of only one

polarization is transferred to the second fibre. The polarization
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selectivity arises from different mismatches for the propagation

constants of the two polarizations.

The methods of fabrication originate in methods previously

described (Stolen et al. 1985, Noda et al. 1987, Bricheno and Baker

1985, Yataki et al. 1985).

Birefringent fibres with elliptical cores can be held by two blocks of

different bend radii. The difference in propagation constants required

for polarization selectivity appears to come from differences in the

depth of polishing of the two coupler halves. A holder permits

transverse adjustment to maximize the coupling and longitudinal

motion to study the power transfer as a function of the coupling length.

The variation of power coupling as a function of coupling length is

shown on Figure 4.4. Significant differences between the two coupler

halves should be avoided in polarization preserving couplers. For

polarization selective couplers, good polarization selectivity requires

matching propagation constants for the favoured polarization with an

index difference of less than 5 6 1025.

Polarization-splitting couplers may also be fabricated by the fusion

elongation method using a micro-burner and PANDA fibres. When

coupling length is long enough, polarization dependent effect is

dominant, owing to the geometrical anisotropy of the fused region.

Wavelength dependence of coupling ratio for PANDA fibres with a

refractive index compensation of the stress-applying parts has been

observed. There is a difference in the coupling ratio between X-

polarization and Y-polarization. Using this difference a polarization-

splitting device can be produced. The x-polarization field is coupled

perfectly to the other core, whereas the y-polarization field is coupled

Figure 4.3. Wavelength dependence of normalized splitting ratio of polariza-

tion preserving coupler for input polarizations along both the fast and slow

birefringence axes [After Pleibel et al. 1983].
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back again to the same core (see Figure 4.5). Polarization is observed at

several wavelengths.

4.3 BIREFRINGENT FIBRE POLARIZATION COUPLER

This device can couple the power between the two polarization modes

of a birefringent fibre. It is based upon periodic mixing of the two

polarization modes. By applying pressure to a highly birefringent fibre,

an additional birefringence Dna can be induced:

Dna ¼ S n3 KF=4b ð4:7Þ

where S is a constant equal to 1.58 for a fibre of circular cross section,

2b is the outer diameter, n the refractive core index, K (¼ 5 6 10212

SI) is the photoelastic coefficient, and F the force per unit length

applied to the fibre. This birefringence is different from the intrinsic

birefringence Dni ¼ l=Lb, where Lb is the beat length. It can be

demonstrated that, when the birefringent fibre is squeezed at about

45	 to the intrinsic birefringent axes, the magnitude of the total

birefringence is approximately equal to the intrinsic birefringence Dni

(Youngquist et al. 1985). The result is a rotation of the intrinsic

Figure 4.4. Variation in power coupling as the coupler halves are displaced

longitudinally (variation of the coupling length). The solid and broken lines are

calculated using a uniform coupling model with best-fit parameters [After

Stolen et al. 1985].
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birefringent axis without a change of magnitude of the birefringence.

The rotation angle y can be approximated by:

y ¼ Dna = 2Dni ð4:8Þ

Light propagating along the fibre and originally polarized along

the y-axis will be decomposed into components polarized along the

prime axes when entering a compressed region (see Figure 4.6). The

phase of the light in the two polarizations will change by p radians in

half a beat length.

After half a beat length, the force is removed and the light

decomposed back into components along the original axis with relative

power cos2ð2yÞ in the y-polarization and sin2ð2yÞ in the x-polarization.

This phenomenon of accumulated power transfer has been achieved via

a set of periodic pressure regions. Using Jones calculus, a Jones matrix

T has been calculated for a single Lb/2 length stressed region and Lb/2

unstressed region.

Repeating N times this structure, complete power coupling from

one polarization to the other can be achieved by applying a force F to

the N ridges so that 2Ny ¼ p=2. The optimal force deduced from

equations (4.7) and (4.8) is:

F ¼ ðp Dni 2bÞ=N S n3 K ð4:9Þ

Figure 4.5. Wavelength dependence of coupling ratio for polarization-splitting

coupler [After Noda et al. 1987].
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A coupling ratio greater than 32 dB can be achieved with a force of

about 220 g with 10 ridges at an optical wavelength of 633 nm

(Youngquist et al. 1985). So the two principal polarizations can be

coupled by subjecting the fibre to a stress that is spatially periodic

along the length of the fibre.

Using an acoustic wave the stress may be varied in time. The

acoustic wave varies the pressure about that point causing a

modulation of the power present in the two polarizations. The optical

power can be transferred between polarizations dynamically. Optimum

coupling occurs when stress is applied at 45	 to the principal axes. The

amount of power P2(L) coupled after a length L ¼ NLb is given by

P2ðLÞ ¼ P1ð0Þ sin2ðCN LBÞ ð4:10Þ

where P1(0) is the initial power in one polarization, N is the number of

ridges, C the coupling coefficient and Lb the beat length. Assuming that

the acoustic wave causes a peak variation of dC in the coupling

coefficient C, the modulation depth M, defined as the peak-to-peak

variation of the output optical power expressed as a fraction of the total

power around CL ¼ p=4, is given by:

M ¼ sinð2 L dCÞ ð4:11Þ

Figure 4.6. Scheme of a coupler using birefringent fibre. The light, linearly

polarized along the y-axis in region A, enters the stressed region at location B

and decomposes into components along the stressed polarization axes. At

location C after half a beat length, a maximum amount of light has been

transferred to the x polarization axis (location D) [After Youngquist et al. 1985].
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Static pressure is applied to the ridges until half of the power initially

in one polarization is coupled to the other (CL ¼ p=4). An example is

given by Risk and Kino (1986) using an elliptical core birefringent

fibre. The surface acoustic waves are generated on a fused quartz

substrate block using edge-bonded lead zirconate titanate (PZT)

transducers. When an output polarizer is used to pass only one of

the principal axis polarizations, the acoustically induced exchange of

power between polarizations is seen as intensity modulation.

4.4 POLARIZATION DEVICES

4.4.1 Polarizers

Single-mode fibre type polarizers are important; several principles are

used for creating such devices for optical fibre communications and

sensors systems (Table 4.1).

Fibre-optics polarizers have been fabricated by using a birefrin-

gent crystal placed close to the fibre core, or by depositing a metal film.

Table 4.1 Polarizer made from single-mode fibres

Principle Authors

Birefringence properties of

nematic liquid evanescent field

Liu et al. 1986

Birefringent crystal Bergh et al. 1980

Metal clad ¼ attenuation

difference between TMo and TEo

modes

Cut off principle (silver)

(aluminium)

(Indium)

(Nickel)

Feth and Chang 1986

Hosaka et al. 1983

Dyott et al. 1987

Zervas 1990

Metal clad. Theoretical analysis

Circular core

Elliptical core

Yu and Wu 1988

Pilevar et al. 1991

2 Metal clad + dielectric superstrate Zervas and Giles 1989

1 Metal clad + dielectric superstrate Pilevar et al. 1991

Johnstone et al. 1990

Resonant excitation of surface wave Dragila and Vakovic 1991

Circular polarizer composed of a metal

coated fibre and l=4 platelet fabricated on a

birefringent fibre

Hosaka et al. 1983
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4.4.1.1 Linear polarizer using birefringent material

In one technique the evanescent field of the guided light interacts with

a birefringent crystal, causing light of undesired polarization to couple

out of the fibre (Bergh et al. 1980). Part of the cladding is removed over

a small length of fibre to allow access to the evanescent field. The

birefringent crystal used to replace the removed position of cladding is

a potassium pentaborate crystal (KB5O8-4H2O) with three refractive

indices which we may call na, nb and nc. If the effective refractive index

of the crystal (see Figure 4.7) is greater than the effective index of the

waveguide, the guided wave excites a bulk wave in the crystal and light

escapes from the fibre. If the effective refractive index of the crystal is

less than the effective index of the waveguide no bulk wave is excited

and no light escapes from the fibre. The crystal index for the

polarization perpendicular to the crystal fibre interface is nb and the

crystal is cleaved perpendicular to the b axis. The crystal index for the

orthogonal polarization n? lies between nc and na following the

equation

n? ¼ sin2 y
n2
c

þ cos2 y
n2
a

 !�1=2

ð4:12Þ

where y is the angle between the polarization and the a axis of the

crystal. The extinction ratio is defined as:

S0 ¼ 10 log10 ðPpe=PpaÞ ð4:13Þ

Figure 4.7. Scheme of polarizers using birefringent crystal: (a) Crystal b-axis

is perpendicular to crystal-cladding interface, a and c are in plane of interface,

(b) four-layer planar model [After Bergh et al. 1980].

Polarization devices 141



where Ppa and Ppe are the power of the two modes corresponding to the

parallel and perpendicular polarization.

For example at l¼ 633 nm, na¼ 1.49 and nb¼ 1.43 and nc¼ 1.42,

extinction ratios of 60 dB and low losses for the desired polarization

have been obtained.

Another possibility for an in-line polarizer is to use the

birefringent properties of a nematic liquid crystal (Liu et al. 1986).

The device is a coupler-half (see Figure 4.8). When nematic alignment

is produced in the liquid crystal, one polarization state will see the high

index and will not be guided into the fibre while the orthogonal

polarization will see the low index and will remain guided. To reach the

nematic phase the crystals must be heated to between 62	 and 85	C.
This device is proposed for applications in which a high-speed response

is not required. The amplitude modulation has been demonstrated by

controlling the alignment of the liquid-crystal molecules with an

electric field for a frequency limited to a few kilohertz and a

polarization discrimination of 45 dB.

4.4.1.2 Linear polarizer using thin metal films

A second type of device uses a thin metal film (silver or gold). Metal-

clad optical fibre polarizers are based on either the differential

attenuation of the two polarization modes or the cut-off of the TE00

mode (Eickhoff 1980, Feth and Chang 1986, Hosaka et al. 1983a, Dyott

et al. 1987, Zervas 1990, Johnstone et al. 1990, Kutsaenko et al. 1994).

The core diameter of a single-mode fibre is reduced by grinding and

polishing so that the fibre is below the cut-off condition in the core. A

thin metal film is deposited upon the top of the polished fibre (see

Figure 4.8. Cross section through coupler-half showing positional relationship

between liquid crystals, electrodes and fibre core [After Liu et al. 1988].
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Figure 4.9a). Only the TM wave can satisfy the boundary condition and

propagates along the interface. Light of TM polarization propagating

in the fibre is converted into a surface plasmon wave propagating

through the interaction region, and is converted back into a TM

polarization light wave in the fibre. The TE mode is radiated into the

cladding when it reaches the interaction region. The TE mode can be

coupled to another waveguide upon the thin metal layer in order to be

guided without losses along this planar waveguide. The TM mode is

very sensitive to the refractive index of the planar waveguide

superstrate.

It is also possible to use silver and gold deposited onto a flat

surface of an optical quality fused-silica superstrate. The superstrate is

placed on the polished surface and index matching oil is allowed to flow

between the two by capillarity. Results range from an extinction ratio

of 50 dB and insertion loss of 6 dB to an extinction ratio of 45 dB and

insertion loss of 1 dB.

Another method of fabrication has been proposed by Hosaka et al.

(1983b). The single-mode fibre has a concentric core and a silica

cladding having a B2O3 doped silica portion (Figure 4.10). The cladding

is etched off asymmetrically by using the etching-speed difference

between pure silica and doped silica (49% H.F.). On to the etched part

an aluminium film is evaporated. A 37 dB maximum extinction ratio is

obtained when the polarizer is 40 mm long (Figure 4.11).

In another example of this type of device, a metal film polarizer is

deposited on an etched D-shaped fibre which has a birefringence

induced by an elliptical core (see Figure 4.9b) (Dyott et al. 1987, Yu and

Wu 1988). The suppressed mode is the eHE11 mode with the electric

field along the minor axis of the elliptical guide and normal to the flat

of the D fibre. Assuming that the coupling is incoherent, and is

Figure 4.9. Cross section of a metal clad fibre optic polarizer: (a) in silica

block, (b) D-shaped fibre.
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Figure 4.10. Preform structure from which the fibre type polarizer was drawn

[After Hosaka et al. 1983].

Figure 4.11. Theoretical variation of suppression ratio S0 versus polarizer

length for various of ae and ao [After Dyott et al. 1987].
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constant along the length L, the mode power reaching a distance z is

given by:

Pe ðzÞ ¼ Pi expð�ae zÞ

for the eHE11 mode and

PoðzÞ ¼ Pi expð�aozÞ ð4:14Þ

for the oHE11 mode. ae and ao are the attenuations in nepers per meter

and Pi the input power launched equally into each mode at z¼ 0.

In an element dz, the amount of power Po transferred to Pe is

attenuated by the polarizer along L – z. Integrating over the length L,

the total emerging transferred power is Pt. So the total even mode

power PE at L is PE¼Pt + Pe (L). Assuming that ae44ao, the

polarization suppression ratio S could be expressed as:

S ¼ PoðLÞ=PE ¼ fexpð�ae LÞ þ ðao=aeÞ expðao LÞ½1� expð�ae LÞ�g�1

ð4:15Þ

The theoretical variation of S with the polarizer length is given

Figure 4.11. The critical length Lc at the value where saturation occurs

is deduced when PE / Po (L) is near 0.

Lc ¼ ð1=aeÞ ln ðae=aoÞ ð4:16Þ

and the saturated polarization suppression ratio is Ss¼ ae / ao which

tends to a high value if ae 44 ao.
Using equation (4.13) with Ppa and Ppe expressed as equation

(4.14) the extinction ratio becomes:

S 0ðdBÞ ¼ 10 ðae � aoÞL= ln 10 ð4:17Þ

S 0 is a linear function of the polarizer length (see Figure 4.12), ao being
the attenuation coefficient for a mode polarized in the plane of the

metal–fibre interface (TE), ae the attenuation coefficient for a mode

polarized perpendicularly (TM). S 0 corresponds to the polarization

suppression ratio expressed in dB (S 0 ¼ 10 log10 S).

A rectangular core waveguide model acquires the polarization

characteristics of a metal-clad elliptical - core fibre polarizer (Pilevar et

al. 1991a,b). The losses of the TM-like and TE-like models of such a

polarizer have been obtained as a function of depth of polishing. The

attenuation for the TM-like polarization is very large compared to that

of the TE-like polarization. Such a metal-clad structure behaves as a

TE-pass polarizer. A peak in the attenuation of the TM-like mode is

also observed (see Figure 4.13) for a given depth of polishing.
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4.4.1.3 Linear polarizer using multiple interfaces

Another structure consisting of two metallic layers, one of aluminium

and one of chromium has been reported (Zervas and Giles 1989, Pilevar

et al. 1991a) (see Figure 4.14a). The addition of chromium results in an

increased polarization extinction ratio over a wide range of superstrate

refractive indices. Using a planar waveguide model Pilevar et al.

(1991a,b) studied the variation of the TM mode loss with depth of

polishing h and with the superstrate refractive index n1 (see Figure

4.14b). The increase of the polarization extinction ratio is due to the

metallic behaviour of the chromium, which supports a surface plasmon

wave.

High quality optical fibre polarizers have also been made by

depositing thin metal films on polished fibres, but with a dielectric

superstrate. For example, thin nickel films are deposited on a polished

fibre block and coated with a dielectric (Zervas 1990, Zervas and Giles

1989, Johnstone et al. 1990) (see Figure 4.15). Surface plasmon

polaritons at optical frequencies can be supported by the thin metal

film sandwiched between two dielectrics. These surface (TM) waves are

guided by single or multiple metal/dielectric interfaces. The polariza-

tion extinction is achieved by efficiently exciting TM-polarized surface

plasmon polariton waves, supported by the metal film, by evanescent

field interaction with the fundamental fibre mode. TM-like polarized

Figure 4.12. Relation between extinction ratio S0 and polarizer length L. Solid

line, theoretical prediction; broken line experimental data (Hosaka et al. 1982)

[After Yu and Wu 1988].
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light is coupled and extinguished when phase matching conditions are

achieved and the TE-like polarization passes through with minimal

losses. Polarization extinction ratios in excess of 55 dB have been

achieved with an insertion loss of less than 1 dB.

The conditions for coupling between the fibre mode and one of the

surface plasmon modes of a thin metal film, are (Johnstone et al. 1990):

k0 tðn2
e � n2

2Þ
1=2 ¼ tanh�1ðA1Þ þ tanh�1ðA3Þ ð4:18Þ

where k0¼ 2p /l, ne is the effective index ne¼ b/ k0, b is the propagation

constant of the plasmon mode, t the metal thickness. A1 and A3 are

Figure 4.13. Variation of the loss (dB/mm) for the TM-like mode (solid curve)

and TE-like mode (dashed curve) and the extinction ratio (dotted line) of the

polarizer as a function of the depth of polishing [After Pilevar et al. 1991].
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given by

Ai ¼ �
�
n2

ni

�2

ðn2
e � n2

i Þ
1=2=ðn2

e � n2
2Þ

1=2 ði ¼ 1; 3Þ ð4:19Þ

where n2, n1 and n3 are the refractive indexes respectively of the metal

and of the two dielectrics. Equation 4.18 has four significant solutions

corresponding to the bound and leaky symmetric modes sb and sl and

the bound and leaky antisymmetric modes ab and al (see Figure 4.16).

Using equation 4.18, the effective index of each of the four plasmon

modes of a thin metal film can be determined as a function of film

thickness for several values of the overlay index n3. The antisymmetric

plasmon modes do not play a role in device operation. Coupling occurs

to the bound symmetric mode over a continuous range of combination

of overlay index n3 and metal thickness for which the plasmon effective

Figure 4.14. Scheme of a dual metal coated in-line fibre optic polarizer: (a)

dual metal-clad fibre polarizer structure, (b) equivalent planar waveguide

structure [After Pilevar et al. 1991a].
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index ne equals the fibre effective index nef. Efficient fibre mode to

plasmon mode coupling and high polarization extinction ratio is

obtained if ne¼nef. Several metal such as aluminium, chromium, and

silver can be chosen for practical polarizers. By optimizing the design

parameter, high quality could be achieved with extinction ratios in

excess of 50 dB for 1.3 mm devices operating in the leaky mode and 60

dB for 0.632 mm devices operating in the bound mode. The loss for the

transmitted polarization TE is less than 0.5 dB.

Another in-line fibre-optics polarizer is based on resonant

excitation of surface waves propagating along a thin metal implanted

in a fibre cladding (Dragila and Vukovic 1991). Such a device allows for

resonant excitation of the so-called surface mode only by an even LP01

mode, and simultaneously for its absorption within the metal film. The

metallic film is very thin (� l), located far from the core (4–10 l) (see
Figure 4.17). The polarization that is not involved in excitation of

surface wave (the odd LP01 mode) is only slightly perturbed, in contrast

to the other methods.

Figure 4.15. Schematic diagram of the thin metal film plasmon polarizing

structure.

Figure 4.16. General forms of the electric field distribution of surface plasmon

supported by a thin metal film: (a) metal dielectric interface, (b) thin metal

film, sb, sl are bound and leaky symmetric modes, ab, al are bound and leaky

antisymmetric modes [After Johnstone et al. 1990].
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4.4.1.4 Circular polarizers

A fibre circular polarizer composed of a metal-coated fibre and a

l/4 platelet made by cutting a birefringent fibre to an appropriate

length can be manufactured (Figure 4.18).

Linearly polarized light which passed through the fibre polarizer

is launched into the following birefringent fibre of beat length Lb with

polarization angle y ¼ p=4 incident to the birefringent fibre principal

axes. The fibre polarizer (ffi 5 cm in length) has been fabricated on a

section of the birefringent fibre by evaporating Aluminium of 1 000 A

thickness. The length L of the birefringent fibre part following the

polarizer has been set at L¼ [2N + 1] Lb / 4 (N is an integer) to operate

as a l/4 platelet. When left -and right- circularly polarized light was

launched into the device, a 17.6-dB power ratio was obtained within an

angular deviation of
��Dy�� � 1	 from the optimum angle between the

fibre polarizer axis and the major axis of the birefringent fibre. When

used with a light source, such as a laser diode, this device will operate

as a quasi-isolator because the light reflected from the output end (the

main factor backing the light source), can be eliminated.

Figure 4.17. Schematic diagram of a cross section of an optical fibre polarizer

with metallic films inserted into the cladding: (a) transverse electric polarized

predominantly along X and magnetic along Y for one state of polarization (r

and j are the polar coordinates), (b) another type of polarizer [After Dragila

and Vukovic 1990].
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4.4.2 Depolarizers

As seen at the beginning of this chapter, when polarized light is

launched in a single-mode fibre, the polarization is maintained along a

large length of the fibre but the state of polarization (SOP) fluctuates

randomly due to external influences such as temperature or bends.

When a polarizer is inserted, SOP fluctuation gives rise to intensity

noise. Depolarizing devices have been proposed to reduce this kind of

noise (Takada et al. 1986, Böhm et al. 1983, Hillerich and Weidel 1983).

A statistical approach based on probability density function of optical

polarization states can be applied to these depolarizing devices (Van

Deventer 1994).

A fibre Lyot depolarizer converts different spectral components of

polarized input light into different polarization states at the output, so

that the output light appears unpolarized if averaged over the

spectrum. An example has been realized by using a birefringent fibre,

which is cut and then spliced again after turning the principal axis of

one end by an angle of 45	 (Böhm et al. 1983). The single-mode fibre

used is a fibre with a large linear birefringence and a beat length

Lb¼ 2p / b¼ 4 mm at 633 nm. For the fabrication of the Lyot

depolarizer two fibres pieces with lengths of 5 m and 10 m are used.

The performance of the device depends critically on the angle between

the principal axes of the two fibres. A residual polarization of about 1%

has been obtained with a superluminescent diode.

Another depolarizer system is consisting in a Mach-Zehnder

interferometer. The light passing through the half wave plate HW1

is divided into P and S waves by the polarization beam splitter BS1

(see Figure 4.19) (Takada et al. 1986). The S wave is launched into a

polarization maintaining PANDA fibre where one principal axis is

parallel to the polarization of the S wave. Output light after passing

through the half wave plate HW2 and the polarizer PO1 is then

coupled orthogonally with the P wave at the beam splitter BS2. The

Figure 4.18. Scheme of a fibre circular polarizer [After Hosaka et al. 1983].
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fibre is a delay line of the S wave, achieving a large group delay time

difference of 5 ns/m. When the group delay time difference is longer

than the coherence time of the light the two orthogonal components of

the electrical fields are completely uncorrelated. Adjusting the rotation

angles of the two half wave plates HW1 and HW2, the P and S waves

are superimposed with equal power at the second beam splitter BS2.

Light having a 100 MHz spectral width can be depolarized with high

coupling efficiency by using a polarization maintaining fibre delay line

of a few meters in length. Light having a 51 MHz spectral width can be

depolarized to within 14 dB using only 2 m fibre length.

4.4.3 Polarization state controllers

In coherent optical fibre communications and interferometric optical

fibre sensor devices, the sensitivity of the systems is dependent on the

matching of the state of polarization (SOP) of the recombining beams.

In coherent optical transmittance systems it is necessary to match the

time varying SOP of the incoming signal with the local oscillator one. It

is important that matching is maintained continuously, irrespective of

variations of the signal SOP, as momentary mismatch can result in

unacceptable data loss. The state of polarization of signals in installed

fibres varies slowly enough to permit polarization compensation. A

practical SOP controlling system must change the polarization

endlessly to prevent momentary signal loss during the reset of any

constituent components.

Several schemes of SOP control devices have been proposed (see

Table 4.2). Several kinds of polarization control schemes have been

published using the elasto-optic properties of silica by introducing:

controlled squeezing (Ulrich 1979, Johnson 1979, Granestrand and

Thylen 1984, Honmou et al. 1986), bending of the fibre (Lefebvre 1980)

piezoelectric cylinders wound with polarization maintaining fibres

Figure 4.19. Set up for single-mode fibre optic depolarizer [After Takada et al.

1986].
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(Walker and Walker 1990), two short sections of linearly birefringent

fibres (Tatam et al. 1987, Pannel et al. 1988), nematic liquid crystals

(Rumbaugh et al. 1990, Barnes 1988), or magneto-optics properties like

Faraday rotation (Okoshi et al. 1985). A polarization state controller

should be able to convert any incident polarization state to any other

state at the output. However, in practical applications the requirement

is to convert a fixed linear state to an arbitrary state or vice-versa.

