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Chapter 1. Introduction
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The use of light to send messages is not new. Fires were used for signaling in
biblical times, smoke signals have been used for thousands of years and flashing
lights have been used to communicate between warships at sea since the days of
Lord Nelson.

The idea of using glass fibre to carry an optical communications signal originated
with Alexander Graham Bell. However this idea had to wait some 80 years for
better glasses and low-cost electronics for it to become useful in practical
situations.

Development of fibres and devices for optical communications began in the early
1960s and continues strongly today. But the real change came in the 1980s.
During this decade optical communication in public communication networks
developed from the status of a curiosity into being the dominant technology.

Among the tens of thousands of developments and inventions that have contributed
to this progress four stand out as milestones:

1. The invention of the LASER (in the late 1950's)

2. The development of low loss optical fibre (1970's)
3. The invention of the optical fibre amplifier (1980's)
4. The invention of the in-fibre Bragg grating (1990's)

The continuing development of semiconductor technology is quite fundamental but
of course not specifically optical.

The predominant use of optical technology is as very fast “electric wire”. Optical
fibres replace electric wire in communications systems and nothing much else
changes. Perhaps this is not quite fair. The very speed and quality of optical
communications systems has itself predicated the development of a new type of
electronic communications itself designed to be run on optical connections. ATM
and SDH technologies are good examples of the new type of systems.

It is important to realise that optical communications is not like electronic
communications. While it seems that light travels in a fibre much like electricity
does in a wire this is very misleading. Light is an electromagnetic wave and optical
fibre is a waveguide. Everything to do with transport of the signal even to simple
things like coupling (joining) two fibres into one is very different from what happens
in the electronic world. The two fields (electronics and optics) while closely related
employ different principles in different ways.

Some people look ahead to “true” optical networks. These will be networks where
routing is done optically from one end-user to another without the signal ever
becoming electronic. Indeed some experimental local area (LAN) and metropolitan
area (MAN) networks like this have been built. In 1998 optically routed nodal wide
area networks are imminently feasible and the necessary components to build them
are available. However, no such networks have been deployed operationally yet.

In 1998 the “happening” area in optical communications is Wavelength Division
Multiplexing (WDM). This is the ability to send many (perhaps up to 1000)
independent optical channels on a single fibre. The first fully commercial WDM



products appeared on the market in 1996. WDM is a major step toward fully
optical networking.

1.1.1 Optical Transmission System Concepts
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Figure 1. Optical Transmission - Schematic
The basic components of an optical communication system are shown in Figure 1,
above.

» A serial bit stream in electrical form is presented to a modulator, which encodes
the data appropriately for fibre transmission.

* A light source (laser or Light Emitting Diode - LED) is driven by the modulator
and the light focused into the fibre.

e The light travels down the fibre (during which time it may experience dispersion
and loss of strength).

» At the receiver end the light is fed to a detector and converted to electrical
form.

e The signal is then amplified and fed to another detector, which isolates the
individual state changes and their timing. It then decodes the sequence of
state changes and reconstructs the original bit stream.!

e The timed bit stream so received may then be fed to a using device.
Optical communication has many well-known advantages:
Weight and Size

Fibre cable is significantly smaller and lighter than electrical cables to do
the same job. In the wide area environment a large coaxial cable system
can easily involve a cable of several inches in diameter and weighing many
pounds per foot. A fibre cable to do the same job could be less than one
half an inch in diameter and weigh a few ounces per foot.

This means that the cost of laying the cable is dramatically reduced.
Material Cost

Fibre cable costs significantly less than copper cable for the same
transmission capacity.

1 This overview is deliberately simplified. There are many ways to modulate the transmission and the details will vary from this
example but the general principle remains unchanged.
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Information Capacity

The data rate of systems in use in 1998 is generally 150 or 620 Mbps on a
single (unidirectional) fibre. This is because these systems were installed in
past years. The usual rate for new systems is 2.4 Gbps or even 10 Gbps.
This is very high in digital transmission terms.

In telephone transmission terms the very best coaxial cable systems give
about 2,000 analog voice circuits. A 150 Mbps fibre connection gives just
over 2,000 digital telephone (64 Kbps) connections. But the 150 Mbps
fibre is at a very early stage in the development of fibre optical systems.
The coaxial cable system with which it is being compared is much more
costly and has been developed to its fullest extent.

Fibre technology is still in its infancy. Using just a single channel per fibre,
researchers have trial systems in operation that communicate at speeds of
100 Gbps. By sending many (“wavelength division multiplexed”) channels
on a single fibre, we can increase this capacity a hundred and perhaps a
thousand times. Recently researchers at NEC reported a successful
experiment where 132 optical channels of 20 Gbps each were carried over
120 km. This is 2.64 terabits per second! This is enough capacity to carry
about 30 million uncompressed telephone calls (at 64 Kbps per channel).
Thirty million calls is about the maximum number of calls in progress in the
world at any particular moment in time. That is to say, we could carry the
world's peak telephone traffic over one pair of fibres. Most practical fibre
systems don't attempt to do this because it costs less to put multiple fibres
in a cable than to use sophisticated multiplexing technology.

No Electrical Connection

This is an obvious point but nevertheless a very important one. Electrical
connections have problems.

¢ In electrical systems there is always the possibility of “ground loops”
causing a serious problem, especially in the LAN or computer channel
environment. When you communicate electrically you often have to
connect the grounds to one another or at least go to a lot of trouble to
avoid making this connection. One little known problem is that there is
often a voltage potential difference between “ground” at different
locations. The author has observed as much as 3 volts difference in
ground potential between adjacent buildings (this was a freak situation).
It is normal to observe 1 or 2 volt differences over distances of a
kilometer or so. With shielded cable there can be a problem if you
earth the shields at both ends of the connection.

¢ Optical connection is very safe. Electrical connections always have to
be protected from high voltages because of the danger to people
touching the wire.

¢ |n some tropical regions of the world, lightning poses a severe hazard
even to buried telephone cables! Of course, optical fibre isn't subject to
lightning problems but it must be remembered that sometimes optical
cables carry wires within them for strengthening or to power repeaters.
These wires can be a target for lightning.

No Electromagnetic Interference

Because the connection is not electrical, you can neither pick up nor create
electrical interference (the major source of noise). This is one reason that
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optical communication has so few errors. There are very few sources of
things that can distort or interfere with the signal.

In a building this means that fibre cables can be placed almost anywhere
electrical cables would have problems, (for example near a lift motor or in a
cable duct with heavy power cables). In an industrial plant such as a steel
mill, this gives much greater flexibility in cabling than previously available.

In the wide area networking environment there is much greater flexibility in
route selection. Cables may be located near water or power lines without
risk to people or equipment.

Distances between Regenerators

As a signal travels along a communication line it loses strength (is
attenuated) and picks up noise. The traditional way to regenerate the
signal, restoring its power and removing the noise, is to use a either a
repeater or an amplifier. These are discussed later in 5.10, “Repeaters” on
page 261.2 (Indeed it is the use of repeaters to remove noise that gives
digital transmission its high quality.)

In long-line optical transmission cables now in use by the telephone
companies, the repeater spacing is typically 40 kilometres. This compares
with 12 km for the previous coaxial cable electrical technology. The
number of required repeaters and their spacing is a major factor in system
cost.

Some recently installed systems (1997) have spacings of up to 120
kilometres.3

Open Ended Capacity

The maximum theoretical capacity of installed fibre is very great (almost
infinite). This means that additional capacity can be had on existing fibres
as new technology becomes available. All that must be done is change the
equipment at either end and change or upgrade the regenerators.

Better Security

It is possible to tap fibre optical cable. But it is very difficult to do and the
additional loss caused by the tap is relatively easy to detect. There is an
interruption to service while the tap is inserted and this can alert operational
staff to the situation. In addition, there are fewer access points where an
intruder can gain the kind of access to a fibre cable necessary to insert a
tap.

Insertion of active taps where the intruder actually inserts a signal is even
more difficult.

However, there are some limitations:
Joining Cables

The best way of joining cables is to use “fusion splicing”. This is where
fibre ends are fused to one another by melting the glass. Making such
splices in a way that will ensure minimal loss of signal is a skilled task that

2 Repeaters have been in use for many years in digital electronic connections.
3 As will be seen later, optical amplifiers are replacing repeaters as the technology of choice in long-line communications.
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requires precision equipment. It is particularly difficult to do outdoors in
very low temperatures, such as in the North American or European winter.

In the early days of fibre optical systems (the early 1980s) connectors
which allowed cables to be plugged and unplugged were unreliable and
caused a large amount of signal loss (as much as 3 dB per connector). Of
course, the larger the core diameter of the fibre, the easier it is to make a
low-loss connector. In the last few years connector systems for fibres with
thicker cores (multimode fibres) have improved to the point where the use
of a large number of connectors in a LAN system can be very reliable.
Typical connector loss for an "SC” coupler (a popular modern type) using
62.5 micron fibre is around .3 dB. It is not this good with single-mode fibres
of small core diameter.

One of the major system costs is the cost of coupling a fibre to an
integrated light source (laser or LED) or detector on a chip. This is done
during manufacture and is called “pigtailing”. Although the cost of optical
transceivers has decreased rapidly in the last few years, these are still
twice the cost (or more) of the same transceivers using electrical
connection. For example the current market price of FDDI adapters
operating over a copper medium is around half that of the same adapter
using fibre. The cost difference is in the optical transceivers and the

pigtailing.
Bending Cables

As light travels along the fibre, it is reflected from the interface between the
core and cladding whenever it strays from the path straight down the
center. When the fibre is bent, the light only stays in the fibre because of
this reflection. But the reflection only works if the angle of incidence is
relatively low. If you bend the fibre too much the light escapes.

The amount of allowable bending is specific to particular cables because it
depends on the difference in refractive index, between core and cladding.
The bigger the difference in refractive index, the tighter the allowable bend
radius. There is a tradeoff here because there are many other reasons that
we would like to keep this difference as small as possible.

Slow Standards Development

This is nobody's fault. Development is happening so quickly, and getting
worldwide agreement to a standard is necessarily so slow that standards
setting just can't keep up. Things are improving considerably and very
quickly, however. Cable sizes and types are converging toward a few
choices, although the way they are used is still changing almost daily.

There are now firm standards for optical link connections in LAN protocols
(token-ring, Ethernet and FDDI), SDH (for the wide area) and in ATM for
both the LAN and the wide area.

Optics for Transmission Only

Until very recently there was no available optical amplifier. The signal had
to be converted to electrical form and put through a complex repeater in

order to boost its strength. Recently, optical amplifiers have emerged and
look set to solve this problem (see 5.2, “Optical Amplifiers” on page 157).

However, optical logic processing and/or switching systems seem to be a
few years off yet.
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Gamma Radiation

Gamma radiation comes from space and is always present. It can be
thought of as a high-energy X-ray. Gamma radiation can cause some
types of glass to emit light (causing interference) and also gamma radiation
can cause glass to discolor and hence attenuate the signal. In normal
situations these effects are minimal. However, fibres are probably not the
transmission medium of choice inside a nuclear reactor or on a
long-distance space probe. (A glass beaker placed inside a nuclear reactor
for even a few hours comes out black in color and quite opaque.)

Electrical Fields

Very high-voltage electrical fields also affect some glasses in the same way
as gamma rays. One proposed route for fibre communication cables is
wrapped around high-voltage electrical cables on transmission towers. This
actually works quite well where the electrical cables are only of 30000 volts
or below. Above that (most major transmission systems are many times
above that), the glass tends to emit light and discolor. Nevertheless, this is
a field of current research - to produce a glass that will be unaffected by
such fields. It is a reasonable expectation that this will be achieved within a
very few years.

Some electricity companies are carrying fibres with their high voltage
distribution systems by placing the fibre inside the earth wire (typically a 1
inch thick aluminium cable with steel casing). This works well, but
long-distance high-voltage distribution systems usually don't have earth
wires.

Sharks Eat the Cable(?)

In the 1980s there was an incident where a new undersea fibre cable was
broken on the ocean floor. Publicity surrounding the event suggested that
the cable was attacked and eaten by sharks. It wasn't just the press; this
was a serious claim. It was claimed that there was something in the
chemical composition of the cable sheathing that was attractive to sharks!
Another explanation was that the cable contained an unbalanced electrical
supply conductor. It was theorised that the radiated electromagnetic field
caused the sharks to be attracted.

Other people have dismissed this claim as a joke and suggest that the
cable was badly laid and rubbed against rocks. Nevertheless, the story has
passed into the folklore of fibre optical communication and some people
genuinely believe that sharks eat optical fibre cable.

Gophers (and Termites) Really Do Eat the Cable

Gophers are a real problem for fibre cables in the United States. There is
actually a standardised test (conducted by a nature and wildlife
organisation) which involves placing a cable in a gopher enclosure for a
fixed, specified length of time. In other countries termites have been known
to attack and eat the plastic sheathing.

Most people evaluate the advantages as overwhelming the disadvantages for most
environments. But advantages and disadvantages need to be considered in the
context of the environment in which the system is to be used. The types of fibre
systems appropriate for the LAN environment are quite different from those that are
optimal in the wide area world.

Understanding Optical Communications



1.1.2 Optical Networking
A network may be defined as a collection of transmission links and other equipment
which provides a means of information interchange within a group of end users.
The concept includes a number of key notions:

1.

The objective of the network is to provide a means of information interchange
between end users.

. The network usually contains some shared resources. That is, links and

switching nodes are shared between many users.

. Most networks have a common (often centralised) network management

system.

. Information may be exchanged between any user and any other user. This

concept while common in communication networks is far from being universal.
Many networks exist for the purpose of connecting a few thousand devices to
only one (or a few) central device(s). For example in a network of cash
dispensers there is no communication (and no conceivable need for
communication) between the cash dispensers - all communication is to/from a
central computer.

. A single user may communicate with multiple other users either simultaneously

or serially (one after another) using only a single connection to the network.
Again, this is a very common characteristic of networks but it is by no means
universal. Some networks provide fixed connections between pre-determined
end users with no possibility for quick changes. The characteristic here that
qualifies such a system to be called a network would be the sharing of
intermediate switching nodes and/or transmission links within the network.

. The term “network” also usually implies a geographic separation between end

users. This is not always true in the sense that communicating end users may
be across the room or across the world.

There are many types of networks.

Perhaps the simplest kind provides a fixed communication path (or rather, a
collection of fixed paths) between end users.

A slightly more complex type is where there is only one connection allowed per
user but users may make arbitrary connections at will with other end users.
The telephone network is a good example here.

More complex are so-called “packet switching” networks where information is
carried between end users in the form of packets (a.k.a. frames or cells). In
these networks a single end user is usually capable of communicating with a
large number of other end users at the same time.

Packet switched networks themselves come in many types. In a
“connection-oriented” network paths through the network are defined before
information is transferred. Information is always transferred along the
predefined path. In a “connectionless” network frames of data are routed
through the network based on a destination address carried within the data
itself. In this case there is no necessary correlation between the path through
the network taken by one particular frame of information and the next frame of
data sent by the same user to the same destination.

