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Time Domain Reflectometry Techniques are applied to 
measurements in optical fibres. The study covers broadly 
two areas of interest. 

Firstly, the Backscatter Technique for attenuation 
measurements is considered. The resolution requirements of 
instrumentation are studied and a new 2-channel approach to 
backscatter waveform analysis is proposed. An optimum 
operating strategy is described such that the sensitivity 
and range are maximized. The fundamental accuracy of the 
backscatter measurement is determined by a comparison with 
the more-standard cutback technique over a wide spectral 
range and variations in OH- impurity along the length of a 
fibre are tracked by measurements at different wavelengths. 
The effects on the backscattered power of variations in 
longitudinal fibre parameters are also demonstrated. In 
particular, backscatter-loss signatures are presented which 
clearly show correlation with programmed fibre defects and 
indicate that in many cases diameter variations are the 
cause of the previously unidentified features in some back- 
scatter waveforms. In addition, the backscatter method is 
used for the first time to track the state of polarization 
of a pulse propagating in a monomode fibre. 

The second application of Time Domain Reflectometry is 
to the assessment of pulse delay stability against variations 
in temperature and external stresses. Data from measurements 
on unjacketed fibres is used to analyse the time delay 
variations found in jacketed fibres. It is shown that the 
application of a close-fitting plastic jacket results in a 
level of residual compressive stress in the fibre and the 
delay stability is considerably degraded. This may also 
be influenced by environmental factors. 
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CWýPTER 1 

INTRODUCTION 

The technology of sources, detectors and multimode fibres 
for operation in the wavelength region 0.8-0.9 pm has 

matured sufficiently for optical communications to gain 
166 

acceptance and assure its commercial exploitation Low 
losses, high bandwidths, small size and immunity to electro- 
magnetic interference are particular advantages of the 

optical fibre. 

Currently, the introduction of fibres is on a small scale 
and is mainly in high capacity trunk telephony and video 
circuits where their presence is largely transparent to the 

167 
subscriber However, the potential of fibres is to 

168 
provide a wide range of new services at the subscriber level 

and this prospect presents an exciting challenge from both 
technological and sociological viewpoints. The rate of 
introduction of fibres for telecommunications will depend on 
economics and to a large extent on demand for digital services 
and any moves towards all-digital networks. It is expected 
that costs will decrease dramatically as production 
quantities increase. 

In parallel with the developments in fibre fabrication 
169 have been developments in measurement techniques Now, 

with the move towards mass production and field applications 
of fibres, laboratory measurement techniques must be adapted 
to the factory and field environment and in some cases new 
and more suitable practices developed. 

This thesis considers a measurement technique called 
Optical Time Domain Reflectometry (OTDR) which is the 
analogue of the conventional Pulse Echo Tester (PET) 170 

used in coaxial cable systems. The study covers broadly two 

areas of interest. Firstly, the Backscatter Technique 2-7 for 

measuring fibre attenuation is analysed and constitutes the 
bulk of the thesis (Chapters 2-8 and Appendices I-IV). 
Secondly, a modification of the Shuttle Pulse Technique 171 

is used to m' easure the dependence of-transit time on stress 
and temperature in jacketed and unjacketed optical fibres 
(Chapter 9 and Appendix V). 
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1.1 The Backscatter Technique 

The backscatter technique is a powerful measurement method 
first demonstrated by Barnoski 

2,3 
and may be used to determine 

the overall fibre length, to locate faults and to measure the 
local fibre loss (i. e. attenuation as a function of length). 

The principle is to launch a short pulse of light into a 
fibre and analyse'the characteristics of reflected arscattered 

radiation returning to the source in the ensuing interval. 

A major attraction over the more-standard cutback and 
insertion-loss measurements 

148-150 is that it is non- 
destructive and access to only one end of the fibre is 

required. This is particularly important in. f ield applications 
where the fibres cannot be cut for source compensation 
measurements (as is necessary for the cutback method) and 
where the opposite end of the cable may be many kilometres 

away. In addition, the local fibre attenuation cannot be 
determined by the cutback and insertion-loss methods. This 

valuable facility provided by the backscatter technique may 
be utilized for the monitoring of fibre quality and for fault 
location in the field. 

At the time of commencement of this study a number of 
2-4 

other researchers had developed the technique further and 
the first commercial instruments, although primitive, were 

172,173 soon to appear on the market However, there had been 
little consideration given to the absolute accuracy of the 
backscatter attenuation measurement or to the accuracy 
requirements of the instrumentation or to the potential range. 
The prime objective of this thesis is to address these 

problems. Firstly, the theory of the backscatter process is 
discussed with particular emphasis on the assumptions which 
must be valid for the success of the technique. A consider- 
ation of the accuracy requirements of the instrumentation 

shows that an optimum operating strategy exists in terms of 
the choice of system parameters such that the accuracy with 

9a 
which the local fibre attenuation can be measured is maximize 

A new technique called 'The Two-Channel Method' was 
developed for backscatter waveform analysis 

93 
and was shown 

to be capable of measuring local fibre attenuation in much 
greater detail than had previously been known. The advantages 
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of a 2-channel technique are numerous and make this approach- 

a very attractive proposition for commercial exploitation. 

This development opened the way for an accurate comparison 
between the backscatter and more-standard cutback method. 
In particular, the first comprehensive backscatter spectral 
measurement was performed over a wide wavelength range 

94 

and produced an excellent agreement when compared to the cut- 
back method. This result lends a considerable confidence to 
the efficacy of the backscatter technique. 

The 2-channel approach was also applied to the measurement 
of fluctuations in local fibre losses. The measurement of 
the length dependence of attenuation at different wavelengths 
is demonstrated. It is shown that the evolution of an 
absorbing impurity such as OH- can be tracked along the length 

94 
of a fibre This measurement is important since it may 
enable the source of a contamination to be identified and 
lead to modifications and improvements in fibre fabrication 

methods. 

The effects on the backscattered power of non-uniformities 
in longitudinal fibre parameters is also considered. It is 

shown that depending on the fibre quality, plots of local 

attenuation with length (the backscatter-loss signature) 
frequently exhibit severe fluctuations and anomalies such as 
negative values. In particular, backscatter-loss signatures 
are presented which clearly show correlation with programmed 
fibre defects and indicate, in contrast to conclusions in 
the literature 7 that in many cases diameter fluctuations are 
the cause of unidentified features in backscatter waveforms. 
Moreover, it is possible to infer the nature of the 

95-98 fluctuation from its loss signature 

Theoretical work 
8 ýas 

shown that the backscatter technique 
is also applicable to single-mode fibres, although prior 
to the commencement of these studies it had only been used 

125 for fault location in this type of fibre. It was recently 
pointed out that the scatter return in monomode fibres 

contains not only the usual intensity information from which 
the length-dependent fibre loss may be inferred, but also 
polarization information, since the backscattered light 

mirrors the state of polarization (SOP) of the propagating 
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pulse. A new technique te=ed Polarization Optical Time 

Domain Reflectometry (POTDR) has been proposed in which the 

scatter return from monomode fibres is analysed to determine 
55,56 

the SOP along the length Results presented in 

Appendix IV represent the first measurements of POTDR and 
57,58 

clearly-demonstrate the feasibility of the technique 

1.2 Pulse Delay Measurements 

Measurements on pulse transit time presented in Chapter 

9 were performed with a dual objective. Firstly, the 

stability of the time delay is evaluated for variations in 

temperature and axially applied stress in order to provide 
data for the design of optical delay lines. Both unjacketed 

and plastic-clad fibres have been tested and it is shown that 

the application of a secondary coating of Nylon considerably 
degrades the delay stability. 

A second objective results from the observation that the 

pulse delay is dependent on fibre tension, suggesting the 

use of the measurement as a diagnostic test for residual 

stress levels in optical cables. The latter measurement is 

of some-importance to cable designers, since ideally the fibre 

should be neutrally stressed in order to avoid static fatigue 

and microbending effects. Refinements to the previously 
reported delay-measurement technique 

42, based on a time- 
domain reflectometry principle, have resulted in improved 

long-term stability and this has permitted experiments to be 

undertaken to determine the residual compressive stress level 

in a fibre following the application of a Nylon 6 over-jacket. 
In addition, the effect of water ingress on the cable has 

200-202 been assessed 

1.3 Notes on General Layout of Thesis 

The study of the backscatter technique spans Chapters 2- 

8 and Appendices I-IV and comprises the bulk of this thesis. 

Measurements of pulse delay stability are presented in 

Chapter 9 and Appendix V. 

Chapters 2 and 3 cover the theory of the backscatter 

technique; the former the fundamentals of the process and 
the latter the measurement considerations, limitations and 
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ultimate range. Chapters 4,5 and 6 describe the 
development and evaluation of the instrumentation. Chapters 
4 and 5 detail the backscatter apparatus for multi- and 
single-wavelength measurements respectively and Chapter 6 
describes the more-standard cutback technique. Following, 
in Chapters 7 and 8 and Appendix IV are the experimental 
results. Chapters 7 and 8 cover measurements on multimode 
fibres and the single mode results are presented in Appendix 
IV. 
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CHAPTER 2 

THEORETICAL BACKGROUND OF THE BACKSCATTER, TECHNIQUE 

The basic experimental arrangement for a backscatter 

measurement is shown in figure 2.1. A short pulse of light 
is launched into an optical fibre and scattering and absorption 

cause attenuation of the pulse as it propagates. A fraction of 
the scattered radiation falls within the fibre numerical 

1 
aperture (NA), and is itself guided In fact, a backward 

wave returns to the input after a delay and may be directed 
2 to an optical detector 

The power backscattered at any point in the fibre depends 

on the energy of the forward travelling pulse. Thus, as the 

amplitude of the forward pulse diminishes, so the received 
2-4 backscattered power decays with time For a fibre having 

a constant loss along its length, an exponential backscatter 

waveform is observed (see figure 2.2(a)) and at a fault point 
or joint, the attenuation of'the forward-and backward- 
travelling light causes a sudden drop in backscattered 

power (see figure 2.2(b)). Reflecting discontinuities are 
indicated by spikes which are also often associated with a 
drop in the backscatter level thereafter. 

The backscatter technique relies on the existence of a 
mechanism which scatters light in strict proportion to the 

energy in the forward propagating pulse. Rayleigh 
scattering3-7 , to a first order, provides such a mechanism. 
There are, however, many factors which may cause changes in 

scattering,. and these result in distortion of the ideal 
backscatter waveforms described above; both the cause and the 

effect of these variations are described in the following 

sections. Firstly, however, the fundamental mechanisms of 
attenuation are considered. 

2.1 Loss mechanisms in optical fibres 

The attenuation in optical fibres is determined by a 
8-11 combination of absorption and radiative losses- 
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2.1.1 Absorption 

For silica, molecular vibrations with broad absorption 
peaks centered at 9,12.5 and 21 Um in the infrared region 
(IR) 9,12,13 have tails which extend down to about 1.5 pm 
and contribute significantly to the loss at longer wavelengths? 
Dppant materials (e. g. Ge02' P205' B203, F20 and TiO 2) are 
used in fibre fabrication to produce the optical guiding 
structure 

10,11 
and may contribute to IR absorption 

9. The 
dopant B203 14 

, in particular, causes a shift of the absorption 
tail to shorter wavelengths and is therefore not used in 

optical fibres designed for operation in the 1.3-1.55 pm 
9 

range 

The electronic absorption levels associated with the Si-O 
bonds, on the other hand, are in the ultra-violet (UV). The 

valence-conduction bandgap is , A. 9 eV and corresvonds to. a 
15 

wavelength of 140 nm. The tails of the absorption extend 
into the IR, however, the losses at wavelengths longer than 
A, 700 nm. are negligible in comparison to those due to impurity 

8,9,16 
absorption and scattering 

Impurities such as the hydroxyl ion (OH commonly 
referred to as 'water' 17 

, and transition metal ions 18 
, may 

also contribute to absorption at certain wavelengths. The- 
19-21 water has proven a particularly difficult-one to eradicate 

Typically, 1 ppm, OH produces absorption peaks of 1,2 and 
40 dB km-l at wavelengths of 0.95,1.24 and 1.38 Um, 
respectively*. 

The incorporation of aB203 buffer-layer in the cladding 
of MCVD fibres limits OH_ diffusion into the core from the 
outer substrate tube and reduces the absorption at 0.95 um 

14 to negligible levels For long wavelength operation, 
however, B2 03 is not suitable due to IR absorption 

11 
and new 

techniques must be developed to further reduce the loss at 
1.38 pm. Recently reported dehydration techniques using 

The fundamental OH- vibration is at 2.72 um and harmonics 
appear at 1.38,0.95 and 0.72 Um. Combinations with the 
fundamental vibration of the SiO tetrahedra at 12.5 Um 
produces absorptions also at 1.23,1.33 and 0.88 Vml7. 
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'gettering' agents look promising and some extremely low 
22 

water content fibres have been produced 

2.1.2 Radiation 

Radiative losses may result from an intrinsic property of 
the material or from waveguide effects. 

Rayleigh scattering 
23,24 

, caused by fluctuations in the 

molecular fine-structure of the glass, is the most important 

and is the dominant loss mechanism in high-quality optical 
9 fibres For a high-grade fibre, operating over the wavelength 

range 11,0.7-1.4 um, the total loss a, is approximately equal 

to the Rayleigh scattering loss as, except in bands associated 

with an absorbing impurity. That is, 

a 2: CL 0.7 <X :5 -1.4 pm 

The importance of Rayleigh scatterinq, both in determining 

the ultimate fibre loss 9 
and providing a basis for an optical 

time domain reflectometer 
2, 

make it worthy of further 

consideration in the next section. 

Further linear scattering may result from waveguide effects 

or imperfections. For example, high-order modes close to cut- 
25-27 28,29 

off and leaky modes are lossy In addition, core 
30 31,32 32-34 

ellipticity , variations in diameter , microbending 
bubbles, point defects 35 

and drawing-induced colouration 
36 

may also contribute to losses. These effects, however, are 

normally negligible in good quality optical fibres and cables. 

Non-linear processes such as Brillouin and Raman scattering 
(37-40) 

may also contribute to fibre loss These are 

characterized by onset-thresholdý which are usually above the 

power levels considered for optical communication 
38 

, and are 
therefore not normally important. However, in backscatter 

measurements, high optical power levels are often desirable 

to obtain increased range or resolution and, particularly in 
38 the case of monomode fibres , these effects should be 

considered. 

2.2 Rayleigh scattering 
The origin and features of Rayleigh scattering are 

described here in brief. Further details may be found in the 
23,24 literature 
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Consider a dielectric medium of mean permittivity 
I 

exhibiting a variance Ac". Assume that the spatial width of 
the permittivity fluctuations is much smaller than the wave- 

2= - length of light X/n, where n is the refractive index (n C). 

If the medium is free of current sources 
41 

VxH= jwcE (2.2) 

For a small volume element 6V, however, the refractive index 

change Ae, results in the production of an apparent current 
source J, and equation (2.2) becomes 

where 

VxH= jwFE +J... (2.3) 

J= jw(Ac)E ... (2.4) 

This fictitious current extracts power from the incident wave 
and re-radiates. The radiation or scattering pattern produced 

41 is that of a linear current dipole 

Consider a set of cartesian coordinates x, y and z in 

which the light propagates along the z-axis. If the incident 

radiation of intensity Iox, is polarized with electric vector 
parallel to x, then the intensity of the scattering from the 

small volume element is 24 

Tr 
2 6V 2 

Ae sin 
2e (2.5) 

ox ,X42x 

where r is the distance from the volume element and 9x is the 

angle of the scattering relative to the x-axis. 

Similarly, for incident radiation of intensity I 
oy , with 

polarization parallel to the y-axis, the intensity of the 

scattering is 24 

7T 
2 6v 2 --2 2 Iy 

oy . X4 r2 
Ac sin 9y... (2.6) 

where 9y is the angle of the scattering relative to the y-axis. 

For natural or unpolarized light of intensity 10 

ox oy 
(2.7) 

Thus, the scattered intensity for unpolarized light is, from 
equations (2.5), (2.6) and (2.7), 
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Tr 
2 6V 222 

0 2X 4r2 Ae (sin E) 
x+ sin E) 

Y] 
(2.8) 

Let ez be the angle of the scattering relative to the z-axis 

and with ex and 9y as before 

Cos 
29x+ 

Cos 
2ey+ 

Cos 
2ez... (2.9) 

Substituting equation (2.9) into (2.8) gives 

7T 
2 6v 2 --T 2 

0 2X 4r2 Ac (i + Cos ez] ... (2.10) 

The total scattered intensity from the whole volume, V, 

assuming that adjacent scattering elements are independent, 

can be found by multiplying equation (2.10) by V/SV. Thus, 

7r 
2 

vsv --T 2 
T0 2X 4r2 Ac (i + Cos ez] ... (2.11) 

2.2.1 Rayleigh attenuation 
Scattering causes a loss of power in the propagating wave 

and the attenuation coefficient is 24 

3 --T 8 7T AE: 

3 -X4 
c2 

... (2.12) 

The strong dependence of loss on wavelength (X-4) is of 
particular significance in-optical communications where fibre 
loss should be minimized. This is, in part, the reason for 
the large research effort into development of fibres and 
systems for the long wavelengths 1.3-1.55 um, where losses 

9 
are lower* For applications to OTDR, the decrease in back- 

scatter power at long wavelengths is also significant as it 

affects instrument accuracy and range (see section 3.13) 

*The other reason is the low material dispersion in the 
region of 1.3 Vm42. 
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2.2.2 Origin of refractive index fluctuations 

The Rayleigh Law, described in the above equations, is 

valid for any medium in which the correlation-distance of 
the local refractive index variations is small compared to 

23,24 the wavelength of light* 

The refractive index fluctuation, Ae, can be expressed in 

general as a function of two independent thermodynamic 

variables such as the density p, and the temperature T, and 
22ý24 

in the case of a multicomponent medium, the concentration c 

Ac (p, T, C) 
(ap Ap + ý-aT); AT + Ac (2.13) IC) T, c c P, T 

If the fluctuations in density, temperature and concentration 

arise independently of each other and are statistically 
.2 independent, then the variance Ad is given by 

2e 2 

c at . 
ýC2 2a2Q 

Ac ( P, T, C) + 5)p ... (2.14) 
PjT T pit 

In the case of silica, microscopic density fluctuations are 
43-45 frozen into the solid below the glass transition-temperature 

This is an intrinsic feature of glass, independent of any 
waveguide structure and results in a fundamental lower limit 

45 to fibre loss due to Rayleigh scatter 

The dopant materials (e. g. GeO ,BF0 and TiO 
10,11 

2 203' P205 22 
used in fibre fabrication may also contribute to Rayleigh 
scattering9; random variations in dopant concentration within 
the silica contribute to small index fluctuations (see 

equation (2.13))- Germania, in particular, causes significant 
additional Rayleigh scatter 

9,46and the power loss in a germano- 
silicate glass**is given approximately by 47,48 

ct s =1.8 x 10-28X-4 (1 + 100A) npm-1 ... (2.15) 

where the refractive index difference 

NA2 n1 
2_ 

n22n 1- n2 
A=- (2.16) Tn 

12 2n 12n1... 

