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Preface

Fiber optics has come a long way since [ wrote the first edition of Understanding Fiber
Optics. Optical-fiber communications was a radical new technology then, used mostly
for high-capacity, long-distance transmission of telephone signals. As I finish the fourth
edition, T can look out my office window and see a fiber cable that carries telephone,
Internet, and cable-television signals down the street.

Over the years, I have been greatly impressed by the tremendous progress in developing
practical fiber-optic equipment. The technology is interesting and elegant, as well as im-
portant. | find myself caught up in the advancing field, like a sports writer covering a
team blazing its way to a championship. The thrill of technical achievement can be just
as tangible to those of us involved with engineering or technology as the thrill of victory
is to an athlete.

Although I wrote the first edition mainly for self-study, the book is now used in class-
room settings. My goal is to explain principles rather than to derail procedures. When
you finish this book you should indeed undersiand fiber optics. You should be able to
pick up a trade journal such as Lightwave or Fiberoptic Product News and understand
what you read, just as you should be able to understand the duties of a fiber engineer, a
network planner, or a cable installer. You will not be able to do their jobs, but you will
be literate in the field. Think of this as Fiber Optics 101, a foundation for your under-
standing of a growing technology.

To explain the fundamentals of fiber optics, [ start with some ideas that may seem basic
to some readers. When introducing a relatively new field, it is better to explain oo
much than too little.

To make concepts accessible, 1 include drawings to show how things work, limit the
mathematics to simple algebra, and step through some sample calculations so you can
see how they work. I compare fiber optics with other common technologies and high-
light similarities and differences, and I have also organized the book to facilitate cross
referencing and review of concepts.

The book is structured to introduce you to basic concepts first, then to dig deeper into
fiber hardware and its applications. The chaprers are organized as follows:



The first three chapters present an overview, starting with a general
introduction in Chapter 1. Chapter 2 introduces optics, light, and the
concept of light guiding, Chapter 3 introduces communication systems
and fiber-optic transmission. These chapters assume you have little
background in the field, but they are worth reading even if you think your
background is adequate.

Chapters 4 through 8 cover optical fibers, their properties, and how they
are assembled into cables. The material is divided into five chapters to
make it easier to digest. Chapters 4 through 6 are essential 10
understanding the fiber concepts found in the rest of the book. Chapter 7
covers special-purpose fibers used in fiber amplifiers, fiber gratings, and a
few odd applications such as architectural lighting. Chapter 8 is an
overview of cabling,

Chapters 9 through 12 cover laser and LED light soutces, optical
transmitters, optical detectors, receivers, optical amplifiers, and electro-
optic regenerators. Chapter 12 compares and contrasts the operation of
optical amplifiers and electro-optic regenerators.

Chapters 13 through 16 cover a range of other components used in fiber-
optic systems. Chapter 13 covers connectors and splices that join fibers.
Chapter 14 covers optical couplers and other passive components used in
simple fiber systems. Chapter 15 covers the optics used in wavelength-
division multiplexing, which combine and separate signals at different
wavelengths sent through the same fiber. Chapter 16 covers optical
modulation and optical switching, key components for optical
networking.

Chapter 17 covers the fundamentals of optical and fiber-optic
measurements, and describes how optical measurements differ from those
of other quantities. Chapter 18 follows, covering fiber-optic test
equipment and troubleshooting.

Chapters 19 through 22 cover principles of fiber-optic communication.
Chapter 19 describes the basic principles behind fiber-optic systems and
optical networking. Chapter 20 covers major communication standards.
Chapter 21 outlines the design of point-to-point single-wavelength
systems, with sample calculations, so you can understand how these
systems are put together. Chapter 22 extends design concepts, covering
wavelength-division multiplexing and the emerging optical network.

