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Chapter -1
Introduction to Fiber Optic Communication

Fiber Optic Cable
Optical fiber is a thin, flexible, transparent dielectric wave guide made of glass or plastic. It
transmits information from one point to another in the form of light pulses using the principle of
Total Internal Reflection (TIR). A fiber optic cable uses light to transmit data at very high speeds
through several key internal and external layers.
1.Core:
e The core is the very center of the cable where the light travels.
e Itis a thin strand made of high-purity glass or plastic.
e It is thinner than a human hair.
2.Cladding:
e The cladding is a layer of glass or plastic that surrounds the core.
e It has a lower light-bending ability (refractive index) than the core.
e This difference forces light to bounce inside the core instead of escaping, which is
called total internal reflection.
3.Coating (Buffer):
e The coating is a tough plastic layer covering the cladding.
e |t protects the glass from moisture, shocks, scratches, and sharp bends.
e |t does not carry light.
4.Strengthening Fibers (Strength Members):
e Strengthening fibers surround the coated fiber to give the cable mechanical strength.
e They are often made of strong materials like Kevlar or fiber glass.
e They stop the cable from breaking when it is pulled or stretched during installation.
5.0uter Jacket (Cable Sleeve):
e The outer jacket is the outermost protective shell of the cable.
e |t guards the inner parts against weather, chemicals, and physical damage.
e |t often comes in different colors to show what type of fiber is inside

Outer Jacket

Strength Member

Cladding

Coating

OPTICAL FIBER CABLE

Advantages of Fiber Optic Communication

1. Long-Distance Transmission:
Optical fibers can transmit data over longer distances because they have lower transmission
losses than copper wires. As a result, fewer intermediate repeaters are required to boost and
restore signals over long distances. This reduces the equipment required and decreases the
overall system cost and complexity.
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2. Large Information Capacity:
Optical fibers can transmit more information through a single fiber because they have a much
wider bandwidth than copper wires. This reduces the number of physical lines required to
transmit a given amount of information.

3. Small Size and Low Weight:
Optical fibers can be used where space and weight are important because they are smaller and
lighter than bulky copper cables. They are useful in crowded underground ducts and ceiling-
mounted cable trays. They can also be used in aircraft, satellites, ships, and tactical military
applications.

4. Immunity to Electrical Interference:
Optical fibers can be used in environments with electrical interference because they are made
of dielectric material and do not conduct electricity. Therefore, they are immune to
electromagnetic interference, inductive pickup from nearby signal-carrying wires, and
electrical noise from nearby equipment.

5. Enhanced Safety:
Optical fibers can be used safely because they do not have problems such as ground loops,
sparks, or potentially high voltages that can occur with copper lines. However, proper
precautions must be taken regarding laser light emissions to prevent possible eye damage.

6. Increased Signal Security:
Optical fibers provide better data security because the optical signal is well confined within
the fiber. Unlike copper wires, optical fibers are more difficult to tap. Therefore, they are
suitable for applications where information security is important, such as financial, legal,
government, and military systems.

7. Corrosion Resistance:
Optical fibers are made of glass or plastic and are resistant to corrosion and chemical
reactions. Therefore, they are suitable for use in harsh environments and industrial
applications.

8. High Reliability:
Optical fibers are highly reliable because they are resistant to electrical interference, corrosion
and electromagnetic disturbances. They provide stable signal transmission with low
maintenance requirements.

9. Low Power Consumption:
Optical fiber communication systems can require less transmission power over long distances
because of the low attenuation of optical fibers. This reduces the power requirements of the
transmission system.

10. High Electrical Isolation:
Optical fibers are made of dielectric materials and do not conduct electricity. Therefore, they
provide complete electrical isolation between the transmitter and receiver, preventing ground
loops and electrical hazards.

11. Flexibility:
Optical fibers are flexible and can be bent to a certain extent without significantly affecting
signal transmission, provided the minimum bend radius is maintained. This makes them
suitable for installation in confined spaces.

12. High Temperature Tolerance:
Specially designed optical fibers can operate in high-temperature environments. They are
useful in industrial monitoring, power plants and other applications where temperature
resistance is required.
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13. Easy Expansion of Communication Networks:
Optical fiber networks can support higher data rates by upgrading the optical transmitters,
receivers and associated equipment without necessarily replacing the existing fiber cables.

14. No Cross-Talk:
Optical fibers do not produce electromagnetic fields during signal transmission. Therefore,
cross-talk between adjacent fibers is negligible, allowing multiple fibers to be installed close
to one another.

Disadvantages of Fiber Optic Communication

1. High installation cost: Fiber-optic cables and the equipment required can be expensive
compared with copper cables.

2. Difficult to install and repair: Splicing and repairing fiber requires specialized tools and
skilled technicians.

3. Requires specialized equipment: Devices such as optical transmitters, receivers, and splicing
machines are needed.

4. Fragile: Optical fibers are made of glass and can break if bent or handled improperly.

5. Limited flexibility: Fiber cables generally cannot be bent sharply without affecting signal
transmission.

6. Power cannot be carried: Unlike copper cables, fiber-optic cables cannot transmit electrical
power along with data.

7. More complex maintenance: Testing faults and locating breaks can require specialized
equipment.

8. Signal loss over very long distances: Although much lower than in copper cables, optical
signals can still weaken and may require optical amplifiers or repeaters.

Applications of Optical fiber communication:

1. Medical Applications: Optical fibers are extremely thin and flexible, making them ideal for
use in biomedical fields. They are commonly used in:

e Endoscopy and other minimally invasive procedures to view internal organs

e Microscopy and biomedical research

e Diagnostic imaging and surgical procedures

2. Defence and Government Use: Fiber optics are employed in high-security data transmission
for military and aerospace applications. Common uses include:

e Aircraft and submarine wiring

e SONAR hydrophones and seismic sensors

e Secure field communication and networking systems

3. Industrial Applications: In industries, optical fibers are used for:

e Imaging in hard-to-access areas

e Lighting and safety systems in automobiles (e.g., airbags, traction control)

e Research, testing, and monitoring environments

4. Broadcast and Entertainment: Fiber optic cables support high-quality data transmission in
broadcasting. They are used in:

e CATV (Cable TV) systems

e HDTYV and video-on-demand services

e High-speed internet infrastructure
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5. Telecommunications: Optical fibers play a central role in telecommunication systems,
including:
e High-speed data transmission and reception
e Backbone networks for internet and telephone services
Replacing traditional copper cables due to their higher capacity and efficiency
. Networking: Fiber optics are widely used in networking environments to:
Connect users and servers in LANs, WANSs, and data centers
Enhance transmission speed, bandwidth, and reliability
. Commercial and Industrial Sensing: In commercial and industrial settings, fiber optics are
used for:
Wiring in areas with high electromagnetic interference (EMI)
Sensor systems for measuring temperature, pressure, and other variables
Communication and control systems in factories and vehicles
. Surveillance Systems: Fiber optic cables are commonly used in
CCTV surveillance systems for high resolution
Real-time video transmission
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1.1 Introduction to vector nature of light

Light is a form of electromagnetic radiation that travels in the form of waves. It does not require a
material medium, such as air or water, for propagation and can travel through a vacuum.
Examples of electromagnetic waves include: Radio waves, Microwaves, Infrared rays, Visible
light, Ultraviolet rays, X-rays & Gamma rays.

Visible light is only a small portion of the electromagnetic spectrum, with wavelengths ranging
from approximately 400 nm (violet) to 700 nm (red). Light is called an electromagnetic wave
because it is made up of two continuously changing fields: Electric Field (E) and Magnetic
Field (H or B).

Vector Nature of Light
The vector nature of light means that light possesses electric and magnetic fields, each having
both magnitude and direction. These fields are represented as vectors because they point in
particular directions while continuously changing with time. Thus, light cannot be completely
described using only its intensity; its direction and polarization must also be considered.
When light travels, three directions are always mutually perpendicular.

e Electric Field (E)

e Magnetic Field (H)

e Direction of propagation

Oscillation of Light

As light moves forward, the electric and magnetic fields continuously oscillate. This oscillation is
similar to a vibrating rope. The wave moves forward while the particles (or fields) move only up
and down. Therefore, light is known as a transverse wave.

Polarization of Light

Since the electric field has a definite direction, light can be polarized. Polarization means
restricting the vibration of the electric field to a particular direction.

Types of polarization include:
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1. Linear Polarization
The electric field vibrates in only one fixed direction.
2. Circular Polarization
The electric field rotates uniformly, forming a circle.
3. Elliptical Polarization
The electric field traces an elliptical path. It is the most general form of polarization.
In fiber optic communication, maintaining the correct polarization is important because
changes in polarization can affect signal quality.

%%

/

Linear \‘\Circular + Elliptical

Importance of the Vector Nature of Light in Fiber Optic Communication
e Analyse how light propagates inside an optical fiber.

Understand polarization effects.

Study different propagation modes.

Reduce transmission losses.

Design high-speed optical communication systems.

Improve signal quality over long distances.

1.2 Propagation of Light

The term propagation of light refers to the process by which light travels from one point to
another. In fiber optic communication, understanding the propagation of light is essential because
information is transmitted through optical fibers in the form of light waves.

When light enters a material medium such as glass, its speed decreases because the light interacts
with the atoms of the material. Although the speed changes, the frequency of light remains
constant, while its wavelength decreases. The relationship between speed, frequency, and
wavelength is given by:

V=fxAi
Where:
V = Velocity of light in the medium (m/s)
f = Frequency of light (Hz)
A = Wavelength of light (m)
From this equation, it is clear that if the velocity decreases while the frequency remains
unchanged, the wavelength must also decrease. The speed of light in a material depends on its
refractive index (n).

Refractive Index

The refractive index is defined as the ratio of the speed of light in vacuum to its speed in the
medium.
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Where:

n = Refractive index

¢ = Speed of light in vacuum

v = Speed of light in the medium

A material with a higher refractive index slows down light more than a material with a lower
refractive index. For example, glass has a higher refractive index than air; therefore, light travels
more slowly in glass than in air.

Snell’s Law

Snell’s law describes how light or other waves bend (refract) when passing from one transparent
medium into another, such as moving from air into water or glass. Snell’s law states that the ratio
of the sine of the angle of incidence to the sine of the angle of refraction is constant for a given
pair of medium.

According to Snell’s law, refraction can be represented as:

N1 sinQ1 = N2 sin0-
sinf; n,

sin6, n,

Where,

n, = refractive index of the first medium

n, = refractive index of the second medium

6= angle of incidence

6,= angle of refraction

In optical fiber, nl is generally the refractive index of the core, and n2 is that of the cladding.

E Exit ray E
Low index r, : P2 - :
(air) E 2 E

High index n,
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.
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i
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Angle of incidence: The angle of incidence is the angle between the incident ray and the normal
drawn perpendicular to the surface at the point of incidence. It is denoted by 6i. In optical fiber
communication, the angle of incidence is measured at the core—cladding interface.

Angle of refraction: The angle of refractionis the angle between the refracted ray and
the normal to the surface at the point where light enters a different medium. It is denoted by 0.
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Reflection: Reflection is the phenomenon in which light strikes a surface and returns into the
same medium. The angle of incidence is always equal to the angle of reflection.

Refraction: Refraction is the bending of light when it passes from one transparent medium to
another due to the change in its speed. If light enters a denser medium, it bends towards the
normal. If it enters a rarer medium, it bends away from the normal.

Absorption: Absorption occurs when a part of the light energy is absorbed by the material
through which it is travelling. This absorbed energy is usually converted into heat, resulting in a
reduction of light intensity.

Scattering: Scattering is the random spreading of light in different directions due to small
particles, impurities, or irregularities present in the medium. Scattering causes attenuation and
reduces the transmitted optical power.

Total Internal Reflection (TIR): When light travels from a denser medium to a rarer medium
and the angle of incidence exceeds the critical angle, the light is completely reflected back into
the denser medium. This phenomenon is called Total Internal Reflection (TIR).

In optical fibers, the core has a higher refractive index than the cladding. As light travels through
the core, it repeatedly undergoes total internal reflection at the core—cladding interface, ensuring
that the optical signal remains confined within the fiber.

1.3 Propagation of Light in Cylindrical Dielectric Waveguides (Optical Fibers)
An optical fiber is a cylindrical dielectric waveguide made of transparent glass or plastic that
transmits light signals from one point to another. It is called a dielectric waveguide because it is
made of non-conducting (dielectric) materials and guides electromagnetic waves along its length.
An optical fiber consists of three main parts:

e Core — The central cylindrical region through which light propagates.

e Cladding — A layer surrounding the core with a slightly lower refractive index.

e Protective Coating (Jacket) — Protects the fiber from mechanical damage and

environmental effects.

The refractive index of the core (nl) is always greater than that of the cladding (n2), i.e. n1> n2
This difference in refractive indices is the key reason why light remains confined within the fiber.

Principle of Light Propagation
The propagation of light inside an optical fiber is based on the principle of Total Internal
Reflection (TIR). When a light ray enters the fiber through the core, it strikes the interface
between the core and the cladding. If the angle of incidence is greater than the critical angle, the
light ray is completely reflected back into the core instead of passing into the cladding.

As the light continues to travel along the fiber, it undergoes repeated total internal
reflections. This repeated reflection keeps the light confined within the core, allowing it to travel
over long distances with very little loss.
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Conditions for Total Internal Reflection
For total internal reflection to occur, the following two conditions must be satisfied:
e The light must travel from an optically denser medium (core) to an optically rarer medium
(cladding).
e The angle of incidence at the core-cladding interface must be greater than the critical

angle.

Light Path Inside the Fiber

Buffer Coating
Cladding
lm\\/'.\
Cladding
Buffer Coating

Acceptance Angle: The acceptance angle is the maximum angle, measured with respect to the
fiber access, at which light can enter the fiber and still propagate through the core by total internal

reflection (TIR).
/ 2_.2
0, = Sin? (mi~m2)

no

Where, 02 = Acceptance angle

For air, 0, = Sint /(ni —n3) (For air, ng=1)

Where:
e ni = Refractive index of the core
e ny = Refractive index of the cladding
e no= Refractive index of the external medium (surrounding the optical fiber)

Light entering at an angle greater than the acceptance angle will not satisfy the conditions for
total internal reflection and will escape into the cladding.

H
1
1
: : I\A :
A Eventually lost by radiation
' T
i H
1]

Conical
half

Cladding

Numerical Aperture (NA): The Numerical Aperture (NA) is a measure of the light-gathering
ability of an optical fiber. It determines the range of angles over which light can enter the fiber
and still be guided.

The expression for Numerical Aperture is:
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NA = +/n} —n} =sing,
Where,

ni= Refractive index of the core

n>= Refractive index of the cladding

0. = Acceptance angle or half-angle of the acceptance cone

A higher numerical aperture allows the fiber to accept light over a larger range of angles.

Modes of Propagation
Depending on the core diameter, fibers are classified as:
e Single-mode fiber: Allows only one propagation path. It has very low dispersion and is
used for long-distance, high-speed communication.
e Multimode fiber: Allows many propagation paths simultaneously. It is easier to couple
light into but experiences higher dispersion, making it suitable for shorter distances.

Advantages of Cylindrical Dielectric Waveguides

Low transmission loss

High bandwidth

Immunity to electromagnetic interference

Light weight and flexible

Secure communication

Long-distance signal transmission without significant attenuation.

1.4 Ray Model of Light Propagation
The Ray Model (also known as the Geometrical Optics Model) is the simplest method used to
explain how light propagates inside an optical fiber. In this model, light is treated as a collection
of straight-line rays instead of electromagnetic waves. It is mainly used when the diameter of the
optical fiber is much larger than the wavelength of light.

