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6.3 OPTICAL FIBER COMMUNICATION

6.3.1 Fundamental of Fiber Optics:

6.3.1.1introduction

Communication is defined as the transfer of information from one point to another.  For transmission to take place a communication system is required.  The optical fiber communication is one such system and is mostly used for the long distance transmission.

The optical fiber communication system is similar to any type of communication, the system basically consists of transmitter at the originating end (is to convert electrical signal to optical signals) and at the receiving end it consists of receiver (to convert optical signal back to electrical signal.)


TRANSMITTER                  OPTICAL FIBER
         RECEIVER

Fig1:  General Block Diagram Of Fiber Optic Communication System

Advantages of optical fiber communication:


1. High bandwidth:  it has high bandwidth, which is in the range of 105 GHz.  

2. Electrical isolation:  It is an electrical insulator and thus avoids interference.

3. Immune to interference and cross talk:  Since optical fiber is dielectric.

4. Low attenuation:  Transmission losses are less approximately 0.2dB/km

5. Signal security:  Optical signal have self-security and highly difficult to tamper with.

6. System maintenance:  Is easy to maintain.

7. Less weight and size

6.3.1.2 optical fiber structure:








Cladding








Core

It consists of core and cladding.  The core is at the center of the fiber and cladding is a transparent material surrounding the core. The refractive index of the core is higher than cladding.    The cladding is provided to support the wave-guide structure and substantially reduce the radiation losses.  

6.3.1.3 Snell’s Law:

It states the relationship between the incident ray and the refracted ray.  




sin(1/ sin(2= n2/n1

(1= angle of incident

(2= angle of refraction

n2= refractive index of core

n1= refractive index of cladding

NOTE:  If a light travels from denser medium to rarer medium the refracted ray would bend away from the normal.
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Here (I < (I

  n1> n2

1. If a light travels from rarer medium to denser medium the refracted ray would bend toward the normal.
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Here (I > (I

  n2> n1

6.3.1.4 Critical Angle:

It is the angle of incidence of which the angle of refracted ray is 90 degrees i.e.It is an angle at which the refracted ray would just graze the surface separating the two mediums
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Here (I = (c

Formula

Sin (c = n2/n1

Since sin(2 = sin (900)= 1

6.3.1.5 Total Internal Reflection:

If the angle of incidence is greater than the critical angle the light is reflected back into the originating dielectric medium (total internal reflection)
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6.3.1.6 Acceptance Angle:
It is the angle at which the optical light is incidental at the axis of the optical fiber in order to have propagation of optical single through the fiber.

In other words it is the angle at which the light is incidental on the core of the fiber so as to achieve total internal reflection in the fiber.
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6.3.1.7 Numerical Aperture:
It relates the relationship between the acceptance angle the reflection indexes of     3 mediums namely core, cladding and air


NA = n0sin(a=(n12-n22)1/2


(a = acceptance angle


n0  = refractive index of air


n1 = refractive index of core


n2 = refractive index of cladding


For air n0= 1


( = n12 – n22 / 2n12

Approx= n1-n2/ n1 for ( << 1


The NA = n1 (2() 1/2

Note: The NA is a useful parameter of the light collecting ability of a fiber.

6.3.1.8 Phase Velocity:

The monochromic light wave propagate along a wave guide it has constant phase travel at a phase velocity 

It is given by

Vp = ( / ( 
( = n1 2( / ( = n1(/ c

Vp = c/n1

6.3.1.9 Group Velocity:


In practice it is impossible to have perfectly monochromatic light wave, and light energy is generally composed of a sum of plane wave components of different frequency

It is a group of waves with closely similar frequencies prorogate so that these results from a packet of waves. This wave packet would travel as a group thus termed as group velocity.

Vg =((/((
= C/Ng

Ng= group index of the guide

C= velocity of light

6.3.1.10 Attenuation:


The Attenuation is defined as the ratio of the optical power P input from a fiber of length L to the output power p output

Formula  Db=log10 (Pi/Po)

The attenuation or transmission loss of optical fiber determines the maximum transmitting distance prior to signal restoration.

The basic attenuation mechanisms in fiber are absorption, scattering and radiation losses of the optical energy.

6.3.1.11 Absorption

1.   In simple attenuation loss due to absorption is related to fiber material.

2. Absorption is caused due to three different mechanisms.

3. Absorption by atomic defect in glass composition (impurities of the atomic structure missing molecules high density clusters of atoms)

4. Extrinsic absorption by impurities atoms in the glass materials (due to iron, chromium, copper and HO ions)

5. Intrinsic absorption by basic constituent atoms of the fiber material.

6.3.1.12 Scattering:


It is due to microscopic variations in the material density and structural inhomogeneties or defects occurring during fiber manufacture.

Scattering losses are of two types

1. Liner scattering losses

2. Non-liner scattering losses

6.3.1.12.1 Liner scattering losses:


Liner scattering mechanism causes the transfer of some or all of the optical power contained within one propagating mode to be transferred linearly into a different mode.

Liner scattering may be categorized into two major types.

a) Raleigh scattering


It is basically intrinsic loss fall in the window between the ultraviolet and infrared absorption tails. It results due to density and compositional variation of the material.

It is related by the formula

(r = 8(3n 8p 2(c TF/3(4

Thus from the above equation the Rayleigh scattering is proportional to 1/(4

At lower possible wave length Rayleigh scattering is minimum.


b) Mie scattering


This scattering is caused due to non-perfect cylindrical structure of the wave-guide and may be caused by fiber imperfections such as irregularities in the core-cladding interface. Core-cladding refractive index differ along the fiber length, diameter fluctuation, strains and bubbles in the fiber.

To avoid Mie scattering

· Remove imperfection due to glass manufacturing.

· Careful coating of fiber.

· Increase fiber guidance by increasing the refractive index difference.

6.3.1.13 Radiation Losses:


Radioactive losses occur whenever an optical fiber undergoes a bend of finite radius of curvature.

6.3.1.14 Dispersion:


Dispersion of the transmitted optical signal causes distortion for both digital and analog transmission along optical fibers.

The dispersion mechanism causes broadening of the transmitted light pulse as travel along the channel.

6.3.1.14 .1 Intramodal dispersion:


Intramodal or chromatic dispersion may occur in all type of optical fibers and results from the finite spectral line width of the optical source. The optical source do not emits just single frequency but a band of frequencies thus they may be propagation delay differences between the different spectral components of the transmitting signal this cause broadening of each transmitted mode and hence it is called intramodel dispersion.