Chapters 23 through 27 cover various aspects of telecommunications,
explaining how fiber optics fit into networks used for global and regional
telephone and Internet transmission, cable relevision, and data networks.
These chapters focus on different levels and aspects of the global nerwork
to keep concepts manageable. Chapter 28 covers special systems that don’t
fit elsewhere, such as fiber-optic cables for remote control of robotic
vehicles, and networks in aircraft and automobiles.



@ The final two chapters describe noncommunication applications.
Chapter 29 explains the principles and operation of fiber-optic sensors.
Chapter 30 covers imaging an illumination with fiber optics.

Most chapreers include suggestions for further reading, and a list of resources appears at
the back of the book. Links to Web sites are currently being added to my Web site,
hesp:/fwww.fiberhome.com. 1 would welcome any suggestions or comments you might
have; please e-mail me at jeff@fiberhome.com or fiber@jefthecht.com.

The glossary at the back of the book gives you quick translations of specialized terms
and acronyms.

This edition also includes appendices thar rabulate useful information, such as the values
of important physical constants, conversion factors, standard data rates and wavelengths,
and a few key formulas.

I have tried to make everything current, but the technology is advancing so fast that some
details are bound to become obsolete. When you finish Undlerstanding Fiber Optics, you
should be prepared to follow the new advances, and perhaps contribute to them as well.
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Introduction
to Fiber Optics

A Personal View

Light is an old friend thar has fascinated me ever since I can remember. As a boy, I
bought surplus lenses, prisms, and filters, and used them to play with light; [ still have a
box of optical toys. In college 1 studied physics and electronic engineering, but light
drew me back, first to lasers and then to fiber oprics.

The firse optical fibers [ saw were in decorative lamps. A bundle of fibers was clamped
together at one end and splayed out in a fan at the other. A bulb illuminated the
clamped end, and the fibers carried light to the loose ends, where it sparkled like tiny
stars. The effect was pretty enough that I bought my sister one as a Christmas present,
but useless enough that I wandered away to explore other things.

When 1 next saw fiber oprics, they had improved so much that telephone companies
were developing them for communications. Those were the days when phone compa-
nies were—with good reason—described as “rraditionally conservative” in their use of
technology. They probed and tested fiber optics almost as cautiously as a bomb squad
investigates a suspicious package. Finally, in 1977, GTE, AT&T, and Bricish Telecom
each dared to run live telephone traffic through fiber-optic cables they had pulled
through standard underground ducts.

Looking back, the technology they used looks primitive. It was daring then, and it
worked. Not only that, it worked flawlessly. The small armies of engineers monitoring
those test beds came to countless technical meetings afterward repeating the same mo-
notonous but thrilling conclusion: “It works! Nothing has gone wrong!”

I was at the first fiber-optic tradc show in the late 1970s, and have watched the excite-
ment spread since then. Fach year the meetings have grown larger. In the early years,
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L J
Light normailly
travels in straight
fines, but
sometimes it is
useful to make it
go around
corners.

breakthroughs were almost routine. The first gencration of systems was barely in the
ground before a second gencration was ready. A third generation followed quickly and,
starting in the mid-1980s, became the backbone of the long-distance telephone network.
That technology is fading away, and today we're seeing a new revolution in optical net-
working. State-of-the-art fiber systems can carry billions of bits per second at each of
dozens of different wavelengths. Optical devices now switch signals as well as carry them
from point to point. The rate of change has varied over the years, but the accomplishments
are far beyond what anyone dared dream 20 years ago.

Looking back, it's been an incredible ride. It’s a thrill to watch a new technology spring
from the laboratory into the real world. Once I heard about fiber optics from research sci-
entists; now 1 hear about fiber optics from telephone technicians working on the poles
down the streer. But the fun isn't over yet. The fiber-oprtics revolution will continue until
fiber comes to every home. loday fiber-optic cables run mainly to businesses that need
high-speed telecommunications. Fiber goes to only a relative handful of homes today, and
it will rake time to spread. Yet when it does come, fiber will bring a wealth of new informa-
tion scrvices, and make today’s cable modems and digital subscriber line (IDSL) look like
vesterday’s 1200-bit/second modems. The visionarics who foresaw a wired city were
wrong—we will have a fibered society instead. We can all watch it happen.