The ray model helps in understanding the basic principles of light transmission, such as
reflection, refraction, acceptance angle, numerical aperture, and total internal reflection (TIR).

Concept of the Ray Model
According to the ray model, light travels in the form of straight rays through a uniform medium.
When these rays encounter the boundary between two media having different refractive indices,
they may undergo reflection or refraction, depending on the angle of incidence.

In an optical fiber, the core has a higher refractive index (n1) than the cladding (n2). When
a light ray enters the fiber within a certain angle, it strikes the core-cladding interface. If the angle
of incidence is greater than the critical angle, the ray undergoes total internal reflection and
remains confined within the core.

Types of Rays in the Ray Model

1. Meridional Rays

Meridional rays are the light rays that pass through or intersect the axis of the optical fiber during
their propagation. They travel in a zig-zag path inside the fiber.
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Meridional
rays

n

Characteristics:

Pass through the fiber axis.

Undergo repeated total internal reflection.

e Easy to analyze using geometrical optics.

e Commonly used to explain light propagation in multimode fibers.

2. Skew Rays
Skew rays are the light rays that travel through an optical fiber without crossing the fiber
axis. They follow a helical or spiral or corkscrew path as they propagate through the fiber.

Core axis

(b)

Characteristics:

e Never intersect the fiber axis.

e Follow a helical or spiral path.

e Travel a longer distance than meridional rays.
e More complex to analyze.

Conditions for Light Propagation
For successful propagation of light inside an optical fiber, the following conditions must be
satisfied:
e The refractive index of the core must be greater than that of the cladding.
ni>n2
e The light must travel from the denser medium (core) to the rarer medium (cladding).
e The angle of incidence at the core-cladding interface must be greater than the critical
angle so that total internal reflection occurs.
If these conditions are not satisfied, the light escapes into the cladding, resulting in transmission
loss.

Advantages of the Ray Model:-
e Simple and easy to understand.
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Explains light propagation using straight-line rays.

Helps understand reflection, refraction, acceptance angle, and numerical aperture.
Suitable for analyzing multimode optical fibers.

Useful for introductory studies of fiber optic communication.

Limitations of the Ray Model:-

e Does not explain the wave nature of light.

e Cannot describe interference, diffraction, or polarization.

e Not suitable for analyzing single-mode optical fibers, where wave theory is required.
e Less accurate when the fiber core diameter is comparable to the wavelength of light.

Applications of the Ray Model:-

e The ray model is widely used for:

Explaining the working principle of optical fibers.

Designing multimode optical fibers.

Understanding total internal reflection.

Studying acceptance angle and numerical aperture.

Basic analysis of light transmission in fiber optic communication.

1.5 Wave Model of Light Propagation

The Wave Model (also known as the Electromagnetic Wave Theory) explains the propagation of
light by considering light as an electromagnetic wave rather than a collection of rays. Unlike the
ray model, which assumes that light travels in straight lines, the wave model takes into account
the wave properties of light, such as interference, diffraction, polarization, and mode formation.

The wave model provides a more accurate description of light propagation inside optical
fibers, especially when the core diameter is comparable to the wavelength of light. It is therefore
essential for understanding the operation of single-mode optical fibers, where the ray model is no
longer sufficient.

Single Mode

Muitimode Graded Index

Multimode Step Index
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Modes in the Wave Model:-

According to the wave model, light propagates through the optical fiber in the form of guided
modes. A mode is a stable electromagnetic field pattern that satisfies Maxwell's equations and the
boundary conditions at the core-cladding interface. Depending on the size of the fiber core,
different numbers of modes can propagate.

Single-Mode Fiber:-

A single-mode fiber supports only one guided mode. Since only one mode propagates, there is
almost no modal dispersion. Hence, single-mode fibers are used for long-distance and high-speed
communication.

Multimode Fiber:-

A multimode fiber supports many guided modes simultaneously. Each mode travels with a
slightly different path and velocity, resulting in modal dispersion. Therefore, multimode fibers
are mainly used for short-distance communication.

Advantages of the Wave Model:-
e The wave model provides several advantages over the ray model:
e Explains the electromagnetic nature of light.
e Describes interference and diffraction phenomena.
e Explains polarization of light.
e Introduces the concept of guided modes.
e Explains the existence of the evanescent field.
e Essential for analyzing single-mode optical fibers.
e Provides more accurate results for modern optical communication systems.

Limitations of the Wave Model :-
e Despite its accuracy, the wave model has some limitations:
e It is mathematically more complex than the ray model.
e Requires the use of Maxwell's equations for analysis.
e Difficult to visualize compared to simple ray diagrams.
e Not necessary for basic analysis of large-core multimode fibers.

Applications of the Wave Model:-
e The wave model is widely used in:
e Analysis of single-mode optical fibers.
e Optical communication system design.
e Fiber optic sensors
e Polarization studies.
e Optical amplifiers.
e Integrated optical circuits.
e High-speed fiber optic communication systems.
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Chapter 2
Optical Fibers

2.1 Different Types of Optical Fibers
An optical fiber is a thin, flexible strand of glass or plastic that transmits information in the form
of light signals. It works on the principle of Total Internal Reflection (TIR), where light rays
travel through the core of the fiber by repeatedly reflecting from the core-cladding boundary
without escaping. Optical fibers have become the backbone of modern communication systems
because they provide high-speed data transmission, high bandwidth, low signal loss, and
immunity to electromagnetic interference. They are widely used in internet communication,
telephone networks, cable television, medical equipment, military communication, industrial
automation, and sensing applications.
Optical fibers are mainly classified based on:

1. Mode of light propagation

2. Refractive index profile

3. Material used

1. Single-Mode Optical Fiber (SMF)
Single-mode optical fiber is a type of optical fiber that allows only one mode (one light path)
to travel through its core. Because only one light ray propagates, there is almost no modal
dispersion, making it ideal for long-distance and high-speed communication.

Construction

Core diameter: 8-10 pm
Cladding diameter: 125 pm

Light source: Laser diode
Material: High-quality silica glass

Working Principle

The narrow core allows only one light beam to propagate directly through the fiber. Since there
are no multiple paths, the light signal reaches the receiver with very little distortion. This results
in higher transmission speed and better signal quality over long distances.

Advantages
e Very high bandwidth
e Very low attenuation
e Negligible modal dispersion
e Excellent signal quality
e Suitable for long-distance communication
e Supports high data transmission rates

Disadvantages

High installation cost
Requires laser source
Difficult fiber alignment
Expensive equipment

FIBER OPTIC COMMUNICATIONS BY PRADEEP KUMAR DHAL SAMANT, LECTURER- II, BOSE, KATAKA Page 13



Applications
e Long-distance telephone communication
e Internet backbone networks
e Fiber-to-the-Home (FTTH)
e Undersea communication cables
e Cable television (CATV)
e Military communication

2. Multimode Step-Index Optical Fiber
Multimode step-index fiber is an optical fiber that allows many light rays (modes) to travel
through its large core. The refractive index remains constant throughout the core and changes
suddenly (steps down) at the cladding.

Construction
e Core diameter: 50-200 pm
e Cladding diameter: 125-240 pm
e Light source: LED
e Large core size

Working Principle

Light rays enter the large core at different angles. Each ray follows a different path by repeatedly
reflecting from the core-cladding boundary. Since different rays travel different distances, they
arrive at the receiver at different times, causing modal dispersion.

Advantages
e Low manufacturing cost
e Easyto install
e Easy light coupling
e Suitable for short-distance communication

Disadvantages
e High modal dispersion
e Lower bandwidth
e Signal distortion
e Not suitable for long-distance communication

Applications
e Local Area Networks (LAN)
e Industrial communication
e Office networking
e CCTV systems
e Short-distance communication links

3. Multimode Graded-Index Optical Fiber
Multimode graded-index fiber is a type of optical fiber in which the refractive index gradually
decreases from the center of the core toward the cladding. This reduces modal dispersion
significantly.
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Construction
e Core diameter: 50 pm or 62.5 pm
e Cladding diameter: 125 pm
e Light source: LED or Laser

Working Principle

The center of the core has the highest refractive index, while the outer regions have lower
refractive indices. Light rays traveling near the outer edge move faster than those near the center,
compensating for the longer travel path. As a result, all rays reach the receiver almost
simultaneously, reducing signal distortion.

Advantages
e Reduced modal dispersion
e Higher bandwidth than step-index fiber
e Better signal quality
e Longer transmission distance
e More efficient communication

Disadvantages
e Costlier than step-index fiber
e More complex manufacturing process

Applications
e Campus networks
e Data centers
e Medical imaging
e High-speed LAN
e Video transmission

Multimode, Step-index

Multimode, Graded Index

Singlemode Index Profile
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Comparison between step index and graded index:-

Parameter

Step index fiber

Graded index

Data rate

Slow

Higher

Coupling efficiency

higher

Coupling efficiency with fiber is

Lower coupling efficiency

Ray path

By total internal reflection

Light ray travels in oscillatory
fashion

Index variation

diameter

Uniform index over the core

Non-uniform index over the core
diameter

Numerical aperture

NA remains same

Changes continuously with
distance from fiber axis

Material used

Plastic or glass is preferred

Only glass is preferred

Bandwidth efficiency

Lower

Higher

Pulse broadening

more

Pulse spreading by fiber length is

Pulse spreading is less

Attenuation of light

Less typically 0.34 dB/km at 1.3 um

More 0.6 to 1 dB/km at 1.3 pum

Typical light source

LED

LED, lasers

Comparison of Different Types of Optical Fibers:-

Parameter Single Mode Multimode Step- Multimode Graded-
Step-Index Fiber | Index Fiber Index Fiber

Core Diameter 8-10 um 50-200 um 50-62.5 pum

Number of Modes | One Multiple Multiple

Dispersion Very Low High Low

Bandwidth Very High Low High

Distance Long Short Medium to Long

Cost High Low Moderate

Light Source Laser LED LED/Laser

Data Rate Very High Low High

2.2 Modal Analysis of a Step-Index Fiber
Modal analysis is the study of the different paths (or modes) through which light propagates
inside an optical fiber. In a step-index optical fiber, the refractive index of the core is uniform
and changes suddenly (or steps down) at the boundary between the core and the cladding.
Because of this abrupt change in refractive index, light rays entering the fiber at different
angles travel along different paths. Each path followed by a light ray is called a mode.

Length of
fiber

X

Core (n,)

7 Cladding ()

=

Step Index fiber ‘

Cladding

Cross
sectional
view
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A step-index fiber consists of two main parts:

e Core with refractive index n

e Cladding with refractive index nz, where n1> n;
The refractive index remains constant throughout the core and suddenly decreases at the core-
cladding boundary, forming a "step” profile. Light remains inside the core due to Total Internal
Reflection (TIR).

Modal Analysis
Modal analysis determines:
e Number of propagation modes
Distribution of light inside the fiber
Signal propagation characteristics
Bandwidth of the fiber
Amount of modal dispersion
It is essential for designing optical communication systems.

Propagation of Light in Step-Index Fiber
When light enters the fiber:
1. Light is launched into the fiber core.
2. Rays strike the core-cladding interface.
3. Since the core has a higher refractive index than the cladding, light undergoes Total
Internal Reflection.
4. Different rays travel through different paths depending on their angle of incidence.
5. These different paths are called propagation modes.
Some rays travel almost straight, while others follow zig-zag paths.

Types of Modes
1. Fundamental Mode
2. Higher-Order Modes

Number of Modes in Step-Index Fiber
The approximate number of guided modes in a multimode step-index fiber is

2
M—K

Where:

e M = Number of guided modes
e V = Normalized frequency (V-number)

Normalized Frequency (V-Number)
The V-number determines whether the fiber operates as single-mode or multimode.

2ma

V ==—xNA
Where:
e a=Core radius
e ) =Wavelength of light
e V =Normalized frequency (V-number)
e NA = Numerical Aperture
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Conditions
e V <2405 — Only one mode propagates (Single-mode fiber)
e V>2405— Multiple modes propagate (Multimode fiber)

Problem :
A step-index optical fiber has a core radius of 25 pm, a numerical aperture (NA) of 0.2, and
operates at a wavelength of 1.3 pm.
Calculate:(i) The normalized frequency (V) of the fiber.
(if) The approximate number of guided modes (M).
(iii) State whether the fiber operates as single-mode or multimode.
Answer:
For a step-index optical fiber:
Given:
e Core radius, a=25 uym
o Numerical aperture, NA=0.2
e Operating wavelength, A=1.3um
(i) Normalized frequency V'

The normalized frequency is

2ma
V=—NA
A

Substituting the values:

 _ 2m(25)(0.2)

1.3
Vo= 2417
(ii) Approximate number of guided modes M
For a step-index multimode fiber:
2
M =
Therefore,
24.17)°
A 2 )

M == 291.99

M == 292 guided modes

(iii) Single-mode or multimode?

A step-index fiber operates in single mode when:
V < 2,405
Since
V =24.17 = 2405

the fiber operates as a:

Multimode fiber
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Advantages of Modal Analysis :-
e Helps determine the number of guided modes.
e Improves fiber design.
e Helps estimate bandwidth.
e Reduces signal distortion.
e Improves communication efficiency.
e Assists in selecting suitable optical fibers.

Disadvantages of Modal Analysis :-
e Mathematical analysis is complex.
e Step-index fibers suffer from high modal dispersion.
e Bandwidth decreases as the number of modes increases.
e Not suitable for very high-speed communication over long distances.

Applications of Modal Analysis :-
e Designing optical communication systems
e Fiber-optic network planning
e Telecommunication engineering
e Fiber manufacturing
e Performance evaluation of optical fibers
e Optical sensor design
e High-speed data transmission systems

2.3 Signal Degradation in Optical Fiber Due to Dispersion and Attenuation
Signal degradation is the deterioration or weakening of an optical signal as it travels through an
optical fiber. The major causes of signal degradation are dispersion and attenuation.

Signal Degradation Due to Dispersion

Different modes / wavelengths travel at different speeds

Optical (due to material and modal dispersion) Optical
power power
l l === )—» y
= N < 2
Time N Time
Input pu.|5e Core Cladding Output pulse
(at transmitter) (after long distance)

Dispersion is the phenomenon in which an optical pulse spreads as it travels through the fiber.
Excessive dispersion causes pulse broadening and inter-symbol interference. This phenomenon
limits the bandwidth, data transmission rate, and communication distance of an optical fiber
communication system.

Initially, the optical pulses are transmitted separately. Due to dispersion, the pulses
broaden as they travel through the optical fiber. As a result, adjacent pulses may overlap with one
another, making it difficult for the receiver to distinguish between individual binary bits. This
effect is called Inter-Symbol Interference (ISI).

Causes of Dispersion
Dispersion mainly occurs because:
e Different light rays travel different distances.
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e Different wavelengths travel at different speeds.
e Fiber materials respond differently to different wavelengths.
e Imperfections in fiber construction.

Types of Dispersion

Dispersion in optical fibers is mainly classified into three types:
1. Modal Dispersion
2. Material (Chromatic) Dispersion
3. Waveguide Dispersion

1. Modal Dispersion

Modal dispersion occurs because different propagation modes travel through different paths
inside a multimode optical fiber. Some rays travel almost straight, while others follow zig-zag
paths. Since the path lengths are different, they reach the receiver at different times.

Cladding
(lower refractive index)
Ray 2 Ray 3 Ray 4 Ray 5
Input - —
(light source) Ray 1 4 ~_ Output
» - (received light
N A % a Jricisildir o
L3
\__ Core

(higher refractive index)

Working
Suppose five light rays enter a multimode fiber.
e Ray 1 travels straight.
e Ray 2 reflects once.
e Ray 3 reflects multiple times.
e Ray 4 follows a longer path.
e Ray 5 follows the longest path.
Although all rays travel at nearly the same speed inside the fiber, those following longer paths
arrive later than the straight ray. This causes pulse spreading.