4.4.3.1 Polarization controller using stressed fibres

In a bent fibre, the material in the central region containing the core

receives a stress in the direction xx 0 of the curvature radius R (see

Figure 4.20).

This stress is the source of the uniaxial negative-induced

birefringence. Two principal axes are considered: a fast extraordinary

axis x 0x and a slow ordinary axis y 0y. The changes Dni (i¼ x or y) in the

index n1 of the core (initially isotropic) are given by:

Dnx ¼ ðn3
1 = 4Þðp11 � 2sp12Þðb=RÞ2

Dny ¼ ðn3
1 = 4Þðp12 � s p12 � s p11Þðb=RÞ2 ð4:20Þ

where pij are terms of the photoelastic tensor, s is Poisson’s coefficient,

b the outer radius of the fibre. For silica s¼ 0.16, p11¼ 0.121,

p12¼ 0.270, n1¼ 1.46 for l¼ 0.633 mm, thus:

Dnx ¼ ne � n1 ¼ 0:027ðb=RÞ2

Dny ¼ no � n1 ¼ 0:160ðb=RÞ2

and

dn ¼ ne � no ¼ �dðb=RÞ2 ¼ �0:133ðb=RÞ2 ð4:21Þ

where d ¼ 0:133:
This birefringence integrated along the fibre can give,

between two modes, a total phase delay of p, p/2 or p/4 if it is possible

to coil a length L of fibre with a calculated number of turns N.

Figure 4.20. Scheme of a bent fibre.
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Table 4.2 Polarization control schemes [After Pannel et al. 1988]

Type of SOP control scheme Insertion

loss

Temporal

response

Mechanical

fatigue

References

1. Mechanical: fibre optic

Fibre squeezers Low Medium Yes Youngquist et al. 1985

Fibre rotators Low Slow Yes Uttam and Culshaw 1986

Rotatable fibre coils Low Slow Yes Kim et al. 1986

(i) Low Slow Yes Imai et al. 1985

(ii) Low Slow Yes Ulrich 1979

Rotatable fibre cranks Low Slow Yes Johnson 1979

Linearly birefringent fibre Pannel et al. 1988

2. Electro and magneto-optic Ulrich and Johnson 1979

Electro-optic crystals High Fast No Lefevre 1980

Faraday rotators Low Fast No Granestrand and Thylen 1984

3. Mechanical: conventional optics

Rotatable phase plates

Non-rotating linear polarizer Medium Slow No Matsumoto and Kano 1986

mask (passive technique) Low Fast No Okoyshi et al. 1985
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The phase shift is then given by:

f ¼ 2pðdn L=lÞ ¼ 2p=m

where m¼ 2, 4, 8. Using equation 4.21 and L ¼ 2pRN we have

R ¼ 2pdb2 Nm=l ð4:22Þ

These devices, which are equivalent to phase delay plates, have

been described by Lefevre (1980), and by Ulrich and Simon (1979). For

coil diameters below 3–4 cm, the polarization holding degrades very

quickly with a decreasing diameter. The cross coupling is due to a

microbending effect (Rashleigh and Marrone 1983).

A polarization controller uses twists in the coils. Let us consider a

coil fixed at the points B and C (see Figure 4.21). A rotation of the plane

of the coil through an angle a induces opposite twist in sections BA and

AC. The twist in BA rotates the incident polarization through an angle

a 0 ¼ ta, between A and B. The angle between the polarization in B and

the principal axis of the coil hence has a variation of ð1� tÞa and the

effect of the twist is small in comparison with the effect of the direct

rotation of the principal axes of the coil. It is the same thing for the

twist between A and C. A device using these effects consists of two l/4
coils to control the ellipticity and one l/2 to control the orientation of

any desired output polarization (Lefevre 1980). With an analyser, a

polarizer and several coils a tunable wavelength filter device has been

achieved (Gao et al. 1993).

A fibre optic phasemodulator (see Chapter 3 § 3.8.1) comprising two

coils of single-mode fibres wound on cylindrical piezoelectric elements

can reduce the modulation retardation by two orders of magnitude less

than for a single coil of similar phase modulation amplitude. This is

achieved by adjusting the angle between the axes of the cylinders. This

type of device is used in optical fibre interferometers (Luke and al 1995).

A polarization maintaining fibre has been proposed by Walker and

Walker (1990). It comprises four piezoelectric cylinders wound with 85

turns of PM fibre, which are spliced together with the principal axes of

thePM fibremutually aligned at p/4 (see Figure 4.22). The fibre is highly
birefringent, with a beat length of a few millimetres. Application of a

voltage causes the piezoelectric cylinders to expand slightly and to

stretch the fibre and thus modify the birefringence. The result is a

controlled retardation.

A device which offers a simple way to adjust any state of

polarization in a single-mode fibre has been described by Krath and

Scholl (1991). The polarization transformer consists of a rotatable fibre

squeezer, a standard single-mode fibre, and two blocks holding the

fibre in position (see Figure 4.23). The fibre is glued to the outer blocks
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as well as to the squeezer, which rotates around the fibre axis. There

are two fibre parts of length L which can be twisted around one

another. A lateral force can be applied to the middle part of the fibre by

means of the squeezer. The polarization at the end can be set as

desired using a combination of adjustments i.e., the rotation a of the

squeezer and the pressure F applied to the fibre. The length over which

the lateral force is applied is not critical.

4.4.3.2 Polarization controller using intrinsic fibre birefringence

Another all-fibre polarization state controller consists of two short

sections of linearly birefringent fibre oriented with their eigenaxes at

45	 in respect to each other. This has been constructed by Tatam et al.

(1987, 1988) and by Pannell et al. (1988) (see Figure 4.24). A linearly

polarized light beam is launched into the first fibre.

Both eigenmodes are equally populated. The evolution of the state

of polarization is a function of axial strain. Axial strain applied to both

fibre elements is used to control the propagation constant. The output

is coupled into the second element which is orientated with its

eigenmode axes at 45	 with respect to the first fibre. Controlling the

output from the first fibre allows variable population of the eigenmodes

of the second fibre. The range varies from the equal population of both

eigenmodes to the population of only one mode, resulting in a linear

output state.

Using the Jones calculus the transmitted electrical field can be

determined for each polarized input state. As an example for a

horizontally polarized incident electrical field the transmitted field Et

is:

Et ffi expði Df1=2Þ
cosðDf1=2Þ

expðidÞ sinðDf1=2Þ

� �
ð4:23Þ

Figure 4.21. Fibre loop equivalent to phase delay plate [After Lefevre 1980].
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where d¼Df2 2 p/2. Df1 represents the polarization azimuth and Df2

the modal retardance between the orthogonal linear components,

corresponding to the polarization ellipticity. Such a device converts a

horizontal or vertical linear state to any other.

Figure 4.22. Polarization-maintaining fibre controller [After Walker and

Walker 1990].

Figure 4.23. Schematic of the squeezer.
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For the control and modulation of the azimuth of a linearly

polarized beam, an all-fibre device uses a Mach-Zehnder interferom-

eter with the two arms made of birefringent fibres (see Figure 4.25).

It produces orthogonal circular states of polarization which

recombine in the final directional coupler. Azimuth control is then

achieved by relative phase modulation using a piezoelectric element

around which fibre is wound (Tatam et al. 1988). Two linearly polarized

beams S1 and S2 are produced by amplitude division and are incident

upon quarter-wave plates, thus producing two beams with orthogonal

circularly polarized states that are recombined on the final beams-

plitter. The beamsplitters are single-mode fibre optic couplers and

wave plates are made from optical fibres.

4.4.3.3 Polarization controller using liquid crystals

Liquid crystals are also used to change the state of light polarization

and can be applied to a continuous control system for coherent

detection. Using nematic liquid crystals with an antiparallel surface

alignment, liquid crystal acts as a retarder in a polarization controlling

system (Rumbaugh et al. 1990). The retardance G is a function of

molecular alignment which is controlled by an applied electric field. It

is given by the equation:

G ¼ ð2 p L=lÞ ½neðV Þ � no� ð4:24Þ

where L is the cell thickness, and ne (V) and no are the indices of

refraction for the extraordinary and ordinary rays respectively. The

extraordinary index is a function of applied voltage V.

An optical fibre polarization switch based on liquid crystal

technology has been demonstrated by Barnes (1988). Switching

voltages of about 3V has been used and switching speeds of a few Hz

obtained. The device may also be used as a polarization controller in a

coherent optical scheme.

Figure 4.24. Scheme of a SOP controller made with linearly birefringent

fibres 1 and 2. f: fast, s: slow [After Tatam et al. 1987].
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4.4.4 Isolators

Isolators are components able to prevent optical feedback, and are

useful for isolation of light sources. Optical feedback can modify the

stability of the diode causing partition noise. Isolators are fabricated in

a large variety of magneto-optical materials such as garnet crystals

(yttrium iron garnet (YIG), terbium aluminium garnet, etc.), glasses

and crystals (Chang and Sorin 1990). These components act as

Faraday rotators with a non-reciprocal rotation for direction of

polarization in the NIR range. It is possible to obtain a high

performance in polarization-independent isolators insensitive to

temperature and wavelength by an arrangement of YIG crystals used

as Faraday rotators.

An isolator can also be fabricated using plastics optical fibre

surrounded by a series of permanent magnets (Muto et al. 1991).

Another device working as a quasi-isolator using a fibre polarizer has

been described in § 4.4.1.4 (Hosaka et al. 1983). An in-line optical

isolator without lenses can be constructed by embedding an isolator chip

made by two pairs of rutile wedges and garnet plates in a thermally

expanded core fibre (Sato et al. 1999).

4.5 POLARIMETERS – INTERFEROMETERS

The phase of a light wave propagating in an optical fibre is more

sensitive to external influences than any other propagation parameter.

Two approaches have appeared in the development of sensitive fibre

Figure 4.25. Concept of a device producing a linearly polarized state with

controlled azimuth: BS beam splitter, M Mirror, l/4 waveplate [After Tatam et

al. 1988].
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optic interferometric sensors. The optical fibre Mach-Zehnder inter-

ferometer uses two single-mode fibres to detect the relative phase shift

of light propagating in the two arms of the interferometer (cf. Chapter

3). Alternatively, single fibre interferometers called polarimeters rely

on the relative phase displacement of two polarization eigenmodes (see

Figure 4.26). Performances of fibre optic polarimeters and applications

to sensors are analysed in several sources books (Mermelstein 1986,

Rogers 1985, Culshaw 1983, Donati et al. 1988, Youngquist et al. 1985,

Dakin and Wade 1984, Rashleigh and Marrone 1983, Azzam 1990).

The phase delay f between the two polarization eigenmodes of a high

birefringence single-mode fibre is

f ¼ k0 BL

where B is the fibre birefringence (see equation 1.30), L the

propagation length and k0¼ 2p/l0. For example, an axial strain in a

high birefringence fibre produces a modification in the birefringence

and introduces a strain-induced phase delay.

The design of a polarimeter is illustrated in Figure 4.27. It consists

of two lengths of optical fibres L1 and L2. For example, length L1 is

wrapped around a piezoelectric (PZT) cylinder, and provides a voltage-

controlled phase delay for maintaining quadrature. Length L2 is the

sensor length. The principal axes of the two fibres are rotated of 90	

with respect to one another. Fast and slow axes are aligned, providing

optical common mode rejection (Dakin and Wade 1984). Allowance has

been made for a small deviation y.
Assuming that the two polarization eigenmodes are uncoupled and

that the light is monochromatic, linearly polarized light of an

amplitude E0 is launched in fibre 1 at an angle of 45	 to the principal

axes. At the end of fibre 1 the field components along the principal axes

are:

Ex L1ð Þ ¼ E0

. ffiffiffi
2

p� �
exp ik0 nx L1ð Þ

Ey L1ð Þ ¼ E0

. ffiffiffi
2

p� �
exp ik0 ny L1

� �

Figure 4.26. Linear polarimetric device equivalent to Mach Zehnder
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Onto the principal axes of fibre 2 the output electric field components

are:

Ex ¼ exp ik0 ny L2

� �
Ex L1ð Þ cos yþ Ey L1ð Þ sin y
� �

Ey ¼ exp ik0 nx L2ð Þ �Ex L1ð Þ sin yþ Ey L1ð Þ cos y
� �

8<
:

Ex and Ey are projected onto the transmittance axes of a prism

polarizer. Mermelstein (1986) constructed a polarimeter from 50 m of

highly birefringent bow-tie fibre. Minimum detectable rms phase

delays below 1.0 mrad with a 1 Hz bandwidth are achievable at

frequencies greater than 50 kHz. Several other applications for current

and magnetic field measurements are presented by Donati et al. (1988),

Rogers (1985) Laming and Payne (1989). Light can also be coupled

between the two principal polarizations of birefringent fibre by using a

travelling acoustic wave producing a spatially periodic stress in the

fibre. By changing the acoustic frequency the wavelength at which

coupling occurs can be tuned (Risk et al. 1986).

Using a set of PM fibre pieces separated by several fibre optics

polarizers, a wavelength filter with a free spectral range of a few

nanometres and a full width half maximum of smaller than 1nm can be

achieved, operating as a polarization interference filter (Reichel and al

1993).
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EXERCISES

4.1 – A mass of 100 kg is applied on 9 cm fibre length which has an

outer diameter 2b¼ 250 mm and a refractive index n1¼ 1.46.

a – Evaluate the birefringence Dna (K¼ 5610212 SI, S¼ 1.58,

g¼ 10 m / s).

b – Calculate the phase difference for a wavelength l¼ 1.3 mm.

4.2 – What is the intrinsic birefringence Dni in a fibre if the beat length

is Lb¼ 500 mm at l¼ 1.3 mm? Approximate the corresponding rotation

angle y if the fibre has the same strain as in exercise 4.1.

4.3 – Give a demonstration of equation (4.2).

4.4 a – In order to obtain with a fibre coil a phase shift of p / 2 at l¼ 1.3

mm, what is the m value if the outer diameter of the fibre is 120 mm?

b – If the number of turns is N¼ 4, calculate the radius R.
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Chapter 5

DEVICES USING NON-LINEARITIES

IN FIBRES

The classical treatment of propagation, light superposition, reflection,

refraction, etc. assumes that there is a linear relationship between the

electromagnetic field and the responding atomic system comprizing the

medium. We know that an oscillatory mechanical device such as a

weighted spring can be driven into a non-linear response with the

application of large enough forces. In the same manner an intense light

beam, such as a laser beam, can generate appreciable non-linear optical

effects. The realm of non-linear optics encompasses these effects, in

which high-intensity electric and magnetic fields play a dominant role.

A wide range of non-linear effects in optical fibres has been studied,

and has found applications-in optical frequency converters, pulse

compressors, switches, tunable source modulators, logic gates, optical

fibre transistors, soliton lasers and light amplification. In optical

telecommunications high transmitter power and low fibre losses are

required. It has been recognized that non-linear optical processes

probably present the practical limitation on the range and data

transmission capacity of communications systems.

� Stimulated Brillouin scattering (SBS) is an interaction between

light and sound waves in a fibre. It is responsible for frequency

conversion and reverse propagation of light.

� Stimulated Raman scattering (SRS) is an interaction between

light and vibrations of silica molecules. It also causes frequency

conversion, and is responsible for excess attenuation of short

wavelength channels in wavelength-multiplexed systems.

� Four-photon mixing (FPM) is analogous to third order inter-

modulation distortion, whereby two or more optical waves of different

wavelengths mix to produce new optical waves at other wavelengths.
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� Non-linearity of refractive index, known as the optical Kerr

effect, has its origin in the third-order susceptibility wð3Þ.
� The static Kerr effect, a quadratic variation of refractive index

with applied voltage (and thereby electric field), is typical of several

non-linear effects that have long been well known.

� Cross-phase modulation is an interaction, via the non-linear

refractive index, between the intensity of one light wave and the

optical phase of other light waves.

The electric fields associated with light beams from traditional

sources are far too small for such behaviour to be easily observable.

However, strong fields are readily obtainable with current laser

technology. A good lens can focus a laser beam down to a spot having

a radius of 20 mm or so, which corresponds to an area of roughly

1:256610�9 m2. A 200 megawatt pulse from a Q-switched ruby laser

then produces a flux density of 1:5961017 Wm�2. The corresponding

electric field amplitude E0 is given by the intensity (or flux density) by

the equation:

I ¼ 1

2
ve E2

0

� �
¼ 1

2
n1

e0
m0

� �1=2

E2
0

� �
ð5:1Þ

so that

E0 ¼ 27:46
I

n1

� �1=2

Vm�1

where n1 is the refractive index, v the speed of propagation and e the
electrical permittivity in the medium. For n1 ¼ 1:45, the field

amplitude is about 9:0986109 Vm�1. This is more than enough to

cause the ionization of air (roughly 36106 Vm�1) and about the same

as the cohesive field of the electron in a hydrogen atom (561011 Vm�1).

The availability of fields greater than 1012 Vm�1 has made possible a

wide range of important new non-linear phenomena and devices using

these.

Stimulated Raman scattering and Stimulated Brillouin scattering

limit the laser power which can be transmitted. Self phase modulation

broadens the transmitted pulses, thus limiting the maximum data

rate. However, the possibilities of using SBS and SRS (specially SRS)

as optical amplifiers will be of increasing significance in the future.

Today, optical fibre amplifiers and lasers are already used in

telecommunications systems.

In order to achieve efficient non-linear optical effects in fibres

there are three possibilities: the increase of optical intensity, the

control of group velocity dispersion and the use of efficient non-linear

optical material for fibres. High numerical aperture single-mode fibres
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with high optical intensity, single-mode fibres with low dispersion at

the operating wavelength and LiNbO3 (lithium niobate) single crystal

fibres have been investigated (Sudo and Itoh 1990). The first possibility

can find applications in optical amplifiers and lasers, the second in

high-speed transmission or optical processing, and the third in devices

such as second harmonic generators, modulators and optical para-

metric oscillators.

Several papers review both the detrimental and beneficial effects

of optical non-linearities in fibres for telecommunications (Cotter 1987,

Chraplyvy 1990, Shibata et al. 1990, Maeda et al. 1990, Lin 1986,

Crosignani 1992).

Theoretical approaches to non-linearities in single-mode fibres,

and theoretical and experimental studies of combined self phase

modulation and stimulated Raman scattering have been made by

several authors (Pocholle et al. 1990, Kean et al. 1987 and Kuckartz et

al. 1987).

5.1 DEVICES BASED ON STIMULATED RAMAN

SCATTERING (SRS)

5.1.1 Basic principle

When a photon of frequency ni collides with and is absorbed by an

atom, energy is transmitted to a bound electron, resulting in the

excitation of the atom. If the frequency of the incident photon matches

the excitation energy of the atom the absorption probability is greatest.

In solids, liquids and dense gases absorption occurs over a band of

frequencies, and the energy is generally dissipated by way of

intermolecular collisions. In contrast, the excited atoms of a low-

pressure gas can re-radiate a photon of the same frequency (ni), in a

random direction (resonance radiation). Accordingly, scattering is

predominently at frequencies coinciding with the excitation energies of

the atoms (see Figure 5.1).

Scattering can also occur, but with less likelihood at frequencies

other than those corresponding to the stable energy levels of the atoms.

A photon will be radiated without any appreciable time delay and most

often with the same energy as the absorbed quantum (elastic or

coherent scattering). There is also a phase relationship between the

incident and scattered fields (Rayleigh scattering).

In some cases an excited atom does not return to its initial state

after the emission of a photon. If the atom drops down only to an

intermediate state, it emits a photon of lower energy than the incident

primary photon; this is referred to as a Stokes transition. If the process
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takes place rapidly (roughly 1027 s) it is called fluorescence. If there is

an appreciable delay (seconds, minutes or hours) it is known as

phosphorescence.

If quasi-monochromatic light is scattered from a substance, it

mainly consists of light of the same frequency. Yet it is possible to

observe very weak additional components. They have higher and lower

frequencies and the differences between these sidebands are character-

istic of the material. This is the spontaneous Raman effect.

A molecule can absorb radiant energy in the far infrared and

microwave regions, converting it into rotational kinetic energy. It can

also absorb infrared photons, transforming the energy into a vibra-

tional motion of the molecule. A quantum of vibrational energy is

known as a phonon. It has a magnitude hn, where h is Planck’s

constant and n is the frequency of the vibration. The molecule can also

absorb energy in the visible and ultraviolet regions through the

mechanism of electron transitions. Consider a molecule in some

vibrational state (2 in Figure 5.2a). An incident photon of energy hni
is absorbed, raising the system to an intermediate state whereupon it

immediately makes a Stokes transition hns, emitting a scattered photon

of energy hns. The difference hni � hns ¼ hn32 goes into exciting the

molecule to a higher vibrational energy level 3. Electronic and

rotational excitation can also result. Furthermore, if the initial state

is an excited one, the molecule after absorbing the photon hni and

Figure 5.1. Radiation of a photon of the same frequency as the incident

photon.
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emitting the photon hns can drop back to an even lower state (1)

making an anti-Stokes transition (see Figure 5.2b). In this case

hns > hni. A vibrational energy hn21ð¼ hns � hniÞ is converted into

radiant energy. In either case the differences between ns and ni
correspond to specific energy level differences for a substance.

Stimulated Raman scattering is a three-wave process in which the

pump wave creates a frequency downshifted Stokes wave and a highly

damped material excitation wave, which corresponds to the vibrational

mode of SiO2. At high enough optical intensities, the Raman scattering

process becomes stimulated, so that the scattered light, called Stokes-

shifted light, has laser-like characteristics of stimulated emission-

directionality, high brightness and high coherence. The optical gain

associated with the process namely amplification of the spontaneously

scattered Stokes light, is called Raman gain, and is related to the

spontaneous Raman spectrum and the scattering cross-section of the

medium. For the oxides used in optical fibre fabrication such as silica,

germanium and phosphorus glasses, the Raman spectra show

frequency broadness (molecular vibration bands) rather than discrete

lines, due to the amorphous nature of glass.

When an optical wave is propagating through a medium the

photons are scattered. They produce a phonon by exciting molecular

vibrations and a Stokes photon with a lower frequency (longer

wavelength), so that the total energy is conserved.

Stimulated Raman scattering is depicted schematically in figure

5.3. Here, two photon beams are simultaneously incident on a

Figure 5.2. Scheme of spontaneous Raman effect.
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Figure 5.3. Scheme of stimulated Raman effect. ni ¼ np pump frequency, ns
Stokes frequency, nas anti-Stokes frequency. (a) Principle (energy diagram), (b)

frequency division, (c) relative intensities.
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molecule, one corresponding to a laser frequency ni, the other having a

scattered frequency ns. The laser beam loses a photon hni, while the

scattered beam gains a photon hns and is amplified. The remaining

energy hni � hns ¼ hn12 is transmitted to the sample. The chain

reaction in which a large part of the incident beam is converted into

stimulated Raman light occurs above a particular threshold flux

density of the exciting laser. It can occur in solids, liquids or dense

gases (see Figure 5.3a).

At high temperatures some molecules are still vibrating, and the

corresponding phonons may interact with the optical wave and produce

an anti-Stokes wave with a higher frequency (shorter wavelength) (see

Figure 5.3b). At ambient temperatures (near 3008K) the anti-Stokes

intensity is much weaker than the Stokes intensity (see Figure 5.3c). In

glasses the wave vector selection rules or phase matching conditions

are lacking (in contrast to crystals) and the result is a broad Raman

band, instead of a much narrower band corresponding to a well-defined

frequency shift. Figure 5.4 shows the scattering emission of some oxide

glasses used in optical fibre fabrication.

The applications of stimulated Raman scattering can be impor-

tant: for example, CW Raman fibre lasers, tunable Raman oscillators,

pulsed Raman lasers and fibre Raman amplifiers.

Figure 5.4. Spontaneous Raman scattering spectra of oxide glass used in fibre

fabrication.
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5.1.2 Amplification based on Raman effect

The propagation of a high-energy pumping laser beam through any

optical fibre creates a Raman scattering spectrum, which extends to

wavelengths longer than that of the pump. If power from a signal laser,

with a wavelength that falls within the Raman spectrum created by

the laser pump, is also injected into the fibre, then stimulated Raman

scattering causes amplification of the signal. Large gains have been

measured (Aoki et al. 1983, Nakamura et al. 1984). However, the

crosstalk caused by SRS in single-mode fibre affects the performance

(Tomita 1983).