NOTE: Intramodal dispersion is more with LED as optical source than LASERS

6.3.1.14 .2 Material dispersion


 It occurs when the phase velocity of the plane wave propagating in the dielectric medium varies non-linearly with wavelength and the material said to exhibit material dispersion.

6.3.1.14.3 Intermodal Dispersion 


Pulse broadening due to intermodal dispersion results from propagation delay differences between modes within a multimode fiber. Pulse in multimode fibers travel along the channel at different group velocities. The pulse width at the output is dependent upon the transmission times of the slowest and fastest mode.

6.3.1.15 Inter Symbol Interference (ISI)


The dispersion causes broadening of pulses this causes overlaps with its neighboring pulse, which eventually becomes indistinguishable at the receiver end. This effect is know as ISI

 Drawbacks

· Causes bit error rate

· SNR decreases 

· This limits the band width

Note:  To avoid ISI the bit rate must be  

B(    <= 1/2( where 2( = broadening pulse duration 
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 B(  approx 0.2/( bits/sec

Where     ( is light pulse having guassian rms width.

6.3.2 Optical Sources

6.3.2.1 Introduction

The optical source fundamental function is to convert electrical energy in the form of current into optical energy.  There are mainly 3 types of optical light sources.

1) Wideband source.

2) Monochromatic incoherent sources (LED).

3) Monochromatic coherent sources (LASER).

Requirements Of Optical Source:

a. The light output should be high directional

b. It must accurately track the electrical input signals.

c. It must emit wavelengths where the fiber has low losses, low

Distortion.

d. It must have sufficient optical power so as to overcome attenuation.

e. It must have very narrow spectral bandwidth so as to minimize dispersion in fiber.

f. It must maintain stable optical power.

g. It must be highly reliable and comparatively cheaper. 
6.3.2.1.1 Stimulated absorption:

If there are two energy levels let E1 be lower energy state and E2 be the higher energy state. A photon of energy E2-E1 would excite the atom at E1 level to E2 level with adsorption of the energy equals to E2-E1 this process is called stimulated adsorption.
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6.3.2.1.2 Spontaneous emission

This the process where the atom at higher energy level returns to the lower energy level by the emission of photon with energy E2-E1.
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6.3.2.1.3 Stimulated emission:

 When a photon having energy equals to the energy difference between the two states E2-E1 interacts with the atom in the upper energy state causing it to return to the lower state with creation second photon. 
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6.3.2.1.4 Population inversion:

Normally the number of atoms at lower energy level will be more compare to atoms at higher energy level.  However in order to achieve optical amplification it is necessary that the number of atoms must be more at higher energy level then the lower this process is called population inversion.
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Fig12:  Population in the two energy level

a) Thermal equilibrium.

b) Nonequilibrium (population inversion)

6.3.2.1.5 Pumping        

In order to achieve population inversion it is necessary to excite atoms into the upper energy level E2 this process is achieved by using an external energy source and is referred as pumping. This is nothing but stimulated absorption. 

6.3.2.2 LASER

6.3.2.2.1 Optical feedback and laser oscillation

 Light amplification in the laser occurs when a photon colliding with an atom in the excited energy state causes the stimulated emission of a second photon and then both these photons release two more. This process creates avalanche multiplication and when the electro magnetic wave associated with the photons are in phase, amplified emission is obtained.

To achieve this laser action it is necessary to contain these photons with in the laser medium and maintain condition for coherence.

In order to achieve this two mirrors are placed at either end of the amplifier medium. The optical cavity so formed is more like an oscillator then an amplifier and it provides positive feedback of photons by reflection at the mirror at either end of the cavity. In this process the optical signal is feed many times while receiving amplification as it passes through the medium. If one mirror is made partially transmitting then useful radiation may escape from the cavity.

The stable output is obtained at saturation when the optical gain is exactly matched by the losses occurred in the amplifying medium.

The major losses are due to absorption and scattering in the amplifying medium.

If the length of the medium is L

Then L=(q /2n

Where n= refractive index of the amplifying medium.

             (= Emission wave length

       
  q=integer

Thus f= qc / 2Nl   since (= c/f
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FIG13: THE GAIN CURVE OF THE LASER

Oscillations occur with laser cavity over a small range of frequencies, hence the device is not perfectly monochromatic source but exhibits over a narrow spectral band.  Outer oscillation frequencies within the spectral band result from frequency variations due to the thermal motion of atoms within the amplifying medium and by atomic collisions.  Hence the amplification within the laser medium results in a broadened laser transmission or gain curve over affinities spectral width.
When sufficient population inversion exists in the amplifying   medium the radiator builds up and becomes established as a standing wave between the mirrors.   These standing waves exerts only at frequencies for which the distance between the mirrors is an integral no at half wavelengths.
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FIG14:  Laser structure incorporating plane mirror

6.3.2.3 Light emitting diode (LED)

When the empty conduction band filled with or populated by electrons in a semiconductor 
 and light is generated then electrons from conduction band recombines with holes in the valance band, this is a mechanism by which light is emitted by LED.

Draw back of LED

1. Emitted photon have random phase and thus device is an incoherent optical source.

2. High spectral bandwidth.

3. Harmonic distortion.

4. Gradually lower optical power couple with a fiber.

5. Lower modulation bandwidth.

Advantages

1. Simple fabrication

2. Low cost

3. More reliable:  Less degradation, immune to model noise propagation and self-pulsation.

4. Less temperature dependence:  Less effect of temperature

5. Simple device circuitry:  Is not dependent of temperature and low drive current.

6. Linearity:  linear light output against current characteristics (advantages with analog modulation)

6.3.3 Optical Detector:  

6.3.3.1 Introduction

Detector is an essential component of optical fiber communication system and is one of the crucial elements, which decides the overall system performance.  Its main function is to convert the received optical signal into electrical signal.  

The main requirements of the optical signal are

1. High sensitivity to operating wavelength. It must be sensitive at operating wavelengths, generally at 1.3(m, where attenuation material dispersions can be minimized.

2. High Fidelity:  The response of the photo detector must be linear with regard to optical signal over a wide range.

3. Large electrical response to the receive optical signal.

4. A minimum noise introduced by the detector: dark current, leakage current and shunt conductance must be low.

5. Stability of performance characteristics .it must be stable at any change in ambient conditions. However it varies with temperature and compensate for temperature effect is necessary.

