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OPTICAL FIBRE

An optical fibre is a cylindrical 
dielectric waveguide made of 
low-loss materials such as silica 
glass.

It has a central core in which the 
light is guided, embedded in an 
outer cladding of slightly lower 
refractive index .
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Optical Communications

 Photophones were invented in 1880 by Bell Labs for

speech transmission over a distance of 200 m.

 In the early part of 20th century the use of optical

communications was limited to low capacity

communication links.

 Lack of suitable light sources. Light transmission in

atmosphere is restricted to line of sight and is

severely affected by disturbances such as rain, fog,

dust etc. Low frequency (longer wavelength) EM

waves (radio and micro waves) are least affected

by these disturbances.

Photophone transmitter

Photophone receiver
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The proposals for optical communication via dielectric waveguides or optical

fibers fabricated from glass to avoid degradation of optical signal by

atmosphere was simultaneously given by Kao and Hockham and Werts in

1966.

But these are limited in the information amount. Theoretically, greater the carrier

frequency, larger is the available transmission bandwidth and thus the information

carrying capacity.

Renewed interest in optical communication was stimulated in early 1960s after the

invention of lasers. (Powerful Coherent light source)
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Schematic of  Optical Fibre Communications
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Advantages of  Optical Fiber Communications

 Enormous potential bandwidth: Optical carrier frequency in the range of 1013 to 1016 Hz yields a far greater

potential transmission bandwidth than metallic cable systems (500 MHz)

 Small size and weight: Diameters no greater than a human hair

 Electrical isolation: Made up of glass and plastic polymers and hence no earthing problem.

 Immunity to interference and crosstalk

 Signal security

 Low transmission loss: 0.2 dB/km

 Ruggedness, flexibility and potential low cost



FIBER TYPES

Based on No. of modes of operation (the 
path which the light is traveling on) 
 Single Mode

Multi Mode

Index profile 
 Step 

Graded



TYPES  OF  OPTICAL  FIBER  

Single-mode step-index Fiber

Multimode step-index Fiber

Multimode graded-index Fiber

n1 core

n2 cladding

no air

n2 cladding

n1 core

Variable

n

no air

Light

ray

Index profile



SINGLE-MODE STEP-INDEX FIBER

Advantages:

Minimum dispersion: all rays take same path, same time to travel 
down the cable. A pulse can be reproduced at the receiver very 
accurately.

Less attenuation, can run over longer distance without repeaters.

Larger bandwidth and higher information rate

Disadvantages:

Difficult to couple light in and out of the tiny core

Highly directive light source (laser) is required

Interfacing modules are more expensive



MULTI MODE
Multimode step-index Fibers:

 inexpensive

 easy to couple light into Fiber

 result in higher signal distortion

Multimode graded-index Fiber:

 intermediate between the other two types of Fibers



WHAT DO THE FIBER TERMS 9/125, 50/125 AND 62.5/125 
(MICRON)?
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Basic Principle for Optical Fiber Communications

The basic principle for light propagation in an optical fiber is Total Internal Reflection.

Electromagnetic waves travel slowly in an optically dense medium compared to that of a

rarer medium. Light propagation in a medium depends on its refractive index which is

the ratio of speed of light in vacuum to the speed of light in the medium. When a ray is

incident on the interface between two dielectrics of differing refractive indices

refraction occurs. Refracted ray

Low index n2

High index n1

Incident ray Partial internal reflection

1

2

𝑛1 sin𝜑1 =𝑛2 sin𝜑2
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As n1 is greater than n2, the angle of refraction is always greater than the angle of

incidence. Thus, when the angle of refraction is 90o and the refracted ray emerges

parallel to the interface between the dielectrics the angle of incidence must be less than

90o. This is the limiting case of refraction and the angle of incidence is now known as

critical angle c.

Low index n2

High index n1

Incident ray Total Internal Reflection

 

 >c

sin𝜑𝑐 =
𝑛2
𝑛1
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Transmission of  light ray in a perfect optical fiber

Core Axis

Low Index Cladding

High Index Core

 

 

 

Any discontinuities or imperfections at the core-cladding interface would result in

refraction rather than total internal reflection.



ACCEPTANCE CONE & NUMERICAL APERTURE

n2 cladding

n2 cladding

n1 core

Acceptance

Cone

-If the angle too large  light will be lost in cladding

-If the angle is small enough  the light reflects into core and propagates

qC
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Acceptance angle

Only rays with a sufficiently shallow grazing angle (i.e. with an angle to the

normal greater than c) at the core cladding interface are transmitted by

total internal reflection. Hence, not all rays entering the fiber core will

continue to be propagated down its length.

Cladding

qa

c

Core

Eventually lost by 

radiation

TIR

Acceptance Cone
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• Any rays which are incident on into the fiber core at an angle greater than qa will

be transmitted to the core-cladding interface at an angle less than c and will not be

totally internally reflected.