Characteristics
e Occurs only in multimode fibers
e Maximum in step-index fiber
e Reduced in graded-index fiber
e Absent in single-mode fiber

2. Material Dispersion (Chromatic Dispersion)
Material dispersion occurs because the refractive index of the fiber material changes with the
wavelength of light. Different wavelengths travel at different speeds inside the fiber.

Chromatic Dispersion

Longer Wavelength Travels Faster
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Working
A light source emits slightly different wavelengths.

For example:
e Blue light
e Green light
e Red light

Since the refractive index varies with wavelength:
e Blue light travels slower.
e Red light travels faster.
Therefore, different wavelengths reach the receiver at different times.

Characteristics
e Depends on wavelength.
e Exists in both single-mode and multimode fibers.
e Increases with wider spectral width.

Methods to Reduce Material Dispersion
e Use laser sources instead of LEDs.
e Use narrow spectral width sources.
e Operate near the zero-dispersion wavelength (around 1310 nm for silica fibers).
e Use dispersion-compensating fibers.

3. Waveguide Dispersion
Waveguide dispersion occurs because part of the optical signal travels inside the core while
another part travels inside the cladding. The propagation speed depends on the fiber structure.

Waveguide Dispersion

Working

Even if the wavelength remains the same:
e Some energy travels through the core.
e Some energy extends into the cladding.
Different portions travel at slightly different speeds, causing pulse spreading.

-

w

Core

Cladding

Characteristics
e Mainly affects single-mode fibers.
e Depends on core diameter, refractive index difference and operating wavelength.

Methods to Reduce Waveguide Dispersion
e Optimize the core diameter.
e Optimize the refractive-index profile.
e Use dispersion-shifted fiber (DSF) or dispersion-compensating fiber (DCF).
e Select a suitable operating wavelength.
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Intramodal and Intermodal Dispersion:

1. Intramodal Dispersion (Chromatic Dispersion)
Intramodal dispersion occurs in single-mode as well as multimode fibers because different
wavelengths of light travel at different velocities through the fiber. It consists of:
o Material dispersion
e Waveguide dispersion

2. Intermodal Dispersion (Modal Dispersion)
Intermodal dispersion occurs only in multimode fibers because different modes travel along
different paths and reach the receiver at different times. It causes pulse broadening and can
lead to inter-symbol interference (ISI).

Effects of Dispersion
Dispersion causes several problems in optical communication systems:
e Pulse broadening
e Signal distortion
e Reduced bandwidth
e Lower data transmission rate
e Increased bit error rate
e Reduced communication distance
e Poor receiver performance
e Decreased system reliability

Methods to Reduce Dispersion
e Use Single-Mode Fiber
e Use Laser Sources

e Use Graded-Index Fiber

e Dispersion Compensation Fiber (DCF)
e Dispersion Compensation Modules

e Operate at Optimum Wavelength

Attenuation

The attenuation is loss of optical power as light travels through a fiber. Total attenuation is the
sum of all losses. The basic attenuation mechanisms in optical fiber are absorption, scattering and
radiative losses of optical energy. This is measured in dB/km or Neper/km.

1 Neper = 8.686 dB

Optical power decreases exponentially with distance.

Attenuation varies from one wavelength to another.
Pin

Attenuation in Db = %logm

Where,

Pin = Source Power / Transmitted Power
Pout = Output Power / Received Power
L = Cable Length or distance in km

out

Absorption loss
Absorption loss is related to the material composition and fabrication process of fiber. Absorption
loss results in dissipation of some optical power as hear in the fiber cable. Although glass fibers
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are extremely pure, some impurities still remain as residue after purification. The amount of
absorption by these impurities depends on their concentration and light wavelength.

Absorption is caused by three different mechanisms.

1) Absorption by atomic defects in glass composition.

2) Extrinsic absorption by impurity atoms in glass material.
3) Intrinsic absorption by basic constituent atom of fiber.

Bending losses
Bending loss is the loss of optical power that occurs when an optical fiber is bent beyond its
allowable bending radius. The bending causes some of the guided light to radiate out of the fiber,
resulting in attenuation.
Types of Bending Losses
1. Macrobending Loss — Caused by large-scale bends or curves in the fiber, such as
bending the fiber around a sharp corner.
2. Microbending Loss — Caused by small, random deformations or irregularities along the
fiber axis, which result in coupling of guided light into radiation modes.

Normal
Light Core / Escaped

ray ! ray
/
!

Bending loss

Comparison of Different Types of Dispersion

Parameter | Modal Dispersion Material Dispersion Waveguide Dispersion

Cause Different light paths Different wavelengths travel | Fiber structure and
(modes) at different speeds geometry

Occurs In Multimode fiber Single-mode and multimode | Mainly single-mode fiber

fiber

Effect Pulse broadening Pulse broadening Pulse broadening

Main Multiple propagation | Variation of refractive index | Distribution of light in

Reason modes with wavelength core and cladding

Reduction | Use single-mode or Use laser source and Proper fiber design

Method graded-index fiber optimum wavelength

2.4 Fabrication of Optical Fibers and Measurement Techniques (OTDR)
Fabrication of Optical Fibers: It is the process of making an optical fiber with the required
core, cladding, and protective coating for transmitting light signals.
The objective of fabrication is to produce fibers with:
e Low attenuation
High strength
High bandwidth
Uniform refractive index
e Long service life
Stages of Optical Fiber Fabrication
The fabrication process consists of the following stages:
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1. Preparation of Raw Materials
The main raw material is high-purity silica (SiO2).
Small amounts of dopants are added to modify the refractive index.
Common dopants include:
e Germanium dioxide (GeOz2)
e Phosphorus pentoxide (P2Os)
e Boron oxide (B20s)
These dopants help form the core and cladding with different refractive indices.
2. Preparation of Preform
A preform is a large glass rod having the same refractive index profile as the final optical fiber.
The preform contains:
e Core
e Cladding
Although the preform is much larger, its structure is identical to the final fiber.
3. Fiber Drawing
The preform is placed in a high-temperature furnace (around 1900-2200°C).
The lower end melts and is drawn into a very thin optical fiber.
The diameter is continuously monitored to maintain a standard diameter of 125 pm.
4. Coating Process
Immediately after drawing, the fiber is coated with a protective polymer coating.
Purpose of coating:
e Prevent scratches
Protect from moisture
Improve mechanical strength
e Increase flexibility
5. Curing
The protective coating is hardened using ultraviolet (UV) light.
This makes the coating durable and long-lasting.
6. Testing
After fabrication, the fiber is tested for:
e Diameter
e Tensile strength
e Attenuation
e Refractive index profile
e Flexibility
e Surface defects
Only fibers meeting quality standards are used in communication systems.

Methods of Fiber Fabrication

The five most common fabrication methods are:

1. MCVD (Modified Chemical VVapour Deposition)

2. OVD (Outside Vapour Deposition)

3. VAD (Vapour Axial Deposition)

4. PAVD (Plasma Activated Chemical VVapour Deposition )
5. Photonic crystal Fiber Fabrication
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1. Modified Chemical Vapour Deposition (MCVD)
Modified Chemical Vapour Deposition (MCVD) is a technique used to fabricate high-quality
optical fibers by depositing thin layers of glass inside a silica glass tube. It is widely used to
produce optical fibers with controlled refractive index profiles. It is developed by Bell Labs in

late 1970s.
Hollow Glass Preform
(R e [N
Qases — (| / Rotating
\eid
/ Flame
Soot Deposited
Inside Tube
, Heat Source Moving
Back and Forth
Process:

e A hollow silica tube is mounted horizontally and rotated.

e Chemical compounds in gaseous form called gaseous precursors (e.g., SiCls, GeCls, POCls,
dopants) are passed through the tube.

e An external oxy-hydrogen torch moves along the tube, heating it locally (~1600-1800 °C).

e Reactions occur, forming SiO: and doped oxides which deposit as soot inside the tube.

e Soot layers are then vitrified (converted to glass) by the torch.

e After deposition, the tube is collapsed into a solid rod (the preform).

e The preform is heated in a drawing furnace, and a thin optical fiber is drawn from it. The
fiber is then coated with a protective polymer layer.

Application: MCVD is widely used for manufacturing high-quality optical fibers for optical
sensors, telecommunications and fiber-optic communication systems

2. OVD (Outside Vapor Deposition)
Outside Vapour Deposition (OVD) is an important technique used to manufacture the preform
of an optical fiber. In this method, glass material is deposited on the outside surface of a
rotating starting rod.

Soot Preform
Rotahng /

/ Flame Target Rod
Gases
Heat Source Moving
Back and Forth
Process:

e Aglass or ceramic bait rod is rotated and exposed to a flame containing suitable reactant
gases.

¢ Fine glass particles, called soot, are deposited on the outside surface of the bait rod.

e The deposited soot forms a porous preform, which is then removed from the bait rod.

e The porous preform is dried and sintered at high temperature at about 1,500-1,800°C to
form a dense, transparent glass preform.
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e The solid preform is heated in a fiber-drawing furnace and drawn into a thin optical fiber.
e A protective polymer coating is immediately applied to the drawn fiber to protect it from

moisture and mechanical damage.

Applications: OVD is widely used for mass production of high quality and low loss optical fiber
performs for long-distance optical communication, telecommunication and data-communication

fibers.

Comparison Between MCVD and OVD

MCVD (Modified Chemical Vapor Deposition)

OVD (Outside Vapor Deposition)

1. Glass layers are deposited on the inner surface of
a silica tube.

1. Glass soot is deposited on the outer
surface of a bait rod.

2. Uses a rotating silica glass tube as the substrate.

2. Uses a rotating ceramic or glass rod
as the bait rod.

3. Reactant gases flow through the inside of the
tube.

3. Reactant gases are supplied to an
external burner.

4. Generally produces smaller preforms.

4. Suitable for producing larger
preforms.

5. Provides precise control over the refractive index
profile.

5. Provides good control over the
refractive index profile.

6. Suitable for producing high-quality optical fibers,
particularly for specialized applications.

6. Widely used for mass production of
optical fibers.

3. VAD (Vapour Axial Deposition)

Vapour Axial Deposition (VAD) is an optical-fiber fabrication technique in which glass material
is deposited along the axial direction (lengthwise) of a rotating preform.

| sicl, +GeCl,+ 0, |
_

; |

% Burner

Glass particles

( Dehydration & ‘[
[ Consolidation _ |

'

Solid Preform

'

Heating & Drawing

.

=

Working :

Growing
Preform

Seed Rod

Optical Fiber

In the VAD technique, a seed rod is rotated continuously while vapours of glass-forming
materials such as SiCls and GeCls, along with oxygen, are supplied to a burner. The chemicals
react in the flame and produce very fine glass particles. These particles are deposited at the end of
the rotating seed rod, causing the preform to grow in the axial direction. By controlling the
composition of the vapours, the required core and cladding structure is formed. The porous
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preform is then dehydrated and consolidated by heating to obtain a solid glass preform. Finally,
the solid preform is heated to a high temperature and drawn into a thin optical fiber.

4. PAVD (Plasma Activated Chemical Vapour Deposition )

Plasma Activated Chemical Vapour Deposition (PCVD) is an optical-fiber fabrication technique
in which plasma energy is used to activate chemical reactions and deposit very thin layers of
glass material inside a silica tube.

| sicl, + Gecl, + O, |

e —
J/Fﬁk‘%
(«— Silica Tube
RF /MW __ 70 PLASMA |17, RF/MW
Energy l Energy
. l l | l+— Glass layers
= ’ on inner wall

v
=
B Solid Preform
v

v

Optical Fiber

Working

In the PCVD process, a silica tube is rotated and filled with glass-forming gases such as SiCls,
GeClsand POCIs. Microwave or radio-frequency energy is applied to create a plasma inside the
tube. The plasma activates the chemical reactions and produces glass-forming particles, which are
deposited as very thin layers on the inner surface of the silica tube. By changing the composition
of the gases, the refractive index of each layer can be controlled to form the required core and
cladding. A large number of thin layers are deposited to obtain the desired fiber structure. The
tube is then heated and collapsed to form a solid glass preform, which is finally heated and drawn
into an optical fiber.

5. Photonic crystal Fiber Fabrication

Photonic Crystal Fiber (PCF) is fabricated using the stack-and-draw technique. It consists of a
solid or hollow core surrounded by a regular arrangement of microscopic air holes running along
the length of the fiber.
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Working

In this method, thin silica tubes and solid silica rods are arranged in a specific pattern to form the
required preform. The arrangement is carefully stacked so that the desired pattern of air holes is
obtained around the core. The preform is then heated to a high temperature until the glass
becomes soft. It is pulled or drawn continuously, reducing its diameter while maintaining the
arrangement of the air holes. The final fiber contains a central core surrounded by microscopic air
holes. The size, shape, and spacing of these holes determine the optical properties of the PCF.

Measurement Techniques (OTDR)

Optical Time Domain Reflectometer (OTDR) is an electronic instrument used to test, analyze,
and troubleshoot optical fiber cables. OTDR works from only one end of the fiber, making it a
very convenient and widely used testing instrument.

Measurements Performed by OTDR
1. Fiber Length: Determines the total length of the optical fiber.
2. Attenuation: Measures signal loss per kilometer.
3. Splice Loss: Measures loss at fusion or mechanical splices.
4. Connector Loss: Measures insertion loss at connectors.
5. Reflection Loss: Measures reflected optical power.
6. Fault Location: Locates fiber cuts, cracks, or breaks.
7. Dead Zone: Measures minimum distance required to distinguish between two nearby events.

Working Principle of OTDR
OTDR works on the principle of Rayleigh Backscattering and Fresnel Reflection.

e OTDRs operate like an optical radar, injecting short laser pulses of light into the optical
fiber from one end and measuring reflections and backscatter that is returned to the
OTDR.

e As the pulse travels, a small amount of light is scattered back due to tiny imperfections
(Rayleigh backscattering).

e Strong reflections occur at connectors, splices, or fiber breaks (Fresnel reflections).
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e Loss due to fusion splices, connectors, breaks or macro-bends reduce the amount of
returned backscatter.

e The OTDR measures the time taken for the reflected light to return. It calculates the
distance to events and the amount of signal loss.

e The OTDR records returned backscatter and reflections vs. time and may present this as a
trace showing optical loss vs. distance. Intelligent algorithms interpret the trace to locate,
identify and characterize detected network start, end, components and faults.

| l Optical filter

Test optical
Fiber

Pump
Laser

Construction of OTDR

The main parts of an OTDR are:

1. Laser Source : Produces short, high-intensity optical pulses.

2. Optical Coupler : Directs the light pulse into the fiber and routes the reflected light to the
detector.

3. Optical Fiber Under Test : The fiber cable being analyzed.

4. Photodetector : Detects the reflected optical signals.

5. Amplifier : Amplifies the weak reflected signals.

6. Display Unit : Displays the OTDR trace (graph of signal strength versus distance).

Disadvantages of OTDR
e EXxpensive instrument.
e Requires trained personnel.
e Has dead zones near large reflections.
e Accuracy depends on correct refractive index settings.
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Chapter 3
Optical Sources

3.1 LEDs and Lasers
An optical source is a device that converts electrical energy into light energy. In a fiber optic
communication system, the optical source generates the light signal that carries information
through the optical fiber.
An ideal optical source should:
e Produce sufficient optical power.
Operate at high speed.
Have a narrow spectral width.
Be reliable and long-lasting.
Be compact and energy-efficient.
e Be compatible with optical fibers.
The two most commonly used optical sources are:
e Light Emitting Diode (LED)
e Laser (LASER Diode)

1. Light Emitting Diode (LED):-

A Light Emitting Diode (LED) is a semiconductor device that emits light when an electric current
passes through it. It works on the *principle of electroluminescence*, where light is produced due
to the recombination of electrons and holes in a semiconductor material.