6. Size must be small so as to couple with the fiber.

7. High reliability: stable operation at room temperature.

8. Low bias voltage: must require low voltage or current.

6.3.3.1.1 Principle of optical detector:
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FIG15: (a) Electron hole pair generation.

            (b) Reverse bias PN junction.

            (c) Energy band diagram of reverse bias

The basic principle of detector process is in p-n diode is shown in fig. This p-n photodiode is reverse biased and the electric field developed across the p-n junction sweeps mobile carrier to their respective majority (p and ntype) material.

A depletion region or layer is created on either side of the junction this barrier as an effect of stopping the majority carrier crossing across the junction. However the minority carrier needed in opposite side offer junction productivity reverse leakage current. If a photon is incident in or near the depletion region with energy greater than or equal to the band gap energy e.g. of the fabricating material. This will excite an electron from valence band in to the conduction band. This process leaves hole in the valence band and is known as photo generation of electron-hole carrier pair.

The carrier pair so generated near the junction is separated and sweeps (drifts) under the influence of the electric field to produce carrier where as in excess of any reverse leakage current.

The depletion region must be thin to allow a large fraction of incident light to be approached and their additionally electron-hole pair. However the thickness increases the carrier drift. Thus there is a between the number of photons absorbed and speed of response.

6.3.3.1.2 Quantum efficiency:

It is defined as the fraction of the incident photons, which are absorbed by the photo detector and generate electrons, which are collected at the detector terminals.

(= No of electrons collected / No of incident photons

(= re / rp, (electron rate / incident photon rate)

Factor that determines quantum efficiency:

1. Absorption co-efficient of the semiconductor material used with in photo detector.

2. It is a function of photon wavelength and their quarter for specific wavelength.

Note: This generally less than unity as not all of the incident photons are absorbed to create electron hole pairs.

6.3.3.1.3 Responsivity:

The photo detector is often indicated by its responsivity, which shows its transfer characteristics and performance.

This is represented by 

R= Ip / Io

It is a useful parameter of the photo detector.it gives the transfer characteristics of the detector (i.e. photo current per unit incident optical power)

It is represented in other form after some derivations as 

R= (e( / hc

Thus R ( (
6.3.3.2 P-N Photo Detector:







FIG16:

The above figure shows a reverse biased p-n photo diode with both depletion and diffusion region.

The depletion region is formed by immobile positive charged donor atom in the n-type semiconductor material and immobile negatively charged acceptor atoms in the p type material, when the mobile carriers are swept to their majority sides under influence of the electrical field. The width of the depletion region is therefore dependent up on the doping concentration for a given applied reverse bias (lower the doping, the wider the depletion region) when photon is incident on the depletion region electron hole pairs are generated in both the depletion and diffusion region. In the depletion region the carrier pairs separates and drift under the influenced of electrical field where as out side this region the holes diffuses towards depletion region in order to be collected. 

The diffusion process is slow compared to drift and thus limits the response of the photo diode. It is therefore important that the photons are absorbed in the depletion region.

Typical out put characteristics for the reverse bias p-n photo diode is shown in the graph

6.3.3.3 PIN photo diode

In order to operate at large wavelength where light penetrates more deep into the semiconductor a wide depletion region is necessary. To achieve this n type material is doped so lightly that it can be considered intrinsic and highly doped n type material is added.  This creates a PIN Structure.  All the absorption takes place in the depletion region.

6.3.3.3.1 Dark Current:  It is along the surface and is called leakage current.  It adds up to the problem.

6.3.3.3.2 Generated recombination current: It is due to recombination of electron hole pairs before illumination.


The factors that limits the speed of response of a photo diode

1. Drift time of carriers through the depletion region:  Time taken by the photo generation carrier to drift across the depletion region.

2. Diffusion time of the carrier generation outside the depletion region.  It is comparatively slow.

3. It exhibits a voltage dependent capacitance caused by the variation in the stored charge at the junction.  This capacitance must be minimized in order to reduce the RC time constant which also limits the detector response time.

Note:  

1. Depletion layer is inversely proportional to absorption coefficient. ((o )

2. Response time is inversely proportional to capacitance. ( C )

6.3.3.4 Avalanche Photodiodes (APDs)
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Fig: Avalanche photo diode

When a reverse bias voltage is applied to a pn junction no current should flow, through in reality a small leakage current will in fact be present. The principle of the APD is based on the fact that when the reverse bias voltage is increased past a certain critical point, the avalanche effect occurs. This avalanche effect is used by the initially small number of free electrons in the depletion region traveling with so much energy that they collide with other electrons, which are then also released and move through the depletion region colliding with and releasing more electrons. The effect is cumulative and results in a large current flowing in the direction, which is opposite that which would flow naturally if the diode were forward biased.
The operation of the APD in simple terms involves reverse biasing the pn junction almost to critical point of junction breakdown. The effect of light incident upon the junction is to cause the formation of a few free electrons, and associated holes, which are subject to the intense electric field caused by the reverse bias voltage. Because of the applied electric field these electrons move very quickly across the junction, and collide with other electrons giving rise to an avalanche effect. A large photocurrent results, which can then flow in the external load circuit.

The breakdown of the junction is not however destructive, and when the incident light is removed, electrons and holes recombine and the photocurrent no longer flows across the junction.

The amount of photocurrent which flows in the both PIN diode and APD is related, if not proportional to the intensity of the light illuminating the    PN junction. However in the case of optical systems used for digital transmission the photodiode simply has to detect the presence or absence of a pulse of light rather than to respond to the instantaneous level of optical energy. This rather simplifies the point, because in systems where long lengths of fiber are in use, the level of optical energy available at the receiver is low. 

