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Abstract 

An experimental technique of macrobending losses for a single mode fiber (SMF) with 

different radius of curvature is presented. Macrobending losses for SMF are investigated 

experimentally, showing that a tight bent of fiber has a significant impact on the power 

loss. This experimental measurement suggests how this method is crucial to characterize 

macrobending at wavelength of interest even to calculate the power loss due to bending, 

to determine the spectral window at which the fiber can effectively operates, to predict 

the bend loss for a higher wavelength from the trend of shorter wavelengths. This thesis 

work also investigates the variation of the constants, CR and C

 

, which depends on the 

waveguide dimension, with respect to shorter wavelengths using He-Ne laser and 

Mercury Vapor Lamp sources of light that emits different wavelengths in the visible and 

ultraviolet region of an optical spectrum using an optic beam launch method. 

Corresponding experimental tests are presented, which agree with the theoretical results 

that show, the bent fiber at different bend radii has a significant influence on the total loss 

of the fiber.  

Key words:  macrobending ; optic beam launch; optical spectrum; radius of curvature:  

                  Single mode fiber: spectral window; power loss                  
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1. Introduction  

1.1 Introduction  

An optical fiber is a dielectric waveguide made of glass or plastic consisting of a core, 

cladding and a sheath or jacket. The index of refraction of the assembly varies across the 

radius of the cable, with the core having a constant or smoothly varying index of 

refraction and the cladding region having another constant index of refraction. The core 

possesses a high refractive index, where as the cladding is constructed to have a lower 

refractive index. The result of the difference in the refractive indexes is to keep light 

flowing through the core after it gets in to the core, even if the fiber is bent or tied in to a 

knot, through total internal reflection.   

The choice of fiber optic cables in telecommunications lies on its advantage over copper 

such as, very high bandwidth, resistance to electromagnetic noise, large carrying capacity, 

longer transmission high speed and costs much less to maintain. Recently, because of 

their cost effectiveness and better quality, fibers have been used to replace copper wire as 

an appropriate means of communication and signal transmission. Even if, optical fibers 

have these advantages, signal attenuation and distortion are important degradation factors 

in limiting the transmission systems.  [1]  

Attenuation is the loss of optical power as light travels along the fiber. It is a result of 

absorption, scattering, bending, and other loss mechanisms. Each loss mechanism 

contributes to the total amount of fiber attenuation. Of importance to this study is power 

loss due to bending specifically macrobending. Macrobends are bends having a large 

radius of curvature relative to the fiber diameter. These bends become a great source of 

loss when the radius of curvature is less than several centimeters. [2]  

Any dielectric waveguide will radiate if it is not absolutely straight. The bending of a 

dielectric waveguide produces a source of radiation loss in the cladding even if the 

propagating ray is greater than the critical angle. 
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To maintain a guided mode field with equiphase fronts on radial planes, a fraction of the 

mode field on the outside of the bend would have to exceed the plane wave velocity in 

the cladding medium. Since this is impossible, the energy associated with this part of the 

mode field is lost to radiation. The radiation attenuation coefficient bend , with radius of 

curvature R, has the form   

                                   RCC Rbend
exp                                                       (1.1) 

Where CR
and C are constants that will characterize the attenuation coefficient. [3]  

1.2 Motivation and Objective  

Light power propagating in a fiber decays exponentially with length due to absorption 

and scattering losses. Attenuation is the single most important factor determining the cost 

of fiber optic telecommunication systems as it determines spacing of repeaters needed to 

maintain acceptable signal levels. In the near infrared and visible regions, the small 

absorption losses of pure silica are due to tails of absorption bands in the far infrared and 

ultraviolet. Impurities-notably water in the form of hydroxyl ions-are much more 

dominant causes of absorption in commercial fibers. Recent improvements in fiber purity 

have reduced attenuation losses. State-of-the-art systems can have attenuation on the 

order of 0.1dB/km. Scattering can couple energy from guided to radiation modes, causing 

loss of energy from the fiber. There are unavoidable Rayleigh scattering losses from 

small scale index fluctuations frozen in to the fiber when it solidifies. This produces 

attenuation proportional to Rayleigh scattering, 4
1 .   

The optical fibers for telecommunications are required to operate with the lowest 

attenuation loss at a wavelength of about 1550nm. As the requirement for optical 

performance of optical fibers is stringent, the source of attenuation loss in optical fiber 

needs to be eliminated at a wavelength of about 1550nm. However, certain physical 

constraints in which the optical fibers can be used result in increase in attenuation loss of 
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the fiber and an important one of these physical constraints is bending loss of the fiber, 

which is introduced during bending of the fiber while transporting and installation. 

Therefore, if bending loss of a fiber increases it results in increase in the attenuation loss 

of the fiber.  

In an optical fiber produced by conventional method, the signal losses of substantial level 

may be introduced either by turning the fiber about a point with relatively smaller radius 

of curvature or by waviness introduced during the sheathing of the fiber. It has been 

observed that a planar wave front, which must propagate through a bend, has different 

path lengths between the center of the core and its outer radius. A shift in mode field 

diameter of fiber on its bending has been observed to result in energy losses thereby 

resulting in increase in bending loss of the fiber. These losses are known as 

macrobending losses and have been found to be dependent up on the extent of the 

bending that is introduced in the fiber. If radius of curvature of the bend of the optical 

fiber is smaller and wavelength of transmitted light is longer, the macrobending loss in 

optical fiber has been observed to increase. Furthermore, the macrobending loss caused 

by loss of power due to radiation at optical. It has been observed that below a critical 

radius optical fiber bending, the macrobending loss in optical fiber becomes significant 

and noticeable. There is also a need to have optical fiber having reduced macrobending 

loss and attenuation loss, thereby being suitable for access communication network 

applications. 

Furthermore, the ever-increasing demand for bandwidth in the residential sector and long 

haul transmission has pushed fiber optics manufacturers, service providers and 

researchers to develop Fiber-to-the Home technology (FTTH) and long line transmission. 

Fiber transmission capacity, 25Tbp, of all the mediums, but it is not as rugged and 

forgiving as copper. Current fiber in homes, buildings and long haul transmission 

experience in loss signal strength because fiber has to routed round tight corners and 

many turns in the long line respectively, making it complicated and expensive to install. 

Mostly holes has to be drilled through walls for FTTH, high way roads will be dug and 

even sometimes buildings will be destructed for long haul in order to avoid bending the 

fiber optic cable making it fiber installations visually unappealing. Service providers like 

Verizon and fiber optic manufacturers like Corning and researchers are working closely 
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together to develop fiber that can handle the smaller bend radii encountered in Single-

family units (SFUs), Multiple-dwelling units(MDUs), in-home wiring and long line 

wiring. [4]   

In view of all these, it is indispensable: 

- to calculate power loss due to macrobending 

- to predict bend loss of the fiber and the spectral window at which a fiber can operate   

   effectively 

-to obtain the relationship between constant CR 
and C    against the wavelength and     

the variation of these constants with the wavelength   

-and also to predict the intrinsic loss of the fiber and the dominant nature of scattering in 

short wavelengths, particularly in the visible region  

1.3 Structure of the thesis   

Chapter 1 gives an introduction of the power loss due to macrobending and the objective 

of the thesis  

Chapter 2 gives an extensive coverage of the theoretical background of attenuation 

associated with macrobending in particular and losses that are related to macrobending 

during signal propagation in an optical fiber in general. In addition, parameters that affect 

macrobending will be discussed.  