Construction:-
An LED consists of:
e A P-type semiconductor layer
An N-type semiconductor layer
A P-N junction
A transparent protective casing
Electrical terminals (anode and cathode)

Anode —je—

~ +—— Active region
N region

+—— Cathode
Epoxy——

resin

Positive Negative
terminal terminal

Structure of LED

Materials commonly used include:
e Gallium Arsenide (GaAs)
e Gallium Arsenide Phosphide (GaAsP)
e Gallium Phosphide (GaP)
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Working Principle:-

Forward bias: When the p-n junction is forward biased, the potential barrier at the junction is
reduced, and majority carriers (electrons from the n-side and holes from the p-side) are injected
across the junction into the opposite regions — this is called minority carrier injection.

» Spontaneous recombination: The injected electrons in the p-region (and holes in the n-region)
recombine with the majority carriers already present. In a direct band-gap semiconductor this
recombination is radiative — the excess energy of the electron is released as a photon rather than
as heat/phonons.

» Photon energy: The energy of the emitted photon is approximately equal to the band-gap
energy of the material:

Ephoton =h-v=Eg >A=h-c/Eg

Where h = Planck'’s constant

c = velocity of light, v is the frequency

Eq = band-gap energy of the semiconductor
This relation shows that the emission wavelength is fixed by the choice of material and its
composition (e.g. varying the Al fraction in AlGaAs or the In/Ga/As/P ratio in InGaAsP shifts A).
« Escape of light: The generated photons are emitted in all directions inside the semiconductor;
only those photons that falls within the critical angle at the semiconductor—air interface escape
without total internal reflection, which limits the external quantum efficiency of an LED.
« Incoherent emission: Since spontaneous emission is a random, uncorrelated process, the light
emitted by an LED is incoherent and has a fairly broad spectral width (typically 20—-100 nm),
unlike a laser.

Characteristics of LED :-
e Produces incoherent light.
Emits light over a wide range of wavelengths.
Low optical power.
Large beam divergence.
Long operating life.
Low operating voltage.

Advantages of LED:-
e Low cost.
Simple construction.
Long lifespan.
Low power consumption.
Highly reliable.
Less affected by temperature changes.
Easy to manufacture.

Disadvantages of LED:-
e Low output power.
Wide spectral width.
Limited transmission distance.
Lower modulation speed.
Not suitable for very high-speed communication.
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Applications of LED:-

e Short-distance optical communication.
Local Area Networks (LAN).
Indicator lamps.

Display systems.
Remote controls.
Medical instruments.

Types of LEDs Used in Optical Fiber Communication
The two major types are:

1. Surface-Emitting LED (SLED)

2. Edge-Emitting LED (ELED)

1. Surface-Emitting LED (SLED)

A Surface-Emitting LED (SLED) is an LED in which the generated light is emitted
perpendicular to the plane of the active region through the surface of the semiconductor.

It is one of the simplest and most commonly used LED structures for optical fiber
communication.

Construction of SLED
A typical SLED consists of several semiconductor layers arranged to form a p-n junction.

Light emission

(from surface)
Top metal contact

ity o

Semiconductor p-type (GaAs, InGaAsP, etc.)
layers 1§

Active region
(light generation)

n-type (GaAs, InGaAsP, etc.)

~

Substrate (e.g., GaAs)

Bottom metal contact
(n-contact)

Main parts

1. P-type layer: The upper semiconductor layer is doped to form the p-type region. It contains a
large number of holes.

2. Active region: The active region is the area where electron-hole recombination takes place.
When electrons and holes recombine, energy is released in the form of photons.

3. N-type layer: The lower semiconductor layer is doped to form the n-type region. It contains a
large number of free electrons.

4. Electrical contacts: Metal contacts are provided to apply forward bias to the LED.

5. Substrate: The semiconductor layers are fabricated on a suitable substrate that provides
mechanical support.

6. Optical window: The top surface is designed to allow the generated light to escape. An optical
window or suitable transparent region may be used to improve light extraction.
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Working of SLED
The operation of an SLED is based on electroluminescence.
Step 1: Forward biasing
The p-side is connected to the positive terminal and the n-side to the negative terminal of the
power supply.
Step 2: Movement of charge carriers
Due to forward bias:

e Electrons move from the n-region toward the active region.

e Holes move from the p-region toward the active region.
Step 3: Recombination
Electrons and holes meet in the active region and recombine. During recombination, energy is
released.
Step 4: Generation of photons
The released energy appears as photons, producing light.
The approximate photon energy is related to the semiconductor band gap by:

E=hv =h (c/ 1)

where:

e E =photon energy

e h=Planck's constant = 6.626 x 103* J.s

e v =frequency of the light

e C = Speed of light in a vacuum =3 x 10% m/s

e )\ =Wavelength of the light or electromagnetic radiation
The wavelength is approximately related to the band-gap energy by:

A = hc/Eg

where Eg is the semiconductor band-gap energy.
If Eg is expressed in eV:
Mum) =~ 1.24/Eg(eV) or M(nm) =~ 1240/Eg(eV)
Step 5: Surface emission
In an SLED, the generated light travels toward the top surface and emerges perpendicular to the
junction. The light spreads over a relatively wide angle.

Important Characteristics of SLED

1. Wide radiation pattern: The emitted light has a relatively large beam divergence.

2. Low to moderate optical power: The optical output power is generally lower than that of an
ELED.

3. Low coupling efficiency: Because the beam is relatively broad, only a portion of the generated
light can be coupled into the small core of an optical fiber.

4. Moderate modulation speed: SLEDs can be modulated, but their speed is generally lower
than that of ELEDs.

5. Low cost: Their construction is relatively simple, making them economical.

Advantages of SLED:-

1. Simple construction
Low manufacturing cost
Reliable operation
Long operating life
Low driving power

ok~ w
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6. Less sensitive to temperature than many laser sources
7. Suitable for short-distance optical communication
8. Easier to manufacture than ELEDs

Disadvantages of SLED:-
1. Low optical output power
Wide beam divergence
Lower fiber-coupling efficiency
Lower modulation bandwidth compared with ELEDs
Not suitable for very long-distance, very high-speed communication.
Relatively large spectral width.

o gk wn

Applications of SLED:-
e Short-distance optical fiber communication
e Local area networks
e Short-range data transmission
e Optical sensors
e Instrumentation systems
e Low-cost fiber-optic links

2. Edge-Emitting LED (ELED)

An Edge-Emitting LED (ELED) is an LED in which the generated light is emitted from the edge
or side of the semiconductor structure, parallel to the junction. Compared with an SLED, an
ELED produces a more directional and concentrated beam.

Construction of ELED :-

Metal contact
(forward bias)

Polished edge
; (for light output)
p-type layer

(upper layer) ===

— Light emission
——» (from edge)

Active layer
(quantum well/region)

n-type layer
(lower layer)

Metal contact
(forward bias)

Substrate

The ELED has a more sophisticated structure than the SLED. The major difference is that the
structure is designed to guide the generated light toward the edge.

Main parts of ELED

1. P-type semiconductor: The upper layer is doped to form the p-type region. It supplies holes to
the active region.

2. N-type semiconductor: The lower layer is doped to form the n-type region. It supplies
electrons to the active region.

3. Active layer: The active layer is located between the p-type and n-type semiconductor layers.
Electron-hole recombination occurs here and produces photons.
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4. Optical waveguide: The ELED contains a structure that helps confine and guide the
generated light toward the edge. This is an important feature of ELED construction.

5. Electrical contacts: Metal contacts are provided to apply forward bias.

6. Reflecting/cleaved edge: The semiconductor is designed so that light travels through the
active region and emerges from the edge of the device.

Working of ELED:-
The working principle is also electroluminescence.
Step 1: Forward bias: The ELED is forward biased by connecting:

e p-side — positive terminal

e n-side — negative terminal
Step 2: Carrier injection: Forward bias causes:

e Electrons to move toward the active region.

e Holes to move toward the active region.
Step 3: Recombination: Electrons and holes recombine in the active region.
Step 4: Photon generation: The recombination process releases energy in the form of photons.
Step 5: Light confinement: The generated light is confined within the semiconductor structure
and guided toward the edge.
Step 6: Edge emission: Finally, the light comes out from the edge of the semiconductor chip.
Since the light is confined before emission, the output beam is more directional than that of an
SLED.

Characteristics of ELED:-

1. More directional output: The output beam is narrower than that of an SLED.

2. Higher optical power: A greater portion of the generated light can be directed toward the
fiber.

3. Better coupling efficiency: The directional output makes coupling into an optical fiber easier.
4. Higher modulation bandwidth: ELEDs can generally support higher modulation speeds than
conventional SLEDs.

5. Smaller emitting area: The emitting region is relatively small and concentrated.

Advantages of ELED:-
1. Higher optical output power than SLED
Narrower radiation pattern
Better coupling efficiency
Higher modulation bandwidth
Suitable for higher-speed fiber-optic systems
Better suited for longer links than ordinary SLED-based systems.
More efficient use of generated optical power.

No ook~ wd

Disadvantages of ELED:-
1. More complex construction
Higher manufacturing cost
Requires more accurate alignment with the optical fiber.
Fabrication is more difficult than SLED.
Its output is still less suitable for the highest-performance links than a laser diode.

ok~ wm
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Applications of ELED:-
e Optical fiber communication
e Higher-speed data transmission
e Medium-distance fiber-optic links
e Optical sensors
e Instrumentation
e Communication systems requiring better fiber coupling

2. LASER (Light Amplification by Stimulated Emission of Radiation)

A LASER is a semiconductor optical source that produces a highly intense, narrow, coherent, and
monochromatic beam of light. It is widely used in high-speed and long-distance fiber optic
communication.

Cleaved facet Cleaved facet
(partially reflective (fully reflective
mirror ~30%, mirror ~90-100%)

p-metal contact (+)

Coherent p-type cladding (lower refractive index)

laser output

G cpive on\(highex refraktivé inde;

n-type cladding (lower refractive index)

n-metal contact (-)

L (cavity length)

Structure of a Fabry—Perot double-heterojunction semiconductor laser diode

Principle of LASER:-

A laser works on the principle of Stimulated Emission. When an excited electron is stimulated by
an incoming photon, it releases another photon having the same wavelength, the same frequency,
the same phase, the same direction. As a result, an intense and coherent beam of light is
produced.

Construction:-
A laser diode consists of:
e P-type semiconductor
e N-type semiconductor
e Active region
Reflecting mirrors (forming an optical cavity)
e Electrical contacts
Common semiconductor materials:
e Gallium Arsenide (GaAs)
e Indium Phosphide (InP)
e Indium Gallium Arsenide Phosphide (InGaAsP)

Working Principle:-

When the laser diode is forward biased, electrons and holes are injected into the active region.
They recombine to produce photons. The photons are reflected repeatedly between the mirrors.
These photons stimulate other excited atoms to emit identical photons. The light is amplified. A
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highly focused laser beam exits through one partially reflecting mirror and enters the optical

fiber.

Characteristics of LASER:-

Produces coherent light.

Very high optical power.

Narrow spectral width.

Highly directional beam.

Very high modulation speed.

Excellent coupling efficiency with optical fibers.

Advantages of LASER:-

High output power.

Very high bandwidth.

Long transmission distance.

Low signal loss.

High-speed data transmission.

Narrow beam divergence.

Suitable for long-haul communication.

Disadvantages of LASER:-

More expensive than LEDs.
Complex construction.

Requires precise temperature control.
Higher power consumption.
Sensitive to current fluctuations.

Applications of LASER:-

Long-distance fiber optic communication.
Internet backbone networks.

Undersea optical cables.

Optical data transmission.

Medical surgery.

Barcode scanners.

CD/DVD/Blu-ray drives.

Differentiate between LED and Laser:-

Parameter LED Laser
Emission process Spontaneous emission Stimulated emission
Light nature Incoherent coherent

Spectral width

Wide (30-50 nm)

Narrow (<1 nm)

Output power

Low, linear with current

High, threshold current
needed

Coupling to fiber

Poor (large beam angle)

Good (narrow beam)

Cost and life

Low cost, longer life

Costlier, sensitive to
temperature
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Threshold current Not required

Must exceed It to lase

Temperature sensitivity Less sensitive

More sensitive

Linearity(l-L) curve Fairly linear with current

Non-linear below threshold,
linear above

Modulation bandwidth Lower higher
3.2 Photodetectors:-
Incoming
light
Wire anode
e Electron
PthﬂElECtriC E—-_--F emission

cathode -

A photodetector is an electronic device that converts light energy (optical signal) into an
electrical signal. It is one of the most important components of a fiber optic communication
system because it receives the transmitted light from the optical fiber and converts it back into an

electrical signal for further processing.

Principle of Photodetectors:-

Photodetectors work on the principle of the photoelectric effect. When light falls on the
semiconductor material of the photodetector. The photons transfer their energy to the
semiconductor atoms. Electrons gain sufficient energy and move from the valence band to the
conduction band. This creates electron-hole pairs. Under the influence of an electric field, these
charges move and produce an electric current. The generated current is proportional to the

intensity of the incident light.

Characteristics of an Ideal Photodetector:-
e High sensitivity

Fast response time

Low noise

High efficiency

Good reliability

Low power consumption

High bandwidth

Low operating voltage

Types of Photodetectors in optical communication:-
1. PIN Photodiode
2. Avalanche Photodiode (APD)

Applications of Photodetectors:-
e Fiber optic communication systems
e Optical receivers
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Medical equipment

Optical sensors

Barcode scanners
Automatic lighting systems
Industrial automation

Advantages of Photodetectors:-
High-speed operation
Good sensitivity
Compact size

Reliable operation

Low power consumption

Disadvantages of Photodetectors:-
e Sensitive to temperature variations
e Performance depends on light intensity
e Electrical noise can affect signal quality

3.3 PIN Photodetector (PIN Photodiode):-

P-Type / / / N-Type
Anode | S D S -+ > D> @| cathode
> - ]
> 22 @ o 3 et oooo 3= o
@ o9 @ >
& e 2 > >
> o0 O * > O
[} DRegIgE;gﬁn @ --—-Electrons @
@»---Holes
i » +
1 |
> e @ '] > > >

Photodiode Working

Definition:
A PIN photodetector is a semiconductor photodiode that consists of three layers:
e P-type layer
e Intrinsic (1) layer
e N-type layer
The intrinsic layer is placed between the P and N regions to improve the efficiency and speed of
light detection.

Construction:-
A PIN photodiode consists of:
e P-type semiconductor
e Intrinsic (undoped) semiconductor layer
e N-type semiconductor
e Metal contacts
e Protective package
The intrinsic layer is thicker than the depletion region of a normal PN diode.
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Working Principle:-

1. Reverse bias: The device is operated under reverse bias so that the depletion (intrinsic) region
extends fully across the i-layer, producing a strong, nearly uniform electric field across the entire
absorption region.

2. Photon absorption: Incident photons entering through the thin p* layer are absorbed mainly in
the wide intrinsic region, provided their energy hv is greater than or equal to the semiconductor
band-gap energy Eq

3. Electron—hole pair generation: Each absorbed photon generates an electron—hole pair (EHP)
in the intrinsic region.

4. Carrier drift: The strong electric field in the depleted intrinsic layer immediately sweeps the
electron toward the n* region and the hole toward the p* region by drift (not diffusion), which is
much faster than diffusion-based collection.