Several papers have described calculations on amplified sponta-

neous scattering in fibres, concentrating on power limitations or on the

dependence of total power on distance (Smith 1972, Stolen 1979,

Pocholle et al. 1985, Aoki 1988, Auyeung and Yariv 1978, Dakss and

Melman 1985, Aoki et al. 1986, Mochizuki et al. 1986, Nakashima et al.

1986) or on the gain saturation in fibre Raman amplifiers due to

stimulated Brillouin scattering (Foley et al. 1989) or on review of

theoretical and experimental studies (Aoki 1989, Stolen et al. 1984).

Consider a single-mode silica optical fibre with a length L (see

Figure 5.5). The signal beam is launched at z ¼ 0 (port 1 in coupler C1).

The pump light is injected at z ¼ 0 for forward pumping (port 2) in

coupler C1 and at z ¼ L for backward pumping (port 4) in the coupler

C2. The amplified signal leaves from port 3. As the pump wave

Figure 5.5. Basic configuration for Raman amplification. OF optical fibre, C1

coupler used for forward pumping, C2 coupler used for backward pumping, F

filter to eliminate pump power in forward pumping.
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propagates along the fibre, it is depleted by linear absorption and by

conversion to Stokes photons.

For simplification, the signal beam is injected at a first Stokes

wavelength, and the other non-linear processes are negligible. We can

also neglect higher order Stokes waves which travel in an opposite

direction to the signal because they do not reach the detector.

If npðzÞ is the average number of pump photons, nsjðzÞ the jth order

Stokes photon number, as the fibre transmission loss at the jth order

Stokes wavelength, ap the fibre transmission loss at pump wavelength

and gj the Stokes gain coefficient for the jth mode, we have for forward

stimulated Raman scattering:

dnpðzÞ
dz

¼ �apnpðzÞ �
Xq
j¼1

gjnpðzÞ nsjðzÞ þ 1
� �

ð5:2Þ

where q is the mode number. Each order nsjðzÞ obeys the equation:

dnsjðzÞ
dz

¼ �asnsjðzÞ þ gjnpðzÞ nsjðzÞ þ 1
� �

ð5:3Þ

The factor 1 in (nsjðzÞ þ 1) corresponds to spontaneous emission.

The term nsjðzÞ represents the amplified spontaneous Raman scatter-

ing (SRS). The analysis is carried out in the region where pump

depletion is negligible. This region is important for signal amplification

in that most of the gain is developed and no power loss is incurred due

to a second Stokes generation. So the sum over j in (5.2) with respect to

the �apnp term is negligible. This uncouples the two equations. The

solution to (5.2) is:

npðzÞ ¼ n0 expð�ap � zÞ ð5:4Þ

where n0 is the initial (z ¼ 0) value of np. Assuming that as ¼ ap ¼ a
and substituting (5.4) for (5.3), a solution of equation (5.3) is (Dakss

and Melman 1985, Aoki 1988):

nsjðzÞ ¼ nsjð0Þ exp �azð Þ expðgjn0zeÞ þ n�
sjðzÞ ð5:5Þ

with ze ¼ ½1� expð�azÞ
=a, nsjð0Þ is the initial injected average Stokes

photon number (at z ¼ 0), exp (gj n0 ze) is the Raman gain factor; the

term n�
sj (z) represents the amplified spontaneous Raman scattering

(ASRS).

The Stokes gain coefficient is supposed to be the same for all the

modes in the interaction (gj ¼ g0). As pump depletion due to Raman

interaction is negligible, the higher order (j5 2) Stokes generation may
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be neglected. If we also suppose ASRS negligible, we have for the terms

of (5.5):

dns

dz
¼ �ans þ g0n0 expð�azÞ6ns ð5:6Þ

and

ns ¼ nsð0Þ exp½�a zþ g0 n0 ze
 ð5:7Þ

The term exp[�az] represents the fibre transmission loss for the

signal whereas the term exp (g0n0ze) represents the amplification

factor in the fibre.

In order to take into account the polarization scrambling between

the pump and signal waves, a polarization scrambling factor K is

included in the exponential term. Complete polarization scrambling is

expressed by setting K ¼ 2 and the Raman gain is:

G ¼ exp g0n0ze=Kð Þ ð5:8Þ

Equation (5.7) can be written in terms of Stokes power per unit

frequency interval using:

PsðnÞ ¼ hnns

and also pump power Pp rather than in terms of average numbers of

photons. The number of pump photons per unit length is np=z and the

pump power is:

Pp ¼ ðhnpVgnpÞ=z and Ppð0Þ ¼ ðhnpVgn0Þ=z

with Vg the pump group velocity in the fibre.

Theoretical values of Pp and Ps in function of length z are given in

Figure 5.6.

We can write the equations (5.2), (5.6) in terms of Stokes and pump

power rather than average number of photons and the coupled

differential equations governing the amplified signal along the

single-mode fibre are given, in forward pumping, by:

dPp zð Þ
dz

¼ � gr
op

os

Ps zð Þ
Ae

þ ap

� �
Pp zð Þ

dPs zð Þ
dz

¼ gr
Pp zð Þ
Ae

� as

� �
Ps zð Þ ð5:9Þ

Pp and Ps are the pump and signal powers, Ae is the effective interaction

area, gr is the Raman gain coefficient. gr ¼ 9:2610�14 mW�1 for a pure

SiO2 core fibre at 1.0 mm pump wavelength.

The Raman gain spectrum of silica glass is shown in Figure 5.7.
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Ae can be expressed as an overlap integral accounting for the spot

size mismatch between the pump and Stokes waves in the fibre.

However, in single-mode fibres, the effective interaction areaAe is in the

order of the core area (or effectivemode spot size), which can be less than

Figure 5.7. Raman gain coefficient of a typical silica glass fibre [After Lin

1986].

Figure 5.6. Theoretical values of Pp (z) and Ps (z) for a ¼ 5 6 1025 cm [After

Auyeung and Yariv 1978].
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10 mmindiameter. Then the effective interaction area isAe ¼ po2
e where

oe is the effective core radius.

In the linear and small amplification regime, assuming negligible

pump depletion, the amplified signal power is obtained by the

integration of equation (5.9) along the length L, using

Pp ¼ Ppð0Þ exp�ap � L (Stolen 1979, Davey et al. 1989):

PsðLÞ ¼ Psð0Þ expð�asLÞ �GðlÞ½ 


GðlÞ ¼ exp grPpð0Þ
Le

AeK

� 	

G dB½ 
 ¼ 4:34 � grPp 0ð Þ � Le

AeK

ð5:10Þ

Le ¼ ½1� expð�apLÞ
=ap
G is the Raman gain. K ¼ 1 for a polarization-maintaining (PM) fibre,

or K ¼ 2 for a non-PM fibre. Psð0Þ represents the input signal at the

Stokes wavelength. For a very long fibre Le ffi 1=ap whereas for short

fibres Le ¼ L. This quantity is the effective interaction length and

shows the effect of pump power attenuation along the fibre. For a long

fibre, the pump power level for which the gain equals the loss (i.e.

PsðLÞ ¼ Psð0Þ) can be estimated from equation (5.10) as follows:

Pp 0ð Þ ¼ as
AeK

gr

L

Le

¼ asap
Ae

gr
KL

For low-loss fibres the effective interaction length Le could be tens

of kilometres long.

The SRS threshold condition for significant SRS from noise (i.e. in

the absence of input radiation in the Stokes frequency band) is

GLe ¼ 16.

Figure 5.8 shows the theoretical Raman gain as a function of fibre

length for several fibre losses.

When the input signal power is as high as the pump power, the

hypothesis of negligible pump depletion and higher order Stokes

generation is not fulfilled and Raman gain will become saturated.

In backward pumping the signs in the right part of equation (5.2)

are modified and we obtain:

np zð Þ ¼ np Lð Þ exp �ap L� zð Þ

 �

By pumping a single-mode silica fibre, Raman amplification of

laser diode light is obtained. However, CW Raman amplification is

severely limited by the pump power depletion due to stimulated

Brillouin scattering.
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Fibre Raman amplifier properties and applications to long distance

optical communications have been studied by Spirit et al. (1990), for

example.

5.1.3 Raman gain in a re-entrant fibre loop

In a passive mode operation, the impulse response of a re-entrant fibre

loop is a train of exponentially decaying pulses (see Figure 5.9a). These

pulses are delayed by the loop transit time Dtl. If Ii is the intensity of

the input signal pulse with duration smaller than Dtl, the fibre coupler

splits this intensity with a coupler splitting ratio CR.

So a fraction I0 ¼ CRIi is tapped out of the loop and (12CR) Ii
remains in the loop. If L is the interaction length (or actual fibre

length) and as the fibre loss per unit length, the signal loses a fraction

exp(�asL) after propagation along the fibre. Because of the interaction

of the process, a train of decaying pulses I1; I2 . . . I4 is obtained at the

output port of the loop. Between two consecutive pulses Inþ1 and In, we

have:

I1

I0
¼ 1� CRð Þ2

CR
expð�asLÞ

Inþ1

In
¼ CR expð�asLÞ ð5:11Þ

where as is the attenuation coefficient at the signal wavelength

(Desurvire et al. 1986, Desurvire et al. 1985).

Figure 5.8. Theoretical Raman Gain as a function of fibre length and pump

loss gr ¼ 6:7610�14 m=W ; input pump power 1.6 W; core diameter 10 mm
[After Aoki 1988].
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In an active mode operation, a distributed Raman gain is provided

in the fibre at the signal frequency ns by coupling in the loop a pump

power with frequency np (see Figure 5.9b).

For the CW pumping operation and in a linear amplification

regime, there is no major difference between the forward and backward

Raman gain. If CRp is the coupler splitting ratio for pump, and Ppi the

input pump power, the effective pump power Pp is given by the

incoherent sum of the re-circulating pump power order:

Pp ¼Ppi 1�CRp

� �X1
n¼0

CRp expð�apLÞ
� �n ¼Ppi

1�CRp

� �
1�CRp expð�apLÞ

ð5:12Þ

ap being the attenuation coefficient at np.
In the undepleted pump approximation, the steady state Raman

gain G is given by equation (5.10) if K ¼ 1.

Figure 5.9. Scheme of a re-entrant fibre loop: (a) in the passive mode

operation, (b) in the active mode operation. TFC tunable fibre coupler, SMF

single mode fibre [After Desurvire et al. 1986].
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The Raman gain compensates the signal losses when the following

condition is satisfied (CRs is the coupling ratio signal):

Inþ1

In
¼ CRs expð�asLÞ ¼

1

G

Using equation (5.10) we have:

G ¼ 1

CRs

expðasLÞ ¼ exp gr
Le

Ae

Ppð0Þ
� �

thus

� lnCRs þ asL ¼ gr
Le

Ae

Ppð0Þ ð5:13Þ

From equations (5.12) and (5.13) with Ppi¼Pc we obtain the initial

input pump power Pc corresponding to a critical Raman gain G ¼ Gc

for a length L of fibre.

Pc ¼
Ae

grLe

1� CRp expð�apLÞ
1� CRp

asL� lnCRs½ 


and

Gc ¼
1

CRs

expðasLÞ ð5:14Þ

So a single-mode fibre ring Raman laser could be fabricated by using a

fibre coupler of high multiplexing effect (Desurvire et al. 1987).

5.2 DEVICES BASED ON STIMULATED BRILLOUIN

SCATTERING (SBS)

5.2.1 Basic principle

Brillouin scattering is the interaction of light with acoustic waves in

solids or liquids. The interaction occurs through the modulation of the

refractive index of the medium in the alternating areas of compression

and rarefaction of the acoustic wave. The acoustic wave forms a phase

grating moving at the speed of sound in the medium. This grating can

diffract an optical wave, changing its direction of propagation and its

frequency via the Doppler effect.

The non-linear process in fibres that has the largest gain and

hence the lowest light threshold is stimulated Brillouin scattering

(SBS). It is a three-wave process involving the incident light-wave

(pump), a scattered light wave (Stokes) and a generated acoustic wave

(Cotter 1982, Ippen and Stolen 1972, Pocholle et al. 1990, Montes et al.

1989, Henry 1992). The pump beam is converted into Stokes light of
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longer wavelength along with phonons. The pump beam thus creates a

pressure wave in the medium owing to electrostriction, and the

resulting variation in density changes the optical susceptibility. In this

process a significant proportion of the optical power travelling in the

fibre may be converted into the Stokes wave which travels backwards,

and is shifted to a lower frequency ns with respect to the pump of

frequency np by an amount equal to the acoustic frequency nB. (In a

single - mode optical fibre, the only possible change of direction is back-

reflection). The frequency change nB is given by:

nB ¼ 
2n1 Va=cð Þnp ¼ 
2n1

Va

lp
¼ np � ns ð5:15Þ

where n1 is the core refractive index, Va is the speed of sound in the

medium, c is the speed of light in empty space and np is the frequency of

the pump beam. The minus sign refers to scattering from an acoustic

wave propagating in the same direction as the pump wave, and the plus

sign corresponds to scattering from a wave counterpropagating. When

the frequency shift is negative, energy is added to the acoustic wave;

this is called Stokes scattering. When the shift is positive, energy is

removed from the acoustic wave; this is called anti-Stokes scattering. In

fused silica, taking the values, n1 ¼ 1:44 and Va ¼ 5960 ms21 (see

Figure 5.10a). We have approximately:

nB ffi �17:3

lp
ð5:16Þ

with nB in GHz and l in mm. For example, for l ¼ 1:55 mm we have

nB ¼ 11:1 GHz.

Brillouin linewidth DnB, depending on fibre parameters, can be

given approximately by:

DnB ffi 0:1412 nB½ 
2 ðMHzÞ ð5:17Þ

with nB in GHz. The optical bandwidth DnB for SBS in silica is about 20

MHz at 1.55 mm and varies as l�2.

Stimulated Brillouin scattering could be a limiting factor in the

data transmission capacity of communication systems (Montes et al.

1989, Hirose et al. 1991).

5.2.2 Fibre Brillouin amplifiers

The principle of operation of scattering amplifiers is the amplification

of an external signal by coupling into the fibre a certain amount of the
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pump power. It provides a distributed gain at the signal wavelength.

Stimulated Brillouin amplification is an intrinsic process in which the

pump beam can amplify counterpropagating signal light of slightly

lower frequency. Several applications have been proposed, and several

papers describe the properties of fibre Brillouin amplifiers (Bayvel et

al. 1989, Botineau et al. 1994, Tkach and Chraplyvy 1989). Stimulated

Brillouin amplification has been used for channel selection in a dense-

packed WDM direct detection light-wave experiment (Chraplyvy and

Tkach 1986, Lee et al. 1992a,b). A coherent three wave SBS

(stimulated Brillouin scattering) model and an adiabatic model can

be used (Botineau et al. 1989, Botineau et al. 1988). The forward

propagating pump beam of amplitude Ep at frequency op, coupled with

the thermal phonon fluctuation F of the core medium, stimulates a

counterpropagating Stokes wave Es at a frequency os. This wave Es is

downshifted by the frequency oB ¼ 2Vaopn1=c where n1 is the fibre

refractive index. We can write:

Epðz; tÞ ¼ E0pðz; tÞ exp iðkpz� optÞ

 �

Esðz; tÞ ¼ E0sðz; tÞ exp iðost� kszÞ½ 


Sðz; tÞ ¼ S0ðz; tÞ exp iðkjz� oBtÞ

 �

ð5:18Þ

Figure 5.10. (a) Schematic of Brillouin scattering, (b) Schematic of a fibre

Brillouin amplifier. S signal source, D detector, C coupler, OF optical fibre.
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with

os ¼ op � oB and kj ¼ kp � ks

Sðz; tÞ is induced by electrostriction. In optical fibre experiments and in

small coupling cases (the flux f � fc ¼ 6:1012 W=cm2
in silica) several

approximations can be made. With a slowly varying envelope

approximation for the wave, the complex amplitudes Eop;Eos;So vary

slowly in time and space (the frequencies oi are high compared with

the time variation of the amplitudes).

Neglecting the variation with time, the evolution equations for the

powers Pi ¼ 1
2
n1e0c E0ij j2�Ae ði ¼ p or sÞ are:

dPp zð Þ
dz

¼ �aPp zð Þ � g
B
Ps zð Þ
Ae

Pp zð Þ

dPs zð Þ
dz

¼ þaPs zð Þ � g
B
Pp zð Þ
Ae

Ps zð Þ ð5:19Þ

where Ae is effective mode area and a corresponds to the linear optical

attenuation of the pump. gB is the Brillouin gain coefficient:

gB ¼ 2pn7
1p

2
12K

cl2prVaDnB
ð5:20Þ

where p12ð¼ 0:283Þ is the longitudinal elasto-optic coefficient, DnB the

linewidth for spontaneous Brillouin scattering, and K the polarization

factorwhich isunity for a fibrewhichmaintains polarization andequal to

one-half otherwise. r is thematerial density (r ¼ 2:2106103 Kg m�3). It

is assumed that the laser line width is small compared with DnB. The
value of gB is approximately 4:10�11 mW�1.

Figure 5.10b shows a schematic diagram of a fibre Brillouin

amplifier (FBA), configured as a preamplifier. A coupler is used to

inject the pump and to allow the signal to reach the receiver. Signal

power Ps (L) is injected at the near end, and pump power Ppð0Þ is

injected into the fibre, after the coupler, at the far end. It is assumed

that the pump is attenuated only by the fibre loss, which means that

the amplifier is unsaturated:

PpðzÞ ¼ Ppð0Þ expð�azÞ

At the end of a fibre length L, the signal power Ps at the

wavelength ls of the scattered lightwave can be amplified from the

pump power Pp. From equation (5.19) we have, after integration

between z ¼ 0 and z ¼ L:

Psð0Þ ¼ PsðLÞ expð�aLÞ exp gB
Ppð0Þ
Ae

Le

� �
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This equation shows amplification, which can be quite large when

gB � Ppð0Þ
ðAeÞ

� Le > a � L

is the effective cross section area determined from the mode spot size

o0. Le, the effective interaction length, taking into account the linear

pump absorption, is given in equation 5.10:

Le ¼ ½1� expð�apLÞ
=ap

Sometimes, the equations are written with G, which is the SBS

gain factor and is defined by:

G ¼ gB
Ppð0Þ
Ae

The maximum laser power Pc (critical power) that can be launched

into the fibre before SBS becomes detectable (i.e., the level at which it

begins to degrade communication systems performance) is determined

by:

Pc � 21
AeK

gBLe

i.e., GcLe ¼ 21 if the polarization factor K ¼ 1.

Maximum SBS gain will occur for pump lasers with linewidths Dnp
less than 20 MHz. If the linewidth of the laser DnP is much larger than

20 MHz, SBS gain decreases in proportion to the ratio DnB=DnP, and the

gain gB becomes gB ¼ gBMDnB=DnP where gBM is the maximum steady

state Brillouin gain.

For the strong gain peak, the SBS threshold power Pc for CW

operation is given by the expression:

PcðCW Þ ¼ 21
AeK

gBLe

� �
DnB þ Dnp

DnB

� �

For a typical fibre loss value at 1.5 mm, say a ¼ 0:2 dB km21,

Le ¼ 21:7 km in a long fibre.

Typically for an 8 mm diameter fibre core, the gain at 1.5 mm is

about 36 dB mW21 over a bandwidth of 17 MHz. For system

applications it is necessary to broaden the gain bandwidth (Olsson

and Van der Ziel 1986).
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5.2.3 Brillouin laser based on a fibre ring resonator

A stable train of compressed Stokes pulses can be obtained in a

stimulated Brillouin fibre ring laser by periodically interrupting a

pump beam with an intra-ring cavity acousto-optic modulator

(Botineau et al. 1989). The possibility of using an optical fibre Brillouin

ring laser for inertial sensing has been tried (Thomas et al. 1980).

A Brillouin laser/amplifier based on the all-fibre ring resonator is

made with a loop of length L and a tunable directional coupler (see

Figure 5.11). Initially we consider the operation of the Brillouin laser

in the absence of an external Stokes signal Si. The pump field Ep

circulates in the resonator to amplify the counter-propagating

spontaneous Stokes noise. The pump light propagates in one direction,

from z ¼ 0 to z ¼ L in the loop and the Stokes light travels in the

opposite direction (from z ¼ L to z ¼ 0) with a period t ¼ n1 L=c.
The coupled equations, for the slowly varying complex amplitudes

of the pump and Stokes waves, are:

qE mþ1
p

qz
¼ � 1

2
g 0 þ gB E m

s

�� ��2
 �
E mþ1

p

qE mþ1
s

qz
¼ 1

2
g 0 � gB E mþ1

p

��� ���2� �
E mþ1

s

ð5:21Þ

where Ep and Es are the pump and Stokes field amplitudes and gB is

the peak Brillouin gain coefficient in m W�1. The index m (where

m ¼ 1; 2; 3 . . .) refers to the number of transit periods, around the loop.

The propagation of the field once around the loop is considered as one

Figure 5.11. Scheme of a Brillouin laser/amplifier: C is an X coupler, D a

wavelength filter.
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circulation. Here g 0 ¼ ðaþ jb), where a is the intensity attenuation

coefficient and b=2 the propagation coefficient of the pump and Stokes

fields. Since the Brillouin shift is very small (approximately 20 GHz at

830 nm), we consider the magnitude of the total phase over the length

L, bL=2 to be the same for the pump and Stokes waves.

The time taken for the light to propagate along the length of the

directional coupler is insignificant compared with the time along the

length of the loop. The build-up of the pump and Stokes fields, as a

function of the number of circulations, effectively gives the transient

response of the device.

Because the pump and the Stokes waves propagate in opposite

directions, the boundary conditions for them have to be applied on the

opposite boundaries. This means that equations become impossible to

solve analytically, and generally numerical calculations are carried out

using the assumption that pump depletion is negligible. However,

pump depletion is an important factor in the calculations of the lasing

threshold, of the conversion efficiency of the Brillouin laser, in the

evaluation of the SNR (signal-to-noise ratio) and of gain of Brillouin

amplifiers. In addition, the fact that we are considering the coherent

addition of fields inside the resonator further complicates the

solutions, necessitating numerical analysis of considerable complexity

(Bayvel et al. 1989, Bayvel and Giles 1990, Stokes et al. 1982).

In order to simplify the solutions the following approximation is

made. Since the resonator loop length L is in general short (515 m),

the total Brillouin gain over one loop transit is small. So:

Emþ1
p ðLÞ ¼ Emþ1

p ð0Þ exp
n
� 1

2
g 0 þ gB Em

s ð0Þ
�� ��2 � Lo


The factor gB Em
s 0ð Þ

�� ��2 in the exponential term now accounts for the

pump depletion. Similarly, for the Stokes wave, integration of equation

(5.21) yields:

Emþ1
s ðLÞ ¼ Emþ1

s ð0Þ exp
n
þ 1

2



g 0 � gB

���Emþ1
p ð0Þ

���2 � Lo
The coupler radiation loss is included as a lumped loss in the

expression for the coupling coefficient. It can be seen that the boundary

conditions are, for the pump wave:

Emþ1
p ð0Þ ¼ jCEm

p ðLÞ þ E0

where E0 ¼ ð1� C2Þ1=2Ein, and C is the field coupling coefficient, and,

from the above, C includes the coupler radiation loss.

In the case of polarization-maintaining fibre, a fibre Brillouin ring

laser has been constructed and operated without instability due to

Devices based on stimulated Brillouin scattering (SBS) 185



interaction between the polarization lateral modes. In this case the

fibre was set with 908 polarization axis rotation at the splice (Tanaka

and Hotate 1995).

Superluminous quasi-solitons may be observed in a Brillouin fibre

ring laser if the acoustic wave has inertia with a long spontaneous

decay time. In this case, description of the different wave interactions

must take into account the dynamic behaviour of the stimulated

Brillouin backscattering (Picholle et al. 1991).

5.3 PARAMETRIC FOUR WAVE MIXING

In this technique, several optical frequencies are launched into a fibre

simultaneously (see Figure 5.12) (Hill et al. 1978, Stolen et al. 1981,

Stolen and Bjorkholm 1982, Kikuchi and Lorattanasane 1994, Inoue

and Toba 1992, Reis et al. 1995).

Three waves of frequencies o1, o2 and o3 can interact via the

third-order non-linear susceptibility to generate a fourth wave of

frequency o4, which follows the energy conservation relation:

o4 ¼ o1 þ o2 � o3 ð5:22Þ

A significant transfer to the new frequency o4 is possible only if

momentum conservation (phase matching condition) is satisfied.