6.3.4 Optic Fiber Types:
6.3.4.1 Step Index and Graded Index Fiber:

Variations in the material composition of the core give rise two commonly used fiber types.
1. Step index:  in this case the refractive index of the core is uniform throughout and undergoes an abrupt change or step at the cladding boundary.
2. Graded index:  in this case the refractive index is made to vary as function of the radial distance from the center of the fiber.
6.3.4.2 Single Mode and Multimode Fibers:

Both the types can be further divided into single mode and multimode classes.  The benefits of using a graded index fiber profile are to provide dispersion modified single mode fibers.  The more sophisticated single mode fiber structures used to produce polarization maintaining fibers makes these fibers quiet expensive at present and thus they are not generally utilized within optical fiber communication systems.  Therefore at present, commercially available single mode fibers are still usually step-index.
6.3.4.2.1 Single mode:

Single mode fibers have small core diameters to allow single mode propagation, the cladding diameter must be at least 10 times the core diameter to avoid losses from the evanescent field. Hence with a buffer jacket to provide protection and strength, single mode fiber have similar overall diameters to multi mode fibers. A typical example of single mode step index fiber is shown in fig below.
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Fig: typical structure for a silica single-mode step index fiber
6.3.4.2.1.1 Structure:
Core diameter
:5 to 10 (m, typically around 8.5(m
Cladding diameter
:generally 125(m.
Buffer jacket dia
:250 to 1000(m.
Numerical aperture
:0.08 to 0.15 
6.3.4.2.1.2 Performance characteristics:

·  Attenuation: average losses of 0.35 & 0.21db/km at wavelength of 1.3(m &1.55(m can be obtained in the manufacturing environment.
· Bandwidth: Greater than 500mhz km. In theory the BW is limited by wave-guide and material dispersion to approximately 40ghz km at a wavelength of 0.85(m. However, practical BW in excess of 10 GHz, km are obtained at a wavelength of 1.3(m.
· Application: these fibers are ideally suited for high BW very long haul applications using single mode injection laser sources.
6.3.4.2.2 Multimode step index fiber:

Multimode step index fibers may be fabricated from either multiple component glass compounds or doped silica. These fibers can have reasonably large core diameters and large numerical apertures to facilitate efficient coupling to in coherent light sources such as LED’s. The performance characteristics of this fiber type may vary considerably depending on the materials used and the method of preparation.
6.3.4.2.2.1 Structure:
Core dia

:
50 to 400(m
Cladding dia

:
125 tot 500(m
Buffer jacket dia
:
225 to 1000(m
Numerical aperture
:
0.16 to 0.5
6.3.4.2.2.2 Performance characteristics:
· Attenuation
:
2.6 to 50 db/km at a wavelength of 0.85(m
· Bandwidth
:
6 to 50mhz
· Application
:
these fibers are best suited for short-haul, limited BW
                and relatively low cost applications.
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Fig: typical structure for a silica glass multimode step index fiber
6.3.4.2.3 Multimode graded index fiber:


A typical structure is illustrated in the fig below
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Fig: typical structure for a silica glass multimode graded index fiber

6.3.4.2.3.1 Structure:
Core dia

:
30 to 100(m
Cladding dia

:
100 to 150(m
Buffer jacket dia
:
250 to 1000(m
Numerical aperture
:
0.2 to 0.3
6.3.4.2.3. 2 Performance characteristics:
· Attenuation
:
2 to 10 db/km at a wavelength of 0.85(m
· Bandwidth
:
300mhz km to 3 GHz km
· Applications
:
these fibers are best suited for medium haul, medium to         
                                           high    BW applications
6.3.5 Optic Cable Types

6.3.5.1 Introduction
6.3.5.1.1 Primary coatings:
The primary coatings on optical fibers may be applied during the fiber drawing process itself so as to prevent exposure of freshly drawn fiber to environmental impurities, including moisture. This impurity weakens the fiber and reduces its mechanical strengths. Primary coats may made of acrylates or silicon and can be cured either through UV curing or thermal drying. Primary coated fibers will then have sufficient strength to be handled for transportation, testing, as well as cabling. 

6.3.5.1.2 Secondary coating:

The secondary coating on optical fibers generally of nylon material, may applied on primary coated fibers for adding mechanical strength the secondary coating may be made of nylon. 
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Fig: fiber optic cable
6.3.5.1.3 Strength members
The strength of optic fiber cable is the cumulative strength of all the cable components. Susceptibility of fibers to mechanical stresses and small cable sizes makes it imperative that cable structure must be significantly strong to protect the fiber from any stress during cable laying or handling. Since the optic fiber cable size is small it becomes necessary to add additional cable components for making up specially the tensile strength of the cable and making it adequate to cater to long length being pulled within the ducts. These strength members that may be added to the cables can be in the form steel wires at the center of the cable or stranded around the periphery. 
6.3.5.1.4 Armouring 
Armouring on cables may be provided in the form of steel tapes or wires. The armouring provides extra strength and protection for laying the cable directly in the ground. The corrugated armouring of stainless steel offers excellent corrosive resistance.
6.3.5.1.5 Sheathing
Sheathing generally made of plastic materials, provides a covering for the cable and holds its elements jelly and pressure etc. More than one sheath may be applied.
6.3.5.1.6 Water protection
The cable is covered with a continuous layer of non- hygroscopic dielectric material. The cable core is filled by with suitable water blocking jelly compound.
6.3.5.1.7 Fillers

Fillers may be provided in the cable structure to provide an overall round shape and size to the cable.

6.3.5.2 Cable structures


The cable structure variations can be broadly classified as following

1. Jacketing approach

2. Arrangement of strength members

6.3.5.2.1 Jacketing 


There are two approaches to jacketing:

1. Tight jacket

2. Loose jacket

6.3.5.2.1.1 Tight Jacket

6.3.5.2.1.1 Tight Jacket

Buffer


Fiber 

Jacket
Fig: Tight Jacket
Advantages
1. Tight jacket gives sufficient mechanical strength to the fiber so that can be handled easily during splicing operation.
2. It provides an overall small size as compare to the single fiber in loose jacket.
3. Jacket can be given a suitable color and the fiber is easily identifiable because of its association with large size tight jacket. 
4. The tight jacket does not permit water to come in contact with fiber over its length. 
Disadvantages
1. The tight jacket permits mechanical stress to be transferred in to the fiber
2. Unless specifically taken care of, there is a chance of jacket materials interacting with fiber material. 
6.3.5.2.1.2 Loose Jacket

Jacket



Fiber

Fig:  loose jacket
In this case fiber is arranged loosely in the jacket tube
Advantages
1. Mechanical stress does not get transmitted to the fiber to a certain extent.
2. More than one fiber can be put in a single tube bringing down the overall size of the cable. 
Disadvantages
1. Overall large size then single fibers are jacketed 
2. Greater damage and difficulty in locating broken fiber when the cable is damaged.
6.3.5.2.2 Arrangement of strength members
Tensile strength optical cables may be achieved through a central strength member, distributed strength member. The arrangements to be chosen will depend on the structural requirements. 