5. Photocurrent: The drifting carriers constitute a photocurrent Ip in the external circuit,
proportional to the incident optical power.

Advantages of wide intrinsic layer:
Increases the depletion region.
Absorbs more light.

Generates more electron-hole pairs.
Improves sensitivity.

Increases response speed.

Reduces junction capacitance.

Characteristics of PIN Photodiode:-
e Operates under reverse bias.
High response speed.
High sensitivity.
Low noise.
High bandwidth.
Good linearity.
Moderate gain (no internal amplification).

Advantages of PIN Photodiode:-
e Simple construction.

Low operating voltage.

High-speed operation.

Low noise.

Good reliability.

High bandwidth.

Cost-effective.

Disadvantages of PIN Photodiode:-
e No internal current amplification.
e Lower sensitivity than Avalanche Photodiode (APD).
e Requires external amplification for weak optical signals.
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Applications of PIN Photodiode :-

Fiber optic communication receivers
Optical sensors

High-speed communication systems
Optical instruments

Medical imaging

Laser receivers

3.4 Detector Responsivity:-
Detector Responsivity (R) is defined as the ratio of the output photocurrent produced by the
photodetector to the incident optical power falling on it.
A higher responsivity means the detector is more sensitive and can detect weaker optical signals.
It is denoted by R.
Formula:-
R=Ip/P;
Where:
R = Detector Responsivity (A/W)
I, = Photocurrent generated (Ampere)
Pi = Incident optical power (Watt)

Derivation of Detector Responsivity

The photon energy is:

E,, = hv
Therefore, the photon rate is:
P
Ny =t
ph ho
The electron rate is:
. nE
J\ = i\' =
£ TN ph ho
The photocurrent generated is:
nal;
I, =¢gN. =
p = e hi
Therefore, detector responsivity is:
R=12
B

Substituting I,:

r="9( (A/wW)
hi )

Since ¥ = ¢/ A,

A
R 1A

AW
e | A/W)
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e Nph = Photon rate (photons/s)

e Ne = Electron rate (electrons/s)

e Pi=Incident optical power (W)

e 1 = Quantum efficiency

e ( = Electronic charge (C)

e h=Planck's constant (J-s)

e v =Optical frequency (Hz)

e L= Wavelength of light (m)

e ¢ = Velocity of light in free space (m/s)

Unit:- The SI unit of detector responsivity is Ampere per Watt (A/W). This means: 1 A/W
indicates that 1 watt of incident optical power produces 1 ampere of photocurrent.

Spectral Responsivity of Photodetectors

== |deal responsivity (n=100%) -
1.0 4| == silicon PIN photodiode -~
= |nGahs PIN photodiode Pid

o o
[=)] (=4]
I Il

Responsivity R (A/W)
(=]
B

0.2+

0.0 T T T T T T
400 600 800 1000 1200 1400 1600 1800

Wavelength A (nm)

Factors Affecting Detector Responsivity

1. Wavelength of Light: Responsivity varies with the wavelength of the incident light. Each
photodetector has an optimum wavelength where its responsivity is maximum.

2. Quantum Efficiency (n): Higher quantum efficiency means more photons generate electron-
hole pairs. Therefore, responsivity increases.

3. Semiconductor Material: Different materials absorb light differently.

4. Incident Optical Power: Within the normal operating range, the photocurrent increases with
optical power.

5. Temperature: High temperatures can reduce detector performance and slightly affect
responsivity.

Advantages of High Responsivity:-
Detects weak optical signals.
Improves communication reliability.
Increases receiver sensitivity.
Enhances signal quality.

Quantum efficiency:-

Quantum efficiency (1) is the ratio of the number of electron-hole pairs generated to the number
of incident photons. It represents how effectively a photodiode converts photons into detectable
charge carriers, typically expressed as a percentage (0-100%).
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The quantum efficiency is:

where:

* 717 = Quantum efficiency
= . = Number of electron-hole pairs generated (or collected electrons) per second

»  N,n = Number of incident photons per second

It can also be expressed as:

Hence,

Numerical Example
Problem: An optical receiver receives 10° photons during transmission. If it generates 8 x 10®
electrons, calculate the quantum efficiency.
Solution : Given:
1. Number of incident photons = 10°
2. Number of generated electrons = 8 x 10*
Using the formula:
1= Ne/Nph=8 x 108/ 10° = 0.8
Therefore, n =80%
Answer : Quantum efficiency = 0.8 (or 80%o)

3.5 Noise:-
Noise is any unwanted random signal that gets added to the useful signal during transmission or
reception and interferes with the accurate detection of information.
Effects of Noise:-
e Reduces signal quality.
Causes errors in data transmission.
Decreases the Signal-to-Noise Ratio (SNR).
Limits the communication distance.
Reduces receiver sensitivity.
Lowers the overall system performance.

Types of Noise in Optical Communication:-
The major types of noise are:

Shot Noise

Thermal Noise (Johnson Noise)

Dark Current Noise

Quantum Noise

Howobdhe
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1. Shot Noise:- Shot noise is caused by the random arrival of photons and the random generation
of electrons in the photodetector.

ishot2:2'q'|p'B

Characteristics:-
e Exists whenever current flows.
e Increases with photocurrent.
e Cannot be completely eliminated.
e More significant in photodiodes.
Causes:
o Random arrival of photons.
o Random movement of electrons across the PN junction.

2. Thermal Noise (Johnson Noise):- Thermal noise is produced due to the random motion of
electrons in electrical resistors and electronic circuits because of temperature.

itherma®? =4 - K- T -B/RL

Characteristics:
e Present even when there is no optical signal.
e Increases with temperature.
e Depends on circuit resistance and bandwidth.
Cause: Heat generated in electronic components.

3. Dark Current Noise:- Dark current is the small current that flows through a photodetector
even when no light falls on it. This unwanted current produces dark current noise.
Characteristics:

e EXxists in reverse-biased photodiodes.

e Increases with temperature.

e Reduces receiver sensitivity.
Cause: Thermally generated electron-hole pairs inside the detector.

4. Quantum Noise:- Quantum noise arises because light is made up of discrete packets of energy
called photons. Since photons arrive randomly at the detector, fluctuations occur in the detected
signal.
Characteristics:

e Random in nature.

e Depends on optical power.

e Cannot be completely eliminated.

Signal to Noise ratio:-
SNR is the ratio of the electrical signal power to the total noise power at the receiver output. A
higher SNR means clearer signal recovery with fewer errors.
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- Signal power
SNR = P

Total noise power

For a photodetector, if the signal is represented by the photocurrent I, then:

2

I
fady
\n/

SNR =

where;

» I, = Photocurrent (A}
o (i} = Mean-square total noise current  4%)

If shot noise and thermal noise are the dominant noise sources:

>

SNR ul
SNR= —— "
2I,B + BIE

where g is electronic charge, B is bandwidth, % is Boltzmann's constant, T is absolute temperature, and Ry

i5 load resistance.

Methods to Reduce Noise

Using high-quality photodetectors.

Operating the receiver at lower temperatures.

Using low-noise electronic amplifiers.

Increasing the optical signal power within safe limits.
Using optical filters to reject unwanted light.

Proper shielding and grounding of electronic circuits.

3.6 Optical Receiver

An optical receiver is an electronic device that receives an optical signal from an optical fiber,
converts it into an electrical signal, amplifies it, and recovers the original transmitted information.
Block Diagram of Optical Receiver

The basic blocks of an optical receiver are

1. Optical Fiber (Input)

2. Photodetector (PIN or APD)

3. Preamplifier

4. Filter

5. Main Amplifier

6. Decision Circuit

7. Output (Recovered Electrical Signal)

Optical Optical ) . Recovered
o T o Toncoseny [o et of e oM o R L el |Ceci
1 2 3 4 5 6 7
L > ) \ S Pk Yy 2} G )

Optical Input  Optical-to-Electrical Signal Conditioning Detection and
Stage Conversion and Amplification Signal Recovery
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Components of an Optical Receiver
1. Optical Fiber: Carries the optical signal from the transmitter to the receiver.
2. Photodetector: The photodetector converts the incoming light into an electrical current.
The two common types are:
a) PIN Photodiode
e Simple construction.
e Low noise.
e Fast response.
e Lower sensitivity than APD.
b) Avalanche Photodiode (APD)
Provides internal signal amplification.
Higher sensitivity.
Suitable for long-distance communication.
Requires higher operating voltage.
3. Preamplifier
e Amplifies the weak electrical signal produced by the photodetector.
e Improves receiver sensitivity.
4. Filter
e Removes unwanted noise.
e Improves signal quality.
5. Main Amplifier
e Further amplifies the filtered signal.
e Makes it suitable for processing.
6. Decision Circuit
e Determines whether the received bit is binary 1 or binary 0.
e Reconstructs the original digital data.

Working of Optical Receiver

The optical signal reaches the receiver through the optical fiber. The photodetector (PIN or APD)
converts the optical signal into an electrical current. The preamplifier amplifies the weak
electrical signal. The filter removes unwanted noise and interference. The main amplifier further
strengthens the signal. The decision circuit identifies the received bits as binary 1 or 0. The
recovered electrical signal is delivered to the output.

Types of Optical Receivers
1. Direct Detection Receiver
e Detects only the optical power (intensity).
e Simple and low-cost.
e Widely used in short-distance communication.
2. Coherent Receiver
e Detects amplitude, phase, frequency, and polarization.
e Uses a local oscillator laser.
e High sensitivity.
e Used in long-distance and high-speed communication.

Characteristics of an Optical Receiver
e High sensitivity.
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e Low noise.

e High bandwidth.

e Fast response time.

e Low Bit Error Rate (BER).

e High reliability.

e Good signal-to-noise ratio (SNR).

Factors Affecting Receiver Performance
1. Receiver Sensitivity: Higher sensitivity allows detection of weaker optical signals.
2. Noise: Noise sources include:
e Thermal noise
e Shot noise
e Dark current noise
Higher noise reduces receiver performance.
3. Bandwidth: Higher bandwidth supports higher data rates.
4. Photodetector Type: APD offers higher sensitivity than PIN photodiodes.
5. Optical Power: Higher received optical power improves signal quality.

Comparison Between PIN and APD Photodiodes

Parameter PIN Photodiode Avalanche Photodiode (APD)
Internal Gain No Yes

Sensitivity Lower Higher

Noise Lower Higher

Operating Voltage | Low High

Cost Lower Higher

Applications Short-distance links Long-distance links
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Chapter 4
Optical Link Design

Optical link Design
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An optical fiber communication link is a system that transfers information from one place to
another using light signals through an optical fiber.

1. Transmitter

The transmitter is the starting point of the optical link. The electrical input signal first enters the
drive circuit.

Drive Circuit: The drive circuit controls the light source according to the incoming electrical
information.

Light Source: The light source can be an LED or laser diode. It converts the electrical signal into
an optical/light signal.

Electrical input — Drive circuit — LED/Laser — Optical signal

The light then enters the optical fiber through a fiber flylead and connector.

2. Optical Fiber

The optical fiber is the transmission medium. It carries the optical signal from the transmitter
toward the receiver. During transmission, the signal loses some power because of attenuation/loss
in the fiber. Therefore, depending on the distance, additional devices may be required.

3. Connector and Optical Splice

Connector: It is used to connect the optical fiber to another fiber or device.

Optical Splice: It is used to join two optical fibers together, generally as a more permanent
connection.
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4. Optical Coupler or Beam Splitter
It is used to split or combine optical signals. In the figure, some optical power is taken to other
equipment. This can be useful for monitoring or distributing the optical signal.

5. Optical Amplifier

When an optical signal travels over a long distance, it becomes weaker due to fiber losses. An
optical amplifier increases the power of the optical signal directly.

Weak optical signal — Optical amplifier — Stronger optical signal

6. Regenerator

A regenerator is used when the signal has become weak or distorted enough that simple optical
amplification is not sufficient. It restores and retransmits the signal.

It consists of:

Optical Receiver — Electronics — Optical Transmitter

It receives the optical signal, converts it into an electrical signal, processes/restores the signal
using electronics, converts it back into an optical signal and sends the restored optical signal
further through the fiber.

7. Receiver
The receiver is at the end of the optical link. Its purpose is to convert the received optical signal
back into an electrical signal.
It consists of three important blocks:
e Photodetector: The incoming optical signal falls on the photodetector. It converts optical
signal into electrical signal
e Amplifier: The electrical signal produced by the photodetector may be weak, so the
amplifier increases its strength.
e Signal Restorer: The signal may have become distorted during transmission. The signal
restorer reconstructs/restores the signal so that the required information can be obtained.
Finally, the electrical output signal is obtained.

8. Passive Devices

They generally do not require electronic control for their basic operation. Examples:
1. Connector — connects fibers.

Splice — joins fibers.

Optical isolator — prevents unwanted backward light.

Optical filter — selects the required wavelength.

Optical coupler — splits or combines optical power.

ok wn

9. Active Components
These require electronic control/power for their operation. Examples : Laser, Optical amplifier,
Optical modulator, Tunable optical filter, Variable optical attenuator, Optical switch.

4.1 BER (Bit Error Rate) Calculation

Bit Error Rate (BER) is the ratio of the number of bits received in error to the total number of
bits transmitted during communication. It is a measure of the quality and reliability of a digital
communication system. A lower BER means the communication system is more reliable and
accurate, while a higher BER indicates poor signal quality and increased transmission errors.
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Formula for BER

Number of Error Bits

L= Total Number of Transmitted Bits

Where, Number of Error Bits = Number of bits received incorrectly.
BER has no unit because it is a ratio.

Example of BER Calculation
Suppose: Total transmitted bits = 1,000,000 and Error bits = 20.

Then, BER= —2— =2 x 10’
1000000

This means that 2 bits are received incorrectly for every 100,000 transmitted bits.

Bit Error Probability:-

Bit error probability, Pe, is the theoretical probability that any single transmitted bit will be
detected incorrectly by the receiver. Where BER is an experimentally measured long-run
frequency of errors, Pe is the underlying statistical probability predicted from the noise model of
the receiver. In a well-behaved system the measured BER converges to the theoretical Pe as the
number of transmitted bits becomes very large.

Q-factor:-
The Q-factor is a single number that summarises how easily the decision circuit can distinguish a
'1' from a '0". It compares the separation between the mean '1' and ‘0’ levels against the combined
noise spread (standard deviation) around each level.
| Q = (11 - 10) / (sigmal + sigma0) |
Where,
I1 & lo= mean received currents for '1' and ‘0" bits
sigmal, sigma0 =corresponding standard deviations of the noise on each level.
A larger Q means the two level-distributions overlap less, so fewer bits are misread.

Tdectsion ;

I'threshold Ip = 0" |evel distribution
{ == 1" level distribution
: error probability

e — e m

12

received signal current / level

Write the relationship between BER and Q-factor:-
Assuming Gaussian-distributed noise on both levels, the bit error rate can be written directly in
terms of Q using the complementary error function.
BER =1/2 - erfe( Q / root(2) ) = eM(—Q?2) / (Q - root(2w) )
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This relationship is extremely steep — increasing Q from 6 to 7 improves BER by roughly two
orders of magnitude. This is why optical link budgets are usually specified directly in terms of a
target Q rather than a target BER; Q also converts naturally into a dB figure (20 logio Q) that fits
into power budget.

Fig. 2 BER as a function of Q-factor

‘ BER :;erfc(g)’
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10—12 i

10—14 4
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Interpretation of BER: A smaller BER always indicates a better communication system.

