Fibre Optic Communication

Suggestions

What is the vector nature of light?

The vector nature of light refers to its behaviour as an electromagnetic wave. Light
consists of oscillating electric and magnetic fields that are perpendicular to each
other and to the direction of propagation.
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What are the 3 natures of light?
Light exhibits three primary characteristics or natures:

1. Wave Nature: Light behaves like a wave, exhibiting phenomena such as
interference, diffraction, and polarization. This wave nature is described by
Maxwell's equations and can be understood through the wave theory of light.

2. Particle Nature: Light also behaves like a stream of particles called photons.
Each photon carries a specific amount of energy and momentum, and
phenomena such as the photoelectric effect and Compton scattering can be
explained by this particle nature. This aspect is central to quantum mechanics.

3. Wave-Particle Duality: Perhaps the most intriguing aspect of light is its dual
nature, which means that it can exhibit both wave-like and particle-like
behaviour depending on the experimental setup and the phenomena being
observed. This duality is a fundamental concept in quantum mechanics and is
exemplified by experiments like the double-slit experiment, where light
behaves both as waves (interference pattern) and particles (individual photons
detected).



What is the propagation of light?

The propagation of light is the concept that describes how light or any
electromagnetic wave travels from one point to another. This could be through
different mediums like air, water or even vacuum.

When light encounters a medium, its propagation may be affected by factors such
as absorption, reflection, refraction, dispersion, and scattering. These phenomena
influence how light interacts with different materials and objects, leading to various
optical effects and behaviours.

The Fundamentals of Light Propagation
There are some key principles and laws that govern the propagation of light.

« The light travels in a straight line when it moves from one point to another in a
uniform medium. This is known as rectilinear propagation.

« When light passes from one medium to another, its direction can change. This
process is known as refraction.

« The speed of light changes‘as it moves through different mediums. This
change in speed results in the changing direction of light.

« Light waves can also be reflected, or bounce back, from the surface of a
medium. The angle of incidence equals the angle of reflection.

Differentiating Between Rectilinear and Direction of Propagation of Light

In the world of physics, there are two different yet closely related concepts when it
comes to propagation of light: rectilinear propagation and direction of propagation.

Rectilinear propagation refers only to the straight-line path that light takes when
travelling througha uniform medium.

On the other hand,

The direction of propagation refers to the direction in which light waves propagate
or move. This direction can change based on the medium in which light is travelling.

For instance, if a light beam enters from air to water, its direction changes due to the
refraction. This is why a straw appears bent when it is placed in a glass of water.



Law of Propagation of Light

The rules governing how light propagates through different media are encompassed
in the laws of propagation. The two primary laws in this regard include the law of
reflection and the law of refraction.

The law of reflection states that the angle of incidence is equal to the angle of
reflection.

Mathematically, this can be expressed as:
0i=0r
where:

« 0Biis the angle of incidence,

« Oris the angle of reflection.

The law of refraction, also known as Snell's’law, describes how light waves change
direction when they pass from one medium to another with different optical
densities, such as from air to glass or from water to air.

Snell's law is expressed mathematically as:
n1sin(61)=n2sin(62)
where:
« n1and n2 are the refractive indices of the two media,
. 01 is the angle of incidence,
. 02 is the angle of refraction.

https://www.studysmarter.co.uk/explanations/physics/wave-optics/propagation-of-

light/




Propagation of light in a cylindrical dielectric rod.

Light travels through a cylindrical dielectric rod, or optical Fiber, by total internal
reflection.

Structure of optical Fiber

Constructionally, an optical Fiber is a solid cylindrical glass rod called the core,
through which light in the form of light or optical signal propagates. This is
surrounded by another coaxial cylindrical structure made of glass of lower refractive
index called the cladding.

Core

Constructional details of optical Fiber

Propagation of light through optical fiber

Propagation of light energy in the form of optical signals inside the core-cladding
arrangement and throughout the length of the fiber takes place by a phenomenon
called the Total Internal Reflection (TIR) of light. This phenomenon occurs only when
the refractive index of core is greater than the refractive index of cladding and so the
cladding is made from glass of lower refractive index. By multiple total internal
reflections at the core-cladding interface the light propagates throughout the fiber
over very long distances with low attenuation. Given figure shows a section of the
core of an optical fiber. If a ray of light is incident on the core of an optical fiber from
the side, the ray of light simply refracts out from the fiber on the other side. The ray
shown in the figure(in blue) demonstrates the situation.



Launching light into optical fiber

Any light that enters the optical fiber from the side does not propagate along the
fiber. Therefore, one has to launch the light through the tip of the fiber. That is, in
order to guide light along the fiber, the light must be incident from the tip of the
optical fiber. The red ray of light in figure 2 explains this situation. In other words, if
the tip of the optical fiber is not exposed to light, no light will enter the fiber.
Although there may be ambient light, as long as the tip is protected, no light from
the sides propagates along the fiber. Equivalently, if there was propagation of light
through the fiber, no light would emerge from the sides of the fiber. This
characteristic of the optical fiber imparts the advantage of information security to
the Optical Fiber Communication Technology.

https://epgp.inflibnet.ac.in/epgpdata/uploads/epgpicontent/S000574EE/P001661/M02
0040/ET/1493284578p10m0O2 etext.pdf

Total Internal Reflection

Total Internal Reflection is a phenomenon that occurs when a light wave traveling in
a medium encounters a boundary with a second medium that has a lower refractive
index. If the angle of incidence of the light wave is greater than a certain critical
angle, the light wave is reflected back into the original medium rather than being
refracted or transmitted into the second medium.

Total Internal Reflection is commonly observed in fiber optic cables, where it is used
to transmit light over long distances with minimal loss of signal. In a fiber optic
cable, the core of the cable is made of a material with a higher refractive index than
the cladding layer surrounding it. This means that when light enters the core, it is
reflected internally at the boundary between the core and cladding, rather than
being absorbed or scattered. This allows the light to travel through the fiber optic
cable without losing its intensity or quality over long distances.

By Snell’s law n1 sin @1 = n2 sin @z

if @2 = 90; internal reflection takes place



@1 = sin”'(n2/n)

Total internal reflection will take place if the angle of incidence @1 will be greater
than or equal to the critical angle.

@c = sin"'(n1/ny)
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two mediums

Some Important Points About Total Internal Reflection

. The critical angle is the angle of incidence that causes the refracted light to
travel along the interface between two different media.

« All the information in optical fiber is carried out by the principle of total
internal reflection and all the information is carried in the core of the optical
fiber.

« Cladding does not support any transmission of information.



« A popular fiber optic cable with a glass core and plastic cladding is called
Plastic Clad Silica (PCS).

« The cladding surrounding the core protects the core and provides an interface
with a controlled index of refraction.

Ray Model of Light

A ray is as a narrow beam of light that tends to travel in a straight line. An example
of a ray is the beam of light from a laser or laser pointer. In the ray model of light, a
ray travels in a straight line until it hits something, like a‘mirror, or an interface
between two different materials. The interaction between the light ray and the mirror
or interface generally causes the ray to change direction, at which point the ray
again travels in a straight line until it encounters something else that causes a
change in direction.

Light rays

Direction
of travel

A beam of light

Reflection

In simple words, reflection of light can be explained as the phenomenon whereby
upon hitting a surface, the ray does not enter a whole new medium, instead it
bounces off at the angle it hit the said surface.
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Wave Model of Light

The wave model describes light as a wave that travels through space, with
characteristics such as wavelength, frequency, and amplitude. The wave model can
explain phenomena such as interference, diffraction, and polarization. It is based on
the principle that light travels in the form of an electromagnetic wave, with an
electric field and a magnetic field oscillating perpendicular to each other.

Propagation
Direction

Explain how optical Fibers transmit light.



Optical fibers transmit light by using the principle of total internal reflection. An
optical fiber is a thin, flexible strand of glass or plastic that is designed to guide light
along its length through a process of repeated reflections.

The fiber consists of a core, which is the central part of the fiber where the light
travels, and a cladding, which surrounds the core and has a lower refractive index
than the core. The difference in refractive index between the core and cladding is
what enables the fiber to guide the light.

When light enters the fiber at one end, it encounters the interface between the core
and cladding at an angle that is greater than the critical angle for total internal
reflection. This causes the light to be reflected back into the core rather than being
transmitted through the cladding. The light then continues to travel down the fiber,
bouncing back and forth between the core and cladding in a zigzag pattern.

The cladding serves to confine the light within the core and prevent it from leaking
out, while the smooth surface of the core minimizes losses due to scattering or
absorption. The fiber may also be coated with a protective layer to prevent damage
or breakage.

At the other end of the fiber, the light emerges from the core and can be detected
by a sensor or used for various applications, such as telecommunications, medical
imaging, or sense. The high bandwidth and low attenuation of optical fibers make
them ideal for transmitting large amounts of information over long distances with
minimal loss.

Incoming information

Original information
on electrical signal Cladding a

on électrical signal

|
IR WP
( N ,‘f E "" \
Emitter | L/ ‘\‘,\\ J Detector
\
Light
Outgoing information signal

on alight wave

A light ray is an incident from medium-I to medium-2. If the refractive indices
of medium-I and medium-2 are 1.5 and 1.36 respectively then determine the
angle of refraction for an angle of incidence of 30°.