Another major distinction between networks comes from the method by which
switching is performed.

Chapter 1. Introduction 9



— Most networks (especially wide area ones) contain nodal points where
information is switched from link to link. The nodes typically consist of a
computer-like device.

— Other networks switch information by placing frames onto a shared medium
(such as a bus) to which many end users are connected. Each end user
filters the information and pays attention to only information addressed to it.
This type is typical of Local Area Networks (LANS).

Networks may be further characterised by their geographic extent such as:

* Local Area Network (LAN)
e Metropolitan Area Network (MAN)
¢ Wide Area Network (WAN)

These names don't only delimit or suggest geographic extent but also denote quite
different types of networks which have evolved to meet the requirements of the
different environments.

Optical networking is just beginning! In some areas (such as the LAN) quite large
experimental (but nevertheless operational) networks have been built. In other
areas (such as packet networks) researchers are still wrestling with the problems of
applying the concepts in an optical world.

The simplest type of network is where a single link is shared by many different
communications between different end users. This is achieved in commercial
operation today in Wavelength Division Multiplexing (WDM) systems. A simple
extension of WDM allows for long links where channels are tapped off to service
individual end users along the way. Networks using this principle (add/drop
multiplexing) are possible today and a number of very large networks are planned.

Wide area switched networks (similar to the telephone network) could be built today
as all of the required components are available. It is expected that networks of this
kind will develop and become common within the next few years. Optical packet
switching is a long long way from reality and indeed may not ever be achievable.

However, to realise the benefits of optical technology it will be necessary to build
fully optical networks. It is self-defeating to convert the signal from optical to
electronic form every time it needs to be routed or switched. It seems likely that
fully optical networks will not be just optical copies of concepts well explored in the
electronic networking world. Over time we can expect new types of networks to
evolve which may have some similarities with electronic networks but which will
make use of the properties and characteristics of unique optical components.

1.1.3 Optical Interconnects

10

Over the past ten years optical fibre has been used occasionally to make
connections between parts of electronic communication switches and/or computers.
Today, the limits of electronic communications are being approached and fibre is
being considered as a major means of connection between shelves and frames in
major electronic devices.

Understanding Optical Communications



1.1.4 Optical Computers

There is very strong current research activity in the area of providing “optical
computers”, that is, computers where the logic is completely optical and the signal
is carried optically rather than electrically. Much progress is being made, but it is
generally believed that the fruit of this research is many years off yet.

1.1.5 Further Reading

This book is not intended as a text on optical communication. It is a very high level
tutorial from the perspective of an individual engineer who works in the field.

The author hopes that some readers will come to share the excitement and
fascination that the field offers. A large part of this is due to the fact that fibre
optics lives at the crossroads of a number of scientific and engineering disciplines.
Physics, chemistry, electronics, traditional optics, engineering and mathematics all
have a role to play.

The following references are the ones the author has used extensively over the last
few years. All of them are good.

In trying to understand the field you will find that the texts often come from different
perspectives and have widely different emphases. This is good. But it is extremely
important to understand that the field while new is also quite old... Optical fibre
research dates back to the 1950's and the first operational systems started in the
1970's. The industry has gone through a number of “generations” of technology
already. The most important thing about any book is its date. Over the years
aspects of technology that once looked important and promising failed to mature or
gain acceptance and later became just curiosities.

A good example here is coherent optical transmission systems. In the late 1980's
this was a major research focus and looked to many to be the path for future long
distance high-speed systems. However, coherent detection has proven to be very
difficult indeed. In addition, the advent of the Erbium Doped Fibre Amplifier has
delivered most of the performance enhancement that coherent systems might have
provided. Despite the fact that many books (including this one) contain much
material on coherent systems there is almost no current research in the area and
there are no operational systems.

The message is that you will see lots of different devices and techniques described
in the literature. Not all of these can be considered in any way current or potential
for the future. The only way to make the distinction is to develop an insight into the
on-going development of the field. This must not be interpreted to mean that all
books older than a few years are no longer relevant. To the contrary, the scientific
principles involved do not change and this aspect of every book retains its
relevance. In addition, there are some books that are considered classics in the
field which should be read by every serious student (good examples here are the
books by Agrawal (1989) and by Snyder and Love (1983)). Nevertheless, be
aware of the date on that book!

Chapter 1. Introducton 11



1.1.5.1 Texts
Govind P. Agrawal (1989)

Nonlinear Fibre Optics: Academic Press, New York.
Govind P. Agrawal (1995)

Nonlinear Fibre Optics - Second Edition: Academic Press, New York.
Frederick C. Allard (1989)

Fibre Optics Handbook for Engineers and Scientists: McGraw-Hill, New
York.

Christopher C. Davis (1996)

Lasers and Electro-Optics, Fundamentals and Engineering: Cambridge
University Press, New York, Melbourne.

Casimer DeCusatis, Eric Maass, Darrin P. Clement and Ronald C. Lasky
(1998)

Handbook of Fibre Optic Data Communication: Academic Press, London.
Richard P. Feynman (1985)

QED - The Strange Theory of Light and Matter. Penguin Books, London.
Grant R. Fowles (1975)

Introduction to Modern Optics: Dover Publications, Inc., New York.
John Gower (1984)

Optical Communication Systems: Prentice Hall, Englewood Cliffs, New
Jersey 07632.

Paul E. Green (1993)
Fibre Optic Networks: Prentice Hall, Englewood Cliffs, New Jersey 07632.
Christian Hentschel (1989)

Fibre Optics Handbook: Hewlett-Packard Gmbh, Boeblingen Instruments
Division, Federal Republic of Germany.

Robert J. Hoss (1990)

Fibre Optic Communications Design Handbook. Prentice Hall, Englewood
Cliffs, New Jersey 07632.

Gerd Keiser (1991)

Optical Fibre Communications - Second Edition. McGraw-Hill, Inc., New
York.

Francois Ladouceur and John D. Love (1996)

Silica-based Buried Channel Waveguides and Devices: Chapman and Hall,
London.

Jean-Pierre Laude (1993)

Wavelength Division Multiplexing: Prentice Hall, Englewood Cliffs, New
Jersey 07632.

S. G. Lipson, H. Lipson and D. S. Tannhauser (1995)
Optical Physics. Cambridge University Press, New York, Melbourne.
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Jacob Millman and Arvin Grabel (1987)

Microelectronics: McGraw-Hill, New York.
B.E.A. Saleh and M.C. Teich (1991)

Fundamentals of Photonics: John Wiley and Sons, Inc., New York.
John M Senior (1992)

Optical Fibre Communications: Principles and Practice, Second Edition:
Prentice Hall, Englewood Cliffs, New Jersey 07632.

A. W. Snyder and J. D. Love (1983)
Optical Waveguide Theory. Chapman and Hall, London.
J. Wilson and J. F. B. Hawkes (1989)

Optoelectronics, An Introduction - Second Edition: Prentice Hall, Englewood
Cliffs, New Jersey 07632.

1.1.5.2 Educational Web Sites of Interest

There are probably thousands of sites on the Internet that contain useful
information. Unfortunately, the addresses change so quickly that publishing them in
a book is of doubtful value. However there are two extremely interesting
educational sites:

The Light Guide
This site can be found at:
www.vislab.usyd.edu.au/photonics

This is an online tutorial introduction to optical fibre communications. This
was developed by the Australian Photonic CRC, (a cooperative including
several leading Australian Universities), to introduce senior level high school
students to optical communication. It is strongly recommended to anyone
wishing to get an introduction to the field.

The Gateway Coalition - Solid State Materials Project
The address of this site is:

http://www.cooper.edu/engineering/projects/gateway/ee/solidmat/...
solidmat.html

This site contains some lecture notes for a university course on solid state
materials. Module 4 is titled “Optical Fibres Lecture Notes” and Module 5 is
“Manufacture and Physical Properties of Optical Fibres”.

Fiber Optic Sensor Technology Handbook

This is quite a good book with a section on the basics of optical fibre
communication as well as its main topic of sensor technology. It is
available for download at the following address:

http://fiberoptic.com/handbook2.htm]
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1.1.5.3 Industry Magazines

There are a number of industry magazines that are available “free” to people
involved in the industry. These magazines often include interesting technical
articles but are mainly useful for their advertising. Reading the advertisements can
give you an understanding of what products are available and (sometimes) an idea
of their costs. Following are details of three of these including their web site
addresses.

LaserFocus World is published by PennWell Publishing Co., Tulsa, OK. Their
web site is:

http://www.lfw.com/

Photonics Spectra Magazine is publshed by Laurin Publishing Company,
Pittsfield, MA.

http://www.laurin.com/

Fiberoptic Product News is published by Gordon Publications of Morris Plains,
NJ. Their web site is:

http:/www.fpnmag.com/

1.1.5.4 Professional Societies

The professional societies make a major and critical contribution to the ongoing
development of the field. They are also perhaps the primary source of
leading-edge technical information. Their main activities are publishing serious
technical journals and organising conferences. In addition, the IEEE is a major
standards-making body.

People seriously interested in following any technical career in communications
should consider joining one of these societies.
Details of professional society activities may be obtained from their web sites:
The Institute of Electrical and Electronics Engineers (IEEE)
http://lwww.ieee.org/
Optical Society of America
http://www.osa.org/
The International Society of Photooptical Instrumentation Engineers (SPIE)
e http://www.spie.org/
e http://www.optics.org/

1.1.5.5 WWW Directory

The IEEE Lasers and Electrooptics Society keeps a web page entitled “Sites of
Professional Interest along the Information Superhighway”. This excellent site is a
directory to many sites of interest in the optical communications world. Its url is:

http://engine.ieee.org/society/1eos/LEOSweb.html
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Chapter 2. Optical Fibre

2.1 The Nature of Light

We all know a lot about light - it is the basis of our most important sensory function.
But the question of what light “really is” can be elusive. Light is usually described
in one of three ways:

© Copyright IBM Corp. 1998

Rays

In the classical physics that many of us learned at school, light consisted of
“rays” that could be reflected and refracted through mirrors and prisms etc.
This is a good description as far as it goes but it cannot explain many of
the phenomena we make use of in optical communications.

The problem is that when you try to study “rays” very closely they start
behaving like waves. For example, if you pass a beam of light through a
small hole or slit about the same diameter as the wavelength the “ray”
spreads out at the edges (it diffracts). Also, if you let multiple rays of
coherent light (light that is in phase with itself) mix together on a projection
screen you get interference effects between the two rays (this forms a
pattern of light and dark rings on the screen). Neither of these phenomena
(diffraction or interference) are consistent with a ray description.

In this book we will use the ray model for a number of purposes and in
particular to discuss light propagation in multimode fibres. This is the most
understandable way. In general the ray model is fine when the distances
involved in the device are many times larger than the wavelength.

Electromagnetic Waves

In the context of optical communications, most of the time it will be found
that the best way of regarding light is to think of it as an electromagnetic
wave. In this view it is no different from a radio wave except that the
wavelength is much shorter!

In this book we will use this model for most discussions. It is the only
satisfactory way of conceiving of light propagation in a single-mode fibre,
the operation of a Bragg grating or the operation of optical couplers and
splitters.

Photons

In many contexts light behaves as though it consists of tiny particles called
“photons”.

There are a number of phenomena that the wave model of light can't
explain. The best known of these is the “photoelectric effect”.

When light falls on a metal plate electrons are dislodged and can be
collected on another metal plate nearby. Thus we can generate a current
between the two plates. This current can be shown to be proportional to
the amount of light that falls on the plate. But if you measure the energy of
the electrons dislodged you find a disturbing thing. The electrons dislodged
by incident light have a range of energies but these energies are exactly
the same regardless of the intensity of the light! The range of energies
varies with the wavelength of the incident light but it doesn't change with
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intensity! If light was made up of waves consisting of an infinitely variable
amount of energy this should not be so. The explanation (due to Einstein)
is that light consists of tiny particles (“corpuscles” or photons). A single
photon dislodges a single electron and gives up all of its energy to the
electron in so doing. Greater intensity just means more photons but the
energy of each is exactly the same.

This is a useful perspective and is used in many contexts but it too cannot
explain many of the observed phenomena.

In our discussion of lasers and LEDs (in Chapter 3, “Optical Sources” on
page 79) we will use the concept of light as particles extensively.

It is a fair generalisation to say that light may be looked on as a wave in situations
where we are studying transmission or propagation. It may often be regarded as a
particle when we are studying its interactions with matter and/or when it is in a
confined space (where one dimension of the space is smaller than about 4 times
the wavelength).

In the past the question of just what light “really is” has aroused significant
controversy among physicists. In 1905 the eminent physicist Max Planck
nominated Einstein for membership in the Royal Prussian Academy of Sciences.
One section of the nomination letter is as follows: “that he may sometimes have
missed the target in his speculations, as for example in his theory of light quanta,
cannot really be held against him.” They didn't hold it against him. In 1921 Einstein
was awarded the Nobel Prize for his theory of light quanta (among other things)!

The fact is that rays, photons and waves are all useful analogies that help us to
understand what light really is from different viewpoints. Of course, light is all of
the above and none of them. The problem is not the enigmatic nature of light but
our lack of a more adequate analogy to aid understanding.

This is a little like the famous three blind people examining an elephant. One finds
a tree trunk, another a snake the third a rope. It all depends on your point of view.

2.1.1 Light as an Electromagnetic Wave
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Figure 2. The Electromagnetic Spectrum

There are many excellent textbooks (in Physics, Electronics and Fibre Optics)
which deal in depth with the electromagnetic wave nature of light.* Indeed, over the
years many trees have been assassinated providing paper for the printing of
Maxwell's equations. However, some readers may not wish to inquire into this
fascinating subject in depth so a very short conceptual introduction is provided
here.

One way of thinking about light is to conceive of it as an electromagnetic wave just
like a radio wave. Indeed, the word “like” here is a problem. Light and radio waves
are not really “like” one another. They are exactly the same thing! The only
difference is the wavelength.

An electromagnetic wave consists of two fields. An electric field and a magnetic
field. Both of these fields have a direction and a strength (or amplitude). Within
the electromagnetic wave the two fields (electric and magnetic) are oriented at
precisely 90° to one another. The fields move (by definition at the speed of light) in
a direction at 90° to both of them! In three dimensions you could consider the
electric field to be oriented on the y-axis, and the magnetic field on the x-axis.
Direction of travel would then be along the z-direction.

4 A list of some relevant books may be found in the bibliography at the end of Chapter 1.

Chapter 2. Optical Fibre 17



Figure 3. The Structure of an Electromagnetic Wave. Electric and magnetic fields are
actually superimposed over the top of one another but are illustrated separately for clarity in
illustration. The z-direction can be considered to be either a representation in space or the
passing of time at a single point.