BER Value | System Performance

108 Poor communication

106 Good communication

10° Very good communication
1012 Excellent communication

Causes of Bit Errors

1. Noise

2. Dispersion

3. Attenuation

4. Fiber Bending

5. Connector and Splice Loss
6. Receiver Noise

7. Interference

Factors Affecting BER

1. Signal-to-Noise Ratio (SNR): Higher SNR results in lower BER because the receiver can
distinguish signals more accurately.

2. Optical Power: Increasing received optical power generally reduces BER by improving signal
detection.

3. Transmission Distance: As the distance increases, attenuation and dispersion increase,
leading to a higher BER.

4. Fiber Quality: High-quality fibers have lower attenuation and dispersion, resulting in lower
BER.

5. Receiver Sensitivity: A more sensitive receiver can detect weaker signals, reducing BER.

6. Data Rate: Higher data rates can increase BER if the system is not properly designed, due to
greater effects of dispersion and noise.
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Methods to Reduce BER

. Increase Optical Power

. Use Optical Amplifiers

. Use Single-Mode Fiber

. Dispersion Compensation

. Use Better Photodetectors

. Forward Error Correction (FEC)

. Improve Connector and Splice Quality

~N o Ol kWD

Significance of the eye diagram in BER analysis:-

An eye diagram is formed by repeatedly overlaying short segments (typically 2 bit periods) of the
received electrical waveform, triggered on the bit clock, on an oscilloscope. Because many
random bit patterns are superimposed, the display resembles a human eye. It is the fastest way to
judge signal quality without actually counting errors, because it simultaneously shows the effect
of noise, inter-symbol interference (ISI), and timing jitter on the same picture — a wide,
symmetric, clean eye implies a high Q and low BER, while a narrow, smeared eye warns of an
unreliable link.

Eye opening:-

The eye opening is the clear, uncluttered gap in the centre of the eye pattern — vertically
(amplitude margin) and horizontally (timing margin) — through which the ideal sampled value
would pass if there were no noise or distortion. The vertical eye opening at the optimum sampling
instant is directly related to Q: a larger opening means the '1' and 'O’ traces are better separated,
giving a higher Q and lower BER.
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4.2 Quantum Limit

Quantum Limit is the minimum optical power (or minimum number of photons per bit) required
at the receiver to detect the transmitted optical signal with a specified Bit Error Rate (BER) under
ideal conditions. It represents the theoretical limit of receiver sensitivity.

=== |deal quantum-limited receiver
Practical receiver
Quantum deficiency / penalty

1250 1300 1350 1400 1450 1500 1550 1600 1650
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Derivation:-

Since a '0' always produces zero photons, it can never be mistaken for a '1'. The only possible
error is when a transmitted '1' is received as a '0' — i.e., when zero photons are actually detected
during the '1' bit slot. From Poisson statistics, the probability of receiving zero photons when the
mean number expected is np is:

PO)=(me™) /0! =emr

Therefore, the probability ofa 1 — 0 error is:

P —0)=em

Since 0 and 1 are equally likely:

BER =12 e

For a Target BER of 10°

10° =" em

e =72x10"?

n, =-In(2 x 10°°)

n, = 20.03 = 20 photons per 1-bit pulse

Because half of the transmitted bits are 1s: Average photons per bit = 10 photons/bit
Quantum-Limited Received Optical Power

The energy of one photon is:

E,=hv

The energy received during one bit interval is:

E =n, hv

Since the bit duration is approximately:

T;=1/B

The minimum quantum-limited optical power is:

Pmin = (n, hv B) / n

Where:

n, = mean number of photons required per 1-bit pulse

h =6.626 x 1034 J-s, Planck’s constant

v = optical frequency in Hz

B = bit rate in bits/s

n = quantum efficiency of the photodetector

Result:-

For BER=10""°

n, =~ 20 photons per 1-bit pulse
Average ~ 10 photons per bit

Working of Quantum Limit:-

The transmitter sends optical pulses through the fiber. The optical signal reaches the
photodetector. The photodetector converts photons into electrical current. If enough photons are
received, the detector correctly identifies the transmitted bit. If the number of photons is too
small, the receiver cannot distinguish the signal from noise. This increases the Bit Error Rate
(BER). Therefore, the minimum number of photons required defines the quantum limit.

Receiver Sensitivity
Receiver sensitivity is the minimum optical power required by the receiver for proper operation.
Higher receiver sensitivity means:
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e Lower required optical power
e Longer transmission distance
e Better communication quality

Factors Affecting Quantum Limit:-

1. Wavelength of Light: Longer wavelengths have lower photon energy and generally require
more photons for detection.

2. Bit Error Rate (BER): Lower BER requires more photons per bit.

3. Data Rate: Higher data rates reduce the available bit duration..

4. Photodetector Efficiency: Photodetectors with higher quantum efficiency convert more
photons into electrons.

5. Receiver Noise: Thermal noise, shot noise, and dark current reduce receiver performance.

4.3 Power Penalties
Power Penalty is the additional optical power required at the receiver to achieve the same Bit
Error Rate (BER) as an ideal optical communication system.
It is usually expressed in decibels (dB).
Formula
The power penalty is calculated as:
Power Penalty (dB) = Pactual - Pideal
Where:
e Pactuar = Optical power required under practical conditions.
e Pidear = Optical power required under ideal conditions.

Causes of Power Penalty:-

. Dispersion

. Fiber Attenuation

. Connector Loss

. Splice Loss

. Receiver Noise

. Modal Noise

. Chromatic Dispersion

. Polarization Mode Dispersion (PMD)

00 ~NOo Ol WDN

Types of Power Penalty
1. Dispersion Power Penalty
It occurs due to pulse broadening caused by dispersion. Chromatic dispersion causes spectral
components of a pulse to travel at different group velocities; modal dispersion causes different
modes to arrive at different times. Both broaden pulses. Broadened pulses overlap adjacent
symbols and reduce the sampled signal amplitude, forcing a higher received power to keep the
same BER.
Effects

e Inter Symbol Interference (ISI)

e Reduced bandwidth

e Increased BER
Key formula of pulse broadening

At =D L AL\; a commonly used approximate model is PPd = 5 logio[1 + 2n(BDALAL)?] dB.
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Where,

At = Pulse broadening or pulse spreading (s)

D = Dispersion parameter of the optical fiber (ps/nm/km)
L = Length of the optical fiber (km)

AM = Spectral width of the optical source (nm)

PPd = Dispersion-induced power penalty (dB)

B = Bit rate or system bandwidth (Hz)

Dispersion penalty grows with bit rate B, fiber length L, source linewidth AA and dispersion
coefficient D. Dispersion-shifted fibers, narrow-linewidth lasers, and dispersion-compensation
techniques can reduce the dispersion penalty.

lllustrative Growth of Dispersion Power Penalty

1.75 A

1.50 A

1.25 A

1.00 A

Power penalty (dB)
=4
~
(9]

o
U
o

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Accumulated dispersion (arbitrary scale)

Fig. 6: lustrative dispersion penalty trend

2. Reflection-induced Power Penalty

This is also called Connector and Splice Power Penalty. Reflections arise at refractive-index
discontinuities: connectors, splices, couplers, filters and glass—air interfaces. They can travel back
to the laser or mix with the forward signal. The result can be feedback-induced laser fluctuations
or multipath interference (MPI), which produces random amplitude variations and BER
degradation.

For normal incidence, Fresnel reflectance is R = [(n1 — n2)/(n: + n2)]?
Reflection-induced penalty is the additional optical power required to offset this degradation.
APC connectors, optical isolators, clean low-reflectance connections and correct terminations
reduce the penalty.

Total link condition: Ptx > Prx sensitivity + link loss + X penalties + system margin
Power penalties are significant because a link can meet attenuation budget yet fail BER
specifications if impairment penalties and aging margin are omitted.

3. Receiver Power Penalty
Occurs because of receiver imperfections such as noise, limited sensitivity and detector
inefficiency

4. System Power Penalty
Represents the total power penalty due to all losses in the communication system.
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Effects of Power Penalty
Power penalty causes:
e Increased transmitter power requirement
e Reduced communication distance
e Higher BER
e Lower receiver sensitivity
e Increased system cost
e Reduced reliability
e Lower overall system efficiency

Methods to Reduce Power Penalty
Several techniques are used to minimize power penalties:
e Use High-Quality Optical Fiber
e Use Single-Mode Fiber
e Improve Connector Quality
e Use Fusion Splicing
e Use Optical Amplifiers
e Dispersion Compensation
e Improve Receiver Sensitivity
e Use Forward Error Correction (FEC)

Advantages of Reducing Power Penalty
e Longer transmission distance
e Lower BER
e Improved receiver sensitivity
e Better signal quality
e Reduced operating cost
e Higher communication reliability
e Increased bandwidth

Numerical Example
Problem 1: An ideal optical receiver requires —28 dBm optical power to achieve a BER of 10°.
A practical receiver requires —24 dBm for the same BER. Calculate the power penalty.
Solution: Given:
e ldeal receiver power = -28 dBm
e Practical receiver power = -24 dBm
Power Penalty = Practical Power — Ideal Power = (-24) — (-28)= 4 dB
Answer: Power Penalty = 4 dB

Problems on Optical Link Design:-
Problem 2: An optical fiber communication system has the following specifications:
e Transmitter output power = +3 dBm
e Receiver sensitivity = -28 dBm
e Fiber attenuation = 0.4 dB/km
e Fiber length =40 km
e Connector loss =2 dB
e Splice loss=3dB
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Calculate :
(i) Total link loss
(i) Power margin
(iii) Determine whether the communication will work or not?

Solution
Step 1: Fiber Loss = Attenuation x Length = 0.4 x 40 = 16 dB
Step 2: Total Loss = Fiber Loss + Connector Loss + Splice Loss =16+ 2 +3 =21 dB
Step 3: Power Budget = Transmitter Power — Receiver Sensitivity = (+3) — (-28) =31 dB
Step 4: Power Margin = Power Budget — Total Loss =31 — 21 =10 dB
Answer

e Total Link Loss =21 dB

e Power Margin = 10 dB

e Since the power margin is positive, the link will work satisfactorily.

Problem 3: Given:
1. Transmitter power =5 dBm
2. Receiver sensitivity = -25 dBm
3. Fiber attenuation = 0.5 dB/km
4. Connector loss =2 dB
5. Splice loss =3 dB

Find the maximum fiber length.

Solution

Power Budget =5 — (-25) =30 dB

Available Fiber Loss =30 - (2 +3) =25dB

Maximum Length = Available Fiber Loss + Fiber Attenuation = 25 + 0.5 =50 km
Answer : Maximum Fiber Length =50 km

Problem 4: An optical system has:
e Transmitter power =2 dBm
e Receiver sensitivity = -26 dBm
e Total link loss = 30 dB
Determine whether the communication link will work.

Solution

Power Budget = Transmitter Power — Receiver Sensitivity = 2 — (-26) = 28 dB
Power Margin = Power Budget — Total Loss =28 — 30 =-2 dB

Since the power margin is negative, the link will not work satisfactorily.
Answer : The optical link is not feasible because the power margin is -2 dB.

Problem 5:
Given:
e Transmitter Power =4 dBm
e Total Link Loss =18 dB
Find the received optical power.
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Solution

Received Power = Transmitter Power — Total Link Loss =4 — 18 =-14 dBm
Answer : Received Optical Power =-14 dBm

Important Formulas for Optical Link Design

Quantity Formula
Power Budget Transmitter Power — Receiver Sensitivity
Fiber Loss Attenuation x Fiber Length

Total Link Loss

Fiber Loss + Connector Loss + Splice Loss

Power Margin

Power Budget — Total Link Loss

BER

Error Bits / Total Transmitted Bits

Quantum Efficiency

Electrons Generated / Incident Photons

Power Penalty

Actual Receiver Power — Ideal Receiver Power

Received Power

Transmitter Power — Total Link Loss

Maximum Fiber Length

Available Fiber Loss / Fiber Attenuation
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Chapter 5
Optical Switches

5.1 Coupled Mode Analysis of Directional Couplers
Optical switch:-
Optical switches are devices that route light signals between different paths without converting
them into electrical signals, enabling faster, more efficient data transmission in fiber-optic
networks.
Characteristic of Optical switch:-

e Switching Speed

e Insertion Loss

e Transparency

e Crosstalk / Blocking Loss

Directional Coupler

A directional coupler is a passive optical device consisting of two parallel optical waveguides
(or fibers) placed close together so that optical power can transfer from one waveguide to the
other due to the interaction of their evanescent fields. This phenomenon is known as optical
coupling.

The study of how optical power transfers between the two waveguides is called coupled
mode analysis. It explains the exchange of light energy between coupled waveguides and helps
engineers design optical switches, splitters, multiplexers, modulators, and wavelength-selective
devices. Coupled mode analysis is an essential topic in optical switch design because it predicts
the amount of power transferred and determines the coupling length required for efficient
switching.

Primary waveguide

Port 1 Port 2

Port 3 Port 4

Secondary waveguide -~

Directional Coupler

Principle of Operation:-
The directional coupler works on the principle of evanescent field coupling.
When light propagates through one waveguide:

e Most of the light remains confined inside the core.

e A small portion extends into the cladding as an evanescent field.

e If another waveguide is placed very close, the evanescent fields overlap.

e This overlap causes optical energy to transfer from one waveguide to the other.
Thus, power is exchanged continuously along the coupling region. The amount of power
transferred depends mainly on:

e Separation between the waveguides.
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e Coupling length.
e Coupling coefficient
e Refractive-index difference between the waveguides.

For two identical waveguides, the power in the two guides varies as:
P,(z) = Pycos’(kz)

P(z) = Py sinj{mz]

» Pi(z) = Optical power in waveguide 1 at distance z
» P5(z) = Optical power in waveguide 2 at distance z
* [, = Total input optical power

* & = Coupling coefficient (m 1)

s z = Propagation distance

Thus,

Pi(z) + P(z) =Py

showing that, for ideal lossless waveguides, the total optical power remains constant while power
periodically transfers between the two wavequides.

Thus, power is exchanged periodically between the two waveguides.

Construction of a Directional Coupler
A directional coupler consists of:
e Input Port — Receives the optical signal.
e Waveguide 1 — Carries the input light.
e Waveguide 2 — Receives coupled optical power.
e Coupling Region — Region where power transfer occurs.
e Output Ports — Deliver the transmitted and coupled light.

Coupled Mode Analysis:
Coupled mode analysis is the mathematical study of how optical power transfers between two
closely spaced optical waveguides due to evanescent field interaction.
It helps to determine:
e Amount of coupled power.
e Coupling length.
e Output power distribution.
e Switching characteristics.
e Device efficiency.

Working of Coupled Mode Analysis

The operation can be explained in the following steps:

Step 1:- Light enters Waveguide 1.

Step 2:- An evanescent field forms around the waveguide.

Step 3:- Because the second waveguide is very close, the evanescent fields overlap.
Step 4:- Part of the optical power transfers to Waveguide 2.
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Step 5:- As light continues to travel, power keeps oscillating between the two waveguides.
Step 6:- At a particular distance called the coupling length, nearly all the optical power transfers
to the second waveguide.

Coupling Length:-
The coupling length is the distance over which 100% (or maximum) optical power transfers from
one waveguide to the other. It is one of the most important parameters in directional coupler
design.
Factors Affecting Coupling Length:-

e Distance between waveguides

e Refractive index

e Wavelength

e Waveguide dimensions

e Coupling coefficient

Coupling Coefficient:-
The coupling coefficient (k) indicates how strongly two waveguides interact.
A larger coupling coefficient means:
e Stronger coupling
e Faster power transfer
e Shorter coupling length
A smaller coupling coefficient means:
e Weaker coupling
e Longer coupling length

Power Transfer:-
During propagation:
e Initially, all power is present in Waveguide 1.
e Power gradually transfers to Waveguide 2.
e After reaching the coupling length, maximum power appears in Waveguide 2.
e Beyond this point, power begins transferring back to Waveguide 1.
Thus, optical power oscillates continuously between the two waveguides.

