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ABSTRACT
A comparison of macrobend losses in Single ModeeR{BMF) and Multimode Fibre (MMF) is

presented. The increased demand on informatiosdes optical fibres slowly replacing the use
of copper coaxial cables for signal transmissiaon this, largely due to the high bandwidth and
speed of transmission, large carrying capacity seclurity offered by optical fibres. Signal
attenuation however remains a limitation to effitieand quality signal transmission and
macrobending is one of the loss mechanisms thatribaotes to this signal attenuation.
Appreciating the responses of the different opiiires in use to macrobending is therefore
instrumental in ensuring macrobending contributtonoverall attenuation in optic fibres is
minimum at all times. In this study the macrobeaodsks trends with bending diameter were
investigated for the SMF and MMF in similar expesimal setups. To do thisiprovisions were
done for a light source using 555 timer astableimibfator powering a green LED, a light detectsing

an LDR in a Wheatstone bridge circuit and optied#hoff-cuts. Optic power was measured at the input
and output points of the optic fibres using thehtligletector in bend and straight conditions for

determination of signal attenuation in each casfie experimental measurement results show that
macrobending losses are more pronounced in a Skititha MMF. Characteristic values for
macrobending loss are 1268 dB/km for SMF compacedi165 dB/km for MMF for bending
diameter value 4.19 cm. In the SMF macrobending tosnd showed an exponential variation
which agrees with work by previous authors. The tioation of macrobending loss in
multimode fibre attenuation was however minimal d@herefore difficult to quantify. Results
also showed that MMF have a higher overall sigttanaation than SMF which justifies the use
of SMF in long distance signal transmission. Redeafindings confirm the significant

contribution of macrobending to optic fibre sigrettenuation hence the need for careful



consideration in installations for optimal operatiaf optic fibres. This would mean the choice of
optic fibre in any particular instance should cdesithe high attenuation in MMF not neglecting
the insignificant macrobending contribution of MMi#-attenuation at any preferred wavelength

in order to obtain required transmission charasties.

Key Words: Macrobending loss, Bending Diameter, Attenuat®imgle Mode fibre, Multimode

fibre, Optic Fibre.
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CHAPTER ONE: INTRODUCTION

1.1 Background

Optic fibres have played a major role in the retiolu withessed in the telecommunication

industry in the recent years. An optic fibre op@atat 10 Gbit/s for example can handle

over 130,000 simultaneous voice channels comparedbaout 2000 voice channels that can
be carried by one of the best copper coaxial cadle®]. Information and data use has

become so widespread across all ages in develogkdeveloping countries. This has been
made possible by the continued reduction of costafressing such services aided by the

increased use of optic fibres for signal transroissi

An optic fibre is a long thin strand of very purdags about the diameter of hair that acts as a
waveguide making use of light for the propagatibsignals through it from one point to the
other [3]. Optic fibres are usually installed urgteund for long distance transmission and
due to the nature of terrain at times it is inddiéathat the cables are bend. A basic single
optic fibre is made up of the core whose diametages from 8 to 62.5um and is a thin glass
centre of the fibre where the light travels, thedding of diameter 125um which is the outer
optic material surrounding the core reflecting tigack into the core and lastly the buffer
coating with diameter ranging 250pum to 900um. Thkep coating is a plastic coating that
protects fibre from moisture and damage [3, 4]. Td@tic fibre sometimes has a
strengthening member and an extra protective agatiight propagation is through Total

Internal Reflection (TIR) made possible by the elifint refractive indices possessed by the



core made of higher refractive index material aladiding made of lower refractive index

material.

There are three major types of optic fibores nanmlytimode fibres (MMF), single mode
fibore (SMF) and plastic optic fibre (POF). OpticAbres have found wide usage in
telecommunication, sensor and medical systems fureresignal propagation (light) with
minimum attenuation/power loss is important foricéént use of fibres in the several

application fields.

Light propagating in an optic fibre is attenuateck do the various loss mechanisms present
in the optic fibre system. Attenuation is definedtlae reduction or loss of power of a signal
as it propagates along a medium. The overall adgoruin an optic fibre is the sum of signal
power losses due to absorption, scattering, mi@oding, macrobending and other loss
mechanisms [4]. It is measured in decibels/kilomeand is also known as the attenuation

coefficient or attenuation rate [4].

Continuous research and development has managesgndicantly reduce the overall
attenuation of signals in optic fibres. Macrobegdis one of the loss mechanisms resulting
in power loss. It is therefore important to chaease macrobend losses for different bend
diameters, types of optic fibore material and wangths of signals so that choice of optic
fibre in any application is done such that the dgbation of loss due to macrobending is
minimised. This study will concentrate on attenomtidue to bending particularly
macrobending. Macrobends are defined as bendsfianeawhose radius of curvature/bend
diameter is large relative to the fibre diametext is R>>a wherea, denotes the core radius

andR, the radius of curvature [5, 6].



1.2 Motivation

There continues to be research and developmentiatmeducing signal attenuation in optic
fibres. This has a direct bearing on the overa#it aaf using optic fibores as a means of
transmission as well as optimizing their perfornaimctheir conditions of operation. Most of
the research work has been carried out indeperydeititer for SMF or MMF [6, 7, 8, 9]. It

is therefore the intention of this study to invgate on the macrobend losses in both single
mode fibre and multimode fibre subjected to simiaperimental conditions. The study
hopes to establish differences in the macrobendiisges excluding the differences in
experimental setups and attribute any observedrdifices to the structure and properties of
these fibres. In view of this background the aird abjectives of this research are outlined

below.

1.2.1 Aim
It is the aim of this research to compare macrolmgntbsses in SMF and MMF systems

when investigated under similar experimental setups

1.2.2 Objectives

)] To verify and isolate attenuation due to other logghanisms for example

scattering and absorption

i) To calculate signal power loss due to macrobenairgMF and MMF.



iii) To establish relationship between bending losstemdl diameter for,
a) SMF,
b) MMF

iv) To compare the bending loss trends in the two difitie systems.

1.3 Structure of the Thesis
Chapter 1, is a brief introduction to Optical fibr@nd the power loss due to macrobending in

optical fibres. It also outlines the objective loétthesis/study.

Chapter 2, gives a detailed literature review oa iasics about optical fibres and signal
attenuation in optical fibres. Macrobend loss temnwdth bending diameter, angle and

wavelength are discussed with reference to prewark done by other scholars.

Chapter 3, details the materials and methods usedairying out the research. It also

describes the design and construction of the Bghitce and detector circuits.

Chapter 4, Presentation of raw data, analysis awdiskion of obtained results;

Chapter 5, concludes on the research work basé&ddaings in comparison to objectives and

previous work. Recommendations are also made fthrduwork.



CHAPTER TWO: LITERATURE REVIEW

2.1 Introduction

This chapter gives a brief description of the dtrues history and operation of optical fibres.
Loss mechanisms that contribute to reduction inaigower as the signal propagates along
the length of the fibre are discussed. The chdpténer explores macrobend losses in both

SMF and MMF and work that have been done by otezarchers.

2.2 Structure of the Optic Fibre
An optical fibre strand (cable) is made up of tbdofving components as shown in figure

2.1

a) Optic core — thin glass at the centre responsibtecarrying light signals. It is
commonly made of germania and silica.

b) Optic cladding — outer optic material surroundihg tore that reflects light back
into the core. It is made of pure silica.

c) Buffer coating — plastic coating (shielding) thabtects fibre from damage and
moisture.

d) A strength member - material surrounding the buffeventing stretch when the
fibre is being pulled [10].

e) Outer jacket — added to protect against abras@wests and other contaminants.