Conservation of momentum requires:

Dk ¼ k1 þ k2 � k3 � k4

where ki are propagation vectors in the fibre.

Parametric mixing can also occur between two input waves op and

os, in which case the energy conservation relation becomes:

2op ¼ os þ oas

Figure 5.12. Scheme of four wave mixing with two injected waves at

frequencies n1 and n2.
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where opð¼ o1 ¼ o2) is the pump frequency, os is the signal frequency

and oas is the generated frequency. The phase matching condition is:

Dk ¼ 2kp � ks � kas

In a single-mode fibre the propagation vector at a given frequency

is the sum of two contributions. The first, Dkm, is determined by the

bulk dispersion of the material. The second, Dkw, depends on the

dispersive characteristic of the waveguide itself (guiding structure and

geometrical parameters). The total phase mismatch is the sum of these

two parts:

Dk ¼ Dkm þ Dkw

Dkm ¼ ðnas oas þ ns os � 2np opÞ=c

Dkw ffi ðBas oas þ Bs os � 2Bp opÞDn=c

where

Bj ¼
n2
ej � n2

2

n2
1 � n2

2

¼
bj=kj
� �2�n2

2

n2
1 � n2

2

is the normalized propagation constant, nej is the effective index for

each wavelength j (due to guiding effect and defined with the help of

equation 1.25 Chapter 1), subindex s corresponds to the Stokes signal,

subindex as to the anti-Stokes signal, and p to the pump signal; c is the

speed of light in empty space. Dn is the core/cladding index difference.

A useful approximation to the contribution Dkm is:

Dkm ¼ 2plDðlÞO2 ð5:23Þ

with O ¼
op � os

�� ��
2pc

ðcm�1Þ and DðlÞ ¼ l2
q2nej

ql2

D(l) is the group velocity dispersion and must not be too small for the

validity of equation (5.23).

Tunable wavelength conversion is possible using two pump beams.

A signal beam is converted from one arbitrary frequency to another

compatible with the zero dispersion wavelength of the fibre. Tuning

one of the pump beam frequencies permits selective conversion (Inoue

1994).

In single-mode non-polarization-maintaining fibres, phase match-

ing can be obtained when the pump wavelength lp is slightly greater

than the wavelength l0 for zero group velocity dispersion. The small

negative Dkm is compensated by Dkw. A second case is where the
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frequency shift (op�os) is sufficiently small to obtain a coherence

length Lco for parametric interaction (Lco¼ 2p/Dk) similar to or greater

than the fibre length. In polarization-maintaining fibre, phase

matching is possible by using a large birefringence (Stolen et al.

1981). Stimulated four-photon mixing in birefringent fibres with the

pump wave propagating in two orthogonally polarized modes has been

investigated by Ovsyannikov et al. (1991).

Four-wave mixing can be used in multi-amplifier and high-speed

WDM systems (Inoue and Toba 1995, Tkach et al. 1995) or for

wavelength conversion using a loop configuration (Yu and Jeppesen

2000).

5.4 KERR NON-LINEARITIES IN OPTICAL FIBRES – SOLITONS

5.4.1 Basic principle

Lasers producing high-intensity short-duration pulses are now readily

available. It is possible with such lasers to investigate potentially

useful non-linear effects in fibre. The electromagnetic field of a light

wave propagating through a medium exerts forces on the loosely bound

outer or valence electrons. Ordinarily, these forces are quite small and

in a linear isotropic medium the resulting electric polarization P is

parallel to and directly proportional to the applied field E. Indeed, the

polarization follows the field; if the latter is sinusoidal, the former will

be sinusoidal as well. Consequently, one can note:

P ¼ e0wE ð5:24Þ

where w is a dimensionless constant known as the electric suscept-

ibility and e0 the permittivity. A plot of P versus E is a straight line.

In the extreme case of very high fields we can expect that P will

become saturated, i.e., it cannot increase linearly indefinitely with E

(just as in the case of ferromagnetic materials where the magnetic

moment becomes saturated at fairly low values of H). Thus we can

anticipate a gradual increase in the usually insignificant non-

linearity as E increases. Since in the simplest case of an isotropic

medium the directions of P and E coincide, we can express the

polarization more effectively as a polynomial expansion:

P ¼ e0 wEþ w2E
2 þ w3E

3 þ � � �
� �

ð5:25Þ

The usual linear susceptibility w is much greater than the coefficients

of the non-linear terms w2, w3, etc. and hence the latter contributes
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noticeably only at high-amplitude fields. If the form of the light wave

incident on the medium is:

EðtÞ ¼ E0 sin ot

The resulting electric polarization is:

P ¼ e0wE0 sinotþ e0w2E0
2 sin2 otþ e0w3E0

3 sin3 otþ � � �

This can be rewritten as:

P ¼e0wE0 sinotþ e0w2
2

E0
2 1� cos 2otð Þ

þ e0w3
4

E0
3 3 sinot� sin 3otð Þ þ � � �

As the sinusoidal wavefront sweeps through the medium, it creates

what might be thought of as a polarization wave, i.e., an undulating

redistribution of charge within the material in response to the field. If

only the linear term is effective, the electric polarization wave would

correspond to an oscillatory current following along with the incident

light. The light thereafter reradiated in such a process would be the

usual refracted wave propagating with a reduced speed v and having

the same frequency as the incident light. In contrast, the presence of

higher order terms implies that the polarization wave has the same

harmonic profile as the incident field representation of the distorted

profile of P.

The non-linear relationship between the electrical polarization P

and the electrical field strength E in a dielectric optical fibre induces

non-linearity of the refractive index. The third-order susceptibility w3 is
responsible for the optical Kerr effect. The second-order susceptibility

w2 vanishes in fibres due to the inversion symmetry of fused silica

material. The physical process underlying the appearance of optical

solitons is the Kerr effect, which leads to the self-phase-modulation

(SPM) of high-power light pulses propagating over a long silica fibre. It

can be characterized by an intensity dependence of the refractive index

(Stolen and Lin 1978). If I (given by equation 5.1) is the beam intensity

and n�
0 the non-linear refractive index:

nðIÞ ¼ n1 þ n�
0I ¼ n1 þ

n�

2
EðtÞj j2 ð5:26Þ

with n� ¼ n1n
�
0

m0c

where n1 is the refractive index at low intensity, n� is expressed in (m2

V22), n�
0 is expressed in (m2W21) and c in (ms21). For pure silica n* is

1:15610�22 m2V
�2

and n0*¼ 3.2610220 m2/W21.
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A pulse with the intensity envelope E2ðtÞ will induce a non-linear

refractive index variation: DnðtÞ ¼ n�E2ðtÞ=2. Consequently, the SPM

DF(t) of the wave packet propagating along a fibre length L is

expressed by:

DFðtÞ ¼ ð2p L=lÞ DnðtÞ ¼ ðpL n*=lÞ E2ðtÞ

So the phase shift is proportional to the fibre length and to the

intensity in a lossless fibre. The approximate frequency shift at time t is

given by the time derivative of the phase perturbation, which is

proportional to the power:

doðtÞ ¼ � dDF
qt

¼ � 2pL
l

dDn
qt

If the initial pulse is of the form EðtÞ ¼ A sech (t), the

instantaneous frequency shift within the pulse is given by:

doðtÞ ¼ � pL
l

n�A2 q
qt

sechðtÞð Þ2
h i

This equation shows that a pulse develops a chirp proportional to the

distance L (Blow and Doran 1987) (see Figure 5.13). This phenomenon

can be used in pulse compression.

Figure 5.13. Pulse intensity (solid line), resultant chirp (broken line) [After

Blow and Doran 1987].

190 Devices using non-linearities in fibres



A pulse with a Gaussian profile propagating along a silica fibre

will undergo a frequency downshift at the leading edge and a frequency

upshift at the trailing edge (see Figure 5.14) (Veith 1988).

Several papers review the aspect of SPM in optical fibre,

applications (Veith 1988, Blow and Doran 1987, Cotter 1987) or

examine the optical Kerr effect in long fibre (Dziedzic et al. 1981) or in

multimode fibre (Saissy et al. 1983).

5.4.2 Optical pulse compression

The frequency chirp of a short optical pulse induced by SPM in a single-

mode fibre can also be balanced in a dispersive delay line as a reflection

grating pair. This technique has been applied in the compression of

picosecond pulses. This method can be used to achieve the shortest

Figure 5.14. Scheme of self-phase modulation in fibre [After Veith 1988].

Figure 5.15. Optical pulse compression scheme using fibre and gratings [After

Veith 1988].
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pulse widths (510 fs) in the visible spectral range (Nakatsuka et al.

1981). The optical pulse compression scheme using a fibre–grating

pair assembly is shown in Figure 5.15.

Pulse compression is also possible using optical fibre gratings

(Peter et al. 1994, Williams et al. 1995).

5.4.3 Soliton phenomenon

A soliton is a traveling pulse that propagates indefinitely without any

change in shape, in its fundamental form.

For a single-mode fibre the amplitude E of the electric field

satisfies (in the slowly varying amplitude approximation) the non-

linear equation:

i
qE
qz

þ gE þ k1
qE
qt

� �
þ k2

2

q2E
qt2

� 1

2

n�

n1

k0 Ej j2E ¼ 0 ð5:27Þ

where z is the longitudinal coordinate of the fibre, t the time, k0
the propagation constant. k1 is the inverse of the group velocity

(k1 ¼ qk=qo); k2 ¼ l2qVg=ql is the group velocity dispersion

(dVg=dl50), g is the linear dumping factor, and n1 and n� are the

linear and non-linear refractive indices (Hasegawa and Tappert 1973,

Hasegawa and Kodama 1981, Doran and Blow 1983, Mollenauer et al.

1991a and 1991b, Tajima 1987).

Equation 5.27 describes the propagation of short optical pulses in

a single-mode fibre, and in its lossless form (g ¼ 0), it is the well-known

non-linear Schr€oodinger (NLS) equation, which supports the soliton

solutions. Transforming equation 5.27 into a dimensionless form and

setting g ¼ 0, the following equation is obtained:

�i
qu
qz 0

¼ 1

2

q2u
qt 02

þ uj j2u ð5:28Þ

setting:

t 0 ¼ t� k1 � zð Þt
z 0 ¼ k2z=t2

u ¼ tE n�k0ð Þ=2n1 k2j j½ 
�1=2

t is a normalization constant identical with time duration, u is the

(complex) amplitude envelope of the pulse, z the distance along the

fibre, and the time variable t is retarded time measured in a frame of

reference moving along the fibre at the group velocity. The type of

solution of the NLS equation obtained depends on whether the group
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velocity dispersion (GVD), dVg=dl, is positive or negative. For silica

fibre this depends on the wavelength l0, a wavelength of approxi-

mately 1300 nm corresponding to zero dispersion.

In the range of negative GVD ðdVg=dl < 0 with Vg ¼ qne=qlÞ, the
group delay of the different frequency components of the chirped pulse

can be compensated by the fibre group dispersion, leading to pulse

compression or to an optical soliton. If dVg=dl > 0, a pulse broadening

occurs.

For l > l0 (negative GVD), pulse narrowing occurs. It is also

possible to observe the propagation of soliton pulses. The fundamental

soliton (N ¼ 1) propagates without any change of shape (Zakharov and

Shabat 1972) and the higher order solitons (N41) have shapes that

vary periodically with distance (see Figure 5.16). The pulse shapes are

periodic with propagation equally efficiently as narrow broader pulses

of the same energy. As seen above, the pulse narrowing and solitons

result from interaction of the fibre index non-linearity with negative

group velocity dispersion. It has been shown that the NLS equation has

solitons as solutions for input pulses of hyperbolic secant shape with

field amplitudes that are integral multiples of the amplitude of the

fundamental solution. The fundamental (N ¼ 1) soliton uðtÞ is obtained
for a pulse of sech2 shape:

uðtÞ ¼ u0 � expð�iz=2ÞsechðtÞ ð5:29Þ

Figure 5.16. Propagation characteristics of fundamental (N ¼ 1) and higher

order solitons N > 1 [After Mollenauer and Stolen 1982].
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and a peak power:

P1 ¼ 0:776 l30
p2cn�

0

� �
DAe

t2

t is the pulse FWHM (full width at half maximum), D is the fibre

dispersion parameter that gives the change in pulse delay with change

in l, Ae is the effective fibre core area, l0 the wavelength in empty

space, n�
0 the index non-linearity. P < P1 gives pulse broadening,

P > P1 gives pulse narrowing. When the sech2 input pulse of peak

power P2 is equal to 46P1, the first periodic behaviour occurs ðN ¼ 2Þ,
with a period given by:

Z ¼ 0:322
p2c

l20

 !
t2

D
ð5:30Þ

Solitons have the property that they can pass through each other

and emerge with only a change in phase; they are stable with respect to

small perturbations of the propagation equations. A simple explana-

tion for the behaviour of the fundamental soliton is that the frequency

chirp generated by SPM acts together with negative GVD to precisely

compensate for the linear pulse dispersion.

Solitons are potentially of great interest in optical communications

because they may provide a technique for data transmission at very

high bit rates (Mollenauer and Smith 1988, Mollenauer et al. 1985).

Soliton pulses were first described by Mollenauer et al. (1980).

A quite different type of soliton is known as a dark soliton. These

solitons are characterized by the absence of light. They are solitons by

virtue of their scattering and stability properties. However the soliton

uj j ! u0 ¼ constant when t ! 
1 is stable and equation (5.28) has

solutions in the form of localized non-linear dark excitation of the CW

background. The NLS equation with uj j ¼ u0 is exactly integrable and

its solution with an excitation of CW background has the general form:

uðz; tÞ ¼ u0

l� inð Þ2þ expZ

1þ expZ
exp 2iu2

0zþ ij0

� �
where

Z ¼ 2nu0 t� t0 � 2lu0Zð Þ n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� l2

p
which corresponds to the boundary conditions uj j ! u0 at t ! 
1 , j0

and t0 being arbitrary constants (Zakharov and Shabat 1973, Kivshar

and Gredeskul 1990).

The existence of solitons was predicted theoretically by Hasegawa

and Tappert (1973). Emplit et al. (1987), Krokel et al. 1988, Weiner et
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al. 1988, Kivskar and Gredeskul 1990, Barthelemy et al. (1985)

demonstrate soliton propagation in laser beams propagating through

homogeneous transparent dielectrics having a refractive index that

exhibits fluctuations proportional to the local intensity.

The interplay between Kerr non-linearity and group velocity

dispersion can give rise to another phenomenon known as modula-

tional instability. In this process any amplitude and phase modulations

of a wave travelling in the fibre may be amplified resulting in signal

distortion and cross-talk.

When qVg=ql > 0 (a5 0 and l5l0 in silica fibres) pulses undergo

non-linear broadening. This is the regime in which no solitons are

observed. Here we see enhanced pulse broadening due to the frequency

chirps developed by the SPM term reinforcing the linear dispersion of

the optical fibre.

5.4.4 The soliton laser

A mode-locked laser in which the pulse width can be adjusted to any

desired value down to a small fraction of a picosecond has been realized

by incorporating a length of single-mode, polarization-maintaining fibre

into the feedback loop of a mode-locked colour centre laser (Mollenauer

and Stolen 1984) (Figure 5.17). This device (called a soliton laser) is

based on the ability of single-mode fibres to support higher order

solitons in the region (l41:3 mm) of negative group velocity dispersion.

This condition is achieved when the input pulse is four times as great as

Figure 5.17. Schematic diagram of the soliton laser. Typical reflectances:M0 �
70%, S � 50%; (M1;M2;M3 � 100%). Birefringence plates: sapphire, 1 and 4

mm thick; only the thinner is used for t , 0.5 ps [After Mollenauer and Stolen

1984].
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the peak power P1 given by equation 5.29. The laser operation is thus

based on the N ¼ 2 soliton.

Light from the mode-locked laser is coupled through a beamsplit-

ter and microscope objective L1 into the polarization-maintaining fibre.

At the end of the fibre a cat’s-eye reflector is formed by a mirror M3 and

a lens L2. The input fibre end and L1 are mounted on a translation

stage to facilitate adjustment (Dz2) of the optical path length in the

fibre arm so that it is an integral multiple of the main cavity length.

Pulses returned from the fibre must be made coincident with those

present in the main cavity. As the laser action builds up, the initially

broad pulses are narrowed by passage through the fibre. These pulses

are reinjected into the main cavity and compel the laser to produce

narrowed pulses. The pulses in the fibre become solitons and have the

same shape following the double passage though the fibre. Pulse

widths of 2.0 to 0.21 picoseconds can be obtained. By compression in an

external fibre, pulses shorter than 50 femtoseconds are possible.

5.5 SWITCHES

The potential of non-linearity in single-mode fibres for optical switching

has been demonstrated by several authors. A review of all-optical

waveguide switching in fibre and integrated optical waveguides has

been presented by Stegeman and Wright (1990). Power-inducing

switching has been demonstrated between the fields in a non-linear

directional coupler (Ankiewicz 1988, Peng et al. 1989, Ankiewicz and

Peng 1989, Chen and Snyder 1990, Leutheuser et al. 1990); between two

counter-rotating circularly polarized modes linearly coupled by bi-

refringence (Trillo et al. 1988, Daino et al. 1986, Kitayama et al. 1985);

between the two linear modes of a dual-core fibre coupled through

evanescent field overlap (Gusovskii et al. 1985, Maier 1984, Friberg et

al. 1987, Dianov et al. 1989); and by the use of birefringent fibres (Peng

and Ankiewicz 1990, Mecozzi et al. 1987). Soliton switching in non-

linear fiber couplers has been investigated (Trillo et al. 1988, Dianov

and Nikonova 1990, Ankiewicz and Peng 1991a,b). Ultra-fast all-optical

switching using the optical Kerr effect in polarization-maintaining

fibres has also been proposed (Morioka and Saruwatari 1988, Nayar

and Vanherzeele 1990, Jinno and Matsumoto 1990).

5.5.1 Soliton switching in non-linear directional couplers

Solitons may be ideal for switching and signal processing applications

because of their stability. Formation of solitary intense soliton pulses or

trains of pulses utilizing dual-core fibres has been suggested and studied

196 Devices using non-linearities in fibres



(Trillo et al. 1988, Dianov and Nikonova 1990, Ankiewicz and Peng

1991a, b). The propagation of pulses in anon-linear dual-core coupler can

be described in terms of two linearly coupled NLSEs (non-linear

Schrödinger equations, 5.28). The propagation of the pulses in the

moving frame is described by (Ankiewicz and Peng 1991a,b, Trillo et al.

1988, Mollenauer et al. 1980) by the equations:

i
qu
qz

¼ 
 1

2

q2u
qt2

� Cv� uj j2u

i
qv
qz

¼ 
 1

2

q2v
qt2

� Cu� vj j2v
ð5:31Þ

where u and v are the mode amplitudes, z and t are the normalized

length and time, C is the linear coupling coefficient and ‘
’ stands for

normal or anomalous group velocity dispersion. To solve these

equations, several numerical methods can be used with perturbative

or exact solitary wave solutions (Romagnoli et al. 1992, Kivshar 1993).

Consider a non-linear coherent coupler made from a dual-core

fibre operating in the anomalous dispersion regime. All optical

switching of solitons between the two linear modes can be obtained

using a frame of reference travelling at the common group velocity.

Equation 5.31 is integrated by using, for example, the beam

propagation method and the initial conditions:

uðz ¼ 0; tÞ ¼ A sechðt=t0Þ vðz ¼ 0; tÞ ¼ 0

If C ¼ 0, there is no linear coupling. Considering the anomalous

dispersion regime, the soliton solutions of the isolated cores is obtained

by setting t0 ¼ 1 and A ¼ N , where N is an integer. The results in the

anomalous and normal dispersion regimes are different. In the normal

dispersion regime, the switching efficiency quickly deteriorates. In the

anomalous dispersion regime, soliton switching is possible (pulse width

t0 � 1, pulse energies 2A2t0 � 2). Instabilities are observed when the

input pulse energy 2A2t0442with the limit value 2 being the energy of a

fundamental soliton (N ¼ 1). These instabilities arise if the coupling is

relatively strong (A2 � 4C441) and also for pulses that are long

compared with the soliton width (A2 � 4C ¼ 1 and t0441) (Trillo et al.

1988).

For the case Z ¼ p=2 (half-beat length) and C¼ 1 the energy

couples back and forth within the core for A2 ¼ 1, whereas the input

pulse propagates uncoupled and undistorted for A2 ¼ 4. Figure 5.18

gives the transmission for two values between these two extreme cases.

In contrast to the quasi-CW case, where severe pulse break-up

occurs, the input soliton switches all its energy between the two

output cores of a fibre (for coupler length Z¼ 4), when the input

Switches 197



peak power is increased by a few per cent from below to above a

certain critical power. Optical switching is achieved for incident

pulses with widths and peak powers comparable to those of the

solitons for the uncoupled guide. By doping, for example with erbium

ions, soliton switching is enhanced, although for a CW input beam

the switching characteristics are degraded (Wilson et al. 1992).

In a non-linear coupler in which the arms are bent, the coupled

non-linear Schrödinger equation can be reformulated; an exact

solution shows that the coupling is very stable under variation of the

soliton energy (Skinner et al. 1995). The propagation of ultrashort

wave packets in dual-core fibres can be more completely described by a

system of equations for the complex amplitudes c1 and c2 of the light

wave envelope in the first and the second fibre.

Dianov and Nikonova (1990) investigated the possibilities pro-

vided by dual fibres for generation and filtering of ultrashort solitons.

Figure 5.18. Soliton switching in a non-linear coupler excited with an input

peak power: (a) A2¼ 3.5625, (b) A2¼ 3.625 [After Trillo et al. 1988].
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They showed theoretically how the most intense and shortest pulse in

a train of soliton pulses could be separated from a train of short pulses.

They also investigated the possibilities for the generation of a train of

solitons.

Dual-core fibres in the non-linear regime have bistable properties

(Enns et al. 1992). They promise wide possibilities for the control of

laser pulse parameters and non-linear filtering.

5.5.2 Switches using non-linear couplers

Non-linear couplers have the potential to act as fast optical switches

and logic gates. As seen in Chapter 3, the coupling behaviour of a linear

coupler can be described by two approaches, one being the coupling of

two normal modes of individual waveguides in isolation from one

another; the other being the beating of two independently propagating

normal modes of the composite structure, which is more general

though somewhat complicated. For weakly guiding and weakly

coupling structure the two approaches give identical results.

In a non-linear coupler the oscillation in energy between the two

cores depends on the initial light intensity. In analysing non-linear

coupling phenomena in a coupler operating at high power, these two

approaches can still be employed. When the coupling is strong, the

system with composite structure has to be used. With weak coupling,

the simpler normal mode approach is preferred.

The small increase in the refractive index of a material as the field

increases leads to a modification of the coupled mode equation. By

changing variables, the complex equations can be converted into real

coupled first order differential equations (Jensen 1982, Maier 1984).

The total field in the coupler can be expressed in terms of superposition

of the normal modes of uncoupled waveguides 1 and 2 (see Chapter 3

equation 3.5); it can be assumed that their shapes are not significantly

affected by non-linearities.

To take into account non-linear effects into the coupler, the non-

linear coefficients Q1 and Q2 must be introduced into the coupled

equations (3.6) for fields c1 and c2 by setting:

Q1 ¼ k0 n0*

ð
A1

c4
1 dA Q2 ¼ k0 n0*

ð
A2

c4
2 dA ð5:32Þ

where n�
0 is the non-linear refractive index.

In the case of two identical fibres (identical cores) sufficiently well

separated, we have:

C11 ¼ C22 ¼ 0; C12 ¼ C21 ¼ C; Q1 ¼ Q2 ¼ Q
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The non-linear coupling equations are written using equation (3.6)

with bj ¼ aj exp ibjz
� �

:

� i
da1 zð Þ
dz

¼ Ca2 þQ 1�M2
� ��1

a1 a1j j2 �a2 a2j j2 M

 �

� i
da2 zð Þ
dz

¼ Ca1 þQ 1�M2
� ��1

a2 a2j j2 �a1 a1j j2 M

 � ð5:33Þ

where M is an interaction coefficient:

M ¼
ð
A1

c1c2 dA ð5:34Þ

In a linear coupler (Q¼ 0) the length required for complete

transfer of power is Lb=2ð¼ p/(2C)) (see equation (3.3) from Chapter 3).