Relationship between coupling length and power transfer:-

Coupling length is the length of the coupling region required for maximum transfer of optical
power from one waveguide to the other. For two identical waveguides:

Lce=n/2k

At Z=Lc

P2=Py sin?(n/2)=Po

Hence, ideally 100% of the input power is transferred to the second waveguide.

At 7= nt/4K

For equal power splitting,

z=m/4x=Lc/2 and

P1=P2=Po/2

This condition is used to obtain a 3-dB directional coupler, in which the input optical power is
equally divided between the two output waveguides.
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Advantages of Directional Couplers
e Simple construction
e Low insertion loss
e Compact size
e High coupling efficiency
e High reliability
e Fast optical switching
e Easy integration with optical circuits

Applications
e Optical switches
e Optical splitters
e Optical combiners
e Fiber-optic sensors
e Wavelength Division Multiplexing (WDM)
e Optical communication systems
e Optical networks
e Integrated photonic circuits
e Optical signal routing
e Optical power monitoring

Symmetric optical directional coupler using coupled-mode analysis
A symmetric optical directional coupler consists of two identical optical waveguides placed close

to each other. Due to the overlap of their evanescent fields, optical power can be transferred from
one waveguide to the other.

Input P Coupling region Output P;
ﬁ — q
\—/
q
Output P,

Principle: Consider two identical waveguides placed close to each other. The electromagnetic
field of one waveguide extends slightly outside the waveguide. When another waveguide is
placed sufficiently close, these fields overlap and exchange energy. Light in one waveguide
couples to the other via evanescent field overlap. The interaction is described by codirectional
coupling theory:

e Coupling coefficient x depends on waveguide geometry, separation, material indices, and
wavelength .

e Coupling length Lc is the distance over which power transfers from one waveguide to the other:
® Peross=Posin®(kL)
Where, PcrossiS coupled power, Pg is input power

and L is the general propagation length along the coupling region.

e In a symmetric directional coupler, the even (symmetric) supermode has electric fields of equal
phase in the two waveguides, whereas the odd (antisymmetric) supermode has electric fields that
are 180° out of phase between the two waveguides.
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Coupled-Mode Equations

The coupled-mode equations governing the field amplitudes E1(z) and E:(z) in two parallel waveguides

are.

dE,;

— = —jkEs
dz JHELea
dE, .
dz_ = kB

where;

» E,(z) = Electric-field amplitude in waveguide 1
e E,(z) = Electric-field amplitude in waveguide 2
s k= Coupling coefficient between the two waveguides (m 1}

* = Propagation distance along the waveguides (m)
= 4/ —1 = Imaginary unit

[ ]
LN

For identical (symmetric) waveguides, these equations describe the periodic transfer of optical power

between the two waveguides.

Here, A1(0) and A>(0) are the initial field amplitudes at the input of the two waveguides, i.e., at z=0.
A1(0) = Ao
Ax0) =0
Where, Ao = Input field amplitude launched into waveguide 1 at z=0.

Field amplitudes :-

Solving the coupled-mode equations gives

A1(2) = Aocos (kz)

And Az(2) = — jAosin(kz)

The optical power is proportional to the square of the field amplitude.
Therefore, the power in waveguide 1 is

P1(2) = Pocos?(kz)

and the power in waveguide 2 is

P2(2)=Posin?(kz)

Hence, P1+P2=Po

This shows that power is continuously exchanged between the two waveguides.

5.2 Electro-Optic Switches

An electro-optic switch is an important optical switching device used in optical communication
systems to control the path of light using an electric field. Unlike mechanical switches, electro-
optic switches have no moving parts, making them much faster, more reliable, and suitable for
high-speed optical networks.

The operation of an electro-optic switch is based on the electro-optic effect, in which the
refractive index of certain materials changes when an external electric field is applied. This
change in refractive index alters the propagation of light, allowing the optical signal to be
switched from one path to another.

Electro-optic switches are widely used in fiber-optic communication, optical switching networks,
optical signal routing, wavelength division multiplexing (WDM) systems, and integrated
photonic circuits.
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An o E
for the Pockels effect, where An is the change in refractive index and E is the applied electric
field. Thus, an electro-optic switch provides electrical control of an optical signal without optical-
to-electrical conversion.

Lightin

N

V=0

An electro-optic switch is an optical switching device that controls the direction of light by
changing the refractive index of an electro-optic material using an applied electric field.

Electro-Optic Effect:-

The electro-optic effect is the phenomenon in which the refractive index of certain materials
changes when an external electric field is applied. This effect allows the phase and direction of
light to be controlled electrically.

Common electro-optic materials include:

Lithium Niobate (LiNbOs3)

Lithium Tantalate (LiTaOs)

Gallium Arsenide (GaAs)

Potassium Dihydrogen Phosphate (KDP)

Principle of Operation

An electro-optic switch works on the electro-optic effect.

When no voltage is applied:
e The refractive index remains unchanged.
e Light travels through its normal optical path.

When voltage is applied:
e The refractive index of the electro-optic material changes.
e The optical phase changes.
e Light is redirected into another waveguide or output port.
e The switching operation is completed.

Thus, switching is achieved without any mechanical movement.

Construction of an Electro-Optic Switch

The main parts of an electro-optic switch are:

1. Optical Waveguides: Guide the optical signal through the device.

2. Electro-Optic Material: A material whose refractive index changes under an electric field.
3. Electrodes: Apply the external voltage to create the electric field.

4. Input Port: Receives the incoming optical signal.

5. Output Ports: Provide the switched optical signal.
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6. Control Circuit: Supplies the electrical signal required for switching.

Types of electro-optic effects:-

Electro-optic switches mainly use two types of electro-optic effects:
e Pockels effect (linear electro-optic effect)

e Kerr effect (quadratic electro-optic effect)

Pockels effect:

It is also called the linear electro-optic effect. The change in refractive index is directly
proportional to the applied electric field.

It is expressed as: An a E

It is commonly used for fast optical modulation and switching.

Kerr effect:

It is also called the quadratic electro-optic effect. The change in refractive index is proportional to
the square of the applied electric field.

It is expressed as: An a E>

Both effects change the optical properties of the material and can therefore be used to control the
transmission path of light.

Types of Electro-Optic Switches:-
1. Directional Coupler Switch
e Uses two closely spaced waveguides.
e Voltage changes the coupling between the waveguides.
2. Mach-Zehnder Interferometer (MZI) Switch
e Uses two optical paths.
e Voltage changes the phase difference between the paths.
3. Digital Optical Switch
e Uses multiple electro-optic elements.
e Provides fast digital switching for optical communication systems.

Characteristics of Electro-Optic Switches
e Very high switching speed
e No moving mechanical parts
e Low insertion loss
e High reliability
e Compact size
e Low power consumption
e Suitable for integrated optical circuits

Advantages of Electro-Optic Switching in Optical Networks
Enables high-speed communication.

Supports large-capacity optical networks.

Reduces transmission delay.

Increases network reliability.

Allows dynamic routing of optical signals.

Suitable for modern high-bandwidth communication systems
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Disadvantages
1. High fabrication cost.
2. Requires precise control of the applied voltage.
3. Electro-optic materials can be expensive.
4. Complex manufacturing process.

Applications
e Optical communication networks
e Optical fiber switching systems
e Wavelength Division Multiplexing (WDM)
e Optical cross-connects
e Optical add-drop multiplexers (OADM)
e Data centers
e Optical signal routing
e Integrated photonic circuits
e Optical computing
e Military and aerospace communication systems
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Chapter 6
Nonlinear Effects in Fiber Optic Links

Non-linear effects

Nonlinear effects occur when the optical power inside the fibre becomes very high, causing the
refractive index of the fibre to change with light intensity. These effects distort signals and limit
system performance in high-speed and long-distance optical communication systems

Non-linear effects in optical fiber:-
Nonlinear effects are broadly classified into two categories:
1. Kerr-effect nonlinearities
Self-Phase Modulation (SPM)
Cross-Phase Modulation (XPM)
Four-Wave Mixing (FWM)
. Stimulated scattering nonlinearities
Stimulated Brillouin Scattering (SBS)
Stimulated Raman Scattering (SRS)

e N e o o

1. Self-Phase Modulation: SPM occurs when the intensity of an optical pulse changes its
own phase because of the intensity-dependent refractive index.
It causes:

« Spectral broadening

e Pulse distortion

« Interaction with chromatic dispersion
2. Cross-Phase Modulation: XPM occurs when the intensity of one optical channel changes
the phase of another channel. It is particularly important in WDM systems.
It causes:

« Phase distortion

« Inter-channel interference

 Pulse distortion
3. Four-Wave Mixing: FWM occurs when multiple optical waves interact through the
nonlinear refractive index and generate new frequencies.
For three frequencies fi, fj, and fk:

frwm=fi+fj—tk

The generated frequencies may interfere with existing WDM channels.
4. Stimulated Brillouin Scattering: SBS is caused by interaction between the optical signal
and acoustic vibrations of the fiber. It generally produces backward-scattered light.
5. Stimulated Raman Scattering: SRS occurs due to interaction between the optical signal
and molecular vibrations of the fiber. Optical power is transferred from higher-frequency
channels to lower-frequency channels.

Causes of Non-linear effects:-

High optical power

Long transmission distances

Small effective core area

Intensity-dependent refractive index (Kerr effect)
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Methods to reduce non-linear effects:-
1. Lowering input optical power.
2. Increasing channel spacing.
3. Using dispersion management.
4. Using larger effective area fibres.
5. Employing optical amplifiers carefully

6.1 Concept of Self-Phase Modulation (SPM)

In an ideal optical fiber, light travels without changing its properties except for attenuation and
dispersion. However, when high-power optical signals travel through an optical fiber, the fiber
begins to exhibit nonlinear effects. These nonlinear effects occur because the refractive index of
the fiber changes slightly with the intensity (power) of the light passing through it. One of the
most important nonlinear effects is Self-Phase Modulation (SPM).

Self-Phase Modulation (SPM) is a nonlinear optical effect in which the phase of an optical pulse
changes due to its own intensity, causing frequency variation and spectral broadening during
propagation through an optical fiber.

As the optical pulse propagates through the fiber, the high-intensity portions of the pulse
experience a different refractive index than the low-intensity portions. This variation causes
different parts of the pulse to undergo different phase shifts, resulting in a change in the pulse's
frequency spectrum, known as spectral broadening.

SPM becomes significant in high-speed and long-distance optical communication
systems, where powerful laser sources and optical amplifiers are used. Understanding SPM is
essential because it affects signal quality, system performance, and transmission capacity.

Vv
—_—

intensity —

I ——
Principle of Self-Phase Modulation
SPM is based on the Optical Kerr Effect. According to the Kerr Effect:
e The refractive index of the optical fiber depends on the intensity of light.
e Higher light intensity produces a slightly higher refractive index.
e Lower light intensity produces a slightly lower refractive index.

A high-power optical pulse enters the optical fiber. The pulse intensity is not uniform; it is
highest at the center and lower at the edges. Due to the Kerr Effect, the refractive index changes
according to the pulse intensity. The center of the pulse experiences a larger refractive index than
the edges. Different parts of the pulse undergo different phase shifts. The changing phase
generates new frequency components within the pulse. As a result, the optical spectrum becomes
broader. This phenomenon is called spectral broadening.
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Optical Kerr Effect
The Optical Kerr Effect is the phenomenon in which the refractive index of a material changes

with the intensity of the incident light.
The refractive index is expressed as:
n=np+ na.l
Where:
e n = Total refractive index
e no = Linear refractive index
e n: = Nonlinear refractive index coefficient
e | = Optical intensity
As the intensity increases, the refractive index also increases.

Spectral Broadening
Spectral broadening is the increase in the frequency bandwidth of an optical pulse due to Self-

Phase Modulation.
0 05w ™ 185w
285w iSw

Frequency

Intensity

Characteristics
> Frequency components increase.
> Optical bandwidth becomes wider.
> Signal distortion may occur.
> Performance is affected in long-distance communication systems.

Causes of Self-Phase Modulation
e High optical power
e Optical Kerr Effect
e Long fiber length
e Small effective core area
e High laser intensity
e Optical amplification

Factors Affecting SPM
1. Optical Power: Higher optical power increases the nonlinear effect and strengthens SPM.

2. Fiber Length: Longer fibers allow the nonlinear phase shift to accumulate, increasing SPM.

3. Effective Core Area: A smaller core area results in higher optical intensity, leading to
stronger SPM.

4. Wavelength: The amount of nonlinear interaction depends on the operating wavelength.

5. Nonlinear Refractive Index: Materials with a larger nonlinear refractive index exhibit

stronger SPM.

FIBER OPTIC COMMUNICATIONS BY PRADEEP KUMAR DHAL SAMANT, LECTURER- II, BOSE, KATAKA Page 69



Effects of Self-Phase Modulation
e Spectral broadening
Phase distortion
Pulse shape changes
Increased interaction with dispersion
Signal distortion
Reduced communication quality
Higher Bit Error Rate (BER)

Advantages of Self-Phase Modulation
e Used in optical pulse compression.
e Helps generate supercontinuum (broadband) light sources.
e Useful in nonlinear optical research.
e Applied in ultrafast laser systems.
e Supports wavelength conversion techniques.

Disadvantages of Self-Phase Modulation
e Causes signal distortion.
e Increases transmission errors.
e Broadens the optical spectrum.
e Reduces communication quality.
e Limits long-distance transmission at high power.
e Complicates system design.

Methods to Reduce SPM

1. Reduce Optical Power: Lower transmitter power decreases nonlinear effects.

2. Increase Effective Core Area: Larger core fibers reduce optical intensity.

3. Use Dispersion Management: Proper dispersion compensation reduces the impact of SPM.
4. Optimize Fiber Length: Shorter fiber spans reduce accumulated nonlinear phase shifts.

5. Use Low-Nonlinearity Fibers: Special fibers with lower nonlinear coefficients reduce SPM.

Applications
e High-speed optical communication systems
e Supercontinuum generation
e Optical pulse compression
e Fiber lasers
e Nonlinear optical devices
e Optical signal processing
e Ultrafast optics
e Scientific research

Cross-Phase modulation(XPM):-

Cross-phase modulation (XPM) is a nonlinear optical effect where the phase of one light beam
changes because of the intensity of a second, neighboring beam traveling through the same
material.
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Four wave mixing:-
Four-Wave Mixing (FWM) is a nonlinear optical effect where multiple light waves interact inside
a material to generate new frequencies.
Methods to reduce four wave mixing:-
e Increase channel spacing
e Use dispersion-shifted fibres carefully
e Reduce optical power
e Use unequal channel spacing

Stimulated Brillouin Scattering (SBS):-
Stimulated Brillouin Scattering (SBS) is a nonlinear optical process where a strong light wave
interacts with acoustic sound waves (phonons) in a medium, creating a powerful feedback loop
that reflects and frequency-shifts the light. It primarily occurs in optical fibers, bulk crystals,
liquids, and gases.
Characteristics of stimulated brillouin scattering:-

e -Backward Direction

e -Frequency Shift:

e -Power Threshold

e -Moving Refractive Grating

e -Lorentzian Gain Spectrum

e -System Impact

Stimulated Raman scattering (SRS):-
Stimulated Raman scattering (SRS) is a nonlinear optical process where an incoming high-
frequency light wave (pump beam) and a lower-frequency light wave (Stokes beam) interact with
the vibrational states of a medium, amplifying the Stokes light.is a nonlinear optical process
where an incoming high-frequency light wave (pump beam) and a lower-frequency light wave
(Stokes beam) interact with the vibrational states of a medium, amplifying the Stokes light.
Characteristics of stimulated raman scattering (SRS):-

e -Coherent Process

e -Energy Transfer (SRG and SRL)

e -Non-Resonant Background Free

e -Linear Concentration Dependence

e -High Signal Strength

e -Threshold Behaviour

6.2 Group Velocity Dispersion (GVD)

Group Velocity Dispersion (GVD) is the phenomenon in which different frequency components
of an optical pulse travel at different group velocities, causing the pulse to spread as it propagates
through the optical fiber. Group velocity is the speed at which the optical pulse or information
(signal) travels through the optical fiber. It is different from phase velocity, which describes the
speed of individual light waves.