These cable structures can be as following category
1. Layer structure
2. Ribbon cable and many more.
6.3.5.2.2.1 Layer structure:

 In which fibers in tight or loose jackets may be organized helically around a central strength member, is generally practical for low fiber count cables. In the case of few fibers and when metallic conductors, or not included, the pneumatic resistance becomes high and pressure monitoring along the root is not possible from the terminal station. Cable is then not suitable for pressurization and must be fully filled only.
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6.3.5.2.2.2 Ribbon cables
As shown in the figure is formed by a specified no of optical fibers laid side by side in a ribbon format. This ribbon or ribbons of optical fibers may then be organized loosely in a protective tube around which a normal cable formation may takes place. These are generally large fiber count cables. 
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Fig. Structure of Ribbon Cable
6.3.5.3 Submarine cables

The submarine cables because of the nature of the applications undergo much larger mechanical stress that can be expected on cables. These cables must withstand heavy tension during laying in the oceans. The cables consequently must be able to withstand up to 800kg/cm2 hydraulic pressure so as to provide protection to optical fibers. These cables have to be given suitable steel armouring and water protection compound applications. 
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6.3.6 Amplifiers:
6.3.6.1 Optical amplifiers: 

As the name implies, operate solely in the optical domain with no interconnection of photons to electrons. Optical amplifier can be placed at the intervals along a fiber link to provide linear amplification of the transmitted optical signal. The optical amplifier, in principle, provides a much simpler solution, that it is a single in line component, which can be used for any kind of modulation at virtually any transmission rate. Moreover, such a device can be bi-directional and if it is sufficiently linear it may allow multiplex operation of several signals at different optical wavelengths (i.e. WDM). In particular with single mode fiber systems, the effects of signal dispersion can be small and hence the major limitations on repeater spacing become attenuation due to fiber losses. Such systems do not require full regeneration of the transmitted digital signal at each repeater, and optical amplification of the signal proves sufficient.

The two main approaches to optical amplification to date have concentrated Semiconductor Laser Amplifiers, which utilize stimulated emission from injected carriers and Fiber Amplifiers in which gain is provided by either stimulated Raman or Brillion scattering, or by rare earth do pants. Both amplifiers have the ability to provide high gain over wide spectral bandwidths, making them eminently suitable for future optical fiber systems.
6.3.6.1.1 Semiconductor laser amplifier (SLA):


Semiconductor laser amplifiers can be used in both nonlinear and nonlinear modes of operation.
Various types of semiconductor laser amplifier may be distinguished including the resonant or fabry-perot amplifier, which is an oscillator. Biased below oscillation threshold. Such devices are capable of providing high internal gain (15 to 35db) with low power consumption and their single mode wave-guide structure makes them particularly suitable for use with single mode fiber. Semiconductor laser fiber can however be classified in to two groups.
1. Fabry perot amplifiers (FPAS).
2. Traveling wave amplifiers (TWAS)
The difference between these groups being facet reflective ties.
As shown in the figure, it is based on the conventional semiconductor laser structure with an active region width w, thickness d and length l. When the input and output laser facet reflectivities denoted by r1 and r2 are each around 0.3, which depicts a normal semiconductor laser, then an FPA is obtained. In this case, as the facet reflectivity is large, a highly resonant amplifier is formed and the transmission characteristics comprise very narrow pass bands. The mode zero corresponds to peak gain wavelength. For operation, the FPA is biased below the normal lasing threshold current and light entering one face appears amplified at the other facet together with inherent noise. In practice, the amplifier chip is bonded in to a package with single mode fiber pigtails, which are used to guide light in to and out of the amplifier. The inherent filtering of the FPA, although useful in certain applications, means the device is very sensitive to fluctuations in bias current, temperature and signal polarization. However, because of the resonant nature of FPA’s, combined with their high internal fields, they are used with in non-linear applications: for example, to provide pulse shaping and bistable element.
6.3.6.1.2 Fiber Amplifiers
The typical fiber amplifier works in the 1550nm band and consists of a length of fiber doped with erbium pumped with a laser at 980nm. The pump laser supplies the energy for the amplifier while the incoming signal stimulates emission as the pulse passes through the doped fiber. The stimulated emission stimulates more emission, so there is a rapid, exponential growth of photons in the doped fiber. Gains of >40 db (10,000x) are possible with power outputs >+20 dbm (100 mw).
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Fig basic fiber amplifier
To date, the most efficient fiber amplifier is:

 6.3.6.1.2.1 Erbium-Doped Fiber Amplifiers (EDFAs) 

Operating in the 1550 nm range. The basic structure of an EDFA is very simple. The amplifier itself emits light energy in a signal wavelength (usually about 1540nm) using energy supplied to it by photons in a pump wavelength (usually 980nm) when stimulated by incoming photons in the signal - the signal that needs amplification. Just like in a laser, the emitted photons then stimulate other emissions, so there is an exponential growth of photons. Supporting the amplifier is a pump laser, which supplies the amplifier's energy, a coupler, which combines the pump laser beams and the signal laser beam and puts them on a single fiber, and an optical filter, which removes the remaining traces of the pump beam so that it doesn't interfere with reception of the signal.
 Why erbium? --------Erbium has several important properties that make it an excellent choice for an optical amplifier. Remember that there are several very specific bands (wavelengths) that fiber optic cables can carry. Erbium ions (er3+) have quantum levels that allow them to be stimulated to emit in the 1540nm band, which is the band that has the least power loss in most silica-based fiber. That gives them the ability to amplify signals in a band where high-quality amplifiers are most needed. Erbium's quantum levels also allow it to be excited by a signal at either 800nm or 980nm, both of which silica-based fiber can carry without great losses, but aren't in the middle of the signal wavelengths. Those bands are also far enough away from the signal bands that it is easy to keep the pump beam and the signal beam separated.

800nm 980     1480   1530
Fig energy states of erbium
When erbium is excited by photons at 800nm or 980nm, it has a non-radiative decay (energy drops without producing light) to a state where it can stay excited for relatively long periods of time - on the order of 10ms. This property is extremely important, because the quantum efficiency of the device is dependent on how long it can stay in that excited state. If it relaxes too quickly, more photons are needed to keep it excited, meaning more input power is needed to make the amplifier work. 