*If the correlation distance of the refractive index 
fluctuations is comparable to the wavelength, the effect is 
known as Mie scattering24. 

"The core is Geo 2 /SiO 2 of refractive index n1 and the 
cladding is Si02 of refractive index n2. 
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and NA =In 12- n2 
2 is the numerical aperture of the-fibre. 

The effect on backscatter measurements of fluctuations in 

the scattering loss due to changes in germania concentration, 
is analysed in section 2.8. 

It should be noted that certain additives can cause a 
reduction in scattering 

49. This is due to-24ther an improve- 

ment in the lattice order or a reduction in glass fictive 

temperature, however, these effects are yet to be fully 

clarified. 

In addition to the above sources of refractive index 

variation, other dielectric imperfections can be caused by 

the presence of phase boundaries, partial crystallization and 
voids 

35 
, but good fabrication techniques can minimize their 

contribution to the loss. 

2.2.3 Rayleigh radiation pattern 

The radiation pattern of the Rayleigh scattered light is 
described by equations (2.5), (2.6) and (2.10). In the case 
of propagation of a beam polarized in the x-direction, the 

angular dependence of the radiation is sin 
29x 

which describes 

a toroid in the y-z plane (see equation (2.5)). If, on the 

other hand, the beam has no defined polarization then the 

angular dependence of the scattering is described by the 

surface (1 + cos 
29z) (see equation (2.10)). 

In the case of multimode optical fibres it has been shown 
that plane polarized light becomes de-polarized, even in very 
short lengths 50. For a weakly-guiding fibre with electric 
vectors almost perpendicular to the axis 

25 the radiation 
pattern is therefore of (1 + cos 

2 E)z ) dependence. Consider a 
small volume element within the fibre core and let dEv be 
the total scattered energy from the element. Then the energy 
dEQ , radiated into a solid angle Q, is given by 5 

dE (r, z, 9) 3 dE (z, r)(1 + cos 
2 9] dil ... (2.17) 01 67r v 

where r, z, 9 define a cylindrical coordinate system and the 
factor 3/167 is a normalizing constant such that 

3f(,. 
_+ co s2e)dn 

32 Tr 7T 2 
16, 

f (1 + cos 9)sin 9 d9 dO 
fo 

4Tr 1-6 TF 
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Single-mode fibres, on the other hand, can sustain the 

polarization properties of the incident beam over a 
considerable distance 51-54 

and therefore the radiation 

pattern, assuming excitation of only one x-orientated 

polarization, is given by 
32 dE (z, r, 9) = --g- dEv (z, r) sin 9 dQ 

7T 
(2.19) Q 7r x 

where 9x is the angle between the electric vector and the 
incident wave, and the constant of proportionality is 

determined from the condition, 

323 2Tr Tr 22 f 
sin GxdQ = -ýTr - sin 9cos O)sined9do 8 Tr ,rf 

f(l 

47 00... (2.20) 

In practice, birefringence in the glass results in different 
* 51-54 

speeds of propagation of the x7 and y-orientated fields 

Thus, in general, the state of polarization varies along the 
length of a single-mode fibre. The Rayleigh scattered light 

at each point in the fibre also 'mirrors' the polarization 
55 

of the primary propagating beam This phenomenon may be 

exploited in a new instrument called a 'Polarization Optical 
55-58 Time-Domain Reflectometerl (POTDR) The first 

demonstration of this technique 57,58 is described briefly in 

Appendix IV. 

The discussion of Rayleigh scattering is extended to the 

application of time domain reflectometry in multimode optical 
fibres in section 2.4. Firstly, however, the effect known as 
differential mode attenuation (DMA) is described. 

2.3 Differential Mode Attenuation (DMA) and the Equilibrium 
Mode Distribution (EMD) 

Power propagating in a multimode fibre is usually 
distributed amongst several hundred modes, each being an, 
eigenvalue solution derived from Maxwell's equations, with 
waveguide boundary conditions. In general, fibre loss depenas 

on modal distribution 59 
; high-order modes suffer increased 

losses due to proximity to cutoff, lossy claddings, finite 
60,61 cladding thickness and bending of the guide The lowest- 

order modes may also exhibit excess loss due to. the central 



14 

dip in the index profile commonly observed in MCVD fibres 62,63 
1 

or due to the higher dopant concentrations near the core-centre 
in graded-index fibres (see section 2.2.2). 

As a consequence, the mode distribution varies along the 
64,65 length of a fibre Microbending and waveguide irregular- 

ities, however, cause coupling between modes 
66-68 

and after a 
distance Lc, known as the coupling length, the propagating 

69,70 
power stabilizes into an equilibrium mode distribution (EMD) 

Coupling lengths range, typically, from tens of metres to a 
71,72 few kilometres and depend on fibre/cable quality 

The attenuation of the equilibrium mode set is a useful 

quantity in system design in that, if known, it can be extra- 
73 

polated to predict the attenuation of long fibre links A 

similar situation arises with fibre dispersion, due to 
differential mode delay (DMD), but unfortunately there is 

somewhat less certainty in prediction of overall link 
73-76 bandwidth 

Thus, in the measurement of fibre propagation character- 
istics careful consideration must be given to the mode 
distribution and in particular, the launching conditions. 
This is a subject of further discussion in later sections. 

2.4 The Backscatter Characteristic 

The theory of the backscatter technique, originally 
developed by Barnoski 3 

and Personick 4 has been generalized 
5,6 

and extended by Neumann A summary is presented here in 

order to create a coherent picture of the theory and to 

emphasise the basic assumptions. The fundamental accuracy of 
the technique and the specifications for the measurement 
apparatus are shown to rely implicitly on the characteristics 
of the backscattered power and the validity of these 
assumptions. 

2.4.1 IMpulse response 

Consider an impulse of one joule energy, launched at time 
t=O, into a fibre at position z=O. The pulse will attenuate 
as it propagates and its energy E(z), can be described at 
any point z in the fibre as 



15 

(Z) 1Z 
(2.21) 

where a'(z) is the average attenuation up to the point z and 
is calculated from the local attenuation al(z), as 

Z 
CL, (Z) =i Z. 

f 

0 
a'(z)dz ... (2.22) 

(Note that, throughout this thesis, the units of attenuation 
are np. m-l unless specified otherwise. ) 

The light energy scattered in the backward direction from 

an element of length dz at position z is given by 

dEb = S(Z). E(z). dz ... (2.23) 

where S(z), known as the 'backscatter factor', is the fraction 

of energy scattered in the backward directiQn. (The properties 
of S(z) are described in section 2.7). 

The energy propagating in the backward direction undergoes 
attenuation of average magnitude cx"W, in returning to the 
fibre input, where 

z 
a" (Z) Lf 

a 11 (z) dz... (2.24) 
z0 

and a"(z) is the local backward loss. 

In general, al(z) 34 all(z), since the mode distributions 

are not identical in the forward and backward direction and 
therefore the loss is affected by differential mode attenuation 
(see section 2.3). Furthermore, fluctuations in fibre diameter, 

numerical aperture and profile are expected to influence the 
forward and backward losses differently. (These effects are 
neglected for the moment, but are analysed in later sections. ) 

The pulse transit time T, in a fibre of length L, may be 
found approximately from 

N, ... (2.25) 

where c is the speed of light in vacuo and 
dn 1 N1=n1- X- ... (2.26) 
dX 

is the material group index. Here n1 is the refractive index 
at the'core centre and X is the wavelength. Assuming that 
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the average group velocity, v9 
forward and backward wave, the 

arrives over the time interval 
fibre input for each scatterim 

= cIN1, is identical for the 

energy from the element dz 

2dz/v 
9, and the power at the 

point z, is 

dE i (Z) 

2dz/v 
9 

= hv 
9 

S(z). e -[&I(z)+3"(z)lz 
... (2.27a) 

Using the variable transformation t= 2z/v 
9 where-the factor 

121 accounts for forward and backward travel, equation (2.27a) 

reduces to 

t -[-o (t/2)+3"(t/2)lv t Pi (t) 
9 

S(l). e- a9 
... (2.27b) 

Equations (2.27a and b) represent the impulse response of 
the fibre. In the latter equation, It/21 has been substituted 
for 1z' in the attenuation and scattering terms. This implies 
that the backscattered power arriving at the input at time t, 

results from scattering in the fibre at position z, at time 
t/2. The following discussions will assume a 1z' or It/21 
dependence and it will not be shown explicitly. 

2.4.2 Response to finite input pulse 

The response to a rectangular input pulse of finite width 
W(seconds), and a finite power Po(watts), can be found by 
convolution with the impulse responses of equations (2.27a 
and b). Thus, 

P (Z) = 
SPO 

1+ eh 
[a4 

+a-, 
lwv 

. e- 
[ý 43 -] Z 

... (2.28) jr-+-co, * 
1- 

91 

or equivalently 

p (t) SP 
0 . 

1-1 
+ e+l'+cl"lWv9 e-ý[@+3-, 

jv 
9t (2.29) 

al+a" 

I 

Now if 
1 W << (al+all)v 

9 
(2.30) 

equations (2.28) and (2.29) reduce to 
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+ +a"lz (2.31) P (Z) = hpowsv 9e 
ce ... 

and 
p (t) = lip 

0 
wsv 

9e 
ce+ýa-lvgt 

... (2.32) 

Thus, according to equation (2.30), provided negligible 
attenuation occurs over the width of the input optical pulse, 
or equivalently provided the width of the input pulse is far 
less than the time constant of the backscatter curve, then the 

response due to a finite pulse of power P0, and width W, is 
identical to that for an impulse of energy P0W. 

2.4.3 Relative backscatter power 

The backscatter factor for a multimode fibre is analysed 
in section 2.7.4. It is shown that a 0.2 NA graded-index 
multimode fibre with a scattering loss of 3dB. km-l (6.9 x 
10-4 np. m-'), has a backscatter factor S'ý, 3.2 x 10- 6 

M-1 . 
Thus, with an input pulse width W= 100 ns, the backscattered 

power at any point, from equations (2.31) or (2.32), is 

1ý45 dB below the power in the forward travelling pulse or, 
equivalently, *'%, 31 dB below the 4% Fresnel reflection which 
occurs at a perfect fibre break. 

The power of typical launched pulses is 0.1-1.0 W and 
thus it is clear that an amplifier must be incorporated into 

a backscatter instrument for adequate signal recovery. 

2.5 Dete=ination of Local Fibre Attenuation 

Equation (2.32) shows that the backscattered power depends 
on the fibre attenuation. The time constant of the back- 

scatter waveform is 

d lnp (t) 
= -W [F'+3-1 -Wz+W ! L(ln 

S) iff p0w. 9g dz cl 
g dz 

... (2.33) 
Using equations (2.22) and (2.24), this reduces to 

d lnp (t) 
=- hvg [a I (z) +a " (z) ]+ liv 1 dS 

... (2.34) ZEE p0w9S dz 

Thus, the time constant is determined by both the local 
attenuation and the length dependence of the backscatter 
factor, S. 
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Consider a section of fibre between the points z1 and z2 
or, equivalently, a section of the backscatter waveform between 
t1 and t2 (see figure 2.3a). Let the forward and backward 

attenuations across the section be designated respectively as 

El(t 
lt2) 

1z 
a'(z)dz ... (2.35) 

Z2- 1f 
z1 

and z2 

CL 
f 

a" (z)dz (2.36) l't2 z 2- z1 
z 

It is clear from equation (2.34) that if 

I dS (2.37) 
z z iT d- <<[a I (Z) + a" (Z) 

then, lnP (t 1 lnP (t 2) ý ["# (tV t2) + 'I" (tl I t2 
Vg (t 2- t 1) 

(2.38) 

Thus if dS/dz = 0, the time constant of the backscatter 

waveform is equal to the average of the forward and the 
backward fibre losses, and is independent of S. It is clear 
from equation (2.38) that the backscatter method is unable 
to separate the forward and backward fibre attenuations. 
However, one estimate of the local loss is 

(t lt2) = Iýla'(tl't2) + ""(tlft2d 

lnP (t 1)- lnP (t 

v9 (t 2- t 1) 
(2.39) 

The mode set comprising the forward propagating pulse 
initially depends on launching conditions and changes along 
the fibre due to both DMA and mode mixing, until after a 

sufficient length, an equilibrium distribution is, obtained69,70 
(see section 2.3). The backscattered light undergoes a 

similar, but not identical transition in propagating back 

to the input. In the case of backscattered light the guide 

, is more-fully excited at'the scattering point 
4,6 

since the 
Rayleigh scattering, to a first-order, is isotropic. Thus, 
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in general, a' is not equal to a" since the forward and 
backward mode distributions are not identical and therefore 

59 the loss is subject to DMA 

The estimate in equation (2.39) may therefore deviate from 

the actual attenuation due to the difference in the forward 

and backward losses. This deviation is expected to be reduced 
for scatter points reatote from the fibre input due to the mode 

stabilization and the mode equilibrium. In general, however, 

variations in numerical aperture, diameter and profile may result 
in an additional error (see equation (2.58)). 

A major part of this thesis is concerned with testing and 
identifying the factors which influence the accuracy of this 

estimate. 

2.6 Determination of Loss at a Fault Point 

Point discontinuities such as joints, absorption centres 

and bubbles result in the sudden attenuation of a propagating 

pulse. The backscattered power also exhibits a decrease, 

but at time t= 2z/v 
9, where z corresponds to the position of 

the fault (see figure 2.3b). 

Equation (2.38) requires the backscatter waveform to be 
differentiated and is not applicable to point defects, where 

a singularity exists. The loss may, however, be determined 
from the ratio of the returned power directly before (P b) and 
directly after (Pa ) the discontinuity and is given by 

CLI + CLO = 10 loglo b (dB) Pa (2.40) 

where a' and a" are respectively the losses in the forward and 
backscattered power at the fault. The backscatter technique 
is unable to separate the two losses. However, one estimate 
of the actual loss at the discontinuity is 

(a' + a") 
pb 

Sloglo -P (dB) ... (2.41) 
a 

This estimate may once again deviate from the actual loss due 
to differences in the forward and backward attenuations (refer 
to the discussion in section 2.5). 
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In the case of a fibre joint, further problems are some- 

times encountered due to changes in scattering levels. 

Figure 2.3c shows a joint between two fibres with backscatter 

factors S1 and S2 respectively, with S1 <S 2* If the joint 
77,78 

loss is small, as is usually the case with fusion-splicing 

the backscatter power when measured from fibre 1 may increase 
79,80 

at the joint and result in an apparent negative joint loss 

The effect on a backscatter measurement in the reverse 

direction, in contrast, is to produce an apparent excess- 

positive loss. in practýce, it is believed that the ambiguity 

may be eliminated and the actual joint loss determined by 

adding the results from the two fibre ends 
79-81 

. However, 

this may prove inconvenient, especially if the far end of 

the fibre is many kilometres distant. 

2.7 The Backscatter Factor for Multimode Fibres 

The ability of the backscattering-technique to reveal 
local attenuation is critically dependent on the constancy 

of the backscatter factor S, along the length of the fibre, as 

shown in equations (2.34), (2.37) and (2-38). The nature of S 

is now considered. 

2.7.1 Approximation 

The backscatter factor represents the fraction of the 

forward energy which when scattered, falls within the numerical 

aperture (NA) of the fibre and is guided in the backward 

direction. A first order approximation for S, which assumes 

the scattering is isotropic, can be obtained by calculating 
4 

the solid angle determined by the NA Thus, for a step-index 
fibre 

7r(rsinemax) 
2 

SaS. 
4=2 

- (2.42) 

where as is the scattering loss (np. m-') and 9 max 
is the-' 

ma imilm acceptance angle inside the glass Thus,. 

NA =n1 sinem; % ... (2.43) 

Substituting equation (2.43) in (2.42) gives the backscatter 

factor 

S=a. (NA) 2 
(2.44) 

s 4n 12 
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2.7.2 Generalization 

A detailed analysis of the scattering process should 

account for the slight anisotropy of the Rayleigh mechanism 
(see section 2.2.3), effects of index profiling, radial 

dependence of the scattering loss coefficient and the 

excitation of leaky modes. 

Neumann 5,6 developed a more general expression for the 

backscatter factor given by 

ja 
E (z, r) .92 (z, r) a (z, r). r. dr 

S (Z) 30 max s ... (2.45) 
8a fo 

E(z, r). r. dr 

where E(z, r) is the distribution of optical energy in the 

fibre, %ax (z, r) is the half angle of the cone defined by the 

local numerical aperture, a, (z, r) is the local scattering s 
coefficient and 'a' is the radius of the core. The numerator 

reDresents the energy captured in the backward direction and 
the denominator the total 

* 
forward propagating energy. The 

factor 1 3, 
accounts for the anisotrojýy of the'Rayleigh 

scattering (see section 2.2.3). 

In general, all the parameters in equation 2.45 can vary 

across the core and along the length of the fibre. Variations 
in the z-direction are of major concern since a finite dS/dz 
leads to an error in the calculated attenuation (see equations 
(2.34) and (2.55). Variations in S along the fibre can result 
from fluctuations in parameters such as scattering-loss, 

numerical aperture, index profile, core diameter and modal 
energy distribution. In addition, these factors are not 
independent and a change in one is usually associated with 
changes in others. (For example, in the case of a germano- 
silicate glass, equation (2.15) describes an approximate 
relationship between the scattering loss and fibre numerical 
aperture. ) 

2.7.3 Assig=ent of typical radial characteristics to fibre 

parameters 

It is instructive to assign known or typical radial 
characteristics to the parameters in equation (2.45), in 

order to analyse S quantitatively. 
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- 2.7.3.1 Core grading 
I 

general class of power-law index profiles is given by 82 

n2 (z, 0) 1- 2A qr <a 

n2 (z, r) = ... (2.46) 

n2 (z, 0) [1 
- 2A] r >a 

where r= radius measured from the core centre 

n(z, r) = refractive index at (z, r) 
n1 (z) = n(z, O) 

n2 (z) = n(z, a) 

12 1- 2 (2.47) 
2n 12n, 

q= exponent of the power law. 
Note that'it ismore usual for the parameter 'a' to be used 
instead of Iql for the exponent of the power law profile. 
However, the latter is used in this thesis in order to avoid 
confusion with attenuation coefficients denoted by a. 