But that’s enough of this visionary stuff. Let's get down to the nuts and bolts—and fiber.

About This Chapter

The idea of communication by light was around long before fiber optics, as were fibers of
glass. [t took many years for the ideas behind fiber optics to evolve from conventional op-
tics. Even then, people were thinking more of making special optical devices than of opti-
cal communications. In this chapter you will see how fiber-optic technology evolved and
how it can solve a wide variety of"problemsi in communications.

The Roots of Fiber Optics

Left alone, light will travel in straight lines. Even though lenses can bend light and mirrors
can deflect it, light still travels in a stmigh( linc between optical devices. This is fine for
most purposes. Cameras, binoculars, telescopes, and microscopes wouldnt form images
properly if light didn't travel in straight lines.

However, there also are times when people want to look around corners or probe inside
places that are not in a straight line from their cyes. Or they may just need to pipe light
from place to place, for communicating, viewing, illuminating, or other purposes. That’s
when they need fiber optics.
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Piping Light

The problem arose long before the solution was recognized. In 1881, a Concord, Massa-
chusetts, engineer named William Wheeler patented a scheme for piping light through
buildings. Evidently not believing that Thomas Edison’s then new incandescent bulb
would prove practical, Wheeler planned to use light from a blindingly bright electric arc in
the basement to illuminate distant rooms. He devised a set of pipes with reflective linings
and diffusing optics to carry light through a building, then diffuse it into other rooms, a
concept shown in one of his patent drawings in Figure 1.1.

e ¥. WEEELER. ¢ Shoste—thont 1 FIGURE 1.1
APPARATUS FOR LIGHTING DWELLINGS OR OTEER ATRUCTURSS, P
No. 247,239 Patented Sept. 20,1881 W/’f_"’/e 75 viston of
piping light (U.S.

Patent 247,229).

Although he was in his twenties when he received his patent, Wheeler had already helped
found a Japanese engineering school. He later founded a successful company that made
street lamps, and went on to become a widely known hydraulic engineer. Nevertheless,
light piping was not one of his successes. Incandescent bulbs proved so practical that they're
still in use today. Even if they hadn’t, Wheeler's light pipes probably wouldn't have reflected
enough light to do the job. However, the idea of light piping reappeared again and again
until it finally coalesced into the optical fiber.
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FIGURE 1.2
Light guided down

a water jet.

Total Internal Reflection

Ironically, the fundamental concept underlying the optical fiber was known well before
Wheeler's time. A phenomenon called total internal reflection, described in more detail in
Chapter 2, can confine light inside glass or other transparent materials denser than air. If
the light in the glass strikes the inside surface at a glancing angle, it cannot pass out of the
material and is instead reflected back inside it. Glassblowers probably saw this effect long
ago in bent glass rods, but it wasn't widely recognized until 1841, when Swiss physicist
Daniel Colladon used it in his popular lectures on science.

Colladon’s trick, shown in Figure 1.2, worked like this. He shone a bright light down a hor-
izontal pipe leading out of a tank of water. When he turned the water on, the liquid flowed
out, with the pull of gravity forming a parabolic arc. The light was trapped within the water
by total internal reflection, first bouncing off the top surface of the jet, then off the lower
surface, until the turbulence in the water broke up the beam.

The Paris Opera used Colladon’s light jet as a special effect in 1853 during performances of a
ballet and of Gounod's opera Faust. The great Victorian exhibitions of the 1880s borrowed
the idea to make illuminated fountains that fascinated fair-goers. But curving warer jets had
few practical uses. Light inevitably leaked out as the surface of the flowing water grew rough.

e o
—

Water

Light L— ___  Light Reflected
Source from Surface

l Water Flowing
l Out of Tank

\| Light Gradually
f Leaks Qut at
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Light beam becomes more diffuse
as it passes down the water jet,
because turbulence breaks up surface.
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Glass Light Guides and Imaging

Clear glass rods could also guide light. By the early 1900s, they were being used to illumi-
nate microscope slides. Inventors patented schemes for guiding light through bent glass
rods to illuminate the inside of the mouth for dentistry. It was better than sticking a gas
lamp in the patient’s mouth, but it was far from perfect, and was never widely used.