Erbium can also be excited by photons at 1480nm, but this is typically undesirable. When excited at that wavelength, both the energy pumping process and the stimulated emission by the signal is happening in the same wavelength and energy band, which can create interactions that lower the efficiency of the device and increase the amplifier noise. 
Another important property of erbium for use in a fiber amplifier is that it is fairly soluble in silica, making it easy to dope into mixtures for making silica-based fiber.
6.3.7 Connectors and couplers
6.3.7.1 Fiber connectors:

Demountable fiber connectors are more difficult to achieve than optical fiber splices. This is because they must maintain similar tolerance requirements to splices in order to couple light between fibers efficiently, but they must accomplish it in a removable fashion. Also, the connector design must allow for repeated connection it in a and disconnection without problems of fiber alignment, which may lead to degradation in the performance of the transmission line at the joint, hence to operate satisfactorily the demountable connector must provide reproducible accurate alignment of the optical fibers.
 in order to maintain an optimum performance the connection must also protect the fiber ends from damage which may occur due to handling (connection and disconnection), must be insensitive to environmental factors and must cope with tensile load on the cable, additionally, the connector should ideally be a low cost component which can be fitted with relative ease. Hence optical fiber connectors may be considered in three major areas, which are:
1. The fiber termination, which protects and locates the fiber ends;
2. The fiber end alignment to provide optimum optical coupling;
3. The outer shell, which maintains the connection and the fiber alignment, protects the fiber ends from the environment and provides adequate strength at the joint.
The use of an index matching material in the connector between the two jointed fibers can assist the connector design in two ways. It increases the light transmission through the connection whilst keeping dust and dirt from between the fibers. However, this design aspect is not always practical with demountable connectors, especially where fluids are concerned. Apart from problems of sealing and replacement when the joint is disconnected and reconnected, liquids in this instance may have a detrimental effect, attracting dust and dirt to the connection
There are a large number of demountable single fiber connectors, both commercially available and under development, which have insertion losses in the range 0.2 to0.3 db fiber connectors may be separated into two broad categories; but jointed connectors and expanded beam connectors. But jointed connectors rely upon alignment of ht two prepared fiber ends in close proximity to each other so that the fiber core axes coincide. Expanded beam connectors utilize interposed optics at the joint in order to expand the beam from the transmitting fiber end before reducing it again to a size compatible with the receiving fiber end.


But jointed connectors are the most widely used connector type and substantial number has been reported. In this section we review some of the more common but jointed connector design which have been developed for use with both multimode and single mode fibers.
6.3.7.1.1 various connectors:
1. Cylindrical ferrule connectors: the fiber alignment accuracy of the basic ferrule connector is largely dependent upon the ferrule hole in to which the fiber is inserted.
2. Biconical ferrule connectors: which is widely used as part of jumper cable.
3. Double eccentric connector: this has been utilized with single mode fibers where its adjustable nature has proved advantageous for alignment of the small core diameter fibers giving losses of about 0.46db without index matching.
6.3.7.2 Fiber couplers:
An optical fiber coupler is a device that distributes light from a main fiber in to one or more branch fibers. Devices of this type are also referred to as directional couplers.
The latter case is more normal and such devices are known as multiport fiber couplers.
More interest has grown in these devices to divide or combine optical signals for application with in optical fiber information distribution systems including data buses, LANs, computer networks and telecommunication access networks.

Optical fiber couplers are often passive devices in which the power transfer takes place either:
a. Through the fiber core cross section by butt jointing the fibers or by using some form of imaging optics between the fibers or
b. Through the fiber surface and normal to its axis by converting the guided core modes to both cladding and refractive modes which then enable the power sharing mechanism.
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Fig classification of optical fiber couplers: a) core interaction type;
B) Surface interaction type
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6.3.7.2.1 Three and four port couplers: 
The lateral offset method, which is used to fabricate these optical couplers, can provide bi-directional coupling capability,
Is well suited for use with multimode step index fibers but may incur higher excess losses than other methods as all the input light cannot be coupled in to the output lasers.
6.3.7.2.2 Star couplers:
Two principal manufacturing techniques for producing multimode fiber star couplers are the mixed-rod and the fused biconical taper (FBT) methods.
In mixed-rod method, a thin platelet of glass is employed, which effectively mixes the light from one fiber, dividing it among the outgoing fibers. This method can be used to produce a transmissive star coupler or a reflective star coupler.
6.3.7.2.3 Wavelength division multiplexing coupler:
This is a specialized coupler, which enables light from two, or more optical sources of differing nominal peak optical wavelength to be launched in parallel into a single optical fiber. Hence such couplers perform as either wavelength multiplexers or wavelength demultiplexers. The important parameters associated with the optical coupler are attenuation of the light over a particular wavelength band, the interband isolation and the wavelength band channel separation. Ideally, the device should have a low loss transmission window for each wavelength band, giving a low insertion loss. In addition the device should exhibit high interband isolation, thus minimizing cross talk. However, in practice high interchannel isolation is only required at the receiver end of the link or at both ends in a bi-directional system. Finally, the channel separation should be as small as may be permitted by the light source availability and stability together with the cross talk considerations.
6.3.8 Testing optical systems
As with any transmission system it is necessary to test optical links after installation to ensure that the required performance has been achieved. Testing is also required at intervals during the system lifetime to ensure the system performance continues to meet its required specification, to detect fall in performance and to isolate faults, which may have occurred.
There are three basic types of test, which can be used to check optical systems:
· Path loss test
· Bit error ratio (BER) test.
· Fault location.
6.3.8.1 Path loss test
 This test is carried out only on the fiber link does not involve the systems active optical components such as transmitters, receivers and repeaters. Lin systems where repeaters are used it is necessary to test each section of the link separately.
As its name suggests, the path loss test determines the actual loss on the fiber route. Using OTDR carries out this test.
6.3.8.2 Bit error ratio test (BERT)
The BER test is carried end to end over the whole optical system including transmitter, receiver, fiber and all repeaters as a single entity.
The test determines whether the whole system is capable of operating within specified performance limits at the required data rate. Test equipment used for this test can also be used for end to end testing of other digital transmission media. Bert is carried out using a pseudorandom pattern generator operating at the required system bit rate, which is connected to the electrical interface of the optical transmitter at one end of the link. At the distant end of the link, loop back is done i.e. from the receiver to the transmitter.
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Fig bit error testing of the optical system

The PR test meter monitors the incoming digital signal and locks its own internal pattern generator to this received signal. Then the meter is then able to compare the received signal with the expected signal derived from its internal pattern generator, on a bit-by-bit basis, and thus detect any errors, which have occurred during transmission over the optical systems. The resulting BER is then being displayed on the front panel of the receiver.
6.3.8.3 Fault location:

The purpose of this test is to determine the position of a break or fracture in the optical fiber. Testing is carried out using a technique known as optical reflectometry to determine the position of a fault to a high degree of accuracy.