2.7.3.2 Modal energy distribution 

The distribution of optical energy in the core E(z, r), 
depends on the excitation conditions at the input, mode 
coupling and mechanisms of differential mode attenuation. In 
addition, E(z, r) may consist of energy from both bound and 

28,29 leaky modes Usually, however, when sufficiently far 
from the fibre input and any discontinuities, such as joints, 
the propagating energy reaches an equilibrium modal 
distribution and thereafter loses somewhat the dependence on 
z (see section 2.3). 

In order to simplify the evaluation of equation (2.45) it 
is useful, however, to assume that all bound modes transmit 
equal power. 

E(z, O) n2 (z, r) n2 (z, a) r <a Thus, 
n2 (z, O) n2 (z, a) 

E(z, r) (2.48) 

0r>a 

where E(z, O) is the energy at the core centre. 
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This equation neglects the presence of leaky modes which 
would complicate the picture in that each leaky mode possesses 
a different attenuation coefficient 

28,29,30,83 
* In practice, 

however, this omission is expected to cause negligible error, 
except possibly near the fibre input, since leaky modes are 
attenuated strongly by microbends and slight ellipticity 

30,84 

and therefore contribute only a small fraction to the total 

propagating power. The power contribution of cladding modes 
is likewise small for sections remote from the launch, and 
is also neglected. 

2.7.3.3 Local numerical aperture 

The local numerical aperture determines the capture cross- 
section for the scattered light. Both bound and leaky modes 
are excited at the scattering point, however, the latter are 
attenuated strongly 

29,30,83- 
and, except for scatter points 

near the fibre input, contribute little to the received power. 
In fact, equation (2.45) ignores the excitation of leaky modes, 
since 9 should define an elliptical capture cross-section if 

85 they were present The local numerical aperture for bound 

modes, in contrast, defines a circular cone and is given bY82 

2 NA = N/7(zrý - n2(za) ... (2.47) 

where n(z, r) is the local refractive index and 'a' is the 
core radius. The local circular acceptance angle is therefore 

max 
(z, r) sin -1 I/n 2 (z, r) -n2 (z, a) 

In 

(z, r) 

I 

\/ n2 (z, r) -n2 (z, a) 
... (2.50) n (z, 0) 

The approximation results from the assumption that the fibre 
25 is weakly guiding 

2.7.3.4. Average scattering loss 

It is shown in equation (2.15) that the scattering loss 
as, depends on dopant concentration. Thus, in the case of 
graded-index fibres the scattering loss is also expected to 
depend on radius. However, it is useful to assume that the 
total radial variation is small and that as (z, r) can be 
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replaced by the average loss as, across the core. That is, 

a (Z) 1a (z, r) r. dr ... (2.51) 
s rfo S 

2.7.4 Backscatter factor for power law profiles 

From equations (2.46)-(2.51) and the assumptions described 

in section 2.7.3, it can be shown that the backscatter facLor 

in equation (2.45) reduces to 

3 [jj'X (z) 12 
S (Z) a (Z) "z (2.52) 

s n, 
2 (z) 

[q 

(z)) + 
c 

The backscatter factor for two special cases of index profile 

is 

(i) Step-index fibre (q 

3 [NA(z)] 2 

and 

S (Z) =Tas (Z) 
n, 

2 (Z) ... (2.53) 

(ii) Square law fibre (q = 2) 

1 [NA(z)] 2- 
S (Z) =! as (Z) 

n2 (Z) ... (2.54) 

Thus, for a graded-index multimode fibre with a parabolic 

profile, the backscatter factor is expected to be less by a 
factor of 1/3 than that in a step-index fibre with the same 

NA and scattering loss. The strength, of the z-dependence of 

each parameter in the equations (2.52) to (2.54) depends 
86 

largely on the quality of the fibre manufacturing This 

will be the subject of further discussion in the next section. 

The backscatter factor for a single-mode fibre has 

recently been analysed in the literature87,88. Single-mode 

fibres have a smaller NA (11-0.1) and therefore the capture 

cross-section for backscattered light is considerably reduced. 
As a consequence, the range over which measurements can be 

performed is expected to be smaller than in a multimode fibre 

(refer to Chapter 3 for a definition of 'range'). An 
implementation of single-mode backscatter for the study of 

55-58 . polarization properties. is also described briefly in 

Appendix IV. 



25 

2.8 Errors in Attenuation Measurement Caused by Variations in 

the Backscatter Factor 

The backscatter loss is sensitive to variations in the 
backscatter factor along the length of the fibre (see section 
2.5). From equation (2.34), the error in a local loss measure- 
ment 6 np. m -1 

, is given by 

1 dS 
... (2.55) 

Variations in S may result from changes in as, NA, n1 and q 
(see equation (2.52)). The core refractive index and profile 
affects S directly, but more important is the indirect 

7 dependence through the NA S may also change due to 

variations in fibre diameter. This effect is neglected for 

the moment but is the subject of an intensive investigation 
in Chapter 8. 

2.8.1 Dependence on NA and scattering loss for germano- 
silicate fibres 

Consider a graded-index multimode fibre with a parabolic 
index profile (q=2). Neglecting the small direct dependence 

of S on nl, q and on diameter variations, the error in a local 

attenuation measurement, from equations (2.54) and (2.55), is 

8_11 da -1 dNA 
... (2.56) 2as dz NA dz 

For a germano-silicate glass, the scattering loss depends on 
dopant concentration and therefore, in the case of an optical 
fibre, it depends on the NA. This dependence is described 

approximately by equation (2.15). 
Thus, 

da 
S= (1.8xlO- 26)X-4 NA dNA 

... (2.57) dz 
n12 dz 

Substituting equation (2.57) in (2.56) gives the error 

661+62 (2.58) 

where 50NA/n 12 dNA 
-2 2' dz (2.59) 
1+ 50NA /n 1 
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and 
61 dNA (2.60) 2 KA-- 'Jz 

The total error 6, and its components 61 and 62 are plotted 

on figure 2.4 for a fibre having a nominal numerical aperture 

of 0.2. It can be seen that the dominant source of error is 

that due to 6 2' which describes the variation in the fibre 

capture cross-section; however, the contribution due to the 

scattering loss variation 611 is also significant. A change 
in NA of 0.01 over 1 km is not uncommon 

86,89 
and the error 

in an attenuation measurement is thus expected to be , -0.2- 
0.3 dB km-l. This would appear to be a fundamental limit to 
backscatter measurement accuracy. 

2.8.2 Lona wavelenath measurements 

Optical fibre systems are now being developed for the 

wavelength region 1.3-1.55 pm, where fibre losses and material 
9,42 dispersion are low Backscatter instruments operating in 

this wavelength region are therefore also required. 

It is interesting to note that except for small variations 

of NA 
90,91 

, equations (2.58)-(2.60) are independent of wave- 
length. Hence the error in attenuation measurements, given 
by equation (2.55), is almost independent of wavelength. 
Since the fibre loss is smaller at long wavelengths, the 
fractional error is more significant and represents a 

considerable distortion to the backscatter waveform. 

Operation at longer wavelengths is considered further in 

section 3.13, where the instrumentation performance is also 
taken into account. 

2.8.3 Effect of non-linear scattering mechanisms 

Non-linear scattering mechanisms such as Brillouin and 
37-40 Raman scattering can also modify S(z) substantially; as 

then depends strongly and non-linearly on the optical power 
level, which is a function of z 

38 
. This would certainly cause 

a breakdown of the backscatter technique in its present form. 
Fortunately, both Brillouin and Raman scattering have high 
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threshold levels, particularly if the source has a large 

spectral width 
38 

, and are thus not normally important in 

backscatter measurements. Nevertheless, investigations into 

a modified form of backscatter, which involves the non-linear 
92 

scattering mechanisms, are certainly warranted 

2.9 Summary 

The theoretical background of the backscatter technique 
is described in this chapter. Rayleigh scattering caused by 
fluctuations in the molecular fine-structure of the glass is 

the dominant loss mechanism in high-quality fibres over the 

wavelength range of interest for optical communications, 

except in bands associated with an absorbing impurity. A 
fraction of this scattered light is re-captured by the fibre 

and propagates back to the input and may be utilized in an 
optical time domain reflectometer. It is shown that faults 

can be located and the local attenuation of the fibre 
determined from the slope of the backscattered power. 

The accuracy of local attenuation measurement is shown to 
depend critically on the constancy of the backscatter factor 
S, along the length of the fibre. Variations in S may result 
from changes in scattering loss, NA, fibre diameter, index 

profile and mode-energy distribution. An estimate of the 
ultimate accuracy of the method, based on the distortion of 
the backscatter waveform due to variations in NA and scattering 
loss is calculated in section 2.8 to be"-0.2-0.3 dB. km-'. 

It is the objective in the following chapters to determine 
the accuracy and the limitations of the backscatter technique. 
Chapter 3 considers the theory pertaining to the specification 
of the instrumentation 93 

and Chapters 4,5 and 6 describe the 
implementation. In Chapter 7, the measurement accuracy of 
the backscatter technique is tested by performing a 
comprehensive spectral comparison with the more-standard 

94 
cutback method Following, in Chapter 8, the effect of 
variations in the backscatter factor is considered, and the 

95-98 likely causes are identified 
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Photographs of Backscatter waveforms taken on an oscilloscope 
for (a) uniform fibre loss section (b) point defect or fault. 
The fibre VD237/L, fabricated at Southampton University is 
of graded index, 0.2NA and is 1.8km in length. The position 
of the fault is at approximately 50 metres from the far end 
of the fibre. 

FIGURE 2.2 
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Calculation of attenuation for (a) uniform fibre loss section, 
(b) point defect or fault. 
In addition (c) shows an anomalous effect which sometimes 
occurs at a joint if the scattering-level in the second fibre 
is greater than in the first. 

Figure 2.3 
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CHAPTER 3 

THEORY OF MEASUREMENT LIMITATIONS AND THE ULTIMATE RANGE 

The accuracy of a backscatter local attenuation measurement 
depends not only on the constancy of the backscatter factor; 
the resolution of the measurement apparatus must also be taken 
into account. The analysis presented in this chapter indicates 

that an optimum operating strategy exists in terms of choice 
of system parameters such that measurement errors are minimized9? 
Linearity, offsets, timing jitter and noise are but some of 
the factors to be considered. 

The maximum fibre length over which measurement can be 

performed to a desired accuracy, 'the range', is calculated. 
It is inevitable that when near maximum range, the signal-to- 
noise ratio is low and measurements must be averaged in order 
to attain the desired accuracy. The availability of inexpensive 

microprocessors suggests numerical averaging as a better 
2-4,99 alternative to the analogue techniques used in the past 

Accordingly, parameters pertaining to digital data aquisition 
are taken into account. 

A new 2-channel approach to backscatter waveform analysis 
93 is proposed which does not require a rigidly-controlled and 

stable optical source and detector. In addition, the amplifier 
gain can be adjusted to avoid compromising instrument accuracy 
due to the small signal amplitudes when near maximum range. 
An extension to m-channels is also considered at the end of 
the chapter. Firstly, however, the single-channel method for 
backscatter analysis is described. 

3.1 Single-channel Sampling, Boxcar Integration ahd Numerical 
Averaging 

The configuration of a single-channel backscatter 
I 

instrument is shown in figure 3.1. A short optical pulse, 
typically of 'width 10-200 ns, is launched into a fibre and the 
backscattered return is directed by a beam splitter to an 
optical receiver/amplifier. With the standard point-by-point 
approach to attenuation measurement 

2-4,99 
an estimate of p(t), 
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denoted ^(t), is extracted from the receiver noise, usually by p 

a boxcar averager (also called a 'Linear Gate'), which 

progressively samples and averages each point on the waveform. 
An average attenuation a(L), is then derived from the slope of 
ln ^(t) P 

The boxcar integrator is an analogue averager 
100-109 

which 

operates on the principle shown in figure 3.2. The gating of 

a switch is synchronized to the waveform, and the signal level 

is sampled for a short period on consecutive cycles. Within 

each gating period, a capacitor charges at a rate RC towards 

the signal level and then provides a memory from one sample to 

the next. Boxcar averaging results in signal-to-noise ratio 
improvement (SNRI), since uncorrelated noise averages to zero 

over a long time interval. 
- 

If the signal-to-noise ratio is 

defined as the ratio of the peak signal voltage to the rms 
107 

value of the noise voltage, it can be shown that 

SNRI = ý/2'* ITC/AD (3.1) 

where ITC = internal time constant (RC) 

AD =, aperture duration or gate trigger period 
and where the noise is assumed to be white and Gaussian with 

107 frequency components up to 1/2AD Hz 

After a sufficiently large number of samples the capacitor 
reaches full charge and the time constant for the process, 
termed the 'observed time constant' (OTC), is given by 

OTC ITC * Rp (3.2) 
AD 

where RP = sampling repetition period. 
The boxcar output is within 99% of the input signal amplitude 
after 5 observed time constants. Additional signal-to-noise 
improvement can be achieved by using a low pass filter at the 
boxcar output, but this results in a further increase in the 
integration time 108,109 

.I 
An alternative to analogue averaging is numerical averaging, 

where the output from a fast sample and hold is digitized and 
loaded into a computer for processing. Signal-to-noise ratio 
improvement for the case of numerical averaging is 102 
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SNRI = 
V-N 

where N is the number of samples. 

(3.3) 

ror application to a backscatter instrument, when near 
maximum range, the receiver signal-to-noise ratio is low and 
the scan time must be long to obtain adequate noise averaging, 
whether it be by boxcar or numerical methods. This imposes 

rigid limits on the stability of the optical source, detector 

and integrator if the measurement accuracy in a is to be 

maintained. In addition, when far from the fibre input, the 

signal amplitude is small, and measurement accuracy becomes 

extremely sensitive to sampling errors caused by leakage (or 
108,109 droop), drift and offsets, etc These are major 

disadvantages of the single-channel scanning approach and 

prompted the proposal 
93 for an implementation of 2-channel 

sampling in backscatter measurements. 

3.2 Two-channel Sampling 

The configuration for the proposed 2-channel technique is 

shown on figure 3.3. An optical pulse obtained from a laser 
is launched into a fibre and the resulting backscattered power 
is detected on an avalanche photodiode and amplified for 

analysis. A small fraction of the launched pulse is reflected 
from the beam-splitter and detected to provide a timing 

reference for a programmable time delay generator. The latter 

provides timing pulses to enable two Sample and Holds , S-H 1 

and 2, to sample the amplified backscatter waveform at times 
t1 and t2 respectively. Note that since the time delay 

generator is synchronized to the optical pulse, jitter in the 
laser does not result in uncertainty in the time position of 
the sampling windows. The analogue samples, denoted P(t P J) 
and ^(t ) are then converted in to digital form (A-D converted) P2 
for processing. The results of many such samples may be 

numerically averaged and provide an estimate of the fibre 

attenuation. 

&(t 
11t2 

ln 
I 

p(tl)/P(t2)] 
(3.4) 

v9 (t 2-t 1) 

where a(t l't2 represents the measured attenuation over the 

section of fibre in the region t1v9 /2 <k<t2v9 /2 
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To obtain the attenuation characteristic of the whole 
fibre, the sampling pair is scanned across p(t) and further 

application of equation (3.4) yields &(t, t + AT), where AT 
is the time separation of the samples, given by 

AT =t 2- t1 ... (3.5) 

An advantage of the above scheme is that variations in 

level of the backscatter signal from pulse to pulse does not 

affect the accuracy of the calculation since the two sample 

sets, P(t 1) and P(t 2 ), are averaged over the same group of 
laser pulses. Accordingly, the stability of the laser, 

avalanche photodiode and amplifier is not critical and simple, 

economic circuits may be employed. 

Furthermore, the amplifier gain may be adjusted such that 

the signal at p(t 1) spans the full dynamic range of the sampling 

system and thereby enables a-high measurement accuracy to be 

achieved. The attenuation is determined from the ratio of the 

two averaged sample sets and ' 
therefore no error is introduced 

to the measurement due to the change in gain. Thus, for 

sections of fibre remote from the input, sampling accuracy need 
not be compromised as a result of the signal amplitudes being 

3,4,99 
small, as is usually the case with single-channel sampling 

It should be noted that the implementation of a 2-channel 

processing system does not prevent the instrument being used 
in single-channel mode. In fact, it is believed that the 
incorporation of both facilities into an instrument would be 

a further aid to the interpretation and diagnosis of loss 

features in the backscatter waveform. 

One potential problem with a 2-channel system is that a 
difference in gain in the two channels can result in a measure- 
ment error. However, this error can be eliminated by operating 
the gates alternately at times t1 and t2 and then at times t2 

and tl. The effects of offsets in the sampling and A-D 

conversion can also be removed by a signal baseline measurement. 

An extension of 2-channel processing is m-channel processing 
(where m> 2). Recent advances in fast sequential digitizers, 

memories and microprocessors make this method attractive for 
future development. An instrument based on this technique is 
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described in section 3.11 and is implemented in Chapter 8 to 

analyse the effect of fibre diameter variation on the back- 

scatter loss signature. 

3.3 The Optimum Operating Strategy and Measurement Accuracy 

Requirements 

The sampling accuracy required to determine the local fibre 

attenuation is now considered. The analysis assumes that the 

waveform consists of a pure exponential defined by 

P(t) = ýp 
0 

WSV 
9 exp(-av 9 

t) ... (3.6) 

where from equation (2.33), a is the average of the fibre 

forward and backward losses and the other terms are defined in 

section 2.4. 

The possibility for S to-vary along the length of the fibre 

is ignored in this chapter, since the primary concern is the 

specification of the instrumentation. The development, 

although emphasising the 2-channel processing method, is 

general in that results can be applied to single-channel and 
m-channel systems with only slight modification. 