It is useful to compare this with wave motion in water which we can see easily. If
we look at a twig floating on a pool of water where there are waves we notice that
the twig moves up and down in one place. The waves move across the water but
the water particles themselves move vertically and have no “forward” motion. Thus
wave motion is at 90° (transverse) to the direction of wave travel. This is exactly
what is happening with electromagnetic waves. This contrasts with sound waves
where the oscillation is in the same direction as wave travel.

As the electromagnetic wave moves the fields oscillate in direction and in strength.
Figure 3 shows the electric and magnetic fields separately but they occupy the
same space. They should be overlayed on one another and are only drawn this
way for clarity. We could consider the z-direction in the figure to represent passing
time or it could represent a wave travelling in space at a single instant in time.

Looking at the electric field and assuming we are watching time passing, we see
that at the start the field is oriented from bottom to top (increasing values of y).
Some time later the field direction has reversed. At a still later time the field
direction has reversed again and it has now reverted back to its original direction.

The curved line is intended to represent field strength. The field might start at a
maximum in one direction, decay to a zero and then build up in the other direction
until it reaches a maximum in that other direction. The field strength changes
sinusoidally.

The key here is that we have two fields and they oscillate in phase. That is the
electric and magnetic fields reach their peaks and their nulls at exactly the same
time (and place).®> The rate of oscillation is the frequency of the wave. The distance
travelled during one period of oscillation is the wavelength.

5 Strictly this is only true for light that is “linearly” polarised.
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Figure 4. Amplitude Fluctuation in an Electromagnetic Wave. Here both the electric field
and the magnetic field are shown as a single field oscillating about a locus of points which
forms the line of travel.

So we might visualise a “particle” or ray of light travelling through space as two
interlocking force fields (electric and magnetic). These fields centre on a point
(over time this is of course a line in the direction of propagation) and decay
exponentially as we move away from that point (or line).6

2.1.2 Polarisation

It is clear from Figure 3 on page 18 that there are two possible ways to orient
these fields. In the figure we show the electric field in the vertical plane and the
magnetic field in the horizontal plane. We could have drawn the magnetic field in
the vertical plane and the electric field in the horizontal. Equally clearly, the axes
are perfectly arbitrary and we could draw the fields with any orientation we like
between the two. It's just a question of how you choose your axes.

However, if we have an electromagnetic field with the electric field in the vertical
position (in relation to some arbitrary axis) then we could have another
electromagnetic field with the electric field in the horizontal orientation (in relation to
the same axes). When this happens the two electromagnetic waves are orthogonal
to one another! That is, they are independent and do not interfere with each other.

It is also clear that any electromagnetic wave that is oriented between what we
have called “vertical” and “horizontal” can be resolved as two components (one in
each of the orthogonal directions).

The orientation of the electromagnetic field is referred to as “polarisation”. The
established convention when discussing polarisation of electromagnetic fields is to
refer to the direction of the electric field with respect to some plane or boundary
towards which the wave is headed. At any instant in time the fields are oriented in
a particular direction (vertical or horizontal or somewhere in between).

6 This description pre-supposes certain boundary conditions on the transmission. It is however appropriate to light travelling (in a
bound mode) within an optical fibre.
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Figure 5. Circular Polarisation. The direction of the electric field vector is represented by
the arrows. As time passes (along the z-axis) the electric field rotates by 360 degrees in
each wavelength period. Four cycles are illustrated.

However, the field orientations can also change over time and we get what are
called “circular” and “elliptical” polarisations. These polarisations occur when the
moving fields rotate during their travel. Circular polarisation results when the
direction of the electric field rotates through 360° during one wavelength. Of course
the associated magnetic field rotates with it. This is illustrated in Figure 5.

Elliptical polarisation results when the period of rotation of the fields is not the same
as the wavelength.

Actually, circular and elliptical polarisations result when the propagation speed of
the two orthogonal polarisations are slightly different (usually caused by the
material having a slightly different refractive index in each polarisation). See
2.4.2.1, “Polarisation Mode Dispersion (PMD)” on page 61.

2.1.3 Interference
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The phenomenon of interference is one of the most interesting and important
aspects of optical engineering. Indeed, interference is basic to almost everything
we do in fibre optic communications. However, while it can be described very well
mathematically a good intuitive description of what it is still eludes us.

2.1.3.1 Young's Experiment
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Figure 6. Young's Experiment

Historically the most important experiment on optical interference was performed by
Thomas Young in 1802.
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The set up he used is shown in Figure 6. Sunlight is first passed through a prism
to produce light of a single wavelength (monochromatic light). Then it is passed
through a narrow slit or pinhole. The resulting “ray” or “beam” illuminates a pair of
parallel, narrow slits. After passing through the slits the light is projected onto a
screen. The result is the famous pattern of light and dark “interference fringes”.

Monochromatic COIhehrent
Light light
— —

— —

— -

Small slits
<A

Figure 7. Interference Effects

A number of observations may be made here:

* You don't really need the prism when dealing with sunlight but it heightens the
effect significantly. Without a prism you get blurry regions of light and dark as
the location of the lines depends on the wavelength.

e By passing the light through the first slit or pinhole we are ensuring that the
beam that illuminates the pair of slits is coherent. Coherent light is light in the
form of a continuous wave which is in phase with itself over some long period.
With the double slit setup you get many parallel waves out of phase with each
other but coherent within themselves. Today, you could eliminate the first slit
and use a laser for illumination but in 1802 it was to be 160 years before the
laser was invented.

¢ The pattern of light and dark lines is caused by the difference in distance
travelled to the screen by light from the two slits. Since the light illuminating
both slits is coherent (that is, it is in phase) the waves reinforce one another on
the screen when their electric field vectors are in phase. They cancel one
another when the vectors are out-of-phase. This is illustrated in Figure 7.
Thus when the difference in distance travelled is an exact multiple of the
wavelength (I1 and Iz in the diagram) we get reinforcement and a bright band.
When the difference in path length is an odd number of half-wavelengths (I3
and la in the diagram) we get destructive interference and a dark band.

e |tis important to note here that what has happened is that power has been
transferred from the dark bands to the bright ones. The total optical power
projected on the screen is the same. No power has been lost. Energy is
conserved.

The above described behaviour is very convincing evidence for the wave nature of
light. But if we repeat the experiment using extremely low light levels something
interesting happens.
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e First, we replace the screen with a series of very sensitive electronic optical
detectors.”

¢ Next we illuminate the dual slits with a laser through a filter that attenuates the
light to such a low level that only individual photons get through.

As mentioned before, when we get to very low light levels detectors always
measure light in quanta (or “clicks” on the detector). When the light intensity is
increased you get more clicks - NOT louder ones. This shows that the light is
behaving as particles (as photons).

¢ An interesting effect is observed. Depending on the location of the detector the
number of photons registered (clicks) is proportional to the light intensity
observed at that same place when we illuminate the slits with a bright light. In
other words we don't get softer clicks, we get a number exactly (statistically)
proportional to the light intensity expected at that point on the screen!

* If you put a detector at one of the slits to detect passing photons the effect
disappears!

» If you cover one slit, the effect disappears and you get photons hitting the
screen uniformly as we might expect from a uniform source.

e This is very hard to explain! If light travels as “photons” then a photon must go
through one slit or the other. If we use a light level sufficiently low so that
photons are spaced a long time apart (say a second) there can be no question
of wavelike interference. But the interference effect still occurs! Clearly the
photon passes through both slits!

2.1.3.2 Transmission through a Sheet of Glass

The effects of interference can best be illustrated by observing what happens when
a beam of light shines on an interface between glass and air. This is shown in
Figure 8 on page 23.

When the incident light is normal (or perpendicular) to such an interface close to
4% of it is reflected. (The reflected percentage is higher if the light is incident at a
more oblique angle.) In practice any abrupt interface between two materials of
different refractive index® will cause a reflection. The amount of that reflection
depends on the difference in refractive index of the two materials. As shown in the
diagram we get the same 4% regardless of whether the light is coming from the air
side or from the glass side.

7 Photomultiplier tubes.

8 The refractive index (RI) is the ratio of the speed of light in a vacuum to the speed of light in the substance in question. In this
book the abbreviation Rl is used in the text. In mathematical formulae the letter “n” is used to designate the RI. See E.3.1.1,
“Refractive Index” on page 588.
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Figure 8. Reflection of Light from a Glass/Air Interface

The interesting part is what happens when a beam of monochromatic light shines
at a normal to a thin sheet of glass.® It seems obvious that 4% will be reflected
from the top junction and 4% from the bottom for a total reflection of 8%.

Surprisingly this is precisely what does not happen.
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Figure 9. Interference Effects when passing Light through a Glass Sheet

The effect observed depends on the thickness of the glass sheet.

¢ |f the sheet is extremely thin then all of the light passes through without any
appreciable loss.

¢ |f the sheet is made just a little thicker then some light is reflected.

¢ As the sheet is made thicker and thicker the amount of light reflected increases
until it reaches a maximum of 16%.

e Of course, the amount of light transmitted through the sheet is the amount of
light that is not reflected (assuming absorption in the glass to be zero). If 6% is
reflected then 94% is transmitted.

¢ As we continue to make the glass sheet thicker the amount of reflection
progressively reduces until it reaches zero.

¢ As we make the glass thicker again it begins to reflect once more and the
above process repeats. This phenomenon is illustrated in Figure 10 on
page 24.

9 To observe this effect you need to use light of only one wavelength (monochromatic light).
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This effect can be observed in soap bubbles. You see different amounts of
reflectance as the size of the bubble changes (as the thickness of the bubble wall
changes). When a bubble gets very thin (about to burst) it becomes completely
transparent. The same effect produces the colored bands we see in light reflected
off oily water. This is due to refraction by the oil occurring at different angles for
different wavelengths.

Reflected %

no

reflection] 25N 5A  .75A A 1.25A

Thickness of Glass

Figure 10. Variation in Reflectance with Thickness of Glass Sheet. In this case A
represents the wavelength of the light being used.

There are a number of observations we may make about this effect:

1. The maximum reflection (16%) occurs when the round trip distance in the glass
(i.e. twice the thickness) is a multiple of the wavelength. The glass is one half
wavelength thick. When the reflected ray from the bottom surface reaches the
top surface then it is in phase with the reflection being formed on the other side
of the top surface. Thus both reflections (from the top and bottom surfaces)
are in phase with one another and constructively interfere.

Both reflected rays are changed 180° in phase by the process of reflection.
Because both reflected rays are shifted in phase by the same amount, the
phase shift has no affect on the thickness of glass required. In this case waves
reflected from the bottom surface are in phase with waves being reflected from
the top surface and so reinforce (or constructively interfere with) them.

But why is this 16% of the incident beam? 4% was reflected from the top
surface and 4% from the bottom surface. How does 4 + 4 equal 16? Actually,
it's not that hard to understand. The percentages we have been referring to
are percentages of optical power. Optical power is the square of the strength
of the electric field. What we are really adding is electric fields. So on a single
surface the reflection is 20% of the electric field strength. Squared this gives
4% of the optical power. If we add 20% from the front surface and 20% from
the back surface and then square this (.2 + .2 = .4) we get .4 squared equals
.16 or 16%.

2. The minimum reflection (0%) occurs when the round trip distance in the glass is
an odd number of half wavelengths! That is, Y2\, 1%\, 2Y2A, 3Y2A... This
results in the “ray” reflecting from the lower surface having a round trip distance
to travel in the glass which is an odd multiple of half the wavelength. When the
ray arriving back from the bottom surface is out of phase with the reflected ray
at the top surface destructive interference occurs and there is no reflection!

But something else has happened here. 100% of the incident light now passes
through the glass and can be measured on the other side! So what is this
destructive interference? No light has been reflected and so clearly no
interference has taken place.
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Interference doesn't destroy any energy.® Energy is always conserved. Indeed
perhaps instead of calling it “interference” a better name might be “avoidance”.
Whenever there is so-called “destructive interference” the energy just appears
somewhere else. Whenever there is constructive interference (or reinforcement)
energy is lost from some other part of the system.

It's a bit like two people approaching a narrow doorway at the same time. Each
sees the other and realises that they can't both fit through the door - so each takes
a different route and nothing passes through the door. Exceeding strange.

The most obvious use of this principle is in “anti-reflection coatings”. If you coat the
surface of a piece of glass (or the end of a fibre) with a quarter-wavelength thick
coating of a material of RI intermediate between that of the glass and that of air,
reflections are significantly reduced. This is used in coating lenses of cameras, in
spectacle lens coatings and in many fibre-optic devices.

Almost every optical device either uses or is governed or at least affected by
interference. The obvious devices are ones such as Fabry-Perot Filters,
Mach-Zehnder Interferometers and Array Waveguide Gratings. However, even the
simple propagation of light within a fibre is governed by these effects.

2.2 Transmitting Light on a Fibre
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Figure 11. Basic Principle of Light Transmission on Optical Fibre

An optical fibre is a very thin strand of silica glass in geometry quite like a human
hair. In reality it is a very narrow, very long glass cylinder with special
characteristics. When light enters one end of the fibre it travels (confined within the
fibre) until it leaves the fibre at the other end. Two critical factors stand out:

1. Very little light is lost in its journey along the fibre.
2. Fibre can bend around corners and the light will stay within it and be guided
around the corners.

As shown in Figure 11, an optical fibre consists of two parts: the core and the
cladding. The core is a narrow cylindrical strand of glass and the cladding is a
tubular jacket surrounding it. The core has a (slightly) higher refractive index than

10 At times it seems that the principle of the conservation of energy is the only thing classical physics and quantum physics agree on.
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the cladding. This means that the boundary (interface) between the core and the
cladding acts as a perfect mirror. Light travelling along the core is confined by the
mirror to stay within it - even when the fibre bends around a corner.

When light is transmitted on a fibre, the most important consideration is “what kind
of light?” The electromagnetic radiation that we call light exists at many
wavelengths.!* These wavelengths go from invisible infrared through all the colours
of the visible spectrum to invisible ultraviolet. Because of the attenuation
characteristics of fibre, we are only interested in infrared “light” for communication
applications. This light is usually invisible, since the wavelengths used are usually
longer than the visible limit of around 750 nanometers (nm).*2

If a short pulse of light from a source such as a laser or an LED is sent down a
narrow fibre, it will be changed (degraded) by its passage down the fibre. It will
emerge (depending on the distance) much weaker, lengthened in time (“smeared
out”), and distorted in other ways. The reasons for this are as follows:

Attenuation

The pulse will be weaker because all glass absorbs light. More accurately,
impurities in the glass can absorb light but the glass itself does not absorb
light at the wavelengths of interest. In addition, variations in the uniformity
of the glass cause scattering of the light. Both the rate of light absorption
and the amount of scattering are dependent on the wavelength of the light
and the characteristics of the particular glass. Most light loss in a modern
fibre is caused by scattering. Typical attenuation characteristics of fibre for
varying wavelengths of light are illustrated in Figure 13 on page 31.