Chapter 3 is all about experimental technique to measure bending loss for shorter 

wavelengths using He-Ne laser and Mercury Vapor Lamp  

Chapter 4 provides the outcome of the measurements performed with and without 

bending of the fiber  

Chapter 5 concludes the thesis and highlight recommendation for future work   



 

5   

2. OVERVIEW OF FIBER OPTICS IN SIGNAL DEGRADATION  

2.1 Introduction  

This chapter deals with the basics of optical fiber propagation and some of the fiber 

parameters that are used to characterize signal degradation. It begins by describing the 

confinement process that makes optical fibers useful, defining several parameters, and 

introducing several terms that are associated with optical fiber. Moreover, it briefs out   

propagation of various electromagnetic modes and the signal degradation while the mode 

propagates in an optical fiber. [5]  

2.2 Optical confinement  

Optical fibers work by confining the light within a long strand of glass. In their simplest 

form, they are cylindrical dielectric waveguides made of central cylinder of glass with 

one index of refraction, surrounded by an annulus with slightly different index of 

refraction. 

One confinement process that traps the light inside the fiber and allows it to propagate 

down the length of the fiber based on the principle of total internal reflection at the 

interface of the two dielectric media. Consider an optical-plane-wave incident on an 

infinite planar interface between two dielectric media, as shown in Fig.2.1. The 

propagation direction of the plane wave makes an angle of incidence 
i
with the normal 

to the interface as shown in the figure. The index of refraction (or refractive index) n of a 

medium is given by the equation 

                   
V

c
n                                                                                                        (2.1) 

                

where c is the velocity of light in a vacuum (3x108m/sec) and v is the velocity of light in 

the medium. (Note that n is always greater than 1; for glass, n is between 1.4 and 1.5) For 

total internal reflection to occur, the index of refraction of the medium containing the 

incident plane wave is required to be larger than the index of refraction of the other 
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medium (i.e., the wave is traveling from the higher-index medium in to the lower- index 

medium). 

Snell’s law governs the transmission of the plane wave through the interface and is given 

by 

                n1
sin

i
=n2

sin
t
                                                                                       (2.2)  

                      

Figure 2.1: Planar interface geometry. 

where 
i
is the angle of incidence and 

t
is the angle of transmission. From this relation, 

one can see that 
t 

reaches 90 degrees when 
i 

reaches the value of  

             
i
=

c
=sin-1

n
n

1

2                                                                                           (2.3) 

where is called the critical angle of incidence and is given by the latter part of the 

equation. For angles of incidence equal to or exceeding the critical angle, the energy of 

the incident wave is totally reflected back in to medium. It is this total internal reflection 

that allows the light to propagate with no loss. Light that is incident at an angle below the 

critical angle is partially transmitted and partially reflected, losing a significant fraction 
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of the power in to the transmitted beam.  

2.3 Fundamentals of light  

In this section of the thesis those fundamental characteristics and phenomenon of light 

that relate to fiber optics will be discussed. The discussion to those principles of light that 

is relevant to a basic understanding of optical fibers. [6-9]  

2.3.1 Electromagnetic Spectrum   

Fundamentally, there is no difference between light waves and other electromagnetic 

waves, such as radio and radar, except that light waves are much shorter and therefore 

have a much higher frequency. When all types of electromagnetic radiation are arranged 

in order of wavelength, the result is called the electromagnetic spectrum, shown in  

   

  

                      

Figure 2.2: Electromagnetic Spectrum  

Notice how broad this range is: from long electrical oscillations with wavelengths 

measuring thousands of kilometers to cosmic rays with wavelengths in trillionths of a 

meter. There are no gaps in the spectrum, but some of the regions overlap or blend. That 
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is, the boundary between regions is not sharp.  

As can be seen in Fig.2.2, optical radiation lies between microwaves and x-rays. It 

includes all wavelengths between 10nm and 1mm. Within this range, as shown on the left 

side of fig.2.2, are ultraviolet, visible light, and infrared radiation. The term visible light 

seems redundant; however, it is necessary because ultraviolet and infrared light, 

respectively. Visible light is defined as that radiation which stimulates the sense of sight. 

It includes all radiation from 390nm to 770nm, from violet to red. Obviously, the visible 

spectrum is just a small fraction of the electromagnetic spectrum.  

In fiber optics, a typical wavelength is 820nm. From fig.2.2 it is clearly seen that this 

radiation is designated infrared, although it is sometimes referred to as light because it 

can be controlled and measured with instruments similar to those used for visible light. 

[10]   

2.4 Signal propagation in optical fiber  

Optical fiber is a remarkable communication medium compared to other media such as 

copper or free space. An optical fiber provides low-loss transmission over an enormous 

frequency range of at least 25THz-even higher with special fibers which are orders of 

magnitude more than the bandwidth available in copper cables or any other transmission 

medium. For example, this bandwidth is sufficient to transmit hundreds of millions of 

phone calls simultaneously, or tens of millions of Web Pages per second. The low-loss 

property allows signals to be transmitted over long distances at high speeds before they 

need to amplified or regenerated. It is due to these two properties of low loss and high 

bandwidth that optical fiber communication systems are so widely used today.    

2.4.1 Light propagation in an optical fiber  

Signal propagation in optical fibers can be described by either geometrical optics or 

Maxwell’s equations. Geometrical optics is a good approximation when the wavelength 

of light is very small compared to the system’s dimensions. On the other hand, Maxwell 

equations can tell the exact story but is much more mathematically complex. 
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This section uses both methods to study light propagation, but avoids complex 

mathematics such as solving wave equations in optical fiber. Instead, it stresses the 

relationship between geometrical optics and wave function. This approach shows the 

insight of the physics of light wave propagation with minimal mathematics. 

    

2.4.3 Propagation of Fiber Modes  

The electric and magnetic field vectors in the core, E
~

core and H
~

core, and the electric and 

magnetic field vectors in the cladding, E
~

cladding and H
~

cladding, must satisfy the wave 

equations, 2.10 and 2.11, respectively. However, the solution in the core and the cladding 

are not independent; they are related by boundary conditions on E and H at the core-

cladding interface. Quite simply, every pair of solutions of these wave equations that 

satisfies these boundary conditions is a fiber mode. Only a finite set of wave functions 

satisfying the Maxwell equations can propagate in a fiber, each of which is called a 

propagation mode.[11]  

2.4.3.1 Step-index Single Mode Fibers  

When a light wave propagates inside the core of a fiber, it can have different 

electromagnetic field distributions over the fiber cross-section. Each field distribution 

that meets the Maxwell equations and the boundary condition at the core-cladding 

interface is called a transversed mode. Fibers that allow propagation of only one 

transverse mode are called single mode fibers (SMF) but fibers that support more than 

one transverse mode are Multimode fibers. 

    

2.4.3.1.1 Cutoff Wavelength  

For small values of V (V < 2.405), only one mode, called the LP01 mode, will propagate. 

Although this mode is doubly degenerate (i.e., two orthogonal polarizations of this mode 

can simultaneously exist), this region of operation is called single-mode operation. 
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Generally, one wants a small core radius (typically several wavelengths) and a small 

index difference (typically less than 1 %) between the core and cladding to achieve this 

relatively low value of V. For a given fiber geometry, the value of 

 
that makes V equal 

to 2.405 is the (theoretical) cutoff wavelength of the fiber. (The actual cutoff wavelength 

is very susceptible to variations in the fiber parameters and, so, is usually a measured 

fiber parameter.) 

From the power distribution curve at V = 2.405, approximately 84% of the mode's power 

is in the core while at V = 1, only 30% is in the core and also, about 75% of the power is 

in the core when V = 2.0. The power in the cladding is at risk to being removed by jacket 

losses, splices, and other loss mechanisms. For this reason single-mode fibers keep V in 

the range 2.0 < V < 2.405. Some compromise is required here. If V is made too close to 

2.405, the cutoff wavelength of the fiber will be too close to the designed operating 

wavelength; if V is made too small, significant cladding power will be removed, raising 

the optical losses too much. 