3.3.1 The attenuation measurement error 

If C represents the worst case error in the estimate of 

P(t 1) and p(t 2), the maximum error in measured attenuation 
&(t 

lt2)1 occurs when 

... (3.7) 
P(t 2) P(t2) 

Defining 6 as the maximum error in d(tl,, t 2)0' 

e. 
&(tilt a(t (3.8) 2 114-2 

]max 

it follows from equations (3.4), (3.6) and (3.7) that 

1 ln 
1+ C/P (ti) 

(3.9) 
v AT 

9[1- C/P (t2) 

If the error, c, is small in comparison to the samples p(t 1 
and p(t 2 ), then equation (3.9) reduces to 

c+c (3.10) 
v9 AT Tp (t2) p (-tl 
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It can be seen from equation (3.10) that the error in p(t 2) 
dominates when p(t 1 )>>P(t 2 ), whereas if p(t 1)= P(t2 ), each 

sample contributes roughly equally to the attenuation error. 
In practice, this corresponds to operation with large and 

small gate spacings, respectively, since from equations (3.4) 

and (3.5), 

1p 
AT 

(xv 
ln (3.11) 

9P (t2) 

,. n equation (3.10) results in Substituting for AT 4 

+ ... (3.12) 

ln 
p (ti)] 

11 

P (t2) 15 
-(t2) 

If, on the other hand, c is large then equation (3.10) breaks 

down. Using equation (3.11) to express P(t2 ) in terms of p(t 1) 
and AT, equation (3.9) becomes 

11 ln 
v AT 

11 

I')I exp (av AT)] 
p (t 9 

3.3.2 The optimum sample separation 

(3.13) 

From an instrumentation point of view, the larger the 

sample error can be, the less stringent are the circuit 

requirements on such parameters as linearity, offsets and 

quantization error. The value of e which is tolerable in order 
to obtain a measurement result to within 6 of its true value a 
is calculated from equation (3.13). The normalized error IC 

)I 
is shown in figure 3.4 as a function of sample separation 

P(t 1 

AT, for fibres having attenuations of 3 dB km-l and 15 dB km-l. 
Consider, for example, the curve for the 3 dB km-l fibre , 
(a = 6.9 x 10-4 nP m-1); if the attenuation is to be measured 
to within 0.1 dB km-l (6 = 2.3 x 10- 5 

np m-1), then for sample 
separations AT, of 0.1ps, 10 Us and 30 us, the tolerable error 
is 0.02%, 1% and 0.22%, respectively, of the signal level p(t 1). 

It is clear from the curve that there is an optimum sample 
separation AT 

opt' which maximizes the allowable e and thereby 
minimizes the accuracy requirements of the instrumentation 

IcI 
ý -(tj) 
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system. Thus, for a fibre having an attenuation of 3 dB km-',, 

the sample separation which maximizes attenuation accuracy is 

approximately 10 jis, corresponding to a1 km length of fibre 

between the two sampling points; the use of other gate 
separations will necessarily invoke a penalty in measurement 

accuracy. 

The ratio p(tl)/P(t2 ) which maximizes attenuation accuracy 

can be found by differentiating equation (3.12). It is found 

that the optimum is independent of fibre attenuation and has 

a value ý, 5.6 dB. Substituting this value into equation (3.11) 

results in the optimum sample separation 

AT 1.28 
opt CLV 9 

... (3.14) 

Therefore, test equipment which. is able to adjust the value 

of AT until the ratio of the'samples is 5.6 dB will automatic- 
ally maximize attenuation measurement accuracy. The optimum 

sample. separation is plotted as a function of fibre 

attenuation on figure 3.5. 

It should be noted that the existence of an optimum sample 
separation for a local attenuation measurement is a property 
of the backscatter waveform, and is not unique to 2-channel 

sampling. Thus single-channel and m-dhannel systems possess 
the same characteristics or limitations in this regard. 

The tolerable sampling error at optimum 16 lopt can be 
P(t 1) found by solving equation (3.13) and is plotted in 

figure 3.6 with fibre attenuation a, and required measurement 
accuracy 6, as parameters. An approximation can also be found 
by substituting 5.6 dB for p(tl)/P(t2 ) in equation (3.12). 
Thus, 

CI=0.28 '5 
p FIT opt a 

For a given resolution in 6,1p. Tt-, ý'I 
Opt requirement on any sampling system. 

(3.15) 

represents a minimum 

3.3.3 Dnamic range utilization 

In order to minimize the sampling error due to quantization 
noise from the digitizer, the signal level p(t 1) should be 
maximized within the receiver dynamic range. Let the latter 
be defined by the limits -±K. If p(t <K, then the e required 
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expressed as a fraction of K is decreased proportionately, 

e. ILI =I I` I-I1 (3.16) 
KP (t 1) K 

The ratio which is called here 'the absolute accuracy' 

determines, amongst other things, the resolution requirements 

of the A-D converter (i. e. number of bits), the tolerable 

offsets and non-linearities and thus ultimately the performance 

of the instrument. 

A major advantage of 2-channel sampling is immunity to 

drift and gain changes. Thus, automatic gain control can be 

used to maintain p(t 1) close to the maximum level K, acceptable 

by the sampling system; the requirements on the ratio I': J are 

thereby minimized. This subject is discussed further in 

section 3.7,. 

3.3.4 Penalties for non-optimal operation 

In some cases, the optimum sample separation is difficult 

to achieve; for example, it is inadvisable to site the two 

samples within different sections of a jointed fibre link, 

owing to the possible variation of the backscatter factor S, 
79,80 

between the sections In addition, the resolution of 

short-length attenuation variations requires a small gate 

separation. For non-optimal gate spacings the penalty P, to 

be paid in the tolerable sample error c, in order to achieve 

a given attenuation accuracy is defined as 

10 logio 
I 
Copt/c 

I 
ose (3.17) 

where copt is the sample accuracy required at the optimal gate 
separation. Curves giving the penalty P as a function of 
attenuation and AT are shown in figure 3.7. Note that the 

curve P=O corresponds to that for optimal sample separation as 
given by equation (3.14). As an example, let us take a fibre 
having an attenuation of 3 dB km-l for which the optimum sample. 
separation ATopt is 10 us. Assume, also'for the moment, that 

P(ti )=K=1. The sample 
1 

accuracy required for an attenuation 
accuracy of 6= tO. 1 dB km- is c' = 1% (figure 3.6). Suppose, 

opt 
however, that we require to inspect the fibre over a 250 m 
section (AT = 2.5 Us). Figure 3.7 shows that for the same 
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error in attenuation we now require a3 dB greater sample 
accuracy, i. e. e=0.5%. 

The implication of the foregoing is that a compromise is 

necessary between the achievement of overall attenuation 
accuracy and the resolution of short-length fluctuations, 

since the latter requires small gate separations. This results 
from the difficulty in determining the slow decay in the back- 

scatter signal when the difference between the power levels 

P(t 1) and p(t 2) is small. On the other hand, relatively large 
localized power variations are found at fault points and 
imperfections 2-4,99 

, leading to significant differences in 

signal levels if gates are positioned immediately before and 
after the point of interest. Thus, relatively small gate 
separations are permitted and accurate loss measurement of 
such discontinuities is not precluded. 

A further consequence of the existence of an optimum gate 
separation is that greatest accuracy in the determination of 
overall link attenuation is obtained by summing the attenuation 
of individual fibre sections having lengths corresponding to 
AT 

opt' This approach may well have a further advantage in that 
it should allow both sample points to be sited within the same 
fibre section in a jointed link, thus avoiding the problems 
which can result from variations in the backscatter factor S, 

79,80 between fibre sections The latter may be caused by both 

material and geometrical changes in the fibre (see section 2.8). 

3.4 Timing Sensitivity 

Sample-and-hold circuits exhibit an aperture delay, i. e. a 
delay between the trigger pulse and capturing of the sample. 
In addition, there is an aperture uncertainty or timing jitter 
which usually comprises a small fraction of the total 

110,111 delay 

Sample-and-hold aperture uncertainty, U, produces an 
amplitude error when sampling fast slewing signals. For the 
sampling of p(t 1 ), the error ca, is equal to 

av ... (3.18) 

where from equation (3.6), 1/av 
9 

is the time constant of p(t). 
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It should be noted that aperture uncertainty causes the 

same percentage error in the sampling of P(t2 ). Therefore, 

according to equation (3.10), the attenuation error resulting 
from aperture uncertainty is equally critical for both p(t 1) 
and p(t 2) samples. 

Figure 3.8 plots aI against U. From these curves and P(t) 
those of figure 3.6, it can be seen that if the aperture 

uncertainty is not to be limiting, an uncertainty time of some 
100 ps is required. This fortunately is possible with current 
technology. 

3.5 Bandwidth Requirements and Distance Resolution 

For OTDR, the bandwidth requirements can be divided into 

the two application categories, namely fibre attenuation 

measurement and fault location. 

3.5.1 Bandwidth for local attenuation measurement 

The amplifier bandwidth need only be sufficient to acquire 
the fastest expected backscatter exponential, without 
dispersion. The time constants and corresponding spectral 
bandwidths can be calculated from equation (3.6); fibres with 

attenuations of 15 dB km-l and 3 dB km-l possess backscatter 

time constants (bandwidths) of 1.4 Us (113 kHz) and 7.2 us(22 
kHz) respectively. Therefore, an amplifier bandwidth of 5-10 

MHz is sufficient for high resolution of smooth fibre loss 

sections. The use of higher bandwidths is undesirable since 
it gives rise to a noise penalty which restricts the range of 
the instrument (see section 3.9). 

3.5.2 Bandwidth for fault location 

For fault location and local attenuation measurement, the 

smallest distance that can be resolved is determined by the 

width of the forward propagating optical pulse (±v 
9W metres). 

The impulse response of any amplification and detection 

circuitry sho uld be at least as fast as the equivalent time 
(W seconds), to be resolved. 

Excessive amplifier bandwidth is , however, undesirable 
since the-penalty is higher noise, which causes a restriction 
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in instrument range. In addition, the lower pulse energy Pow, 

associated with short input pulses also results in a restricted 

range (see section 3.9). Thus, there is no advantage in using 

pulse widths which are shorter, or amplifier bandwidths which 
are larger than required. The best compromise between 
instrument range and distance resolution is achieved when the 

optical pulse width and amplifier dispersion contribute 

equally to the distance uncertainty. Under these circumstances, 
the effective distance resolution is approximately r2v 

9W 
metres. 

Pulse widths of 10-50 ns (i. e. 2-10m eqivalent) achieve a 
high resolution in fault location. However, when an extension 
of instrument range is desired, a pulse of typically 100-300 ns 
is chosen. In some situations, a variable pulse width may be 

advantageous. A wide optical pulse can be used for fast 
initial location of the fault, and then a narrow pulse can be 

used, along with signal averaging, to provide a more precise 
location. The trade-off between range and distance resolution 
is discussed further in section 3.9 and 3.12. 

3.5.3 The minimum distance resolution 

The distance resolution is determined by the convolution 
of the optical pulse width and the amplifier response (see 

section 3.5.2). The minimum pulse width is that determined by 
82 the pulse dispersion For measurements on sections which 

are far from the fibre input, pulse dispersion causes a 
spreading or blurring of features in the backscattered power. 
The effect is particularly severe for step-index fibres with 
dispersions of a few tens of ns. km. Typical values for 

near-to-parabolic graded-index fibres are in the range 0.5- 
2 ns. km. As mentioned in subsection 3.5.2, improved distance 

resolution is usually achieved at the expense of instrument 

range. It is. therefore inadvisable to use pulse widths which 
are shorter than. the fibre dispersion. 

A second limitation to resolution for local loss measure- 
ment results from the small gate separations required, which 
leads to a very stringent tolerance on sample accuracy. 
However, this applies only to uniform fibre loss sections and 
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therefore does not preclude the accurate measurement and 
location of discontinuities and faults (see sections 3.9-3.12). 

A final limitation on the accuracy of fault location is 

that determined by the uncertainty in the average group 

velocity v 9* 
In general v9 can vary from fibre to fibre since 

it depends on the glass composition. For the location of 
faults cumulative error which results from the uncertainty of 

v9 may be reduced by taking a reference from the nearest joint 

or from the far end of the fibre. Often, however, these 

features may be difficult to resolve since, in the former case 
77,78 the losses may be small or, in the latter case, the 

fibre may be broken. 

Typically, multimode fibres are fabricated with core- 

cladding index differences of 1-1.5% and can be accurately 
86 

controlled in mass production to approximately 0.1-0.2% 
A 0.2% uncertainty in v9 results in a 40 m error in position 
at the far end of a 20 km link. This figure perhaps sets a 
limit to uncertainty in length determination when the fibre 
input is used as a reference, however, in practice a further 

contribution may also result from measurement error. 

A technique which enables accurate measurement of the 
fibre group delay is described in Chapter 9; the method is used 
to analyse fibre delay-stability as a function of temperature 
and externally-applied longitudinal stress. 

3.6 Noise Averaging 

When the predominant source of noise on the signal at the 

processor input is. due to quantization, c is governed by the 

accuracy of the A-D converter. Accordingly, for an n-bit 
converter spanning a range ±Kr the signal can be resolved to 
within ±Iibit, or 

2 (3.19) 

When the amplifier noise predominates, numerical sample 
averaging can be used to reduce c to the level required. The 
accuracy is no longer limited to that determined by the 
smallest quantization level, and the effective resolution of 
the A-D converter can be improved. This effect is called 
'dithering' (i. e. digital averaging in the presence of noise) 
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and results from the 'masking' of the individual quantization 
levels by the noise. If the noise is assumed to be Gaussian 

with variance of a2, then averaging N samples reduces the 

variance to a2 INý 02 Taking e as the error in p(t 1) or P(t 2) 
which is exceeded with a probability of 5%, it follows from 

the Gaussian distribution that 

c 
a17N- 

1.96 ... (3.20) 

It should be noted that the sampling accuracy cannot be 

improved indefinitely by dithering. In practice, other factors 

such as non-linearities, offsets and timing jitter determine 

the ultimate resolution limits (see section 3.8). 

Defining the signal-to-noise ratio before averaging as 

SNR 
P(t 1T (3.21) 

a 
it follows from equations (3.20) and (3.21) that 

I-, I=1.96 ... (3.22) 
PTE17 . -- /N(SNR) 

This equation is plotted on figure 3.9. Figures 3.6 and 3.7 

give the value of I F- I required to obtain a given measure- 
P(tl) 

ment accuracy in local fibre attenuaýEion. In combination with 
figure 3.9, the number of samples which must be averaged to 

obtain II can be found. A design example in section 3.9 

will serve to clarify the procedure. 

It is noted here that in a recent publication, the sources 

of noise in backscatter measurements have been quantified 
112 

The 2-channel technique is shown to be superior to single- 

channel sampling, particularly when measuring fibre sections 

close to the input, where the noise from the laser pulse-to- 

pulse variation is dominant. 

3.7 Effects of Noise Clipping 

It is shown in section 3.2.3 that the use of gain control 
to maximize p(t 1) within the A-D converter dynamic range eases 
the requirements on sampling resolution for sections of fibre 
far, from the input. However., the amplifier gain must not be 

so large that p(t 1) is clipped by the measurement system. 
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Furthermore, p(t 1) should not be so close to the dynamic range 

limit that the noise is truncated, otherwise a bias appears 
in the mean, since the noise cannot average to zero, even 

after an infinite number of samples. In practice, this means 

that when operating with a low SNR the dynamic range 

utilization, defined as JP(tl I (where±K represents the range 
K 

limits of the A-D converter), must be reduced. 

Let a2 be the variance of the noise n(t 1 ), at the 

amplifier output. It is shown in Appendix I that the bias 

produced in the mean of p(t + n(t 1) by truncation is given 
by 

C1K1 erfc J11 
K+1 

erfc 1ý(t-j)l 
2 p(tl) 

I 1- 
2 P-(-t-, T 

1 P2] 

1 
exp 

1-1 
1 

21 
V2-Tr -(SNR) 

[ 

where 
K1. ISNR 

p (t 

IV 

2 

K+I. /S-NR 
2 ---T V2 p (t, 

- exp 
P2 21 1 

... (3.23) 

(3.24) 

... (3.25) 

IC The bias can be determined by substituting values for 

SNR and the dynamic range utilization IP(tl)l, into equation 17 
(3.23). 

Conversely, for a given ICI and SNR, the maximum 
P(ti) 

allowable IP(tl)lcan be evaluated using a rational expansion 
K- 138 

of the error function and by iterative calculation on a 
digital computer. The result is shown on figure 3.10. ' 

It can be seen that when the SNR is low, as is the case when 

measuring backscatter signal levels from sections of fibre 

remote from the launch point, the permitted utilization of the 
full A-D converter range is necessarily reduced. Thus, ýhe 

amplifier gain cannot be increased if further noise clipping 
is to be avoided. 

The magnitude of e expressed as a fraction of the A-D 

converter range ±K, is a quantity which is useful in describing 

the resolution requirements of a backscatter instrument. 

described here as the absolute accuracy, can be derived from 

figure 3.10 using equation (3.16). Figure 3.11 plots JE-1 
K 
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as a function of SNR with the parameter I F- 
P(t 

It is shown in section 3.3 that the fraction 
P(t 1) determines the attenuation measurement accuracy. Thus for 

high SNR, figure 3.11 shows that 1=1ý-j 
. However, for K 

an SNR less than about 10 dB, the absolute accuracy required, 
ILI, decreases rapidly due to the smaller range utilization, K 

C since the sampling accuracy IE Imust be main-Lained. P(t ) 
Eventually the ILI required becoles so small as to render an K 
accurate attenuation measurement impossible. It is this 

effect that determines the ultimate range of a backscatter 
instrument (see section 3.9). 

3.8 Limits to Measurement Accuracy 

The smallest value of the absolute accuracy which can be 

achieved, designated as ILKImin' is a measure of instrument 

performance; high sampling accuracy is a property of an 
instrument with a small c The factors which determine IKImin' 
ILI are the sampling bit-resolution and errors due to K min 
offsets, timing -jitter and non-linearity. 

There are a number of approaches to sampling in backscatter 

measurements and each must be considered from both technical 

and economic viewpoints. Present day, the most common 
analogue-to-digital converters are of successive-approximation 

113 ill 
type and combined with high speeds sample-and-hold circuits 
can acquire repetitive signals of video bandwidth (i. e. "-5 MHz) 

with 12-bit accuracy. Typical acquisition times for the 12- 
bit A-D converters, however, are in the range 1-20 us. 