Maximum Power

There is a practical limit to the amount of power that can be sent on a fibre.
This is about half a watt (in standard single-mode fibre) and is due to a
number of non-linear effects that are caused by the intense electromagnetic
field in the core when high power is present.13

Polarisation

Conventional communication optical fibre is cylindrically symmetric but
contains imperfections. Light travelling down such a fibre is changed in
polarisation. (In current optical communication systems this does not
matter but in future systems it may become a critical issue.)

11 Another way of saying this is that light has many frequencies or colours.
12 Depending on the individual the visible limit can vary anywhere between about 700 nm and 800 nm.

13 This of course varies with the diameter of the fibre core as the important factor is really the power density. Fibres with a large
core diameter can handle significantly more power than ones with a narrow core diameter.
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Figure 12. Effect of Dispersion. The circles in the figure represent fibre loops. This is the
conventional way to indicate distance in system diagrams.

Dispersion

Dispersion occurs when a pulse of light is spread out during transmission
on the fibre. A short pulse becomes longer and ultimately joins with the
pulse behind, making recovery of a reliable bit stream impossible. (In most
communications systems bits of information are sent as pulses of light. 1 =
light, 0 = dark. But even in analogue transmission systems where
information is sent as a continuous series of changes in the signal,
dispersion causes distortion.)

There are many kinds of dispersion, each of which works in a different way,
but the most important three are discussed below:

1. Material dispersion (chromatic dispersion)

Both lasers and LEDs produce a range of optical wavelengths (a band
of light) rather than a single narrow wavelength. The fibre has different
refractive index characteristics at different wavelengths and therefore
each wavelength will travel at a different speed in the fibre. Thus,
some wavelengths arrive before others and a signal pulse disperses (or
smears out).

2. Modal dispersion

When using multimode fibre, the light is able to take many different
paths or “modes” as it travels within the fibre. This is shown in

Figure 15 on page 33 under the heading “Multimode Step-Index”. The
distance traveled by light in each mode is different from the distance
travelled in other modes. When a pulse is sent, parts of that pulse
(rays or quanta) take many different modes (usually all available
modes). Therefore, some components of the pulse will arrive before
others. The difference between the arrival time of light taking the
fastest mode versus the slowest obviously gets greater as the distance
gets greater.

3. Waveguide dispersion

Waveguide dispersion is a very complex effect and is caused by the
shape and index profile of the fibre core. However, this can be
controlled by careful design and, in fact, waveguide dispersion can be
used to counteract material dispersion as will be seen later.
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Noise

One of the great benefits of fibre optical communications is that the fibre
doesn't pick up noise from outside the system.** However, there are various
kinds of noise that can come from components within the system itself.
Mode patrtition noise (see 2.4.3, “Mode Partition Noise” on page 67) can be
a problem in single-mode fibre and modal noise (see 2.3.6, “Modal Noise”
on page 51) is a phenomenon in multimode fibre.

None of these effects are helpful to engineers wishing to transmit information over
long distances on a fibre. But much can be done about it.

1. If you make the fibre thin enough, the light will have only one possible path -
straight down the middle. Light can't disperse over multiple paths because
there is only one path. This kind of fibre is called single-mode*® fibre and is
discussed in 2.2.3, “Operational Principles” on page 33.

2. The wavelength of light used in a particular application should be carefully
chosen, giving consideration to the different attenuation characteristics of fibre
at different wavelengths.

Cost considerations are important here too. The wavelength at which a
particular light source or detector can operate is determined very largely by the
materials from which it is made. Different materials have very different cost
structures. In general, the shorter the wavelength the lower the cost.

3. Types of dispersion that depend on wavelength can of course be minimised by
minimising the spectral width of the light source. All light sources produce a
range or band of wavelengths rather than a single wavelength. This range is
usually called the “spectral width” of the light source.

Lasers are commonly thought to transmit light at one wavelength only. But this
is not exactly true. Simple semiconductor lasers built for communications
applications typically transmit a range of wavelengths of between 1 nm and

5 nm wide. More sophisticated communications lasers can produce an
(unmodulated) spectral width of as little as 0.01 nm. This is discussed further
in 3.3.3, “Fabry-Perot Lasers” on page 102.

It is possible to construct Light Emitting Diodes (LEDs) that emit light within
only a narrow range of wavelengths. Typical communications LEDs have a
spectral width of between 30 nm and 150 nm.

The narrower the spectral width of the source the smaller the problem of
dispersion.

4. Material dispersion and waveguide dispersion are both dependent on
wavelength. Waveguide dispersion can be controlled (in the design of the
fibre) to act in the opposite direction from material dispersion. This more or
less happens naturally at 1300 nm but can be adjusted to produce a dispersion
minimum in the 1500 nm band.

This is a result of the core profile and refractive index contrast. Achieving this
balance at 1300 nm was one reason for the profile of standard single-mode
fibre. 1300 nm was a good wavelength because in the late 1980s lasers that

14 An exception here is nuclear radiation which can cause light to be generated in fibres and thus cause interference. This effect is
minuscule in most environments.

15 |n the 1970s this type of fibre was usually called “monomode” but the term has been decreasing in usage and is almost never
used today.
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operated in the 1310 nm band were relatively easy to make compared to
longer-wavelength types. Indeed, this distinction with its concomitant cost
difference still exists today.

— The Design Problem

It is clear from the above that the design of a fibre optical transmission system
is dominated by two factors:

1. Signal level (or signal strength). The important aspects here are transmitter
power, attenuation in the transmission system, and receiver sensitivity.

2. The control of dispersion.

There is a third factor - that of noise. Noise can become important in many
system contexts but in simple point-to-point links it is rarely an issue.

The important features of any fibre transmission system are:

1. The characteristics of the fibre itself: its thickness, its refractive index, its
absorption spectrum, its geometry.

2. The wavelength of light used.

3. The characteristics of the device used to create the light (laser or LED). Most
important here is the frequency range (or “spectral width”) of the light produced.

4. The type and characteristics of the device used to detect the light.

5. How the signal is modulated (systematically changed to encode a signal). This
is most important. There are many potential ways to do this and these are
discussed in 7.2, “Modulation (Making the Light Carry a Signal)” on page 301.

2.2.1 Characteristics of Glasses

When some solid materials (predominantly compounds of silicon) are melted and
cooled again they do not go through any transition from the liquid state to the solid
state. That is, there is no defined temperature at which the transition takes place
and no “latent heat of fusion” given up. When such materials cool they simply
become more and more viscous and never pass through a recognisable transition
to a “solid” state. These materials are called “glasses”. Many books classify glass
as a very viscous liquid rather than as a solid. Molecules within a piece of glass
are disordered and randomly distributed.

Ordinary window glass as we know it is made from a mixture of sodium carbonate,
calcium carbonate and silicon dioxide. Melted together this forms a mixture of
sodium and calcium silicates. Optical fibre is not made from window glass!

The predominant material in optical fibre is pure fused silica (silicon dioxide, SiOz,
sand). Pure silica forms a glass when melted but it is not often used in that form
outside of the fibre optical world because of the high temperature required to melt
it. However, it turns out that pure silica has the lowest absorption of light (in the
wavelength bands in which we are interested) of any available material.

To make a fibre we need the core and the cladding to have different refractive
indices. So we need to modify the RI of fused silica. One advantage of the
liquid-like structure of glass is that we can mix other materials into it in almost any
proportion and concentration. We are not limited to fixed ratios as we might be
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with crystalline structures. Also a very wide range of materials will mix (it is almost
correct to say “dissolve”) in the glass.

People have been mixing other materials into glass to change the RI for many
years! “Lead Crystal” glass (used in chandeliers, vases and tableware) has a high
proportion of lead oxide mixed into it in order to increase the Rl and make it
“sparkle”.

We can construct an optical fibre either by doping the core with something that
increases the RI or by doping the cladding with something that decreases the RI.
However, it is not quite as simple as this. These dopants also change other
characteristics of the glass such as the coefficients of thermal expansion. If the
core and cladding have significantly different coefficients of expansion they may
crack apart after a time - or indeed they may crack apart during manufacture.

In optical fibre we usually mix a proportion of germanium dioxide (4% to 10%) with
the silica to increase the Rl when required. RI can be decreased by adding boron
trioxide (B203). There are many other materials available that can be used as
dopants in this way.'® There are many other substances that either increase or
decrease the RI. Each of these also has an effect on characteristics of the material
other than the RI (such as the coefficient of expansion). Other common dopants
used to increase the RI are phosphorus pentoxide (P20s), titanium dioxide (TiOz2)
and aluminium oxide (Al203).

Another problem (discussed in 2.2.1, “Characteristics of Glasses” on page 29) is
that all dopants increase the attenuation of the silica.

2.2.1.1 Attenuation (Absorption) Characteristics of Glasses
Figure 13 on page 31 shows the attenuation characteristics of typical modern
fibres in the infrared range. Light becomes invisible (infrared) at wavelengths
longer than about 730 nanometers (nm).

Note: 1 nm =10 A (Angstrom)

There are a wide range of glasses available and characteristics vary depending on
their chemical composition. Over the past few years the transmission properties of
glass have been improved considerably. In 1970 the “ballpark” attenuation of a
silicon fibre was 20 dB/km. By 1980 research had improved this to 1 dB/km. In
1990 the figure was 0.2 dB/km. As the figures show, absorption varies
considerably with wavelength and the two curves show just how different the
characteristics of different glasses can be.

16 |n this context the word “dopant” is commonly used although its use is problematic. A dopant in the context of semiconductor
materials is usually present in minuscule quantities (one in ten million) but in fibre we are talking up to 10%.
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Figure 13. Typical Fibre Infrared Absorption Spectrum. The lower curve shows the
characteristics of a single-mode fibre made from a glass containing about 4% of germanium
dioxide (GeO,) dopant in the core. The upper curve is for modern graded index multimode
fibre. Attenuation in multimode fibre is higher than in single-mode because higher levels of
dopant are used. The peak at around 1400 nm is due to the effects of traces of water in the
glass.

Most of the attenuation in fibre is caused by light being scattered by minute
variations (less than 1/10th of the wavelength) in the density or composition of the
glass. This is called “Rayleigh Scattering”. Rayleigh scattering is also the reason
that the sky is blue and that sunsets are red.

In fibre, Rayleigh scattering is inversely proportional to the fourth power of the
wavelength! This accounts for perhaps 90% of the enormous difference in
attenuation of light at 850 nm wavelength from that at 1550 nm. Unfortunately, we
can't do a lot about Rayleigh scattering by improving fibre manufacturing
techniques.

There is another form of scattering called “Mie Scattering”. Mie scattering is
caused by imperfections in the fibre of a size roughly comparable with the
wavelength. This is not a significant concern with modern fibres as recent
improvements in manufacturing techniques have all but eliminated the problem.

The absorption peak shown in Figure 13 is centered at 1385 nm but it is
“broadened” by several factors including the action of ambient heat. This
absorption is caused by the presence of the -OH atomic bond, that is, the presence
of water. The bond is resonant at the wavelength of 1385 nm. Water is extremely
hard to eliminate from the fibre during manufacturing and the small residual peak
shown in the diagram is typical of current, good quality fibres. In the past this peak
was significantly greater in height than shown in the figure (up to 4 dB/km).

In the early days of optical fibre communications impurities in the glass were the
chief source of attenuation. Iron (Fe), chromium (Cr) and nickel (Ni) can cause
significant absorption even in quantities as low as one part per billion. Today,
techniques of purifying silica have improved to the point where impurities are no
longer a significant concern.

Some of the dopants added to the glass to modify the refractive index of the fibre
have the unwanted side effect of significantly increasing the absorption. This is
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why single-mode fibre has typically lower absorption than multimode - it has less
dopant. The conclusion that can be drawn from the absorption spectrum is that
some wavelengths will be significantly better for transmission purposes than others.

2.2.1.2 Fibre Transmission Windows (Bands)
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Figure 14. Transmission Windows. The upper curve shows the absorption characteristics of
fibre in the 1970s. The lower one is for modern fibre.

In the early days of optical fibre communication, fibre attenuation was best
represented by the upper curve in Figure 14 (a large difference from today). Partly
for historic reasons, there are considered to be three “windows” or bands in the
transmission spectrum of optical fibre. The wavelength band used by a system is
an extremely important defining characteristic of that optical system.

Short Wavelength Band (First Window)

This is the band around 800-900 nm. This was the first band used for
optical fibore communication in the 1970s and early 1980s. It was attractive
because of a local dip in the attenuation profile (of fibre at the time) but also
(mainly) because you can use low cost optical sources and detectors in this
band.

Medium Wavelength Band (Second Window)

This is the band around 1310 nm which came into use in the mid 1980s.
This band is attractive today because there is zero fibre dispersion here (on
single-mode fibre). While sources and detectors for this band are more
costly than for the short wave band the fibre attenuation is only about

0.4 dB/km. This is the band in which the majority of long distance
communications systems operate today.

Long Wavelength Band (Third Window)

The band between about 1510 nm and 1600 nm has the lowest
attenuation available on current optical fibre (about 0.26 dB/km). In
addition optical amplifiers are available which operate in this band.
However, it is difficult (expensive) to make optical sources and detectors
that operate here. Also, standard fibre disperses signal in this band.
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In the late 1990s this band is where almost all new communications
systems operate.

2.2.2 Transmission Capacity

The potential transmission capacity of optical fibre is enormous. Looking again at
Figure 14 on page 32 both the medium and long wavelength bands are very low in
loss. The medium wavelength band (second window) is about 100 nm wide and
ranges from 1250 nm to 1350 nm (loss of about .4 dB per km). The long
wavelength band (third window) is around 150 nm wide and ranges from 1450 nm
to 1600 nm (loss of about .2 dB per km). The loss peaks at 1250 and 1400 nm are
due to traces of water in the glass. The useful (low loss) range is therefore around
250 nm.

Expressed in terms of analogue bandwidth, a 1 nm wide waveband at 1500 nm has
a bandwidth of about 133 GHz. A 1 nm wide waveband at 1300 nm has a
bandwidth of 177 GHz. In total, this gives a usable range of about 30 Tera Hertz
(3 x 1013 Hz).

Capacity depends on the modulation technique used. In the electronic world we
are used to getting a digital bandwidth of up to 8 bits per Hz of analog bandwidth.
In the optical world, that objective is a long way off (and a trifle unnecessary). But
assuming that a modulation technique resulting in one bit per Hz of analog
bandwidth is available, then we can expect a digital bandwidth of 3 x 1013 bits per
second.

Current technology limits electronic systems to a rate of about 10 Gbps, although
higher speeds are being experimented with in research. Current practical fibre
systems are also limited to this speed because of the speed of the electronics
needed for transmission and reception.

The above suggests that, even if fibre quality is not improved, we could get 10,000
times greater throughput from a single fibre than the current practical limit.