The corresponding coupling period Z ¼ p=2 ¼ Lb=2 � C. The value of

|a2(p/2)|
2 / |a1(0)|

2 at the length Z can be obtained for any incident

power level |a1(0)|
2. For a non-linear coupler, the figure 5.19 gives the

values of |a2 (p/2)|2 at this value of Z as a function of |a1(0)|
2 with

|a2(0)|
2¼ 0. At low energy, all power is transferred, but at high

energy, no power is transferred; when E (¼|a1(0)|
2) increases by

about one unit, power falls by 25–75%.

Figure 5.19. Use of non-linear coupler as an intensity-dependent switch.

E ¼ ja1ð0Þk [After Ankiewicz 1988].
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Critical power Ec is defined as the value of E (¼|a1(0)|
2) which

gives 50% transmittance when LB¼ p/(2C). For circular fibres in the

Gaussian approximation:

Ec ¼
2Ael � e�3;2M

Lp � n�
0 1� q2ð Þ

where Lp ¼ p=ð2CÞ Ae ¼ po2
0 q ¼ exp �a2=o2

0

� �
r0 is the mode spot size, a is the core radius of each fibre.

Couplers with unequal core non-linearities have advantages

because the critical power is lower. Non-linear transmission depends

on the way in which the non-linearities differ. Figure 5.20a shows the

non-linear cross transmission T c of a coupler with identical core non-

linearities corresponding to Qr¼Q2 / Q1¼ 1 and M ¼ 0 (cf. Figure 5.19

for M ¼ 0). Curves b and c of Figure 5.20 gives two typical cases with

unequal core nonlinearities corresponding to Qr¼ 0 and Qr¼21

respectively. The larger the difference in core non-linearities, the

Figure 5.20. Normal-cross transmittance T c versus QsE and with Z = p/2,
where input power is E¼|a1 (0)|

2 of a non-linear optical fibre coupler with (a)

identical non-linearity cores Qr¼ 1, (b) one non-linear core and one linear

Qr¼ 0, (c) cores of opposite non-linearities Qr ¼21. [After Peng et al.

1989].
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lower is the critical power. The reductions in critical power are about

30–60%.

A non-linear bent directional coupler may act as a digital optical

switch. Because of the asymptotic switching characteristic this kind of

phase controlled digital switch seems to be attractive for practical

applications. There is no need of an exact adjustment of the device

length (Leutheuser et al. 1990).

5.5.3 Switching using birefringent fibres

The investigation of exact solutions for the evolution of the state of

polarization along a non-linear single-mode birefringent fibre can be

made using the Poincaré sphere representation (see Chapter 1). In the

hypothesis that the field in the fibre is described by the superposition

of orthogonal modes having amplitudes AxðzÞ and AyðzÞ and propaga-

tion constants bx and by and in the case of the slowly varying

approximation, the coupled mode equations can be written in terms of

the Stokes vector S. This gives a system of first order ordinary

differential equations

dS

dz
¼ V Sð Þ

It describes the motion on the Poincaré sphere of the representa-

tive point S subjected to the field of velocities V(S), in the lossless case.

In the linear case

dS

dz
¼ OL ^ S

The sphere moves as a rigid body with angular velocity OL (see

Figure 5.21a left). When both birefringence and Kerr effects are

present, the equation is written as:

dS

dz
¼ O ^ S ¼ OL þ ONL Sð Þ½ 
 ^ S

The resultant motion is the sum of the two separate phenomena

(see Figure 5.21b).

5.5.3.1 High birefringent fibres

A linear coherent amplifier mixer using this representation can be

made (Daino et al. 1986) (see Figure 5.21). Consider a continuous pump

wave, circularly polarized:

Ep ¼ ep exp i optþ fp

� �
 �
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and a signal, with circular polarization orthogonal to the pump:

Es ¼ es exp i ostþ fsð Þ½ 


Ep and Es are launched in the birefringent fibre of linear birefringence

Db ¼ bx � by. If jesj ,, jepj and considering the particular case for

which the amplitude of the pump is such that:

Db ¼ bx � by ¼ RP=3

P � ep
�� ��2¼ S2

1 þ S2
2 þ S2

3

Figure 5.21. Representation of the fields of velocities associated with the

notion of the state of polarization on the Poincaré sphere. Upper left: linear

birefringence, with angular velocity OL along S1. Upper right: self-induced

ellipse rotation (ONL). Lower left and right: sum of the two effects, with

resulting O ¼ OL þ ONL. Note the presence of a separatrix at the rear of the

Poincaré sphere [After Daino et al. 1986].
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P is the power in the fibre, S1, S2, S3 are components of ep. R is a

function of characteristic parameters of the fibre:

R ¼ 4p Z0 n*=l n1 Ae ð5:35Þ

with Z0 the empty-space impedance and Ae the effective area of the two

orthogonal modes n* is the non-linear refractive index and n1 the silica

refractive index.

A change DS1(0) around S1(0) gives a linear change DS3 (z)¼G(z)

DS1 (0). The proportionality factor G(z) depends on the length z

considered and on Db. At the input of the fibre the parameter S1

oscillates around S1ð0Þð¼ 0Þ by an amount:

DS1 0ð Þ ¼ 2esep cos os � op

� �
tþ fs � fp

� �
 �
At the output length L of the fibre, the parameter S3 oscillates around

an average value �SS3 by an amount DS3(L) = G(L) DS1 (0). So the signal

imposes a modulation on the intensity of the pump whose depth is GðLÞ
times the one obtainable by a simple superposition of the two beams.

With an increased length L an optical polarization switch is obtained,

because of the relative phase relationship between signal and pump.

The intensity behind a polarization splitter could then be either equal

to 0 or to maximum value Ep

�� ��2 (see Figure 5.22).

5.5.3.2 Low birefringent fibres

In optical fibres with very low birefringence, non-linear polarization

coupling occurs because of the ellipse rotation induced by the Kerr

effect. A pure self-induced ellipse rotation appears when the linear

birefringence in the fibre is negligible. It produces different features

Figure 5.22. Schematic diagram of a linear coherent amplifier-mixer using a

single-mode birefringent fibre [After Daino 1986].
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compared with linear birefringence. The polarization coupling effect of

self-induced birefringence (due to the Kerr effect) is similar to that of

circular birefringence. For a fixed fibre length there is a periodic

evolution of polarization as a function of the input power along a fixed

fibre length. When the input power is fixed, the polarization varies in

function of the fibre length. The intensity dependence of polarization

coupling is not sensitive to the input polarization azimuth but to the

state of polarization of the input. The field in the fibre is assumed to be:

E ¼ Ex þ Ey ¼ AxðzÞexðx; yÞ þ AyðzÞeyðx; yÞ ð5:36Þ

Using the coupled mode approach, we have for the complex amplitudes

Ax and Ay:

� i
dAx

dz
¼ bxAx þ bþAx þ ib�Ay þR Axj j2þ2

3
Ay

�� ��2� 	
Ax þ

R

3
A�
xA

2
y

� i
dAy

dz
¼ byAy þ bþAy � ib�Ax þR Ay

�� ��2þ2

3
Axj j2

� 	
Ay þ

R

2
A�
yA

2
x ð5:37Þ

with bx, by the propagation constants of each polarized mode without

the Kerr effect. R is given by equation 5.35. bþ and b� are changes of

propagation constants of each mode due to polarization coupling

caused by the Kerr effect.

Considering the optical Kerr effect, the solution of the coupling

equations may be represented by:

Ax

Ay

� 	
¼ D

cosjz � sinjz
sinjz cosjz

� 	
Ax0

Ay0

� 	
ð5:38Þ

These equations show the influence of a rotation matrix with an

angle jz operating on the initial polarizations Ax0, Ay0. The term D has

no influence on polarization coupling. A linearly polarized input

remains linearly polarized. No cross-polarization is obtained from a

circularly polarized input (Ax¼ iAy), but an elliptically polarized input

gives significant polarization coupling. Two parameters d and y can be

introduced (Peng and Ankiewicz 1990), defined as:

Ay0=Ax0 ¼ d expðiyÞ ð5:39Þ
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Non-linear coupling between the two linearly polarized modes occurs

when: d 6¼ 0 and y 6¼ 
 p
2
. Two parameters Ri and Rc are then introduced

in order to deduce switching efficiency:

Ri ¼
Axj j2


 �
min

Axj j2

 �

max

¼
Ay

�� ��2
 �
min

Ay

�� ��2
 �
max

� 1 ð5:40Þ

Rc ¼
2Im A�

x0Ay0

� �
Ax0j j2þ Ay0

�� ��2 ð5:41Þ

Ri measures the polarization coupling and Rc the intensity dependence

relating to the polarization coupling. For optical switching, Ri can be

considered as the polarization on/off ratio and Rc as a factor for power

intensity. With Ri ¼ 0:07 and Rc ¼ 0:5, an intensity-dependent

polarization ‘ON’ (output¼ 1) or ‘OFF’ (output 0.07) transmission is

achievable (see Figure 5.23).

5.5.3.3 Twisted birefringent fibres

All-optical switching, and intensity discrimination by polarization

instability in periodically twisted fibre filters, are also possible

(Mecozzi et al. 1987). Periodic mode coupling introduces a power

conversion between the principal axes of the twisted fibre. An input

Figure 5.23. (a) jAxj2=ð1þ d2Þ, (b) jAyj2=ð1þ d2Þ and (c) arg (Ax=Ay) for input

light of elliptical polarization with d ¼ 1; y ¼ 30� in equation 5.39 [After Peng

and Ankiewicz 1990].
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beam linearly polarized along an axis (say x) rotates its polarization by

a small angle 2y after the distance Lb (beat length). Light coupled to

the orthogonal axis along successive individual coupling sections of

period Lp will add up in phase if Lp ¼ Lb. After a length Lc

corresponding to N coupling periods, complete power transfer occurs

(2Ny ¼ p=2). With a non-linear contribution to the refractive index, a

power-dependent phase shift occurs between the linearly polarized

modes of the highly birefringent fibres (Stolen and Bjorkholm 1982).

The resulting beat length L 0
b depends on z:

L 0
b ¼ Lb 1þ R PxðzÞ � PyðzÞ


 �
= 3Db½ 


� ��1 ð5:42Þ

where R has the value given by Equation 5.35, Px and Py are the power

in the x and y polarized modes and:

Db ¼ bx � by ¼ 2p=Lb

After a length L 0
b, a beam polarized along the x-axis will couple to

the y-axis with a power sin2 (2y 0) with y 05y. Full polarization is

achieved after N 0 coupling sections (N 0 > N). The non-linear coupled

equations for the complex amplitudes Ax and Ay of the linear modes

polarized in the x and y directions along a periodically twisted fibre are

similar to equation (5.37) (Mecozzi et al. 1987).

The local linear birefringence at a distance z is now given by:

Db 1þ e2 cos2
2p
Lb

zþ f
� �� 	1=2

� Db ð5:43Þ

since eð¼ 4C=Db ,, 1Þ where C is the linear coupling coefficient, and

the principal axes periodically rotate along z by a small angular

amplitude y ¼ e, f is an arbitrary phase.

When the input power P0 is equal to a critical value Pc, the

initial mismatch is so high that its sign no longer reverses and the

input beam splits between the axes (Px¼Py). This is a spatially

unstable state (Matera and Wabnitz 1986, Jensen 1982, Daino et al.

1986, Winful 1986, Trillo et al. 1986, Wabnitz et al. 1986). When P0

becomes greater than Pc the polarization state along the fibre

always has a dominant x-component. Thus, as seen in Figure 5.24,

the polarization state at the output of a length Lb
0 can be switched

from the y- to the x-axis through a slight increase in P0 across Pc.

5.5.3.4 Birefringent fibres with cross axis

To fully utilize the long interaction characteristics, linear pump

polarization should be maintained by using high-birefringent polariza-
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Figure 5.24. Schematic evolution of an input wave linearly polarized along an

axis: (a) Linear conditions after a distance Lb and after several coupling

sections, (b) Power p ¼ 2P0=Pc , 2 after distances Lb
0 andN 0 sections, (c) Same

as (b), with p ¼ 2, (d) Same as (b), with p > 2 [After Mecozzi et al. 1987].

Figure 5.25. Principle of the optical Kerr switching operation in PM–SM fibre

[After Morioka and Saruwatari 1988].
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tion-maintaining (PM) fibres as the Kerr medium. The temperature

dependent fluctuations of signal pulses make the switching unstable,

and the polarization dispersion degrades the switching bandwidth. The

method of compensating for these fluctuations is to link two identical

fibres, with the fast axes crossed at 908 (Dziedzic et al. 1981, Morioka

and Saruwatari 1988) (see Figure 5.25).

Pump and signal pulses are coupled and co-propagating into the

first fibre with 08 and 458 linear polarizations with respect to one of the

optical axes of the fibre. The pump power modifies the refractive index

and the state of polarization at the end of the fibre can be set at 1358

linear polarization. Between the two orthogonal directions x and y, the

phase difference DFðtÞ along a length L is given by:

DFðtÞ ¼ 2p
l0

DnðtÞLþ 2p
l0

B0L ð5:44Þ

DnðtÞ is the intensity-induced refractive index change by Kerr effect, B0

is the modal birefringence of the fibre and l0 the wavelength. DnðtÞ is
the refractive index difference between the two components:

DnðtÞ ¼ DnxðtÞ � DnyðtÞ ð5:45Þ

nxðtÞ and nyðtÞ are depending on the pump intensity profile. If the

pump intensity IpðtÞ is chosen to be the x polarization and if dispersions

are negligible as compared to the pump and pulse durations, then

DnðtÞ ffi n�
0IpðtÞ. n�

0 is the optical Kerr constant (see equation 5.26) in

which the loss due to dispersion is not taken into account. The probe

pulse is split into two orthogonal polarizations. A modal birefringence

around 361024 separates the two polarization components by as much

as 1 ns km21 (10 ps per 10 m). A change in B0, due to temperature

change, causes fluctuations in the term DF 0 ¼ ð2p=l0ÞB0L which can

reach several radians per degree celsius. Compensation for fibre

birefringence (while keeping its polarization-maintaining properties) is

then achieved by splicing the second identical fibre with its fast axis

crossed at 908.

In the absence of the control pulses, the analyser blocks the signal

pulses. In the presence of the control pulses the output polarization

state of the signal changes due to the intensity induced by

birefringence change. This technique makes ultrafast all-optical

switching possible.

Dual wavelength operation is generally considered unattractive

due to the losses associated with group velocity dispersion (GVD).

However, it can generate the uniform phase required for complete

switching. Nayar and Vanherzeele (1990) have demonstrated experi-

mentally that GVD can be exploited to achieve complete optical
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switching for a range of temporal delays, so that the fast pulse (the

longer of the two wavelengths) can pass through the peak of the slow

pulse. Complete optical switching of 2–30 ps signal pulses in the 0.83–

1.0 mm wavelength range has been demonstrated using 50 ps control

pulses at 1.053 mm. This is achieved using an initial temporal offset

between the pulses and group velocity dispersion to enable the fast

pulse to pass through the slow one. Minimum switching power results

when the initial offset is one half of the relative group delay.

5.5.4 Switching using non-linear fibre loop mirror

5.5.4.1 With non-birefringent fibre

A non-linear fibre loop mirror (NOLM) is a fibre Sagnac interferometer

consisting of a fibre that connects the input ports of an X coupler,

forming a closed loop. If a 50/50 split coupler is used to balance the

Sagnac interferometer, injection of a wave gives (theoretically) a null

output. If the power coupling ratio is no more equal to 1/2 and using an

intense data pulse into the loop, a non-linear phase shift occurs, and

the propagation of the light will no longer be identical for the two

paths, because the intensity is different. The phase velocity is intensity

dependent bias the non-linear refractive index and the interferometer

is not balanced (Stegemam et Wright 1990, Doran and Wood 1988, Shi

1994, Mahgereftech et Chbat 1995, Olsson et Andrekson 1995, Doran

and Wood 1988).

For a wavelength l and a power coupling ratio CR, the output

power Pout at fibre length L is given by:

Pout ¼ Pin

h
1� 2CR 1� CRð Þ 1þ cos 1� 2CRð ÞDf½ 
f g

i
with:

Df ¼ 4pn�

lAe

LPin

n� is the non-linear Kerr coefficient in m2=V 2 (see equation 5.26) and

Ae is the effective core area. The output power will exhibit maxima and

minima according to the input peak power.

This device can be used for ultrafast switching (Lima and Sombra

1999, Chan et al. 1998), for soliton compression (Chusseau et al. 1994),

noise filtering (Olsson and Andrekson 1995), high-speed wavelength

conversion of digital data (Mahgereftech and Chbat 1995) and

transmission (Boscolo et al. 2000).
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5.5.4.2 With PANDA fibre

An ultrafast, low power, highly stable all-optical switching is possible

using a polarization-maintaining fibre into a non-linear Sagnac

interferometer (Jinno and Matsumoto 1990). The key component is a

dispersion-shifted PANDA fibre loop (see Figure 5.26). It has an equal

group velocity at the wavelengths of the input signal and the control

pulse. To achieve low power, high stability, and loss free switching, a

small core area dispersion-shifted polarization-maintaining fibre loop

(200 m in length) is used. A wavelength-sensitive polarization-

maintaining fibre coupler, with a power coupling ratio of nearly 50%

at the wavelength of the input signal and 0% at the wavelength of the

control pulse is employed. A weak input signal, to avoid the non-linear

effect induced by the signal itself, is launched into a port of the

wavelength sensitive polarization maintaining fibre coupler through a

458 Faraday rotator. It is split into two counter-propagating signals in

the polarization-maintaining fibre loop. A high-intensity control pulse

train is launched into the other port of the coupler and propagated in

an anti-clockwise direction.

In the absence of the control signal, the two counter-propagating

signals return in phase through the exact same path length to the

coupler. As seen in Chapter 3 and 4 they recombine and are fully

reflected. This reflected light, passing through the 458 Faraday rotator

twice, is orthogonally polarized with respect to the input signal. So the

polarization beamsplitter extracts it.

In the presence of the control signal, the induced cross-phase

modulations break the equality between the two counter-propagating

paths, and some part of the input signal is transmitted.

By this technique, highly stable and loss-free all-optical switching

has been demonstrated at more than 5 Gbs21.

Figure 5.26. Schematic configuration of the non-linear Sagnac interferometer

switch [After Jinno and Matsumoto 1990].
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5.6 NON-LINEAR FIBRE INTERFEROMETER

A Mach-Zehnder interferometer with a non-linear path can also been

used (Imoto et al. 1987, Crosignagni et al. 1986). The multistability of

interferometers with non-linear elements has been studied. A device

based on an interferometer with commonmode compensation (Backman

1989) but using a fibre with an intensity-dependent refractive index has

been investigated (Babkina et al. 1990). An analytical description of the

device with a non-linear fibre is presented and the possibility of

multistable regimes is discussed. The advantages of using solitons for

all-optical switching in non-linear interferometers have also been

discussed by Doran and Wood (1988). In an interferometer, two-soliton

solutions of the non-linear scalar Schrödinger equation (NLSE) are

propagated uncoupled. Switching is obtained through the differential

phase shifts acquired by the two solitons in the two arms through a

phase-sensitive splitter such as an X -coupler.

5.7 MODULATOR AND LOGIC GATE

Non-linear refraction and absorption can be used to obtain many of the

desired logic functions in a single-mode fibre system by modulating the

fibre-to-fibre coupling factor without resonators or feedback (Jeong and

Marhic 1991, Normandin 1986). Light from the single-mode input fibre

1 is transmitted through a thin silicon wafer (non-linear material) to

the output fibre 2 (see Figure 5.27). Light from the single-mode gate

fibre 3 is incident upon the wafer and creates electron-hole pairs that

modify the refractive index of the medium. Since light emitted by a

single coupled-mode fibre has a spatially Gaussian distribution, a

lensing effect, which modifies the effective numerical aperture of the

input fibre as seen by the output fibre, is induced. The resulting change

in refractive index Dn, at the peak of the pulse is given by:

Dn1 ¼ � e2taðTÞ
ffiffiffi
p

p

4n1meho2e0hn
þ aðT ÞsehðTÞt2p

8C0hn
qn1

qT
I20 ð5:46Þ

where e is the electron charge, meh the optical effective mass of an

electron-hole plasma, aðTÞ the linear absorption coefficient and seh(T )

the free carrier absorption coefficient, depending on the temperature

T , n1 is the refractive index of the wafer for incident light of frequency

n, C0 the heat capacity, t the Gaussian pulse width given by:

I ¼ I0 exp �t2=t2
� �

ð5:47Þ

The photo-generated carrier density and the lattice temperature are

assumed constant throughout the thickness of the wafer.
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Equation 5.46 may be used to calculate the effective focal length f

of the negative lens thus created at low energies:

f ffi a2
0=2dDn1

a0 is the Gaussian spot size of the fibres and d the wafer thickness. The

usual lens formula relates the magnification, position and effective

numerical aperture of the input fibre as seen by the output fibre.

Figure 5.27. (a) Transmission ratio versus gate fibre (3) energies for a 63 mm
Si wafer, (b) typical laser pulse in ON and OFF states (4 mJ applied on gate

fibre (3)). [After Normandin 1986].
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The typical pulse in the ON and OFF states, shown in Figure

5.27(b), has been obtained from a single longitudinal mode passively Q-

switched Nd: YAG laser.

All-optical logic gates performing Boolean functions (ON, AND, OR

XOR, NAND, NOR, INV) have been proposed and demonstrated using

non-linear interferometers (Jeong andMarhic 1991). The basic device is

a non-linear Mach-Zehnder interferometer based on the cross-phase

modulation between a signal and a pump with two different wave-

lengths. To overcome the instability of this interferometer due to thermal

and acoustic fluctuations a Sagnac interferometer has also been used.

AND gates have been realized using soliton phenomenon with on/

off contrast ratios greater than 20:1 (Islam et al. 1992).

5.8 OPTICAL FIBRE TRANSISTOR

An electronic transistor can amplify a small signal, which is added to a

d.c. bias condition. This concept is also applicable to an all-optical

system, but the mechanism is, of course, quite different. A non-linear

optical coupler can function as an optical transistor when operating near

to its critical power level (Ankiewicz 1989, Maier 1987, Gusovskii et al.

1985). At low powers, a coupler made from two parallel optical

waveguides, labelled 1 and 2, works as a linear coupler. Power swamps

between the guides 1 and 2 when non-linear effects appear at high

powers. If high power is launched into guide 1, then a very small part is

coupled into guide 2. At an intermediate power there is a critical level,

where the power in guide 1 decreases proportionallywith coupler length.

If the input intensity is set at a level roughly equal to the critical

power a small optical signal superimposed on this can make an optical

transistor. The input is a sequence of very short pulses (L10 ps) of stable

constant amplitude. By using these short pulses, difficulties arising from

thermal effects and from Brillouin scattering are removed. The output

pulses are deeply modulated by the signal thus constituting amplifica-

tion.Wavelength longer than thepumpwavelength is introduced bySRS

and is filtered out using a grating. Gurashi et al. (1987) have

demonstrated experimentally the general feasibility of the optical

transistor. A small gain of 3–5 has been obtained using a dual-core

fibre guide.

An analysis of the device is given by Ankiewicz (1989). In a

transistor made from identical fibres with M ¼ 0 (as defined in

equation 5.34) i.e., large separation between the cores, the amplifica-

tion A takes the value:

A ffi 4þ expð2LÞ
8
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where Lð> 3Þ is the normalized distance (L ¼ CLp), C is the coupling

coefficient and Lp the actual length along the coupler. Thus A increases

exponentially with the length of the transistor.
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EXERCISES

5.1 – A power Pð0Þ ¼ 2 W is injected in a very long single-mode

polarization maintaining fibre with a core radius a ¼ 10 mm.

a–What is the length Le for which power pump level equals the

losses?

b–Calculate the Raman gain G[dB] if the Raman gain coefficient is

gr ¼ 9610�14 m/W and ap ¼ 0:05 dB/km.

5.2 – Calculate from equation 5.16 the acoustic frequency nB created by

a pump signal at lP¼ 1.3 mm. By application of phase matching

condition, determine the Stokes backward signal frequency and verify

the obtained value with energy conservation formula.

5.3–Using the acoustic frequency nB created by pump signal at lP¼ 1.55

mm.