Recent advances in semiconductor technology have resulted 
in the development of fast sequential n-bit digitizers called 

114-116 
video or 'flash' converters Each device comprises 
2 n_l individual comparitors to sense the signal level. These 
devices can acquire waveforms with 9-bit accuracy at sampling 
rates up to 20 MBit/s and bandwidths of 5 MHz, without the 

need for a sample and hold. 8 and 9 bit converters are now 
commercially available 

116. 
and will find a wide range of. 

applications, especially in the video industry. Flash 
converters of 10-bit resolution can be fabricated but will be 
expensive due to the large number of comparitors required on 
each chip. Higher bit resolutions at these speeds are yet 
to be achieved. 



43 

An alternative sampling method based on a fast sample- 
hold and charge-coupled devices (CCD) may also be used for 

. This technique, the recording of fast transient waveforms'18 
however, is still in the development stages. 

Finally, a more expensive technique for digitizing is 

the EBS (electron bombardment semiconductor) technique 
119 

used by Tektronix Ltd in their new range of digital processing 
120 

oscilloscopes Signals with bandwidths of 400 MHz can be 

acquired with 10-bit resolution. A Tektronix 7912 AD with a 
bandwidth of 500 MHz and a 9-bit resolution (single shot) is 

used in measurements of backscatter loss signatures in 

Chapter 8. 

From equation (3.19), the absolute accuracy before 

averaging for 8,10 and 12-bit A-D converters is ILI = 0.4%, K 
0.1% and 0.02% respectively; These may be improved by 

averaging in the presence of noise (see section 3.6), 

however, the ultimate absolute accuracy 11min' for each 

converter, depends on the combined effects of offsets, timing- 
jitter and non-linearity. 

Offsets in sampling may occur in the S-H and the A-D 

circuits but can generally be trimmed to less than ±1 of 2 
a least significant bit (LSB). Timing jitter also results 
in an offset or uncertainty in the S-H measurement and must 
be within the limits specified in section 3.4. Fortunately, 

this is possible with current technology. 

It should be noted that in a practical backscatter 

instrument, both the signal and baseline must be measured in 

order to determine p(t); offsets which are common to both 

measurements do not affect the sampling accuracy. 

Non-linearities can be split basically into two categories, 
digital non-linearity and analogue non-linearity. The former 

occurs in A-D converters and results from a deviation of*the 
actual bit-decision levels from the ideal straight line 

113,120,121 
characteristic Digital or differential non- 
linearity is limited to <1 LSB for monotonic operation. In 

general, however, I LSB is usually guaranteed over the full 2 
conversion range. 
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The effect of differential non-linearity has been analysed 
by computer calculation. An 8-bit A-D converter was simulated 
with a non-linearity such that each decision level fell 

randomly within ±1 LSB from the ideal value. Noise with a 2 
Gaussian amplitude characteristic was inputed to the program 
and the mean and variance of the A-D converter output were 
determined after many thousands of samples. The bias in the 

mean of the noise is found to be a maximum at high SNR and is 

limited to ±I LSB, whereas at low SNR the randomness of the 2 
individual bit levels is averaged. In the latter case, an 

equivalent accuracy of 12-bits can be achieved after sufficient 
averaging, even with an 8-bit converter. 

Thus, digital non-linearity is not a limiting factor with 

a backscatter instrument operating near the end of its range, 

since here the SNR is low. -In contrast, at high SNR digital 

non-linearity is important, especially with an 8-bit converter, 
in view of the resolution required (see figures 3.6 and 3.7). 

One method of improving converter resolution at high SNR is 

to artifically add noise to the signal, and remove it again 
when the SNR is low. However, this increases the complexity 
and cost of both the receiver and sampling circuitry. 

The origin of analogue non-linearity is in the transfer 

characteristics of the S-H circuit, the A-D converter and the 

optical receiver/amplifier, the latter which also includes 

thephotodiode response. In contrast to the digital non- 
linearity described above, analogue non-linearity results in 

maximum error at low SNR, due to a bias resulting from 
distortion of the Gaussian noise envelope. 

Non-linearity error, in combination with offset error, is 

expected to determine a limit to absolute accuracy of JE-1 
K min 

0.01% for a 12-bit A-D converter. An 8-bit converter is 
believed to be inferior, even with digital averaging in the 
presence of noise, due to the larger non-linearity in its 
transfer characteristic. 

In the next section it is shown that 1EK-1 
min should be 

as small as possible in order to achieve large instrument 
range. Thus, it is concluded here, that for the best 
performance, present-day technology dictates that 12-bit A-D 
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converters of successive-approximation type be incorporated 

into the instrument design. In the future, however, the 

natural development will likely be towards sequential 
digitizing, provided that lower cost and higher resolution 
methods, based on either the flash converter , the CCD, or 
EBS principle, can be realised. 

, 
3.9 Range Performance 

The backscatter range can be defined in general as the 

maximum fibre attenuation over which measurements can be 

performed to a desired accuracy. Previously, it was indicated 

that there exists trade-offs between range, distance 

resolution, attenuation accuracy and measurement time. 

Strictly, the user must specify all requirements before the 
instrument range can be determined. 

The calculation of range can once again be split broadly 
into two instrument applications, namely local attenuation 
measurement and fault location. In the former, high 

resolution of backscattered power level is required for an 
accurate attenuation calculation. In the latter, accurate 
fault location is the priority and therefore a considerable 
sacrifice in power level resolution is allowable. 

3.9.1 The decay in signal-to-noise ratio 

The backscattered power has been derived previously and 
given in equation (3.6). Taking into account the 3 dB loss 
in the beam-splitter, shown in figure 3.3, the signal current 
at, the amplifier input is 

i1RGPWSv exp (-av t) ... (3.26) 
p (t) 4099 

where R is the primary responsivity of the photodiode and G 
is the avalanche gain. This equation can be expressed in 

sp4tial terms using the variable transformation t= 2Z/v 
9 

(where Z z), as 
1RGPWSv 

exp(-2a), ) ... (3.27) p (t) =-- T09 

The variance of the noise is given by 

a22B... (3.28) 
n 
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where in is the rms noise current referred to the amplifier 
input (amp-Hz_ý) and B is the equivalent noise bandwidth. 

For a sample at t it the signal-to-noise ratio from 
v9 

equations (3.19), (3.27) and (3.28) is 

(R G Po WS vq) 
2, 

-4aZ) 2 SNR = 
16i 

n2B 

exp ( ... (3.4.9) 

The decay of SNR with length determines the maximum fibre 

attenuation after which local attenuation measurements can be 

made to a desired accuracy ('the range'). From figures 3.6 

and 3.7 the tolerable sample accuracy, J --c I, can be 
p t1T 

determined for a measurement resolution 6 in a fibre 

having a nominal attenuation a. For this value of 
.P 

(t, 
and a chosen value of N, figure 3.9 yields the minimum 

allowable signal-to-noise ratio, SNRtain* Figure 3.11 then 

gives the value of ILI corresponding to SNR , and I c: I- 
K min p(ti) 

Provided that the value ILI exceeds the ultimate resolution of K 
the instrument given by E: equation (3.29) can be solved IRImin 

with SNRmin to give Z 
max 

from which the range Z T1 
is 

zT ý- k 
max 

+ ýv 
9 

AT ... (3.30) 

The range can be expressed in te. rms of the maximum allowable 
one-way fibre loss by multiplying by the fibre attenuation a. 
Thus equation (3.30) becomes 

RT =R1+R2 

where 
RT = ý'T * 

R1Z 
max *a 

R2 ýv 
9 

AT. a 

3.9.2 Design example 

(3.31) 

(3.32) 

(3.33) 

(3.34) 

To demonstrate the utility of the analysis reported here-, 
the range is now calculated using typical fibre and instrument 

parameters. 

Consider an optical pulse of width 100 ns and of peak power 
1W launched into a multimode fibre with a parabolic index- 

profile and a numerical aperture of 0.2. The refractive index 
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nl, is assumed to be approximately equal to the average group 
index Nl, and is given a value of 1.5. Thus, the average 

8 -1 group velocity vg = cIN1 =2x 10 ms The backscatter 
factor, from equation (2.54) is 

S= (4.4 x -10- 
5 )as ... (3.35) 

A suitable avalanche photodiode for backscatter measurements 
is an RCA 30817 with a primary responsivity of R=0.87 AW -1 

at 0.9 Um. It is a Si-device, sensitive over the wavelength 
range 0.6-1.06 Um and can be operated with an avalanche gain 
G= 80 (RG =70 AW-1). The optical receiver is assumed to 
have an input rms noise current of 1 pA Hz-ý 

122-124 
and an 

equivalent noise bandwidth of 10 MHz. Thus, for the typical 

parameter values, equation (3.29) becomes 

SNR (1.56) 2a2 1017exp(-4aZ) ... (3.36) 
Sý 

3.9.2.1 Limits to range 

Using equation (3.22), SNR can be expressed in terms of 
I E: N and P (t I 

TI. Substituting into equation (3.36) and using 
equation (1.35) gives 

11 ln 
/1.56 ý2 17 

a2NI F- 
)1 

2 
(3.37) -. 9-6 ) lo 

sp (t 11... 

This relation is shown on figure 3.12 (thin lines) for 

as =3 dB km-1 ,a typical value at a wavelength of 0.85 um. 
If the instrument operates at a pulse repetition rate of 
1 kHz and the time allowed for each attenuation measurement 
is 1 second, then N= 1000. Thus if the sampling accuracy 
required E: is 1%, the range R is 24 dB (indicated by p ti 1 
the circle on figure 3.12). 

Greater range, in terms of fibre attenuation, can be 

achieved by taking further samples or by relaxing the require- 
ments on sampling accuracy. However, the range cannot be 
increased indefinitely owing to the degradation in SNR, and 
the requirement that II be reduced in order to avoid K 
noise truncation (see section 3.79and figures 3.10 and 3.11). 

The ultimate instrument range for the chosen parameters is 
also shown on figure 3.12. Each thick line defines a value 
of I-El derived from equation (3.23). Suppose, for example, K min 
that the ultimate resolution of the instrument is 1, El 0.1%. T miný 
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Then the instrument operation is limited to the shaded 

region. In order to achieve the maximum range, the operator 

will increase the gain until the sampling error due to 

truncation of the noise is at least equal to all other 

sources of error (i. e. those due to offsets and non- 
linearities etc. ). At this point, no further range increase 

can be achieved unless the requirement on II is' relaxed. 

Thus, for C 1% and 
P(t 1) c1min 

"2 0'"' the maxim= -p7-t, T IK 
range, shown by the cross in figure 3.12, is R1 31dB; 

further averaging results in no improvement. 

In other applications, the requirements on 
E: 

may 
I E: p (t 

1) 
not be so stringent. For example, if 

pt= 
10% and 

= 0.1%, then R is increased to 37 AB. 
K in 1 

3.9.2.2 Range at optimum sample separation 

In the previous sub-section, range is calculated on the 
basis of required sample resolution for a single-point 

measurement of the backscattered power. However, in order 
to determine the attenuation of a fibre section a 2-point 

measurement must be performed. It is shown in section 3.3.2 

that in the determination of overall link attenuation, 

greatest accuracy can be obtained by summing the attenuation 
of individual fibre sections having lengths corresponding to 
AT 

opt* Table 3.1 gives the range RT, defined by equation 
(3-31) for measurement accuracies of +0.01, ±0.1 and 

=1 dB km assuming that the total number of samples is 

linited to 1000. In addition, it is assumed that a=a 
s 

(i. e. that the fibre attenuation results predominantly from 
Rayleigh scattering), and the instrument parameters are as 
defined previously. It can be seen that for a measurement 
accuracy of 6= ±0.1 dB km-', the maximum fibre attenuation, 
after which a 2-point measurement with optimum gate spacing 
(5.6 dB) could be made, is 27 dB. The realization of this 
figure of merit would permit the determination of the 

attenuation of long fibre links with high accuracy 
93 

. 
The calculations of the range in table 3.1 are based on 

the assumption that the absolute accuracy of the instrument 
IE-1 is not compromised. However, this may be an optimistic K min 1 assumption in the case of 6= ±0.01 dB km- since the 
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CC resolution requirements on - 
1)1 

and IRI, shown in figures 15 
t 

3.6 and 3.11, are quite harsV n the cases 6= ±0.1 and 
±1.0 dB km-', increasing the number of samples can improve 

the range, but the limits are again defined by 1EK-Imin as 

shown on figure 3.12. 

Operation at non-optimal gate spacings requires that 
C be reduced (see -section 3.3.4). The value of I-C 

required may be determined from figures 3.6 and 3.7, and(t')l 
for the case as =3 dB km-', R1 can be found from figure 3.12 

as before. The total range RT is found from equation (3.31). 

3.9.2.3 Extension of range 

It should be noted that the calculations of range here, 

apply only to the chosen optical and instrument parameters. 
Although these parameters are typical, further signal-to- 

noise ratio improvement and therefore range extension can, in 

principle, be achieved by increasing P0, W or decreasing i 
n" 

B as shown in equation (3.29). Recently reported 
125 

was the 

achievement of a range of 17 dB in a. single-mode fibre where 
the receiver bandwidth was reduced and a pulse of 1 Us width 

was used (equivalent to 100 m resolution). It is therefore 

very much up to the operator to decide the sacrifices he is 

prepared to make for the achievement of further range. 

In addition, range can be increased further by a decrease 
in IE-Imin of the instrument or by relaxing the sample KIC 

JTJ. 
accuracy requirements in terms of 

pTt- 
As an example, a 

value of 1EK-1min of 0.1% is chosen in section 3.9.2.1; however, 

in practice it is believed that with current technology an 

absolute accuracy approaching 0.01% can be achieved. Since 

the typical power budgets for present day multimode optical 
fibre communication links is ý, 40 dB 126 

, it seems likely that 

an OTDR can be developed with sufficient range to cover the 

maximum repeater span. 

3.10Measurement Time 

The previous sections identified JE-1min as the parameter K 
which determines ultimately the instrument performance and 
range. In practice, however, measurement time is also a major 
consideration since it often determines the economics of 
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performing a measurement; production facilities require fast 

measurement for economic quality control and in the tele- 

communications environment faults must be located and 
rectified quickly to avoid excessive loss of revenue. 

If the optical pulse repetition rate is 1 kHz then N 
10 3,10 5 

and 10 7 
corresponds to times of 1 second, 1.40 

minutes and 2.47 hours respectively. Pulse repetition rate 
is determined by two factors. Firstly, if the fibre link is 
20 km in length, then the round trip time for the backscattered 

power is 200 ps. Thus, if ambiguities are to be avoided, 
another pulse should not be launched until after this time has 

elapsed. Secondly, single-heterojunction lasers, which are 
attractive for backscatter applications, have output powers 

127 
and also lifetimes that depend on duty factor In general, 
duty factor is limited to about 0.1%. For an RCA SG-2002 

maximum repetition rates are only n, 2 kHz for 100 ns optical 
pulses, before a power reduction and deterioration in back- 

scatter SNR and range is observed. The number of samples 
required for an accurate 2-point measurement of a particular 
fibre section depends on SNR. Therefore, not nearly so many 
samples need be taken for measurement near the fibre input 

as when near maximum range. In practice, measurement time may 
be minimized since the standard deviation of consecutive 
samples can be calculated by a processor and N varied according 
to the SNR and the required accuracy. 

3.11 Multi-channel Sampling 

An extension of the 2-channel method is multi-channel or 
m-channel processing. It retains all the advantages of the 2- 
channel technique, but in addition reduces the measurement 
time. The technique is used in Chapter 8, in conjunction with 
the 2-channel method to analyse the effect of variations in 
the backscatter factor on the returned power. I 

The proposed arrangement is shown in figure 3.13. A fast 
sequential A-D converter of the type described in section 3A 
(i. e. a flash converter, CCD or EBS device) is used to sample 
the backscatter waveform. The triggering is derived from a 
crystal oscillator which pulses Iml times within a 'window' 
of-width T seconds. The timing of the first sample at t= t1j, 
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and the width of the window are determined by the output of 

a time delay generator synchronized to the launched optical 

pulse. Measurement results are loaded into memory (RAM) 

where they await processing; 2-point or multi-point curve 
fitting can be used to determine the attenuation of the 

sampled sections. 

The implementation using a flash-converter appears to 

simplify the arrangement shown in figure 3.3 where two S-H 

circuits and two A-D converters are used. However, severe 

requirements are placed on the technology of both A-D 

conversion and data processing in view of the speed and the 

quantity of data which must be handled. In addition, the 

absolute accuracy of present day sequential digitizers is 
inferior to that of the A-D devices of successive approximation 
type (see section 3.8), and-this may result in a smaller 
instrument range. In the future, however, provided that lower 

cost and higher resolution devices can be realized, then the 
development will likely be towards sequential digitizing in 

backscatter measurements. 

Figure 4.4 shows a multi-channel record of a backscatter 

waveform taken on a Tektronix 7912 AD transient digitizer. 
The 7912 AD has a9 bit resolution, single shot, which may be 
improved by digital averaging in the presence of noise (see 

section 3.6). The figure displays the result of a single 
shot measurement (i. e. no averaging) and the individual 

quantization levels are just discernable at the far end of 
the fibre. Recently, an example of m-channel processing using 

129 a flash converter has also appeared in the literature 

- It is the intention in the following sub-sections, not to 
design an m-channel system, but to describe briefly the 
factors which limit its range performance. 

3.11.1 Maximum EP-In-Emax) 

Let the gain of the optical receiver be such that the 
backscattered power utilizes the full dynamic range of the 
A-D converter (i. e. p(t=O) = K). The waveform is then sampled 
Im' times within a section of length T. A total of (m-1) 
two-point calculations can be performed to give the attenuation 
characteristic of the fibre over the span T. Each 2-point 
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calculation requires that an accuracy I EE I be achieved P(t 1) 
in the sampling as described previously (see figures 3.6 and 

3.7). 