2.2.3 Operational Principles
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Figure 15. Fibre Modes

Figure 15 illustrates the three different kinds of optical fibre.
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The difference between them is in the way light travels along the fibre. The top
section of the figure shows the operation of “multimode” fibre. There are two
different parts to the fibre. In the figure, there is a core of 50 microns (um) in
diameter and a cladding of 125 um in diameter. (Fibre size is normally quoted as
the core diameter followed by the cladding diameter. Thus the fibre in the figure is
identified as 50/125.) The cladding surrounds the core. The cladding glass has a
different (lower) refractive index than that of the core, and the boundary forms a
mirror.

This is the effect you see when looking upward from underwater. Except for
the part immediately above, the junction of the water and the air appears silver
like a mirror.

Light is transmitted (with very low loss) down the fibre by reflection from the mirror
boundary between the core and the cladding. This phenomenon is called “total
internal reflection”. Perhaps the most important characteristic is that the fibre will
bend around corners to a radius of only a few centimetres without any loss of the
light.

Multimode Step-Index Fibre

T s e >

Figure 16. Multimode Step-Index Fibre

The expectation of many people is that if you shine a light down a fibre,
then the light will enter the fibre at an infinitely large number of angles and
propagate by internal reflection over an infinite number of possible paths.
This is not true. What happens is that there is only a finite number of
possible paths for the light to take. These paths are called “modes” and
identify the general characteristic of the light transmission system being
used. This is discussed further in 2.3.4, “Propagation Modes” on page 44.
Fibre that has a core diameter large enough for the light used to find
multiple paths is called “multimode” fibre. For a fibre with a core diameter
of 62.5 microns using light of wavelength 1300 nm, the number of modes is
around 400 depending on the difference in refractive index between the
core and the cladding.

The problem with multimode operation is that some of the paths taken by
particular modes are longer than other paths. This means that light will
arrive at different times according to the path taken. Therefore the pulse
tends to disperse (spread out) as it travels through the fibre. This effect is
one cause of “intersymbol interference”. This restricts the distance that a
pulse can be usefully sent over multimode fibre.
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Multimode Graded Index Fibre
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Figure 17. Multimode Graded index Fibre

One way around the problem of (modal) dispersion in multimode fibre is to
do something to the glass such that the refractive index of the core
changes gradually from the centre to the edge. Light travelling down the
center of the fibre experiences a higher refractive index than light that
travels further out towards the cladding. Thus light on the physically shorter
paths (modes) travels more slowly than light on physically longer paths.
The light follows a curved trajectory within the fibre as illustrated in the
figure. The aim of this is to keep the speed of propagation of light on each
path the same with respect to the axis of the fibre. Thus a pulse of light
composed of many modes stays together as it travels through the fibre.
This allows transmission for longer distances than does regular multimode
transmission. This type of fibre is called “Graded Index” fibre. Within a Gl
fibre light typically travels in around 400 modes (at a wavelength of

1300 nm) or 800 modes (in the 800 nm band).

Note that only the refractive index of the core is graded. There is still a
cladding of lower refractive index than the outer part of the core.

Single-Mode Fibre
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Figure 18. Single-Mode Fibre. Note that this figure is not to scale. The core diameter is
typically between 8 and 9 microns while the diameter of the cladding is 125 microns.

If the fibre core is very narrow compared to the wavelength of the light in
use then the light cannot travel in different modes and thus the fibre is
called “single-mode” or “monomode”. There is no longer any reflection from
the core-cladding boundary but rather the electromagnetic wave is tightly
held to travel down the axis of the fibre. It seems obvious that the longer
the wavelength of light in use, the larger the diameter of fibre we can use
and still have light travel in a single-mode. The core diameter used in a
typical single-mode fibre is nine microns.

It is not quite as simple as this in practice. A significant proportion (up to
20%) of the light in a single-mode fibre actually travels in the cladding. For
this reason the “apparent diameter” of the core (the region in which most of
the light travels) is somewhat wider than the core itself. The region in
which light travels in a single-mode fibre is often called the “mode field” and
the mode field diameter is quoted instead of the core diameter. The mode
field varies in diameter depending on the relative refractive indices of core
and cladding,

Core diameter is a compromise. We can't make the core too narrow
because of losses at bends in the fibre. As the core diameter decreases
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compared to the wavelength (the core gets narrower or the wavelength gets
longer), the minimum radius that we can bend the fibre without loss
increases. If a bend is too sharp, the light just comes out of the core into
the outer parts of the cladding and is lost.

You can make fibre single-mode by:
¢ Making the core thin enough

¢ Making the refractive index difference between core and cladding small
enough

¢ Using a longer wavelength

Single-mode fibre usually has significantly lower attenuation than multimode
(about half). This has nothing to do with fibre geometry or manufacture.
Single-mode fibres have a significantly smaller difference in refractive index
between core and cladding. This means that less dopant is needed to
modify the refractive index as dopant is a major source of attenuation.

It's not strictly correct to talk about “single-mode fibre” and “multimode fibre” without
qualifying it - although we do this all the time. A fibre is single-moded or
multi-moded at a particular wavelength. 1If we use very long wave light (say 10.6
nm from a CO:z laser) then even most MM fibre would be single-moded for that
wavelength. If we use 600 nm light on standard single-mode fibre then we do have
a greater number of modes than just one (although typically only about 3 to 5).
There is a single-mode fibre characteristic called the “cutoff wavelength”. This is
typically around 1100 nm for single-mode fibre with a core diameter of 9 microns.
The cutoff wavelength is the shortest wavelength at which the fibre remains
single-moded. At wavelengths shorter than the cutoff the fibre is multimode.

When light is introduced to the end of a fibre there is a critical angle of acceptance.
Light entering at a greater angle passes into the cladding and is lost. At a smaller
angle the light travels down the fibre. If this is considered in three dimensions, a
cone is formed around the end of the fibre within which all rays are contained. The
sine of this angle is called the “numerical aperture” and is one of the important
characteristics of a given fibre.

Single-mode fibre has a core diameter of 4 to 10 um (8 um is typical). Multimode
fibre can have many core diameters but in the last few years the core diameter of
62.5 um in the US and 50 um outside the US has become predominant. However,
the use of 62.5 um fibre outside the US is gaining popularity - mainly due to the
availability of equipment (designed for the US) that uses this type of fibre.

2.2.4 Fibre Refractive Index Profiles

A

Increasing RI
Multimode Multimode Single Mode
Step Index Graded Index (Step Index)

Figure 19. Fibre Refractive Index Profiles
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Figure 19 shows the refractive index profiles of some different types of fibre.
RI Profile of Multimode Step-Index Fibre

Today's standard MM Sl fibre has a core diameter of either 62.5 or 50
microns with an overall cladding diameter in either case of 125 microns.
Thus it is referred to as 50/125 or 62.5/125 micron fibre.

Usually the core is SiOz doped with about 4% of GeOz. The cladding is
usually just pure silica. There is an abrupt change in refractive index
between core and cladding.

The bandwidth.distance product is a measure of the signal carrying capacity
of the fibre. This is discussed further in 7.6.1, “Maximum Propagation
Distance on Multimode Fibre” on page 335. The bandwidth.distance
product for standard step index multimode fibre varies between about 15
MHz/km and 50 MHz/km depending on the wavelength in use, the core
diameter and the RI contrast between core and cladding.

RI Profile of Multimode Graded Index Fibre

Graded index fibre has the same dimensions as step index fibre. The
refractive index of the core changes slowly between the fibre axis and the
cladding. This is achieved by using a varying level of dopant across the
diameter of the core. Note the gradations are not linear - they follow a
“parabolic” index profile. It is important to realise that Gl fibre is relatively
difficult to make and is therefore significantly more expensive than step
index fibre (either MM or SM).

The usual bandwidth.distance product for 62.5 micron GI MM fibre is 500
MHz/km at 1300 nm. In the 800 nm band the bandwidth.distance product
is typically much less at 160 MHz/km. For MM Gl fibre with a core
diameter of 50 microns the bandwidth.distance product is 700 MHz/km
(again at 1300 nm). Recently (1997) MM Gl fibre with significantly
improved characteristics has become available. A bandwidth.distance
product figure for 62.5 micron fibre is advertised as 1000 MHz/km and for
50 micron fibre of 1,200 MHz/km. This is a result of improved fibre
manufacturing techniques and better process control. Of course these
fibres are considered “premium” fibres and are priced accordingly.

RI Profile of Single-Mode Fibre

Single-mode fibre is characterised by its narrow core size. This is done to
ensure that only one mode (well, actually two if you count the two
orthogonal polarisations as separate modes) can propagate. The key
parameter of SM fibre is not the core size but rather the “Mode Field
Diameter”. (This is discussed further in: 2.4.1.1, “Mode Field Diameter
(MFD) and Spot Size” on page 57.)

Core size is usually between 8 and 10 microns although special purpose
SM fibres are often used with core sizes of as low as 4 microns.

The RI difference between core and cladding is typically very small (around
.01). This is done to help minimise attenuation. You can achieve the index
difference either by doping the core to raise its Rl (say with GeOz) or by
doping the cladding (say with fluoride) to lower its RI. Dopants in both core
and cladding affect attenuation and therefore it's not a simple thing to
decide. There are many different core and cladding compositions in use.
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Bandwidth.distance product is not a relevant concept for single-mode fibre
as there is no modal dispersion (although there is chromatic dispersion).

The refractive index of fibres is changed and manipulated by adding various
“dopants” to the basic SiOz glass. These can have various effects:

e Some dopants increase the refractive index and others decrease it. This is the
primary reason we use dopants.

¢ All dopants increase attenuation of the fibre. Thus dopants are to be avoided
(or at least minimised) if attenuation is important for the fibre's application. It is
almost always very important.

We might expect that since the light travels in the core that dopant levels in the
cladding may not make too much difference. Wrong! In single-mode fibre a
quite large proportion of the optical power (electromagnetic field) travels in the
cladding. In single-mode fibre attenuation and speed of propagation are
strongly influenced by the characteristics of the cladding glass. In multimode
graded index fibre the core is doped anyway (albeit at different levels) so (for
multimode) it is an issue even in the core.

In multimode step-index fibre there is an “evanescent field” set up in the
cladding every time a ray is reflected. This is an electromagnetic field and is
affected by the attenuation characteristics of the cladding.

* |If we use a dopant at too high a level not only does it change the refractive
index of the glass but it also changes the coefficient of expansion. This means
that in operational conditions if we use too much dopant the cladding may
crack away from the core.

2.2.4.1 Coating

During manufacture fibre is usually coated with a very thin layer of plastic bonded
closely to the cladding. This is often referred to as the “jacket”. It is applied as a
continuous process as the fibre is drawn. There are two main reasons for this:

1. To prevent water from diffusing into the fibre. Water can cause micro-cracking
of the surface. In addition the -OH group is a major source of attenuation due
to absorption.

2. If a plastic with a higher refractive index than the cladding glass is used this
helps to guide unwanted “cladding modes” out of the fibre.

Secondary functions of the coating are that it is usually coloured so that individual
fibres can be identified. In loose-tube or gel-filled cables multiple fibres are often
packed close together in a common sheath and there is a need to identify which is
which. In addition it makes the fibre thicker, easier to handle and less susceptible
to damage in handling.

Standard coated fibre has a diameter of 250 microns and thus the coating is
62.5 microns thick. Of course the individual fibre is usually further enclosed in a
plastic sheath before integration with other fibres and components into a cable.
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2.3 Light Propagation in Multimode Fibre

Figure 20. Light Propagation in Multimode Fibre. Light is bound within the fibre due to the
phenomena of “total internal reflection” which takes place at the interface between the core

of the fibre and the cladding.

The key feature of light propagation in a fibre is that the fibre may bend around
corners. Provided the bend radius is not too tight (2 cm is about the minimum for
most multimode fibres) the light will follow the fibre and will propagate without loss
due to the bends. This phenomena is called “total internal reflection”. A ray of light
entering the fibre is guided along the fibre because it bounces off the interface
between the core and the (lower refractive index) cladding. Light is said to be

“bound” within the fibre.
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Figure 21. Reflection

If we consider the propagation of a “ray” in a multimode step index fibre we can
analyse the situation quite easily with the “laws of elementary physics”.

“The angle of incidence is equal to the angle of reflection.”

This is illustrated in Figure 21. This means that 6; = 0,.
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Figure 22. Refraction

The important thing to realise about propagation along a fibre is that not all light
can propagate this way. The angle of incidence of the ray with the core-cladding
interface (the angle ¢ in Figure 20 on page 39) must be quite small or else the ray
will pass through into the cladding and (after a while) will leave the fibre.

2.3.1 Snell's Law

In order to understand ray propagation in a fibre we need one more law from high
school physics. This is Snell's law. Referring to Figure 22 and Figure 23:

n sin B, = n, sin 0,

Where n denotes the refractive index of the material.
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Figure 23. Refraction (2)

Notice here that:

1. The angle 6 is the angle between incident ray and an imaginary line normal to
the plane of the core-cladding boundary. This is counter to intuition but the
accepted convention.

2. When light passes from material of higher refractive index to a material of lower
index the (refracted) angle 6 gets larger.

3. When light passes from material of lower refractive index to a material of higher
index the (refracted) angle 6 becomes smaller.
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2.3.2 Ciritical Angle

Core
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Figure 24. Critical Angle (1)

If we consider Figure 22 on page 40 we notice that as the angle 61 becomes
larger and larger so does the angle 62. Because of the refraction effect 62
becomes larger more quickly than 61. At some point 62 will reach 90° while 61 is
still well less than that. This is called the “critical angle”. When 01 is increased
further then refraction ceases and the light starts to be reflected rather than
refracted.

Thus light is perfectly reflected at an interface between two materials of different
refractive index iff:
1. The light is incident on the interface from the side of higher refractive index.
2. The angle 6 is greater than a specific value called the “critical angle”.
If we know the refractive indices of both materials then the critical angle can be

derived quite easily from Snell's law. At the critical angle we know that 62 equals
90° and sin 90° = 1 and so:

ngosinG; = ny,
. n,
Therefore sin®; = —=
m
partial
reflection - \pz\»

V4

Figure 25. Critical Angle (2)

If we now consider Figure 24 and Figure 25 we can see the effect of the critical
angle within the fibre. In Figure 24 we see that for rays where 01 is less than a
critical value then the ray will propagate along the fibre and will be “bound” within
the fibre. In Figure 25 we see that where the angle 61 is greater than the critical
value the ray is refracted into the cladding and will ultimately be lost outside the
fibre.

Another aspect here is that when light meets an abrupt change in refractive index
(such as at the end of a fibre) not all of the light is refracted. Usually about 4% of
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the light is reflected back along the path from which it came. This is further
discussed in 2.1.3.2, “Transmission through a Sheet of Glass” on page 22.