   

2.4.3.1.2 Mode Field Diameter  

In single-mode fibers, an appreciable part of the wave is contained in the cladding outside 

of the core. For such waves the use of the core diameter to express the "width" of the 

wave is no longer possible, since the wave "width" is now larger (or smaller) than the 

core. The "width" of the wave is an important quantity in predicting the cabling losses, 

the losses due to bends, and the joining losses when the cables are connected or spliced 

together. 

For single-mode fibers, a useful measure of the field "width" has been the mode field 

diameter (usually abbreviated "MFD"). If the fiber produces a Gaussian-shaped field, 

then the definitions all reduce to the same value. [5]   

2.4.3.2 Mode coupling   

When modes are near to cutoff, a higher proportion of their power propagates in the 

cladding than is the case for the lower order modes. As a result, those modes having 
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fields, which extend further in to the cladding were highly attenuated, are certainly more 

susceptible to bending & micro bending effects.  

It should be mentioned that a significant number of modes, while they are not fully 

guided, do nevertheless propagate considerable distances along the fiber. These are 

known as leaky modes. For them,   

acc 2

2
222

                                                                                          (2.4)  

they do not satisfy the condition 
22

c

 

& do not constitute fully guided modes. 

Unwanted higher -order & leaky modes can easily be removed by bending a short length 

of the fiber in to a tight curve. This has an effect of locally lowering the value of V, the 

normalized optical frequency, & as a result a no of higher order modes that would be 

guided or only showily leaky in a straight length of the fiber find themselves below 

cutoff, so they radiate out in to the cladding. This is sometimes referred to as mode 

stripping.  

2.4.3.3 Cladding Modes and Leaky Modes  

As noted in Fig. 2.7 on the preceding page, certain rays in the incident radiation are not 

captured by the core of the fiber, but pass through the core-cladding interface into the 

cladding region. Because of the finite radius of curvature of the outer cladding surface, 

some of this light at this boundary will be reflected back into the cladding, where it can 

be trapped and propagated. This light forms the cladding modes of the fiber and 

appreciable coupling can occur with the higher-order modes of the core, resulting in 

increased loss of the core power. Cladding modes are suppressed by placing a high-loss 

material outside of the cladding surface that will absorb the light as it strikes the interface 

by increasing the scattering at the cladding interface to extract the cladding modes, or by 

surrounding a portion of the fiber with a material whose index of refraction matches that 

of the cladding, causing the cladding light to transmit into the index matching material 

(see Fig. 2.8). This latter technique is called mode stripping. 
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Figure 2.3: Removal of cladding power by a mode stripper  

2.4.3.4 Power density distribution              

One of the benefits of the mode analysis is that it enables the power density distribution 

in the fiber for each mode to be derived straight forwardly by evaluating the pointing 

vector, ExH, for the transverse field over the fiber cross-section. It is then possible to 

determine the extent to which the electromagnetic wave penetrates the core-cladding 

interface and spreads in to the cladding the fraction, , of the total power in each mode 

that is carried in the core can then be evaluated by integrating over the core cross section. 

As expected, most of the power flow is to be found in the fiber core except when modes 

are near to cutoff. Even at cutoff, only a fraction 
1

of the power in the higher order 

modes propagates in the cladding.   

The situation is different with SMFs. A considerable fraction of the total power may 

propagate in the cladding layer or layers, and knowledge of the power distribution is 



 

13

necessary in order to minimize splicing and connector losses and to maximize coupling 

efficiency. The decay of the evanescent fields also affects the vulnerability of the fiber to 

bending and micro bending losses.   

2.4.3.5 Evanescent wave   

When light suffers total internal reflection an electromagnetic disturbance, known as an 

evanescent wave, does penetrate the reflecting interface. The amplitudes of the 

evanescent fields decay exponentially with distance away from the surface cannot 

normally propagate in the medium of lower refractive index. However, any variation or 

non uniformity in the region of the reflecting interface may cause the conversion of the 

evanescent wave in to a propagating wave.  

In the cladding (r>a), the axial field components are given by   

    kwrK KZ
cos

2

 

                                                                            (2.5)  

Where 
2 

is a constant electric or magnetic field; k is again an integer; and w is related 

to 

 

and, the modified Hankel functions, )(wrK k
, decay monotonically to zero. For 

large values of r such that r > a and wr

 

>>1.   

)( 2

1

)exp(
)(

wr
K

wr
wr

k
                                                                                      (2.6) 

This means that the fields in the cladding die away exponentially at large radial distances 

from the core-these are the evanescent fields. [12]  

2.4.3.6 Gaussian Approximation  

The modal field (near-field) of a single mode fiber is not very sensitive to its refractive 

index profile and the shape of this field remains similar to a Gaussian function. This has 

led to the so-called Gaussian approximation in which it can approximate the modal field 

of a given single mode fiber by a Gaussian function as 
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where, WG is called the spot-size (or, more precisely, the Gaussian spot-size) of the 

modal field. This spot-size is the parameter which is different for different profiles of 

the fiber and for different V-values for a given profile. 

Although there are a number of criteria to obtain the value of WG for a given fiber at a 

given V-value, the most popular method is the one suggested, by Marcuse, in the first 

proposal for this approximation. In this method, the best Gaussian is obtained- by 

maximizing the overlap integral between the actual modal field and the Gaussian 

function. This would physically mean that the best Gaussian function corresponds to 

that Gaussian beam which would couple maximum power to the mode of the given 

fiber. Marcuse also gave an empirical formula for obtaining the Gaussian spot-size for 

a fiber with q-profiles; the formula for a step-index fiber is  

            
VV

W
a

G
65.1

879.2619.1
65.0                                                                             (2.8) 

where a is the radius of the core of the fiber. As the V value approaches to 2.2-2.3 there 

will be a good fit of the Gaussian to the modal field. However, the Gaussian 

approximation becomes poorer as the V -value becomes smaller.  In most practical cases, 

the parameter of the single mode fibers are chosen such that the V -value is just below the 

limit of single mode operation ( that is, the V-value is just below Vc11 the cutoff  V-value  

of the  next higher mode). Thus, a step-index fiber (Vc11 = 2.405) is generally operated 

around V ~ 2.2-2.3 single and the Gaussian approximation can be useful in estimation of 

its propagation characteristics. 

The Gaussian approximation can be used for estimation of those characteristics of the 

fiber which directly depend on the modal field distribution, such as the source-to-fiber 

coupling efficiency, splice losses, bending and micro bending losses, etc.   

2.4.3.7 Spot Sizes 
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This section discusses the relationship of spot-size to various characteristics of single 

mode fibers. Twice the value of a spot-size is sometimes referred to as the mode field 

diameter (MFD).  

The third spot-sizeW , which is also called the Petermann-3 spot-size, is defined as  

           
2

201

2 2

W

a

nknW                                                                      (2.9) 

Where is the propagation constant of the LP01-mode. This spot-size is related to the 

bending loss in a fiber.  

2.4.3.8 Gaussian Beams  

Optical beams change their intensity distribution as they propagate in space.  This is due 

to the phenomenon of diffraction. Diffraction can easily be understood by considering the 

diffraction divergence of a Gaussian beam. Indeed, when a laser oscillates in its 

fundamental mode, the transverse amplitude distribution is Gaussian. Similarly, the 

transverse amplitude distribution of the fundamental mode of an optical fiber is very 

nearly Gaussian. Therefore, the study of the diffraction of a Gaussian beam is of 

considerable importance in fiber optics.  