To determine the angle of refraction using Snell's law, we'll use the formula:
n1sin(@1)=n2sin(62)
Given:
« n1=1.5 (refractive index of medium-1)
« n2=1.36 (refractive index of medium-2)
« 01=30°(angle of incidence)
We need to find 02, the angle of refraction.
First, let's rearrange Snell's law to solve for 6262:
sin(62)=n2n1sin(61)
Now, substitute the given values:
sin(62)=1.361.5xsin(300)
sin(62)=1.361.5x21
sin(62)=1.361.5x21
sin(62)=~0.55147

Now, we need to find the angle whose sine is-approximately 0.55147. Using the
inverse sine function (or.arcsin), we find:

62~sin"1(0.55147)
62=33.16°
So, the angle of refraction is approximately 33.16¢.

Fiber has a normalized frequency V = 26.6 and the operating wavelength is
1300nm. If the radius of the fiber core is 25um. Compute the numerical
aperture.



We know that the normalized frequency is given by,

V = 2ma (n? — 71%)1'"”'2

A
Also,
NA=,/n}-n3 .. V=22NA
Given

V =26.6,a = 25um, A = 1300 nm = 1.3um
NA=X

2ma

_ 26.6x1.3
T 2wx25

= 0.22

What is an optical fiber? What are the different types of optical fiber?

Fiber optics, or optical fiber, refers to the technology that transmits information as
light pulses along a glass or plastic fiber.
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The fiber cable consists of four different layers.

1. Core- It is a thin piece of glass located in the centre of the fiber on which the
light is transmitted

2. Cladding- A glass core surrounds a material on the outside called the outer
material. During normal operation, the outer material reflects light back into
the core.

3. Buffer Coating- Fibers are protected by a plastic coating that prevents
damage from the elements.

4. Jacket- The jacket layer is the final protective layer.
Types of Optical Fibres

The types of optical fibres depend on the refractive index, materials used, and mode
of propagation of light.

The classification based on the refractive index is as follows:

. Step Index Fibres: It consists of a core surrounded by the cladding, which has
a single uniform index of refraction.

. Graded Index Fibres: The refractive index of the optical fibre decreases as the
radial distance from the fibre axis increases.

The classification based on the materials used is as follows:

« Plastic Optical Fibres: The polymethylmethacrylate is used as a core material
for the transmission of light.

. Glass Fibres: It consists of extremely fine glass fibres.



The classification based on the mode of propagation of light is as follows:

« Single-Mode Fibres: These fibres are used for long-distance transmission of
signals.

« Multimode Fibres: These fibres are used for short-distance transmission of
signals.

The mode of propagation and refractive index of the core is used to form four
combination types of optic fibres as follows:

. Step index-single mode fibres

« Graded index-Single mode fibres
. Step index-Multimode fibres

« Graded index-Multimode fibres

https://smartoptics.com/knowledgebank-post/what-is-an-optical-
fiber/#:~:text=Types%200f%200ptical%20fiber,through%20a%20much%20smaller%
20core.

https://www.geeksforgeeks.org/fibér-optics-and-types/

https://www.hfcl.com/blog/types-of-optical-fibers

https://www.photonics.com/Articles/Fiber Optics Understanding the Basics/a25151

https://www.shiksha.com/online-courses/articles/optical-fiber/

https://www.newporticom/t/fiber-optic-basics

Fabrication of Optical Fiber
There are always two main steps in the manufacturing process of optical fibers:

i. the preform production,
il. and the drawing process.

The preform is a solid glass rod that already has a core and a cladding, but their
dimensions are far larger than in the final fiber. In the drawing process, the preform
is heated and stretched by pulling with a tractor belt, forming this way the optical
fiber.

The preform manufacturing process is usually based on the chemical reaction of
gases.



Right now, there are three main techniques to produce the preform:
1) modified chemical vapor deposition (MCVD),

2) outside vapor deposition (OVD),

3) vapor axial deposition (VAD).

Modified Chemical Vapor Deposition (MCVD)

In MCVD a hollow glass tube, approximately 3 feetlong and 1 inch in diameter (1 m
long by 2.5 cm diameter), is placed in a horizontal or vertical lathe and spun rapidly.
A computer-controlled mixture of gases is passed through the inside of the tube. On
the outside of the tube, a heat source (oxygen/hydrogen torch) passes up and down
as illustrated in the following figure.
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Modified chemical vapor deposition (MCVD)

Each pass of the heat source fuses a small amount of the precipitated gas mixture to
the surface of the tube. Most of the gas is vaporized silicon dioxide (glass), but there
are carefully controlled remounts of impurities (dopants) that cause changes in the
index of refraction of the glass. As the torch moves and the preform spins, a layer of
glass is formed inside the hollow preform. The dopant (mixture of gases) can be
changed for each layer so that the index may be varied across the diameter.

After sufficient layers are built up, the tube is collapsed into a solid glass rod referred
to as a preform. It is now a scale model of the desired fiber, but much

shorter and thicker. The preform is then taken to the drawing tower, where it is
pulled into a length of fiber up to 10 kilometres long.



Outside Vapor Deposition (OVD)

The OVD method utilizes a glass target rod that is placed in a chamber and spun
rapidly on a lathe. A computer-controlled mixture of gases is then passed between
the target rod and the heat source as illustrated in the figure below. On each pass of
the heat source, a small amount of the gas reacts and fuses to the outer surface of
the rod. After enough layers are built up, the target rod is removed and the
remaining soot preform is collapsed into a solid rod. The preform is then taken to
the tower and pulled into fiber.
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Outside vapor deposition (OVD).

Vapor Axial Deposition (VAD)

The VAD process utilizes a very short glass target rod suspended by one end. A
computer-controlled mixture of gases is applied between the end of the rod and the
heat source as shown in the figure below. The heat source is slowly backed off as the
preform lengthens due to tile soot buildup caused by gases reacting to the heat and
fusing to the end of the rod. After sufficient length is formed, the target rod is
removed from the end, leaving the soot preform. The preform is then taken to the
drawing tower to be heated and pulled into the required fiber length.
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Vapor axial deposition (VAD).

As it has been previously mentioned, once the preform has been manufactured, the
fiber is drawn. The speed of the fiber draw depends on the preform, fiber type and
available equipment, and it can vary between a few meters per minute to up to more
than 1 kilometre per minute. During the drawing process the diameter of the fiber is
controlled with high precision.
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Then, a protective jacket made of two layers (a soft inner coating and a hard outer
one) is added to the fiber. Finally, different tests are performed to check everything
is correct, including optical (attenuation, bandwidth, numerical aperture,),
mechanical (tensile strength) or environmental (temperature dependence, aging)
properties.

What are the different types of measurement techniques in optical fiber?
There are three typical methods for optical fiber attenuation measurement:

1) Cut-back technique



2) Insertion loss technique
3) Optical time domain reflectometer (OTDR) backscattering technique

1) Cut-back technique: In this technique, a section of the fiber is cut and the
resulting loss in signal power is measured. The length of the cut section is gradually
reduced, and the power loss is measured at each step until the loss is negligible. This
method is useful for measuring the attenuation coefficient of the fiber, which is the
amount of power lost per unit length of the fiber.

2) Insertion loss technique: In this technique, the loss of power due to the insertion
of a component, such as a connector or a splice, is measured. The component is
inserted into the fiber, and the power loss is measured before and after the
insertion. The difference in power loss is the insertion loss of the component. This
method is useful for measuring the loss of components in a fiber system.

3) Optical Time Domain Reflectometer (OTDR) backscattering technique: In this
technique, an OTDR is used to measure the backscattered light from the fiber. The
OTDR sends a pulse of light into the fiber and measures the backscattered light as it
travels back through the fiber. The amount of backscattered light is proportional to
the amount of light lost due to attenuation in the fiber. This method is useful for
measuring the attenuation and location of faults or breaks in the fiber.

All three techniques are commonly used for measuring the attenuation of optical
fibers, and the choice of technique depends on the specific requirements of the
measurement and the available equipment.

What is an OTDR? Explain OTDR working principles.

An OTDR, or Optical Time Domain Reflectometer, is a device used for testing and
troubleshooting optical fiber networks. It works by injecting a short pulse of light
into the fiber and measuring the scattered light as it travels back through the fiber.
The time delay'and amplitude of the scattered light are used to create a profile of
the fiber, showing the locations and magnitudes of attenuation, splices, and other
features along its length.

The working principle of an OTDR can be explained in the following steps:

1. The OTDR sends a high-intensity pulse of light into the fiber under test.



2. As the pulse travels through the fiber, some of the light is scattered and
reflected back toward the OT DR by various features such as connectors,
splices, and bends.

3. The OTDR detects the backscattered light and measures its time delay and
amplitude.

4. The time delay of the backscattered light is proportional to the distance
from the OT DR to the feature that caused the scattering.

5. The amplitude of the backscattered light is proportional to the amount of
light reflected or scattered back toward the OTDR.

6. The OTDR uses this information to construct a profile of the fiber, showing
the location and magnitude of features such as splices, connectors, and
attenuation.

7. The OTDR display shows a graph of the fiber's length on the horizontal axis
and the attenuation or loss on the vertical axis.

An OTDR contains a laser diode source, a photodiode detector, and a highly
accurate timing circuit (or time base). The laser emits a pulse of light at a specific
wavelength, this pulse of light travels along the fiber being tested, as the pulse
moves down the fiber portions of the transmitted light are reflected/refracted or
scattered back down the fiber to the photodetector in the OTDR. The intensity of this
returning light and the time is taken for it to arrive back at the detector tells us the
loss value (insertion and reflection), type, and location of an event in the fiber link.
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OTDRs are widely used in the telecommunications industry for testing and
troubleshooting fiber optic networks. They are especially useful for locating faults or
breaks in the fiber, and for verifying the quality and performance of newly installed
or repaired fibers.

https://www.viavisolutions.com/en-us/what-are-working-principles-and-

characteristics-otdrs

What are the attenuation and dispersion in optical fiber?