COK

cladding trength member

buffer coatin outer jacket optional

Fig 2.1: Cross section of a fibre-optic cable.

2.3 History of Optic Fibres

The use of optic fibre was generally minimal umill970s when Corning Glass Works was
able to produce a fibre with a loss of 20 dB/krhwdés recognized that optic fibre would be
feasible for telecommunication transmission onlygléss could be developed so pure that
attenuation would be 20 dB/km or less. Further mapments in the structure and
composition of the optic fibre has helped reduce lbss to about 0.2 - 0.3 dB/km [11]. Fibre

optic systems find application in various industfields.

Some of the fibre optic system applications are;

i)  Sensor systems for the measurement of pressur@etatare, sound, vibration,
linear and angular position, strain, humidity, asity changes and ruptures. Optic
fibre sensors make use of properties of light antbeg, the wavelength, intensity,

phase and spectral composition where the measuremtililates the light in the



ii)

optic fibore and the change in light properties lmees the measure for the

temperature, position and so on [12].

The fibre optic gyroscope being developed for aitcand spacecraft- the Fibre
Optic Gyroscope (FOG) is a rotation or rotatioreraensor comprising of up to
three optic fibre coils one for each of the degoédreedom required. Light is

launched into both ends of each coil simultaneoasky recombined at a detector.
The light propagating into a coil that experiencewtion will undergo Doppler-

shift also known as Sagner Effect resulting in dwanter propagating beams
recombining out of phase. The interference pattesulting thereof is analysed to

determine degree and rate of rotation [13].

Measurement of electric field and electron denffity example in mines without

introducing electric currents).

Medical Industry —an example of use of Optical ddbrhas been in laproscopic
surgery (or more commonly, keyhole surgery), whechsually used for operations
in the stomach area such as appendectomies. Kegtiagery usually makes use of
two or three bundles (each bundle containing abimasands of fibres) of optical
fibres. Each of the bundles serves a purpose hakegdvantage of small incisions
than would be in normal surgery. Operating instmtsecan be introduced in the
target area with one bundle, with another bundlemifcal fibres being used for

illumination of the chosen area, and the other bunthn be used to bring



information back to the surgeon (that is imaging)is can be coupled with laser
surgery, by using an optical fibre to carry theeldseam to the relevant spot, which

would then be able to be used to cut the tissadfect it in some other way [14].

The use optic fibres in the several applicatiomdéediscussed above is largely because of
their light weight, small size, resistance to al@ctagnetic interference, wide bandwidth and

environmental ruggedness [15].

Attention and most of the research work has bemtidid towards the use of optical fibres in
the telecommunications field and as such fibrecopéibles are slowly replacing the use of
copper coaxial cables as a means for communicatiohsignal transmission. Some of the

advantages of optical fibres over coaxial coppétasaare highlighted below;

i)  Large bandwidth — light the carrier of informationthe optical waveguide, is an

electromagnetic radiation having a frequency aro#rds x 10'* Hz. Since the

information carrying capacity of a transmissiontsgs is directly proportional to
the carrier frequency of the transmitted signals tptical fibre yields greater
transmission bandwidth than the conventional comaation systems for which

radio wave frequency is abouflldz and microwave frequency is about®Hz.

i)  Low loss — through research and development, treasgon loss in optic fibres has
been significantly reduced down to 0.2 dB/km [1&]. In modern optical fibre
telecommunication systems, fibres having a transomdsss of 0.002 dB/km are

now being used and the section that can be coweitedut needing a repeater can



ii)

exceed 100 km (signals can be sent up to 100 tiamteer along optical fibres than
along copper cables without the need for interntedamplifiers). The use of
erbium-doped silica fibres as optical amplifiersame distortion produced during
signal strengthening is minimized since the angaiion is done within the optical

domain [11].

Security — signals being transmitted in an optiwrdido not radiate (electrical or

magnetic energy) and so cannot be tapped easily.

Interference- optical fibres are not susceptiblelectromagnetic interference, thus
there is no cross-talk between adjacent fibres leghtbgether in an optical cable.
They are also not susceptible to radio frequentgrfierence and voltage surges

hence their application in explosive environments.

Speed of transmission — data transfer rates arednd are in the order of several

Mbit/s to Ghit/s.

There are three basic types of optic fibres naraglgle mode fibre (SMF), multimode fibre

(MMF) and plastic optic fibres (POF). These fiboas either be a step index fibre or graded

index fibre, but the SMF is limited to a step indawfile. A step index fibre is one whose

refractive index of the core is uniform throughantd undergoes an abrupt or step change at

the core cladding boundary, whereas the gradedkifidee has the core refractive index

varying in a parabolic manner with the maximum eati the refractive index being at the

centre of the core [17]. Single mode fibres havera diameter that is between 8 -10 um and



has one mode of transmission. They usually opéndtee 1310 nm and 1550 nm wavelength
regions. SMF requires a light source with a narspectral width and lasers can serve that

purpose [18].

Multimode fibres have a larger core diameter wiaah either be 50 or 62.5 um, transmitting
at 850 nm and 1300 nm region of wavelengths. LERBsuaed as the light source. A newer
type of fibre is the plastic optic fiore made frgmastic materials such as polymethyl
methacrytale PMMA with refractive index, (n = 1.49), polystyrene n( = 1.59),
polycarbonatesn(=1.5 — 1.57), fluorinated polymers and so on. tRla@ptic fibres have a
larger core diameter around 1mm. They are morebtki@nd more flexible than glass fibre.
Single Mode fibres are mostly used for long diséatransmissions while MMF are used for
in-house/LAN installations that is short distan@nsmissions and the choice for the use of

these optic fibres has been greatly influencechbyr tost and performance.

2.4 Propagation Phenomena

The propagation of light in optic fibres is bestlarstood by considering the electromagnetic
(EM) field theory and the interaction of an EM @eht an interface between two dielectric
media. Considering an EM wave that is incidentarinterface of two dielectric media, its

EM field is made up of two components, namely tleetec and magnetic intensity vectors:
E, = Efe ilwr ko) 2.1

H,=*k,XE, 2.2

o
e

10



where r = the position vector for an arbitrary pamspace

« = the radian frequency of the EM wave
n= refractive index
k; = propagation vector (i =0, 1, 2)
Ef = amplitude for electric intensity vector (i =1,2)

t=time

From equation 2.1 it is seen that the amplitud&pok time independent and its direction is
tangential to the direction of propagation. Theediion of propagation of the field is given
by the propagation or wave vectay &nd its direction is normal to that of the waventr

From equation 2.1 and 2.2 one can define a term;
Ikl = (%) 2.3

wherec = is the speed of light

On meeting the interface between the two mediarttident wave is reflected and refracted
or transmitted, and the forms of the reflected sadsmitted waves can be expressed as was

done for the incident wave.
The reflected wave is given by:

E, = Eei(wr k) 2.4

Hi=:—ik1>{Ei 2.5

11



while the transmitted wave can be expressed as,

E, = Efei(wrkar) 2.6

H, = k— k, X E, 2.7
Maxwell summarises the empirical and mathematioakstigations by other scientists,
Ampere, Faraday and Gauss into a set of equatiolasvs that helps in understanding what
happens at the boundary of the two dielectric mgkha The application of Gauss’s law at a
dielectric boundary tells us that the normal (tilsathe perpendicular) component of the

electric field is continuous across the boundarg erpressed mathematically it gives the

relationship:
(e,E, — &,E;) =0 2.8
wheree is the permittivity of free spacg, is the electric field intensity a8l the magnetic

induction.

