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1. INTRODUCTION
On 20 December 2013, The United Nations General Assembly proclaimed 2015 as
the International Year of Light and Light-based Technologies (IYL 2015) – see Fig. 1. In proclaiming an
International Year focusing on the topic of light science and its applications, the United Nations has
recognized that
light plays a vital role in our daily lives…. …. It has revolutionized medicine, opened up
international communication via the Internet, and continues to be central to linking economic
and political aspects of the global society.
Fiber optics is one such revolution about which we will discuss in this paper. According to Nobel
Laureate Ahmed Zewail (quoted from http://spie.org/x105138.xml):
Civilization would not exist without light—light from our sun and light from the focused and
coherent lasers that have now become an important part of our daily lives; from scanning
packages at supermarkets, to eye surgery, and to IT communications across oceans. The
International Year of Light will surely raise awareness of these powerful discoveries and their
present wide-ranging, light-based technologies, which are significant contributors to the world
market. As importantly, the International Year of Light will inspire future discoveries and
applications for one of the most important elements of our existence: light.
And it so happens that the 2014 Nobel Prize in Physics was awarded jointly to Isamu Akasaki, Hiroshi
Amano and Shuji Nakamura for the
invention of efficient blue LEDs which has enabled bright and
energy-saving white light sources.
Further the 2014 Nobel Prize in Chemistry was awarded jointly to Eric Betzig, Stefan W. Hell and
William E. Moerner for the
development of super-resolved fluorescence microscopy.
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Both awards are in the general area of optics!! This shows the tremendous importance of optics in
current areas of research.
Why 2015 was chosen as the International Year of Light? One of the reasons was that
1000 years back, in the year 1015, Ibn al-Haytham (often called as Alhazen) wrote the first book on
optics (see Fig. 2). Alhazen’s Book of Optics (Arabic: Kitab al-Manazir, Latin: De Aspectibus or
Perspectiva) had a great influence in the development of optics. Robert S. Elliot wrote the following about
the book:
Alhazen was one of the ablest students of optics of all times and published a seven- volume
treatise on optics which had great celebrity throughout the medieval period and strongly
influenced Western thought …
However, major scientific anniversaries to be celebrated during 2015 are (quoted from
http://spie.org/x105138.xml):






Ibn Al-Haytham's works on optics (1015)
Fresnel’s theory of diffraction (Fresnel, 1815)
Electromagnetic theory of light propagation (Maxwell, 1865)
Einstein's theory of the photoelectric effect (1905) and of the embedding of light in
cosmology through general relativity (1915)
Charles Kao's achievements concerning the transmission of light in fibers for optical
communication (1965).