Attenuation and dispersion are two important characteristics of optical fiber that
affect the transmission of optical signals through the fiber.

1) Attenuation refers to the loss of optical power as light travels through the fiber.
This loss can be caused by several factors, including absorption, scattering, and
bending losses. Attenuation is typically expressed in units of decibels per kilometre
(dB/km), and is a function of the wavelength of the light, the composition of the
fiber, and any impurities or defects in the fiber. High levels of attenuation can limit
the distance over which a signal can be transmitted and can reduce the signal-to-
noise ratio (SNR) of the transmitted signal.

2) Dispersion refers to the spreading out of optical signals as they travel through
the fiber. This spreading can be caused by several factors, including chromatic
dispersion, which is the dispersion of different wavelengths of light, and polarization
mode dispersion (PMD), which is the differential delay between the polarization
modes of light. Dispersion can cause distortion and broadening of the optical signal,
reducing the achievable bit rate and limiting the distance over which a signal can be
transmitted. Dispersion is typically expressed in units of picoseconds per nanometer
per kilometer (ps/nm/km) for chromatic dispersion and picoseconds per kilometer
(ps/km) for PMD.

Both attenuation and dispersion can limit the performance and capacity of optical
fiber communication systems and are important factors to consider when designing
and implementing fiber networks.

What are the factors responsible for optical signal attenuation and dispersion
during signal propagation through optical fiber?

1) Absorption: Absorption is the conversion of optical energy to other forms of
energy, such as heat. Absorption can occur due to impurities in the fiber material,



such as metal ions or water molecules, as well as due to other factors such as
temperature and stress.

2) Scattering: Scattering occurs when light interacts with small particles or
variations in the refractive index of the fiber material. There are two types of
scattering: Rayleigh scattering, which occurs due to small variations in the refractive
index of the fiber material, and Mie scattering, which occurs due to larger particles in
the fiber material.

3) Bending losses: Bending losses occur when the fiber is bent or curved, causing
some of the light to escape from the fiber.

4) Chromatic dispersion: Chromatic dispersion occurs because the refractive index
of the fiber material varies with the wavelength of the light. As a result, different
wavelengths of light travel at slightly different speeds through the fiber, causing the
optical pulse to spread out over time.

5) Polarization mode dispersion (PMD): PMD occurs when the polarization of the
light is split into two orthogonal modes that travel at slightly different speeds
through the fiber. This causes the optical pulse to spread out over time and can limit
the achievable data rates.

6) Material dispersion: Material dispersion occurs due to variations in the refractive
index of the fiber material with respect to the frequency of light. This can cause
different frequencies of light to travel at different speeds through the fiber, leading
to pulse spreading.

7) Waveguide dispersion: Waveguide dispersion occurs because the guiding
properties of the fiber change with the wavelength of the light. This can cause
different wavelengths of light to travel at different speeds through the fiber, leading
to pulse spreading.

Understanding these factors is important for designing and optimizing optical fiber
communication systems to minimize attenuation and dispersion and maximize signal
quality and transmission distance.

How to reduce various types of losses in optical fiber?
There are several ways to reduce various types of losses in optical fiber, including:

1) Using high-quality materials: Using high-quality materials with low impurity
levels can help reduce the absorption and scattering losses in optical fiber.



2) Proper fiber handling: Proper handling and installation of the fiber can help
minimize bending losses and stress-induced losses. This includes ensuring that the
fiber is not excessively bent, avoiding sharp bends or twists, and avoiding excessive
pulling or tension.

3) Optimizing fiber geometry: The geometry of the fiber, including the core
diameter, cladding thickness, and numerical aperture, can be optimized to reduce
attenuation and dispersion. For example, using a larger core diameter can reduce
attenuation, while using a smaller core diameter can reduce dispersion.

4) Using wavelength division multiplexing (WDM): WDM is a technique that
allows multiple optical signals to be transmitted simultaneously over the same fiber
by using different wavelengths of light. This can help reduce attenuation and
increase the overall capacity of the fiber.

5) Using dispersion compensating fibers (DCF): DCFs are fibers with a high level
of negative dispersion that can be used to compensate for the positive dispersion of
standard fibers. By using a DCF in conjunction with a standard fiber, the dispersion
can be effectively eliminated or greatly reduced.

6) Using polarization-maintaining fiber (PMF): PMFs are fibers that are designed
to maintain the polarization of the light traveling through them. This can help
reduce PMD and improve signal quality.

7) Using optical amplifiers: Optical amplifiers can be used to boost the strength of
the optical signal and compensate for attenuation losses. Examples of optical
amplifiers include erbium-doped fiber amplifiers (EDFAs) and semiconductor optical
amplifiers (SOAs).

By using a combination of these techniques, it is possible to minimize losses in
optical fiber and optimize the performance of optical communication systems.

How signal is‘degraded in optical fiber due to attenuation?

Signal degradation in optical fiber due to attenuation occurs when the optical power
of a signal is reduced as it propagates through the fiber. Attenuation can be caused
by various factors, such as absorption, scattering, and bending losses, which all result
in a decrease in the power of the signal.

Absorption is caused by the absorption of light by the materials in the fiber, such as
impurities or dopants. The absorption of light energy results in a reduction in the
signal power and limits the maximum distance that a signal can travel in the fiber.



Scattering is caused by the interaction of light with the inhomogeneities in the fiber,
such as variations in the refractive index. This interaction results in the scattering of
light energy in different directions, which reduces the power of the signal and also
leads to dispersion.

Bending losses occur when the fiber is bent or curved, causing the light to be
transmitted through the fiber at an angle that is less than the critical angle. This
results in the loss of some of the light energy, which reduces the power of the signal.

The attenuation of the signal can be measured in decibels per kilometer (dB/km),
which is a measure of the reduction in the signal power per kilometer of fiber length.
Attenuation limits the distance that a signal can be transmitted through the fiber
and can also limit the bandwidth of the fiber, as the reduction in signal power can
cause the signal-to-noise ratio to decrease.

To minimize attenuation, optical fibers are designed to have low absorption and
scattering losses and are typically made from materials with high purity and
uniformity. Additionally, bending losses can be minimized by using fibers with larger
core diameters and by avoiding excessive bending or twisting of the fiber during
installation.

How the signal is degraded in optical fiber due to dispersion?

Signal degradation in optical fiber due to dispersion occurs when different
components of a signal‘travel at different velocities and therefore arrive at the
receiver at different.times. This causes the signal to spread out in time and reduces
the quality of the transmitted data.

Two types of dispersion can occur in optical fiber: chromatic dispersion and modal
dispersion.

Chromatic dispersion is caused by the fact that different wavelengths of light travel
at different speeds in the fiber. This means that the different spectral components of
a signal (i.e., different colours of light) will arrive at the receiver at different times,
causing the signal to spread out in time. Chromatic dispersion is typically caused by
the material properties of the fiber and can be minimized by using fibers with low
dispersion coefficients or by using dispersion compensation techniques such as
dispersion-shifted fibers, dispersion-compensating fibers, or fiber Bragg gratings.

Modal dispersion is caused by the fact that different modes of light propagate at
different speeds in a fiber. In a multimode fiber, the different modes of light take



different paths through the fiber and therefore travel different distances, causing the
signal to spread out in time. Modal dispersion can be minimized by using single-
mode fibers, which allow only one mode of light to propagate, or by using graded-
index multimode fibers, which have a varying refractive index that reduces the
difference in propagation times between different modes.

The degradation of a signal due to dispersion can limit the bandwidth and the
maximum distance of an optical communication system. To minimize the impact of
dispersion, designers can use fibers with low dispersion coefficients, or implement
dispersion compensation techniques such as dispersion-shifted fibers, dispersion-
compensating fibers, or fiber Bragg gratings. Additionally, some modern
communication systems use advanced modulation techniques such as coherent
detection, which can mitigate the effects of dispersion and enable longer-distance
transmission with higher data rates.

How does an Optical Fibre work and its advantage?

The optical fibre works on the principle of total internal reflection. Light rays can be
used to transmit a huge amount of data, but there is a problem here - the light rays
travel in straight lines. So, unless we have a long straight wire without any bends at
all, harnessing this advantage will be very tedious. Instead, the optical cables are
designed such that they bend all the light rays inwards (using TIR). Light rays travel
continuously, bouncing off the optical fibre walls and transmitting end-to-end data.
Although light signals degrade over progressing distances, depending on the purity
of the material used, the loss is much less than using metal cables. A Fibre Optic
Relay System consists of the following components:

1) The Transmitter - It produces the light signals and encodes them to fit to
transmit.

2) The Optical Fibre - The medium for transmitting the light pulse (signal).

3) The Optical Receiver - It receives the transmitted light pulse (signal) and
decodes them to be fit to use.

4) The Optical Regenerator - Necessary for long-distance data transmission.
Advantages of Optical Fibre Communication

e Economical and cost-effective
e Thin and non-flammable
e Less power consumption



e Less signal degradation
¢ Flexible and lightweight

Comparison between step-index fiber and graded-index fiber.