A fine glass fiber is really a very thin rod, so it can guide light in the same way. Glass fibers e

also are flexible. Assemble a bundle of them, and they can transmit an image from one end The key .
to the other, as you will learn in Chapter 30. Clarence W. Hansell, an American electrical dev;(a.lopmerﬁ ";
engineer and prolific inventor, patented the concept in the late 1920s. Heinrich Lamm, a fig;slzgoz?;lcfos
German medical student, made the first image-transmitting bundle in 1930. However, the

. : perfecting a
images were faint and hazy. cladding to keep

the |igh1 from

Lamm had to comb the fibers to align them, but he didn’t recognize a more important ook X
eaking out.

problem. When many bare fibers are bundled together, their surfaces touch, so light can
leak from one into the other. The fibers also can scratch each other, and light leaks ourt at
the scratches. Light even leaks out where fingerprint oils cling to the glass. The same prob-
lem plagued three men who independently reinvented imaging bundles in the early 1950s:
a Danish engineer and inventor, Holger Meller Hansen, and two eminent professors of op-

tics, Abraham van Heel in the Netherlands and Harold H. Hopkins in England.

The solution to that problem seems painfully obvious with 20/20 hindsight. Everyone
started by looking at total internal reflection at the boundary between glass and air. However,
total internal reflection can occur at any surface where light tries to go from a material with a
high refractive index to one with a lower refractive index. Air is convenient, and its refractive
index of 1.000293 is much lower than thar of ordinary glass, which is 1.5. Bur total internal
reflection occurs as long as the material covering the glass has a refractive index smaller than
the glass, as shown in Figure 1.3. Moller Hansen produced total internal reflection by coat-
ing glass fibers with margatine, but the results were impractically messy.

Brian O’Brien, a noted American optical physicist, separately suggested the cladding to van
Heel in 1951. Van Heel used beeswax and plastic, which were more practical than mar-
garine. In December 1956, Larry Curtiss, an undergraduate student at the University of
Michigan, made the first good glass-clad fibers by melting a tube of low-index glass onto a
rod of high-index glass. Glass cladding soon became standard, although a few fibers con-
tinue to be plastic-clad, and plastic is used to coat fibers to protect them mechanically.

Glass-clad fibers were the key to making exible fiber-optic endbscopes ot gastroscopes to look bt

down the throat into the stomach. The fibers are glued in place on each end, but left loose Mcny optical
in the middle, forming a flexible bundle that can be bent to follow the natural curves of the fibers can be
throat. Flexible fibers bundles are inserted in the opposite end of the body to examine the bundled.tc?gefher
colon. The fiber-optic endoscope has become an important medical tool, although some fo fransmif images.
instruments now combine fibers with miniature electronic cameras.

Other imaging applications soon emerged for bundles of optical fibers. Fibers can be
melted together and drawn to be extremely fine light guides in rigid bundles. Flexible fiber
bundles can “pipe” light for illumination into hard-to-reach spots. A whole industry grew
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FIGURE 1.3