Coming back to Fiber Optics, in 2009, Professor Charles Kao was awarded half of the 2009
Nobel Prize in Physics for
groundbreaking achievements concerning the transmission of
light in fibers for optical communication.
This is truly a very apt recognition of an area which has touched almost everyone. The Chair of the
Nobel Committee said
Charles Kao’s discovery made in 1966 led to a breakthrough in Fiber Optics….. and
revolutionized the way in which information can be transmitted globally
In 1966, Charles Kao and George Hockham predicted that if it was possible to produce optical fibers
with attenuation less than 20 dB/km, it could compete effectively with the conventional
communication systems (Ref. Ka1); a loss of 20 dB implies a power loss by a factor of 100. In
1970, Kapron, Keck and Maurer (at Corning Glass in USA) were successful in producing silica fibers
with a loss of about 17 dB/km. In 1970 itself, Alferov in Leningrad and Panish and Hayashi at Bell Labs
demonstrated room temperature operation of semiconductor lasers; and thus started the revolution in
optical fiber communication. However, in addition to very important applications in communications, the
optical fiber is playing an important role in in just guiding the light beam from one place to the other, in
medical diagnostics and also in numerous areas with fiber based devices like Fiber Bragg Gratings, Fiber
Amplifiers & Fiber Lasers. Fiber based sensors have also become an extremely important area (see, e.g.,
Ref.Cu1
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We should mention here that the idea of using light waves for communication can be traced to as far back
as 1880 when Alexander Graham Bell invented the photophone shortly after he invented the telephone in
1876. In this remarkable experiment, speech was transmitted by modulating a light beam, which traveled
through air to the receiver. The transmitter consisted of a flexible reflecting diaphragm which could be
activated by sound and which was illuminated by sunlight. The reflected beam was received by a
parabolic reflector placed at a distance (see Fig. 3). The parabolic reflector concentrated the light on a
photoconducting selenium cell, which forms a part of a circuit with a battery and a receiving earphone.
Sound waves present in the vicinity of the diaphragm vibrate the diaphragm, which leads to a consequent
variation of the light reflected by the diaphragm. The variation of the light falling on the selenium cell
changes the electrical conductivity of the cell, which in turn changes the current in the electrical circuit.
This changing current reproduces the sound on the earphone. This was the first experiment on optical
communication. To quote from Ref. Ma1:
In 1880 he (Graham Bell) produced his "photophone" which to the end of his life, he insisted was
"... the greatest invention I have ever made, greater than the telephone ...". Unlike the telephone
it had no commercial value.
2. THE OPTICAL FIBER
At the heart of an optical communication system is the optical fiber that acts as the transmission channel
carrying the light beam from one place the other; and the light beam (through the optical fiber) takes
place because of the phenomenon of total internal reflection (often abbreviated as TIR). Now when a ray
of light is incident from a denser medium (of refractive index
n1) on a
rarer medium of refractive index

n2 (< n1), total internal reflection will occur if the angle of

incidence is greater than the critical angle ɸc given by

ɸc

= sin-1 [n2/n1],

(1)

For example, for the glass-air interface, n1= 1.5, n2= 1.0 and the critical angle is given by
ɸc ≈ 41.8 . On the other hand, for the glass-water interface, n1 = 1.5, n2 = 1.33 and
ɸc ≈ 62.7 . The phenomenon of total internal reflection can be very easily demonstrated through
a simple experiment as shown in Fig.4. Although the phenomenon of total internal reflection has been
known for hundreds of years, light guidance by total internal reflection was first carried out by Daniel
Colladon in 1841; a light beam was guided through a water jet – see Figs 5 and 6. Later Colladon wrote:
I managed to illuminate the interior of a stream in a dark space. I have discovered that this
strange arrangement offers ….. one of the most beautiful, and most curious experiments that
one can perform in a course on Optics.
As mentioned by Johnston (Ref. Jo1) “For many decades, the pioneers of fiber optics development
erroneously assigned the credit for light guiding phenomenon to the charismatic
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Tyndall instead of to Daniel Colladon.” For a nice historical survey, we refer the reader to Ref. He1.
Figure 7 shows the light guidance through the optical fiber which consists of a (cylindrical) central
dielectric core cladded by a material of slightly lower refractive index. The corresponding refractive index
distribution (in the transverse direction) is given by
n = n1

0<r<a
r>a

= n2

Core
Cladding

(2)

where n1 and n2 (< n1) represent respectively the refractive indices of core and cladding and a
represents the radius of the core. We define a parameter ∆ through the following equations

∆=
n1

n1 - n2
(4)