Characteristic

Core Refractive
Index

Cladding

Light
Propagation

Dispersion

Bandwidth

Application

Step-Index Fiber

Constant throughout the core

Uniform refractive index, usually
lower than the core

Light travels along straight paths

and undergoes multiple total
internal reflections at the core-
cladding interface

Typically has higher dispersion,
leading to greater modal
dispersion

Lower bandwidth compared to
graded-index fiber

Less suitable for long-distance
transmission due to higher
modal dispersion and
attenuation

Graded-Index Fiber

Gradually decreases from the center
to the outer layers

Usually made of material with a lower
refractive index than the core, but
refractive index decreases with
distance from the core

Light travels along curved paths,
undergoing less total internal
reflection due to varying refractive
index

Generally exhibits lower modal
dispersion due to the graded
refractive index profile

Higher bandwidth due to reduced
modal dispersion and better light
confinement

Widely used for both short and long-
distance transmission, especially in
high-speed communication systems




What are the differences between the PIN diode and the APD diode?



PIN diode and APD (avalanche photodiode) diode are two types of diodes
commonly used in optical communication systems. Although they both function as
photodetectors, there are several key differences between the two.

APD (avalanche photodiode)

Avalanche Diode PIN Diode

Avalanche diode includes four layers like P+, |, P & PIN diode includes four layers like P+, | & N+.
N+.
Response time is very high. Response time is very low.

Output current is low. The multiplication of carrier current can cause

amplifier current value.

Internal gain is 200 dB. Internal gain is insignificant.

Sensitivity is high. Sensitivity is low.

High noise. Low noise.

The reverse bias voltage is very high. The reverse bias voltage is very low.
High-temperature stability. Low-temperature stability.

The amplifier is not necessary because of the The amplifier is mandatory due to not available gain.

available gain.

What is Avalanche Photodiode?

The diode which uses the avalanche method to provide extra performance as
compared to other diodes is known as avalanche photodiode.

These diodes are used to change the signals from optical to electrical. These diodes
can be operated in high reverse bias. The avalanche photodiode symbol is similar

to the Zener diode.
Anode [ t Cathode



Avalanche Photodiode Construction

The construction of both the PIN photodiode and Avalanche photodiode is similar.
This diode includes two heavily doped & two lightly doped regions. Here, heavily
doped regions are P+ & N+ whereas lightly doped regions are | & P.

[Fhatens:

N-Contact
[Cathode)

P+

I‘

P-Contact
[Anode)

Avalanche Photodiode Construction

In the intrinsic region, the depletion layer width is fairly thinner in this diode as
compared to the PIN photodiode. Here, the p+ region works like the anode whereas
the n+ region acts as the cathode. As compared to other photodiodes, this diode
works in a high reverse bias condition. So this allows avalanche multiplication of the
charge carriers formed through the light impact or photon. The avalanche action
allows the gain of the photodiode to be enhanced several times to provide a high
range of sensitivity.

Working Principle

APDs operate on the principle of the “avalanche effect,” which involves the
generation of a large number of electron-hole pairs through the process of impact
ionization. In an APD, a photon of light entering the device creates an electron-hole
pair. When a reverse bias voltage is applied to the device, the generated electron
and hole are accelerated by the electric field, causing them to gain enough energy
to create additional electron-hole pairs through impact ionization. This
multiplication process is known as the avalanche effect and results in a significant
increase in the output signal, improving the photodiode’s overall sensitivity.



Key Features

There are several features that set avalanche photodiodes apart from other types of
photodetectors:

« High sensitivity: Due to the avalanche effect, APDs are capable of detecting
very low light levels. This makes them suitable for applications where weak
light signals need to be detected.

. Fast response time: APDs can respond to light signals within a few
nanoseconds, making them ideal for high-speed applications such as fiber-
optic communications and time-of-flight measurements.

« Low noise: The avalanche process can be carefully controlled to minimize
noise, resulting in a-high signal-to-noise ratio (SNR) for the detected light
signal.

« Wide spectral range: APDs are available in various materials, allowing them to
detect light across a broad range of wavelengths. Silicon (Si) APDs are
commonly used for visible and near-infrared detection, while indium gallium
arsenide (InGaAs) APDs are used for longer wavelengths.

Applications

Avalanche photodiodes are used in numerous applications due to their high
sensitivity, fast response time, and low noise characteristics. Some of the most
common applications include:

Fiber-optic communication systems: APDs are used as receivers in long-haul and
high-speed optical communication networks. Their ability to detect low-level light
signals makes them crucial for maintaining signal integrity over long distances.



LIDAR: Light detection and ranging (LIDAR) systems rely on APDs to accurately
measure distance and generate high-resolution 3D images for various applications,
such as autonomous vehicles, topography mapping, and atmospheric research.

Medical imaging: In medical imaging applications, such as positron emission
tomography (PET) and single-photon emission computed tomography (SPECT),
APDs are used to detect low-intensity gamma rays with high sensitivity and
precision.

Explain the terms absorption, spontaneous emission, and stimulated emission
as applied to laser with a suitable diagram.

Absorption, Spontaneous emission, and Stimulated emission are three related
energy conversion process.

1. Absorption: An atom in a lower level absorbs a photon of frequency hv and
moves to an upper level.

2. Spontaneous emission: An atom in-an upper level can decay spontaneously
to the lower level and emit a photon of frequency hv if the transition between
E2 and E1 is radiative. This photon has a random direction and phase.

3. Stimulated emission: An incident photon causes an upper-level atom to
decay, emitting a “stimulated” photon whose properties are identical to those
of the incident photon. The term “stimulated” underlines the fact that this kind
of radiation only occurs if an incident photon is present. The amplification
arises due to the similarities between the incident and emitted photons.

absorption Spontaneous emission Stimulated emission

Write down the advantages and disadvantages of LED and draw the cross-
sectional diagram of a surface-emitting LED.

Advantages:

e Energy Efficient



e Long Lifespan

e Durability

e Compact Size

¢ Instantaneous Lighting
e Color Options

e Environment Friendly

s Light output
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Cross-sectional diagram of a surface emitting LED
Disadvantages:
e High nitial Cost

e Complexdimming requirement

e Potential blue light hazard



What do you mean by the internal quantum efficiency of an LED? Derive the
relation between the Internal Quantum Efficiency of LED and the lifetime of
transitions.

The internal quantum efficiency (IQE) of an LED (light-emitting diode) is a measure
of the effectiveness with which the device converts injected electrical current into
emitted photons. It is defined as the ratio of the number of photons generated to
the number of electrons injected into the LED.

In other words, the internal quantum efficiency of an LED .is.a measure of how
efficiently the device converts electrical energy into light. If an LED has a high
internal quantum efficiency, it can produce more light per unit of electrical power
than an LED with a lower IQE.

The internal quantum efficiency of an LED depends on several factors, including the
materials used to construct the device, the design of the device, and the operating
conditions of the device. In general, higher-quality materials and more efficient
device designs can lead to higher internal quantum efficiencies.

The internal quantum efficiency (IQE) of an LED is related to the lifetime of the
transitions that occur within the device. To derive this relationship, we can start with
the definition of the IQE:

IQE = Number of photons generated / Number of electrons injected

The number of photons generated is related to the rate of spontaneous emission,
which is proportional to the number of excited electrons that decay from the higher
energy level to the lower energy level within the LED.

The rate of spontaneous emission can be expressed as:
A=B*N

where A is the rate of spontaneous emission, B is the Einstein coefficient for
spontaneous emission, and N is the number of excited electrons.



The number of electrons injected into the LED is related to the current flowing
through the device, which can be expressed as:

| = g*n*A*V

where | is the current, g is the charge of an electron, n is the number of electrons
injected per second, A is the rate of spontaneous emission, and V is the voltage
across the device.

Combining these equations, we get:
IQE = (B*N)/(g*n*A*V)

Rearranging and simplifying, we can express the IQE in terms of the lifetime of the
transitions:

IQE = (B*T)/(q*V)
where T is the lifetime of the transitions.

This equation shows that the internal quantum efficiency of an LED is proportional to
the lifetime of the transitions that occur within the device. A longer lifetime
corresponds to a higher IQE, and vice versa. This relationship highlights the
importance of using materials and designs that promote longer lifetimes for the
transitions to achieve higher internal quantum efficiencies and more efficient LEDs.

What do you mean by the drive circuit of an optical source? Draw suitable drive
circuits for analogy modulation of LED. Why the LASER is more suitable for
long-haul optical communication?

A driver is a circuit or component used to control another circuit or component, such
as a high-power transistor, liquid crystal display (LCD), stepper motors, SRAM
memory, and numerous others.

The drive circuit of an optical source refers to the electronic circuitry that is
responsible for controlling and driving the optical source. An optical source is any
device that emits electromagnetic radiation in the form of light, such as a laser or an
LED (Light Emitting Diode).

The drive circuit is responsible for supplying the appropriate electrical current to the
optical source to produce the desired output power and modulation characteristics.
For example, in a laser diode, the drive circuit is responsible for controlling the



laser's output wavelength, intensity, and temporal properties such as pulse width

and repetition rate.
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What is a s i

photodiode?

A photodiode is a PN-
junction diode Suitable drive circuits for analogy modulation of LED that

consumes light energy to produce an electric current. They are also called a photo-
detector, a light detector, and a photo-sensor. Photodiodes are designed to work in
reverse bias condition and converts light energy into electrical energy. Typical
photodiode materials are Silicon, Germanium and Indium gallium arsenide.

