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OPTICAL FIBER COMMUNICATIONS

CHAPTER 1

Photon

The name photon derives from the Greek word for light, ¢ (transliterated phés) Gilbert Newton Lewis

The term photon was coined by Gilbert Lewis in 1926, though the
concept of lightin the form of discrete particles had been around for
centuries and had been formalized in Newton's construction of the
science of optics

American physical chemist

(9v6L ‘T UNeW — G/ ‘€2 J290120)

Max Planck

In 1900, Max Planck was working on black-body radiation and
suggested that the energy in electromagnetic waves could only
be released in "packets" of energy.

He called these packets "energy elements”.

— -

It wasn't until Albert Einstein explained the photoelectric effect and
realized that light energy had to be quantized that the particle theory
returned.

1s101sAyd |eonaloay) uewses German theoretical Physics

Student: Dr. Einstein, Aren't these the same questions
as last year's [physics] final exam?
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Albert Einstein: Yes; But this year the answers are

different. ' 1879 -1 955'

Photonics '

Photonics Opportunities me questions

Medicine-biomedical Aerospace

10 Environmental e Computers

¢ Manufacturing with photonics and test
and analysis

¢ Energy

e Transportation
¢ (Communication and mformation

e Defense technology

Public safety

Concept of a photon I

The particle-like nature of light is modeled with photons. A photon has no mass and no charge.
It 15 a carrier of electromagnetic energy and interacts with other discrete particles (e.g..
electrons, atoms, and molecules).

A beam of light is modeled as a stream of photons. each carrying a well-defined energy that is
dependent upon the wavelength of the light. The energy of a given photon can be calculated by:

Photon energy (E) = hcfl' where E is in joules
i = Planck’s constant = 6.625 10~ J-s

¢ = Speed of light =2.998 > 10° my/s
». = Wavelength of the light in meters
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Historical Development )

*» Fiber optics deals with study of propagation of light through transparent dielectnc
wageguides. The fiber ophics are used for fransmission of data from point to point
location. Fiber opfic systems cumrently used most extensively as the transmission line
between terrestnal hardwired systems.

* The carmner frequencies used in conventional systems had the limitations in handlinmg the
volume and rate of the data transmussion. The greater the camer frequency larger the
available bandwith and mformation carrying capacity.

First generation
* The first generation of ightwave systems uses GaAs semiconductor laser and operating)
region was near 0.8 um  Other specifications of this generation are as under:
1) Bit rate - 45 Mb/'s
1) Repeater spacing - 10 km
Second generation
1) Bit rate - 100 Mb/s to 1.7 Gb/s,
11) Repeater spacing - 50 km
111) Operation wavelength 213 pm
1v) Semiconductor - In GaAsP
Third generation
1) Bit rate - 10 Gb/s
11) Repeater spacing - 100 km
Fourth generation

Fourth generation uses WDM techmique.

Bit rate 10 Thi's
Repeater spacing - = 10,000 km
Operating wavelength 214510 1.62 pm
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Characteristics of Light '

Light, electromagnetic radiation that can be detected by the human eye. '
Intensity i

Wavelength 'Colour,

Spectral width i
Polarization '

Intensity '

Intensity is like brightness, and is measured as the rate at which light energy is
delivered to a unit of surface, or energy per unit time per unit area. '

Power (P)
Solid Angle ()

Intensity (I) =

For a given value of Power, when Q decreases, | increases.
Light which has small Q, would appear more bright such as Laser.

Thus, even when the power is very small, decreasing Q may
increase the intensity.
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Wavelength | colour

Fl

Y v
vV V V

Wavelength is the distance between identical points in the adjacent cycles of
a waveform signal propagated in space or along a wire '

Color derives from the spectrum of light (distribution of light power versus wavelength)
interacting in the eye with the spectral sensitivities of the light receptors. '

Retina

To be completed by lecturer (on board) bl i L

Cornea

g
Pupil
Visible Spectrum Wavelengths | Lann
Wavelength Representative  ad
Color Band (um) wavelength (um)
Extreme violet 0.39-0.41 0.40
Violet 0.39-0.45 0.43
Dark blue 0.45-0.48 0.47
Light blue 0.48-0.50 0.49
Green 0.50-0.55 0.53
Yellow-green 0.55-0.57 0.56
Yellow 0.57-0.58 0.58
Orange 0.58-0.62 0.60
Red 0.62-0.70 0.64
Deep red 0.70-0.76 0.72
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The Electromagnetic Spectrum ' (mdaling g eS8l Cdulal) l

Wavelength (Meters)
10° 102 10* 0.5x10¢ 10* 10" 102

Radio | Microwavsl Infrared | Visible || Unraviolet|  X-ray

Since color is related to energy, there is also a direct relation

between color, frequency, and wavelength. '

Spectrum, in optics, the arrangement according to wavelength of visible,
ultraviolet, and infrared light. '

We refer to the range of wavelengths of electromagnetic radiation as a spectrum.