For a typical multimode fiber, a ≈ 25 µm, n2 ≈ 1.45 ( pure silica ), and

∆ ≈ 0.01 giving a core

index of n1 ≈ 1.465 . For a typical single mode fiber (which is extensively used in fiber optic
communication systems), a ≈ 5 µm, n2 ≈ 1.45 (pure silica) and
∆≈0.003.
The
cladding
is
usually pure silica while the core is usually silica doped with germanium; doping by germanium results
in an increase of refractive index. Figure 8 shows the details of the transverse cross section of the optical
fiber. Figure 9 shows the actual light guidance through the optical fiber; the light coming out from the
sides of the fiber is due to what is known as Rayleigh scattering.
The necessity of a cladded fiber rather than a bare fiber i.e., without a cladding, was felt because of the
fact that for transmission of light from one place to another, the fiber must be supported, and supporting
structures may considerably distort the fiber thereby affecting the guidance of the light wave. This can be
avoided by choosing a sufficiently thick cladding. Further, in a fiber bundle, in the absence of the
cladding, light can leak through from one fiber to another. The idea of adding a second layer of glass
(namely, the cladding) came in 1955 from Hopkins and Kapany in the UK; however, during that time the
use of optical fibers was mainly in image transmission rather than in communications. Indeed, the early
pioneering works in fiber optics (in the 50's) were by Hopkins and Kapany in the UK and by Van Heel in
Holland; these works led to the use of the fiber in optical devices.
We should mention that Plastic optical fibers (see Fig. 10) are now extensively used by many companies
in bringing in sunlight inside the rooms. Figure 11 shows the basic layout for using sunlight to
illuminate dark rooms. Figure 12 shows the light collectors on the roof top and Fig.13 shows the Patent
describing light gathering techniques. Quoting from an article entitled
Letting The Sunshine In (Ref. Oa1)
A rooftop hybrid solar lighting (HSL) system collects, concentrates, and transmits sunlight
through optical fibers to hybrid light fixtures inside the building, which also contain highefficiency fluorescent lighting. When the transmitted sunlight completely illuminates each
room,
the
electric
lights
stay
off…
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Figure 14 shows optical fibers bringing sunlight to rooms. In Fig. 15 we have shown Jeff Muhs
surrounded by the light carrying optical fiber, who at Oak Ridge National Laboratory developed this
solar technology.
3 THE COHERENT BUNDLE
If a large number of fibers are put together, it forms what is known as a bundle. If the fibers are not
aligned, i.e. they are all jumbled up, the bundle is said to form an incoherent bundle. However, if the
fibers are aligned properly, i.e., if the relative positions of the fibers in the input and output ends are the
same, the bundle is said to form a coherent bundle. Now, if a particular fiber is illuminated at one of its
ends, then there will be a bright spot at the other end of the same fiber; thus a coherent bundle will
transmit the image from one end to another (see Fig. 16).
Perhaps the most important application of a coherent bundle is in a fiber optic endoscope where it can be
put inside a human body (see Fig. 17) and the interior of the body can be viewed from outside; for
illuminating the portion that is to be seen, the bundle is enclosed in a sheath of fibers which carry light
from outside to the interior of the body. A typical fiberscope can have about
10000 fibers which would form a bundle of about 1 mm in diameter capable of resolving objects
70 m across. Figure 18 shows a stomach ulcer as seen through an endoscope.
4 FIBER OPTIC COMMUNICATION SYSTEM
Light Frequencies (˷ 1014 Hz)are much larger than the radio wave frequency (˷ 106 Hz) and microwave
frequencies (˷ 109 Hz). Therefore light waves are capable of carrying much larger amount of information.
It is for this reason that it has been always engineers’ dream to use light waves to transmit information
from one place to the other.
As has been mentioned earlier, Kao and Hockham in 1966 (Ref. Ka1) suggested that optical fibers
based on silica glass could provide the necessary transmission medium if metallic and other