Consider Gaussian beam propagating along the z-direction with intensity distribution on 

the plane z=0 given by   

       )0,,( yxI = expI O
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Where I O 
is the intensity at the beam centre and wO 

is a measure of the beam width, 

usually referred to as the spot-size of the beam; it represents the distance at which the 

intensity falls off to 
e

I O
2 . Assume that the phase front is a plane at z=0. As the beam 
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propagates along the axis, diffraction occurs and one obtains the transverse intensity 

distribution after a propagation distance z as  

         e
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Where )(zw is the z-dependent spot-size of the beam given by   
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The above equation implies that w (z) increases with the diffraction divergence of the 

beam. [13]   

2.5 Fiber losses  

Light power propagating in a fiber decays exponentially with length due to absorption 

and scattering losses. Attenuation is the single most important factor determining the cost 

of fiber optic telecommunication systems as it determines spacing of repeaters needed to 

maintain acceptable signal levels. In the near infrared and visible regions, the small 

absorption losses of pure silica are due to tails of absorption bands in the far infrared and 

ultraviolet. Impurities-notably water in the form of hydroxyl ions-are much more 

dominant causes of absorption in commercial fibers. Recent improvements in fiber purity 

have reduced attenuation losses. States-of the-art system can have attenuation on the 

order of 0.1dB/km. Scattering can couple energy from guided to radiation modes, causing 

loss of energy from the fiber. There are unavoidable Rayleigh scattering losses from 

small scale index fluctuations frozen in to the fiber when it solidifies. This produces 

attenuation proportional to 4
1 . Irregularities in the core diameter and geometry or 

changes in fiber axis direction also cause scattering.   

2.5.1 Attenuation 
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The basic attenuation mechanisms in a fiber are absorption, scattering and radiative 

losses of the optical energy. Absorption is related to the fiber material, where as scattering 

is associated both with the fiber material and with structural imperfections in the optical 

waveguide. Attenuation owing to radiative effects originates from perturbations (both 

microscopic and macroscopic) of the fiber geometry.  

This section discusses the units in which fiber losses are measured and then present the 

physical phenomenon giving rise to attenuation. 

                 

  

                    Figure 2.4: Typical spectral attenuation in silica  

Fiber losses are due to several effects; among the more important are: 

2.5.2 Scattering  

By its nature glass is a disordered structure in which there are microscopic variations 

around the average material density, and local microscopic variations in composition. 

Each of these gives rise to fluctuations of refractive index on a scale that is small 

compared to optic wavelength, that is, on a submicron scale. This is fundamental to any 

glassy material, however carefully made, and it causes the light to be scattered in the 

manner known as Rayleigh scattering. The light is then lost from the fiber. Indeed, if 

visible light from a laser is coupled in to a long coil of unsheathed fiber and this is 

viewed from the side in a darkened room, the scattered light is clearly seen, diminishing 
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in intensity along the length of the fiber.   

The loss caused by this mechanism can be minimized by cooling the melt from which the 

fiber is drawn in as carefully controlled a manner as possible. The loss is likely to be 

higher in multi component glasses because of compositional variations. Its essential 

characteristics is that the scattered power, and hence the attenuation, is inversely 

proportional to the fourth power of the wavelength. Fig 2.5 shows that it is Rayleigh 

scattering rather than the UV absorption band-edge that is the principal cause of loss in 

silica fibers at wavelength less than 1.5 m . For glasses with high silica content, a typical 

value for the Rayleigh scattering attenuation is 1dB/km at 1 m . Germania doping 

usually causes a slight increase and phosphorous pent oxide a slight decrease. This effect 

can be seen in Fig 5.3 very carefully made single-mode fibers with only a slightly doped 

core ( 003.0n ) can show as little as 0.9 dB/km Rayleigh scattering loss at 1 m , and 

in single -mode fibers made with a core of pure silica, this value has been reduced to 

0.7dB/km.   

In general, a Rayleigh scattering loss coefficient,
R 

may be defined such that  

       R
4

AR                                                                                              (2.13) 

Where AR 
is a constant for any given material up to the present tacity assumed that the 

geometry of any fiber is perfect from end to end and that the fiber itself is straight. In 

practice, of course, this is not the case and the bends and imperfections that do not occur 

lead to the guided rays being scattered in the rays, which are radiated away from the core-

cladding interface.   

Major disturbances to the geometry of this interface (steps, offsets, inclusions) and large 

imperfections within the fiber core (bubbles, impurities) each give rise to a large local 

scattering loss. Such imperfections show up quite clearly as locally bright regions when 

visible light is propagated through an unsheathed fiber. This enables unsatisfactory 

lengths of fiber to be identified easily and discarded.  
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Tight bends similarly cause some of the light not to be internally reflected but to 

propagate in to the cladding and be lost. In theory the optical power scattered out of a 

fiber at a major bend depends exponentially on the bend radius, R. The bending loss is 

then proportional to exp
RC

R . At a bend of radius, RC 
the loss would be very 

considerable, but because of the form of the exponential function the losses decrease 

rapidly for less tight bends. In monomode fibers, vulnerability to bending losses depends 

on the extent to which the electromagnetic fields penetrate in to the cladding, and hence 

on the refractive index profile and the wavelength,
C

. 

To understand bending loss, imagine the evanescent fields extending in to the cladding 

but decaying exponentially with radial distance. Planes of constant phase are roughly 

perpendicular to the fiber axis. The phase velocity of any guided mode is less than that of 

plane waves in the cladding,
n
c

2

. But on the outside of a bend, it increases with radial 

distance, eventually reaching
n
c

2

. The fields beyond this point are no longer guided.[12]  

Scattering may be partly a material property, but may also be caused by imperfections in 

the fiber geometry. It occurs when the mode of propagation of the light is changed such 

that some of the optical energy leaves the fiber. There is no conversion of the radiant 

energy in to other forms.  

In both cases, the power lost when an optical pulse of energy, E, propagates through a 

short axial element z of a fiber is proportional to both and z Thus,      

zz
dz

d
                                                                (2.14)                  

where

 

is the attenuation coefficient. When 

 

is independent of z, the energy decays 

exponentially with distance.    

zz exp0                                                       (2.15) 

Traditionally, does not depend only up on the quality of the core material. The cladding 

material may also be significant. In the process of total internal reflection the 
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electromagnetic fields penetrate the core-cladding interface and extend in to the cladding. 

Thus, a fraction of the total optical power propagates in the cladding. If the cladding 

material is of poor quality or is highly absorbing; it contributes to the overall fiber 

attenuation. Fibers required to have minimal attenuation are made with the inner regions 

of the cladding material as high in quality and as carefully controlled as the core. It is 

then necessary to ensure that any light scattered in to the cladding does not propagate and 

enter the detector, because this is likely to increase the range of propagation velocities 

and make the fiber dispersion worse. Two steps can be taken to avoid this: the outer layer 

of the cladding can be made absorbing so that the scattered rays are attenuated there but 

the propagating light is unaffected; the cladding itself can be surrounded by a protecting 

polymer layer of higher refractive index in to which the scattered rays pass and are 

absorbed.                 

           Figure 2.5: Scattering and Absorption losses 

2.5.3 Absorptive Losses  

In addition to scattering losses, when light passes through a material, it suffers absorptive 

losses, i.e., a small fraction of its power is absorbed during propagation. These losses 

may be classified into intrinsic and extrinsic absorption losses.  

Intrinsic absorption is caused by the interaction of the propagating waves with one or 

more major components of glass that constitute the fiber's material composition. An 

example of such an interaction could be the infrared absorption bands of SiO2. However, 
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in the wavelength regions of interest to optical fiber communication (0.8-0.9 m

 
and 1.2-

1.5 m ), the infrared absorption tail make a negligible contribution. 