ULTRAVIOLET FIBER DPTIGS INFRARED
n (SEE NOTE 1) NEAR MIDDLE FAR Microwave radio frequencies > 10° nm - 3 x 10° Hz
200 300 390 455492 577597 622770 850 1310 1550 1800 G000 40,000 UHF frequencies > 10° nm - 3 x 10° Hz
VHF frequencies -> 10" nm - 3 x 107 Hz
Visible Spectrum Wavelengths
GAMMA Wavelength Representative
LONG Color Band (1m) wavelength (um)
ELEGTRIGAL Extreme violet 0.39-0.41 0.40
GOSHIG XRAYS st || RADIO WRVES| 0SGHLLATION Wavelength (nm) ot 30045 023
Ll Ll L] 0D 600 500 400 [tk fdge L
I I I | Light blue 0.48-0.50 0.49
10710710 10 10°16°10™10 10'10°10 10" 10 1010 10 10 10" 100" 16" 10"10" 10°10" '3 o = S o8 Green 0.50-0.55 0.53
2 =3 Yellow-green 0.55-0.57 0.56
WAVELENGTH (nm) =3 §£ & = S Yellow 0.57-0.58 0.58
T Orange 0.58-0.62 0.60
V13|b|e SDEClruﬂl s Red 0.62-0.70 0.64
- == Deep red 0.70-0.76 0.72
<«— Wavelength (m)
103 107 108 105 10% 10% 102 10 1 101072107 1910 10-510‘7 1071071010701 1010
1 [ [ L L L L L 1 1 L L L L (| L L L L L L L L L L
Long waves Radio waves Infrared  Ulraviolet X ravs Gamma ravs |

10 102 103 104105 106 107 108 10° 10 10" 10 10'® 10 10/ 10' 107 10%8 1% 1020 102" 1022 1% 102
| | Frequency (Hz) —>

e FM radio Mo "'”' ___________________
1 N Maritime, ™ Maritime, aeronautical, |
| Maritime and AM aeronautical, @\ = ¥ citizens band, !
1 aeronauticaluses  radio  andmobileradio &\ X I and mobile radio |
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Spectral width i

This range is usually called the “spectral width” of the light source.l
All light sources produce a range or band of wavelengths '
In optical communication applications, the usual method of specifying spectral width is
the full width at half maximum. '

This is the same convention used in bandwidth,

defined as the frequency range where
power drops by less than half (at most —3 dB).

Intensity Intensity
4 A

—

v
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Polarization is a property of waves that can oscillate with more than one
orientation. '
Light is a transverse electromagnetic wave that can be seen by a typical human. '

Electric

Electric

Direction of
light motion

Magnetic
field

horizontal, vertical

diagonal. \

N
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Optical Fiber Introduction

Guiding of light by refraction, the principle that makes fiber optics possible,
was first demonstrated by Daniel Colladon and Jacques Babinet in
Faris in the early 1840s.

Jean-Daniel Colladon y Jacques Babinet

15 December 1802 - 30 June 1893 5 March 1794 — 21 October 1872

Swiss physicist. French physicist

In the mid 1970s, it was recognized that the existing copper technology would be unsuit-
able for future communication networks. In view of this, the telecommunication industry
invested heavily in research into optical fibers. . '

Optical fiber provides an attractive alternative to wire transmission lines
such are twisted pair and coaxial cable (or coax).

Optical fiber has the following advantages over copper:
—

Bandwidth It provides a very high capacity for carrying information.

Attenuation.It provides low attenuation and is therefore capable of transmitting
oV stance without the need of repeaters.