Principle of Photodiode:

It works on the principle of the photoelectric effect. The operating principle of the
photodiode is such that when the junction of these two terminal semiconductor
devices is illuminated then the electric current starts flowing through it. Only



majority current flows through the device when the certain reverse potential is
applied to it.

Anode Cathode

Photodiode symbol

Write some applications of photodiodes.

Photodiodes are used in logic circuits, solar cell panels, detection circuits, lighting
regulation, optical communication etc.

Explain the working principle of the p-n junction photodiode and p-i-n
photodiode.

1) P-N junction photodiode: A p-n junction photodiode is a type of photodiode
that is formed by joining a p-type and an n-type semiconductor material. The p-type
semiconductor has a higher concentration of holes, while the n-type semiconductor
has a higher concentration of electrons. When light strikes the p-n junction
photodiode, photons with enough energy can create electron-hole pairs in the
depletion region of the junction. The electric field present in the depletion region
separates the electrons and holes, creating a photocurrent. This photocurrent can be
measured as a signal. The magnitude of the photocurrent is proportional to the
incident light intensity.
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2) P-1-N photodiode: A p-i-n photodiode is a type of photodiode that has an
intrinsic region (i-region) sandwiched between a p-type and an n-type
semiconductor material. The i-region is lightly doped and has a wider depletion
region than the p-n junction photodiode. When light strikes the p-i-n photodiode,
the photons can create electron-hole pairs in-the i-region. The electric field present
in the depletion region of the p-i-n photodiode separates the electrons and holes,
creating a photocurrent. The magnitude of the photocurrent is proportional to the
incident light intensity. The wider depletion region and reduced carrier
recombination in the i-region lead to a faster response time and reduced dark
current compared to the p-n junction photodiode. In both p-n junction and p-i-n
photodiodes, the generated photocurrent can be amplified and processed to obtain
a signal that is proportional to the intensity of the incident light. These photodiodes
are commonly used in applications such as optical communication, sensing, imaging,
and spectroscopy.

With a suitable diagram, explain the optical receiver operation.

An optical receiver is a device that converts optical signals into electrical signals. It is
a crucial component.in optical communication systems, where information is
transmitted using light waves through optical fibers. The operation of an optical
receiver involves several stages, including detection, amplification, and signal
processing.

Here is a brief explanation of each stage:
- Photo detector / Front-end
- Amplifier / Liner channel

- Signal processing circuitry / Data recovery.
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Diagram of a digital optical receiver showing various components. Vertical dashed
lines group receiver components into three sections.

1) Detection: The first stage of an optical receiver is to detect the incoming
optical signal. This is done using a photodetector, which is a device that
generates an electrical current when exposed to light. The most
commonly used photodetectors are photodiodes, which are made of
semiconductor materials such as silicon or germanium. When photons
from the incoming optical signal strike the photodiode, they generate
electron-hole pairs, which produce a current that is proportional to the
intensity of the incoming light.

2) Amplification: The electrical current generated by the photodetector is
usually very small and needs to be amplified to be useful. This is done
using a trans-impedance amplifier (TIA), which is a type of operational
amplifier (op-amp) that converts the current signal to a voltage signal.
The TIAalso provides a gain to increase the signal strength and improve
the signal-to-noise ratio.

3) Signal Processing: Once the signal is amplified, it is processed to extract
the information it carries. This may involve filtering, equalization,
demodulation, and decoding, depending on the type of modulation
used in the optical communication system. The signal processing stage is
often implemented using digital signal processing (DSP) techniques,
which allow for high-speed processing and accurate detection of the
transmitted data.

Overall, the operation of an optical receiver is a complex process that involves
converting optical signals into electrical signals, amplifying the signals, and
processing them to extract the information they carry. The performance of the
optical receiver is critical to the overall performance of the optical communication



system, and it is essential to use high-quality components and optimize the design
for maximum sensitivity, bandwidth, and reliability.

https.//www.fiberoptics4sale.com/blogs/wave-optics/optical-receiver-design

Write a short note on Internal Quantum Efficiency

The internal quantum efficiency (IQE) of an LED (light-emitting diode) is a measure
of the effectiveness with which the device converts injected electrical current into
emitted photons. It is defined as the ratio of the number of photons generated to
the number of electrons injected into the LED.

In other words, the internal quantum efficiency of an LED is a measure of how
efficiently the device converts electrical energy into light. If an LED has a high
internal quantum efficiency, it can produce more light per unit of electrical power
than an LED with a lower IQE.

The internal quantum efficiency of an LED depends on several factors, including the
materials used to construct the device, the design of the device, and the operating
conditions of the device. In general, higher-quality materials and more efficient
device designs can lead to higher internal quantum efficiencies.

Internal quantum efficiency is an important parameter for characterizing the
performance of an LED, as it can affect the brightness, efficiency, and overall quality
of the emitted light. Higher internal quantum efficiencies can lead to brighter and
more efficient LEDs, which are desirable for a wide range of applications, including
lighting, displays, and communications.

Write a short note on Bit Error Ratr (BER).

BER stands for Bit Error Rate, which is a measure of the quality of a
telecommunication signal based on the number of bits that are received

incorrectly. BER is calculated by dividing the number of bits received in error by the
total number of bits transmitted within the same time period. A low BER value
indicates a high-quality signal, while a high BER value indicates a poor-quality signal.

_E(1)
N (1)

where E(t) is the number of bits received in error over time t, and N (1) is the total
number of bits transmitted in time t.



Typical error rates for optical fiber telecom systems range from 10 to 1072
(compared to 107 for wireless systems).

https://www.fiberoptics4sale.com/blogs/archive-posts/95047174-what-is-ber-bit-
error-ratio-and-bert-bit-error-ratio-tester

LASER

LASER is an abbreviation of Light Amplification by Stimulated Emission of Radiation.
Lasers produce a narrow beam of light in which all of the light waves have very
similar wavelengths. The laser’s light waves travel together with their peaks all-lined
up, or in phase. This is why laser beams are very narrow, very bright, and can be
focused into a very tiny spot. Because laser light stays focused and does not spread
out much (like a flashlight would), laser beams can travel very long distances. They
can also concentrate a lot of energy on a very small area.

https.//spaceplace.nasa.qov/laser/en/

List of Laser Types

Lasers are classified into 6 types based on the types of mediums used in them, and
they are:

« Solid-state lasers

« Gas lasers

« Liquid lasers

« Semiconductor lasers

« Chemicallasers

. Metal-vapour lasers
LED

A light-emitting diode (LED) is a semiconductor device that emits light when an
electric current flows through it. When current passes through an LED, the electrons
recombine with holes emitting light in the process. LEDs allow the current to flow in
the forward direction and blocks the current in the reverse direction.

https.//byjus.com/physics/light-emitting-diode/

Difference between Laser and LED.



Characteristic
Light Emission
Light Source
Directionality
Wavelength
Range

Beam Quality
Efficiency

Intensity

Modulation
Speed

Applications

LED (Light Emitting Diode)

Incoherent, broad-spectrum
light

Semiconductor material emits
light when an electric current
passes through it

Emits light in multiple directions

Broad spectrum, multiple
wavelengths

Low beam quality, light spreads
out quickly

Generally lower efficiency
compared to lasers

Lower intensity, suitable for
general lighting and indicators

Moderate, sufficient for most
signaling applications

Generally lower cost, widely
used in consumer electronics
and general lighting

General lighting, displays,
indicators, and low-cost optical
communication

Laser (Light Amplification by

Stimulated Emission of Radiation)

Coherent, monochromatic light

Gain medium emits light through
stimulated emission, amplified in a
resonant cavity

Emits highly directional light

Narrow spectrum, single or specific
wavelengths (monochromatic)

High beam quality, light remains
focused over long distances

Higher efficiency, especially in terms
of light output per unit of input power

Higher intensity, suitable for cutting,
medical applications, and
communication

High, suitable for high-speed data
communication

Higher cost, used in specialized
applications such as communication,
medical devices

Telecommunications, medical
equipment, cutting and welding,
scientific research

Detector Responsivity

Responsivity is a measure of input-output gain of the detector in a fibre optic
system. In the case of a photodetector, it is the measure of electrical output per




optical input. Mostly photodetectors are linear functions of input incident power.
The responsivity of a photodetector is typically expressed as units of amperes per
watt or volts per watt of radiant power.

Responsivity Formula
Ra= Ip/P
Where,
« Rx= Responsivity
« lp= Output Photo Current
« P =Incident Optical Power
Responsivity Unit
The unit of Responsivity is Amperes per watts(AW™") or volts perwatts (VW ™).
Optical Link Design

Optical link design refers to the process of planning and implementing a
communication system that uses optical fibers to transmit data. The simplest form of
an optical link is a cable of optical fibers, which can be connected into a dark fiber
link.

Key Components of Optical Link Design

1. Optical Transmitter: The transmitter converts electrical signals into optical
signals using devices such as LEDs or lasers. Lasers are typically used for long-
distance and high-speed links due to their coherent and high-intensity light
output.

2. Optical Fiber: The medium through which light travels. There are two main
types of optical fibers:

. Single-mode fiber (SMF): Suitable for long-distance communication
due to lower attenuation and dispersion.

« Multimode fiber (MMF): Suitable for shorter distances with higher
dispersion but easier coupling and alignment.

3. Optical Receiver: The receiver converts optical signals back into electrical
signals. It typically includes photodetectors such as photodiodes, which detect
the light and produce corresponding electrical signals.