Consider the section of fibre between the k th 
and the 

(k+l) th 
sample. The value at p(t =tk) is considerably less 

than the full dynamic range of the A-D converter, i. e. I ý(t) 1<< 
K 

Therefore, if the accuracy reqUired for 

a 2-point calculation in the section is to be achieved, 

the absolute accuracy of the instrument, - must be I i-I 
min' 

extremely small (see equation (3.16)). The limitation imposed 

by I'ilmin defines a maximum value T 
max given by 

KKIc 
Irequired 

K exp(-ctv T 
-P)7t- 7) (3.38) 

P(tlT min g max li'lmin 

therefore 

T ln ln 
max ON 9 P(tlT required- 

lilmin] 
... (3.39) 

Thus, even in an m-channel sampling system, the local 

attenuation characteristic must be put together in a piece- 

wise fashion with section-lengths of equivalent time T 
max' 

Note that the value T 
max , also defines the maximum scan width 

of a single-channel system, after which the amplifier gain 

must be changed in order to maintain sampling accuracy. 

3.11.2 Range for m-channel sampling 

In order to achieve the highest accuracy in each span T, 

the backscatter waveform should be amplified until the first 

sample utilizes the full A-D dynamic range. Note, however, 

that equation (3.39) applies only when the SNR is high. If 

the SNR is low, the first sample in any section must be 

reduced relative to the full A-D dynamic range in order to 

avoid noise clipping (see section 3.7). The effect of reduced 
dynamic range utilization on the absolute accuracy required is 

shown in figures 3.10 and 3.11. If the required IS-1 is 
K 

reduced for the first sample in the span Tmax , then accurate 
measurement of the m 

th 
sample is beyond the capabilities of 

the instrument. Thus, when the SNR is low, T must be reduced 
so that the accuracy in the last sample is not compromised. 
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Therefore, the range for a m-channel system is determined 

in the same way as for a 2-channel system; that is, when the 

dynamic range utilization of the lst sample IP(t1)I, is 
K 

C lis less than the reduced so far that the tolerable IT 
K min 

of the instrument. 

A major attraction of the multi-channel 
decreased measurement time. However, it is 

above analysis that this advantage is only 

sections close to the fibre input where the 

for sections far from the fibre input where 
the span T must be reduced. 

3.12 Fault Location 

technique is 

clear from the 

realized for 

SNR is high, since 
the SNR is low, 

Although the characterization and location of faults is 

not a primary objective in this thesis, it is an area of 

considerable importance. and therefore some discussion is 

warranted. 

Faults can be separated generally into two categories; 
those of distributed nature where a loss increase occurs over 

a large section'of fibre and those where the loss occurs at 

a particular point. 

Distributed loss increases may be caused by an increase 

in microbending resulting either from residual stress or a 

contraction of cable sheath due to temperature or creep 
34,130 

These increases are perhaps best detected by performing 2- 

point scans of the local fibre loss and comparing with 

previously measured results. 

In the case of point defects, four general types can be 
identified: - 

a) reflecting, complete break 

b) non-relfecting, complete break 

c) reflecting, partial break 
d) non-reflecting, partial break 

and the backscatter signatures are shown in figure 3.14. 
The term partial break is used here to apply to all situations 
where the fibre cable is not completely severed, i. e. some 
light does pass across the faulty section. This includes 

cases where the fibre is shattered, but still held intact by 
the secondary plastic jacketing and cases where a microbend 



54 

or kink causes loss of optical power at a particular point. 

In addition, lossey joints may also fall into this category. 

A reflecting break is detected most easily since the 

reflection is normally well above the backscatter level at 

that point. Partial breaks, especially those of non- 

reflecting type are the most difficult, since the change in 

backscatter power level may only be small. 

Instrumentation requirements for the location of point 
defects differs markedly to those for local-attenuation 

measurement. The differences in regard to optical pulse width 

and amplifier bandwidth are described in section 3.5. 

Another major difference is that accurate fault location is 

the main priority, and accurate measurement of the level of 

the backscattered power is of secondary importance. 

When near maximum range, the bias due to noise clipping 
does not immediately affect the basic monotonic decreasing 

character of the backscatter waveform. Thus, for fault 

location, the amplifier gain need not be restricted in as 

harsh a manner as described in section 3.7 and 3.9. Sudden 

drops in backscattered power due to the presence of a fault, 

results in a sudden change in the level of the sampled signal, 
whether it is biased or not. Thus, in principle, the bias due to 

noise clipping can be a large percentage of the signal level 

and the instrument range can be extended beyond that of the 

local attenuation measurement. Ultimately, however, the bias 

will be so large as to hide any variations in the back- 

scattered power and this defines the end of range for fault 

location. 

3.13 Extension to Long Wavelengths 

The instrument parameters chosen in the range calculations 

of section 3.9 apply strictly only to operation in the wave- 
length region 0.8-0.9 um. Operation in the long wavelength 
region, 1.3-1.55 pm, requires the use of different optical 
source and detector materials. 

. 
Commercially available Ge-avalanche photodiodes are suited 

but are inferior to the shorter wavelength Si-devices due to 

excess multiplication noise and higher leakage current. The 
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effect on backscatter measurements is a decrease in SNR, and 
therefore a smaller instrument range is expected. Currently, 
development of lower noise, long wavelength devices, is 
focussed on the very low capacitance PIN-FET hybrid detectors 

using GaInAs and GaInAsP diodes on GaAs or InP substrates, 
132-134 

and a GaAs MESFET 

Development of optical sources for long wavelengths again 
centres on the GaInAs/InP and GaInAsP/InP materials 

135,136 

and recently some very low threshold lasers have been 
137 developed It is hoped that in the future, high power 

pulse lasers will also be commercially available. 

In addition to the source and detector considerations, 
the existence of an optimum sample separation 

93 
also has 

implications in the long wavelength region where the losses 
9 

may be extremely small The optimum gate separation, from 

equation (3.14), is large due to the low fibre loss and 
therefqre the measurement of local variations in loss, 

especially over small fibre sections, is extremely difficult 
because of the increased accuracy required (see section 3.3.4). 
Furthermore, it is shown in section 2.8.2 that variations in 
the backscatter factor along the length of the fibre are 
expected to be almost independent of wavelength. Therefore, 
due to the low losses in the long wavelength region, ;' 
significant errors in local backscatter loss measurements can 
be expected. This is in contrast to measurements in the 0.8- 
0.9 pm region where the attenuation is larger. 

Thus, the measurement of local fibre attenuation by the 
backscattering technique is more difficult at long wavelengths 
due to the small fibre losses and the expected variations in 
the backscatter factor. However, the measurement and location 
of faults is not precluded and it seems likely that an 
instrument possessing this limited, but important facility can 

125 be developed 

3.14 Summary 

The resolution requirements of instrumentation to measure 
the scattered return in optical fibres is considered in this 
chapter. A 2-channel technique, insensitive to instability 
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and drift in the optical source and dete(? tor, is. -proposed for 
93 the measurement Results are plotted directly as 

attenuation versus position in the fibre, a generally more 

useful form than the more standard exponential or logarithmic 

plots 
2-40199 

. Furthermore, when near maximum range, the 

receiver gain can be adjusted to increase signal amplitude 

and this minimizes the required, instrument resolution and 

maximizes measurement accuracy. Single-channel and multi- 

channel operation are also considered. 

In the measurement of local fibre attenuation it is shown 
that there is an optimum operating condition in terms of the 

time interval between samples. Optimum operation provides 
for maximum accuracy in the estimated attenuation with least 

sensitivity to measurement error. 

The necessary sample resolution, denoted by 
P. (t, 

is normalized relative to the signal amplitude at t, and 
depends on both the desired accuracy in measured attenuation 
and the 'distance' from optimum. An error in local attenuation 
measurement of 0.1 dB km-l appears to be an appropriate design 

objective for an instrument operating in the wavelength range 
0.8-0.9 pm, in view of both the sample resolution required 
and the errors predicted in section 2.7 due to scattering 
variations. 

The absolute resolution of measurement, denoted by J': J 
K min' 

is shown to determine instrument performance in terms of both 

range and ultimate accuracy; a value approaching 0.01% is 
desirable. Note that the range limitation defined by IS-1 

K min 
is identical for 1,2 and m-channel systems. 

It is shown in section 3.9 that for the instrument 

parameters chosen and averaging 1000 samples at optimum gate 
separation., a range corresponding to 27 dB of one-way fibre 
loss can be achieved with a measurement confidence of ±0.1 
dB km-'. 

Chapters 4 and 5 describe the implementation of 2-channel 
backscatter systems, based on considerations described in this 
and the previous chapter. Following, Chapter 6 detailq an 
alternative method for fibre attenuation measurement, 'the 
cutback method', and in Chapters 7 and 8 the experimental 
results are presented. 



Required attenuation Measured insertion 
accuracy loss 

dB/km dB 

0.01 22 

0.1 27 

1 31 

Maximum fibre loss after which localised 
attenuation measurements can be made to the 
accuracy stated 

Table 3.1 
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CHAPTER 4 57 

A 2-CHANNEL IMPLEMENTATION WITH BOXCAR AVERAGING AND A DYE LASER 

An instrument developed for field applications will 
probably comprise fast S-H circuits, A-D converters and a 
semiconductor laser operating at a single wavelength (see 
Chapter 5). The measurements of fibre spectral attenuation 
presented in Chapter 7, however, required the use of a tunable 

source, and a dye-laser with an optical-parametric-oscillator 
(OPO) was chosen for this purpose. Furthermore, two boxcar 
integrators were used in this, the first implementation of 
2-channel sampling, in order to postpone investment in 

expensive S-H and A-D electronics until after the technique 
had been proven. This chapter describes the development of 
the instrumentation for the spectral loss measurement. 

4.1 Basic Experimental Arrangement 

The dye-laser and OPO offered advantages of wavelength 
tunability and high power output. However, a number of 
measurement problems caused by characteristics peculiar to 
the dye-laser and OPO required solution. In particular, the 
laser suffers from very poor pulse-to-pulse stability (10-20% 

variation) and an overall drift in output power of ±10% over 
a few minutes. The amplitude of these fluctuations depends 

very much on the laser-cavity alignment, the age of the dye, 
the condition of the flash-lamp and spark-gaps and the 
temperature and alignment of the OPO. In addition, a low 
laser repetition rate of 12.5pps compounded signal 
acquisition problems. 

It has been emphasised previously that the 2-channel 
technique is insensitive to source power fluctuations and 
drift, since the two sample sets are averaged over the same 
group of laser pulses. In fact, the need to perform measure- 
ments with a relatively unstable dye-laser first prompted 
the development. Since then, however, the 2-channel approach 
has proved useful with other lasers because of both immunity 
to source noise and drift, and due to its proven accuracy in 
resolving the local fibre attenuation. 

The basic ei(perimental arrangement for the 2-channel 
method with the dye laser and boxcar integrators is shown in 
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figure 4.1. Optical pulses of 1 us duration, tunable over 
the wavelength range 580 nm to 2.6 pm, emanate at a rate of 
12.5 pps from the dye-laser and OPO system. An optical 
shutter, designated 'the Pockels cell modulator' allows an 
80 ns slice of the optical pulse to pass, the latter which 
is then launched via a set of lenses into the fibre. The 
backscattered light from the fibre, travelling in the opposite 
direction to the original optical pulse, is directed by a 50% 
beam-splitter to a silicon avalanche photodiode (APD) for 
detection and amplification. The output of the amplifier is 

connected to two linear gates (or boxcar integrators) which 
perform waveform sampling. Samples are taken at times t1 

and t2 determined by a time delay generator which is triggered 
by a pulse from the optical modulator. The two samples are 
measured by a DVM whose input is switched rapidly from one 
gate to the other, and the result is loaded into a computer 
for further averaging and calculation. The experiment is 

automated and the computer controls the delays t1 and t2 and 
other circuit switching operations. 

The finer details of the optics and data acquisition 
system are shown on figures 4.2 and 4.3 respectively, and 
these are described in the following sections. 

4.2 Dye-laser and optical-Parametric-Oscillator (OPO) 

4.2.1 Dye-laser 

The dye laser139 used for backscatter spectral 
attenuation measurements is a flash lamp pumped Chromatix 
CMX-4 laser. By changing the dyes and adjusting a Fabry- 
Perot etalon in the cavity, the laser may be tuned from 0.4 
to 0.8 pm. For the dyes Rhodamin 6G in 1: 1 water/methanol 
and 4% Amonyx in-water, the power otitput and tuning ranges 
are respectively lOkW, 580-620 nm and 6 kW, 595-635 nm, in 

approximately 1 us width pulses. 

Dye lifetimes and pulse-to-pulse stability are important 
considerations when choosing a dye for backscatter measure- 
ments. Although the former dye is slightly inferior from a 
stability viewpoint, its long lifetime was found to-be useful 
in these experiments. 
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The laser may operate at up to 25 pps, although much 
improved stability is achieved for slower repititions. 
For the present application, however, the rate is limited to 
^v15 pps by the parametric oscillator and a figure of 12.5 pps 
was chosen as a compromise between stability and measurement 
time. 

4.2.2 optical-Parametric-oscillator (OPO) 

The majority of wavelength tuning is achieved by a LiNb03 

parametric oscillator pumped at about 0.6 = by the dye-laser. 

The output-signal and idler wavelengths, Xs and Xi 

respectively, are determined by both the crystal temperature 

and the pump wavelength XP 

11+ (4.1) 
xP 7s 

Variation of the pump wavelength produces fine tuning of the 
final output wavelength, while major changes are produced by 

adjustment of the oven temperature and changes of the OPO- 

cavity mirrors. The OPO may be tuned from 0.76 to 2.6 pm, 

although four mirror changes are required. * The present 
backscatter measurements over the wavelength range 0.77- 

1.06 ým require that three mirror changes be made. The OPO 

output is linearly polarized and orthogonal to the dye-laser 

pump and typical output powers are 200-500 W. 

4.3 Pulse slicing 

The nul Us-width pulses from the dye-laser and OPO system 
must be shortened for backscatter applications (see equation 
(2.30)). The technique used here, shown in figure 4.2, is 

similar to the arrangement developed by A. H. Hartog 42,140 

for experiments on material dispersion in optical fibres. 
The linear-polarized, wavelength-converted pulse from the OPO 

passes through a Pockels cell and to a prism-polarizer wýichis 
orientated to extinguish the incident beam. A beam-splitter 

placed between. the OPO and the polarizer, directs a small 
fraction of the optical power onto a pin-photodetector. This 
generates an electrical pulse which triggers a spark-gap 

140,141 

via a high-tension (H. T. ) power supply. The spark in the gap 
is sustained for a period determined by the length of a 
transmission line, the latter charged through a resistor from 
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the H. T. supply (the period is 80 ns ý_- 8m of RG 8A/U in 

these experiments). During spark-gap breakdown, -a high 

voltage (A, 5 kV) is placed across the Pockels cell and causes 
rotation of the polarization. In this way an 80 ns slice of 
the original 1 us optical pulse passes through the polarizer 
and is launched into the fibre for the backscatter measurement. 
Note that only the infra-red is allowed to pass to the fibre. 

Any visible light from the dye laser pump which is not wave- 
length converted in the OPO is blocked by the filter shown in 

figure 4.2. 

4.4 Optical Pedestal 

During the pulse slicing process, it is unavoidable that 

a small fraction of the infra-red 1 us pulse, designated the 
'pedestal' passes through the polarizer and into the fibre. 

The ratio of the energy in the 80 ns sliced pulse (which 'sits' 

on the 'pedestal') to the energy of the pedestal is a measure 
of slicing efficiency. For backscatter measurements this 

efficiency must be maximized in order to prevent distortion 

of the backscatter waveform and dispersion in the local 

attenuation characteristic (see equation (2.30)). In practice, 
it is found that with a good polarizer, a rejection ratio of 
80: 1 can be achieved. At this level the pedestal causes 
negligible distortion of the backscatter waveform. 

4.5 Anti-reflection Cell 

The backscatter waveform, shown in figure 4.4, consists 
of three distinct parts: 

i) an initial pulse resulting mainly from the 4% air-glass 
Fresnel reflection at the fibre input; 

ii) an exponential 'tail' caused by the Rayleigh (assumed 

mechanism) backscattered light; 
iii) a final pulse from the 4% glass-air Fresnel reflection 

at the far end of the fibre. 

The Rayleigh scattered signal obtained for a 0.2 NA graded 
index fibre having an attenuation of 3 dB km-l and with a 
100 ns pulse is approximately 45 dB below the incident power 
level (see section 2.4). Thus a considerable amplification is 
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necessary. The presence of relatively large initial and 
final Fresnel reflection pulses, however, may cause problems 
of system overload and any interference with the exponential 
backscatter signal must be avoided. . 

In a good backscatter system, proper amplifier design 
limits overload to a time corresponding to the width of the 
input optical pulse. Unfortunately, in the present instance, 

this corresponds to ý, l Us due to the optical pedestal described 
in the previous section. Thus, measurements of local 

attenuation could not be made in the first nul 00m from the 
fibre input. 

Aside from using an amplifier with fast overload recovery, 
good optical design may also minimize reflections. The 

method used here is based on a concept invented by A. H. Hartog 
142 

and independently by the British Post Office The optical 
fibre is mounted in a cell filled with an index-matching 
liquid, as shown in figures 4.2 and 4.5. The angle of the 
fibre is such that the refraction at the cell front-face 

causes light to be directed along the fibre axis. Because 
the fibre is immersed in an index-matching medium there is 

no Fresnel reflection at the fibre input. A Fresnel 

reflection does occur, however, at the air-glass interface 

at the front of the cell, but this face is cut at an angle, 
and therefore reflected light is directed out of the line of 
the on-coming beam and is not detected. The backscattered 
light which returns to the fibre input suffers a reverse 
refraction and is directed by a beam-splitter to the receiver. 
The method is extremely efficient and can achieve a front- 
face reflection of magnitude less than the backscattered 

power at that point (see figure 4.4). 

The Fresnel reflection from the far end of the fibre is 

not usually a problem since it occurs after the 'Rayleigh 
tail'. However, it can be eliminated, if desired, by placing 
the far end of the fibre in an index-matching medium. 

There are also other methods which may be used to minimize 
front-face reflection 

2,4,99,143 
One of these is utilized 

in Chapter 5. 
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4.6 Mode-scrambler 

It is shown in section 2.7 that the backscattered power 
depends on the mode energy distribution of the forward 

travelling pulse. In particular, variations in the mode 

pattern along the fibre results in a variation in the back- 

scatter factor and an error in measured fibre loss. This 

error is expected to reduce when far from the fibre input due 

to the stabilization of modes into an equilibrium distribution 

(see section 2.3). The distance over which an equilibrium is 

obtained may be from tens of metres to a few kilometres. 