6.3.8.4 Principle Of Optical Reflectometry
The principle behind the reflectometry technique is based on the fact that when light travels along the fiber, small quantities are reflected in all directions from all parts of the fiber. This phenomenon, known   as back scatter, results in a very small quantity of light being reflected back to the source and this light can be detected and measured, and results used to determine the path loss over every section of the fiber. 
Several general-purpose test equipment manufactures produce microprocessor driven devices known as optical time domain reflectometers (OTDR). One advantage of these mechanisms over the test equipment required for the path loss test is that they need only be connected to one end of the fibers, and are thus suitable for operation by a single technician.
A typical OTDR will include an aperture to which the fiber under test is connected, a display, a printer and a keyboard for control of the equipment and to facilitate the input of data regarding the type of fiber under test.  Having being initially set up by the user, with data such as the refractive index of the fiber, these devices launch a very high power short duration pulse of optical energy into the fiber.
The OTDR then switches to receive mode and records the level of optical energy received over a short period of time following the pulse.  Since the time taken for back scatter to arrive back at the OTDR is dependent upon the speed of propagation in the fiber, and thus the refractive index, the microprocessor can then use this data to calculate the loss over the length of the fiber.  This information is normally shown on a display screen as a trace, which represents the attenuation characteristics of the fiber. Note that the horizontal scale is calibrated in kms and the vertical scale is calibrated in dbm.
Most practical fiber systems will not be ideal and the trace will not normally be quite like that shown in this diagram.
6.3.8.4.1 Use of the optical time domain reflectometer to locate faults:
Discontinuous in the fiber such as those caused by connectorised joints, splices and fractures will cause levels of reflection, which are different from those, caused by back scatter and so these discontinuities can easily be detected on the OTDR display.
When fibers are prepared for jointing it is necessary that they are cut (or observed) squarer to the fiber axis and then polished. A perfect cleave or polished termination causes a point of high local reflectivity (approx 4% of the available light   being reflected).  The reflection from these points is significantly greater than that caused by the back scatter in the adjacent regions of the fiber, and will be displayed on the OTDR as a sharp peak in the trace. (It should be noted that although it appears that there is again in optical power at this point, this is most definitely not the case).
At point 1 there is a large peak in the trace caused by the reflection from the connector joint between the OTDR and the fiber under test. Over the region marked as 2 there is a steady decrease in optical power caused by the normal attenuation of the fiber. The trace will be steeper for fibers having higher attenuation figures.

At point 3, the small peak is typical of that caused by reflection from a connector joint. However the trace does not continue at the previous level, there is a slight drop due to the attenuation of approximately 1db across the connector. At point 4, there is a slight drop due to an imperfect spliced joint. Ina typical system it is normally very difficult to detect good quality spliced joints unless they have become broken in some way.

Point 5 represents the end of the fiber. The small peak is caused by the reflection from the fiber end, while the very steep falloff indicates the end of the fiber as there is no further backscatter, the distance to the end of the fiber can be read directly from the display using a cursor. However the OTDR will also have alphanumeric display normally at the top of the screen to display data such the refractive index of the fiber, total loss over the whole fiber, length of the fiber, fiber attenuation in dBm/km etc.
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6.3.9 System design and optical budget: -
The system designer must choose the most appropriate combination of optical components for each individual system. The choices to be made will include.

6.3.9.1 Design parameters

6.3.9.1.1 Optical fiber

Single mode or multimode.
Bandwidth and dispersion characteristics
Operating wavelength
Optical loss
6.3.9.1.2 Transmitter
Led or semiconductor laser
Spectral width
Operating wavelength
Output power
6.3.9.1.3 Receiver
Pin diode or avalanche photodiode
Operating wavelength
Sensitivity/error rate.
The system design will involve the choice of suitable components, based on an optical power budget analysis and a system analysis. There is not sufficient space to cover these analyses in detail, however a brief outline of the concepts is given below.
6.3.9.2 Optical path loss budget analysis

Path loss budgets are not unique to optical systems, they are used in the design of coaxial systems and microwave links (both terrestrial and satellite systems).
The purpose of the path loss budget analysis is to ensure that a given combination of transmitter, receiver and fiber will operate successfully at the data rate required. The analysis must also take into account changes that may occur to the system during its lifetime component ageing, and repairs to the fiber are the most often quoted examples: -

The analysis presupposes that the components chosen will all operate at the same wavelength.
The following parameters are required

Output power of the optical transmitter
Maximum permissible receiver input power
Minimum permissible receiver input power i.e., sensitivity
Attenuation of the optical fiber
Length of the optical route
Losses due to optical connectors and cable splices.
The output power of the optical transmitter at the desired operating wavelength must be known, along with the operating conditions, such as drive voltage, that are required to produce this output. Due to the difficulty of aligning a fiber to a transmitter for optimum coupling some manufacturer build their devices with a short length of fiber connected, and aligned for optimum coupling, the manufacturer will then quote power that can be delivered into a given type of fiber from the pigtail.
Sensitivity figures quoted for receivers are usually quoted at specified data rates and bit error rates. It is important to ensure that the actual input power incident at the receiver is greater than the minimum specified for the data rate and bit error rate of the application. While the power incident lat the receiver must be greater than the required minimum there is in many cases also an upper limit to the amount of power, which the receiver can handle without being overloaded.
The manufacturers quoted figures fro attenuation at the wavelength concerned can be used to calculate the total optical loss over the route. To this figure must be added all losses due to connectorised and spliced connections between cable length. The designer must also allow a margin to take account of other factors such as component ageing and cable repair, regarding these as an additional loss in the system.

6.3.10 cable laying and splicing

6.3.10.1 Introduction

Mechanical stress causing damage to the cable is of great concern during the cable placement process. Exceeding the maximum allowable pulling tension or exceeding the minimum allowable bending radii can damage the cables. Deformation of the physical geometry of the cable may immediately affect the electrical or optical performance of the cable and may shorten the life expectancy of the cable. Deformation of the physical geometry of the cable usually results from impacts, elongation, and flattening, kinking or longitudinal indentations. Coaxial cables are particularly affected by deformations of the cable geometry due to impedance being a direct function of the concentricity of the conductors.

Two methods cable placement are 

1. Aerial cable placement

2. Subsurface cable placement

In the following section one of type of subsurface cable placement will be explained which is common in reality.