Light cannot leak

Other Material

out of clad fibers
=—=— "~ Light Leaks
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Light Lost Here
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No Light Lost
(Total internal
Reflection)
b. Clad Fiber
Cladding has refractive
index between air and glass.
around fiber-optic imaging and light-piping in the 1960s. The technology remains in use,
and is covered in Chapter 30, bur has largely been cclipsed by fiber-optic communications,
Fibers in Communications
A .f | The idea of communicating by light probably goes back to signal fires on prelustoric hill-
n optica

el h tops. The ancient Greeks relayed news of the fall of Troy by signal fires; Native Americans
invzsg;?lion Fv:c?:ce used smoke signals. Even the first “telegraph” was an optical one, invented by French engj-
in the 1790s but  €eT Claude Chappe in the 1790s. Operators relayed signals from onc hilltop telegraph
tower to the next by moving semaphore arms. Samuel Morse’s electric telegraph put the op-
made obsolete by y g p graph p p
: neal telegraph out of business, but it left behind countless Telegraph Hills.
the electric grap grap

telegraph. In 1880, a young scientist who had already earned an international reputation used beams of

light to transmit voices in the first wireless relephone. Alexander Graham Bell had invented
the telephone four vears carlier, but he considered the photophone his greatest invention. It
reproduced voices by detecting variations in the amount of sunlight or artificial light focused
through the open air onto a receiver. Bell was elated to hear beams of light laugh and sing, but
the Photophone never proved practical in cities, where too many things could get in the way
of the light. Wires and radio waves proved more practical for communications.



Introduction to Fiber Optics ‘

A few people kept experimenting with optical communications. In the 1930s, an engineer -

named Norman R. French—who worked for the American Telephone & Telegraph Corp. Invention of the
built around Bell’s telephone—patented the idea of communicating by sending light _Ioser SfimUIG'_ed
through pipes. But few people took optical communications seriously until Theodore interest in optical

communications
and led to efforts
The laser generates a tightly focused beam of coherent light at a single pure wavelength. It's  to reduce light loss
the oprical equivalent of the pure carrier-frequency signal used by a radio or television sta- in fibers, which

Maiman demonstrated the first laser in 1960.

tion. That made it look very promising for communications, and many laboratories started  was essgntiql for
experimenting. They first tried sending laser beams through air, bur like Bell soon found communications.
that open air was not a very good transmission medium because fog, rain, snow, and haze

could block signals. They tried sending light through more modern versions of Wheeler’s

light pipes and found other troubles.

Oprical hbers were available, but they didn't look very promising. The fibers used in endo-
scopes ate much dlearer than window glass, but half the light that enters them is lost after 3
meters {10 feet). That’s fine for examining the stomach, but not for communications. Go
through a mere 20 meters (66 feet) of such fiber, and only 1% of the light remains. Go an-
other 20 meters, and only 1% of that light remains—0.01% of the input. Convinced that
transparent solids inevitably absorbed too much light for optical communications, most
engineers cither gave up or tried to develop new versions of hollow light pipes or better
ways to send light chrough the air.

‘Two young engineers at Standard Telecommunication Laboratories in England, Charles K.
Kao and George Hockham, took a different approach. Instead of asking how clear the best
fiber was, Kao asked what the fundamental limit on loss in glass was. He and Hockham
concluded that the loss was caused mostly by impurities, not by the glass itself. In 1966,
they predicted that highly purified glass should be so clear that 10% of the light would re-
main after passing through at least 500 meters (1600 feer) of fiber. Their prediction
sounded fantastic to many people then, but it proved too conservarive.

Publication of Kao and Hockham’s paper set off a worldwidc race to make better fibers. The
first to bear the theorerical prediction were Robert Maurer, Donald Keck, and Peter Schultz
at the Corning Glass Works (now Corning Inc.) in 1970. Orhers soon followed, and losses
were pushed down to even lower levels. In today's best optical fibers, 10% of the entering
light remains after che light has passed through more than 50 kilometers (30 miles) of fiber.
Losses are not quite that low in practical telecommunication systems, burt as you will see in
Chapter 5, impressive progress has becn made. Because of that progress, fiber optics have be-
come the backbones of long-distance telephone networks around the world.

Basic Fiber Concepts

The rest of this book will teach you the details of how fiber optics work and how they
are used, particularly in communications. The rest of this chapter is a starting paint, to
give you a quick snapshot of what’s involved in fiber-optic technology. Chapters 2 and
3 go into a bit more depth to lay the foundation for the rest of the book. Their goal is