4. Optical Amplifiers: Used to boost the signal strength without converting it
back to an electrical signal. This is crucial for long-distance links to overcome
attenuation.

Optical links can be used in metropolitan area networks (MANs) and submarine
links. They have several advantages over traditional copper connections,

including: Increased data rates, Improved signal integrity and security, and Greater
distance between system components.

What Is an Optical Amplifier?

The transmission loss of the light passing through optical fiber is the very small value
of less than 0.2 dB per km with a light wavelength in the 1,550 nm band. However,
when the length of the optical fiber is a distance as long as 10 km or 100 km, that
transmission loss cannot be ignored. When the light (signal) propagating a long-
distance optical fiber becomes extremely weak, it is necessary to amplify the light
using an optical amplifier.

An optical amplifier amplifies light as it is without converting the optical signal to an
electrical signal, and is an extremely important device that supports the long-
distance optical communication networks of today. The major types of optical
amplifiers include an EDFA, FRA, and SOA.

EDFA

Erbium-Doped Fiber Amplifier (EDFA).is-an Optical Fiber Amplifier(OFA). It uses the
erbium-doped fiber as an optical amplification medium to directly enhance the
signals. Nowadays, EDFA is commonly used to compensate for fiber loss in long-haul
optical communication. The most important characteristic is that it can amplify
multiple optical signals simultaneously and easily combined with WDM technology.
Generally, it is used in the C band and L band, nearly in the range from 1530 to 1565
nm. But it also should be noted that EDFAs cannot amplify wavelengths shorter than
1525 nm.

How Does EDFA Work?

The basic structure of an EDFA consists of a length of Erbium-doped fiber (EDF), a
pump laser, and a WDM combiner. The WDM combiner is for combining the signal
and pump wavelength so that they can propagate simultaneously through the EDF.
The lower picture shows a more detailed schematic diagram of EDFA.



Erbium-Doped Optical Fiber
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The optical signal, such as a 1550nm signal, enters an EDFA amplifier from the input.
The 1550nm signal is combined with a 980nm pump laser with a WDM device—the
signal and the pump laser pass through a length of fiber doped with Erbium ions. As
discussed above, EDFA uses the erbium-doped fiberas an optical amplification
medium. The 1550nm signal is amplified through interaction with the doping Erbium
ions. This action amplifies @ weak optical signal to a higher power, effecting a boost
in signal strength.

EDFA block diagram

The block diagram of EDFA is shown in the below figure. The EDFA system consists
of input signal (1550 nm), laser diode signal (980 nm or 1480 nm), isolator, WDM
coupler, and splice.

The optical input signal of wavelength 1550 nm is sent into the optical fiber. These
light signals are transmitted through the optical fiber for very large distances
without signal attenuation. However, when transmission distances become hundreds
of kilometers, some signal loss will occur. To prevent this loss, we use a laser diode
and erbium doped fiber.
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The laser diode produces light of 980 nm or 1480 nm wavelength which is different
from input optical signal wavelength. This laser light is'mixed with the input optical
signal by using a device called WDM (wavelength division multiplexing) coupler. The
laser light and optical input signals are sent into the EDFA fiber. When the laser light
interacts with the erbium ions, it stimulates them and produces an amplified optical
signal of same wavelength (1550 nm) and direction of the input signal. This process
is called stimulated emission of radiation. However, some amount of amplified
optical signal which travels in random direction is-also produced. This optical signal
generates noise in the' EDFA system. This optical signal noise can be reduced by
using isolator. The optical isolator allows the transmission of light in single direction
and blocks transmissionof light in another direction. It eliminates the unwanted
back reflected optical signal from the output port. The splice is used to join the
normal optical fiber.and erbium doped fiber.



EDFAs are used as a booster, inline, and pre-amplifier in an optical transmission line,
as schematically shown in Figure 2. The booster amplifier is placed just after the
transmitter to increase the optical power launched to the transmission line. The
inline amplifiers are placed in the transmission line, compensating the attenuation
induced by the optical fiber. The pre-amplifier is placed just before the receiver, such
that sufficient optical power is launched to the receiver. A typical distance between
each of the EDFAs is several tens of kilometers.

| Optical transmission line

Receiver

Booster In-line In-line
amplifier amplifier amplifier Pre-amplifier
Transmitter —>

Optical fiber Optical fiber Optical fiber

A

Amplification Amplification Amplification

Amplification

Optical power (dB)

Y

Transmission distance

https.//www.anritsuicom/en-au/sensing-devices/qguide/optical-

amplifier#:~ :text=Semiconductor%200ptical%20Amplifier)-

[EDFA%20(Erbium %20Doped%20F iber%20Amplifier),band%200r%201.58%20% CE%B
Cm%20band.

https.//www.fiberlabs.com/qglossary/erbium-doped-fiber-amplifier/

https.//www.fiber-optical-networking.com/the-application-of-edfa.html

https://community.fs.com/article/erbium-doped-fiber-amplifier-edfa.html

https://www.physics-and-radio-electronics.com/blog/edfa-erbium-doped-fiber-
amplifier/

Raman Amplifier

A Raman amplifier is a type of optical amplifier that works on the process
of stimulated Raman scattering (SRS).
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Stimulated Raman scattering occurs when light interacts with the vibrations of the
atoms in the optical fiber, leading to both a reduction in the energy of some of the
incident light through scattering and a consequent shift of its wavelength to longer
wavelengths. This scattered light can then be used to amplify the original signal. The
light is amplified in a wavelength range about 100 nm/onger than the excitation
light wavelength. This phenomenon forms the foundation of Raman amplification.

Raman amplification is a process that enhances the strength of optical signals by
using stimulated Raman scattering within-an optical fiber. Unlike traditional optical
amplifiers such as erbium-doped fiber amplifiers (EDFAs), which work in the 1.5-
micron wavelength region, Raman amplifiers operate across a broader range of
wavelengths, including both the C-band (around 1.55 microns) and the L-band
(around 1.6 microns). This wide wavelength coverage is‘one of the key advantages of
Raman amplification.

Working of Raman Amplifier
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Schematic of fiber-based Raman amplifier

The schematic of a Raman amplifier is shown in figure above. The pump beam and
signal beam at frequencies wp and ws respectively are injected into the fiber through
a fiber coupler. The pump photon transfers its energy to create another photon of
lower energy at the signal frequency. The silica substance absorbs the remaining
energy as molecular vibrations (optical phonons). Through SRS, energy is continually



transferred from the pump to the signal while the two beams co-propagate inside
the fiber. After the energy transfer process within the fiber, it is essential to control
and extract the amplified signal efficiently. To achieve this, a specialized optical

filter is employed immediately after the fiber. The filter ensures that only the desired
signal wavelength, ws, is allowed to pass through while blocking other unwanted
wavelengths, including any remaining pump frequency wp. This selective filtering is
essential to maintain the purity of the amplified signal. Also, by blocking any residual
pump photons and other noise generated during the amplification process, the
optical filter significantly reduces unwanted noise and ensures that the amplified
signal is of high quality and fidelity.

Backward and Forward Pumping

Raman Amplifier with Bidirectional Pumping

Fibar
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Light can enter an optical fiber in two ways: backward pumping (opposite to signal)
and forward pumping (same as signal). Backward pumping averages out pump
light noise because signal and pump face each other, while forward pumping, where
pump noise easily affects signal, demands a low-noise pump light source. Although
technically more challenging than backward pumping, forward pumping promises
better transmission and Raman amplification benefits, making it a promising
approach. Forward pumping requires careful management of noise, but when
executed effectively, it can lead to enhanced signal quality and extended
transmission distances, making it an appealing choice for cutting-edge optical
communication applications. The selection between these two pumping techniques
depends on the specific requirements and trade-offs of the optical system being
employed.



Advantages of Raman Amplifier

One of the main advantages of Raman amplifiers is that they can be used to amplify
a wide range of wavelengths, from the near-infrared to the visible spectrum. This
makes them versatile and adaptable to a variety of applications. Another advantage
of Raman amplifiers is that they can be used in combination with other optical
amplification technologies, such as erbium-doped fiber amplifiers, to achieve even
greater signal amplification. This is known as hybrid amplification and can be used

to overcome the limitations of individual amplification technologies.

https://www.gophotonics.com/community/what-is-raman-amplifier.

https://www.fiberoptics4sale.com/blogs/wave-optics/raman=-amplifiers

Comparison between Erbium-Doped Fiber Amplifiers (EDFAs) and Raman

Amplifiers.
Characteristic
Amplification

Mechanism

Wavelength
Range

Pump
Wavelength

Noise Figure

Gain Bandwidth

Deployment

"EDFA (Erbium-Doped Fiber

Amplifier)

Uses stimulated emission in
erbium-doped fiber

Typically operates in the C-
band (1530-1565 nm) and L-
band (1565-1625 nm)

980 nm or 1480 nm

Generally lower noise figure
(~4-6 dB)

Limited to erbium emission
bands (C and L bands)

Usually deployed as discrete
amplifiers

Raman Amplifier

Uses stimulated Raman scattering in
the transmission fiber

Can be used across a wider range of
wavelengths, including S, C, and L
bands

Typically 1420-1480 nm, but can
vary depending on desired
amplification wavelength

Higher noise figure compared to
EDFA

Wider and tunable gain bandwidth,
depending on pump configuration

Can be distributed along the
transmission fiber




'EDFA (Erbium-Doped Fiber
Characteristic Amplifier) Raman Amplifier

Lower efficiency due to distributed
High efficiency, especially with nature and higher pump power
Power Efficiency 980 nm pumping requirement

More complex due to the need for
Relatively simpler and well- high-power pumps and

Complexity established technology management of Raman gain

Higher cost due to pump lasers and
Cost Generally lower cost system complexity

Used in scenarios requiring
Widely used in long-haul and  wideband amplification and longer
Applications metro optical networks reach without regeneration

What is the noise figure of the Raman amplifier?