Calculate the Brillouin linewith DnB.
Calculate the Brillouin gain coefficient gB (n ¼ 1:46, p12 ¼ 0:283,
K ¼ 1; c ¼ 36108 m/s, r ¼ 2210 kg m�3, VA¼ 6000 m s21).

5.4–Knowing that the silica chromatic dispersion is Dc ¼ � l
c

d2n

dl2
¼ 1

ps/nm/km at lp¼ 1.32 mm, what is the group velocity dispersion D(l)
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necessary to have phase matching for four wave mixing and what is the

corresponding bulk dispersion for a frequency shift corresponding to

ls¼ 1.67 mm?

5.5–At which values of fibre length z a pulse is becoming identical to

itself if it has an initial shape sech2t/t at z0¼ 0 and a pulse width t ¼ 50

or 30 ps for l0 ¼ 1:65 mm and D¼ 1 ps/km/nm?

220 Devices using non-linearities in fibres



Chapter 6

LASERS AND AMPLIFIERS BASED ON

RARE-EARTH DOPED FIBRES

In this chapter, applications of fibre optical devices studied in previous

chapters are described as the main components of new devices used in

communication and in sensors, amplifiers and lasers.

Direct optical amplification of signal light is of considerable

interest, especially in optical communication systems and it can be

achieved by semiconductors or in optical fibres. In the latter, as seen in

Chapter 5, it can be achieved by using non-linear phenomena such as

stimulated Raman scattering (SRS), stimulated Brillouin scattering

(SBS) or stimulated four-photon mixing (SFPM). Raman amplifiers

have wide bandwidth, low loss outside the gain bandwidth, ultralow

noise and high saturation power. Gains higher than 30 dB are

achievable. However, they require very high pump powers. They are

used in telecommunication systems as preamplifiers.

Brillouin amplifiers also provide high gains, in the range of 50 dB

for pump powers available from DFB lasers. Their bandwidth ranges

from 15 MHz to 200 MHz depending on the pumping scheme. The

narrow bandwidth has been exploited for carrier regeneration in

homodyne detection and the higher bandwidth scheme for channel

selection.

Rare-earth doped single-mode fibre amplifiers have also found

many applications in optical communications and sensors, and are the

most promising for future development. An increasing number of

laboratories have become involved in research and development of

optical devices (amplifiers and lasers) based on rare-earth doped fibre

amplifiers (REDFAs). Many papers and books are devoted to the

subject (e.g., Artiglia et al. 1994, Urquhart 1989, Payne 1992). A
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detailed review of the state of the art in this important area of REDFL

(rare-earth doped fibre lasers) and REDFAs is given by J.F. Digonnet

1993. The broad fluorescence linewidth of rare-earth ions in glass may

permit the construction of tunable sources and broad-band amplifiers.

Rare-earth doped fibre amplifiers are expected to become key

components in long distance, high-speed optical fibre communication.

Erbium doped fibre amplifiers (EDFAs) show great potential in

light wave communications systems at 1.56 mm, as demonstrated by

Laming et al. 1989, Ainslie 1991. The characteristics are favourable for

use in high-speed fibre optics communication systems: high gain,

travelling wave amplification in the low loss 1.5 mm window, low

insertion losses polarization-independent gain, low noise and immu-

nity from cross-talk. EDFAs are being used in various light wave

system experiments for long distance high-speed transmission.

Using several EDFAs in line and in dispersion-shifted single-mode

fibres, it is possible to transmit through lengths of fibre greater than

1100 km. Soliton transmission in single-pass long fibre with EDFAs

has been demonstrated over 100–150 km with frequencies of 3–10 Gb

s�1.

Power EDFAs have been used in trunk and distribution network

applications, in multichannel amplification and in multichannel

amplitude modulated cable television transmission. Fibre amplifiers

may also be useful for simultaneous amplification and compression of

optical pulses. Sub-picosecond pulse compression (to less than 300 fs) is

obtained and receivers using erbium doped fibre preamplifiers can

have a very good performance.

There are also many potential applications for REDFLs. Fibre loop

reflectors have been applied to doped fibre lasers, and tunable doped

single-mode fibre lasers have been constructed. Demonstrations of low

threshold laser optical sources using ring fibre resonators have been

reported in the literature and dye ring lasers have been made in single-

mode fibre versions by means of evanescent field couplers.

6.1 RARE-EARTH DOPED FIBRE AMPLIFIERS (REDFAs)

REDFAs are especially promising because high gains can be achieved;

also, they can be pumped by a laser diode. Moreover, the noise figure of

erbium doped fibre laser amplifiers is expected to be close to the

theoretical 3 dB limit.

Operation of a fibre optics amplifier requires a pump and a signal

to be injected collinearly into a fibre. The two guided waves may travel

in the same or opposite directions. Energy absorbed from the pump

beam provides the population inversion necessary for amplification

(Figure 6.1).
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6.1.1 Principle

In solid-state devices material, the trivalent (3+) level of ionisation is

the most stable for rare-earth ions (lanthanides), and most optical

devices use trivalent ions. The observed infrared and visible optical

spectra of these trivalent ions is a consequence of transitions between

4f states. The lanthanides are characterised by the filling of the 4f shell

while the external shells are already filled. The first of the lanthanide

series is cerium (Ce) and the last is lutetium (Lu). The schemes of the

energy levels can be calculated from the electronic structure. Several

examples are given as on Figures 6.2 and 6.3. (The Russell-Saunders

Figure 6.1. Schematic diagram of a rare-earth doped fibre amplifier

(REDFAs).

Figure 6.2. Energy level diagram for the trivalent neodymium ion Nd3+.
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(SLJ) notation for the energy levels is used.) In radiative transitions a

useful quantity is the probability of a spontaneous transition between

two levels this is known as the Einstein coefficient, A12, given by:

A12 ¼ 16p3nhni3

3e0 h c3 g1
K S12 ð6:1Þ

where e0 is the permittivity of vacuum, h is Planck’s constant, c the

speed of light in empty space, n the refractive index of the host,

medium, hni the mean photon frequency, g1 the degeneracy of the

initial state (g1 ¼ 2J1 þ 1Þ; K a local correction, and S12 the line

strength of a transition connecting two J multiplets.

The traditional way to characterise optical transition probabilities

is the oscillator strength fij. The oscillator strength f12 for a transition

1!2 is a dimensionless quantity defined in terms of the Einstein

coefficient A12:

f12 ¼ e0m c3A12=ð2pn e2hni2KÞ ð6:2Þ

where m and e are respectively the mass and charge of the electron.

When an excited state decays only by emission of photons, the

observed transition rate is the sum of the probabilities for transitions

to all final states. The excited state lifetime t1 is defined by:

1

t1
¼
X
j

A1j

Figure 6.3. Energy level diagram of the trivalent erbium ion Er3+ and several

pump wavelengths used for lasing in erbium doped fibre.
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and the branching ratio by

A12=
X
j

A1j

 !
¼ A12t1:

In the solid state, the energy levels are considerably broadened and it

is often simpler to use the absorption or emission cross-section s(n)
defined by:

dI

dz
¼ 	N s nð Þ I

where I is the plane wave optical intensity at frequency n, z is the

direction of propagation, and N is the density number of absorbing (or

emitting) ions. The sign is negative for absorption. The cross section

s(n) has the dimension of area.

The oscillator strength f12 is proportional to the spectral integral of

the cross section s12:

f12 ¼
4 e0 m c n

e2 K

� �
6
ð
s12ðnÞ dn

Very often it is necessary to know f12 only at the photon frequency

where the cross section sM is a maximum. Introducing the effective

bandwidth of the transition Dn, we have:

f12 ¼ ð4 e0 m c n=e2 KÞsM Dn

The cross section can be determined from measurements of the excited

state lifetime and emission spectrum.

1

t
¼ A12 ¼ 8 p n2

c2

� �
6
ð
n2 s12ðnÞdn ¼

ð
I12ðnÞ dn ð6:3Þ

I12(n) is the spontaneous emission rate per unit bandwidth for the

1! 2 transition.

6.1.2 Example: Er3þ doped optical fibre amplifiers

6.1.2.1 Energy levels

The energy levels involved in the laser transition in Er3+ have a

complex structure. The earth orbitals, labelled by the total angular

momentum J are affected by the local electric field due to the

components of the glass matrix and their degeneracy is removed by the

Stark effect. The resulting fine structure of the energy levels depends
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on the electric field of the glass matrix and on the projection of the

angular momentum J on to the field direction, giving rise to a J

manifold set. The local electric fields inside the fibre core cause the

4f SLJ multiplets to split into a maximum of J+1/2 components. The

number of possible sublevels depends on the symmetry of the host

material. The local electric fields, which give rise to the Stark levels,

vary between ionic sites and thus affect the magnitudes of the level

splittings. The resultant variation of transition energies, known as

inhomogeneous broadening, is typically of the order of 50 cm21. The

transitions are also homogeneously broadened by the absorption or

creation of low energy phonons. This broadening is determined by the

temperature and by the material properties of the glass. In GeO2, SiO2

core fibre, this room temperature broadening is typically 18 cm21 and

for Al2O3, GeO2, SiO2 core it is 50 cm21.

The energy-level diagram of the trivalent erbium ion is shown in

Figure 6.3; several pump wavelengths can be used for lasing in erbium

doped fibres. The 4I 13
2
– 4I 15

2
transition is a ground state transition at

room temperature. However sufficient population inversion can be

created by 807 nm pumping to the 4I9/2 level to permit stimulated

emission from the long lifetimemetastable level (t¼ 11ms) to theground

state for fibre amplifiers (see Figure 6.3). In the samemanner, pumping

at 514.5 nm or in the 950–1000 nm region or near 1.48 mm is possible.

The choice of lp¼ 1.48–1.49 mm transition corresponds to a

particular pumping scheme where by the Er3+ ions are excited directly

within the 4I 13
2
– 4I 15

2
laser transition, which is near ls¼ 1.53 mm.

Erbium-doped silica fibre provides an attractive means for optical

signal amplification at ls¼ 1.53 mm with high gain and low insertion

losses. The recent results indicate that multimode laser diode pump

sources used for practical applications should fulfil high gain

performance, making laser-diode pumped erbium fibre amplifiers

highly efficient devices.

The 4I 13
2

metastable state is the upper level for the transition,

producing gain at 1500 nm. Any process removing Er3+ ions from this

state, other than stimulated emission into the signal-mode, decreases

the efficiency of the amplifier.

A first mechanism is the non-radiative relaxation directly to the

ground state as a result of the interaction between the electrons and

the dynamic lattice.

A second loss mechanism is the excited state absorption (ESA) (see

Figure 6.4a). In this mechanism the ion is excited to 4I9/2 level by a

pump photon (800 nm) and relaxes non-radiatively into the 4I 13
2

metastable state from which it absorbs a pump or signal photon (800

nm) to reach 2H 11
2
(Zemon et al. 1991, Bastien and Sunak 1991). So a

photon will be lost either by heat or by spontaneous emission at an
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unwanted wavelength. The effect of pump-excited state absorption by

Er3+ ions in the 4I 13
2
excited state has been asserted to be important at

some wavelengths.

ESA at 1.14 mm has also been observed when the amplifier is

pumped at 528 nm (Farries 1991). No ESA occurs for 980 nm or 1480

nm pumped amplifiers.

A third cause of inefficiency is the co-operative up-conversion

process (see Figure 6.5b). If two excited ions interact, one can transfer

its energy to the other, itself returning to the ground state which the

other is excited to the higher 4I9/2 state. In oxide glasses the 4I9/2 level

Figure 6.4. Er3+ doped silica fibre amplifiers (EDFAs): (a) Excited State

Absorption (ESA) at 800 nm pump band, (b) Up-conversion process.
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quickly relaxes through the emission of several phonons back to the
4I 13

2
level. The result is the conversion of one complete excitation into

heat (Pollack and Chang 1990, Nilsson et al. 1995).

6.1.2.2 Approximate models of the levels system

Several models for EDFAs have been developed incorporating

refractive index, erbium concentration profiles, and spectral distribu-

tion of amplified spontaneous emission.

The Er3+ doped fibre forms a system with three energy levels, or

four if ESA is included (see Figure 6.5a).

Figure 6.5. Energy levels and transitions in Er3+ doped fibres: (a) four-level

diagram, (b) three-level diagram.
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The rate equations for these populations are:

dN1

dt
¼ � W12 þW13ð ÞN1 þ W21 þ A21ð ÞN2 þ A31N3

dN2

dt
¼ W12N1 � W21 þ A21 þW24ð ÞN2 þ A32N3 þ A42N4

dN3

dt
¼ W13N1 � A32 þ A31ð ÞN3 þ A43N4

dN4

dt
¼ W24N2 � A43 þ A42ð ÞN4

ð6:4Þ

The terms Aij represent the total spontaneous decay rates from level i

to level j, W1j is the pumping rate from ground state 1, W24 is the ESA

rate from excited level 2, and W12 and W21 are stimulated emission

rates from level 1 to 2 and from level 2 to 1.

Solutions of these equations and experimental results can be found

in several papers (Digonnet 1993), with four levels (Desurvire et al.

1989, Pedersen et al. 1990) with three levels (Giles and Desurvire

1991a, Ohashi and Tsubokawa 1991) or with two levels (Pedersen

1994, Giles and Desurvire 1991b, Saleh et al. 1990, Yang et al. 1989,

Desurvire et al. 1989, Cognolato et al. 1994).

If we suppose N4¼ 0 (without ESA), three-level laser transitions

can be modelled with the simplified energy level diagram of Figure

6.5b. A pump photon is observed by an electron resting in the ground

state (level 1) and which is sent to the level 3 (pump band). The

electron quickly relaxes to the upper laser level (level 2). From this

level the electron decays down to the ground state with emission of

either a spontaneous or stimulated photon. The spontaneous emission

is characterised by the spontaneous lifetime t and the stimulated

emission by the effective cross section se. Between levels 1 and 2, signal

photon ground state absorption (GSA) also takes place, with an

absorption cross section sa.
Since population inversion in the system is only related to the

populations in the higher and lower states, it is often reasonable to

simplify the three levels system to two levels.

Assuming that:

t ¼ 1

A21

> t31 ¼
1

A31

and t32 ¼ 1

A32
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and taking N3 
 0, N4¼ 0, N1 + N2¼N, using the three first equations

of 6.4 gives for steady state solutions:

N1 ¼ N
W21 þ 1

t

W12 þW13 þW21 þ 1
t

ð6:5Þ

N2 ¼ N
W12 þW13

W12 þW13 þW21 þ 1
t

ð6:6Þ

where the transition rate Wij is related to the cross sections sa or se by
the relation:

W12 ¼ saIs
hns

W21 ¼
seIs
hns

W13 ¼
spIp
hnp

ð6:7Þ

where sp is the pump absorption cross section; Ip and Is, with

frequencies respectively np and ns, are the pump and signal photon

intensities and are functions of both the radial and longitudinal

position in the fibre. The reference coordinate system is a cylindrical

(r; y; z) system centred on the fibre axis with z ¼ 0 at the pump input

end of the fibre. For simplicity, uniform distribution of the signal in the

fibre may be used:

Ip;s r; y; zð Þ ¼ Pp;s zð Þ 1

pa2
p;s

if r � ap;s ð6:8Þ

where ap,s are effective mode radii for pump and signal.

The variations of the pump power Pp(z) and forward and backward

optical signal powers Pþ
s (z) and P�

s (z) are governed by the equations:

dPpðzÞ
dz

¼�sp

ð2p
0

ð1
0

N1

pa2
p

r dr dy

 !
PpðzÞ ð6:9Þ

dPþ
s ðzÞ
dz

¼
ð2p
0

ð1
0

seN2�saN1ð Þ 1

pa2
s

r dr dy
� �

Pþ
s ðzÞþP0se

ð2p
0

ð1
0

N2

pa2
s

r dr dy

dP�
s ðzÞ
dz

¼
ð2p
0

ð1
0

�seN2�saN1ð Þ 1

pa2
s

r dr dy
� �

P�
s ðzÞ�P0se

ð2p
0

ð1
0

N2

pa2
s

r dr dy

ð6:10Þ

where P0¼ 2 h ns Dn is the power corresponding to spontaneous

emission and the total signal power is given by PsðzÞ ¼ Pþ
s ðzÞ þ P�

s ðzÞ.
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By substituting equations 6.5, 6.6, 6.7 and 6.8 in 6.9 and 6.10, we

obtain the following equations:

dPpðzÞ
dz

¼ �spN
a2

a2
p

1þ Ps

ð1þaÞPsat

1þ Ps

Psat
þ Pp

Pth

" #
PpðzÞ ð6:11Þ

dPþ
s ðzÞ
dz

¼ �seN
a2

a2
p

Pp

Pth
� a

	 

Pþ
s ðzÞ �

Pp

Pth
þ aPs

ð1þaÞPsat

	 

P0

h i
1þ Ps

Psat
þ Pp

Pth

h i

dPþ
s ðzÞ
dz

¼ �seN
a2

a2
p

Pp

Pth
� 2aPs

ðaþ1ÞPth

	 

P�
s ðzÞ þ

Pp

Pth
þ aPs

ð1þaÞPsat

	 

P0

h i
1þ Ps

Psat
þ Pp

Pth

h i ð6:12Þ

with a ¼ sa
se
; Pth ¼ p a2

p hnp=tsp; Psat ¼ p a2
s hns=t se þ sað Þ:

In the general case, in an end pumped device configuration, the

evolution of the pump power Pp(z) with the fibre coordinate z follows

equation 6.11 written:

dPpðzÞ
dz

¼ �gpðzÞ Pp ðzÞ ð6:13Þ

where gp(z) is the total pump absorption coefficient including ground

state (corresponding to sp) and excited state absorption effect

(corresponding to the higher level of population density N4).

The pump power varies according to the following equation,

deduced from equations 6.11 and 6.13:

PpðzÞ ¼ Pð0Þ exp �
ðz
0

gpðz 0Þdz 0
� �

ð6:14Þ

6.1.2.3 Optical gain

The evolution of the output signal level relative to the input level,

called the gain, varies as a function of launched pump power. In an

EDFA, gain as a function of coupled pump power is measured at the

gain peak wavelength. Results show that gain is saturating when the

pump power increases (Choy et al. 1990, Becker et al. 1990, Zyskind

et al. 1989).

Theoretical models have been presented for amplified spontaneous

emission (ASE) in unsaturated EDFA (Desurvire et al. 1991). The

results are useful to model ASE noise in low gain distributed-fibre
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amplifiers. The optical gain gs(z) and the spontaneous factor nsp (z)

along the fibre can be obtained by the relations.

gsðzÞ ¼ seN2 � sa N1

nsp ¼ seN2= seN2 � saN1½ � ð6:15Þ

At the output the amplifier gain G is:

G ¼ GðLÞ ¼ exp

ðL
0

gsðzÞ � að Þdz
� �

ð6:16Þ

where a is the absorption coefficient according to equation 6.12.

The gain coefficient is the slope of the tangent to the gain curve as

a function of launched pump power, which intersects the origin. This is

a widely used figure of merit to evaluate pumping efficiency. When the

gain coefficient is plotted as a function of the pump wavelength for a

constant pump power, it indicates a maximum value at a given signal

wavelength for each fibre length (Desurvire et al. 1990). The relation-

ship between fibre length and signal gain indicates a maximum signal

gain for a particular optimum fibre length (Yamada et al. 1989).

The gain of an EDFA is a function of several factors, such as pump

and signal wavelengths, fibre losses, dopants, and host glass composi-

tion. Gain and gain efficiency can be predicted and calculated in terms

of these parameters (Wysocki et al. 1994, Zervas et al. 1992).

Waveguide design, pump wavelength, host glass and doping concen-

tration play a significant role in amplifier efficiency.

Temperature influences the absorption, fluorescence and small

signal gain characteristics of an erbium doped fibre (Millar et al. 1990,

Kagi et al. 1991). Results show that an EDFA operating near full

inversion between 1550–1560 nm is stable with changing temperature

over a wide operating range. However, an amplifier operating at peak

gain near full inversion is sensitive to variations in ambient

temperature.

Polishing the fibre input end at an angle may reduce the

competition between the lasing at the gain peak and the amplified

signal of the gain peak. Saito et al. 1991 have demonstrated the

importance of reflections for high gain operation.

The dopant concentration also has an effect on the optical

amplification characteristics (Shimizu et al. 1990). In several applica-

tions, such as wavelength division multiplexing, broadening the gain

bandwidth is necessary. Wider bandwidths are achieved by adding

Al2O3 or P2O5 to silica glass as co-doping materials (Yamada et al.

1990a) or by using two kinds of fibres in line amplifiers, such as silica

glass and ZBLAN (zirconium barium lanthanum) glass amplifiers.
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6.1.2.4 Noise

As mentioned earlier, there is a growing interest in the use of EDFAs

at 1.5 mm for optical communications. For applications with a large

number of amplifiers it is necessary to know the degradation of the

signal precisely. Several papers are devoted to modelling or measuring

the noise (Kikuchi 1993, Martin and Duan 1994, Gianfrango et al.

1993, Giles and Desurvire 1991a, Yamada et al. 1990b, Laming and

Payne 1990, Chen and Desurvire 1992, Clesca et al. 1994a, Masuda

et al. 1993, Bonnedal 1993, Nykolak et al. 1991).

Like gain, noise also varies with wavelength and input power

level. These characteristics are not trivial; when a source covers a

wavelength range of 1.5–1.6 mm, the output from a high-gain amplifier

may cover a dynamic range of 30–40 dB. However, the amplified

spontaneous emission (ASE) is always present. Since spontaneous

emission is present together with stimulated processes, optical

amplification is unavoidably combined with generations of sponta-

neously emitted photons within the fluorescence band. The uncorre-

lated photon flow partially couples into the guided mode and is

superimposed on the coherent beam of the amplified signal, constitut-

ing a noise source. Therefore, a laser travelling wave optical amplifier

necessarily degrades the signal-to-noise ratio (S=N).

The performance of an amplifier can be indicated by the noise

figure. It is the ratio of input to output S/N ratios:

F ¼ ðS=NÞin=ðS=NÞout or NF ¼ 10 log10ðFÞ ð6:17Þ

The noise figure of an optical amplifier is made up of four contribu-

tions, namely the shot noise of the amplified signal and the ASE, and

the beat noise due to heterodyning of signal and broadband ASE, and

of broadband ASE with itself. Considering the simplified diagram

(Figure 6.5b) showing the energy levels of erbium (three-level scheme),

optical pumping is applied at 980 nm (corresponding to energy between

levels 1 and 3). The equations governing the population variation are

equations 6.4. Equations 6.5 and 6.6 give the populations at the two

levels 2 and 1.

The spontaneous emission factor nsp(z) and the optical gain gs(z)

along the fibre can be calculated from equation 6.15.

At the output the noise power spectral density NP is given by:

NP ¼ NP o0ð Þ ¼ GðLÞh os

ðL
0

gsðzÞnspðzÞ=GðzÞ

 �

dz ð6:18Þ
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where GðzÞ is given by equation 6.16, and the symbol h stands for h2p
(where h is Planck’s constant).

The output noise power is obtained by adding the shot noise due to

the amplified signal and due to spontaneous emission:

s2 ¼ 2G Pinh iNP þ 4N2
PDf þG Pinh ih oþ 2NPDf h o


 �
2Be

where hPini is the power spectral density at the input, Df the

spontaneous emission bandwidth, and Be the bandwidth of the

electrical signal. From the measured gain and ASE spectra, the noise

figure may be estimated. It is calculated as:

F ¼ 2NP þ 1

G
¼ 2NP

G
þ 1

G
ð6:19Þ

where the dimensionless noise term NP can also be written as:

NP ¼ l3

2hc2
ASE

Here, ASE is the unpolarised spectral power per wavelength of the

spontaneous emission.

Noise due to backward travelling ASE can be suppressed by an

isolator (Lumholt et al. 1992, Laming et al. 1992a).