On the other hand, extrinsic absorption is caused by the present of minute quantities of 

materials like transition metal ions (e.g., Fe++, Cu++, Cr+++, etc.) and due to OH- ions in 

glass. For example the presence of 1 ppm (part per million) of Cu++ would lead to a loss 

of 1.1 dB/km at =0.85 m . This makes it mandatory to use ultra pure raw materials in 

the manufacturing of fibers. The technology today has almost eliminated these losses 

and the total loss in fibers has reached the minimum expected from scattering losses. 

The presence of OH- ions leads to absorption peaks at about 0.72, 0.88, 0.95, 1.13, 1.24 

and 1.38 m

 

wavelengths. The prominent peaks at 1.24 and 1.38 m

 

in Fig.2.4 are due 

to the presence of OH- ions. Fortunately these absorption bands are narrow enough so 

that ultra pure fiber exhibit losses <0.2 dB/km at 

 

=1.55 m . Fig.2.4 shows that loss 

curve has minima at around = 1.3 m

  

and 1.55 m . These low loss regions are 

generally referred to as the second and the third low loss windows.  

The electronic and atomic resonances which are responsible for dispersive properties of a 

dielectric material also give rise to absorption in the vicinity of the resonance frequencies. 

These are resonances in the ultra-violet associated with the band-gap of the material and 

the electronic structures of the crystal atoms, and resonances in the infra-red associated 

with the lattice vibrations of the atoms themselves. Although these resonance frequencies 

are well away from the optical frequencies, the absorption they produce is very strong 

and the tails of their absorption bands do extend in to this region at the very low levels of 

attenuation.   

In general, such absorption band-edges show an exponential variation of the absorption 

coefficient with photon energy. Thus, the absorption coefficient associated with the UV 

band-edge,
UV

, may be expressed as  

       UV
UV

UV
UVUV AA expexp                                                  (2.16)  
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where AUV 
, 

UV 
and 

UV 
are constants. This relationship is usually called the Urbach 

law, although the exact reasons for it are not fully understood. The absorption coefficient 

associated with the infra-red band-edge may likewise be expressed as:  

     
ir

= Air
exp

ir

= Air
exp ir                                                       (2.17) 

Again, AUV
, 

ir 
and 

ir 
are constants.  

Superimposed on the IR band edge are absorption peaks associated with harmonics of the 

fundamental frequencies.   

An estimate of the attenuation produced by the absorption band-edges in silica is shown 

in Fig.2.5. Values of the constants can be estimated from the diagram .The window 

between the two edges should be greatest at about 1.5 m , but it is considerably reduced 

because another fundamental loss mechanism dominates the UV absorption band-edge at 

wavelengths longer than about 0.3 m . This is Rayleigh scattering.  

The IR band-edge becomes significant at wavelengths longer than 1.5 m . This edge is 

associated with the characteristics stretching vibrations of the oxide bonds. These have 

the following fundamental resonance frequencies:    

Si - O    9.0 m

   

Ge - O             11.0 m

   

P - O   8.0 m

   

B - O   7.3 m

 

From this point of view germania should be the most favorable impurity because of the 

longer wavelength associated with the Ge-O stretching vibration.  

The band-edge absorption is inherent in the material used to make the fiber. However, 

this material may also contain impurity atoms and molecules which can cause absorption 

at wavelengths of interest. In practice, it is found that hydroxyl ions, hydrogen and the 

first row of transition metals (vanadium, chromium, Manganese, Iron, Cobalt and Nickel) 

are the most precious of these. The metals occur in the glass as ions, which by virtue of 

their electronic structure give rise to broad-band absorption at wavelengths which may 
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depend up on the state of oxidation of the ion. As a very approximate indication, the 

concentrations of these transition-metal ionic impurities have to be kept below about 1 

part in 109 for their contribution to absorption not to exceed 1dB/km at wavelengths in 

the region of 1 m . 

The absorption caused by hydroxyl ions arises from the basic stretching vibration of the 

O-H bond. Its fundamental frequency, 
f

s is centered at 2.73 m

 

but it gives rise to 

harmonics and to combination frequencies with the Si-O bonding resonance at 12.5 m

 

[13].  

2.5.3 Radiation losses in optical fiber  

Optical energy can be lost form waveguide modes by radiation, in which case photons are 

emitted in to the media surrounding the waveguide and are no longer guided. Radiation 

can occur from planar waveguides as well as from channel waveguides.  

2.5.3.1 Radiation loss from planar and straight Channel Waveguides  

Radiation losses from either planar or straight channel waveguides are generally 

negligible for well confined modes that are far from cutoff. However, at cutoff, all of the 

energy is transferred to the substrate radiation modes. Since the higher-order modes of a 

waveguides are always either beyond cutoff or are, at least, closer to cutoff than the 

lower-order modes, radiation loss is greater for higher-order modes. In an ideal 

waveguide the modes are orthogonal, so that no energy will be coupled from lower-order 

modes to the higher-order modes. However, waveguide irregularities and 

inhomogeneities can cause mode conversion, so that energy is coupled from lower-order 

to higher-order modes. In that case, even though a particular mode may be well confined, 

it may suffer energy loss through coupling to higher-order modes with subsequent 

radiation. This problem is not usually encountered in typical waveguides of reasonably 

good quality, and radiation losses can generally be neglected compared to scattering and 

absorption losses. The one important exception is the case of the curved channel 
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waveguides.  

2.5.3.2 Radiation loss from Curved Channel Waveguides  

Because of distortions of the optical field that occurs when guided wave travel through a 

bend in a channel waveguide, radiation loss can be greatly increased. In fact, the 

minimum allowable radius of curvature of a waveguide is generally limited by radiation 

losses rather than by fabrication tolerances. Since waveguide bends are a necessary part 

of all but the simplest OIC’s the radiation losses from a curved waveguide must be 

considered in circuit design. 

A convenient way of analyzing radiation loss is the velocity approach developed by 

Marcatili and Miller [14]. The tangential phase velocity of waves in a curved waveguide 

must be proportional to the distance from the center of curvature because otherwise the 

phase front would not be preserved. To appreciate this, consider the case of a waveguide 

mode assumed to be propagating in a circular bend of radius R, with a propagation 

constant ßz. There is a certain radius (R+Xr) beyond which the phase velocity would have 

to exceed the velocity of unguided light (in the confining medium, with index n1), in 

order to preserve the phase front. Since 
dt

d 
must be the same for all waves along the phase 

front, two resultant equalities are that  

              

o
dt

d
XrR )(      (2.18) 

And 

         

O
dt

d
R

 

                    (2.19) 

Where o is the propagation constant of unguided light in medium 1, and ßz is the 

propagation constant in the waveguide at radius R.  

Combining eqn.(2.18) & (2.19) leads to 
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The radiation process can be visualized as follows. Photons of the optical mode located at 

radii greater than R+Xr cannot be travel fast enough to keep up with the rest of the mode. 

As a result, they split away and are radiated in to Medium 1. [15]  

2.5.3.1 Bending Loss in Optical Fiber 

A bend in a fiber can be considered to be a straight fiber section joined with a bent 

fiber section, which is again jointed with a straight fiber as shown in Fig. 2.6. The 

power from the straight fiber is coupled to the field in the bent fiber. The field in the 

bent fiber propagates through to be coupled into the following straight section. Thus, 

there are transition losses at the joints and there is loss in the curved fiber section 

generally termed as pure bend loss. For a bent fiber as shown in  

        Figure 2.6: Schematic showing the geometry of a fiber bend  

bend alone and two contributions from transitions at the ends of the bend. In a bent fiber, 

the field launched from the mode of the straight fiber does not propagate as a mode and 

the field distribution changes substantially. One important change is that the field no 

longer has a maximum at the fiber axis and it shifts slightly in the direction away from 

the center of curvature of the fiber bend (see Fig.2.7). This shift is rather difficult to 
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obtain exactly, but using the Gaussian approximation of the fields, a simple expression 

has been obtained 

              R
W

d
c
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                                                                                                 (2.20)  

where 

 

is the propagation constant of the mode in the straight waveguide, Rc 
is the 

radius of curvature of the bend and W G 
is the Gaussian spot-size. Thus, at the transition, 

there is effectively a transverse offset in the fields and the loss can be modeled. 