• Thus, for rays to be transmitted by total internal reflection within the fiber core they

must be incident on the fiber core within an acceptance cone defined by the conical

half angle qa.

• Hence, qa is the maximum angle to the axis at which light may enter the fiber in

order to be propagated and is often referred to as the acceptance angle for the

fiber.

Acceptance angle
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Relation between acceptance angle and refractive

index is achieved through Numerical Aperture

Cladding

q1



Core TIR

Air, n0

q2

n1

n2

n2

Using Snell’s law to the refraction at the air-core interface,

𝑛0 sin𝜃1 =𝑛1 sin𝜃2

𝜑 =
𝜋

2
− 𝜃2
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Here,  is greater than the critical angle at the core-cladding interface.

Consider the limiting case for total internal reflection.

  becomes equal to the critical angle for the core-cladding interface.

 q1 becomes equal to the acceptance angle for the fiber.

𝑛0 sin𝜃𝑎 = 𝑛1
2 − 𝑛2

2

𝑁𝐴 = 𝑛0 sin𝜃𝑎 = 𝑛1
2 − 𝑛2

2

𝑛0 sin𝜃1 =𝑛1 cos𝜑 = 𝑛1 1 − sin2𝜑
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Numerical aperture (NA) may also be given in terms of the relative refractive

index difference  between the core and the cladding which is defined as:

Δ =
𝑛1
2 − 𝑛2

2

2𝑛1
2 ≈

𝑛1 − 𝑛2
𝑛1

𝑁𝐴 = 𝑛1 2Δ

For  <<1

𝑁𝐴 = 2𝑛1
2∆

(𝑛1
2−𝑛2

2) = 2𝑛1
2∆

Therefore



V-NUMBER OR NORMALIZED FREQUENCY

V – number determines how many modes a fiber can support,  It is given by,

𝑉 =
𝜋𝑑

λ
𝑁𝐴

where d is the diameter of the core, λ is the wavelength of light used and NA is 
the numerical aperture of the fibre.

𝑉 =
𝜋𝑑

λ
𝑛1
2 − 𝑛2

2

or                               𝑉 =
𝜋𝑑

λ
𝑛1 2∆

If V < 2.405, then the fibre is single mode fibre (SMF)

If V > 2.405, then the fibre is multimode fibre (MMF) 

V = 2.405 corresponds to cut off wavelength, λc
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CONT’D…

The total number of modes traveling in a fibre depends on the V– Number 
and is related as:

For Step Index Fibre:

𝑁 =
𝑉2

2

For Graded Index Fibre:

𝑁 =
𝑉2

4
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PROBLEMS BASED ON NA, ACCEPTANCE ANGLE AND V-
NUMBER

1. The core diameter of a multimode step index fibre is 60 µm. The relative
refractive index difference is 0.013. The core refractive index is 1.46.
Determine the number of guided modes when the operating wavelength is
0.75 µm.

2. Determine V-number for a step index fibre having a 0.25 micrometer core
radius and n1=1.48, n2=1.46. How many modes propagates in this fibre if
operated at 0.82 µm wavelength.

3. A single mode fibre is made with a core diameter of 10 µm and is coupled
to a laser light of wavelength 1.3 µm. Its core glass has refractive index of
1.55. Calculate

a) the refractive index of cladding

b) acceptance angle

23
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Transmission Characteristics

 The transmission through an optical fiber is limited by attenuation (or

loss) and dispersion.

 In 1970s, it was realized that the attenuation was largely due to

absorption in the glass caused by impurities such as iron, copper,

manganese etc. Hence, research was stimulated towards a new generation

of “pure” glasses for use in optical fiber communication. It lead to silica

based glass fibers with losses less than 0.2 dB/km.

 The other characteristic is bandwidth which is mostly limited by signal

dispersion within the fiber. It determines the number of bits of transmission

transmitted in a given time period.
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Attenuation

 Attenuation determines the maximum transmission distance prior to signal

restoration. OFC became especially attractive when the transmission losses

of fibers were reduced below those of the competing metallic conductors.

(< 5 db/km)

 Signal attenuation in optical fibers (or that of metallic cable) is usually

expressed in the units of decibel. Decibel is used for comparing two power

levels.

𝑑𝐵 = 10 log10
𝑃𝑖
𝑃𝑜

For a particular optical wavelength,

Pi input (transmitted) optical power

Po output (received) optical power

In OFC, attenuation is usually expressed in dB per unit length (dB/km)

𝛼𝑑𝐵𝐿 = 10 log10
𝑃𝑖
𝑃𝑜

dB signal attenuation/length

L  Fiber length
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Material absorption losses in silica glass fibers

 This loss mechanism is related to material composition and the

fabrication process for the fiber. Absorption of light may be :

Intrinsic: caused by the interaction with one or more of the

major components of the glass

Extrinsic: caused by impurities within the glass
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Impurity Ion Loss due to 1ppm of 

impurity (dB/km)

Absorption Peak 

Wavelength (μm)

Fe2+ 0.68 1.1

Fe3+ 0.15 0.4

Cu2+ 1.1 0.85

Cr3+ 1.6 0.625

V4+ 2.7 0.725

OH– 1.0 0.95

OH– 2.0 1.24

OH– 4.0 1.38
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(Mie Scattering)
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Bending loss



DISPERSION

•Dispersion is the broadening of actual time-width of the pulse due to material 
properties and imperfections.