6.1.3 Other doped optical fibres

Several other rare-earth doped fibres have been studied. To date, most

of the attention has been focused on erbium, neodymium and

praseodymeum doped fibres (Furthner and Penzkofer 1992) primarily

because of their promise as direct optical amplifiers in the commu-

nications bands near 1.5 mm and 1.3 mm respectively. We have in §

6.1.2 described the EDFA as an example, and we showed (Figure 6.2)

the energy level diagram for neodymium. The fluorescence bands of

Nd3+ at 920, 1070 and 1340 nm correspond to the 4I9/2,
4I 11

2
and 4I 13

2

levels respectively. The strongest band is centred at 1100 nm and has a

3 dB bandwidth of 55 nm. However, five other rare-earths have

successfully been incorporated into silica hosts and operated as fibre

laser. These may be used in other application areas, such as sensors or

sources with specific wavelengths. In recent years theoretical and

experimental work has been carried on four rare-earths: ytterbium

Yb3+ (Magne et al. 1994a, Ouerdane et al. 1994); holmium (Ho3+)

(Saissy et al. 1991); praseodymium (Pr3+) (Whitley 1995); and thulium

(Tm3+) (Gomez et al. 1993). Other rare-earths for doped fibres are also

promising (Magne et al. 1994b).
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An alternative to silica glass is the fluoride glass known as

ZBLAN, using the fluorides of zirconium (Zt), barium (Ba),

lanthanum (La), aluminium (Al) and sodium (Na), doped with

rare-earth ions. Such glasses exhibit a broader fluorescence

spectrum than conventional silica glass when used in optical fibres.

Consequently, such a fibre can amplify signals over a broader region

than a silica fibre. This can prove an advantage in wavelength

division multiplexing (WDM) amplifying systems. For example,

erbium-doped ZBLAN fibre amplifiers display a flatter amplified

spontaneous emission (ASE) than conventional EDFAs, with a

bandwidth around 25 nm and gain, S=N ratio and pump efficiency

close to that of silica glass. They can be used for WDM-tunable

emission. Continuous-wave laser emission has been reported in

erbium doped fluorozirconate fibre (Brierley and France 1988, Auzel

et al. 1988, Allain et al. 1989a, Allain et al. 1989b, Tesar et al. 1992).

In Nd3+ the 4F3/2 ! 4I 13
2

transition (around 1340 nm) suffers from

signal excited state absorption (ESA), which limits the gain to

wavelengths longer than 1,36 mm. The use of fluoride fibre as host

reduces significantly this problem (Ammann et al. 1994). Investiga-

tive studies compare the efficiency of fluoride glasses with a variety

of compositions (Zemon et al. 1992, Rasmussen et al. 1992).

The Pr3+ doped fluoride fibre is promising, owing to its ability to

produce a broad-band light sources with high gain in 1,3 mm
telecommunications systems (Ohishi et al. 1991, Ohishi et al. 1992,

Sugawa and Miyajima 1991). Gain and noise in Pr3+ doped fluoride

fibre have also been investigated for variables parameters such as

core diameter, numerical aperture, input pump power and dopant

concentrations (Pederson et al. 1992, Karasek 1993, Karasek 1994).

6.1.4 Device aspects of fibre amplifiers, performance and applications

The three ways of using a fibre amplifier in telecommunications

systems are depicted in Figure 6.6. The signal is launched into one end

of the doped fibre and collected from the other end.

In a booster amplifier (see Figure 6.6a). The signal is amplified at

the bottom of the telecommunication system. One application could be

the simultaneous amplification of many channels in a multichannel

LAN (Local Area Network) transmitter station. A high saturation

output power would be required.

Repeater (see Figure 6.6b). In systems where chromatic dispersion

is negligible (coherent system or LAN), amplifiers could favourably

replace optoelectronic repeaters which have a much smaller band-

width.
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Pre-amplifier (see Figure 6.6c). Used with a high speed PIN-FET

receiver, pre-amplifier will allow the operation of a direct detection

system at data rates above 5 Gbit/s.

Optical amplification technology plays an important role in 1.5 mm
wavelength optical communication systems. In practical applications,

laser diode pumping techniques are indispensable. Figure 6.7 shows a

schematic diagram of a simple EDFA module. It consists of four optical

components: a length of erbium doped fibre, a pumping LD module, a

wavelength-division multi/demultiplexing (WDM) fibre coupler and a

polarization-insensitive-type optical isolator with fibre pigtail. This

isolator is inserted within the active fibre in order to reduce the

accumulation of backward travelling amplified spontaneous emission

(ASE). At the signal input end ASE, as a low noise figure depends upon

Figure 6.6. Three types of fibre amplifier: (a) power amplifier (booster), (b)

repeater, (c) pre-amplifier.
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a high population inversion in this part of the fibre (Lumholt et al.

1992). Gains in the range 26–40 dB are obtained with 1.48 mm pumping

and 26–34 dB with 0,98 mm pumping. When the EDFA is placed at the

end of the transmission line before the receiver, a very high gain (54

dB) and a noise figure close to the quantum limit of 3.1 dB are obtained

(Laming et al. 1992a). A two-stage pre-amplifier with a sensitivity of

38.8 dBm at 10 GB/s has been demonstrated (Laming et al. 1992b,

Shimizu et al. 1990).

An isolator can also be used within the erbium doped fibre to avoid

the EDFA from acting as a laser, by suppression of external reflections

(Lester et al. 1995).

Several experiments that combine WDM with optical amplifica-

tion in either long distance or distribution systems, have shown good

system performance. The main difficulty is to keep the gains and noise

level independent of wavelength. Several methods have been used for

equalising the gain of the silica fibre amplifier: co-doping of the host

matrix with aluminium and lanthanium; optical filtering; spatial hole

burning; use of a ring laser and use of a hybrid amplifier composed of

an erbium doped silica fibre joined to an erbium doped ZBLAN fibre

(Clesca et al. 1994b, Willner and Hwang 1995, Tachibana et al. 1991,

Forghieri et al. 1995, Eskildsen et al. 1993, Bayart et al. 1994,

Semenkoff et al. 1994, Ali et al. 1994, Inouee et al. 1991). Some works

have proposed the use of a twin-core erbium doped optical fibre

amplifier as a passive channel equaliser (Zervas and Laming 1995) or,

alternatively, adjusting the pump power into one of the core in order to

tune the gain characteristic (Wu and Chu 1994).

Amplification of ultra-short solitons in EDFA is possible for data

transmission over several hundred kilometres (Olsson et al. 1990).

Models including both gain saturation and gain dispersion have also

been studied (Agrawal 1990, Chi et al. 1994).

Figure 6.7. Schematic of an EDFA.
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6.2 RARE-EARTH DOPED FIBRE LASERS (REDFLs)

In addition to their applications as optical amplifiers, rare-earth doped

fibres have been used in optical resonators to create fibre lasers

(REDFLs), and, with wavelength-selective elements, to achieve

tunable laser operation over an amplified broad fluorescence band.

6.2.1 Principle

Bearing in mind the high powers necessary to achieve non-linear

responses, it is important to note that the damage power limit for pure

silica is about 1010 W cm22, which corresponds to a power of 5 kW for

an 8 mm core diameter.

Investigations of lasing action in which a fibre is the active

medium have used Fabry-Pérot resonators or fibre loop reflectors. A

fibre Fabry-Pérot laser is longitudinally pumped by an external source,

which is usually some readily available line from a commercial laser.

Ideally a semiconductor diode laser should be used as a pump, as it is

compact and has a high efficiency.

A simple experimental set-up of a REDFA using mirrors is shown

in Figure 6.8. A pump source is launched into a fibre laser through a

mirror M1. This mirror M1 should be highly transparent at the pump

wavelength and highly reflective at the signal wavelength. A dichroic

mirror M2 with almost 100% reflectance at the pump laser wavelength

and 95% transmittance at 1.5 mm is suitable (Iwatsuki 1990). However,

M2 can also be butted against the fibre end face (Schneider 1995) or a

reflection grating can be used instead of mirror M2 (§ 6.2.2). After the

mirror M2 a dichroic beamsplitter or an ordinary beamsplitter and a

bandpass filter are inserted, transmitting the laser wavelength l but

reflecting any remaining pump energy out of the system (or simply

absorbing it). The fibre must have a single transverse mode at both

pump and signal wavelengths to maximize the power confinement and

the overlap of the pump and signal beams.

Optical excitation is initiated by focusing light into a fibre end

through a mirror consisting of dielectric thin film coatings on a

substrate. A difficulty is the loss caused by the end alignment. When

using a high numerical aperture objective for launching, it is necessary

for the lens front surface to be close to the fibre end, to maximize the

launching efficiency. Therefore the mirror substrate must be thin. A

second difficulty is possible thermal damage to the mirror coatings

when the fibre is pumped with a high power laser. The output light

from a fibre Fabry-Pérot laser is usually continuous wave (CW) and

has a bandwidth typically of the order of 1 to 10 nm.
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Erbium doped fibre lasers (EDFLs) can operate spontaneously

(self-pulsing) as well in CW a (Le Boudec et al. 1994).

6.2.2 Fibre laser using gratings

An experimental set-up of an EDFL using gratings is shown on Figure

6.9a. A pump source is launched into an erbium-doped fibre through a

mirror. After the end of the fibre, a grating, which provides feedback

and significantly reduces the linewidth of the laser output is

incorporated (Jauncey et al. 1987). A thin layer of index-matching

fluid is placed on this grating in order to increase the interaction with

the evanescent field of the fibre.

Much effort has been made to narrow the linewidths of erbium or

neodymium doped fibre lasers by using a ring cavity with polarization-

holding fibres (linewidth 
 1:4 KHz) (Iwatsuki et al. 1990) fibre

gratings in the Fabry-Pérot cavity or Fox-Smith resonators (see Figure

6.10b) (linewidth 
 1 MHz). In the first case, an optical bandpass filter

is incorporated into the ring to make the lasing wavelength tunable. A

Fox-Smith resonator consists of two cavities of different lengths with a

common part between the coupler and one mirror. The two cavities are

coupled and there is an interchange of power between them. The

resulting longitudinal mode structure depends on the lengths of both

cavities which are not exactly equal. The cleaved fibre ends are directly

butted to dielectric mirrors having a reflectance greater than 99.5% at

the lasing wavelength and a transmittance greater than 80% at the

pump, wavelength. Good results can be obtained by using Bragg

gratings written in to the fibres (Digonnet 1993).

Permanent holographic gratings have been written in many

commercial optical fibre types with germanium-doped cores. These

Figure 6.8. Schematic of a fibre laser: lp pump wavelength, ll fibre laser

wavelength, M1, M2, mirrors with coatings and substrate, L microscope

objective.
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include the standard telecommunications fibres, and the rare-earth

doped amplifier or laser fibres. The gratings are made with a technique

using interfering UV laser beams on the side of the fibre. Several

devices are made with such gratings: filters, reflectors, shifters,

multiplexers, etc. (see Chapter 3). One such device is an embedded

grating. Two Bragg phase gratings written holographically into the

core are used (Figure 6.9b). This is achieved by removing the sheath

from a part of the fibre and exposing each part transversely to a two

UV beam interference pattern. The gratings are written at 10 cm from

each cleaved end of a 0.5 m fibre (Ball et al. 1991). An Er3+ doped fibre

main cavity and auxiliary silica fibre cavity made with three intra-core

Bragg gratings can be useful for operation as a self mode-locked laser

(Cheo et al. 1995).

Cavities of high birefringence REDFLs have been closed by an

intracore Bragg grating reflector and a dichroic mirror (Pureur et al.

Figure 6.9. Doped fibre laser using gratings: (a) external gratings, (b) Bragg

phase gratings written holographically into the core L ¼ 1 or 2 cm, (c)

Illustration showing fibre grating reflector and the Bragg condition for

reflection.
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1995, Douay et al. 1992). These gratings are used as reflectors

following the Bragg condition lL ¼ 2LB, where LB is the grating

spacing (Figure 6.9c)

6.2.3 Fibre laser using directional couplers

Several devices can be constructed from directional couplers, fibres and

mirrors (see Figure 6.10). In a transversely coupled fibre Fabry-Pérot

Figure 6.10. Fibre laser using directional couplers, C coupler, M mirror, FR

fibre ring: (a) transversely coupled fibre resonator, (b) Fox-Smith resonator, (c)

using fibre ring resonator, (d) using two fibre ring reflectors.
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resonator, the pump light is launched into a fibre end that does not

have mirrors. It is the same for lasing light (Figure 6.10a). The Fox–

Smith resonator is applied to longitudinal mode selection of the lasing

response (see Figure 6.10b). Three of the fibre ends have mirrors.

Butting fibre ends against bulk mirrors results in losses. It would be

preferable to employ a fibre laser resonator without a mirror, allowing

the independent choice of an output coupling condition from the two

fibre ends, two ports of a fibre directional coupler are spliced together.

In Figure 6.10c. The splice is avoidable by folding the fibre in the

appropriate manner before the coupler is made. A fibre-based

interferometer that overcomes the problem, is an all-fibre loop

reflector. Two such loop reflectors are joined in series (see Figure

6.10d).

The fibre loop reflector is a non-resonant device. Light launched

into one of the ports of the loop is split through the directional coupler,

circulates both clockwise and counterclockwise round the loop and then

coherently recombines at the coupler (see Chapter 3 and Figure 3.39).

The output wave must exit by either the input port, in which case it is a

reflected wave, or by the opposite port in which case it is a transmitted

wave. The two light paths have the same length and there is no phase

shift associated with unequal propagation distances. The reflectance R,

transmittance T and loss A are given by:

R ¼ 4CRð1� CRÞð1� acÞ2 expð�2a LÞ
T ¼ ð1� 2CRÞ2ð1� acÞ2 expð�2aLÞ
A ¼ 1� ð1� acÞ2 expð�2aLÞ

ð6:20Þ

where L is the loop length, ac and a the coupler loss and fibre loss, and

CR is the intensity coupling ratio of the coupler.

The fabrication of many ring single-mode fibre laser devices has

been achieved using low-loss erbium-doped fibres (Zhang and Lit 1994,

Shi et al. 1995, Okamura and Iwatsuki 1991, Pfeiffer et al. 1992).

Industrial devices are already available.

A fibre-ring laser includes a coupler and an isolator. The

configuration gives a stable setting of the lasing wavelength and a

single-mode operation with less than 10 kHz linewidth (Cowle et al.

1991).

6.2.4 Fibre laser using fibre reflectors

A fibre loop can be a component of a fibre laser (see Figure 6.11). The

resonant optical cavity uses two fibre reflectors, each formed by a

single fibre loop between the output ports of a directional coupler (see
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Figure 6.10d). The mirrors are fabricated from a continuous length of

doped fibre formed into a coupler loop. Light that couples across such a

coupler undergoes a p/2 phase lag. The loss A, the intensity

transmittance T and reflectance R in the coupler loop are given by

equation 6.20.

When two couplers are joined, they form an all-fibre resonator.

The intensity response is:

I0

I1
¼ T1T2 exp �2aL3ð Þ

R2 1þ 4R1 R2=R2ð Þ sin2 B
h i ð6:21Þ

with R ¼ 1� R1R2

B ¼ b½ðL1 þ L2Þ=2þ L3�
b is the propagation constant of the mode.

Figure 6.11. Several arrangements for a REDFL using fibre loops: (a) with

loop and couplers, (b) with mirror and fibre loop reflector, (c) with two fibre loop

reflectors.

Rare-earth doped fibre lasers (REDFLs) 243



Where I0 is the output intensity, Ii the input intensity, R1, T1, L1

the parameters of the first coupler, R2, T2, L2 the parameters of the

second coupler and L3 and a respectively the length and the loss of the

fibre without the two couplers. In the cavity described in Figure 6.11d

there is a p/2 phase change on each reflection. An example using a Nd3+

fibre laser is given by Miller and et al. 1987.

6.2.5 Q-switching fibre laser

There are many applications in which it is desirable to achieve narrow

line operation with the option of wavelength tunability, or to be able to

have the radiation in the form of pulses with high peak powers or short

durations, which are provided by Q-switching and mode locking

(Schlager et al. 1989).

It is often necessary to incorporate a beamsplitting element so that

the cavity can be accessed by means other than through the end

reflectors. In optical fibre resonators, beamsplitting is carried out using

directional couplers. A method of modifying a fibre Fabry-Pérot

resonator is to couple light out of the fibre using a lens or microscope

objective at some point between the two mirrors. Elements to deflect,

modulate, polarize, reflect or diffract light at the lasing wavelength

may be inserted into the beam (see Figure 6.12). These devices have

Figure 6.12. Methods for Q-switching: (a) mechanical, (b) acousto-optic, M1,

M2 mirrors, L microscope objective, e chopper, AOD acousto-optic device, lp, lL
pump and laser wavelength, FL fibre laser.
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been successfully used to Q-switch, mode lock and tune fibre lasers

(Barnes et al. 1989).

The usual methods of Q-switching lasers, namely mechanical,

acousto-optic devices (AODs), electro-optic and absorption devices, may

be applied to fibre lasers. Among these the first two are the most

common.

Lasers may be Q-switched with a mechanical chopper (see Figure

6.12a). It provides a very high extinction ratio and has zero insertion

loss in the high Q state. However, it has a slow switching time and poor

pulse-to-pulse stability. By using an acousto-optic deflector a faster

modulation of the cavity can be achieved (see Figure 6.12b). Careful

choice of the acousto-optic material, together with anti-reflection

coating, may reduce the insertion loss of the modulator, so low-

threshold operation may be possible. However, a difficulty associated

with AODs is the limited diffraction efficiency. It may be used in the

zero order configuration or in the first order configuration. In the first

order configuration, feedback is obtained by positioning the output

coupler to reflect the first order diffracted beam back to the fibre. When

the AOD is ‘off ’ there is no deflection and thus no CW lasing.

6.2.6 Mode-locking fibre laser

The aim of mode locking a fibre laser is to create pulses with shorter

durations than those obtained from Q-switching or gain switching.

Mode locking can be achieved by either passive or active means. In

passive mode locking, a saturable absorbing element is inserted into

the cavity. The beam whithin the doped optical fibre is absorbed until

the intensity threshold is reached for the element. The transmission

time (less than 1 ps) is shorter than the oscillation time of the cavity.

The saturable absorbing element is driven directly by the optical beam.

In active mode locking, an external driving signal is applied to a

modulator. This element is either an electro-optic material (LiNbO3) or

an acousto-optic material (quartz). Two kinds of active mode locking

can be used in a cavity: Amplitude (AM) or Frequency (FM) Modulation

by a phase modulator. The principle of a phase modulator was

described in Chapter 3 for standard fibres. It also applies to REDFLs.

6.2.7 Tunable operation

The broad emission lines of impurity ions in glass offer the possibility

of a wide tuning range, suggesting that fibre lasers may prove to be a

new class of tunable lasers. They have the advantages of good
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photochemical stability and room temperature operation. A fibre laser

is tuned by one of several possible techniques.

The first of these consists in changing the spectral dependence of

the intensity coupling ratio of a fused fibre coupler in a loop reflector by

the thermo-optic effect. A shift in the reflectance of the cavity output

coupler of a fibre laser as a function of wavelength is induced. The fibre

loop reflector is spliced to the fibre laser and the temperature of the

coupler changes the reflectance, which is function of the coupling ratio

CR. The temperature change perturbs the interacting mode fields in

the coupler; the reflectance is a function of wavelength and tempera-

ture (Millar et al. 1988). An example of this structure is shown in

Figure 6.13 with two coupled cavities (Fox-Smith resonator).

A second possibility consists of the installation inside the

resonator, between the fibre end and the output coupler, of an

objective, two quarter-wave plates and a birefringent coupler (Alcoch

et al. 1986). Tuning a fibre laser can also be achieved by using a grating

as the frequency selector between the fibre and the output coupler.

The maximum value RMðlÞ of the reflectance coefficient RðlÞ is:

RMðlÞ ¼ ð1� acÞ2 expð�2a LÞ ð6:22Þ

corresponding to CR¼ 1/2 in equation 6.20. Hence the spectral position

of maximum reflectance is tuned by changing CR. To construct the

tunable reflector, the length of the overcoupled fused fibre region is

embedded into a low refractive index silicone compound. The index of

this compound varies with temperature.

Figure 6.13. Fox-Smith resonator arrangement [After Millar et al. 1988].
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Another method is based on an intracavity polarizer inserted into

a Fabry-Pérot doped fibre laser (Ghera et al. 1992). The tunability is

achieved by either rotating the polarizer, or varying the fibre

birefringence. Wavelength selection in the fibre ring laser can be

realized by an element such as a liquid crystal or angle-tuned etalon

filter (Maeda et al. 1990, Pfeiffer and Veith 1994), or an acousto-optic

tunable filter (Frankel et al. 1994, Cognolato et al. 1995).

Use of two sections of different Er3+ doped fibres can also enable

wavelength selection and tuning over a range of 8 nm (Loh et al. 1994).

6.2.8 Superfluorescent rare-earth doped fibre sources

In the previous section, wavelength selection has been demonstrated

by means of different tunability operations. For superfluorescent fibre

source, wavelength selection does not occur, but for each wavelength in

the fluorescence band of the rare-earth ion, power is amplified. This is

because when pump power is inserted in a length of REDF

spontaneous emission occurs in the emission band. If the level of the

pump power is high enough, spontaneous amplification leads to

stimulated emission. If the pump power is sufficiently high there will

be no need for mirrors and no resonance occurs, so these sources can be

with a large spectral bandwidth.
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Lumholt O, Schüsler K, Bjarklev A, Dahl-Peterson S, Povlsen JH,

Rasmussen T and Rottwitt K 1992 IEEE Photonics Technol. Lett. 4

568–70

Maeda MW, Patel JS, Smith DA, Lin C, Saifi MA and Von Lehman A

1990 IEEE Photonics Technol. Lett. 2 787–9

Magne S, Druetta M, Goure JP, Thévenin JC, Ferdinand P and
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EXERCISES

6.1 A fibre laser is made using two directional couplers and two fibre

ring reflectors following the scheme Figure 6.10(d). The distance
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between the two couplers C is l3. If li;Ti;Ri ði ¼ 1; 2Þ are the length,

transmission, and reflection of each loop and a the attenuation in the

fibre, establish the ratio I0=Ii of the output signal power from the loop 2

to the input power of the loop 1.

6.2 Calculate the equations 6.5 and 6.6 from the equations 6.4.
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Chapter 7

RECENT DEVELOPMENTS AND

CONCLUSION

7.1 SYNTHESIS OF DEVICES DESCRIBED IN THIS BOOK

The purpose of this book is to provide a review of the main optical fibre

devices and a reference book for work in photonics and lightwave. It

reflects the substantial progress made in the area of optical fibre devices

and provides a systematic description of linear and non-linear fibre

devices. Following a survey of the physical processes exploited, the

principles, manufacturing, properties, characterization, performance

and applications have been examined. Optical fibre devices used in

telecommunications and sensors have been described. Attention was

devoted to fabrication and practical applications of these devices. The

book covers components from connectors to more sophisticated systems

using polarized light, solitons, amplifiers and lasers.

In the field of coupling, the devices described are connectors

between fibres, and connectors or coupling systems between fibres and

waveguides. Today, industrial connectors are fabricated in large

numbers, mainly for optical communications but also for other

applications as sensors. Pigtailed systems of good performance (laser

diode and LED) are also available on the market. However particular

systems need studies and development.

The first aim of this final chapter is to summarize the properties of

all the devices that have been described in this book. Table 7.1 provides

the summary.