         

 

Figure 2.7: Schematic showing shift of the peak of the field away from the center of    

                 curvature of the fiber  

The pure bend loss coefficient in a step-index fiber is given by 
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Where n1
  is the refractive index of the core and U 2

122

1
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nka . Using the definition given in Eq. (2.13), the above expression can 
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be expressed in terms of the spot-size, w . Thus, the loss coefficient (per unit length) of 

the bent fiber is given by 

             R
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It should be noted that in evaluating the above expression all the quantities 

 

, w , a 

and RC 
must have the same units, e.g., m , nm The unit of 

C 
would then be inverse 

of that length unit and the loss (fractional) of a length of fiber could be obtained by 

multiplying the length (in the same length unit) by 
C 

. The loss in dB per unit length 

would be given by 

             =4.343
C

                                                                                                    (2.23)  

As 

 

increases, the spot-size becomes larger and the bend loss increases. In the figure, it 

has been assumed that the LP11-mode cutoff wavelength is 1.2 m , which represents the 

lower limit of the wavelength for single mode operation of the fiber.   

Bend losses are particularly important in single-mode fiber. In these fibers, the bend 

losses show a dramatic increase above a critical wavelength when the fiber is bent or 

perturbed. In particular it has been observed that the bend losses can be appreciably high 

at 1550 nm in fibers designed for operation at 1300 nm [16]. The susceptibility of a fiber 

to these losses depends on the MFD and the cutoff wavelength [12, 13-15]. In general, 

the worst-case condition is in a fiber with a large mode-field diameter and low cutoff 

wavelength. Bending losses are minimized in single-mode fibers by avoiding this 

combination of features. 

Optical fibers need to be bent for various reason both when deployed in the field and 

particularly within equipment. Bending leads to “leakage” of power out of the fiber core 

in to the cladding, resulting in additional loss. A bend is characterized by the bend radius 

–the radius of curvature of the bend (radius of circle whose arc approximates the bend). 

The” tighter” the bend, the smaller the bend radius and the larger the loss. The bend 

radius must be of the order of a few centimeters in order to keep the bending loss low. 
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Also, the bending loss at 1550nm is higher at 1310nm. The ITU-T standards specify that 

the additional loss at 1550nm due to bending must be in the range 0.5-1dB, depending on 

the fiber type, for 100turns of fiber wound with a radius of 37.5mm. Thus, a bend with a 

radius of 4cm results in a bending loss of <0.01dB. However, the loss increases rapidly as 

the bend radius is reduced, so that care must be taken to avoid sharp bends, especially 

within the equipment.[5]   

Fibers show increased losses due to bending effects [11-14]. Large bends of the cable 

and fiber are macrobends;  

                            

Figure 2.8: An extra loss due to microbending and macrobending on the basic fiber loss                  

Radiation losses occur at bends in the fiber path. At a bend, the geometry of the core-

cladding interface changes and some of the guided light is transmitted from the core in to 

the cladding-the lower -order modes. The radius of curvature of fiber bend is critical to 

the amount of power lost. 

                   

Figure 2.9: Power lost and field distribution in a bend fiber  
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The loss coefficient associated with a fiber bend is given by [17] 

                   
P
P

in

out = ze                                                                                               (2.24) 

and the attenuation coefficient 
bends 

is also given by [17] 

               ec c
bends

2

1 r                                                                                          (2.25)                                                                               

Where r is the radius of curvature of the fiber bend and c1 
and c2 

are constants. The 

losses are negligible until the radius reaches a critical size given by [15] 
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                                                                                           (2.26)           

From this it is possible to minimize these losses, using  a  fiber  with  a large  NA  and  to 

operate at  a short  wavelength.  

Fortunately, macro bending does not cause appreciable losses until the radius of curvature 

of the bend is below (approximately) 1cm. This requirement does not present much 

problem in the practical utilization of fiber cables, but does present a minimum curvature 

to the fiber. Frequently the fiber jacket is stiffened to prevent an attempt to loop the fiber 

into too small a curvature.   

As the curvature of the bend is much larger than fiber diameter, Light wave suffers sever 

loss due to radiation of the evanescent field in the cladding region. As the radius of the 

curvature decreases, the loss increases exponentially until it reaches at a certain critical 

radius. For any radius a bit smaller than this point, the losses suddenly become extremely 

large. Higher order modes radiate away faster than lower order modes.       
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3. METHOD AND MATERIALS  

3.1 Materials   

The materials and equipments used in the entire experiment of this thesis are the 

following: 

3.1.1 Light source 

- 1mW He-Ne laser 

- 25W Mercury Vapor Lamp 

3.1.2    Equipment 

-   0.7mm light source circular aperture 

-   0.5mm light source aperture 

-   18mm focal length convex lens 

-   48mm focal length convex lens 

-   Collimating lenses 

-   50% beam splitter 

-    Photometer 

-    Flat surface mirror 

-    Bending apparatus 

   3.1.3   One meter length fiber   

3.2 Method  

The method applied to this thesis throughout the experiment is beam-optic launch type. A 

beam of light is launched through 0.07 apertures and 18mm and 48 mm focal length of 

lenses and splits by a 50% beam splitter. A portion of the transmitted light passes directly 

in to the power detector and the other partial power in a fiber of length 1m. The 

experiment is limited to the range of the visible and ultraviolet region. Two different light 

sources are introduced: 

1) Mercury vapor lamp which has five visible colors, yellow, green, blue and two 

different violet colors corresponding to wavelengths 578, 546, 436, 405, 366nm 
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respectively and  

2) He-Ne laser of a monochromatic red light of wavelength of 632.8nm.  

3.2.1 Measurements using He-Ne laser (without macrobend loss)   

In this method, He-Ne laser of 1mW light source is providing a monochromatic red light 

wavelength equal to 632.8nm passes through 1m length of the fiber (see Figure 3.1.) By 

using a 0.7mm light source aperture the spot size of the laser is then reduced to lesser 

diameter. To avoid losses through divergence of spot, light is collimated through 18mm 

and 48mm focal length convex lenses respectively. Then, it passed through another 

0.7mm light source aperture to perfectly lessen its spot. As the launched Light passes 

through a 50 % beam splitter, it splits in to two paths. The light path collinear to the 

original laser source is directly recorded to the first photometer as Ii, later regarded as the 

input power, whereas, the other partial light path passes through the fiber and recorded as 

Io. As shown in Figure 3.1.  

 

          Figure 3.1: Set up for He-Ne laser  
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3.2.2 Measurements using Mercury Vapor Lamp 

        (Without macrobend loss)  

The same method is employed, but here Mercury vapor lamp which has five visible 

colors but the green one corresponding to wavelengths 546nm are launched.  A 0.5mm 

light source aperture and the collimating lenses are used to focus the light and then using 

a 50% beam-splitter the in put intensity from the Mercury Vapor Lamp is recorded as Ii 

and the intensity through the fiber is Io, as the output intensity using photometer. [See 

figure 3.2]   

3.2.3 Measurements for macrobending loss  

Same procedure and methodology is applied as in the case of a straight fiber using both 

He-Ne laser and mercury vapor lamp light source. The only difference in the case of a 

bend fiber is using the bending apparatus (refer to Figure 3.2). Here, by varying the bend 

radius of the fiber output intensity, Io is recorded for each of the wavelength and then the 

loss of the fiber (or the bend loss) is calculated as follows. 