Comparison of

Frequency 5dB \ ~ Characteristics of
Windows and | _"_\C_ = earlyfibre o)
Operating 4dB - =
Wavelength Used Short Medium .\ wave S
3qg [Nave e Band / T
and Band /‘ 2
@
Window of Frequencies Normal Wavelength Used a8 | N ﬁ
800-900 nanometers (nm) 850 nm
1dB
1250-1350 nm 1310 nm —
1500-1600 nm 1550 nm 800 1000 1200 1400 1600 1800
Wavelength (nm)
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Bﬂndedth' Fibre Transmission Windows (Bands)

5dB |\ L
Characteristics of
= early fibre =
4dB =)
Short Medium | o ave 5
3dB  Wave Wave Band §
Band c
— _——— _?—-3
2dB | <
1dB

800 1000 1200 1400 1600 1800

Wavelength (nm)

Attenuation

ﬁ

Fibre

Input Signal Waveform i F ! bre
M O O O Input Signal Waveform Output Signal (OK)
Pulse representation Long Distance Go too far and = e = —

(Too Far) pulses merge

Pulse representation Short Distance  puise representation
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Secondary
buffer

tical Fiber structure’
ruction.

cladding
|

frifiss o

Core Cladding Coating Sﬂvmma Cable Jacket

Fiber optic cable consists of a core, cladding, coding,sllﬁlgmeringﬂ]ers,au]cﬂﬂejackﬂt'

Core -This is the physical medium that transports optical data signals from an attached light source to a recevin

Coating -This is a layer of plastic that surrounds the core and cladding to reinforce the fiber core,
help absorb shocks, and provide extra protection against excessive cable bends.

Strengthening fibers -These components help protect the core against crushing forces and excessive tension during installation.

Fiber optics is a medium for carrying information from one point to another in the form of light.

Unlike the copper form of transmission. fiber optics is not electrical in nature. A basic fiber
optic system consists of a transmitting device that converts an electrical signal into a light
signal, an optical fiber cable that carries the light, and a receiver that accepts the light signal and
converts it back into an electrical signal.

|:'\TRANSM|1TER ::>
CIRCUTRY

FIBER OPTIC CABLE

RECEVER :> ipiigigh
DETECTOR CIRCUTRY

1o010ta0

OUTPUT DATA
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Tutorial '
Q1- What are the characteristics of Light. '

Q2- What are the properties of GOOD light source? '

Q3- What are the meaning of Transmission windows? '

Q4-Specify the ranges of OPTICAL transmission windows? '
Q5- What are the advantages of Optical communication systems? '
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http://en.wikipedia.org/wiki/File:Max_Planck_1933.jpg
http://en.wikipedia.org/wiki/File:Max_Planck_1933.jpg

OPTICAL FIBER COMMUNICATIONS - CHAPTER 2 FOURTH STAGE

. |

CHAPTER 2

|Principle5 of Light Prﬂpagatinnl E

Refractive Indmr.I

In optics the refractive index or index of refraction » of an optical
medium is a dimensionless number that describes how light, or any
other radiation, propagates through that medium

It is defined as
( is the speed of lightin vacuum

C
"
M Is the speed of light in the substance.

Thomas Young

whao first used, and

invented, the name

"index of refraction”,
in 1807

Modelling light propagation inside optical fiber

treats the light as rays

Wave M"d‘*l| treats the light as electromagnetic wave
1|Page
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I Ray :—I |Line that is perpendicuar to the wavefronts of actual light I

Direction of Movem&nt

wavefronts

Normal
5 _ Light ray travels from
g & Lown High n material to
E J pomdary | LLOWET N material.
: & Ray will refract away
g / High n| from the Normal
¥
Normal m \
-
o 4 High n Light ray travels from
g [ Lower n material to
g ' soundary | High n material.
=l Ray will refract towards
= / L -
: i il from the Normal
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According to the fiber structure

3 Cladding s
& TE— =
E —
a =
[+

= Core =
H | - o=
% =
g Cladding %
E B —

At which conditions, light will propagate inside the core over long
distance without much loss?

If we said that we have a structure such as a simple Glass rod,

If the ray was sent to optical fiber from
the sidewall, the ray will simply cross the
structure and will never get guided inside
the core

S0, no matter howmuch light is there surrounding the optical core, if
the light is injected from the sides, there is no possibility for this light
getting inside the core

Thus, if we want to send the light inside the core, the light has to

go from the tip (terminal) of optical fiber
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FOURTH STAGE ﬂ

Light should be injected from the Tip of
optical fiber to be get guided inside the
core....with suitable angle!!