When we consider rays entering the fibre from the outside (into the endface of the
fibre) we see that there is a further complication. The refractive index difference
between the fibre core and the air will cause any arriving ray to be refracted. This
means that there is a maximum angle for a ray arriving at the fibre endface at
which the ray will propagate. Rays arriving at an angle less than this angle will
propagate but rays arriving at a greater angle will not. This angle is not a “critical
angle” as that term is reserved for the case where light arrives from a material of
higher RI to one of lower RI. (In this case, the critical angle is the angle within the
fibre.) Thus there is a “cone of acceptance” at the endface of a fibre. Rays
arriving within the cone will propagate and ones arriving outside of it will not.

In Figure 25 on page 41 there is a partial reflection present when most of the light
is refracted. This partial reflection effect was noted earlier in 2.1.3.2, “Transmission
through a Sheet of Glass” on page 22. These reflections are called “Fresnel
Reflections” and occur in most situations where there is an abrupt change in the
refractive index at a material interface. These reflections are an important
(potential) source of disruption and noise in an optical transmission system. See
2.4.4, “Reflections and Return Loss Variation” on page 67.

2.3.3 Numerical Aperture (NA)

. Cladding
Core n.
1
o I} 6; 6. 2}
Cladding N2

[ no = refractive index of air (= 1)
L n: = refractive index of core
nz = refractive index of cladding

Figure 26. Calculating the Numerical Aperture

One of the most often quoted characteristics of an optical fibre is its “Numerical
Aperture”. The NA is intended as a measure of the light capturing ability of the
fibre. However, it is used for many other purposes. For example it may be used
as a measure of the amount of loss that we might expect on a bend of a particular
radius etc.

Figure 24 on page 41 shows a ray entering the fibre at an angle close to its axis.
This ray will be refracted and will later encounter the core-cladding interface at an
angle such that it will be reflected. This is because the angle 62 will be greater
than the critical angle. The angle is greater because we are measuring angles
from a normal to the core-cladding boundary not a tangent to it.

Figure 25 on page 41 shows a ray entering at a wider angle to the fibre axis. This

one will reach the core-cladding interface at an angle smaller than the critical angle
and it will pass into the cladding. This ray will eventually be lost.
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It is clear that there is a “cone” of acceptance (illustrated in Figure 26). If a ray
enters the fibre at an angle within the cone then it will be captured and propagate
as a bound mode. If a ray enters the fibre at an angle outside the cone then it will
leave the core and eventually leave the fibre itself.

The Numerical Aperture is the sine of the largest angle contained within the cone of
acceptance.

Looking at Figure 26 on page 42, the NA is sin 6,. The problem is to find an
expression for NA.

. n . .
We know that sin@, = n_z because 0, is the critical angle
1

And g sin 6g n, sin8; from Snell's Law

Now, cos 04

sinf, = —=
2 nl

We know that sin x -\/1 — cos®x (Rule)

Therefore sin 6,

]
|
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Since ny=1 then sin B,
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refractive index of the core

Therefore the NA

Where n;

n, refractive index of the cladding

Another useful expression for NA is: NA = n; sin 8. This relates the NA to the RI
of the core and the maximum angle at which a bound ray may propagate (angle
measured from the fibre axis rather than its normal).

Typical NA for single-mode fibre is 0.1. For multimode, NA is between 0.2 and 0.3
(usually closer to 0.2).

NA is related to a number of important fibre characteristics.

1. It is a measure of the ability of the fibre to gather light at the input end (as
discussed above).

2. Because it is a measure of the contrast in RI between the core and the
cladding it is a good measure of the light guiding properties of the fibre. The
higher the NA the tighter (smaller radius) we can have bends in the fibre before
loss of light becomes a problem.
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3. The higher the NA the more modes we have! Rays can bounce at greater
angles and therefore there are more of them. This means that the higher the
NA the greater will be the dispersion of this fibre (in the case of MM fibre)!

4. In SM fibre a high RI contrast usually implies a high level of dopant in the
cladding. Since a significant proportion of optical power in SM travels in the
cladding we get a significantly increased amount of attenuation due to the
higher level of dopant. Thus (as a rule of thumb) the higher the NA of SM fibre
the higher will be the attenuation of the fibre.

2.3.4 Propagation Modes

So far our description of light propagation in a multimode fibre has used the classic
“ray model” of light propagation. While this has provided valuable insights it offers
no help in understanding the phenomenon of “modes”.

S,
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Point A Point B

Figure 27. Multimode Propagation. At corresponding points in its path, each mode must be
in phase with itself. That is, the signal at Point A must be in phase with the signal at Point
B.

When light travels on a multimode fibre it is limited to a relatively small number of
possible paths (called modes). This is counter to intuition. Reasoning from the ray
model would lead us to conclude that there is an infinity of possible paths. A full
understanding of modes requires the use of Maxwell's equations which are very
difficult and well outside the scope of this book.

A simple explanation is that when light propagates along a particular path within a
fibre the wavefront must stay in phase with itself. In Figure 27 this means that the
wave (or ray) must be in phase at corresponding points in the cycle. The wave at
point A must be in phase with the wave at point B. This means that there must be
an integer multiple of wavelengths between points of reflection between the core
and the cladding. That is, the length of section 2 of the wave in the figure must be
an integer number of wavelengths long. It is obvious that if we have this restriction
on the paths that can be taken then there will be a finite number of possible paths.

Figure 15 on page 33 shows the usual simplistic diagram of modal propagation in
the three common types of fibre. We must realise however that this is a two
dimensional picture and we are attempting to represent a three-dimensional
phenomenon! Many modes are oblique and spiral in their paths. In fact the
majority of modes never intersect with the fibre axis at any time in their travell This
is illustrated in Figure 28 on page 45.
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Figure 28. Spiral Mode. In MM Gl fibre most modes have spiral paths and never pass
through the axis of the fibre. In much of the literature these modes are also called

” oK,

“corkscrew”, “screw” or “helical” modes.

Perhaps the most important property of modes is that all of the propagating modes
within a fibre are orthogonal. That is, provided that the fibre is perfect (perfectly
regular, no faults, perfectly circular, uniform refractive index...) there can be no
power transfer or interference between one mode and another. Indeed this is the
basic reason for the restriction (stated above) that corresponding points along the
path of a mode must be in phase. If they were not then there could be destructive
interference between modes and the wave could not propagate.

2.3.4.1 Weakly Guiding Fibres
Weakly guiding fibres are ones with a low refractive index contrast (refractive index
difference between core and cladding). This is true of almost all practical fibres.

It is important to note that “weakly guiding” does not mean weak confinement of the
light! The light is well confined and guided.

When you do the mathematics of fibre propagation if the RI contrast is less than
.045 a simplified set of (scalar) equations known as the weakly guiding
approximation may be used. The exact equations involve vectors and are many
times more complex. At low levels of RI contrast both sets of equations have
essentially the same result.

2.3.4.2 Cladding Modes

When light enters the fibre it is inevitable that some will enter the cladding. Also,
when there are bends in the fibre or imperfections in the core-cladding interface
then light may leave the core and enter the cladding.

There are many possible modes that light may take in the cladding. Generally
these will leave the cladding (and the fibre) relatively quickly but some may
propagate for a considerable distance. These modes will add significantly to
dispersion and so it is generally desirable to get rid of them.

The principal way of ridding the fibre of unwanted cladding modes is to ensure that
the refractive index of the plastic coating on the fibre is higher than that of the
cladding. This minimises the reflection between the cladding and coating and
minimises guidance at the cladding-coating interface.

2.3.4.3 Leaky Modes

When light is launched into the core of a fibre (in this case either MM or SM) there
will be some modes which really don't satisfy the conditions for being guided inside
the core but which nevertheless travel there for some considerable distance. This

is the marginal case where a mode is borderline between being bound and being a
cladding mode. In MM fibres these are usually skew rays of some kind.
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Ultimately, these modes leave the core and then the cladding over a distance.
However, if distances are short they can travel as far as the receiver. These
modes have group velocities slower than the bound modes and so contribute to
dispersion of the signal.

In some situations system designers eliminate leaky modes by putting some tight
bends into the fibre. The radius of the bend is chosen to pass all legal bound
modes and to eliminate leaky ones. This is called “mode stripping”.

2.3.4.4 Bends and Micro-Bends

As mentioned above one of the most important characteristics of light propagation
within a fibre is that the fibre can have bends in it and the light will be guided
without loss around the bends.

{ "

Figure 29. Propagation around a Bend in the Fibre

If the radius of a bend is relatively large (say 10 cm or so) there will be almost no
loss of light. However, if the bend radius is very tight (say 1 cm) then some light
will be lost.

Consider Figure 29. A light “ray” propagating along the straight section of the fibre
and reflecting at an angle less than the critical angle will be completely bound
within the fibre and will propagate without loss. When a bend is encountered the
angle of incidence of that ray with the core/cladding interface may become greater
than the critical angle and therefore some light will pass out of the core and into the
cladding. Ultimately this light will leave the fibre and be lost.

This applies for both MM and SM fibres (although it is a much more significant
effect in MM). As the bend radius is reduced there is a point where loss of light
starts to become significant. This is usually of the order of 2 or 3 cm in most fibres.
It depends on the refractive index contrast between the core and the cladding.

e

Figure 30. Effect of a Micro-Bend

Micro-bends can be an important source of loss. If the fibre is pressed onto an
irregular surface you can get tiny bends in the fibre as illustrated in Figure 30.
Light (mainly from the higher modes) is lost at these irregularities.
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Occasionally when it is necessary to strip the higher order modes (and the cladding
modes) from a signal, micro-bends are used intentionally. The fibre is clamped
between two rough surfaces (such as pieces of sandpaper) for a short distance
(perhaps 5 cm). Higher order modes and cladding modes are “stripped” in this
process.

2.3.4.5 Speckle Patterns

Figure 31. Typical Speckle Pattern. The speckle pattern is the pattern of energy as it
appears at the end of a fibre.

A speckle pattern is a map of the energy pattern at the end of a multimode fibre.
The pattern is a characteristic of laser transmission and does not happen with LED
sources. It appears as a number of almost randomly distributed areas of high
energy with spaces in between. This is illustrated in Figure 31.

When the observation is made close (within a few metres) to the transmitter you
get a very clear pattern where the spots are well defined. When you get further
away from the transmitter the spots become less and less well defined and finally
the fibre endface becomes almost uniformly illuminated. This change is caused by
mode dispersion over the transmission distance. Light from an LED produces
almost uniform endface illumination close to the transmitter.

Speckle patterns are caused by interference between modes as they emerge from
the end of the fibre. They are a good way to tell how much coherence exists
between light in various modes. You often see phrases such as “speckle
dependent noise” where (by inference) the speckle pattern is deemed to be a factor
in some other effect. This is of course not true. The speckle pattern is just an
easy way of looking at what is happening within the fibre.

2.3.4.6 Phase Velocity

The phase velocity is the speed of propagation of an electromagnetic wave in some
medium. In fibre optics it is the speed of the planar phase front of the mode as it
propagates along the fibre. It is just the speed of light divided by the “effective
index” of the fibre.

Vv _ c
phase Neftective

The effective index is a single number situated between the refractive index of the
core and the cladding which summarises the effects of both.
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2.3.4.7 Group Velocity
Group velocity is the usual way of discussing the speed of propagation on a fibre.
It is the speed of propagation of modulations along the fibre. It is generally a little
less than the phase velocity.

The reason that group velocity is different from phase velocity is related to the
amount of dispersion of the medium. If there is no dispersion in the medium then
group velocity and phase velocity are the same.

2.3.4.8 Fibre Parameter or Normalised Frequency - “V”

One often quoted and very useful measure of a fibre is usually called the “V”. In
some texts it is called the “normalised frequency” and in others just the
“dimensionless fibre parameter”. V summarises all of the important characteristics
of a fibre in a single number. It can be used directly to determine if the fibre will be
single-moded or not at a particular wavelength and also to calculate the number of
possible bound modes. In addition it can be used to calculate the spot size, the
cutoff wavelength and even chromatic dispersion. However it is important to note
that V incorporates the wavelength that we are using on the fibre and so to some
extent it is a measure of a fibre within the context of a system rather than the fibre
alone.

nd 2 2
V= by \/ncore = Neladding

_ nd
- 20 NA

Where: d core diameter
A = wavelength
n = refractive index
NA = numerical aperture

If V<2.405 the fibre will be single-moded at the wavelength used to calculate V.

For the multimode situation the number of modes (N) may be calculated as follows:

N Step Index Fibre

N Graded Index Fibre

b‘% I\)‘<M

Note that these formulae count both orthogonal polarisations of one mode as
separate modes.

2.3.4.9 Multimode Dispersion (Modal Dispersion)

In multimode fibre, dispersion is usually so large that it dominates other fibre
characteristics. In other words, system limitations of multimode fibre systems are
usually the result of modal dispersion rather than of attenuation or of other forms of
dispersion.
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Figure 32. Multimode Ray Propagation

The reason for modal dispersion in step index fibre is easily seen from Figure 32.
Consider the fundamental mode with a ray propagating straight down the axis of
the fibre. This ray will travel distance d: in time:

n
t = ?Xdl

A ray which entered the fibre at the maximum possible angle (close to the critical
angle) will travel the same distance (d1) in time:

1
cos 0

n

I=C

x dy x

Clearly, for realistic angles there will be quite a large difference in the distance
travelled in a given time and thus a significant amount of dispersion.

Using the formula from 2.3.3, “Numerical Aperture (NA)” on page 42:

and the knowledge that the sine of very small angles (in radians) is approximately
the same as the angle itself we can derive:

2 Length
X
2nc

Dispersiong,e = NA

This relates the amount of dispersion in time (ps) to the length travelled, the core
index and the NA.

A typical fibre with RI of 1.458 and an RI difference (core and cladding) of .01 has
an NA of .2. Such a fibre has an acceptance angle of 12° (measured from the
normal to the end interface).

The signal carrying capability of a fibre is usually measured in MHz/km. For MM SI
fibre this is usually between about 15 MHz/km and 50 MHz/km. On a fibre of 50
MHz/km bandwidth this means that you can go for 1 km at 50 MHz (analogue sine
wave transmission) or 2 km at 25 MHz etc. with acceptable (less than 20%)
dispersion.

Graded Index (GlI) fibres are much better. Grading the index over the diameter of
the fibre is aimed at equalising the group velocities of the various modes and thus
minimising multimode dispersion. Of course this is far from perfect! A good quality
MM Gl fibre with a core diameter of 62.5 microns typically has a transmission
bandwidth of 500 MHz/km. A similar MM Gl fibre with a 50 micron core diameter
will typically have a transmission bandwidth of 700 MHz/km. Because the thinner
the core the smaller the NA (other things being equal).
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2.3.5 Mode Coupling

Under ideal conditions (perfect fibre) light travelling in one mode on a fibre cannot
excite (transfer power to) any other mode on the same fibre. That is, each bound
(or normal) mode of the fibre is orthogonal to each other bound mode.

However, when there are irregularities in the fibre (the most severe of which being
a misaligned connector) light can couple (power can transfer) from one mode to
another.