The other set of Maxwell’'s equations are expresseidllows:

88
ot

VXE=0 2.10

Evaluating equation 2.9 and 2.10 using Stokes #meand performing an integral over the
perimeter of a bounding area leads to another yndondition for the electric field
tangential components. The components must bercants across the boundary between the

two media. Similarly, noting that there is no diyence to a magnetic field,

12



V-B=0 2.11

(Hz_Blj'“:ﬂ 2.12

Interpretation of equation 2.12 shows that the é¢atigl components of the magnetic

induction vectorB, are also continuous across this dielectric bopynda].

N> e
Un A Ui
EIZ!I 91
n 8, <6,
n -/
g, u,
I A 'U:L

&, = 8, where#, is the critical angle

N

Fig 2.2: lllustration of the Total Internal Reflection principle
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From Figure 2.2 all the wave vectors are in thex@laf incidence or coplanar which gives

the following equalities;

k,sinf =k, sinf;, =k,siné, 2.13

Total Internal Reflection means that the reflectede and the incident wave are in the same

medium that is

k,=k, or 8, =86, 2.14

Applying this to equation 2.3, then

Bk 2.15
From whichn, sin 6, = n, sin&, (Snell's law) 2.16

When#, = T/, (meaning the refracted angle 2P@hen Snell’'s law can be rewritten as:

sin @, =% 2.17

As the sine of a non-imaginary angle can neverreatgr than one, it requires thatzm,.

The incident angle at whict, = Ejz is the critical angle.. Any other light incident at an
angle greater tha#_will result in &, = “fz such that no light will be transmitted, as k
points along the boundary itself.

Light has to be introduced at the core-claddingriiaice of an optic fibre at an angle greater

or equal to the critical angle which is equal te #tceptance angle of the fibre for it to be

guided along the dielectric waveguide. If the angflehe input EM wave is larger than the
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acceptance angle, then incident light will not belty internally reflected but will enter the
cladding, causing it to glow. Confinement of lightthe core of a fibre is through a series of

reflections that is total internal reflection aéttore-cladding interface.

HT"““ cladding

)
full acceptance | —

angle II ;/,I/\

ik Attt
e
\_— core

Fig 2.3: TIR in Optic Fibres

The full acceptance angle forms what is known asatceptance cone of the fibre. Half-
angle of this cone is the acceptance anflg. The acceptance angle can be determined
from the respective refractive indices of the clagdand core and is also related to the

Numerical Aperture of the optic fibre.

c

NA=nsinf,_, =W-'nf2 —n 2 2.18

wheren is the refractive index of the medium where lighttriavelling before entering the
fibre,

n; the refractive index of the fibre core amahe refractive index of the cladding[19].
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2.5 Propagation in Single-mode and Multimode Fibres

Analysis of propagation is made simple by assurttiegcladding to be of infinite extent, that

is the cladding diameter is large enough for thepagating field to decay to a negligible

level at its outer edge. The description of the ahdields is also based on the weakly-

guiding approximation where; A n, < n.. The approximate mode solutions derived in this

way are very nearly polarized and are denoted.By, wherev andu denote the zeros of the

field in the azimuthal and radial directions respety. The linearly polarized modes

correspond to a superposition of the two mci£s, ; , andHE,_, , of the exact solution of

Maxwell's equations. The exact modes are nearlyedeate and as, mpproaches jrtheir
propagation constants become identical. Maxwelfsia¢éions with the weakly- guiding

approximation give the scalar equation as:

Sy tap 1

dr? r dr r? dgp?

+ [Pk =By =0 2.19

wherev is the field E or H), k = 31‘5{1 is the free-space wave number, n(r) is the radial

variation of the refractive index and ¢, are the cylindrical co-ordinates. The propagation
constantp of a guided mode obviously lies between the limis < f < ni;k. The fibre is
circular in cross-section and the solutions of Wee equation are separable, having the

form:

Y = E(r) coswpelltet—F] 2.20
In single- mode fibres only the fundamenta?,; mode propagates and has no azimuthal

dependence, that is=0. It corresponds to the HEmode derived from the exact analysis,

and the fundamental equation reduces to
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é*E  1dE

—.+;;+[n2(rjk2—ﬁz]5=ﬂ 2.21

dre

For the step-index fibre, the one with a constafrbctive index pin the core, equation 2.21
Is the Bessel's differential equation and the sohg are cylinder functions. The field must
be finite at r = 0 and therefore in the core regiba solution is a Bessel function, J

Similarly the field must vanish as=zree so that the solution in the cladding is a modified

Bessel function, K For the fundamental lgPmode polarized in either x or y direction, the

field is therefore:
E(r) = ALJ(UR) R<1 (core) 2.22(a)

=, (N5 R>1 (cladding) 2.22(b)

where R= r/a is the normalized radial co-ordinatd A is the amplitude co-efficient. U and
W are the Eigen values in the core, and claddisgeetively and are defined by:
U? = a*(nik*-§%) 2.23
W?* =a*(f*-nik?) 2.24
and by adding 2.23 and 2.24 we get,
U+ wW? =a’k*(n] — n3) 2.25
These parameters are related to the normalizecgadipon constant b, defined as

p = Brm] _ 2.26
Ina Ve
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L S | 2.27
T 4 M,

WhereiA=

The limits of § are n,k and n,k for a guided mode, so that(b < 1. Normalising the field
expressions in equation 2.21 so that they havedhee value at r = a, and also considering
that the tangential electric field components nmhestcontinuous at this point, the following

eigen value equation foLP,, is obtained:

U, () _ WK, W)
T (0 Ey(w)

2.28

The Eigen value, U and heng# can be calculated as a function of the normalizegliency
by solving equations 2.26 and 2.28. At the loweritliof 5 = n,k the mode-phase velocity

equals the velocity of light in the cladding andhaslonger guided. The mode is cut off and

the Eigen value W = 0. Ag increases, less power is carried in the cladding an

B = n,kall the power is confined to the core. The limit sihgle-mode operation is
determined by the wavelength at which the propagatonstant of the seconlf,;, mode
equals n,k and for a step-index fibre this cut-off conditisngiven byj,(V.) = 0 whereV,
denotes the cut-off value of V which, for th&,; mode, is equal to 2.405. The fundamental
mode has no cut-off and hence the single-mode tpers possible foid < V = 2.4 [20].

The V-number is the normalised optical frequencyd &ndetermines the fraction of the

optical power in a certain mode which is confinedhte fibre core.

In multimode fibres power is launched into a langenber of modes having different spatial
field distributions, propagation constants, andoatmtic dispersion. A mode in optics is

defined as the way the wave travels through spac# can simply be defined as the
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distribution of light energy across the fibre. Matiatically modes are solutions for the wave
propagation of light taking into consideration Madlis equations and appropriate boundary

conditions. The concept of modes in optic fibredlustrated in the diagram Figure 2.4.

different modes

core

"4

Multimode Fiber
cladding

Single Mode Fiber

core
{so small that only one mode can pass)

Fig 2.4: Concept of modes in optic fibres.

The V number is greater than 2.405 in multimodeelband the total number of modes N

propagating through a given multimode step indbrefis given by;

N_ = ﬂ ¥ 0.5 (""”j—”’ﬂ) 2.29

where D is the core diameteris the operating wavelength and NA is the numéaparture
(or acceptance angle). For a multimode graded irdekle having a parabolic refractive

index profile N, is given by:
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N,=— 2.30

equal to half the number supported by a multimddp gdex fibre.