 

   Figure 3.2: Set up for He-Ne laser for the Macrobending  
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Figure 3.3: Set up for Mercury Vapor for the Macrobending  

3.2.4 Theoretical Calculations of fiber bend loss  

Total loss of a bent fiber includes the pure bend loss in the bent section and the transition 

loss caused by the mismatch of propagation mode between the bent and the straight 

sections. For a single mode bent fiber of length L, the pure bend loss can be calculated by 

          Ls=10 log10(exp(2aL))=8.686 aL 

Where a is the so-called bend loss coefficient, which is determined by the fiber structure, 

bending radius and wavelength of the light. Most theoretical investigations on fiber bend 

losses are focused on calculations of this bend loss coefficient.     

The change in power due to attenuation at a given length of a fiber is defined by            
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Attenuation [3] is conventionally measured in decibels. If the transmittance of the fiber is  

T, then attenuation A may be expressed as 

          TA log

 

Attenuation coefficient 

 

is obtained through  

         L

T

L

A log

 

where 
P
P

in

outT

 

and Pout
power output measured, Pin 

power input measured, and 

L length of the fiber optic thus, 
P
P

in

out

L
log

10
. 

One of the specific aims of this thesis is to obtain the relationship between constant 

C and CR

 

against the wavelength. Manipulating bend loss equation (2.1), where 

CR
is the slope and c

 

is the y-intercept. A graph is drawn for ln (attenuation 

coefficient) versus radius of curvature and therefore, constants  C

 

and CR 
will be 

checked whether it is affected by light source wavelength.   
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4. RESULT AND DISCUSSION  

4.1 Measurement without macrobending  

When there is no macro bending in the fiber, the attenuation of the fiber is associated 

with Rayleigh scattering. Light at shorter wavelengths (or higher frequency) is 

attenuated more. It coincides with the theoretical Rayleigh scattering.   

Theoretically, increasing the light wavelength decreases the amount of Rayleigh 

scattering, 
R 

= AR
/

4 . As the wavelength increases, the scattering loss decreases 

which coincides with the theoretical Rayleigh scattering. In other words, its essential 

characteristics is that the scattered power, and hence the attenuation is inversely 

proportional to the fourth power of the wavelength. There is high power loss in the 

visible region, that is, there is an inverse variation of attenuation with an increase in 

wavelength. 

As light source is launched in to the fiber it undergoes an increase in the output intensity 

and these output intensities increase with increasing of the wavelength but the loss 

decreases. That means, as the radius, R approaches to the radius of curvature, Rc and 

when Rc becomes equal to R, then it attains minimum bend loss and the loss will be 

negligible beyond Rc. In other words, the evanescent wave will be confined to the core 

region. That is, the loss is not due to bending rather it is due to the intrinsic nature of the 

fiber.   

nm

 

     uaI i
. uaI .

0 m
dB

 

Mercury Vapor 

Lamp (366-578) 

        

         25W 

       

       24.8677 

   

        2.26x10-2  

633        5x10-4W     4.9891x10-4

 

    0.95x10-2

  

Table 4.1: Loss without macrobending 
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As the wavelength of the source is increasing, the output intensity decreases in the same 

trend; however, the loss declines inversely with it. Hence, the experimental values 

obtained in this thesis work are in a good agreement with the theoretical expectation.   

Even if the fiber is straight, there is a loss but this loss is not due to bending rather it is 

the minimum expected loss in the manufacturing stage (or the intrinsic nature of the 

fiber).   

From Table 4.1 as the wavelength approaches to the UV region, there is a dramatic 

increment in the loss but it is observed that an extremely low loss at the edge of visible 

region. Here =546nm is used from the other wavelengths of Mercury Vapor Lamp, 

because its output intensity is stronger than others. in which the loss belongs most 

probabily to the intrinsic nature of the fiber than bending.  

As the wavelength increases, the loss decays exponentially. Even though, there is no loss 

due to bending, there is a loss which is associated to the theoretical Rayleigh scattering.  

Light at shorter wavelength particularly when it approaches to ultraviolet region, it 

attenuates, which is in good agreement with the theoretical Rayleigh scattering and the 

dominant cause of loss at this ultraviolet region.  

4.2 Measurement with macrobending  

As you can see from Fig 4.1, the attenuation increases as the bending radius decreases 

but the attenuation is steady (or remains constant) after a certain critical point, although 

the bend radius of curvature increases. This point at which R=Rc =1 and on wards there 

is a loss according to the graph. But, it is not due to bending rather it is mostly the 

intrinsic nature of the fiber (or the expected loss in the manufacturing process) ,that is, it 

is the case where scattering, absorption and other loss mechanism rather than 

macrobending. 

As can be noticed from Table 4.1, the attenuation is smaller for the large wavelength, 

632.8nm in comparison with other wavelengths of the same light source. There is 

directionality, focusbility and monochromaticity in the He-Ne laser which is far closer to 

the input intensity than mercury vapor lamp.   
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R(cm) a@546nm a@633nm 

0.7 1.4097 1.1984 

0.8 1.3840 1.1531 

0.9 1.3587 1.1096 

1.0 1.3341 1.0677 

1.1 1.3121 1.0272 

1.2 1.2916 0.9886 

1.3 1.2830 0.9732 

1.4 1.2715 0.9512 

  

   Table 4.2: Bend Loss due to bending for different wavelength 

As it can be observed from Table 4.2,  the attenuation decreases as the bending radius of 

curvature increases. As the fiber is tight, its loss is extremely high. Thus, the loss 

becomes too low in the case of =633nm of the He-Ne laser than =546nm (green line) 

of the mercury vapor lamp.    

   

  Figure 4.1: Attenuation Coefficient Vs Bend Radius of Curvature 
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  As the bending curvature increases, the loss due to bending rises exponentially 

The attenuation value decreases with the increasing wavelength, which is due to a 

decrease in the curvature of radius. And from the graph there is a point where 

attenuation becomes constant. This the case where the only dominating loss is scattering, 

absorption and other loss mechanism excluding macro bending state.  

The loss as a consequence of macrobending is extremely low as in the case of high 

wavelengths, which is, in the case of 633nm. But, the loss is somewhat high for 546nm.  

From the graph as the wavelength increases the cR
and c

 

also increases. This can be 

mathematically expressed as: 
Rc

C
R

1
. As the RC 

decreases the CR increases in which 

the slope in the equation: 

              cc R
R

lnln

 

also increases and the attenuation increases. Thus, the difference of the slopes and the 

intercepts at different wavelengths corresponds to the dependence of constants cR 
and 

c

 

to the wavelengths. 

R(cm)   uaI i
.    uaI .

0  
   m

dB

 

        ln 

0.7     

      25W 

3.9596 x 10-4W 1.1984 0.1809 

0.8 3.9466 x 10-4W 1.1531 0.1424 

0.9 3.9102 x 10-4W 1.1096 0.1039 

1.0 3.8726 x 10-4W 1.0677 0.0652 

1.1 3.8340 x 10-4W 1.0272 0.0268 

1.2 3.7943  x 10-4W 0.9886 -0.0115 

1.3 3.7537  x 10-4W 0.9732 -0.0271 

1.4 3.7117 x 10-4W 0.9512 -0.0500 

 

Table 4.3: Bend Loss due to bend Radius of Curvature for =633nm   
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As the bend radius of curvature decreases, the bend loss increases and becomes more 

significant to the contribution of the basic fiber loss. However, there is a little bit 

variation in the loss after certain bend curvature, that is, from 1cm on the bend loss is 

insignificant and from the corresponding ln values it is clearly seen that the loss 

exponentially decays. Figures 4.2 and 4.3 is ln vs bend radius for = 633nm (red) and 

=546nm (green) respectively. The difference of the slopes and y-intercepts at different 

wavelengths corresponds to the dependence of constants cR
and c to the wavelength.   