impurities could be removed. To quote from the 1966 paper of Kao and Hockham:
Theoretical and experimental studies indicate that a cladded glass fiber with a core
diameter of about 0 and an overall diameter of about 1000 0 represents a possible
practical optical waveguide with important potential as a new form of communication
medium. The refractive index of the core needs to be about 1% higher than that of cladding.
However, the attenuation should be around 20 dB/km which is much higher than the lower
limit of loss figure imposed by fundamental mechanisms.
Indeed this 1966 paper triggered the beginning of serious research in purifying silica and developing low
loss optical fibers. In 1970, Kapron, Keck and Maurer (at Corning Glass in USA) were successful in
producing silica fibers with a loss of about 17 dB/km at a wavelength of 633 nm . Since then, the
technology has advanced with tremendous rapidity. By 1985 glass fibers were routinely produced with
extremely low losses (< 0.25 dB/km around 1550 nm wavelength). Figure 19 shows a typical wavelength
dependence
of
loss
for
a
silica
fiber.
The
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peaks in the attenuation curve in the wavelength regions 1250 nm and 1400 nm are due to the presence
of minute amount of water and other impurities. Notice that the lowest loss occurs around 1550 nm. Since
Erbium Doped Fiber Amplifiers (henceforth abbreviated as EDFA) amplify signals around this
wavelength, most fiber optic communication systems operate around 1550nm wavelength. Figure 20
shows a typical optical fiber communication system. It consists of a transmitter which could be either an
LED or a laser diode. The information is sent in the form of digital pulses which is coupled into an optical
fiber. Along the path of the optical fiber, there are splices which are permanent joints between sections of
fibers and also repeaters which boost the signal and correct any distortion that may have accumulated
along the path of the fiber. At the end of the link, the light is detected by a photodetector and
electronically processed to retrieve the signal.
In 1987, David Payne and his collaborators (at University of Southampton) and Emanuel Desurvire and
his collaborators (at AT&T Bell Laboratories) developed EDFAs operating at 1550 nm. This was yet
another revolution in the development of fiber optic communication systems. With the availability of
extremely low loss optical fibers (loss < 0.25 dB/km) and with the availability of EDFAs (characterized by
amplification of about 30 dB over the wavelength range from 1200 nm to 1600 nm) it has been possible to
send tremendous amount of information through one hair thin optical fiber. Figure 21 shows a
commercially available EDFA. Figure 22 shows the flat gain of about 30 dB in the entire wavelength range
of 1530-1560 nm. Thus many wavelengths in the range of 1530-1560 nm can be simultaneously amplified
by the EDFA; for more details on EDFA, see e.g., Ref. Th1. In Fig. 23 we have shown the number of
channels and the data rate of each channel; it can be seen that before the advent of EDFA there was only
one channel (i.e., only wavelength) that was being sent though the fiber. With the availability of gain
flattened EDFA, one could simultaneously send a large number of wavelengths through the fiber -- this is
what is implied by WDM (wavelength division multiplexed) systems – see Fig. 24. In 2001, Alcatel
propagated simultaneously 256 wavelength channels through one optical fiber sending 10.2 Tb/s of
information; 10.2 Tb/s of information implies 2.5 billion telephone channels through one hair thin optical
fiber !! This was a great technological achievement. Many other companies also achieved similar
information carrying capacity and during the past 10 years or so there has been a remarkable increase in the
information carrying capacity – see Fig. 25. Figure 26 shows that the cost of transport has fallen
approximately by 35% every year. Thus in 2001 it would cost about $50 Million Dollars for a 1-Tb/s
system over 1000 km. Figure 27 shows the undersea fiber optic systems installed in 2008 when there was
over 1 million km of cable. Most major cities in India are connected through fiber optic links – see Fig.
28.