2.6 Signal Attenuation in Optic Fibres

Attenuation of signals is a crucial quantity thdtogld be considered in optic fibre
communication. This is because it is a determinfiagtor of cost of fibre optic
telecommunication systems as it determines spaoingepeaters needed to maintain
acceptable signal levels. This ensures qualitycamcect delivery of signals at the receiving
end. The overall attenuation pattern, a sum ofnatgon contributed by the various loss
mechanisms in Figure 2.5 gives a quite differet¢ratation pattern than would be ideally
expected of a damped exponential. The deviatiatuesto the fact that attenuation in optic
fibres is dependent on both fibre properties anaciire. The attenuation is also found to be

dependent on the transmission characteristicseo$iinal, for example wavelength.
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Fig 2.5: Different loss mechanisms in a typical sda fibre

Attenuation is a relative measure of the outpubpait intensity and is given by.

Attenuation (dB/km) :% log (‘;—“) 2.31

where I, = the measured output power,

li = the reference input power and

L = the length of the optic fibre [21].
Optical input power is the power injected into fiitere from the optical source and the
optical output power is the power received at theefend [22]. The power losses and other
characteristics of the fibre can be measured wigkhriments such as an Optical Power Meter

or an Optical Time-Domain Reflectometer (OTDR).
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Normally most of propagating energy is containedh@ core but there is always a radially
decaying evanescent field in the cladding, whicly extend over several wavelengths in the
case of single-mode fibres. Both core and claddmaderials must therefore have very low
absorption and scattering losses. Remarkable m®ghas been made in reducing the
transmission loss from 20 dB/km to about 0.2 dB/kng in the recent years this has further

reduced to 0.002 dB/km [23].
The attenuation can be classified into two:

i) Intrinsic losses — this refers to losses causesungtances inherently present in the
fibre like impurities and imperfections in the glag\n example of an intrinsic loss
is material absorption and Rayleigh scattering.

i) Extrinsic losses- this defines losses or attennataused by external forces such as

macrobending.

The loss mechanisms contributing to attenuaticamioptical fibre are;

a) Absorption,

b) Scattering due to inhomogenities in the core réifragndex (Rayleigh scattering),
c) Scattering due to irregularities at the boundatyben core and cladding,

d) Bending loss (macro and micro bending),

e) Loss at joints and connectors,

f) Coupling losses at the input or output and modeloog and leaky modes losses.

The major loss mechanisms are discussed in tleiolg sections.
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2.6.1 Material Absorption

Absorption occurs as a result of imperfections mmpurities in the fibre and can be defined
as the portion of attenuation resulting from thevarsion of optical power into other forms
of energy, such as heat. The traces of hydroxyica#l and transition metals contribute
extensively to absorption in optic fibres. Absooptiaccounts for 3-5 % attenuation and the
absorbed light is converted to vibration energyedbrcare at the manufacturing stage can
significantly reduce losses due to absorption. Bomehtal absorption due to hydroxyl ions is
present att =2730 nm. The harmonics or overtones of fundanheaitaorption occur at
wavelengthsa = 950 nm and 1380 nm, as shown in Figure 2.5. dlbsorption due to

hydroxyl ions arises from the basic stretching ailan of the O-H bond [21, 22].

Transition metal ions (for example Fe++ , Cu++ #€Qrintroduced into fibres during
fabrication produces a loss due to absorptionatelengths greater than 800 nm but this is
negligible in ultra low loss fibres which can dttited to their composition. Acceptable levels
require that concentrations of transition-metakite kept below about 1 part in®1b that

its contribution to attenuation is kept below 1dB/latA = 1um and that oDH ™~ radical

concentration should not exceed 1 part i There is a tail of infrared absorption by SiO-
coupling present at wavelengths around 1400 nmQ® X6n. The interaction between the
vibrating bond of (Si-O) and the electromagnetaldiof the optical signal causes intrinsic
absorption as light energy is transferred from tebesagnetic field to the bond. Intrinsic
absorption is also present in the UV region caumeelectronic absorption bands resulting in
electron transition present at around the wavele®§0Onm producing a loss of about 0.3

dB/km [21, 22].
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2.6.2 Scattering

Scattering is present in the following forms; Ragttescattering, Mie scattering, Raman and
Brillouin. Raman and Brillouin have little effechdransmission whilst Rayleigh is the most
predominant of all the forms of scattering. Thealomicroscopic variations in composition
of glass produced in the guide during glass meléing fibre drawing gives rise to spatial
fluctuations of the refractive index. These vaga$ are small compared to optic wavelength

and will cause light to be scattered, the scatjekimown as Rayleigh scattering. It has been

observed that the scattering is proportionally% and also has an angular dependence

proportional to (1 +cos®#), wheref is the angle at which the scattered light strittes

core/cladding interface. Rayleigh scattering doees rapidly smaller at longer wavelengths

since it is proportional ta~* [22].

The loss caused by this mechanism can be mininbyecdooling the melt from which the
fibre is drawn in as carefully controlled a manasrpossible [3].Given the nature of how
Rayleigh scattering arises, it is likely to be f@ghn multi component glasses because of
compositional variations. Rayleigh scattering praEkia maximum loss in the ultraviolet
region, and in the wavelength around 800 nn0@0Inm, giving a loss of about 0.6 dB/km

[22].

When the inhomogenities in the glass structure amparable in size to the guided
wavelength, Mie scattering is observed, thougls insignificant in commercial fibres. This

Is mainly forward scattering and cannot be ea®fyasated from that due to tunnelling out of
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the highest order modes propagated in the fibreeutite conditions in which scattering is
usually measured. Large imperfections whose sizgraater than the wavelength exhibit a
wavelength independent scattering that has a gaitdom angular dependence. The fibre
drawing peak reported by Kaiser or absorption shdyrthe fibre is accompanied by a
resonance scatter easily distinguished by its veangth correspondence with the associated

absorption mechanism.

2.6.3 Mode coupling and leaky modes

Mode coupling refers to the transfer of power frone mode to another as light propagates
in a fibre and it is influenced by variations inreadiameter and core/cladding refractive

index difference along the length of the fibre.S'has an overall effect of reducing the signal
power as this power is also transferred to theatan field. According to the study done by

Marcusse for any two modes with propagation const@nandg, there will be a coupling

parameter
8., =B. — By » 2.32

which will be particularly effective in inducing apling. Some rays at the input of the optic
fibre may not be captured by the core but insteddescape into the cladding where they
will propagate a significant distance before dyimgt. These constitute leaky modes or
cladding modes and can couple with the higher am®tes of the core resulting in increased

loss of the core power. Leaky modes can be supgmelg placing a high-loss material
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outside the cladding surface or a material whodeactive index matches that of the

cladding.

2.6.4 Bending Loss

Bending loss in the form of macro and microbendiaganother loss mechanism that
contributes to loss as light propagates along ithre.f Microbend loss is due to microscopic
fibre deformations in the core-cladding interfacel & usually caused by poor cable design
and fabrication [7]. Non- uniform lateral stressising the cabling and the deployment of
the fibre in the ground introduces microbends Mdcrobends are bends on a fibre having a
large radius of curvature (bend)/ diameter relativehe fibre core diameter that R>>a
wherea, denotes the core radius, aRdhe radius of curvature [5, 6]. Macrobend |gszee

usually encountered during the in-house and iradtafl process of the optic fibre.

(@)

(b)
Fig 2.6: (a) Microbending; (b) Macrobending
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Fig 2.7: Loss due to microbending and macrobendingn basic fibre power loss

Figure 2.7 further illustrates the extra loss idtroed due to micro and macrobending in an
optic fibre.