Connector Misalignment

When a connector is badly aligned (or rather whenever it is not perfectly
aligned) some modes will leave the fibre altogether and be lost. Other
modes may transfer some or all of their power into different modes. Power
will be lost from some modes and transferred to other bound modes.

If you think of light as rays then you can see how a connector misalignment
may cause a “ray” to jump from one mode to another. However, the effects
of misaligned connectors cannot be described adequately by the ray model.
An electromagnetic field is set up at the irregularity and energy can be
transferred from one mode to another in ways quite unexplained by the ray
model.

Typically a standing wave will be created and this will transfer energy into
other modes in both the forward and the backward directions. Of course a
lot depends on the nature of the misalignment.

Material Inconsistencies at a Join or Connector

When two fibres are joined even in a “perfect” fusion splice or with a
“perfect” connector there may be differences in the Rls of the two fibres at
corresponding points on the interface. This is obviously the case where the
two fibres are of different specification. However, it can come about even
when fibres are of identical specification but were drawn from different
pre-forms.

Whenever such a difference occurs you get some mode transformation
across the connection - just how much depends on the amount of the
mis-match.

Material Irregularities

These might be the presence of impurities or just variations in density of the
glass in the fibre.

Fibre Geometry Irregularities

This covers such things as changes in concentricity of the fibre, variations
in circularity or thickness (diameter) of the fibre, local variations in the
refractive index of the glass etc. One of the major causes of mode coupling
is the presence of imperfections at the core-cladding interface.

Bends and Microbends

Bends in the fibre (especially bends that are very tight) can cause some
modes to be lost (mode stripping) and others to couple power into different
modes.

Microbends are also an issue. These are bends caused by putting fibre
into direct contact with a rough surface of some kind and perhaps putting
pressure onto it. An extreme example might be to clamp a piece of fibre
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between two pieces of coarse sandpaper. The “microbends” so created will
cause the fibre to lose power and also to couple power between modes.

Mode coupling is one effect that reduces dispersion! If you have a lot of modes
travelling at different group velocities then some will arrive ahead of others. If
however there is a lot of random swapping between modes some slower modes will
swap to faster ones and vice-versa etc. This is a statistical effect. If there is a lot
of mode coupling along the path the signal will tend to arrive with less dispersion
than if there was no such coupling.t” Albeit we only want to do it with a highly
incoherent light source such as an LED. With a coherent source (such as a laser)
mode coupling can be a source of modal noise.

In some (rare) cases we might want to encourage a lot of mode coupling at
particular points in the system. When done intentionally this is called “mode
scrambling”.

2.3.6 Modal Noise

Perhaps the major problem encountered when using lasers with multimode fibre!8 is
the phenomenon of “Modal Noise”. Modal noise is unlike most noise in the
electronic world in that it does not come from outside the system. Rather, modal
noise is a distortion of the signal caused by the channel (the fibre and connectors)
itself interacting with the signal in such a way as to produce “random” fluctuations
in signal power at the receiver. In many circumstances this can have serious
effects for the signal-to-noise performance of the communication link.

The problem is almost exclusively confined to the use of high quality (narrow
linewidth, coherent!?, stable) laser sources on multimode fibre. The effect is most
pronounced when the conditions that create it arise close to the transmitter (within
20 metres or so). Its effect is felt on links of any length but modal noise is rarely
created further than 100 metres from the transmitter. Modal Noise comes from the
signal itself so it only happens when there is a signal (when the line is in the “1”
state). There is no modal noise in the “0” state. Also, it is more pronounced at low
bit rates.

Modal noise is produced in two stages:
1. Mode coupling, and
2. Mode selective loss

Mode Coupling

When you couple a laser to a multimode fibre the light will travel in many
modes along the fibre. If the laser involved is narrow in linewidth and
stable (doesn't hop between lasing modes too frequently) the light launched
into the fibre will be coherent and in phase in all (or most) of the excited
fibore modes. After travelling a very short distance along the fibre the light in
each mode will be still at exactly the same wavelength but the modes will

17 This is only true if all modes are excited. There is some interesting research under way investigating the transfer of power
between modes. It appears that power transfer is not completely random and that there are groups of “fast” and “slow” modes.
Power transfer between modes within a group appears to be much more probable than transfer between groups. This is further
discussed in 7.6.2.1, “Use of Lasers on MM Fibre” on page 338.

18 As distinct from using lasers on SM fibre.
19 For a discussion of laser characteristics see 3.3.2, “Semiconductor Laser Diodes” on page 101.
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be out of phase with each other. (Because the group velocity of each
mode is different.) This is not much of a problem as when the signal is
received each mode will impinge on a different spot on the receiving diode
and phase differences will not matter.

However, mode coupling effects (discussed previously in 2.3.5, “Mode
Coupling” on page 50) cause light from multiple modes to merge into the
same mode. When this happens the phase differences will cause
interference in the new mode.

This is a complex process. If two newly mixed signals happen to be about
the same amplitude and 180 degrees out of phase then the signals will
destructively interfere with one another in the new mode. In this case no
power can travel in the new mode. For other phase mismatches the signal
loss will be a lot less than total but in most cases the signal power will be
significantly reduced. Only in the very unlikely case of the signals being
exactly in-phase will all the signal power be coupled into the new mode.
However, when “interference” of this kind occurs we never actually lose any
power.2° Power is coupled somewhere else (into other modes).

If the sending laser changes wavelength by jumping to another lasing mode
then the effects will change utterly. Mode coupling behavior at an
irregularity will change when the wavelength (or the temperature) changes.
Of course even the slightest change in laser wavelength will cause very
large changes in the phases of the mixed signals. All of this can change
the amplitude of the mixed signal significantly and abruptly.

Thus we have a picture of power travelling in many modes along a fibre
where the distribution of power between the modes is changing abruptly
and quite randomly with even very slight variations in lasing wavelength.

It should be emphasised that mode coupling behavior is not noise of itself
nor is it a direct source of noise. It is the normal way in which laser light
travels on a multimode fibre. Noise is created when mode selective loss is
present.

Mode Selective Loss

A large irregularity in the fibre (such as a bad connector) causes not only
the coupling of modes but also the loss of modes completely from the fibre.
If we just think of the loss characteristic, some modes will be completely
lost, some will couple their power to other modes but the power will stay in
the fibre and other modes may be minimally affected.

So, when the signal described above as changing randomly and abruptly
from mode to mode meets a bad connector you get a loss of signal power
which varies randomly and abruptly. Even though the signal power loss
from each mode at a particular connector is constant, the power arriving
moves rapidly from mode to mode. For example, if one particular mode is
lost at a connector then no signal is lost when there is no power being
carried in that mode and a lot of power is lost when there is a lot of power
in the mode. Because the signal power is shifting into and out of that mode
quickly and randomly, there is a loss of total signal power which occurs at
random (this is noise)!

20 |nterference was discussed earlier in 2.1.3.2, “Transmission through a Sheet of Glass” on page 22.
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The result is that “noise” appears in the received signal. A deterioration in
signal-to-noise ratio of up to 10 dB can sometimes be seen in this situation.

If we have a relatively uniform fibre with no bad loss points, minor irregularities will
nevertheless stimulate mode coupling. As we get further and further from the
transmitter the signal becomes more and more mixed and the power present in
each mode tends to become the same as the amount of power in each other mode.
When such a signal meets a source of mode selective loss (such as the bad
connector described above) although power loss occurs there is no “noise” effect
because the power loss does not vary.

4.in

Modes lost from
this area

Figure 33. Origin of Modal Noise. The speckle pattern changes rapidly over time, however,
energy is conserved and all the power is conserved. When the signal meets a lossy
connector, power is lost from some modes and other modes may be unaffected. Since the
amount of power in the lost modes changes randomly, the amount of power passing the
connector varies randomly.

The process is illustrated?! in Figure 33. The speckle patterns in the top row of the
figure represent the changing power distribution of a signal as it passes a particular
point on the fibre. Notice that although the speckles change the total amount of
power in the fibre remains constant.

Note: The speckle pattern is used here to illustrate the fact that power is shifting
between modes. Speckles are not modes. A speckle pattern observed at the
endface of a fibre is an interference pattern between arriving modes. It is not a
picture of the arriving modes themselves. In this example we have taken some
liberties with fact in implying that the shaded areas represent power arriving at the
endface. However, the point is that the distribution of power arriving at the endface
of the fibre (at a connector) varies randomly and quickly. Power arriving at specific
parts of the endface is lost and power arriving elsewhere is coupled into the next
section of fibre. Since the amount of power arriving at the parts of the interface
where power is lost is varying then we lose varying amounts of power.

21 exaggerated
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The “core” in the centre of the figure represents a bad connector where all the
modes in a particular (shaded) area are lost from the fibre.

When the pattern 1-in arrives at the lossy connector its power is roughly evenly
distributed and so about 25% will be lost (the grey area).

When the pattern 2-in arrives at the lossy connector not much power is in the
lossy area so perhaps only 10% is lost.

When pattern 3 arrives a lot of power is in the lossy area so perhaps 40% of
the power is lost.

In the final pattern perhaps 20% is lost.

So in the above example as a constant amount of power passes the lossy
connector the output power varies 75%, 90%, 60%, 80%... These variations
constitute noise.

It is obvious that this effect will not happen with an incoherent light source (such as
an LED). Also, if the laser is multimoded and it hops very frequently between
modes?? then the effect is reduced quite markedly. However, if the coherence time
of the laser is long (meaning it has a narrow linewidth) then we can get degradation
of the signal.

There are many ways to minimise modal noise effects:

1.

Keep connector loss to a minimum. Connectors with a loss of less than 1 dB
create very little modal noise. The real issue is with connectors showing losses
of around 3 dB close to the transmitter. Mode selective loss of this kind is
necessary to produce modal noise. If there is no loss then there is no noise.

. Use a laser that has a relatively large linewidth and hops between lasing

modes very frequently. (The very opposite of what we want to do using SM
fibre in long distance communication!)

. Use an ASE (amplified spontaneous emission) laser source with an external

modulator. This is cheating as the source is now not really a laser - it is an
amplified LED. These are called SLDs (Super Luminescent Diodes) and are
really a cross between a laser and an LED. Also, this sometimes requires the
use (and added cost) of an external modulator.

. Do something to the input signal of the laser to destroy its coherence (widen

the linewidth).

One technique is to impose a high frequency “microwave” signal on to the bit
stream at the input of the laser. This means that the signal level at the laser
input is made to vary sinusoidally over a few cycles in each bit time.

. Use a short wavelength so that the fibre has a large number of possible

modes.

. Use a large core fibre (to increase the number of modes). We would expect

62.5 micron fibre to have less problem with modal noise than 50 micron.

. Use a self-pulsating laser diode.

22 For many other reasons we don't want this behavior.
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2.3.7 Naming Modes

Detailed discussion and analysis of modal propagation is well outside the scope of
this book. However it is useful to understand some of the terminology used in the
literature and standard texts. Later it will be seen that multiple modes form in any
waveguide situation. This is not limited to fibre propagation but includes, for

example, the behavior of light within planar waveguides and within a laser's cavity

etc.

Transverse Electric (TE) Modes

TE modes exist when the electric field is perpendicular to the direction of
propagation (the z-direction) but there is a small z-component of the
magnetic field. Here most of the magnetic field is also perpendicular to the
z-direction but a small z-component exists.

This implies that the wave is not travelling quite straight but is reflecting
from the sides of the waveguide. However, this also implies that the “ray”
path is meridional (it passes through the centre or axis of the waveguide).
It is not circular or skewed.

Transverse Magnetic (TM) Modes

In a TM mode the magnetic field is perpendicular to the direction of
propagation (z) but there is a small component of the electric field in this
direction. Again this is only a small component of the electric field and
most of it is perpendicular to the z-axis.

Rather than talk about field components here it might be better to say that
the orientation of the electric field is only a few degrees away from being
perpendicular to the z-axis.

Transverse ElectroMagnetic (TEM) Modes

In the TEM mode both the electric and magnetic fields are perpendicular to
the z-direction. The TEM mode is the only mode of a single-mode fibre.

Helical (Skew) Modes (HE and EH)

In a fibre, most modes actually travel in a circular path of some kind. In
this case components of both magnetic and electric fields are in the
z-direction (the direction of propagation). These modes are designated as
either HE or EH (H = magnetic) depending on which field contributes the
most to the z-direction.

Linearly Polarised (LP) Modes

It turns out that because the RI difference between core and cladding is
quite small much can be simplified in the way we look at modes.2 In fibre
propagation you can use a single-mode designation to approximate all of
the others. Thus TE, TM, HE and EH modes can all be summarised and
explained using only a single set of LP modes.

23 Anything that makes this area simpler has got to be good.
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Figure 34. Energy Distribution of Some TEM Modes. The numbering system used here
applies to TE, TM and TEM modes.

It is conventional to number the TE and TM modes according to the number of
nulls in their energy pattern across the waveguide. Thus mode TEg,, would have a
single energy spot in the centre of the waveguide and no others. (This would be
the same mode as TEM.) Mode TE,; would have two nulls (three energy spots) in
one direction and a single null (two energy spots) in the other. This is illustrated in
Figure 34.

When the subscript numbers are low (0,1,2) the modes are often referred to as “low
order” modes. When the subscripts are high numbers the modes are referred to as
“high order” modes.

LPo1

Figure 35. Energy Distribution of Some LP Modes in Fibre

LP mode numbering is different from TE or TM mode numbering. This is illustrated
in Figure 35. LP modes are designated LP,,, where m is the number of maxima
along a radius of the fibre (note here the number of maxima rather than the number
of nulls as before). | here is half the number of maxima around the circumference.
Roughly, m is related to the angle of incidence of the ray with the core/cladding
interface. | tells us how tight the spiral (helix) is.

The fundamental mode (straight down the centre) is thus referred to in different
ways: LPy;, HE;; or TEMy,. In practice, TE and TM designations are usually used
when discussing lasers and planar waveguides. LP is used when discussing MM
fibre propagation.

2.4 Single-Mode Propagation

56

The simple way to think about single-mode propagation is to say that the core of
the fibre is so small compared with the wavelength of the light that the light is
confined to go in one path (or mode) only - straight down the middle. The best way
to conceptualise transmission here is to think of light as an electromagnetic wave in
a waveguide. This is not the time to think about “rays” of light or even of “photons”.
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Figure 36. Single-Mode Propagation

Figure 36 shows a schematic of a quantum of light (photon) travelling down a
single-mode fibre. The important point here is that the light must be thought of as
an electromagnetic wave. The electric and magnetic fields decrease exponentially
as we move away from the axis of the fibre but nevertheless a significant amount of
the optical power travels in the cladding. This does not mean that a percentage of
the rays or a percentage of the photons travel in the cladding. The electromagnetic
wave extends from the core into the cladding and therefore a percentage of each
electromagnetic wave travels in the cladding.