OPTICAL FIBER COMMUNICATIONS - CHAPTER 2

Normal o

So, if the tip is not exposed to the
light, no light can get guided inside
optical fiber core

Also, if the light propagates inside the
fiber, no light can come out of the core

This would enhance security of fiber
assuming the tip is protecetd

If we want the light inside the core (from the tip),
at which angle the light should be launched????

so that TOTAL INTERNAL REFLECTION (TIR)
can be achieved at the core-cladding region.

Normal

Nonmal

otal Internal Reflection (TIR) is extremely essential if we
want the light to be guided along the optical fiber core

Cladding

Core
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Total Internal Reflection

| Normal .
Snell's Law |line Medium 2
: Refracted n;
Material
boundary
n
: Reflected Willebrord Snel
ray n
Incident | . 1 (1580-1626)
ray | Medium 1 Dutch Math.

Refracted

Material
boundary

Reflected
¢'1 = d)l:ritil:al = ¢cr my

ni
Incident )
ray [ Medium 1

ny

If we increase @;, then @, becomes close to 90°
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| Normal
| line

Total Internal Reflection

Material
boundary

Reflected Ray is
totally internally
reflected

Incident b1 > Perivicar (Per)
ray

|
|
n :

If (I)l increases more and becomes larger than critical angle (I)cr
then, the whole Ray will be internally reflected

Conditions of TIR !

(1) Refractive index of medium 1 (core) should be larger
than refractive index of medium 2 (cladding)

(2) ®1 should be larger than ®critical (®er) i

Area for Lecturer
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QUESTION | How the light rays can be launched inside optical fiber ?

For a given light source which é’/‘ =1 % =
is capable of sending light from &7 %F %
all directions, the fiber is o £

selecting ONLY light coming
from a CERTAIN ANGLE

material 2
High n]

The fiber accepts ONLY those rays
which have a launching angle LESS
than Op, max

Lown

material 1

F—
|

=11}
=
- -
=
-::l
=
—
o

ONLY Ray which has
O < Bomax Will be
launched inside
fiber core

Area to be used by lecturer in class
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FOURTH STAGE

Energy or wave coming

is captured by Aperture

The quantity (n sin o, max) is telling you that light collection efficiency

and you have some kind of Aperture siting infront of the fiber. The energy

Cora

Acceptance Angle

Light is
transmitted

/ Conical

half

lCOnE

Cladding

P.. =TU(NA)* P... |
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Wave Model I

The waves (or wavefronts) that corresponds to Rays, overlaps and

intersect or interfere with each other

Interferencel

instructive

/\3“ J4n

0- shift

!

)

TU

+
/ Noxjan

O~

destructive

o

U

\/Zn

/

- shift

L

7/ '\/Zn
0
n

+

/\Zn J4rt
3n

N\
a

High Intensity

1 3n an

o
o 0 2n

Low Intensity

JL3)

- /o
\ /
~ 7

-

10|Page

\/Zn

o/



OPTICAL FIBER COMMUNICATIONS - CHAPTER 2 FOURTH STAGE E

/

—= —
II/ \\\ [\ I?v[-\ \4n /
N

High Intensity
r—

According to WAVE MODEL, there is some

Fiber Core low intensity around the core (in cladding)

Electric
/___field

Cladding
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hus, within accepting angle range, ONLY discrete (specified) values of *

‘
launching angles of RAY S will be propagated inside core. >

N
<&

Those rays will have instructive interferenced waves ..3@6

Each angle © = Specified Ray =
= Waves interference

= Intensity distribution (pattern)
MODE
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FOURTH STAGE

Field Distribution Intensity Distribution
0.8 - | 0
0.6 / -— \ |
04 / el \ 04 : -
e N
02 J Py T 02 -
0 l / / t t T 0 3.
0.2 \ ' ’ / 0.2
=U.. N - - -
-04 \ \ N\ / /4 -04 -
-0.6 N — ~0.6 "
-08 N —> —08 i
1

"1 -08-06-04-02 0 02 04 06 08 1

=31, P A N
-1 -0.8-0.6-04-02 0 02 04 06 08 1

ITE = Transverse Electric Fieldh

™ . 1 —
0.8 J o
0.6 \ l
ol \ re
" w & i
H 02r ™~ v,
0 : - - — — o
E _02./," L - -
o4l 3 K .
/ \ ~
-06 / -
08 } \

i | :
-1 -08-06-04-02 0 02 04 06 08 1

_l " " n " " 1 ) N
|TM = Transverse Magnetic Fieldh_ 085060402 01102 03 “06 08

TE and TM waves are typicali}' transmitted and reflected with different amplitudes

weag pajoaljoy

13| Page



OPTICAL FIBER COMMUNICATIONS - CHAPTER 2 FOURTH STAGE i

In terms of MODES, there are | ¢ ISlngle Mode Flbe;l
TWO types of Optical Fiber ¢ Multimode Fiber