 

Figure 4.2: Bend loss vs. Bend Radius of Curvature for =633nm 

The loss at the critical radius is 0.05dB/m. But, in general the power loss due to 

macrobending decreases as the bend radius of curvature increases.       
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Table 4.4: Bend Loss due to Bend Radius of Curvature for =546nm  

      

From the above table the bend loss at the critical is 1.3341dB/m which is nearly 

equivalent with for  = 633nm. 

 

Figure 4.3: Bend Loss vs. Radius of Curvature for  = 546nm  

The attenuation coefficient becomes 0.2398dB/m which shows a dramatic change in the 

loss at 

 

= 546nm  

R(cm)      uaI i
.      uaI .

0 
    m

dB

 
      ln 

0.7     

        25W 

18.5686 1.4097 0.3433 

0.8 18.4811 1.3840 0.3250 

0.9 18.3878 1.3587 0.3066 

1.0 18.2839 1.3341 0.2883 

1.1 18.1777 1.3121 0.2717 

1.2 18.0704 1.2916 0.2559 

1.3 17.8669 1.2812 0.2483 

1.4 17.6583 1.2715 0.2402 
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      nm

 
        cR                     c                

  
546nm 0.3440 1.7933 1.4097 

633nm 0.7696 2.0536 1.1984 

 

Table 4.5: The dependence of cR
  and c with the variation of the different wavelengths 

As seen from the above table, the cR 
values increase as the wavelength increases. 

However, c seems to decrease smoothly but there is a little bit variation at the higher 

wavelength. According to table 4.5, the loss is decreasing as it goes down to the higher 

wavelengths..  

The Ca value varies greatly with the shorter wavelength but much smaller for the longer 

wavelengths. That is, Ca constant depends on the dimension of the waveguide, and on the 

shape of the optical mode. Here Ca showed a great dramatic variation with the 

wavelength.   

The CR value abruptly changes for a large wavelength value. So, it can be noted that there 

is a dependency of CR with the variation of the different wavelength in which the 

experimental data are in good agreement with the predicted values.  

There is high loss as the bend radius of curvature increases in all the above wavelengths. 

But, the power loss decays exponentially when the fiber is less and less tightly held. 

More over, as to the above table suggests the loss due to macrobending is worst in the UV 

region.  

4.3 Data Error Analysis  

There are many errors sources in power loss measurement. Those errors might be due to: 

 

Good coupling efficiency requires precise positioning of the fiber to the center the 

core in the focused laser beam. Since single mode fibers have got small core size, 

they require more elaborate couplers with submicron positioning resolution of 

5 m . The focused spot could not be comparable to the core size. This is due to 

the numerical aperture (NA) used in the experiment is not as small as the NA of 

the fiber. 
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Fluctuations in detected power 

 
The dependence of the detector responsivity on the wavelength and direction of 

the incident light, and on the ambient temperature; the uniformity of the 

reponsivity; and the effects of the coupling in to the detector. 

 
Calibration of the detector and experimental setup 

 

Coupling effects such as multiple reflections. Even so, a measurement accuracy of 

±5% to ±10% is all that can be expected in general. 

 

The uncertainty of the power measured by the power detector is ±0.0001.                        
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5. CONCLUSION  

In this thesis work a 1m length of a single mode fiber from telecommunication is used to 

characterize the macrobending loss of the fiber. The method used in this experimental 

investigation is efficient enough to determine the spectral window and the operating 

wavelength in which a fiber can effectively operates. It also plays a crucial role during 

installation of the fiber which depends quite a lot on the bending radius so that cost 

minimization can be made.  

As one can see from Table 4.5, it shows the dependence of the constants, CR, Ca and the 

attenuation coefficient on the wavelength of light. As the wavelength approaches more to 

the end of the visible spectrum CR and Ca also rises but shows a little bit variation, 

however, the attenuation coefficient declines. This result coincides with the theoretical 

Rayleigh scattering. Generally, there is a variation of CR and Ca which shows its 

dependency on the wavelengths, which are considered in this thesis work. 

Further more, it is possible to predict macrobending from the trend of shorter 

wavelengths that it is minimum at long wavelength. 

As a whole the results from the experiment have suggested that the optical power loss 

due to bending at the visible spectrum is more apparent than loss due to other effects such 

as absorption and scattering. 

The loss of the fiber without macrobending is found to be 0.95x10-2dB for =633nm for 

He-Ne laser and 2.26x10-2 for =546nm for the mercury vapor lamp which is considered 

to be the intrinsic nature of the fiber for each of the wavelength. But, when it bends at 

1cm radius of curvature it is 1.07dB for =633nm and 1.3121dB for =546nm where 

there is a visible difference of loss about 0.242dB between Mercury Vapor Lamp of 

546nm and He-Ne laser of 633nm. Thus, there is a considerable bend loss difference for a 

straight and a bend fiber for different wavelengths and source of light. Hence, it is 

possible to predict the bend loss at a wavelength of interest using this experimental 

technique.  

The paper confirms how macrobending give rise to a significant loss and important to 

characterize it. Thus, it is pretty important to consider it and minimize this loss for a 

better signal transmission. 
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Appendix A 

Miller has shown that light emitted in to a medium from an abruptly terminated 

waveguide remains collimated to within a waveguide thickness over a length Zc given by 

2 1

2

aZ
a

c
                                                                                                              (A.1) 

Where  a  and f  are the near field beam width and far-field angle, and where  1 is the 

wavelength in the medium surrounding the waveguide. The above derivation is based on 

the fundamental relation from diffraction theory 

a
1

2
sin                                                                                                                     (A.2) 

Which assumes a sinusoidal distribution of fields in the aperture and requires  

    
1
                                                                                                                       (A.3) 

The exponential attenuation coefficient is related to the power lost per unit length 

travelled in the guide by 

    
)(

)(

)(

1

zd

zdP

zP
                                                                                                   (A.4)  

Where P(z)   is the power transmitted. Thus, If we define Pl as the power in the tail of the 

mode beyond Xr (i.e., the power to be lost by radiation within a length Zc), and Pt as the 

total power carried by the waveguide, the attenuation coefficient is given by 

Z
P

p c

l

t

1
                                                                                                             (A.5)  

Where a and f  are the near field beam width and far-field angle. 

The distance Zc can be conveniently determined from (1), but Pt must be calculated by 

integration of the power contained in the optical mode for radii greater than(R+Xc). 

If it is assumed that the fields have the form 

22
)cos()(

a
x

a
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Substituting (7) and (8) in to (4) yields 
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While the expression for in (9) appears quite complex, close scrutiny reveals that it has 

the relatively simple form, 

     )exp(
21
RCC

 

Where  C1   
and C2 

are constants that depend on the dimension of the wave guide, the 

wavelength and the shape of the optical mode.    
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Appendix B 

Optical frequencies and wavelengths 

Violet          7x1014Hz               0.38-0.48microns 

Blue            6x1014Hz               0.48-0.52 microns 

Green          5.6x1014Hz            0.52-0.56 microns 

Yellow        5.1x1014Hz             0.56-0.62 microns 

Orange        4.8x1014Hz            0.62-0.64 microns 

Red             4.4x1014Hz            0.64-0.72 microns    
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