The couplers (X, Y or star couplers) also available are essentially

based on fused technology. However, couplers made in integrated optics

also give good results and have the advantage of being fabricated in

great numbers on a wafer; but they need specific coupling. Research
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Table 7.1 Linear and non-linear optical devices

Fibre devices Type Physical

principle

Fabrication

Tapers

(expanders,

concentrators)

MM

SM

expansion of spot

size

stretched fibre

with fused spherical

micro lens

Connectors

MM

SM

coupling fibre to fibre butt coupling with

micro-components

SM to waveguide V-grooves

Directional

couplers

evanescent wave polished fibre with

an index-matching

liquid

Polar independent

X, Y couplers MM

SM direct wave

coupling

twisted and fused

n X n couplers MM

SM micro-optic

coupling

with cylindrical

GRIN rod lens or

silica microprisms

electromechanical MEMS–MOEMS

Polar dependent

X-maintaining PMSM

X-splitting PMSM

Bragg gratings SM holographic method

Wavelength filters SM mode leakage

by bending

polished single-mode

fibre with immersion

liquid

coupling from the

core to a high

index waveguide

as above, plus silica

superstrate

direct wave

coupling by

phase matching

tapered coaxial

couplers

wavelength

selection

grating etched into

polished fibre

Frequency shifters SM

PMSM

evanescent

coupling between

LP01 and LP11

coupling two

polarizations of a

birefringent fibre

periodic micro-

bending on fibre

(by squeezing )

or acoustic wave

flexure of long

gratings microbends

Phase shifters SM Thermo-optic

effect or stress

Bragg gratings
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Table 7.1 Continued

Polarizers and

polarization state

controllers

PMSM evanescent coupling

of one polarization

state

bending effect

(index change)

with birefringent

crystal, thick metal

film, etched fibre

or D-shaped metal

coated fibre

ordinary fibre coil

(1/4 or 1/2 plate)

or birefringent

fibre (linear-elliptic)

Faraday effect birefringent twisted

fibre with a solenoid

Isolators MM

SM

Faraday rotation with crystal or

plastic optical fibre

surrounded by

permanent magnets

Switches* MM

SM

radiation coupling

(thickness variation

piezo-electric

translator or index

variation)

high index

waveguide

sandwiched between

two polished fibres

coupler

Bragg diffraction acoustic transducer

on the fibre

optical Kerr effect

(index variation)

dual core fibre

SM mechanical systems MEMS–MOEMS

taps

Wavelength multi-

demultiplexers

MM

SM

combination of

various wavelengths

channels

directional coupler or

filters with external

components Bragg

gratings mechanical

devices

Loops and rings–

resonators–delay

lines–circulators

SM using X-couplers

Reflectors SM reflectance in a

loop

fused taper coupler

and loop

Lasers and

amplifiers*

SM

PMSM

Brillouin silica fibre

SM

PMSM

Raman silica fibre with

dopants, e.g. Ge, P,

H2 to modify Raman

gain
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efforts are still necessary to realize systems such as commutators or to

connect N to N fibres (star couplers) or switches.

Devices using Bragg gratings have an important role in research

and development, and have promising applications in telecommunica-

tions, sensors and signal processing.

Wavelengthmultiplexers and demultiplexers, frequency and phase

shifters, wavelength filters, loops and rings, modulators and switches

are key components for telecommunications.

All devices based on polarized light have great potential for

development in the control of optimum propagation.

The studies of non-linearities in fibre stimulated Raman scatter-

ing, stimulated Brillouin scattering, parametric four-wave mixing and

Kerr nonlinearities have permitted a better knowledge of wavefront

propagation, and have led to new devices such as switches, amplifiers

and to soliton propagation.

The fastest development in the field of fibre devices is certainly the

recent discovery of rare-earth doped fibres and their application to the

fabricating of amplifiers and lasers, which are now available on the

market.

Table 7.1 Continued

SM four-wave mixing

soliton effect

SM

REDF

fluorescence

spectrum

single-mode rare-

earth Nd3+ or Er3+

doped fibre

Interferometers*

Polarimeters

SM

PMSM

interference between

two waves

two single-mode

fibres in the two

arms or one arm

with two

polarizations

Phase modulators* SM photo-elastic effect

(see linear switch)

fibre sheathed with

copolymer

Intensity

modulators

SM Acoustic wave

MM Multimode fibre
SM Single-Mode fibre
PMSM Polarization-Maintaining Single-Mode fibre
SMREDF Single-Mode Rare-Earth Doped Fibre

* Linear and non-linear devices (other devices are only linear)
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7.2 NEW DEVELOPMENTS

The other aim of this final chapter is to indicate applications in which

optical systems have real and identifiable advantages and to identify

some important technological and conceptual advances, which are

likely to take place in the near future.

The applications of the optical fibre devices are today mainly for

telecommunications, but probably in the future for sensors and signal

processing.

The dense wavelength division multiplexing (WDM) optical net-

works, especially in a reconfigurable network, demand optical devices

such as wavelength add/drop multiplexers and optical cross-connect

(OXC) switches. Significant efforts have been devoted to the design of

high capacity, flexible, reliable and transparent multi-wavelength

optical networks.

Ultrahigh-speed all-optical time division multiplexed (TDM)

systems are of great interest, and a single wavelength TDM system

with a bit rate as high as 400 Gbit/s has been demonstrated. Optical

switching devices with ultrafast responses are required in order to

perform multi/demultiplexing in such high-speed optical networks.

Non-linear optical loop mirrors (NOLM) and non-linear amplifying

loop mirrors (NALM) are simple fibre-based devices, easy to produce.

These devices possess optical switching properties when they are

unbalanced by an asymmetric coupler and gain element. The NOLM

has been one of the most successful devices for demonstrating a range

of all optical processing: soliton switching, demultiplexing, wavelength

conversion, and optical logic functions.

Fibre optics switches are used to reconfigure networks and increase

their reliability. Low optical insertion loss and cross-talk are two of the

most important requirements for optical switches. If opto-mechanical

switches have lowest loss and crosstalk they are bulky, slow and

expensive. Such devices based on fibres are better; however another

attractive technology for making optical systems is micro-electro-

mechanical systems (MEMS) technology, which can be coupled to

optical fibre in order to construct new devices, for example, switches

with N ports. It is possible to fabricate movable structures, micro-

actuators, and micro-optical components, using low cost batch fabrica-

tion techniques similar to semiconductor electronic chip production

processes. They can be monolithically integrated. Multi-wavelength

optical switches forWDM applications have been described, usingmicro

mirrors or for cross connections.

The acousto-optic effect in single-mode fibres has many applica-

tions in coupler and taper technology. Acousto-optic Bragg diffraction

is an interaction between two or more light waves and an acoustic
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(mechanical) wave in optical material. An AO device can be made to act

as an optical switch by turning the acoustic wave on or off and as a

modulator or variable beamsplitter by changing the acoustic ampli-

tude. It is also a frequency shifter because the index modulation travels

along the acoustic wave leading to a Doppler shift.

Gratings, in particular long period fibre gratings (LPFGs), are

important in a wide variety of telecommunications and sensing

applications (Kashyap 1999). The development of Bragg grating

applications in the last ten years is very important in research and

industry. LPFGs are attractive fibre optic devices for use as band

rejection filters with compactness, low insertion loss and low back-

reflection. They are of particular interest as gain-flattening filters for

EDFAs, narrow band filtering, dispersion compensation, spectral

shaping of broadband sources, optical fibre polarizers, laser stabiliza-

tion and as optical sensors for measuring temperature, pressure or

refractive index of liquids.

EDFAs operate in the optical fibre transmittance window at

around 1550 nm and have obtained a wide acceptance in the optical

fibre communication industry in the past few years due to compat-

ibility with the standard silica fibres, low-loss coupling, low cross-talk,

high gain and low noise figures (Digonnet 1993). Optically preampli-

fied receivers employing EDFAs have now been implemented in multi-

gigabit systems operating at more than 10 Gbit s21.

Multiple-wavelength fibre lasers are of interest for various

applications such as WDM transmittance systems, optical sensing or

optical signal processing. Simultaneous lasing at eight wavelengths

has been achieved with an zirconium-doped fibre laser and several

Bragg gratings written on the same segment of the fibre core (Wei et al.

2000). Other studies report the generation of high energy sub-

picosecond optical pulses.

In the future, new components may be obtained using recent

technology or results such as holey fibre (Bennett et al. 1999) or

photonic crystal fibres (Birks et al. 1997, Ortigosa-blanche et al. 2000,

Ferrando et al. 2000, Randa et al. 2000). Photonic crystal fibres are

guiding structures that possess particular properties that are unusual

in conventional fibres. These are thin silica glass fibres that have a

regular array of microscopic holes that extend along the whole fibre

length. They can potentially be highly birefringent. The single-mode

properties andmode intensity distribution differ from the standard step

index fibre. A large mode range is possible, and these fibres are forecast

to be good candidates for making fibre lasers with Bragg gratings

(Sondergaard 2000).

They are also optical fibres with distributed uniform (or non-

uniform) cores, semiconductor cylinder fibres (Kornreich et al. 1996) and
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infrared carrying fibres (1–6 mm). Fibres fabricated with new materials

such as polymer are also promising for broadband optical amplification

or in local area networks (LANs) (Peng et al. 1996, Tagaya et al. 1993,

Ishigure et al. 2000).

As shown in this book, a great many devices have been conceived,

characterized and constructed. But a large proportion of these devices,

though they may have considerable potential applications, have not yet

been developed commercially. The main reasons are technical

problems involved in their realization and the high costs involved.

The optical fibre component world is expanding fast, and it is

likely that the available tools for a system designer will increase

significantly in the next decade.

REFERENCES FOR CHAPTER 7

Bennet PJ, Monro TM and Richardson DJ 1999 Opt. Lett. 24 1203–5

Birks TA, Knight JC and P St J Russell 1997 Opt. Lett. 22 961

Digonnet MFJ 1993 Rare-earth doped fiber lasers and amplifiers

(Marcel Dekker: New York)

Ferrando A, Silvestre E, Miret JJ, Andres P and Andrès MV 2000 Opt.

Lett. 25 1328–30

Ishigure T, Koike Y and Fleming JW 2000 J. Lightwave Technol. 18

178–84

Kashyap RK 1999 Fibre Bragg Gratings (Academic Press: New York)

Kornreich P, Cheng NS, Wu LM, Tung JT, Boncek R, Krol M, Stacy J

and Donkor E 1996 J. Lightwave Technol. 14 1694–6

Kishi N, Tayama K and Yamashita E 1996 J. Lightwave Technol. 14

1794–800

Ortigoso-Blanch A, Knight JC, Wadsworth W J, Arriaga J, Mangau BJ,

Birks A and PSt J Russell 2000 Opt. Lett. 25 1325–7

Peng GD, Chu P, Xiang Z, Whitbread TW and Chaplin RP 1996 J.

Lightwave Technol. 14 2215–23

Randa JK, Windeler RS and Stenz AJ 2000 Opt. Lett. 25 25

Sondergaard T 2000 J. Lightwave Technol. 18 589–97

Tagaya A, Koike Y, Kinoshita T, Nihei E, Yamamoto T and Sasaki K

1993 Appl. Phys. Lett. 63 883

Wei D, Li T, Zhao Y and Jian S 2000 Opt. Lett. 25 1150–2

References for Chapter 7 259



LIST OF SYMBOLS

Only notation that appears in several chapters is listed

a Core radius

Ae Effective area

AOD Acousto Optic Device

b Fibre radius (core+cladding)

B Birefringence

c Light velocity in empty space

C Coupling coefficient

C 0 Heat capacity

CR Coupling ratio

CW Continuous wave

d Fibre core axes lateral offset at a joint

D(l) Group velocity dispersion ¼ l2@2n=@l2

DFB Distributed feedback laser

E Electrical field of the optical wave

EDFA Erbium doped fibre amplifiers

FDM Frequency division multiplexing

FP Fabry-Pérot

FPM Four photon mixing

FWHM Full width at half maximum

FWM Four wave mixing

g Gain coefficient

G Gain in dB

GVD Group velocity dispersion ¼ DðlÞ
h, h Planck’s constant, Planck’s constant � 2 p
H Magnetic field

HE11 Fundamental mode (or LP01)

i ð�1Þ1=2
Jn(.) Bessel function of order n

k0 Free-space propagation constant of the light

Kn(.) Modified Bessel function of order n

L Fibre length

LAN Local area network

Lb Beat length

Lc Coupling length

LD Laser diode

Le Effective fibre length

LED Light emitting diode

LP01 Fundamental mode (or HE11)

LP11 Second order mode
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MD Multi demultiplexer

n Average refractive index

ne Effective index

n* Non-linear index

n1 Maximum core index

n2 Inner cladding refractive index

n3 Outer cladding refractive index

NA Numerical aperture

NDS Non-dispersion shifted

NLSE Non-linear Schr€oodinger equation

P Power

PC lens Plano convex lens

Q Non-linear coefficient

r Radial distance from fibre axis

R Fibre radius curvature

REDFA Rare-earth doped fibre amplifier

rms Root mean square

SBS Stimulated Brillouin scattering

Si Stokes parameters

SOP State of polarization

SPM Self phase modulation

SRS Stimulated Raman scattering

t Time

T Temperature

TDM Time division multiplexing

Tr Taper ratio

u Normalized transverse propagation constant in the core

V Normalized frequency

w Normalized transverse propagation constant in the clad-

ding

WDM Wavelength division multiplexing

z Abscissa along fibre axis

a Fibre loss per unit length

as Rayleigh scattering loss per unit length

b Propagation constant

D Core-index cladding relative index difference

e electric permittivity

Z coupling efficiency

l Light wavelength in material

lc Cut-off wavelength of a mode

l0 Light wavelength in empty space

LB Bragg period

m Magnetic permeability

n Optical frequency n ¼ o=2p
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na Acoustic frequency

yca Critical angle in the fibre

t Delay time

j Azimuth in cylindrical coordinates

f Total phase of the transmitted field

w Susceptibility

c Field amplitude

o Optical pulsation o ¼ 2pn
o0 Mode field radius of the LP01 mode

O Angular velocity
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SOLUTIONS TO EXERCISES

Solutions to Chapter 1

1.1 R ¼ [(n1 2 n0)=(n1 + n0)]
2 ¼ 0.035

T ¼ 1 2 R = 0.965

1.2 a D ¼ ðn2
1 � n2

2Þ=2n2
1 ¼ 0:0065

b NA ¼ n1ð2DÞ1=2 ¼ 0:1752

c sin yca ¼ NA=n0 ¼ 0:1738 yca ¼ 10�

d dL ¼ Ln1D=n2 ¼ 6:5m and dt ¼ Ln1=c ¼ 33 ns

1.3 a PðzÞ ¼ P010
�aL=10 ¼ 0:63 mW

b PðzÞ ¼ 10�3 mW ¼ 10�az and z ¼ 65:1 km

1.4 V ¼ akNA ¼ akn1ð2DÞ1=2 l ¼ 1:549 mm
n1 ¼ 1:414 n2 ¼ 1:412

1.5 H ^ ðH ^HÞ � H2H ¼ k2emH

Solutions to Chapter 2

2.1 A ¼ 2Dn=ðna2Þ Z ¼ 2pðAÞ�1=2 ¼ 7 mm

Z ¼ pð4AÞ�1=2 ¼ 1:75 mm

2.2 W ¼ 4pI0
Ð
r dr

Ð
sin y cos y dy ¼ p I0 a2 sin2 ym

sin yca ¼ NA ¼ n1 sin yc and I0 ¼ 0:16 GW=m2

2.3 Z ¼ W o=W i ¼ 1� ½4z NA=3p a n0�
Z ¼ 48:77 mW

2.4 Z ¼ 1� 2r=p and r ¼ d=a
Z ¼ 0:34 dB

2.5 a W o ¼ I0p2b
2 and I0 ¼ 0:317 MW=m2

b Wi ¼ I0p2a2 NA2 ¼ 0:09 mW

c Af 5 As and L ¼ W i=W o ¼ a2 sin2 yca=b
2 ¼ 0:017

Wi ¼ 0:09 mW

2.6 Between z ¼ 0 and zM ¼ a=tg yca # a = NA and zM ¼ 159 mm

Solutions to Chapter 3

3.1 F ¼ 1 (2 identical fibres) C ¼ p=Lb ¼ 628.36103 m21

P1 ¼ P0 cos2 (p=Lb) z and P2 ¼ P0 sin2 (p=Lb) z

z1 ¼ 250 mm P1 ¼ 0 P2 ¼ 100 mW

z2 ¼ 2.50 mm P1 ¼ 100 mW P2 ¼ 0
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3.2 j ¼ 2 p d=l ¼ 2 p n L=l
dj ¼ k L (@n=@T þ n a) dT ¼ 47:7 radians

3.3 n1 sin am 2 ne ¼ m lB=L ni ¼ n1 am ¼ �p=2 m ¼ 21

lB ¼ 2neL ¼ 1:55 mm
Every modification upon n1 or L induces a variation dlB=lB

3.4 l0 , ne L sin am ¼ 1þm l0=ne L
a0 ¼ p=2 a 2 1 ¼ 46855 a 2 2 ¼ 25815 a 2 3 ¼ 10826

a 2 4 ¼ �585 a 2 5 ¼ �2187 a 2 6 ¼ �39879 a 2 7 ¼ �66863

3.5 During the delay of propagation upon a coil, the beam splitter

turns of Dl ¼ ROt with t ¼ 2pR/v (v velocity of light in silica). The

length difference between the two propagations is DL ¼ 4pR2O=v
and for N coils Dj ¼ knDL.
So Dj ¼ 8p2R2NOn2=l0c ¼ 2.861024 rd.

Solutions to Chapter 4

4.1 Dna ¼ Sn3kF=4b ¼ 5.5 1024

Dj ¼ 2pDnaL=l ¼ 239 rd

4.2 Dni ¼ 2p=kLb ¼ l=Lb Lb ¼ 500 mm
Dni ¼ 3.161023 y ¼ Dna=Dni ¼ 0.177 rd ¼ 177 mrd

4.3 dn ¼ d (b=R)2 dj ¼ kdnL ¼ kdb2N2p=R ¼ 2 p=m
R ¼ 2pdb2mN=l

4.4 a j ¼ 2pdnL=l ¼ 2p=m ¼ p=2 and m ¼ 4

b dn ¼ 0.133 (b=R)2 and dn ¼ l=4L L ¼ 2pRN so

R ¼ 0:133 ð8pNb2=lÞ R ¼ 37 mm

Solutions to Chapter 5

5.1 –a PðLÞ ¼ Pð0Þ and K ¼ 1,Le ¼ 1=ap
Le ¼ grPð0Þ=apasAe

–b G ¼ 21:6dB

5.2 – nB ¼ �17:3=lP ¼ 13:3 GHz

ns ¼ nB½c=ðnVaÞ � 1�=2 ¼ 2:2961014 Hz

ns ¼ np 2 nB ¼ 2.2961014 Hz

5.3 nB ¼ 11.61 GHz

DnB ¼ 17.6 MHz

gB ¼ 4.2610211 mW21
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5.4 Dc ¼ � l
c

d2n

dl2
and D lð Þ ¼ �l2

d2ne

dl2

D lð Þ ¼ lcDc ¼ 1:32610�6 
 36108 
 1610�12=ð10�9103Þ
DðlÞ ¼ 4610�4

Dkm ¼ 2plD lð ÞO2 with O ¼
op � os

�� ��
2pc

¼
ls � lp
�� ��
lslp

(cm21)

O ¼ (0.3561026)=(1.32 
 1.67610212) ¼ 1580 cm21

Dkm ¼ 2p 
 1.32610 2 6 
 461024 
 1580/1022 ¼ 51761026 m21

5.5 z ¼ 0:322
p2c

l20

 !
t2
Dj j

z ¼ 3:9161026t2 ¼ 977 kms for t ¼ 50 ps

352 kms for t = 30 ps

Solutions to Chapter 6

6.1 Inside a resonator the field is E ¼ tþ tr2 expð�ijÞ
þtr4 expð�2ijÞ þ � � �
The sum is E ¼ t=½1� r2 expð�ijÞ�
In the case of the two loops, the phase j ¼ bðl1 þ l2 þ 2 l3Þ and the

intensity is given by I ¼ E E* ¼ t2=½1þ R2
0 � 2 R0 cosj� with

R0 ¼ R1R2

We have 1þR2
0 � 2 R0 cosj ¼ 1þ ðR1R2Þ2 � 2 R1R2 cosj ¼ 1þ

ðR1R2Þ2 � 2R1R2 þ 2R1R2 � 2R1R2 cosj ¼ ð1�R1R2Þ2 þ
2R1R2ð1� cosjÞ
The transmitted power is t2 ¼ T1T2 expð�2al3)
So I0 ¼ IiT1T2 expð�2al3Þ=½R2 þ 4R1R2 sin

2 j=2� with j=2 ¼ B and

R ¼ 1� R1R2

6.2 The equations (6.5)and (6.6) are obtained using N4 ¼ 0 (without

ESA)

�dN1=d t ¼ dN2=d tþ dN3=d t ¼ 0 (steady state)

N3 
 0 N1 þN2 ¼ N

The first equation of (6.4) gives (6.5)

The two following equations of (6.4) gives (6.6)
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Index

Amplification, amplifiers

based on stimulated Bril-

louin scattering, 179–186

based on stimulated Raman

scattering, 172–179

using rare earth doped

fibres, 25, 222–238

Attenuation, 16, 145

Birefringence, 19–22, 129–134,

155

Birefringent fibres, 19, 105,

202–209

Bragg gratings, 93–99, 101

Brillouin scattering, 179–180

Brillouin amplifier, gain

coefficient, 180–183

Brillouin laser, 183–186

Butt end coupling, 31–33, 60,

61, 66, 67

Circulators, 117

Connectors, 58

Couplers

birefringent fibre polariza-

tion couplers, 137–140

non-linear couplers, 196,

199–202

polarization maintaining,

134

polarization splitting, 135

star couplers, 90–93

X couplers, 80–89, 134–137,

241

Y couplers, 89

Coupling

from fibre to fibre, 49–58

from fibre to waveguide, 58–

64

from semi conductor laser or

LED into fibre, 64–69

theory for circular fibres, 76–

80

Cut-fibre method, 17

Delay lines,117

Depolarizers, 151

Effective index, 14

Expansion beam component

(see also tapers), 39–49

Faraday effect, 133

Fibre, 1–10

birefringent fibres, 19–20,

130, 202–209

characterization, 15–18

doped fibres, 25, 220–225,

235 (see also rare earth

doped fibre/amplifiers/

lasers)

fabrication, 22–25

material, 24

multimode, 6–14, 50–53
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panda, 19, 130, 134, 210

single mode, 14–15

Filters

modal filters, 110

wavelength filters, 106–110

Gratings, 57, 93–99, 101, 239–

241

GRIN lens, 33–35, 54–56, 67, 68

Grooves, 61, 64

Group velocity dispersion, 187,

192

Index (refractive), 2–5, 41, 165,

non-linear index, 165–

166, 189

Index-matching fluid, 32

Interferometers, 118–122, 160–

162

Fabry-Pérot, 238

Mach-Zehnder, 102, 103, 118,

119, 121, 152

non-linear interferometer,

211

Sagnac ,120

Isolators, 159

Kerr non-linearities, 165–167,

188–191

Lasers

Brillouin lasers, 183–186

diode, 26–27, 64–69

rare earth doped fibre laser

(REDFL), 238–247

soliton laser, 195

LED, 28, 64–69

Light sources, 25–28,

superfluorescent, 247

Logic gate, 212

Loops, 116, 177, 183 , 210, 242–

243

Losses

alignment losses, 49

attenuation, 16–17

Material dispersion, 8

Maxwell equations, 10–14

Microcomponants, 33–39, 54–

58

Microlenses, 35–39

Mirrors, 210, 242–243

Mode locking fibre laser, 245

Modes, 10–15

Modulators, 115–116, 212–214

intensity modulators, 116

phase modulators, 115

Multiplexers, 99–103

Non-linearity, 165–167

Normalized frequency, 14, 87

Numerical aperture, 8, 15, 26

Optical pulse compression, 191

Parametric four wave mixing,

186

Poincaré sphere, 21, 202–203

Polarimeters, 160–162

Polarization, 129, 188

Polarization state controllers,

153–159

Polarizers, 140–151

circular polarizers, 151

Preform, 23–24

Propagation in optical fibres,

10–15

Q–switching, 244

Raman scattering, Raman

effect , 167, 172

amplification, Raman gain,

172–179

Rare earth doped fibres, 25, 221

amplifiers 222–225, 236–

238

Er3+ amplifiers, 225–234

Nd3+ amplifiers, 223, 235

other REDFA Pr3+ Yb3+, 235
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REDFLaser, 238–247

Reflection, 2

Reflectors, 243

Refraction, 2

Resonators, 117, 183–186, 242

Retro-diffusion method, 18, 32

Rings, 116, 117, 183–186

Schrödinger

non-linear Schrödinger

equation, 196–199

SELFOC see GRIN lenses

Shifters

frequency shifters, 103–105

phase shifters, 105

Solitons, 186, 191–199

Splice, 49–54

circular fields, 49

elliptic fields, 53

multimodes fibres, 50

single mode, 52

Spot size, 41, 44

Stokes matrix, 132–133

Stokes parameters, 20

Switches

linear switches, 110–114

soliton switching, 196

switches using birefringent

fibres, 202

switches using non-linear

couplers, 199

switches using non-linear

fibre loop mirror, 210

Tapers, 39–49, 56–58

Taps, 114–115

Time delay, 8

Transistor (optical fibre), 214

Tunable laser, 246–247
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