When using the dye-laser, the fibre in general is under 

excited and the distance over which an equilibrium is achieved 

is expected to be larger. Mode-scrambling65,144,145 is a 

commonly used technique which assists the equilibrium. 

The method used in Chapter 7 is shown schematically in 

figures 4.1 and 4.2. The fibre is sandwiched longitudinally 
between two mating linear gears of pitch 1 mm and an overall 
length of 5 cm. The gear material is a plastic (PVC) and 
does not damage the silicone primary fibre protection. 
Compression of the sandwich causes microbending and a re- 
distribution of power in the guide. Low-order modes are 
converted to high-order and vice-versa. In addition, some 
power is also converted beyond cut-off and is radiated from 
the guide. 

Unfortunately, the distribution of modes at the scrambler 
output is not certain due to the ill-defined nature of the 

65,144 
excitation and mode mixing However, in many cases 
(e. g. if the guide is under-excited) the re-distribution of 
power does assist equilibrium and the effective coupling 
length is reduced. The effect of the mode-scrambler on the 
backscattered power is considered in section 7.3. 

4.7 Amplifier . 

The amplifier designed for measurements with the dye-laser 
is shown in figure 4.6. The salient features of this 
amplifier only shall be mentioned here. A more detailed 
discussion of optical receiver design is included in reference 
146. 
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The amplifier has a J-FET input with 3-stages and an 

overall feedback transimpedance of 56 kQ and operates over a 
frequency range dc-15 MHz. The biassing of each stage is 

provided by the previous stage and by dc-continuity of the 

closed feedback loop. The high frequency cut-off satisfies 
requirements for a backscatter measurement as detailed in 

section 3.5. The requirements on low frequency cut-off are 
that it must be less than the pulse repetition rate in order 
to prevent distortion caused by signal integration. In the 

case of backscatter measurements with the dye-laser, the 

repitition rate was only 12.5 Hz and therefore the amplifier 
must operate almost down to dc. 

Fast overload recovery is desirable in order to prevent 
interference of the large front-face Fresnel reflection with 
the exponential Rayleigh tail (see sqction 4.1.4). The 

amplifier wa s designed with no biassing capacitors to aid in 
147 this regard 

The noise current of the amplifier measured with an rms 
voltmeter and referred to the input was 1.4 pA Hz_ýand the 

corresponding output noise voltage was 0.3 mV rms. In view 
of the large optical power available from the dye-laser and 
OPO system (see section 4.2), further amplification or noise 
improvement was not required. A modification of the amplifier 
design described in Chapter 5 results in an improved noise 
performance, although at the expense of increasing the low 
frequency cutoff. 

The dc offset at the pre-amplifier output and a need to 
drive a 50 Qload required that a voltage translation interface 
be developed (see figure 4.6). The special characteristics 
of this circuit are that it translates the signal with 
negligible attenuation and the output voltage can be finely 

adjusted to zero by a resistance external to the signal path. 
The latter facility enabled a compensation to be made for 
drift which was found to be a few hundred millivolts over a 
period of 5 minutes. 

The Si-APD can be direct coupled to the amplifier input, 
however, in practice it was found useful from the viewpoint of 
drift that it be capacitively coupled and this resulted in an 
increased low frequency cutoff of less than 0.1 Hz. 
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For a further discussion of amplifier design and 

requirements, refer to reference 146. 

4.8 2-Channel Sampling with Boxcar Integrators 

Boxcar integrators (or linear gates) operate by 

integrating the signal over a number of cycles in order to 

achieve the desired sample accuracy (see section 3.1). For 

the present application, however, the SNR is high due to the 

large laser power. Thus, an implementation employing fast 

sample-hold circuits is superior since in principle the 

attenuation may be calculated from 2-channel sampling of a 

single backscatter pulse. Furthermore, when the SNR is low, 

digital averaging can be used to achieve the desired accuracy 
(see section 3.6). 

It is stated at the beginning of the chapter that boxcar 

integrators are used in this, the first implementation of 2- 

channel sampling, in order to postpone investment in expensive 
S-H and A-D circuits until after the technique had been proven. 
The implementation was useful, however, in that it showed that 

standard equipment used by other researchers 
2-4 

, could be 

adapted to 2-channel processing, provided that sufficient care 

and attention is given to experimental detail. 

The configuration of the two linear gates, designated 1 

and 2, is shown in figure 4.3. The gates 
108 

possess a common 

signal input and are independently triggered. The trigger 

signals, designated It 11 for gate 1 and It 21 for gate 2, 

cause sampling of the backscatter waveform at the respective 
times and are derived from a gate-separation-generator which 
determines the time difference AT = t2- tl. The gate- 
separation-generator is triggered from a Hewlett-Packard 
HP 5359A time-delay-generator (TDG) which in turn is 

synchronized to the dye-laser via switch S2 and the spark- 
gap-logic (refer also to figure 4.2). The function of the 
latter is described in section 4.10. The initial delay tl,, 
to the first sample is determined mainly by the HP 5359A 

which is programmed from a minicomputer via an IEEE-488 data 
interface. There is also a small contribution to tj due to 

propagation delays in cables and electronics which is not 
explicitly shown on figure 4.3, but is accounted in 
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experimental results. 

4.8.1 Aperture duration 

The aperture duration or. 'window' for each sample is 

determined by the width of the trigger pulse and is 200 ns, 

a compromise between distance resolution and the droop 

performance of the linear gates, the latter being degraded at 
108,109 low repitition rates 

The sampled values are the averaged signal in each sampling 

window. Therefore, the variation of power across the windows 
due to the decaying nature of the backscatter signal must be 

considered. However, it can be shown that for an exponential 

waveform. the shift in the 'centre of gravity' of the power, 
from the centre of the gate window, is identical for both 

gates. Thus, the difference AT =t 2- tl, is not altered. For 

a fibre having an attenuation of 15 dB km-l the shift is only 
2 ns and therefore aperture uncertainty (see section 3.4) is 

not degraded, even if the signal deviates slightly from an 
exponential character. 

4.8.2 Analogue averaging 

The gate duty factor (repitition period/aperture duration) 

with a 200 ns aperture and a repitition rate of 12.5 pps is 
4x 10 5. 

The internal time-constant of the boxcar is 1 us 
108 

and the observed time-constant, from equation (3.2) is 0.4 

seconds. Thus, samples taken on consecutive laser pulses by 

each gate are within l/e of their final values, p(tl) and 
P(t 2), after a period of 0.4 seconds. 

ITurther smoothing of gate samples are provided by low- 

pass filters shown in figure 4.3, and these were necessary to 

avoid excessive variations in output due to dye-laser pulse- 
to pulse instability. The time-constant of these filters, 

called the 'external' time constant, was between 3 and 10 

seconds. 
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4.8.3 Digital averaging 

The smoothed samples, p(tl) and p(t 2 ), at the low-pass 

filter outputs are measured by a Hewlett-Packard HP 3455A 

digital voltmeter (DVM). The DVM is switched rapidly via 

switch S3 and the results of many such operations are loaded 

into the computer for the calculation of fibre attenuation. 

It should be noted that the DVM measurement cannot begin 

until the low-pass filter outputs have stabilized. Normally 

a time equivalent to five external time constants is required. 
In the present instance, however, waiting time is reduced by 

adjusting the external time constant under computer control. 
This facility is indicated by the dashed-line which connects 
the low-pass filters to the controller interface on figure 

4.3. Initially, the low-pass filters are given a short 0.3 s 
time-constant and therefore-storage capacitors charge quickly. 
When the capacitors are fully charged the computer switches 
the time-constant to 6s and thereby provides smoothing-against 
the laser pulse-to-pulse variation. The DVM measurement 
begins 1 or 2 time-constants later, after which no further 
improvement in analogue sample stability is normally observed. 

The computer provides further noise improvement, by 

averaging some 75 consecutive 2-channel DVM measurements, 
before performing the attenuation calculation. 

4.9 Alignment of a 2-Channel Boxcar System 

The results in Chapter 3 indicate that an absolute sampling 
accuracy approaching 0.01% is desirable. Non-linearities, 

sample-to-hold error, offsets, droop, etc. must not degrade 
this specification. In the case of a 2-channel boxcar 
implementation, a number of problems arise due to individual 

gate characteristics and due to differences between the gates. 

4.9.1 Gain correction 

Different . linear gates have different gains 
108,109 

and 
therefore a calibration is necessary. This is achieved by 

performing a 'gain correction measurement' (GCM) where the 
signal level p(t 1) is measured on both gates simultaneously. 
It provides the correction factor for the 'signal attenuation 
measurement' (SAM), which is then performed by sampling p(tl) 
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and p(t 2) on the separate gates. 

The gate-separation generator, shown in figure 4.3, 

controls the sampling times for GCM and SAM measurements. It 

receives an initial trigger from the laser via the spark-gap 
logic and HP 5359A time-delay generator, the latter which 

sets the time t 11 In response to a command from the computer- 

controller the time delay AT, can be set to zero (i. e. t 

t2) for the GCM cycle, or to a finite value AT 
opt , for 

example, for the SAM measurement. (The computer control path 
is shown schematically by the dashed-line joining the 

controller interface and the gate-separation generator. ) The 

gain correction determined in the GCM measurement is then used 
to compensate for the error in the SAM result. 

4.9.2 Offset compensation 

Gate output offsets and drift are important when measuring 

voltage levels in the 6-10 volt range to an accuracy of 0.01%. 

Gate offsets are measured by the DVM and loaded into the 

computer, where they are then accounted in the attenuation 
calculation. It can be shown that 

off 2 +- 
V1V lm V 2m- off 2 (4.2) 

Off V2V 2m +1 
LV lm- off 1 

where V1= actual signal level into gate 1 

*2= actual signal level into gate 2 

* im= measurement value on gate 1 

V measurement value on gate 2 2m 
off 1 voltage offset on gate 1 

off 2 voltage offset on gate 2 

The validity of the offset compensation has been tested 
by experiment. Typically for a 10 mV offset on both gates and 
for a known signal input, the ratio V lm/V2m was found to be in 

34 
error by 1.8 in 10 , whereas V l/V2 was in error by 1.6 in 10 
This represents an order of magnitude improvement and is close 
to the required 0.01% resolution. Offset correction is used 
to amend both the GCM and the SAM results. 
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4.9.3 Gate triggering 

A property of the linear gates 
108,109 is that at low 

duty factors slight variations in the shape and repetition 
rate of trigger pulses causes considerable changes in gate 
offsets. Minimization of offsets i's desirable, even though 

compensation is provided in the attenuation calculation. Thus, 
the gate-separation generator, shown in figure 4.3, is 
designed so that nearly identical 200 ns pulses trigger the 

gates in both the GCM and SAM cycles. 

4.9.4 Gate non-linearity 

The non-linearity is found to be approximately 0.02% for 
both gates over their full dynamic range. However, measure- 
ments are performed only over about 30% of this range and 
therefore the gates are within-the required specification of 
0.01%. 

4.10 Spark-gap Instabilities and Electrical Interference 

The data acquisition system described in sections 4.8 

and 4.9 is triggered by pulses originating from the spark- 
gap breakdown, which occurs at the same time the 80 ns sliced 
optical pulse is allowed pass through the polarizer and into 
the fibre (see section 4.3 and figure 4.2). This provides 
the timing reference t=0. 

Instabilities in the spark-gap may cause 
i) the occurrence of a missed-pulse if the spark-gap fails 

to breakdown in response to the H. T. trigger; the 

effect on the boxcar output is small provided that 
missed-firing is infrequent; 

ii) the occurrence of spontaneous or multiple firing of 
the spark gap. This is a serious problem, especially 
if the data acquisition equipment takes a sample when 
the backscattered pulse is not present; the resulý is 
a rapid reduction in linear-gate output. The problem 
may be overcome, however, by logic electronics in the 
triggering line. The function performed by the spark- 
gap logic shown schematically in figure 4.2 is 'AND'. 
The data acquisition system is triggered only if the 
dye-laser and spark-gap operate simultaneously. Thus, 
multiple or spontaneous firing no longer affects the 
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boxcar outputs. It should be noted that the inter- 

facing of the spark-gap logic to the high voltage and 

photodiode circuits is not shown in figure 4.2. 

As a further precaution, cables and electronics are 

shielded and proper earthing is used to minimize both 

distortion of the analogue signal, and false triggering due 

to electrical interference from the flash lamp, spark-gaps 

and the dye and water pump motors. 

4.11 Computer Control 

Signal and offset measurements were originally made with 
the DVM switched manually between the two gates. However, 
due to instability in the dye-laser 139 the intervening period 
between the measurement of one gate and the next, was 

sufficient to produce large-standard deviations in results. 
It was necessary to reduce switching and measurement time to 

an interval sufficiently short that the effect of optical 

power fluctuations was negligible. A computer-controller 

provided the solution. 

The implementation shown in figures 4.3 and 4.2 uses a 
Tektronic 4051 controller with an 8K memory. A Hewlett- 

Packard HP 3355A DVM performs the A-D conversion and a HP 
5359A time-delay generator sets the time of the first sample 
at t=tV Both instruments are programmable and operate in 

response to controller commands which are conveyed over an 
IEEE-488 general purpose interface bus (GPIB). 

In addition, a multi-purpose controller interface, shown 
on figure 4.3 and also compatible with the IEEE-488 standard, 
enables the computer 
i) to switch the DVM to read gate 1, gate 2 or the 

amplifier output (S3) ; 
1i) to change the low-pass filter from a short 0.3 second 

time-constant, which allows fast. integration when the 
laser is initlally turned on, to a longer 6 second time- 
constant prior to the DVM measurement, so that the laser 

power*fluctuations are sufficiently smoothed; 
iii)to initiate or terminate laser operation by connecting it 

to a 12.5 Hz mains-synchronized clock via switch Sl; 
iv) to ensure that, when the laser is turned off, the linear 
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gates continue to receive trigger pulses from the same 
12.5 Hz clock via S2, so that gate outputs do not drift 

and are correctly set to zero at the beginning and 

completion of each measurement. This enables the 

computer, via the DVM, to perform the gate offset 

measurements required for offset correction in the 

attenuation calculation; 

V) to switch S2 so that when the laser is operating the data 

acquisition system is synchronized to the optical signal 

via the spark-gap logic; 

vi) to cause the gate-separation generator to switch from 

GCM (coincident trigger) to SAM (delayed trigger) 

operations (see section 4.9). 

Under computer control the total measurement time for an 

attenuation calculation on a single fibre section is 

approximately 2 minutes. This includes the time for both 

GCM and SAM cycles and two offset compensations. 

Measurement results are loaded directly into the computer 

and stored on magnetic tape. The GCM and SAM cycles each 

comprise the average of 75 DVM samples of the two gate outputs. 
In addition, offsets are measured prior-to and at the 

completion of each cycle. Thus, the method utilizes both 

hardware averaging in the form of low-pass filtering and 

software averaging in the computer, to smooth optical power 
fluctuations. I 

Three factors are not under computer control. 

The backscattered power level is manually adjusted using 

a variable optical attenuator in the signal path (figure 

4.2) and by control of the APD gain. In a field- ; 
instrument, an automatic gain-controlled amplifier is a 
better alternative (see Chapter 5). 

The boxcar and amplifier offsets are periodically nulled, 
even though compensation is provided in the computer 
program. This is to prevent them becoming excessive in 

the event of a large environmental temperature change. 

The wavelength of the dye-laser and OPO system must be 

adjusted manually (see section 4.2). 
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Further automation of the 2-channel experiment with the 

dye-laser was thought to be unwarranted. 

4.12 Summary 

The instrumentation described in this chapter is 

primarily intended for backscatter spectral loss measurements 
in optical fibres. The experimental results are presented in 

Chapter 7, where the backscatter method is compared to the 

more-standard cutback technique. 

Two types of measurements can be performed with the 2- 

channel boxcar system and dye-laser. Firstly, the spectral 

attenuation characteristic of a fibre may be determined by 

positioning t1 and t2 at the beginning and end, respectively, 

of the section under test, and then tuning the optical wave- 
length. Secondly, the length variation of loss at a 

particular wavelength (i. e. the local attenuation), may be 

determined by using a small sample separation (e. g. t2- t1 

500 ns _= 50 m) and stepping t1 along the length of the fibre. 

Highest accuracy in measured attenuation is achieved if 

the sample p(t 1) is maximized within the dynamic range of the 

boxcar integrators; for both spectral- and length-dependent 

measurements the sample magnitude is adjusted to fall between 

6 and 10 volts. Offsets are checked to ensure that they 

remain within ±3 MV at the gate outputs. in the case of the 

spectral measurement the dye-laser and OPO wavelength is 

adjusted manually and set with the aid of a monochrometer. 
In the case of the length measurement, the time-delay t1 is 

automatically set by the computer. 

The Execute Key on the computer initiates the measurement. 
Readings of gate 1 and 2 are taken for both the gain-correction 
(GCM) and signal-attenuation measurements (SAM). After a2 

minute period, the program terminates and the calculated'fibre 
attenuation is displayed on the VDU. A complete spectral or 
length measurement of a fibre takes a few hours, depeýding on 
the number of points; minor adjustments to signal levels and 
offsets. are required throughout. The long measurement time is 
due mainly to the low repitition rate of the dye-laser and the 

need to average pulse-to-pulse amplitude variations. 



72 

Typically, for a fibre with an average measured loss of 
3 dB km-l over a 50 m section (i. e. AT = 500 ns), the standard 
deviation of the measurement technique was found to be better 

than 0.05 dB km-'. This small figure is adequate to enable 
a comparison in Chapter 7 with the more-standard cutback 
method. (The experimental development of the cutback measure- 
ment technique is described in Chapter 6). 

Firstly, however, in Chapter 5, a 2-channel backscatter 

system based on fast S-H circuits and A-D converters, and 
using a semiconductor laser is described. The system which is 

portable and more suited to a field environment is used in 

Chapter 8 for the probing of fibre local attenuation. 
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CHAPTER 

A 2-CHANNEL IMPLEMENTATION WITH FAST SAMPLE-HOLDS, FAST 

ANALOGUE-DIGITAL CONVERTERS AND A SEMICONDUCTOR LASER 

The dye laser and instrumentation described in Chapter 4 

were used for spectral backscatter measurements in the 
laboratory. For the field environment, however, this system 
is not suitable due to its bulk, expense and the need for 

regular calibration and alignment. A more suitable equipment 

which is now described is based on a semiconductor laser 

operating at a single wavelength and fast S-H circuits and 
fast A-D converters. Single wavelength measurements are 
believed to be adequate for field testing and are used 

extensively in Chapter 8 for probing the local fibre loss. 