•As pulse travels down the fiber, dispersion causes pulse spreading. This limits 
the distance travelled by the pulse and the bit rate of data on optical fiber.

•Two types of Dispersion:

Intramodal

Intermodal

35
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dispersion

 Dispersion of the transmitted optical signal causes distortion for analog as

well as digital transmission along optical fibers.

 Dispersion mechanisms cause broadening of the transmitted light pulses as

they travel along the channel.

The number of optical signal pulses which may be transmitted in a given

period and therefore the information carrying capacity of the fiber, is restricted

by the amount of pulse dispersion per unit length. The pulse broadening

increases linearly with fiber length and thus the bandwidth is inversely

proportional to distance.
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Intramodal (Chromatic) dispersion
 Pulse broadening within a single mode is called as intramodal dispersion or

chromatic dispersion

 Results from the finite spectral line width of the optical source.

 Optical light sources do not emit just a single frequency but a band of

frequencies. Hence, there may be propagation delay differences between the

different spectral components of the transmitted signal. This causes

broadening of each transmitted mode and hence intramodal dispersion.
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 The delay differences may be caused by:

 Dispersive properties of the waveguide material (material dispersion)

 Guidance factors within the fiber structure (waveguide dispersion)
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Material Dispersion

 It is the pulse spreading due to the dispersive properties of material

 It arises from variation of refractive index of the core material as a function of

wavelength

 Material dispersion is a property of glass and will always exist irrespective of the

structure of the fiber

 Results when different spectral components of a pulse travel at different group

velocities.
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A material is said to exhibit material dispersion when the 2nd order

derivative of refractive index of core with respect to wavelength is not

equal to zero.
𝑑2𝑛

𝑑𝜆2
≠ 0Material dispersion D() is given by: 𝐷(𝜆) = −

𝜆

𝑐

𝑑2𝑛

𝑑𝜆2
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Waveguide Dispersion

 It occurs because a single mode fiber confines only about 80% of the

optical power to the core.

 Dispersion thus arises since the 20% light propagating in the cladding

travels faster than light confined to the core.

 The amount of waveguide dispersion depends on the structure of the fiber

and can be varied by altering the parameters such as NA, core radius etc.
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Intermodal dispersion

 Sometimes referred as Modal (or mode) dispersion.

 Dispersion caused by multipath propagation of light energy is referred to as

intermodal dispersion.When numerous waveguide modes are propagating, they all

travel with different group velocities. Signal degradation occurs due to different

values of group delay for each individual mode at a single frequency.

 In digital transmission, we use light pulse to transmit bit 1 and no pulse for bit 0.

When the light pulse enters fiber it is breakdown into small pulses carried by

individual modes. At the output individual pulses are recombined and since they

are overlapped receiver sees a long broadened pulse.

 Parts of the wave arrive at the output before other parts, spreading out the

waveform. Hence, it is also known as multimode dispersion.

 It is independent of the source line width.

 It does not occur in a single mode fiber.
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Intermodal dispersion

Output Pulse

Fastest Mode

Slowest Mode

Input Pulse
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Intermodal Dispersion in Multimode step index fiber

Paths taken by the axial and an extreme meridional ray(a ray incident on core-

cladding interface at critical angle and hence refracted ray travels along core-

cladding interface) in a perfect multimode step index fiber is shown here.
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TMin  Minimum delay time (time taken for the axial ray to travel along a fiber

of length L)

TMax  Maximum delay time (time taken for the meridional ray to travel along a

fiber of length L)

Delay difference 

for     << 1

∆=
(𝑵𝑨)𝟐

𝟐(𝒏𝟏)
𝟐

𝑵𝑨 = 𝒏𝟏 𝟐∆
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• Optical Sources

o Optical source is often considered to be the active component in an optical

fiber communication system

o Fundamental function is to convert electrical energy into optical energy

(light)

• Three main types of optical sources

o Wide band continuous spectra source (incandescent lamp)

o Monochromatic incoherent sources (Light Emitting Diodes LED)

o Monochromatic coherent sources (Laser)
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Characteristics of optical sources for OFC

 Light output should be highly directional.

Most accurately track the electrical input signal to minimize distortion and

noise. Ideally, the source should be linear.

 Should emit light at wavelengths where the fiber has low losses and low

dispersion and where the detectors are efficient.

 Should have a very narrow spectral line width in order to minimize

dispersion in the fiber.