5 WHY GLASS FIBERS?
Why optical fibers are made of glass? Quoting Professor W.A. Gambling, who is one of the pioneers in
the field of fiber optics (Ref. Ga1): We note that glass is a remarkable material which has been in use in
'pure' form for at least 9000 years. The compositions remained relatively unchanged for millennia and
its uses have been widespread. The two most important properties of glass which makes it of
unprecedented
value
are:
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1. First, there is a wide range of accessible temperatures where its viscosity is variable and can be well
controlled unlike most materials, like water and metals which remain liquid until they are cooled
down to their freezing temperatures and then suddenly become solid. Glass, on the other hand, does
not solidify at a discrete freezing temperature but gradually becomes stiffer and stiffer and eventually
becoming hard. In the transition region it can be easily drawn into
a thin fiber.
2.

The second most important property is that highly pure silica is characterized with extremely lowloss; i.e., it is highly transparent. Today in most commercially available silica fibers 96% of the
power gets transmitted after propagating through 1 km of optical fiber. This indeed represents a truly
remarkable achievement.

6 SUPERCONTINUUM GENERATION
Apart from the phenomenal development of optical fiber telecommunications, optical fibers are finding
applications as sensors in difficult environments such as close to heavy electrical equipments, and in
distributed measurements tracking stains and temperature variations in civil structures such as bridges,
dams etc – see, e.g., Ref. Bh1 and Pa1.
3+
We may mention here that in 1961 Elias Snitzer took a glass fiber, whose core contained Nd ions, wrapped the fiber around a flash lamp and, when suitable optical feedback was applied, a laser
was produced. Thus only one year after the demonstration of the first ever laser, the first fiber
laser was born. The fiber laser now finds widespread applications in many diverse areas including
strategic defense applications (see Fig. 29). From a pedagogical point of view, fiber optics provides a
medium for realizing many beautiful experiments for a better understanding of basic concepts in optics
and other fields such as quantum mechanics.
Non-linear fiber optics is a fascinating field of research and has led to numerous very interesting results
(see,e.g., Ref. Ag1, Ha1, Po1). One of the most beautiful experiment is probably the “awesome”
broadband supercontinuum generation in which high power laser pulses are coupled into a special type
of fiber (known as Photonic Crystal Fiber)
generating a very broadband spectrum spanning an
extremely wide range of wavelengths including the visible spectrum; this is produced by the non-linear
optical effects within the optical fiber due to the high intensity of the propagating light wave. Figure 30
shows the Photonic Crystal Fibers produced at CGCRI, Kolkata. The supercontinuum generations using
such
fibers
are
shown
in
Figs.
31
and
32.
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Fig. 1 On 20 December 2013, The United Nations
General Assembly proclaimed 2015 as the
International Year of Light and Light-based
Technologies (IYL 2015).

Fig. 2 In 1015 Ibn al-Haytham
(also known as Alhazen) wrote
the first book on Optics. The
cover page of a translated
version of Book of Optics.
http://en.wikipedia.org/wiki/Inter
national_Year_of_Light#mediavi
ewer/File:Book_of_Optics_Cove
r_Page.jpg

Fig. 3 The Photophone; in this system, sunlight was
modulated by a diaphragm and transmitted through a
distance of about 200 meters in air to a receiver
containing a selenium cell connected to the earphone.
The diagram is from Alexander Graham Bell's 1880
paper "On the Production and Reproduction of Sound by
Light", American Journal of Sciences, Third Series, vol.
XX, #118, pp. 305 – 324, October 1880. Figure adapted
from http://en.wikipedia.org/wiki/Image:Photophone.jpg

Fig. 4 Total internal reflection of light at the interface
of water and air

Fig. 5 Schematic of Colladon’s 1841 experiment
of light guidance due to total internal reflection.

Fig. 6 Diagram from Colladon’s original paper; adapted from
http://en.wikipedia.org/wiki/Optical_fiber#mediaviewer/File:DanielColla
don%27s_Lightfountain_or_Lightpipe,LaNature(magazine),1884.JPG.

Fig. 7 Light guidance through an optical fiber takes
place because of total internal reflection

Fig. 8 The structure of a typical single-mode fiber. The
core of the single-mode fiber has a diameter of 8-10 µm,
the cladding has a diameter of 125 µm; the buffer has a
diameter of about 250 µm and the jacket has a diameter
of about 400 µm. Diagram by Bob Mellish in
http://en.wikipedia.org/wiki/Optical_fiber#mediaviewer/Fi
le:Singlemode_fibre_structure.svg

Fig. 9 A step index multimode fiber
illuminated by HeNe laser with bright output
light spot. The light coming out from the sides
of the optical fiber is primarily due to
Rayleigh scattering. [The fiber was produced
at the fiber drawing facility at CGCRI,
Kolkata; photograph courtesy Dr Shyamal
Bhadra and Ms Atasi Pal].

Fig. 10 Commercially available 8mm/11mm
solid core end glow cable with black PVC
jacket. Ref. http://www.aliexpress.com

Fig. 11 The diagram shows the basic layout for
using sunlight to illuminate dark rooms;
adaptedfrom http://www.parans.com/eng/sp3/

Fig. 12 Light collectors on the roof top;
adaptedfrom http://www.parans.com/eng/sp3/

Fig. 13 An US Patent describing light
gathering techniques.