2.6.4.1 Microbending

Microbends are microscopic bends of an optic filwag arise due to poor cable design and
transportation. Gloge and Marcuse have shown thet sends do not need to be of large
amplitude to cause losses of a few dB/km [23, B4§ therefore important that care should
be taken in order to minimise these perturbatidra thay have an effect on the fibre’s
transmission. The small bends changes the angldiah light hits the interface and if that
occurs at an angle smaller than the critical anligét will be refracted into the cladding
leaking out instead of being reflected within tiied. Microbending loss can be investigated

by winding fibres under constant tension onto ardsurface that is not perfectly smooth.
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The tension forces the fibres to conform to thghglisurface irregularities, which can result

in an increase in the optical loss in the ordet@d dB/km as a result of the microbends [25].

2.6.4.2 Macrobending
Macrobends can be characterized by a bend angtel dameter or a bend radius also

known as radius of curvature. When a fibre is klbetincident angle is compromised and
total internal reflection fails and thus the lighto longer confined and guided by the core of
the fibre. This is known as the ray diagram appnaaicviewing macrobending. The overall
effect is that the signal is attenuated as a redulhis loss [7]. Macrobending can also be
analysed using the mode field approach where a Wané perpendicular to the direction of
travel must be maintained. It follows that at shbegmds, the outer part of the mode field
must travel faster than the inner part to mainthia wave front. This would mean the outer
part propagating at a velocity more than the v&oof light which is impossible and we

therefore have the energy of this outer part dasig into the cladding as heat.
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Fig 2.8: Ray field diagram approach

cladding

core Power lost via radiation from cladding

Fig 2.9: Mode field approach

A number of scientists have researched and madkinfjs on macrobend losses in both
single and multimode optic fibres [6, 7, 9, 23, .28facrobend losses have been found to
depend on the bend diameter/radius of curvatuthebptical fibre and the wavelength of

the propagating light in the case of SMF. If radaiscurvature of the bend of the optical
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fibre is small and the transmitted light is longe tmacrobending loss in the optical fibre has

been observed to increase.

It has been observed that below a critical radius,bend radius beyond which attenuation
rapidly increases, the macrobending loss becongsfisant and noticeable [7, 27]. It is
therefore crucial to avoid radius of curvaturesrapphing the critical radius in installations
and transportation of these optic fibre cablesdifigs by Quino, suggests that loss due to
bending in the visible light range is more pronaththan loss due to other loss mechanisms

such as absorption [26].

Multimode fibres measurements are a bit difficaldo in that light travels in several modes
and the effect of macrobending can be insignificargh that it may be difficult to detect in
an experimental situation. These modes have thairlmend sensitivity and it is difficult to
measure modes loss independently. Researches aobeading loss in multimode fibres
have made use of models [8, 9]. Kauffman et ahi@}e shown that the overall power loss
that is due to bending has a non monotone struasigefunction of the radius of curvature of
the bending. Derivation of a loss coefficient asst@d with the curvature loss is done for a
whole fibre, but to do so require knowledge of btbté initial power distribution among the
modes and the coupling between the modes whiclssanaed negligible. The bend-loss
model has been used to determine macrobend losse$uaction of the number of mandrel

wraps (turns) and the launch conditions.

The number of modes propagating in the multimodbeefiis dependent on the bending
diameter. At a small radius of curvature new modes added rapidly and slowly for an

increasing radius of curvature. Computations andasmements have shown that the
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multimode nature of MMF makes their bend loss bahavsignificantly different from that
of SMF because only the highest order are bendamgitve that is those closer to the

cladding. The bending loss was also found to degé&adigly on the launch conditions [8].

2.7 Light Source

The ideal source should emit light continuously amgbropriate care should be taken in
component selection for the design of the lightreeLcircuit. Several light sources can be
used from LEDs, laser and mercury vapour lamp. dtua operation, because of their
properties single mode fibres make use of laséh@signal source whilst multimode fibres
use LEDs. However for research purposes mercurgwalamps, LEDs and lasers are used

interchangeably in order to investigate wavelergthendence on fibre losses.

When using LEDs an astable multi vibrator pulses loa used to drive the LED. This is

based on the fact that an astable multi vibratw ha stable state but keeps changing
between two unstable states. In this case it wilsWwitching between on and off state of the
LED, and if components are carefully chosen, tHestaifte time can be reduced so that to the

eye the LED will be seemingly on all the time.

2.7.1 Astable Multivibrator
The 555 timer is an integrated circuit that carubed as an astable multivibrator. The output
of the multivibrator is used to power the LED thgbua low value resistor. The 555 can

introduce some noise into the circuit and therefolav noise 555 must be used.
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Fig 2.10: 555 timer connected for astable operation

The output is in the high (ON) state for a time t
ty = 0.693(R, + R,)C 2.32
And output is in the low (OFF) state for a time t
t, = 0.693R,C 2.33
The period of the output waveform is a sum of the, t
T=t; +ty; =0.693(R, + 2R,)C 2.34
From which the frequency of the 555 timer for tistable operation is obtained as

folo_ 1 2.35

T (R,+2R,JC
The duty cycle developed by such a circuit is theen by:
Duty cycle =£ = £ = %% 2.36

tp 4ty R,+IR,
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2.8 Light Detector

A light detector circuit can be used in place ofogtical spectrum analyser to measure light
intensity in order to determine the attenuationojtic fibres. Photoelectric devices for
example photodiodes, phototransistors and lighedéent resistors (LDR) can be used to
built the detector circuit. The choice of photoélecdevice in any design depends on the
sensitivity and stability of the detector under tbperational conditions as well as a

reasonable range of values for a known changaémsity.

2.8.1 LDR light detector circuit

Fig 2.11: LDR light detector circuit

In this configuration the out of balance voltage ¢ measured. The resistancg, (RDR)

proportional to the light intensity is then caldeld using equation 2.39.
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2.8.2 Wheatstone bridge theory

Fig 2.12: Wheatstone bridge connection and its equalent circuit

Solving the bridge equations assuming balance tondi voltage \ can be calculated
where from first principles]s; = Iy andl;, = I,. The desired value & at balance condition is

then:

R = Rafs 2.37

Knowing all the four resistor values and the supitage ¥s), and having the resistance of

the galvanometer high enough so thas negligible, the voltage across the bridge)(can
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be found by working out the voltage from eachential dividerand subtracting one from the

other to get,

v, =—xy - Sy 2.38

whereVg is the voltage of node B relative to node D.

In the case where measurements are done at oudlafde position of the bridge, the
measured value of §/can then be used to calculate value of correspgridinSubstituting

all the known values of RR, R; Vs and at a particulard/Ry is given by,

. Ry |
R (Vg +i; -|: =/ (R.+ R:‘l}
Ry =— Ry f ]
[)_'s—l._vlg -HJ_'sl: J-I.ll ':R'_+R:‘|}

Yo

2.39

2.8.3 LDR Theory
The resistance of the LDR varies according to thmunt of light that falls on it. The
resistance decreases with increased light intertigy is it has a negative co-efficient. For a

typical LDR the relationship is given by [29]:

R, = g KN 2.40
So that Lux = ? 2.41

X
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CHAPTER THREE: MATERIALS AND METHODS

3.1 Introduction
Materials used in carrying out the research aredisn this chapter. The chapter also
describes designs made, measurements taken andwufwes observed in taking

measurements and making designs.