-Multi Ray
-Large Core diameter
-Multi intensity distribution

Refractive
|ndex n(r)

Core

Mutimode [Filberps

-Low cost
-Used for Short distance
=High dispersion

One Ray
Small Core diameter
One intensity distribution

|

2 Core f
Cladding

-High cost
Used for Long distance
|-Low dispersion

Single Mede Fiber

V-number or V-parameterl!

An important parameter connected with the cutoff condition is the nor:
malized frequency V (also called the V-number or V-parameter) defined by

which is a dimensionless number that determines how many modes a fiber can
support. The number of modes that can exist in a waveguide as a function of h

single-mode fiber
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The total number of modes M entering the fiber is.

2 2,2 VZ
M= o (nh-nd) = o

2

AZ

The total average cladding power
S ————

( Pclad

__ dag— 172
P total

Cutoff Wavelength

An important parameter for single-mode fibers is the cutoff wavelength. This is
designated by A.uioir and specifies the smallest wavelength for which all fiber
modes except the fundamental mode are cut off; that is, the fiber transmits
light in a single mode only for those wavelengths that are greater than Ay

The fiber can support more than one mode if the wavelength of the light is less
than the cutoff. Thus if a fiber is single-mode at 1310 nm, it is also single-mode
at 1550 nm, but not necessarily at 850 nm.

When a fiber is fabricated for single-mode use, the cutoff wavelength usually
is chosen to be much less than the desired operating wavelength. For example,

a fiber for single-mode use at 1310nm may have a cutoff wavelength of
1275 nm.
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|Questions .

@J A point source of light is 12 cm below the surface of a large body of water

(n =1.33). What is the area of largest circle on the water surface through
which, the light can emerge?
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@ A ray of light is travelling in air and strikes a surface with refractive index
" 1.2 and make an angle of 35 degree. Determine, refracted, reflection and
critical ang]les.

@-..H For the ﬁg_ure .shm‘«.rnr find all the ny=1.2
corrsponding important angles?

ni=14

17 |Page



OPTICAL FIBER COMMUNICATIONS - CHAPTER 2 FOURTH STAGE

@ Light traveling in air strikes a glass plate at an angle 8, = 33°, where 0, is
measured between the incoming ray and the glass surface. Upon striking the glass,
part of the beam is reflected and part is refracted. If the refracted and reflected
beams make an angle of 90° with each other, what is the refractive index of the
glass?
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@ Consider three layers optical waveguide which consists of cladding, core and substrate with
-I refractive indices n,; =1.2, n,=1.5 and n. = 1.4, respectively. A ray of light is incident on the
core-cladding interface and defines an angle of 60° to the normal to the interface. Determine,
with discussion, whether this ray of light will remain confined within the guiding (i.e. core)

layer.
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@ Calculate the numerical aperture of a step-index fiber having n; = 1.48 and

n, = 1.46. What is the maximum entrance angle 89 max for this fiber if the outer
medium is air with n = 1?
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@ Determine the normalized frequency at 0.82 um for a step-index fiber having a
25-um core radius, n; = 1.48, and n, = 1.46. How many modes propagate in this
fiber at 0.82 wm? How many modes propagate at a wavelength of 1.3 um? What
percentage of the optical power flows in the cladding in each case?
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Find the core radius necessary for single-mode operation at 820 nm of a step-index
fiber with n; = 1.480 and n, = 1.478. What is the numerical aperture and maxi-
mum acceptance angle of this fiber? '

A manufacturer wishes to make a silica-core, step-index fiber with I/ = 75 and a
numerical aperture NA = (.30 to be used at 1.3 um. If n, = 1.458, what should
the core size and cladding index be?
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@ How the light can be injected (launched) to optical fiber, from the tip or
J sidewall? justify your answer.

@4 What are the differences between Ray and Wave theories in explaining
the propagation of light inside waveguide or optical fiber ? '

@J‘ What is the difference between Single mode and multimode optical fibers in
terms of (1) Mode (ray theory) (2) Mode (wave theory) (3)cost (4) distance of
communication (5) diameter of core and (6) dispersion.

Q
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