2.4.1 Single-Mode Characteristics

2.4.1.1 Mode Field Diameter (MFD) and Spot Size

As we have seen optical power (in single-mode fibre) travels in both the core and
the cladding. In many situations, not the least being when we join fibre, we need a
number that will give us a measure of the extent of the region that carries the
optical signal. In single-mode fibre the core diameter is not sufficient.
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Figure 37. Mode Field Definition. The mode field is defined as the distance between the
points where the strength of the electric field is decayed to 0.37 (1/e) of the peak.

We introduce the concept of the “mode field”. The mode field can be considered
the effective core of the fibre although the real core size is typically somewhat
smaller. One important point is that there is no abrupt boundary that defines the
extent of the mode field. Even though the signal decays exponentially there is no
exact cutoff point. Therefore we must choose an arbitrary point as the boundary.

Figure 37 shows the distribution of optical power across the diameter of a typical
single-mode fibre. The definition of the mode field diameter is shown. The MFD of
standard SMF at 1550 nm is between 10.5 microns and 11 microns depending on
the fibre. In the 1310 nm band the MFD of standard fibre is 9.3 microns.
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The spot size is also sometimes used to characterise single-mode fibre. The
diameter of the spot is just the radius of the mode field.

2.4.1.2 Field Strength at the Fibre End

Near
Field Far
Field
Core ——»
Cladding
Fibre
Endface

Figure 38. Fields at the End of the Fibre

When the intensity of light is measured at the end of a fibre there are two places at
which it can be done - right at the endface itself and some distance away from it.

Near Field

This is the electromagnetic field at the endface of the fibre itself. In a
single-mode fibre this will usually be a profile of the bound mode but if the
measurement is made close to the transmitter there may be cladding
modes present as well.

Note that just as described in 2.1.3.2, “Transmission through a Sheet of
Glass” on page 22, about 4% of the light reaching the end of the fibre will
be reflected (unless an anti-reflection coating is used).

Far Field

It is extremely difficult to measure the near field directly. Thus the far field
is measured and used to calculate the characteristics of the near field such
as mode field diameter etc.

The far field consists of a series of lobes spread out away from the axis of
the fibre. This is due to the fact that light leaving the endface diffracts in
many directions.

2.4.1.3 Bend Loss in Single-Mode Fibre

Phase
Front

Figure 39. Reason for Bend Loss in Single-Mode Fibre
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Consider light in SM fibre propagating along the fibre as a wave. There is a phase
front which moves along the fibre perpendicular to the direction of travel. The wave
front must be in-phase with itself across the diameter of the field. Consider

Figure 39. As the phase front moves into a bend the light at the inner radius of the
bend must move more slowly than the light at the outer radius (considering a single
wave occupying all of the mode field). This means that at the outer edge (of the
core) the light must experience a lower RI than it would in a straight fibre. If the
bend becomes tight enough the apparent RI of the edge of the core will lower to
become equal to the RI of the cladding; thus, the wave is no longer confined and
will escape from the fibre.

2.4.1.4 Cutoff Wavelength

The cutoff wavelength is the shortest wavelength at which the fibre will be
single-moded. Wavelengths shorter than the cutoff will travel in multiple modes
whereas wavelengths longer than the cutoff will travel in a single mode.

2.4.1.5 G.652 “Standard” Fibre

The characteristics of single-mode fibre were specified by the International
Telecommunications Union (ITU) in the 1980's. The key specifications are as
follows:

¢ Cladding diameter = 125 microns.
e Mode field diameter = 9-10 microns at 1300 nm wavelength.
e Cutoff wavelength = 1100-1280 nm.

e Bend loss (at 1550 nm) must be less than 1 dB for travel through 100 turns of
fibre wound on a spool of 7.5 cm diameter.

e Dispersion in the 1300 nm band (1285-1330 nm) must be less than
3.5 ps/nm/km. At wavelengths around 1550 nm dispersion should be less
than 20 ps/nm/km.2*

* The rate of change of dispersion with wavelength must be less than
.095 ps/nm2/km. This is called the dispersion slope.

2.4.2 Dispersion in Single-Mode Fibre
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Figure 40. Dispersion of “Standard” Single-Mode Fibre

24 pPicoseconds of dispersion per nanometer of signal bandwidth per kilometer of distance travelled.
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Since modal dispersion cannot occur in single-mode fibre (as you only have one
mode), the major sources of dispersion are material (or chromatic) dispersion and
waveguide dispersion.

Material (Chromatic) Dispersion

This is caused by the fact that the refractive index of the glass we are using
varies (slightly) with the wavelength. Some wavelengths therefore have
higher group velocities and so travel faster than others. Since every pulse
consists of a range of wavelengths it will spread out to some degree during
its travel.

All optical signals consist of a range of wavelengths. This range may be
only a fraction of a nanometer wide but there is always a range involved.
Typically optical pulses used in communications systems range from about
.2 nm wide to 5 nm wide for systems using single-mode fibre (with lasers).

Waveguide Dispersion

The shape (profile) of the fibre has a very significant effect on the group
velocity. This is because the electric and magnetic fields that constitute the
pulse of light extend outside of the core into the cladding. The amount that
the fields overlap between core and cladding depends strongly on the
wavelength. The longer the wavelength the further the the electromagnetic
wave extends into the cladding.

The RI experienced by the wave is an average of the RI of core and
cladding depending on the relative proportion of the wave that travels there.
Thus since a greater proportion of the wave at shorter wavelengths is
confined within the core, the shorter wavelengths “see” a higher Rl than do
longer wavelengths. (Because the RI of the core is higher than that of the
cladding.) Therefore shorter wavelengths tend to travel more slowly than
longer ones. Thus signals are dispersed (because every signal consists of
a range of wavelengths).

The good news here is that these two forms of dispersion have opposite signs, so
they tend to counteract one another. Figure 40 on page 59 shows the wavelength
dependent dispersion characteristics of “standard” single-mode fibre. Notice that
the two forms of dispersion cancel one another at a wavelength of 1310 nm. Thus
if the signal is sent at 1310 nm dispersion will be minimised.

Dispersion (from all causes) is often grouped under the name “Group Velocity
Dispersion” (GVD). On standard single-mode fibre we consider two GVD regimes -
the “normal dispersion regime” and the “anomalous dispersion regime”.

Normal Dispersion Regime

The normal dispersion regime is represented in Figure 40 on page 59 at
the left of the point where the line crosses the zero dispersion point. In this
region the long wavelengths travel faster than the short ones! Thus after
travelling on a fibre wavelengths at the red end?® of the pulse spectrum will
arrive first. This is called a positive chirp!

25 The use of the terms “red end” and “blue end” here requires some explanation. Any wavelength longer than about 700 nm is
either visible red or infra-red. Thus all of the wavelengths in question can be considered “red”. However, it is very useful to
identify the shorter wavelength (higher frequency) end of a pulse spectrum as the “blue end” and the longer wavelength (lower
frequency) end as the “red end”.
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Anomalous Dispersion Regime

This is represented by the section of the figure to the right of the zero
crossing point. Here, the short wavelengths (blue end of the spectrum)
travel faster than the long wavelengths (red end). After travel on a fibre the
shorter wavelengths will arrive first. This is considered a negative chirp.

Note: The definitions of the words “normal” and “anomalous” given above are
consistent with those used in most textbooks and in the professional literature. In
some engineering contexts the use of the terms is reversed. That is, what we have
defined above as normal becomes anomalous and what we defined as anomalous
is called normal.

It seems obvious that the wider the spectral width of our signal the more dispersion
we will have. Conversely, the narrower the signal the less dispersion. An infinitely
narrow signal (a single wavelength) wouldn't disperse at all! Sadly, it couldn't carry
any information either! Modulation of a signal widens its bandwidth.

In SM fibre dispersion is usually quoted in picoseconds of dispersion per nanometer
of spectral width per kilometer of propagation distance. (ps/nm/km)

The subject of compensation for dispersion is discussed in more detail in 7.5,
“Control of Dispersion in Single-Mode Fibre Links” on page 328.

2.4.2.1 Polarisation Mode Dispersion (PMD)

In single-mode fibre we really have not one but two modes (travelling on physically
the same path). This is due to the fact that light can exist in two orthogonal
polarisations. So we can send two possible signals without interference from one
another on single-mode fibre if their polarisations are orthogonal. In normal
single-mode fibre a signal consists of both polarisations. However, polarisation
states are not maintained in standard SM fibre. During its journey light couples
from one polarisation to the other randomly.

Birefringence is the name given to the characteristic found in some materials and in
some geometries where the ray path exhibits a different refractive index to the
different polarisations. This happens in normal single-mode fibre in that there is
usually a very slight difference in Rl for each polarisation. It can be a source of
dispersion but this is usually less than .5 ps/nm/km (for most applications trivial).
The effect is to cause a circular or elliptical polarisation to form as the signal travels
along the fibre. Dispersion resulting from the birefringent properties of fibre is
called “Polarisation Mode Dispersion” (PMD).

More important, it is a source of “Birefringent Noise”. This is a form of modal noise
(see 2.3.6, “Modal Noise” on page 51). It is also called “Polarisation Modal Noise”
in some publications. The mechanism involved is quite similar to the mechanism
responsible for modal noise. As the light propagates along the fibre it constantly
changes in polarisation in response to variations in the fibre's composition and
geometry. Power is not lost but the axes of polarisation and the orientation of
magnetic and electric fields in relation to them constantly change. If there is a
polarisation sensitive device in the circuit that has significantly higher losses in one
polarisation mode than the other, then the effect of meeting with a signal that is
constantly changing in polarisation is to produce changes in total signal power.
These changes constitute birefringent noise.
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2.4.2.2 Dispersion Shifted Fibre

So-called “standard” single-mode optical fibre has its dispersion null point (where
waveguide dispersion and material dispersion cancel each other out) at a
wavelength of 1310 nm. This was one of the reasons that almost all current long
distance fibre networks operate at that wavelength. But there are a lot of very good
reasons that we would like to operate in the 1550 nm band. These reasons are
principally:

e Fibre attenuation is a lot lower in the 1550 nm band.
e Erbium doped fibre amplifiers (EDFAS) operate in this band. It is true that

praseodymium (Pr) doped amplifiers are available which operate in the 1300
band but their quality is not anywhere near as good as the erbium ones.

* WDM systems require a large amplified bandwidth and this means that we want
to use the 1550 window and EDFAs.
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Figure 41. Dispersion Shifted Fibre

Dispersion of standard SM fibre at 1550 nm is very large (Around 17 ps/nm/km).
We can mitigate the effects of this quite a lot by using lasers with very narrow
linewidths but nevertheless it is a very significant problem.

Increasing RI
Single Mode Single Mode
Dispersion Shifted Dispersion Flattened

Figure 42. Profiles of Dispersion Shifted and Dispersion Flattened Fibre

This has led to the development of special fibre that has its dispersion minimum at
1550 nm. This is done by manipulating the core profile to introduce dispersion in
the opposite direction (with the opposite sign) from the direction in which chromatic
dispersion operates. The core profile of this fibre is shown in Figure 42.

Currently dispersion shifted fibre has a number of problems that make it
unattractive.
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1. It is more prone than standard fibre to some forms of nonlinearity that cause
signal “breakup”. It has a slightly smaller MFD so electric and magnetic field
strengths are greater causing more nonlinearity.

2. The big problem is that it delivers precisely what the name suggests: very low
dispersion in the 1550 nm transmission window. But if you are building a WDM
system this means that signals on different WDM channels propagate at very
nearly the same speed. This should be goodness but so called “four-wave
mixing effects” are emphasised because the signals stay in-phase over a
relatively long distance. So you get the optical equivalent of near-end crosstalk
(NEXT). This is interference between the optical channels!

To overcome this the fibre suppliers have a new (very expensive) fibre that
“guarantees” a certain level of dispersion! (About 4 ps/nm/km.) When the price is
right it is predicted that this will become the new standard for single-mode long
distance cabling.

2.4.2.3 Non-Zero Dispersion-Shifted (WDM-Optimised) Fibre
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Figure 43. Non-Zero Dispersion-Shifted Fibre RI Profile

The major fibre manufacturers now market a fibre specifically designed for WDM
systems. Called “Non-zero dispersion-shifted fibre” (NZ-DSF), this fibre has a
dispersion of around 4 ps/nm/km in the 1530-1570 nm band. This low but positive
dispersion figure, minimises dispersion of the signal while avoiding the unwanted
effects of four-wave mixing between WDM channels.

Fibres from different manufacturers have somewhat different characteristics. AT&T
calls its dispersion optimised fibre “Tru-Wave” and Corning uses the name SMF-LS.

2.4.2.4 Large Effective-Area Fibres

One of the problems of the dispersion-shifted fibre designs is that they can handle
only a relatively low maximum optical power level compared to standard fibre.2¢
This limitation in power handling capacity is caused by the fact that the effective
cross-sectional area of the core (A.y) is less than that of standard fibre. Standard
fibre has an Ay of 80 um?2 where NZ-DSF has an A.; of 55 umz2.

As described in 2.4.5, “Non-Linear High-Power Effects” on page 69 there are a
number of non-linear effects that occur when light is transmitted on a fibre. These

26 Indeed the power handling capacity of standard fibre is quite low enough anyway.
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effects are almost solely dependent on the intensity of light in the fibre core. The
smaller the core area the higher will be the power density for any given power
level. The smaller effective area of dispersion-shifted fibres therefore limits the
power handling capacity of these fibres significantly.

The maximum power handling capabilities of a fibre are extremely important in high
bit-rate systems and in WDM systems.

Large effective-area fibres are designed to have an effective area similar to that of
traditional (standard) single-mode fibre. For example, Corning's LEAF fibre has an
Agg Of 72 um2.

Because these fibres are designed for use in WDM systems in the 1550 nm band
they are NZ-DSF fibres (as described above) and have core profiles similar to that
shown in Figure 43 on page 63.

2.4.2.5 Dispersion Flattened Fibre

By using a very sophisticated fibre profile (see Figure 42 on page 62) it is possible
to arrange things so that dispersion over the whole range from 1300 nm to 1700
nm is less than about 3 ps/nm/km.

The idea behind this kind of fibre was to install a fibre which would allow people to
use 1300 nm systems today and change to the 1550 nm band sometime in the
future when needed. It was a good idea in its time (when equipment for the 1550
nm band was not yet available) but has a very significant problem: attenuation
experienced in this type of fibre is extremely high (up to 2 dB/km). Dispersion
flattened fibre is used in some optical devices but hasn't been used for significant
wide area cabling.

2.4.2.6 Dispersion Compensating Fibre

It is possible to construct a fibre profile where the total dispersion is over 100
ps/nm/km in the opposite direction to dispersion caused by the material. This can
be placed in series with an existing fibre link to “undisperse” a signal. Dispersion
compensating fibre with dispersion of -100 ps/nm/km is commercially available
however it has an attenuation of .5 dB/km.
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