3.2 Materials

3.2.1 Light Source

The following materials were used to construcgatlisource;

5 mm extra illuminant LEDs (green) wavelength 52860 nm
NE55532P 555 timer

250KQ variable resistor

Resistor 1

12V Power supply

Resistor 2

Aluminium box painted blank inside and outside vatB.1mm slit
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3.2.2 Light Detector

12 V digital power supply

UNIT-T UT39A Digital multimeter

Resistors R1 =100®, R2 = 100K2, R3 =12KQ

26.6 cn 16 cm19 cm wooden box

Vero board

LDR (Light Dependant Resistor)

3.2.3 Fibre and bending material
1x2 m Single Mode fibre

1x2 m Multimode fibre

Musking tape

Metre rule

3 x clamp and stand

Hollow cylinders of several diameters

3.2.4 Additional materials
2 x Adjustable stands
Optical bench

2 X biconvex lenses

Aluminium box painted blank inside and outside watB.1mm slit
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3.3 Method

3.3.1 Construction of a light source circuit

The light source circuit was to serve as the sigalrce. The circuit was connected as in
Figure 2.10. The circuit was fine tuned by adjugtine variable resistor in order to get the
LED at its brightest point. The light source waslesed in black aluminium box with
2.1mm slit. The box ensured the LED was isolatemnfirexternal light sources in the lab.
Using an oscilloscope the period, frequency ang dytle of the circuit were determined.

The light coming out of the slit was then focuset itiny beam spot by two lenses.

3.3.2 Construction of light detector circuit

Two circuits were initially designed for light deten;

Using a phototransistor

Using an LDR
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3.3.2.1 Phototransistor Light detector circuit

'—|_,} y
+ o out

Fig 3.1: Phototransistor light detector circuit

The circuit was connected as shown in figure 3He flesponse graphs of the two available
different phototransistors were determined in foyrvarying the light intensity falling on the

phototransistors. See figure 4.1 and 4.2.

3.3.2.2 LDR light detector circuit
The circuit was connected as shown in figure 3% flesponse graph of the circuit in figure

3.2 was determined by varying the light intensélliig on the LDR. The response graph of

the LDR is shown in figure 4.3.
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Fig 3.2: Light Detector Circuit

Varying positions of light source (I-VI)
| % mw_1v_ v v

Position of LDR/
Phototransistor

C\D Light detector I\
/" circuit n

/

Voltmeter

Fig 3.3: Connection for determining response curvéor the two different designs

The response graphs for LDR and the two differdrmit@ransistors were compared from
which the LDR light detector circuit was adopted @ige as the detector. This was because it
was more stable, sensitive and it also gave a wéhge of values over the varying

intensities.

The current voltage (V) characteristics of the LIght detector were then established using
the connection in figure 3.4. The respective consptgwere soldered onto a Vero board and

the circuit enclosed in a wooden box. The woodenwas painted black inside to isolate the
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light from the optic fibre end and had terminalswhich bias voltage and the digital

multimeter were connected.

12v
Varying positions of light source (I-V)
A 57 | R | I A VAR
¥ =p
ov

©

Fig 3.4: Circuit for determining |-V characteristic s of an LDR

3.3.3 Measurements

3.3.3.1 Measurements with Single Mode Fibre
The single mode fibre was carefully aligned to tlght (green) coming out from the

aluminium box slit and positioned at the focal pahone of the lens in order to maximise
the light intensity getting into optic fibre. Thaitput from the optic fibre was focused onto
the LDR and the out of balance voltage of the l&idegcorded. Measurements were done for

both the straight and bend conditions of the fibre.

To bend the fibre hollow cylinders of varying diaers were used and the same procedure
was repeated using red and blue LEDs. The bendetdeasused were 10.02cm, 7.41cm,

6.50cm, 5.11cm, 4.19cm, 3.33cm, 2.82cm, 2.15cm,1a88cm. The bend diameters were
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measured using a Vernier calliper’s on various tpmss across the lengths of the cylinders

for precision and accuracy reasons.

o ) Detector circuit
Clamp and stand Digital multimeter mounted in

\ wooden box

Beam of light |

3B - L rell
Optic bencl/ Lens in /ens Adjustable stand /
holder Optic fibré fixed Hollow cylinder

to metre rule

Aluminium box

Power supply
Fig 3.5: Schematic diagram of the experimental seip

3.3.3.2 Measurements with Multimode fibre
The same procedure was repeated using the Multirfibde in place of the single mode
fibre.

3.4 Precautions
a) Light source was enclosed in a black aluminium twoisolate the LED from other

external sources of light. A slit was also useddaow /collimate the beam.
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b)

The optic fibre was maintained horizontal during #xperiment so that bending
losses would be limited to bending achieved udimegollow cylinders.

The light detector circuit was mounted in a blackoden box to isolate it from
other light sources to ensure that whatever reagergrated on the light detector,

was due to light exclusively from the optic fibre.

3.5 Sources of Errors

a)

b)

d)

Optical measurements are unstable, and changes lbeuloticed when there were
disturbances/movement on the experimental surfgabtes).

Besides the value of resistance of the LDR beimitlidependant it is also
temperature dependant and during the period oéxperiment sudden changes in
temperature caused fluctuation in readings.

Ideally the experiment should have been performedha optimum operating
wavelengths of the fibres which is 1310 nm and 1%%0for SMF and 850 nm and
1300 nm for MMF ; however an improvision using i@en LED (wavelength
about 520-565 nm) was done due to resource comistrai

Coupling efficiency — the coupling efficiency ofgtit to the optic fibre was
compromised as lenses secured in lens holdersohlael ised. Also the size of the
focused spot was bigger than the numerical aparforeboth of the fibres.

The responsivity of the light detector was depehdarthe direction of the incident
light and so when this changed it would mean a gbkam the experimental

conditions that was meant to remain constant througthe experiment.
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f)  Calibration of the light detector — there was remdiard to which the light detector

could be calibrated against, instead all measurenaega relative.
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CHAPTER FOUR: RESULTS AND DISCUSSION

4.1 Introduction
The chapter presents results of all the measurentaken including those for construction of
the light detector and its characterisation. Measient results for the experiment with single

and multimode fibres are also presented and disdussdetail.

4.2 Phototransistor Response

The phototransistors response curves are showigume=4.1 and Figure 4.2

Response of phototransistor 1 to varying intensity

60.00 +

55.00 -

50.00 -

45.00 +

40.00 -

35.00 -

3000 T T T T T T T 1
0 5 10 15 20 25 30 35 40

Response of Phototransistor (mV)

Distance from sensor (cm)

Fig 4.1: Response of Phototransistor 1 to varyingdht intensity
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Response of phototransistor 2 to varying intensity

66.00
64.00
62.00

60.00 -

58.00 +

56.00

Response of Phototransistor (mV)

54.00 . . . 1
0 10 20 30 40

Distance from sensor (cm)

Fig 4.2: Response of phototransistor 2 to varyingght intensity.

The two phototransistors show little variation be tvarying light intensity with an average
response range of 42-65 mV. Significant respondegbf detector is noticed when the light
source is only a few centimetres from the photdetecdevice. The behaviour of
phototransistor 1 cannot be accounted for baseth@ory of operation and the dip at data
point corresponding to distance 6 cm from photaistor recurred even after repeating the
experiment several times. The unusual fluctuatwmgd be as a result of an unstable gain

given the fact that the photoelectric device wasaative leg and contributed to; R
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determining value for the gain of the circuit. Thisuld not serve the purpose of the

experiment as it involved sensing minute changdigl intensity.
4.3 LDR Characterisation

4.3.1 LDR Response
Figure 43 is a response graph for the LDR to wvayi light

intensity.

Response of LDR to varying intensity

30 35 40

Voltage across the bridge (V)

Distance from Sensor (cm)

Fig 4.3: Response graph for the LDR

The LDR showed a linear variation with intensityisging from negative to positive voltage.

The readings were spread over a wider range comhgarthat of the detector circuit using
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phototransistors with values ranging from -2 to 6Nhe light detector using LDR was

therefore adopted for use as the light detecttnisiexperiment.

4.3.2 Current Voltage characteristics of LDR

The current voltage characteristics of the LDRslr@wn in Figure 4.4.