The noise figure of a Raman amplifier is the ratio of the output noise power to the
input noise power, expressed in decibels (dB). The noise figure is a measure of the
amplifier's noise performance and represents the amount of additional noise that is
added to the signal as it passes through the amplifier.

In a Raman amplifier, the noise figure is typically low, ranging from 3 to 5 dB,
depending on the amplifier design and operating conditions. This is because the
Raman amplification process is a nonlinear process that does not produce significant
noise, unlike other types of amplifiers such as erbium-doped fiber amplifiers (EDFAs).

The low noise figure of a Raman amplifier makes it well-suited for long-haul optical
communication systems where high-gain and low-noise amplification are required.
However, Raman amplifiers can produce some amount of amplified spontaneous
emission (ASE) noise due to the pump lasers used to generate the Raman effect. To
minimize the ASE noise, careful design of the Raman amplifier system and
optimization of the pump laser parameters are required.

What is optical switch?



An optical switch is a device used to selectively switch optical signals from one
circuit to another. These switches are essential components in fiber optic
communication systems and networks, enabling the routing, switching, and
management of light paths without converting the optical signal into electrical form.

Types of Optical Switches:

Mechanical Optical Switches: Use movable mirrors or prisms to direct
the light path. They are reliable but tend to have slower switching
speeds.

Electro-Optic Switches: Utilize the electro-optic effect, where an electric
field changes the refractive index of a material to direct the light. They
offer high-speed switching capabilities.

Thermo-Optic Switches: Rely on temperature changes to alter the
refractive index of the switching material. These switches can be slower
due to the thermal response time.

Micro-Electro-Mechanical Systems (MEMS) Switches: Employ tiny
movable mirrors or other mechanical components on a microscale. They
provide a good balance between speed and reliability.

Liquid Crystal Switches: Use the orientation of liquid crystal molecules,
which can be controlled by an electric field, to direct the light. They are
typically-used in display technologies but can also serve in optical
networks.

Acousto-Optic Switches: Use sound waves to change the refractive
index of the medium through which light is passing, thus directing the
light path.

What is electro optic switch?

An electro-optic switch is a device that uses an electric field to control the direction
or properties of light passing through it. These switches are commonly used in
optical communication systems, signal processing, and various other applications
requiring fast and precise control of light.



Comparison between Wavelength Division Multiplexing (WDM) and Dense
Wavelength Division Multiplexing (DWDM)

Characteristic

Channel Spacing

Number of
Channels

Wavelength
Range

Channel
Capacity
Cost
Technology

Complexity

Application

Amplification

Signal Quality

WDM (Wavelength Division
Multiplexing)

Typically 20 nm or more

Fewer channels (usually less than
)

Generally covers a wider
wavelength range, including O, E,
S, C, and L bands

Lower total capacity compared to
DWDM

Lower cost due to simpler
technology and fewer channels

Simpler design, easier to
implement

Used for short to medium-haul
applications

Can use conventional optical
amplifiers

Lower demands on signal quality
and system performance

DWDM (Dense Wavelength
Division Multiplexing)

Typically 0.8 nm (100 GHz) or 0.4
nm (50 GHz)

More channels (can exceed 40, 80,
or even 160 channels)

Primarily uses the C band (1530-
1565 nm) and sometimes L band
(1565-1625 nm)

Higher total capacity, supporting
terabits per second (Tbps)

Higher cost due to more complex
technology and more channels

More complex design, requires
precise control and monitoring

Used for long-haul and high-
capacity applications

Requires precise optical
amplification, such as EDFA with
narrow bandpass filters

Higher demands on signal quality
and system performance




Characteristic

Temperature
Sensitivity

Network
Flexibility

Upgradability

Summary

- WDM:

'WDM (Wavelength Division

Multiplexing)

Less sensitive to temperature
variations

Less flexible due to fewer
channels

Limited upgradability due to
fewer available channels

« Channel Spacing: Wider spacing.

« Number of Channels: Fewer.

« Cost: Lower.

'DWDM (Dense Wavelength

Division Multiplexing)

More sensitive to temperature
variations due to tighter channel
spacing

Highly flexible with more channels
and higher data rates

Greater upgradability by adding
more channels within the same
fiber

. Applications: Short to medium-haul networks.

- DWDM:

« Channel Spacing: Denser, narrower spacing.

« Number of Channels: Many more channels.

o/ Cost: Higher due to complexity.

« Applications: Long-haul, high-capacity networks.

WDM

WDM is an abbreviation for Wavelength-Division Multiplexing, and is now one of the
most widely used technology for high-capacity optical communication systems.
Figure 1 schematically shows a typical WDM transmission system. At the transmitter
side, multiple optical transmitters — each emitting at a different wavelength -
individually send signals and these signals are multiplexed by a wavelength
multiplexer (MUX). The multiplexed signals are then transmitted over one main



transmission line (optical fiber cable). At the receiver side, the signals are de-
multiplexed by a wavelength de-multiplexer (DEMUX) and sent to multiple receivers.

Transmitter side Main transmission line Receiver side
| [
Individual De-multiplexed
signals signals
Transmitter (A1) Multiplexed (miad)
signals

JLL

fith

Wavelength multiplexier

Ja1xa|dnnw-ap yibuajpaem

Transmitter (AS)

Figure 1: Schematic of WDM transmission system.

One primary advantage of using WDM technology is in reducing the number of
fibers used in the main transmission line. The distance of an optical transmission line
sometimes_ exceeds 1,000 km, and the cost of fiber cable manufacturing/deployment
would become a serious issue if we need to install a high-fiber-count cable over a
very long distance. Using WDM technology,

(1) the number of fibers in an optical cable is reduced, and

(2) the number of wavelength multiplexer/de-multiplexer basically remains the same
no matter how long the transmission distance is.

For that reason, WDM generally becomes advantageous as the transmission distance
becomes longer.

There are two types of WDM today:



. Coarse WDM (CWDM): CWDM is defined by WDM systems with fewer than
eight active wavelengths per fiber. CWDM is used for short-range
communications, so it employs wide-range frequencies with wavelengths that
are spread far apart. Standardized channel spacing permits room for
wavelength drift as lasers heat up and cool down during operation. CWDM is a
compact and cost-effective option when spectral efficiency is not an
important requirement.

« Dense WDM (DWDM): In DWDM, the number of multiplexed channels much
larger than CWDM. It is either 40 at 100GHz spacing or 80 with 50GHz spacing.
Due to this, they can transmit the huge quantity of data through a single fiber
link. DIWDM is generally applied in core networks of telecommunications and
cable networks. It is also used in cloud data centres for their laasS services.

https.//www.ufispace.com/company/blog/what-is-dwdm-its-uses-benefits-components

https.//www.packetlight.com/technology/dwdm-network-technology

Explain the principles of WDM networks.

WDM (Wavelength Division Multiplexing) networks use multiple wavelengths of light
to transmit multiple channels of data over a single fiber. They include the following:

(A) Multiplexing: WDM networks use multiplexing techniques to combine multiple
optical signals into a single signal for transmission over a single fiber. There are two
types of multiplexing techniques used in WDM networks: time-division multiplexing
(TDM) and wavelength-division multiplexing (WDM).

(B) Wavelength selection: In WDM networks, each optical signal is assigned a
specific wavelength, and each wavelength represents a different channel. Optical
signals are combined and separated using optical filters and
multiplexers/demultiplexers, which allow the network to transmit and receive
multiple channels of data simultaneously.

(C) Optical amplification: Optical amplifiers, such as EDFA (Erbium-Doped Fiber
Amplifiers) and Raman amplifiers, are used in WDM networks to amplify optical
signals and extend the transmission distances. Amplification compensates for the
attenuation and dispersion of the optical signal as it travels through the fiber.

(D) Signal regeneration: WDM networks require signal regeneration to maintain
signal integrity and compensate for signal attenuation and dispersion. Signal



regeneration typically involves converting optical signals to electrical signals,
processing the signals, and then converting them back to optical signals.

(E) Network management: WDM networks require advanced network management
to monitor and optimize network performance. This includes monitoring signal
quality, adjusting power levels, and optimizing wavelength assignments.

WDM networks are widely used in long-haul optical communication networks, such
as undersea cables, and metropolitan area networks. They enable high-speed data
transmission over long distances without the need for costly signal regeneration or
repeaters.

Explain the principles of DWDM networks.

DWDM (Dense Wavelength Division Multiplexing) networks are similar to WDM
networks, but they use a more advanced multiplexing technique that allows for a
higher number of channels and greater bandwidth capacity.

The principles of DWDM networks include the following:

(A) High channel count: DWDM networks use a very high channel count, with up to
hundreds or thousands of channels, each assigned a specific wavelength. This
enables the transmission of enormous amounts of data over a single fiber, resulting
in high bandwidth capacity.

(B) Narrow channel spacing: The channel spacing in DWDM networks is typically
less than 1.nm, which is much narrower than that used in CWDM networks. This
allows for a much higher number of channels to be transmitted over a single fiber.