Group Velocity Dispersion is one of the most important factors that limits the bandwidth,
data transmission rate, and communication distance of optical fiber systems. It becomes
especially significant in single-mode fibers operating at high data rates and over long
transmission distances. GVD causes pulse broadening, which can lead to Inter Symbol
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Interference (ISI) and an increase in the Bit Error Rate (BER). Understanding GVD is
essential for designing efficient, high-speed optical communication systems and for minimizing
signal distortion.

Principle of Group Velocity Dispersion
An optical pulse contains many closely spaced wavelengths (frequency components).
e Each wavelength experiences a slightly different refractive index.
Therefore, each wavelength travels with a different group velocity.
Some components travel faster and others travel slower.
As the pulse travels through the fiber, these components separate.
The pulse becomes wider. This widening of the pulse is called pulse broadening.
Due to pulse broadening, adjacent pulses overlap. As a result, the receiver cannot
correctly distinguish between transmitted bits, leading to transmission errors

Causes of Group Velocity Dispersion

1. Material Dispersion: The refractive index of the fiber material varies with wavelength,
causing different wavelengths to travel at different speeds.

2. Waveguide Dispersion: The structure and dimensions of the optical fiber affect the
propagation speed of different wavelength components.

Effects of Group Velocity Dispersion

GVD causes several problems in optical communication systems:
e Pulse broadening

Signal distortion

Inter Symbol Interference (ISI)

Reduced bandwidth

Lower data transmission rate

Increased Bit Error Rate (BER)

Reduced communication distance

Factors Affecting GVD

1. Operating Wavelength: Different wavelengths experience different dispersion values.

2. Fiber Length: Longer optical fibers produce greater pulse spreading.

3. Data Rate: Higher data rates use narrower pulses, making them more susceptible to GVD.
4. Fiber Material: Different materials have different dispersion characteristics.

5. Fiber Design: Core diameter and refractive index profile affect waveguide dispersion.

Dispersion Parameter
The amount of Group Velocity Dispersion is represented by the dispersion parameter (D).
D = ps/(nm-km)
Where:
e ps = Picoseconds
e nm = Nanometer (wavelength difference)
e km = Fiber length
A higher value of D indicates greater pulse broadening.
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Methods to Reduce Group Velocity Dispersion
1. Use Dispersion-Shifted Fiber (DSF) and Dispersion Compensation Fiber (DCF)
2. Use Dispersion Compensation Modules (DCM)
3. Operate at Optimum Wavelength (around 1310 nm for single mode fiber)
4. Use Shorter Fiber Links
5. Advanced Modulation Techniques

6.3 Optical Amplifiers
In optical fiber communication systems, the strength of the optical signal decreases as it travels
through the fiber due to attenuation, connector losses, splice losses, and dispersion. If the signal
becomes too weak, it cannot be detected correctly by the receiver, leading to communication
errors. To overcome this problem, optical amplifiers are used to increase the signal power directly
in the optical domain without converting it into an electrical signal.
Types: (i) Erbium-Doped Fiber Amplifier (EDFA)

(i) Raman Ammplifier

1. Erbium-Doped Fiber Amplifier (EDFA)
Erbium-Doped Fiber Amplifier is one of the most widely used optical amplifier that uses a short
length of optical fiber doped with erbium (Er*) ions as the gain medium. When pumped with
laser light, the erbium ions amplify the incoming optical signal, especially in the 1550 nm
wavelength region, where optical fibers have the lowest attenuation.

EDFA has become an essential component in modern long-distance, high-speed, and
high-capacity optical communication systems because it provides high gain, low noise, and
efficient amplification.

Working Principle of EDFA

EDFA works on the principle of stimulated emission. A weak optical signal enters the erbium-
doped fiber. A pump laser operating at 980 nm or 1480 nm injects energy into the erbium-doped
fiber. When erbium ions absorb the pump energy, they move to a higher energy state. The excited
erbium ions remain in a metastable state for a short time. As the incoming optical signal passes
through the erbium-doped fiber, it stimulates the excited erbium ions to emit additional photons.
These photons have the same wavelength, phase, direction, and frequency as the input signal,
resulting in signal amplification. As more photons are generated, the optical signal becomes
stronger. The amplified optical signal leaves the EDFA and continues through the communication

system.
EDFA Block Diagram 1550 nm
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Construction of EDFA
The main components of an EDFA are:
1. Erbium-Doped Fiber (EDF)
e The core of the optical fiber is doped with erbium ions (Er®").
e Itacts as the amplifying medium.
2. Pump Laser: A laser source provides the energy required to excite the erbium ions.
Common pump wavelengths are:
e 980 nm
e 1480 nm
3. Wavelength Division Multiplexer (WDM) Coupler
e Combines the pump laser light and the incoming optical signal.
e Directs both into the erbium-doped fiber.
4. Optical Isolator
e Prevents reflected light from traveling backward.
e Protects the amplifier from unwanted reflections.
5. Input Signal: The weak optical signal that requires amplification.
6. Output Signal: The amplified optical signal after passing through the EDFA.

Energy Level Diagram of EDFA
The amplification process involves three energy levels:
e Ground State (E:) — Normal energy level of erbium ions.
e Metastable State (Ez) — Long-lived excited state where amplification occurs.
e Higher Energy State (Es) — Reached after absorbing pump energy.
The erbium ions are pumped from E: to Es, quickly relax to E:, and then return to E. by
stimulated emission, producing amplified light.

—-0-0 Excited state 2
................ heat radiation
........ o |
A

c c
£2 £O Ec
= sa £
o] 5 0
2 if=
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Characteristics of EDFA

e High optical gain (2040 dB)

Low noise figure

High output power

Wide operating bandwidth

Operates mainly around 1550 nm

Direct optical amplification (no optical-to-electrical conversion)
Suitable for WDM systems
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Disadvantages of EDFA
e Amplifies mainly in the 1550 nm wavelength region.

e Generates Amplified Spontaneous Emission (ASE) noise.

e Relatively expensive.
e Gain may vary with wavelength.

Applications of EDFA

e Long-distance optical communication
Undersea optical cable systems
Fiber-to-the-Home (FTTH)
Wavelength Division Multiplexing (WDM)
Internet backbone networks
Cable television (CATV)
Optical transmission systems
Optical repeaters

2. Raman Amplifier

A Raman Amplifier is an optical amplifier that amplifies optical signals using the Stimulated
Raman Scattering (SRS) effect in an optical fiber. SRS is a nonlinear optical effect. In this
amplifier, a high-power pump laser transfers part of its energy to the weaker signal travelling
through the optical fiber, thereby increasing the signal strength. Unlike the Erbium-Doped Fiber
Amplifier (EDFA), a Raman Amplifier does not require a special doped fiber; it uses the

transmission fiber itself as the amplifying medium.

Raman amplifiers are widely used in long-distance, high-speed, and Wavelength
Division Multiplexing (WDM) optical communication systems because they provide low noise,

wide bandwidth, and flexible wavelength operation.

Working Principle of Raman Amplifier

The Raman amplifier operates on the principle of Stimulated Raman Scattering (SRS).

e A weak optical signal enters the transmission fiber.

e A high-power pump laser is introduced into the same fiber through a WDM coupler.

e The pump light interacts with the molecules of the fiber.

e Through Stimulated Raman Scattering, part of the pump energy is transferred to the weaker

optical signal.

e As a result, the optical signal is amplified while the pump power decreases. The amplified

signal exits the fiber with improved strength.

This energy transfer increases the signal power without converting it into an electrical signal.

Raman Amplifier - Block Diagram

(N )

Optical
Isolator
—

e -
Input Signal iz
(weak)
ey S @) Wavelength Division
Multiplexer

Pump Laser Pump Optical Fiber
(Ap <Ay (high power) (Raman gain medium)
-

Output Signal
(amplified)

FIBER OPTIC COMMUNICATIONS BY PRADEEP KUMAR DHAL SAMANT, LECTURER- II, BOSE, KATAKA

Page 75



Construction of Raman Amplifier
The main components of a Raman amplifier are:
1. Pump Laser
e Provides high optical power and supplies energy for amplification.
e Common pump wavelengths are slightly shorter than the signal wavelength.
2. Wavelength Division Multiplexer (WDM)
e Combines the pump laser and the optical signal.
e Injects both into the transmission fiber.
3. Optical Fiber
e Acts as the gain medium.
e No special doping is required.
4. Optical Isolator: Prevents reflected light from affecting the amplifier.
5. Input Signal: The weak optical signal that requires amplification.
6. Output Signal: The amplified optical signal.

Types of Raman Amplifiers

1. Distributed Raman Amplifier (DRA)
e Uses the transmission fiber itself as the gain medium.
e Amplification occurs continuously along the fiber.
e Suitable for long-distance communication.

2. Discrete Raman Amplifier
e Uses a separate short length of fiber for amplification.
e Installed as a dedicated amplifier module.
e Provides higher gain over a smaller section.

Characteristics of Raman Amplifier
e Wide amplification bandwidth.
e Low noise figure.
e High gain.
e Flexible operating wavelength.
e Compatible with WDM systems.
e Uses ordinary optical fiber as the gain medium.

Disadvantages
e Complex system design.
Higher equipment cost.
Lower efficiency compared to EDFA in some applications.
Careful pump wavelength selection is necessary.

Applications
e Long-distance optical communication
e Wavelength Division Multiplexing (WDM)
e Undersea optical cable systems
e Internet backbone networks
e Fiber-to-the-Home (FTTH)
e Optical transmission systems
e High-speed communication networks
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e Data centers
e Optical signal boosting

Comparison Between EDFA and Raman Amplifier

Parameter EDFA Raman Amplifier

Gain Medium Erbium-doped fiber Transmission fiber

Principle Stimulated emission Stimulated Raman Scattering (SRS)
Pump Wavelength | 980 nm or 1480 nm Depends on signal wavelength
Operating Band Mainly around 1550 nm Wide wavelength range

Noise Low Very low

Bandwidth Moderate Wide

Cost Lower Higher

6.4 Coherent Communication

Conventional optical receivers detect only the intensity (power) of the received optical signal,
which limits receiver sensitivity and spectral efficiency. To overcome these limitations, coherent
optical communication is used.

Coherent communication is an advanced optical communication technique in which the received
optical signal is mixed with a highly stable light source called a local oscillator (LO) laser before
detection. This process allows the receiver to detect not only the amplitude (intensity) of the
optical signal but also its phase, frequency, and polarization.

Because of its high sensitivity and excellent performance, coherent communication is widely
used in long-distance fiber-optic networks, submarine communication systems, high-speed
internet backbones, and Wavelength Division Multiplexing (WDM) systems.

Principle of Coherent Communication
Coherent communication works on the principle of coherent detection.
e The transmitter sends an optical signal through the fiber.
e At the receiver, a local oscillator (LO) laser generates stable light with nearly the same
frequency as the incoming signal.
e The received signal and the LO signal are combined using an optical coupler.
e The two optical signals interfere with each other (coherent detection).
e The photodetector converts the combined optical signal into an electrical signal.
e Digital signal processing (DSP) extracts the transmitted information from the electrical

signal.
Block Diagram of Coherent Communication
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Components of a Coherent Communication System

1. Laser Transmitter: Generates the optical carrier signal.

2. Optical Fiber: Transmits the optical signal.

3. Local Oscillator (LO) Laser: Produces a stable reference light for coherent detection.

4. Optical Coupler: Combines the received signal with the LO signal.

5. Photodetector: Converts optical signals into electrical signals.

6. Digital Signal Processor (DSP): Processes the received signal and removes noise and
distortions.

Advantages

High receiver sensitivity.

Longer communication distance.

Better signal-to-noise ratio (SNR).

High data transmission rate.

Supports advanced modulation techniques (QPSK, QAM).
Efficient bandwidth utilization.

Improved performance in WDM systems.

Lower Bit Error Rate (BER).

Limitations
e Expensive implementation.
e Complex signal processing.
e Requires highly stable lasers.
e Accurate synchronization between the signal and local oscillator is necessary.

Wavelength Division Multiplexing (WDM) Systems

Modern optical communication systems require the transmission of a large amount of data over a
single optical fiber. Instead of laying multiple fibers, Wavelength Division Multiplexing (WDM)
technology allows multiple optical signals to be transmitted simultaneously through a single
optical fiber.

Wavelength Division Multiplexing (WDM) is a technique in which multiple optical signals of
different wavelengths are transmitted simultaneously through a single optical fiber and separated
at the receiver. In a WDM system, each wavelength carries an independent data channel. These
channels are combined at the transmitter using a multiplexer (MUX), transmitted through a single
optical fiber, and separated at the receiver using a demultiplexer (DEMUX). This significantly
increases the capacity of the optical communication system without increasing the number of
fibers.

WDM is widely used in telecommunication networks, internet backbone networks, submarine
optical cables, Fiber-to-the-Home (FTTH), and data centers because it provides high bandwidth,
efficient fiber utilization, and supports long-distance communication.

Principle of WDM

WDM works on the principle that:
e Different wavelengths (colors) of light do not interfere with each other.
e Each wavelength carries a separate communication channel.
e All wavelengths are combined into a single optical fiber.
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e At the receiving end, each wavelength is separated and detected independently.
Thus, many data channels can share one optical fiber simultaneously.

Block Diagram of WDM System
Wavelength Division Multiplexing (WDM)

Transponders Transponders

Link1 Link1

Link2 Link2
Link3 Link3
Link4 Link4

A 4

v

Signal Flow

The basic components of a WDM system are:
e Multiple Optical Transmitters (Different Wavelengths)
e WDM Multiplexer (MUX)
e Optical Fiber
e Optical Amplifier (EDFA) (Optional for long-distance links)
e WDM Demultiplexer (DEMUX)
e Optical Receivers

Types of WDM

1. CWDM (Coarse Wavelength Division Multiplexing)
e Uses larger spacing between wavelengths.
e Supports fewer channels (typically up to 18).
e Suitable for short and medium distances.

2. DWDM (Dense Wavelength Division Multiplexing)
e Uses very small spacing between wavelengths.
e Supports many channels (40, 80, 96, or more).
e Suitable for long-distance communication.
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Advantages
e Greatly increases fiber capacity.
e Efficient use of existing optical fibers.
e High bandwidth.
e Supports long-distance and high speed communication.
e Reduces installation cost.
e Easy network expansion.
e Compatible with EDFA.
e Allows simultaneous transmission of multiple services (voice, data, and video).

Limitations
e High installation and maintenance cost.
e Complex wavelength management.
e Requires high-quality optical components.
e Crosstalk may occur if wavelengths are not properly managed.

Applications
e Long-distance optical communication
e Internet backbone networks
e Submarine optical cables
e Fiber-to-the-Home (FTTH)
e Cable television (CATV)
e Data centers
e Cloud computing networks
e Wavelength-based optical networking
e 5G communication infrastructure
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