6.3.10.2 Direct buried cable placement

Direct burial of cable or conduits is usually accomplished by an assortment of placement methods. The circumstances that exist at the construction location will partially dictate the method used. 

6.3.10.2.1 Boring

6.3.10.2.1.1 Conventional bores

Routing of cables and conduits may necessitate the subsurface crossing of streets, parking lots or other immovable objects. A mechanical boring machine may be utilized to push a drill stem the length of the crossing. Pneumatically driven are also used to complete subsurface crossings.

Subsurface crossings are generally accomplished by digging an excavation pit on each side of the crossing to allow the guiding and retrieval of the drill stem or pneumatic piston. Using reamers may enlarge the tunnel of the crossing. Conduits should be placed to support the tunnel wall and allow placement of cables within the crossings. Subsurface bores are often completed substantially prior to any cable placement.

6.3.10.2.2 Trenching

Excavation of the earth is fundamental to placing a subsurface cable in trenches. Trenching is advantageous to the placement of several cables in one operation and for placement of cables of long lengths. Trenching is accomplished using tractors equipped with trenching chains that travel on a trenching bar. The trenching chain opens the trenches while the tractor provides forward movement of the trenching chain. The earth is removed from the trench by the trenching chain and moved adjacent to the trench by a horizontal auger driven simultaneously by the tractor.

The tractor must be operated to travel a preferred path and the advance at a pace that allows the trenching chain not to be excessively loaded. The tractor cannot abruptly change directions when the trencher bar is lowered into the trench. The trench route should be carefully planned and be as straight as possible. Enclosures that are offset from the primary trench should have supplemental trenches cut to the enclosure location. Bending radii of the cable/ conduit should be considered when cutting the supplemental trenches.

6.3.10.2.3 Construction method

· All bores and crossings should be installed prior to the start of the trenching process.

· The trench should be excavated to a depth of 18 to 24 inches for coaxial cable and 36 to 48 inches for fiber optic cable.

· Rocks and large stones should be removed from the bottom of the trench to prevent damage to the cable due to frost heave.

· Supplemental trenches should be made to all offset enclosure locations. Trench intersections should be excavated to provide adequate space to make sweeping bends in the cable/conduit.

· Cable trailers or cable reels should be in line with the trench line to prevent any unnecessary bending of the cable. The cable should pay – off of the bottom of the reel to prevent any unnecessary bending

· Cable and /or conduits should be pulled into place. Cable should routed to enclosure locations leaving adequate cable lengths to allow splicing. Cable should carefully bent around corners and bent upward at en closure locations. Cables as needed.

6.3.10.2.4 Plowing

Cable and conduit placement by plowing methods may be faster and less intrusive than cable and conduit placement by trenching methods. Tractors provide forward movement of plowing equipment. a plow blasé will split the each and cable or conduit will be routed through and internal cavity (plow chute) to the base of the plow share. Conduit may be split and cables placed into the conduit during the plowing process. The cable and/or conduit will trail out of the base of the plowshare as the tractor moves forward. The cable or conduit reel will be carried by the tractor and is spooled from the reel carriage to the plowshare during placement.

The dimensions of the cable and conduit being placed govern dimensions of the plowshare and p low chute. The radius of the plow chute must be carefully considered with respect to cable type and the bending radius of the cable. Attention must be given to the condition of the plow chute. Burrs, sharp edges, and rough surfaces can damage cables during the placement process. Plowshares are manufactured specifically to place multiple cables simultaneously. The plow chute is divided to provide independent paths for each cable to travel through the plow.

The plowing of cable is substantially easier than plowing conduit due to the increased size of the conduit. As conduit size and placement depth increase, tractor size accordingly increases.

6.3.10.2.4.1 Vibratory plowing

Vibratory plowing is done utilizing a tractor with a hydraulically driven shaker that provides vibratory movement of the plow blade. The tractor transports the cable or conduit reel and the cable conduit payoff is routed over the tractor body to the plow chute. The vibratory plow blade will split the earth while the tractor provides forward movement of the plow blade. Cable/conduit will be routed through the plow chute and will trail the plow blade as the tractor and plow blade moves forward. There is not a means to effectively monitor pulling tension so coordinated operation of the tractor and plow are critical. Tractor size is smaller when comparing vibratory plowing to static plowing.

6.3.10.3 Splicing

One the most essential requirements of any cable is the ability to join (splice) two places together to provide to low loss connection that does not appreciably deteriorate with time. The optical fiber obviously cannot be treated in the same manner as ordinary metallic cable. Two techniques are currently used for splicing metallic cable. Two techniques are currently in use for splicing optical fibers: 

1. Mechanical splicing

2. Fusion splicing  

Both methods involve fiber end preparation, alignment of the fibers, and retention of the fiber in the aligned position. 

6.3.10.3.1 Mechanical Splicing 

For individual mechanical splices, the alignment is provided by guiding insert structure one of the type of splice is called ribbon type where in a portion of the ribbon is then removed and the bare fibers are placed in a grooved holding substrate. The matching gel is placed over the points at which fibers butt up against each other. This type of splice can be done in 20 to 30 minutes, which is usual time taken for one pair of fibers splice by fusion technique the ribbon splice can be used for either multimode or single-mode fibers.

6.3.10.3.2 Fusion splicing

The fusion splice is done by placing two fibers end to end and applying an electrical are at the point of contact for a short period of time. The glass momentarily melts at that point causing the two fibers to fuse together, resulting in a low loss joint that should last for the lifetime of the fiber. This is considered to be the better method for fiber splicing, but it has the disadvantage of taking a relatively long time for each splice and requires very sophisticated and expensive equipment. The other method of splicing is to mechanically hold the two fibers end to end and to use a gel at the interface. The refractive index of the gel is the same as the fiber in order to provide continuity. The very long-term survival of such splices is unknown. Initially this method was used for temporary restoration of damaged links, but some administrations are now using it for permanent splices. This method will probably be dominant for fiber in the subscriber loop.

In this type of splicing, the ends of the fibers to be spliced are first cleaved and cleaned by ultrasonic cleaner, it is clamped and brought into position for the prefusion. Fiber ends are brought close to each other but not touching. The electric arc is the activated to melt one of the fiber ends to make a smooth rounded end. The micros coping view gives a clear picture. The two fibers are butted up each other and arc is established for a few seconds to melt the two ends, causing fusion.
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