Fig. 14 Optical fibers bringing sunlight
to
rooms;
adapted
from
http://parans.com/eng/sp3/L1_luminair
e.cfm

Fig. 15 Wrapped in optical fiber
carrying sunlight. The person shown is
Jeff Muhs who at Oak Ridge National
Laboratory developed this solar
technology;
adapted
from
http://web.ornl.gov/info/ornlreview/v3
8_1_05/article09.shtml

Fig. 16 Image transmission by aligned
optical fibers

Fig. 17 The fiber optic bundle which
can be inserted into a human body.
(Photograph courtesy United States
Information, Service, New Delhi).

Fig. 18 A stomach ulcer as seen through
an endoscope. (Photograph courtesy
United States Information, Service,
New Delhi).

Fig. 19 Typical wavelength dependence
of loss for a silica fiber. The peaks in the
attenuation curve in the wavelength
regions 1250 nm and 1400 nm are due to
the presence of minute amount of water
and other impurities. Notice that the
lowest loss occurs at 1550nm [adapted
from Ref. Mi1].
Fig. 20 A typical optical fiber communication
system. It consists of a transmitter T which could be
either a laser diode or an LED, the light from which
is coupled into an optical fiber by means of a
connector C. Along the path of the optical fiber,
there are splices (denoted by S) which are
permanent joints between sections of fibers and also
repeaters (denoted by R) which boost the signal and
correct any distortion that may have accumulated
along the path of the fiber. At the end of the link, a
coupler C is used to couple the light to a photo
detector D and processed to retrieve the signal.

Fig. 21 A compact EDFA (Erbium Doped fiber
Amplifier) manufactured by NUPHOTON
Technologies. It provides up to 40 mW output
power. The unit works at 3.3V with a power
consumption < 1.5W. Photograph courtesy: Dr
Ramadas Pillai of NUPHOTON Technologies,
USA.

Fig. 22 Gain flattened EDFA.

Fig. 23 Commercial Lightwave System
Capacity; adapted from lecture notes of Dr.Atul
Srivastava.

Fig 24 A typical WDM fiber optic
system with each wavelength
carrying an independent channel.
The capacity of each channel can
be ~ 10 Gigabits/s and if we have
100 channels, it will result in a total
capacity of the link ~1terabit/s.
Diagram adapted from Ref. Gh3.

Fig. 25 The information carrying capacity of
the optical fiber has been doubling every year.
Slide courtesy: Dr Atul Srivastava; the original
slide was by Herwig Kogelnik of Bell Labs.

Fig. 26 Cost of transport has fallen approximately
by 35% every year. Reference: Gawrys (AT &T)
NFOEC 2001; slide courtesy: Dr.Atul Srivastava.

Fig. 27 Fiber connects us across the oceans
through undersea fiber optic systems.

Fig. 28 Most major cities in India are
connected through fiber optic links.

Fig. 29 A 2 kW fiber laser cutting mild
steel. Photograph Courtesy: Mcgraw
Hill Digital Access Library

125 µm

Fig. 30 PCF drawn at CGCRI Kolkata;
the core is about 4.5 µm and the average
hole diameter is about 5.8 µm.
Slide courtesy: Dr Shyamal Bhadra,
CGCRI, Kolkata

Fig. 31 Supercontinuum generation by a
PCF pumped by pico second laser.
Slidecourtesy: Dr
CGCRI, Kolkata

Shyamal

Bhadra,

Fig. 32 Commercially available supercontinuum white light source produced by VINVISH Technologies,
Trivandrum & CGCRI, Kolkata. Slide Courtesy: Dr Shyamal Bhadra & Dr Ramadas Pillai.

Fig. 33 Commercially available supercontinuum white light
source produced by Fianium Inc., UK. Slide courtesy: Fianium
Inc., UK