(C) Wavelength stability: The wavelength stability of the laser sources used in
DWDM networks is crucial to maintain the accuracy and integrity of the transmitted
data. The laser sources must maintain their wavelength with high precision over the
entire operating range of the DWDM network.

(D) Optical amplification: Optical amplifiers are essential for DWDM networks, as
they allow the signal to be transmitted over long distances. DWDM networks use
EDFA (Erbium-Doped Fiber Amplifiers) to amplify the optical signals, as well as
Raman ampilifiers.



(E) Optical dispersion compensation: Optical signals in DWDM networks are
subject to dispersion, which can cause signal distortion and limit the transmission
distance. To compensate for this, DIWDM networks use various techniques such as
dispersion compensation fibers, dispersion compensation modules, and dispersion
compensating amplifiers.

(F) Network management: DWDM networks require advanced network
management to optimize network performance. This includes monitoring signal
quality, adjusting power levels, and optimizing wavelength assignments.

DWDM networks are widely used in long-haul optical communication networks, such
as undersea cables and telecommunications backbone networks. They enable the
transmission of high-speed data over long distances without the need for costly
signal regeneration or repeaters.

What is a Circulator? What is a Circulator used for?

A circulator is a three-port device that is used to control the flow of light in a fiber-
optic system. It allows light to be transmitted from one port to another in a specific
direction while blocking the light from traveling in the opposite direction. A
circulator works by utilizing the properties of nonreciprocity, which means that light
travels in a particular direction and cannot travel back in the opposite direction.

The basic structure of a circulator consists of a waveguide that is made of a
magneto-optic material, such as yttrium iron garnet (YIG). The waveguide is
surrounded by a magnetic field that is perpendicular to the direction of light
propagation. When light enters the waveguide, it interacts with the magnetic field
and undergoes a phase shift. The phase shift causes the light to be directed to a
specific port, depending on the direction of the magnetic field.

Circulators have several applications in fiber-optic systems, such as in optical
amplifiers, optical isolators, and WDM systems. In optical amplifiers, circulators are
used to direct the input signal to the amplifier and the amplified signal to the
output. In optical isolators, circulators are used to allow light to travel in only one
direction, blocking any light that is reflected back in the opposite direction. In WDM
systems, circulators are used to separate the incoming signals and direct each signal



to its respective wavelength channel. Overall, circulators are an essential component
in many fiber-optic systems and play a critical role in controlling the flow of light.

A circulator is a three-port device that is commonly used in fiber-optic systems for
several purposes, including:

1) Optical amplifiers: In optical amplifiers, circulators are used to direct the input
signal to the amplifier and the amplified signal to the output. This ensures that the
amplified signal does not interfere with the input signal.

2) Optical isolators: Circulators are commonly used as optical isolators to prevent the
reflection of light. By allowing light to travel in only one direction and blocking any
light that is reflected back in the opposite direction, circulators help to prevent
feedback and maintain stable operation.

3) Wavelength division multiplexing (WDM) systems: In WDM systems, circulators
are used to separate the incoming signals and direct each signal to its respective
wavelength channel. This enables multiple signals to be transmitted over a single
fiber-optic cable simultaneously.

What are the non-linear effects of optical fiber?

Nonlinear effects in optical fiber refer to phenomena that arise due to the
interaction between the optical signal and the material properties of the fiber. Unlike
linear effects, which are proportional to the input signal, nonlinear effects cause a
distortion of the signal, leading to signal degradation and potential information loss.

There are several types of nonlinear effects in optical fibers, including:

1) Self-phase modulation (SPM): SPM is caused by the intensity-dependent
refractive index of the fiber material. It leads to a change in the phase of the optical
signal as it propagates through the fiber, resulting in spectral broadening and
distortion of the signal.

2) Four-wave mixing (FWM): FWM occurs when two or more optical signals
interact with each other, generating a new signal at a different frequency. This effect
can cause signal crosstalk, leading to interference and noise in the transmission.

3) Stimulated Raman scattering (SRS): SRS occurs when the optical signal
interacts with the molecular vibrations of the fiber material, causing energy to be



transferred to a new optical frequency. This effect can cause spectral broadening and
signal distortion.

4) Stimulated Brillouin scattering (SBS): SBS is caused by the interaction between
the optical signal and the acoustic vibrations of the fiber material. This effect can
cause signal distortion and limit the power handling capacity of the fiber.

Nonlinear effects are a critical factor in the design and optimization of optical fiber
communication systems, and various techniques are used to mitigate their impact,
such as dispersion compensation, polarization mode dispersion (PMD)
compensation, and nonlinear optical signal processing techniques.

Why do non-linear optical effects occur?

Nonlinear optical effects occur because the refractive index of a material is not a
constant, but rather a function of the intensity of the light that passes through it.
This intensity dependence of the refractive index causes a nonlinear interaction
between the light and the material, leading to various nonlinear effects.

The nonlinear interaction between light and matter arises due to the response of the
material to the electric field of the light wave. At low light intensities, the response of
the material is linear, and the refractive index remains constant. However, at high
intensities, the material's response becomes nonlinear, causing a change in the
refractive index of the material, which in turn modifies the properties

of the light wave. The magnitude of this nonlinear response depends on the
properties of the material and the intensity of the light wave.

Nonlinear effects can be both beneficial and detrimental in optical fiber
communication systems. For example, nonlinear effects such as four-wave mixing
(FWM) can be used for wavelength conversion and signal regeneration, while other
nonlinear effects such as self-phase modulation (SPM) and stimulated Brillouin
scattering (SBS) can limit the transmission distance and data rate of the system.

Self-Phased Modulation

In fiber optics, self-phase modulation (SPM) is a nonlinear effect that gradually
broadens pulses’ spectra.

Self-phase modulation (SPM) is a nonlinear optical effect of light—
matter interaction. An ultrashort pulse of light, when travelling in a medium, will
induce a varying refractive index of the medium due to the optical Kerr effect. This



variation in refractive index will produce a phase shift in the pulse, leading to a
change of the pulse's frequency spectrum.

Self-phase modulation is an important effect in optical systems that use short,
intense pulses of light, such as lasers and optical fiber communications systems.
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A pulse (top curve) propagating through a nonlinear medium undergoes a self-
frequency shift (bottom curve) due to self-phase-modulation. The front of the pulse
is shifted to lower frequencies, the back to higher frequencies. In the centre of the
pulse the frequency shift.is approximately linear.

https.//www.wikiwand.com/en/Self-phase modulation

What is group velocity in optical fiber?

Group velocity in-optical fiber refers to the speed at which a group of optical pulses
or signals propagates through the fiber. It is the velocity at which the envelope of
the optical signal travels, and it is determined by the refractive index profile of the
fiber and the dispersion properties of the material.

In a single-mode optical fiber, the group velocity is determined by the fiber's
dispersion properties, which are described by the dispersion parameter. Dispersion is
the phenomenon where different wavelengths of light travel at different speeds
through the fiber, causing the optical pulse to broaden and leading to signal
distortion.

The group velocity can be expressed mathematically as:



v, = c/n+ A(dn/d))

where Vg is the group velocity, c is the speed of light in vacuum,

nis the refractive index of the fiber, ), is the wavelength of light, and dn/d/\ is the wavelength dependence of the refractive index.

In general, the group velocity is slightly lower than the speed of light in a vacuum
due to the dispersion properties of the fiber. The dispersion parameter can be
managed by designing the fiber's refractive index profile and selecting the
appropriate operating wavelength to minimize the impact of dispersion on the
optical signal. Dispersion compensation techniques, such as dispersion
compensating fibers, chirped fiber Bragg gratings, and dispersion compensating
modules, can also be used to mitigate the effects of dispersion and improve the
system's performance.

What is a soliton-based communication system? What is the application of
solitons?

A soliton-based communication system is a type of optical fiber communication
system that utilizes optical solitons as the information carrier. Solitons are self-
sustaining optical pulses that maintain their shape and speed while propagating
through a dispersive medium like an optical fiber.

In a soliton-based communication system, information is encoded onto the soliton
as it propagates through the fiber. The soliton is then detected at the receiver end,
and the information is decoded to recover the original signal. Since solitons maintain
their shape and speed, they are not affected by dispersion-induced pulse
broadening, making them suitable for long-distance transmission.



Soliton-based communication systems have several advantages over traditional
communication systems. They can transmit data at high speeds over long distances
without the need for repeaters, which can significantly reduce the cost of the system.
Soliton-based systems are also less susceptible to noise and interference, leading to
better signal quality and higher data rates.

However, soliton-based communication systems also have some limitations. They
require specialized components and high-precision timing and synchronization,
making them more complex and costly than traditional communication systems.
Additionally, solitons can be affected by non-linear effects such as self-phase
modulation and four-wave mixing, which can limit their transmission distance and
data rate.

Some of the applications of solitons are:

1) Optical Fiber Communication: Solitons can be used as information carriers in
optical fiber communication systems. They are capable of transmitting data over

long distances without significant signal distortion, making them useful for high-

speed and long-distance communication.

2) Mode-locked Lasers: Solitons can be generated in mode-locked lasers, which are
used in a wide range of applications, including spectroscopy, metrology, and
Mmicroscopy.

3) Nonlinear Optics: Solitons are important in nonlinear optics research, which
investigates the interaction of light with materials that exhibit nonlinear properties.

4) Optical Switching and Routing: Solitons can be used to control the switching
and routing of optical signals in optical networks. This can help to increase the
capacity and efficiency of optical communication systems.