Current Voltage characteristics of LDR

0.1
0.08 +
0.06 -

0.04 -

Current (A)

0.02 A

4 6 8 10 12 14

Voltage (V)

Fig 4.4: LDR current voltage characteristics

There is a direct linear relationship between thiégage and current flowing through the LDR
for the varying intensity values. This verifies Obriaw which states that the electric current

() flowing through a conductor is directly proportal to the potential difference (V)

between its ends, thatis V = IR.

48



4.4 Measurements with Single Mode Fibre
Measurements were done for both straight and bemnditions of the fibre. Results are

shown in Table 4.1.

Table 4.1: Single Mode Fibre Measurement Results

Bend Diameter (cm) Vg (V) Rx ) Intensity(Lux)
0.00 4.63 92727.3 5.39
10.02 4.90 118909.1 4.20
7.41 4.95 125142.9 4.00
6.50 5.03 136837.2 3.65
5.11 5.13 153517.2 3.26
4.19 5.19 166328.2 3.01
3.33 5.26 182594.6 2.74
2.82 5.33 202925.4 2.46
2.15 5.43 238434.8 2.10
1.92 5.62 369457.0 1.35

Bend diameter = 0.00cm corresponds to measurembah ibre was straight. ,Rwas

calculated using equation 2.39, where R2 K2, Vs = 12V and%= 0.5 Q. The

illuminance or light intensity in Lux was determthesing the relationship as in equation

2.41.
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4.4.1 Calculation of Attenuation

Attenuation (dB/km) =_Tm log(%)

A negative sign was factored in for calculationsonder to take into account the fact that
attenuation is a loss and therefore is negatitensity was also assumed in place of power,
this is because light intensity is a measure of ggoveceived per unit area, and since
attenuation is a ratio output power to the input@Q the unit areas would eventually cancel.
This makes the calculated values for attenuatidetive and hence the values might not
reflect the actual attenuation in the optic fibbes allow for comparison of power loss in the

two optic fibres.

Table 4.2: Attenuation in a single mode fibre

Bend Diamete Input Intensity Output Intensity Attenuation
(cm) (lux) (lux) (dB/km)
0.00 5.39 926.09
10.02 4.20 1466.13
7.41 4.00 1577.08
6.50 3.65 1771.07
5.11 8.26 3.26 2020.84
4.19 3.01 2194.88
3.33 2.74 2397.49
2.82 2.46 2626.73
2.15 2.10 2976.90
1.92 1.35 3927.87

The attenuation figure for the Single mode fibreewht was straight = 926 dB/km. The
attenuation value is very big compared to otheruesl obtained for example,

2.26 x 107*dB/m which translates to 22.6 dB/km for wavelength er366-578 nm

50



mercury vapour lamp light [6]. The extremely highlue of attenuation can be accounted for
by the low coupling efficiency of light into the tp fibre. Points of measurement of input
power into the optic fibre could not be precisetedmined and this could have contributed

in a higher value of input intensity than the attogensity getting into the fibre.

4.5 Measurements with Multimode Fibre
Measurement results of the multimode fibre for btitb bend and straight conditions are

shown in Table 4.3

Table 4.3: Multimode Fibre Measurement Results

Bend Diameter (cm Vq (V) Rx @) Intensity(Lux)
0.00 5.9¢ 3376235.29 0.15
10.02 5.97 4102285.71 0.12
7.41 5.97 4788000.00 0.10
6.50 5.97 5224363.64 0.10
5.11 5.97 4788000.00 0.10
4.19 5.9¢ 5748000.00 0.09
3.33 5.9¢ 5748000.00 0.09
2.82 5.97 5224363.64 0.10
2.15 5.9¢ 7188000.00 0.07
1.92 5.9¢ 6388000.00 0.08
Input Value 4.015 60544.0 8.26

There was little variation in the measured Yalues for the multimode case even when
macrobending was introduced and this indicatesrmum changes in the total signal loss in

the optic fibre due to macrobending for the multii@dibre.
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4.5.1 Calculation of Attenuation in Multimode Fibre
Same procedure was followed as was done for tlggesmode fibre and results are shown in

table 4.4.

Table 4.4: Attenuation in a Multimode fibre

Bend Diameter  |nput Intensity Output Intensity Attenuation
(cm) (lux) (lux) (dB/km)
0.00 0.15 8732.21
10.02 0.12 9155.18
7.41 0.10 9490.82
6.50 0.10 9680.22
5.11 8.26 0.10 9490.82
4.19 0.09 9887.63
3.33 0.09 9887.63
2.82 0.10 9680.22
2.15 0.07 10373.09
1.92 0.08 10116.87

Attenuation values for the multimode fibre are ertely high, where for straight condition
of the fibre, attenuation 8732.21 dB/km for the multimode that is approxirhate) times the

value for single mode fibre. However there wagelittariation in the attenuation coefficient with

change in bending diameter.

For the single mode case, the power loss due teaieeding increases exponentially as the bend
diameter increases as seen by the almost lineph @aln o (attenuation) versus the bend diameter
Figure 4.5 with an Rvalue = 0.857. No significant trend can howevespecified for the multimode,
Figure 4.6 show a close to constant variationtteihaiation with bend diameter with the values for |

a oscillating between 9.14 and 9.20 dB/km.
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In (a)(attenuation) vs bend diameter for SMF
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Fig 4.5: In (a)(attenuation) vs bend diameter for SMF

In (a)(attenuation) vs bend diameter for MMF
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Fig 4.6: In (a)(attenuation) vs bend diameter for MMF
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Trends of attenuationin SMF and MMF
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Fig 4.7: Comparison of Macrobend losses in SMF anflMF

From Figure 4.7 it can be deduced that attenmiagionore pronounced in multimode fibres than it is
single mode fibres. Characteristic values of atdion for the optic fibre for example for bend
diameter 10.02cm are 1466.13 dB/km for single mool®pared to 9316.56 dB/km for multimode
fibre. This is in agreement with theory where thesingle mode fibre, because of the small core and
single light wave (mode) any distortation that cbatise from overlapping modes is eliminated and
hence the single mode provides the least signahadtion [3]. Extra transmission loss is introduced
in multimode fibres due to their nature where lightpagates in several modes. The various modes

of light introduce modal dispersion where the difg modes of light arrive at the receiving end of
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the fibre at different times causing a spreadirfgotf There is also mode coupling and leaky modes

being more prevalent in multimode fibre contribgtio further attenuation described in section 2.6.3

The power loss as a consequence of macrobendexgresmely low in the MMF and was difficult to
quantify experimentally. Kauffman et al highlightet same effect and instead assume a simple
hypothesis about the distribution of power among thodes where obtained results are used to
analyse the trend of the overall loss of the mudte fibre with the radius of curvature [9]. The
general trend for the SMF was such that the att@mancreased with decrease in the bending
diameter. For larger bend diameters the attenuatas tending to become constant suggesting the
contribution of attenuation to the overall attenatat this point was therefore minimum. The major
contributors of attenuation for larger and largend diameters would be absorption, scattering and
other loss mechanisms. The result conforms to riggliby other authors [6, 9, 26, 28]. The
wavelength used in this experiment also contribtweahore attenuation in the optic fibres as ités n

the optimum wavelength for either of the fibres.
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CHAPTER FIVE: CONCLUSION AND RECOMMENDATIONS

5.1 Introduction
The chapter sums up the findings of this resedciccess of the research according to the
laid out objectives is discussed as well as reconaaons for future work along the lines of

this research.

5.2 Conclusion

The research sought to investigate and compareattbauation in Single Mode Fibre (SMF) and

Multimode Fibre (MMF) due to macrobending. In oréieido so improvisions were done for the light

source using 555 timer astable multivibrator pongra green LED and an LDR in a Wheatstone
bridge circuit that served as a light detector aptic fibres off-cuts used for the carrying ofitlee

experiment.

When there was no macrobending in both of the dibaétenuation was recorded, attenuation
associated with scattering and absorption and dbissrmechanisms. Overally signal power loss was
higher in MMF than in SMF as seen in Figure 4.7 #isl explains the reason why single mode fibre
are usually preferred for long distance transmissithe loss in SMF without macrobending was

found to be926 dB/kmand that for MMF to be 8732.21 dB/km.

Attenuation in the SMF increases as the bend diemudecreases and does so in an exponential
manner. It is a different case for the MMF, whédre attenuation trend seemed not existant and was
difficult to quantify. However from the results éan be deduced that single mode fibres are more

susceptible to macrobending than multimode fibFes.instance the single mode has an attenuation
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due to macrobending only for bending diameter 4ri9equal to 1268 dB/km while the multimode

fibre has an attenuation due to macrobending asaleto 1155 dB/km.

The results confirm that macrobending has a sicanifi contribution to the overall attenuation in an
optic fibre particularly in the SMF, hence it is portant that macrobending be considered and

characterised for efficient signal transmissiorhaitt compromise to quality.

Precautions were observed in order to minimisenaistencies in the carrying out of the experiment
and improve in the accuracy of the results. Somereicould not be completely eliminated, these
such as given in section 3.5. More accurate detatioin of attenuation in the optic fibres in this

research could be achieved by using a more starafatdsensitive optical meter for example an
OTDR or Optical spectral Analyser. Further improesrs would also include use of a proper optical
bench using the specified operational light soufoethe optic fibres that is LED for multimode fi

and laser for single mode fibre.

5.3 Recommendations

For further work it is recommended that the samekvibe done at operational wavelengths
of the optic fibres using the ideal light sources éach of the fibres. Comparison would be
easier if say this is done at wavelength 1310 nB0I8n common and almost equal for both
of the optical fibres. It would also be of greatpmntance if the bend diameter could be
lowered a bit more so as to ascertain how much haréibres can bend before reaching the
critical radius (diameter) that is the radius (deen) beyond which the attenuation will

rapidly increase.
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Of interest would be also investigating and chanasing the macrobending attenuation trend
for the recently introduced, the Plastic optic éil§POF). The combination of this with other
factors like cost, transmission speed and bandwidihld enable selection of any of these
three for use such as to minimise cost yet not comising on signal quality and strength

which is the main thrust of the telecommunicatiodustry.
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Total Internal Reflection
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APPENDICES

Appendix 1: Phototransistor 1 response raw results

Distance(cm) VimVv) |V(mV) | V(mV) | AVG(mV)
34 55 54.8 54.9 54.90
29 54.7 54.6 54.8 54.70
24 54.6 54.5 54.7 54.60
20 53.9 54.1 53.8 53.93
16 53.8 53.7 53.6 53.70
12 50.1 50.3 50.2 50.20
8 50.1 50 50.2 50.10
6 34.7 34.6 34.9 34.73
4 41.7 41.5 41.4 41.53
3 51.2 51.1 51 51.10
2 49.7 49.7 49.4 49.60
1 45.3 45.4 45.4 45.37
0 42.6 42.6 42.5 42.57

Appendix 2: Phototransistor 2 response raw results

Distance (cm) V (mV) V(mV) |V(mV) | AVG (mV)
34 55.0 55.0 54.9 54.97
29 54.7 54.8 54.7 54.73
24 54.9 54.8 54.7 54.80
20 55.0 54.8 55.0 54.93
16 54.8 55.0 54.9 54.90
12 55.0 55.1 55.2 55.10
8 55.7 55.5 55.6 55.60
6 55.7 55.7 55.6 55.67
4 56.1 56.0 56.0 56.03
3 56.1 56.3 56.2 56.20
2 57.2 57.0 56.9 57.03
1 58.3 58.2 58.5 58.33
0 64.6 64.5 64.5 64.53
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Appendix 3: LDR Response raw results

Distance (cm) V(V) V(V) V(V) Avg (V)
34 -2.85 -2.84 -2.83 -2.840
29 -2.04 -2.05 -2.04 -2.043
24 -1.27 -1.27 -1.26 -1.267
20 -0.27 -0.27 -0.27 -0.270
16 0.93 0.92 0.93 0.927
12 2.24 2.24 2.25 2.243
8 3.65 3.65 3.65 3.650
6 4.17 4.17 4.17 4.170
4 4.93 4.93 4.93 4.930
3 5.05 5.05 5.05 5.050
2 5.47 5.47 5.47 5.470
1 5.69 5.69 5.69 5.690
0 5.81 5.81 5.81 5.810

Appendix 4: Current Voltage Characteristics of LDR

Voltage (V) Current (A)
11.910 0.010
11.500 0.020
11.200 0.025
10.520 0.030
10.030 0.040
8.880 0.050
8.190 0.060
6.790 0.070
6.580 0.075
5.190 0.090
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Appendix 5: Bend Diameter Measurements

Cylinder Diamete (cm) AverageDiameter (cm
1 1.93 1.92 1.91 1.91 1.918
2 2.14 2.15 2.14 2.16 2.148
3 2.82 2.82 2.82 2.82 2.820
4 3.33 3.32 3.32 3.34 3.328
5 4.19 4.18 4.18 4.19 4.185
6 5.11 5.11 5.11 5.09 5.105
7 6.52 6.52 6.45 6.5 6.498
8 7.39 7.4 7.43 7.41 7.408
9 10.02 10.03 9.98 10.04 10.018

Appendix 6: Measurements for the single mode fibre
Vs (V) | Rs(Q) | Ry/(R1+R2)(Q)
12 12000 0.5

Bend Voltage (V) » |AvgV

Diameter (V) R, (Q)
0 4.62 4.63 4.63 4.62 4.63 92727.3
9 4.90 4.90 4.90 4.90 4.90 118909.1
8 4.95 4.95 4.95 4.95 4.95 125142.9
7 5.04 5.04 5.03 5.02 5.03 136837.2
6 5.14 5.12 5.12 5.14 5.13 153517.2
5 5.20 5.18 5.19 5.20 5.19 166328.2
4 5.26 5.26 5.26 5.26 5.26 182594.6
3 5.34 5.31 5.33 5.34 5.33 202925.4
2 54 5.42 5.44 5.44 5.43 238434.8
1 5.61 5.62 5.63 5.63 5.62 369457.0

Input
Value 4.01 4.04 4.02 3.99 4.015| 60544.08
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Appendix 7: Measurements for the multimode fibre

Bend Voltage (V) >
Diameter(cm) Avg V (V)| R, (Q)
0 5.95 5.95 | 5.96| 5.97 5.958 3376235.294
9 5.97 596 | 597 5.97 5.968 4418769.231
8 5.97 5.97 | 5.97| 5.97 5.970 4788000.000
7 5.97 5.97 | 5.98| 5.97 5.973 5224363.636
6 5.97 5.97 | 5.97| 5.98 5.973 5224363.636
5 5.97 598 | 598, 5.97 5.975 5748000.000
4 5.98 597 | 597| 5.98 5.975 5748000.000
3 5.98 597 | 597, 5.97 5.973 5224363.636
2 5.97 5.97 | 598| 5.98 5.975 5748000.000
1 5.97 598 | 597, 5.97 5.973 5224363.636
Input Value 4.01 4.04 | 4.02| 3.99 4.015 60544.0806
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