The backscatter instrument detailed in this chapter was 
demonstrated as part of a contribution by Southampton 

University to the British Telecom Exhibition of Optical Fibre 
Technology 176 

. 

5.1 Basic Experimental Arrangement 

Figure 5.1 is a schematic of the equipment arrangement. 
Optical pulses from a semiconductor laser are launched into 

the fibre at a rate of eý, 5000 pps and the backscattered light 

travelling in the opposite direction is sensed by a silicon 

avalanche photodiode and amplifier. The amplifier gain is 

varied to set the signal amplitude at the desired level before 

inputing to the sampling system. (Gain adjustment is achieved 
by varying the output of a D-A converter which responds to 

computer commands. ) The sampling system comprises fast sample- 
holds, A-D converters and a computer interface. Results of 
waveform sampling are transferred to the computer for digital 

averaging and fibre loss calculations. The sampling times t1 

and t2 are set by a commercial time delay generator also 
operating under the computer control. The computer, a Tektronix 
4052 with a 32K memory, issues commands over an IEEE-488 

communications bus. 

Further details of the equipment design and computer 
control are given in the following sections. 
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5.2 Pulse Laser 

The optical source (see figure 5.1) is a single hetero- 

junction semiconductor laser (RCA SG-2002) operating at a 

wavelength of 0.904 pm with a repetition rate of 5 kHz and an 

output pulse power of 11-2 watts. A threshold drive current of 

A, 3 A is required to initiate lasing and may be achieved using 

well-known avalanche transistor, thyristor and VMOS-circuit 
181,182 techniques Although not as fast as avalanche 

transistors, VMOS circuits are useful in backscatter measure- 

ments since a high voltage power supply is not required and 
both the pulse amplitude and width can be easily varied. 

5.3 Launching and Reception Optics 

Two different optical arrangements were developed for use 

with the semiconductor laser system. 
i) Laboratory measurements were performed with lenses and a 

beam-splitter arrangement similar to that shown on figure 

5.1. An anti-reflection cell (see section 4.5) reduced 
front face reflections from the fibre input, and the beam 

characteristics of the launched and backscattered light 

could be adjusted using apertures in the optical paths. 

ii) An opticafarrangement was also developed for the British 
176 

Telecom Exhibition of Optical Fibre Technology A 

photograph of this compact and easily portable apparatus 
is shown in figure 5.9. The pulse laser, launching and 

reception optics and the optical receiver are mounted on 

a 35cm x 35cm aluminium base-plate. 

The optical system utilizes a 4-port biconical fibre 

coupler 
183,184 instead of the more standard beam-splitter 

arrangement. Light from the semiconductor laser is 
focussed through two lenses and into port 1 of the 

coupler where it then divides between ports 2 and 3. 'The 

actual splitting ratios are approximately 48% and 43% 

respectively, with a 9% loss and a reflection coefficient 
of n, -40dB. Ports 3 and 4 are index-matched and the former 
is butted to the fibre under test. The backscattered 
1ýght travelling in the opposite direction in the test 
fibre re-enters port 3 of the coupler and divides between 

ports 1 and 2. The output of port 2 is focussed through 
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two lenses and onto an avalanche photodiode. 

The technique is ideal for field applications, due to its 

simplicity and the need for only infrequent re-alignment. 
However, the optical apparatus was not used for the 
laboratory measurements described in Chapter 8 since a 

control of launching and reception conditions was also 
desired. 

5.4 Amplifier 

The power output of the semiconductor laser is approximately 
100 times less than the dye laser system described in Chapter 4 

and therefore a greater amplification is required. 

5.4.1 Pre-amplifier 

The pre-amplifier designed for measurements with the semi- 

conductor laser is shown in figure 5.2. The configuration is 

similar to that described in section 4.7 and shown in figure 

4.6, except for the biassing arrangement in the first stage. 
The repetition rate of the semiconductor laser is I'v5OOO pps 
and ac-coupling may be used for both biassing and connection to 
further amplification stages. The noise current was found to 
be only 0.64 pA Hz when referred to the amplifier input. 

For a further discussion of the pre-amplifier characteristics 
refer to section 4.7 and reference 146. 

5.4.2 Automatic gain control 

Figure 5.3 shows the overall amplifier configuration. The 

pre-amplifier is connected to an 18dB fixed gain amplifier (EMI 
C502), a 20 dB gain-controlled amplifier (Fairchild pA757) and 
an 18 dB operational amplifier stage (Teledyne Philbrick 1435 

and 2035). The overall bandwidth is approximately 5 MHz. 

The gain control input of the uA757 is connected to the 
output of a D-A converter (see figures 5.1,5.3 and 5.10) 
which in turn is connected to the computer. Thus, the signal 
level may be adjusted automatically under computer control, and 
thereby is realized one of the major attraý: tions of the 2- 
channel technique. The procedure is described further in 

section 5.7.2. 
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5.5 Computer Interfacing 

A general purpose listen/talk interface was designed and 

constructed to the IEEE-488 standard (GPIB). A schematic of 
the circuit design is shown in f igure 5.4. It possesses eight 
bi-directional data lines and 4 control or handshake lines. 

Data can be passed from the computer and to a peripheral device 

or vice-versa. The circuit was used frequently to interface 

many different types of equipment to the computer. In 

particular, the sampling system (see figure 5.9) and the 
D-A converter (see figure 5.10) incorporate the interface card. 

5.6 Sampling System 

Figures 5.1 and 5.9 show a schematic and a photograph 

respectively, of the backscatter sampling system used with the 

semiconductor laser. It may-also be used with other lasers 
but had not been developed at the time of the dye laser 

spectral measurements described in Chapters 4 and 7. The 

sampling system possesses three separate channels incorporating 

fast sample-holds, fast A-D converters and a computer inter- 

face. Two channels are used to measure the waveform at times 
tj and t2 and the third measures the baseline level prior 
to the backscatter pulse. The latter measurement, designated 

as the tj sample, is important in backscatter systems with 
ac-coupled amplifiers since for high duty factors the base- 
line is significantly offset from zero. Subtraction of the 
baseline from measurements on the other channels gives the 

signal levels p(t 1) and P(t2)' 

Each sampling channel is identical and comprises a fast 

sample-hold (Teledyne Philbrick 4855), and a successive 
approximation A-D converter (Analog Devices AD-572) as shown 
an figure 5.5. The required specifications for this circuit 
are described in Chapter 3 and various electronic design rules 

111,113 may be found in the literature The sample-hold has 

an accuracy of 0.01% with a 250 ns acquisition time and a 
±0.2 ns aperture uncertainty. The A-D converter resolution 
is 12-bits and a conversion time of <25 ps is chosen to suit 
the sample-hold droop performance. 
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Results from sampling are latched on the sample boards 

and await transfer to the computer. Each sample of 12-bits 

is separated into two 8-bit words for transfer over the IEEE- 

488 communications bus and is later recombined in the 

computer. The necessary protocol for data transfer is 

controlled by the interface circuitry shown on figure 5.4. 

An absolute sampling accuracy approaching 0.01% is 

required (see Chipter 3). Non-linearities, sample-to-hold 

errors, offsets, droop, etc. should not compromise this 

specification. In addition, the channels should possess 
identical transfer characteristics, otherwise offset and gain 

corrections are required (see section 4.9). Adjustment of 

the offset- and gain-pots shown on figure 5.5 enabled the 

separate channels to be aligned. The performance of the 

sampling system under static-and dynamic conditions is now 
described. 

5.6.1 Linearity of sampling system 

Under computer control the output of the D-A converter 
(see figure 5.10) was varied between -5 and +5 volts in 256 

steps and inputed to the sampling system (see figure 5.9). 

One hundred samples taken by each sampling channel were 

acquired and averaged by the computer at each voltage step. 
Results for channel 1 and 2 are shown in figure 5.6(a) and 
(b) respectively. The gate linearity was determined by 

least-squares fitting to a 3rd order polynomial and is found 

to be within the 0.01% specification. Furthermore, the 
difference between the two channels (see figure 5.6(c)) is 

less than 1 LSB (1 least significant bit), i. e. 1 part in 

4096, over the full dynamic range. 

5.6.2 Dvnamic nerformance of samplinq svstem 

The dynamic performance is an important consideration 
when measuring fast-slewing signals (e. g. backscatter wave- 
forms). Small differences in the aperture times of separate 
channels may result*in sampling errors which are only 
apparent at high frequencies (see section 3.4). 

Figures 5.7(a) and (b) show the tracking performances of 

channels 1 and 2 for two triangular wave, inputs. The 



78 

frequencies and amplitude of the triangular signals are chosen 

such that the slew rate approximately corresponds to the 

time constant of a3 dB km-l (figure 5.7(a)) and a 15 dB km-l 
(figure 5.7(b)) backscatter waveform. It is clear that the 

error due to differences in aperture delays is greatest at 
high frequencies but is less than 1 LSB (1 part in 4096) 

over the full dynamic range (except at the waveform. turning 

points). 

It should be noted that the performance of the 3rd 

sampling channel which is used for the backscatter baseline 

measurement is not shown in figures 5.6 and 5.7 but is not 

significantly different from the channels 1 and 2. 

Thus, the linearity and dynamic tracking capabilities of 
the sampling system would appear to be sufficient to enable 
backscatter waveforms to be -acquired with high accuracy. 

5.7 Computer Control 

Backscatter measurements with the 2-channel system and 
semiconductor laser are completely automated. A Tektronix 
4052 computer (see figure 5.1) offers an improved speed 

relative to the 4051 computer described in Chapter 4 and 
can acquire and average \, 200 attenuation measurements per 

second. A microprocessor controller with a fixed program 
would be faster, however, the software flexibility of the 4052 

was found to be a significant advantage in laboratory 

prototype design. Additional advantages of the desktop 

computer are internal magnetic storage, graphics display and 
compatibility with a wide range of commercial peripherals. 

Synchronization of the sampling system to the laser pulse 
is provided by a programmable time delay generator which 
sets the times t1 and t2 (see figure 5.1). Typical gate 
separations are AT =t 2- t1 equivalent to 50 m and measure- 
mcýnts are performed at each 25 m intervals along the fibre. 
The waveform, is sampled in response to a controller-command 
and results are plotted on a graphics display and stored on 
magnetic tape. 
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5.7.1 Number of samples 

The computational speed of the computer could be enhanced 
by using the matrix handling capabilities of the 4052. Data 

is transferred in basic blocks of 200 measurements from the 3 

sampling channels and the computer calculates the mean and 

variance of p(tl)l P(t2 ) and a(tl,, t 2)' 

The number of data blocks for a 2-point calculation in 

each fibre section is adjusted automatically according to the 

desired accuracy and the measured SNR (see sections 3.6). 

Thus, for fibre sections close to the input only one data 

block of 200 is required since the SNR is high, whereas for 

sections remote from the input the number of samples is 

increased to compensate for a lower SNR. 

5.7.2 Dynamic range utilization 

It is shown in section 3.2.3 that p(t 1) should be 

maximized within the A-D converter dynamic range to ease the 

requirements on sampling resolution. However, p(t 1) should 

not be so close to the dynamic range limit of the A-D 

converter as to cause noise truncation (see section 3.7). In 

the present set-up, the mean and variance of signal and noise 

respectively may be calculated from a small number of waveform 

samples. (Usually, one data block comprising 200 measurements 
is sufficient. ) The computer controls the amplifier gain via 

the D-A converter (see figure 5.1) and adjusts the dynamic 

range utilization of the signal, IP(tl)l to a level which 
K 

maximizes sampling accuracy and yet avoids noise clipping. 

Further sampling is then performed to calculate the loss 

a(tl,. t2) over the section. 

5.8 Sununary 

This chapter describes the design of an automated back- 

scatter instrument based on the 2-channel principle and using 
fast sample-holds, A-D converters and a semiconductor laser. 

The instrument, which is portable and more suited to field 

applications than the equipment described in Chapter 4, may 
be used to probe the length dependence of fibre loss at a 

single wavelength (0.9 um). Experimental results are 
presented in Chapter S. 
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Typically, -a sample gate separation of 50 m is used and 
the sample pair are stepped along the fibre. For each 2-point 

attenuation calculation the computer firstly determines the 

signal and noise levels from a small number of samples and 
adjusts the amplifier gain to maintain the dynamic range 
utilization close to the limits defined by noise 
truncation (see section 3.7). Thus, the resolution require- 

ments are minimized even for sections remote from the input 

and one of the major advantages of 2-channel sampling is 

realized. After setting the amplifier gain the computer 
averages further samples and calculates the section loss 

a(tip't 2). The number of averaged samples is adjusted 
according to the desired accuracy and the measured SNR. In 

practice, for a fibre having an attenuation of 3 dB km-l 

over a 50 m section, a measurement uncertainty of better than 
6=0.05 dB km-l can be achieved (see results in Chapter 8). 

The measurement is completely automated and results of 
local attenuation versus length are plotted on the VDU. The 

program terminates when the far end of the fibre is detected. 

The description of instrumentation for backscatter 

measurements is now terminated. The next chapter describes 
the cutback method for attenuation measurement and Chapters 
7 and 8 give the experimental results. 
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Schematic of the sampling circuit board: in response to a trigger 
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CHAPTER 6 

CUTBACK METHOD FOR SPECTRAL LOSS MEASUREMENTS 

This chapter describes the mor 

attenuation measurement 
148-150 

and 
ally its accuracy and limitations. 
in Chapter 7 for a comparison with 

results. 

a-standard 'cutback' 

demonstrates experiment- 
The technique is used 

backscatter attenuation 

The effects of different launching conditions, micro- 
bending, differential mode attenuation (DMA) and the 

equilibrium mode distribution (EMD) are also considered and 
results are found to be in general agreement with measurements 

48,64,65,72,151 
reported by other researchers 

6.1 Experimental Arrangement 

A schematic of the cutback method is shown in figure 6.1. 

The apparatus was developed by F. M. E. Sladen and D. N. Payne 

and has been a standard laboratory tool at Southampton for 

some years. White light from a tungsten-halogen lamp 
(projector bulb) passes into a monochrometer which selects 
the wavelength for the attenuation measurement. The output 
of the monochrometer is focussed through a lens and launched 
into the fibre under test. The light is modulated by a 
chopper operating at about 75 Hz and a variable iris at the 
fibre input facilitates control of launch numerical aperture. 
The far end of the fibre is index-matched and butted to a 
large area silicon pin-photodiode for detection. The received 

power is then amplified in a low noise receiver (LNA) and 
inputed to a phase-sensitive detector (PSD). The PSD also 
obtains a reference-signal from a chopper and has a1 second 
time-constant. Measurements of its output are taken by a DVM, 

stored and later transferred to a desktop computer. 

In order to. calculate the fibre attenuation, the power 
launched at the input must also be determined (i. e. source 
compensation). This is accomplished by measuring the output 
power from the short length remaining when the fibre is cut 
at a point normally 2-3 metres from the fibre input (hence 
'cutback'). The ratio of the 'short-length' and 'long-length' 

results give fibre attenuation. 
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Power propagating in the cladding due to over-e: ýcitation 
at the fibre input may produce an error, particularly in the 
'short-length' measurement, and lead to an over-estimate of 
the fibre . 1oss. However, this error can be reduced by using 
a cladding mode stripper close to the fibre input as shown 
in figure 6.1. 

It should be noted that the cutback technique gives only 
the overall fibre loss, in contrast to the backscatter method 
where the loss as a function of length may also be determined. 
The cutback method is not attractive as a field test in tele- 
communications since a short length of fibre must be cut for 

each measurement. Furthermore, access to both fibre ends is 

required and may be inconvenient or impossible in a field 

environment, where the fibre spans many kilometres. 

The spectral loss characteristic of a fibre may be I. 
determined by scanning the monochrometer over a range of wave- 
lengths for both the 'long- and short-length' results. In 
the present instance, the monochrometer is under motor control 
(see figure 6.1) and the DVM is triggered for a measurement 

at every 10 nm of the scan. The measurements described in 
this chapter are restricted to the wavelength range 500-1100nm, 
however they could be extended to longer wavelengths by using 
either a germanium or lead-sulphide detector. 

. 

6.2 Confidence of Measurement 

The repeatability of attenuation measurements by the cut- 
back technique may be better than 0.1 dB km-', however, this 
depends to a large extent on the skill of the operator. For 
example, the fibre ends should be well-cleaved and clean, 
cladding modes should be stripped and all the light from the 
fibre core must be collected by the detector. In addition, 
the fibre launching conditions and the lamp brightness must 
not vary during the procedure of both 'long- and short-length' 
results. 
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6.3 Measurement on a Plastic-clad Silica Fibre (PCS) 

A series of measurements on a PCS fibre 64,152 
manufactured 

by Quartz and Silica Products Ltd provides a practical example 

to demonstrate the implementation of the cutback method. The 

effect of launching conditions and microbending on the fibre 

loss is also described. 

The fibre, 1 km in length and wound on a 38 cm diameter 

drum, consisted of a silica core of 200 lim diameter surrounded 

by a 500 pm diameter silicone-rubber cladding and a nylon 

protective over-jacket increased the overall dimensions to 

1 mm. 

Significant mechanical losses may be caused by microbending 

if the fibre is laid in an uneven fashion on the drum or if 

pressure is applied to the fibre. In the present experiment 

microbends were deliberately introduced as shown in figure 

6.2(a). The fibres were lain tightly over an obstacle in as 

smooth layers as was possible with the winding equipment 

available. This winding condition is hereafter designated 

the 'tight-winding' condition. The obstacle consisted of a 
6 mm diameter multiple-core electric cable and could be 

removed simply by pulling the inner conductors from the sheath 

and subsequently removing the sheath. The robustness of the 

fibre ensured there was no damage during the operation. The 

fibres were then loose on the drum, in the state now designated 

as the 'loose-winding' condition (see figure 6.2(b)). 

The results of attenuation measurements on the fibre under 
both tight- and loose-winding conditions and for a number of 
different launching numerical apertures are shown on figure 
6.3. 

The curves exhibit a number of peaks which are caused by 

overtones of CH absorptions in the polymer and by OH 
152 impurities in the glass It is clear that the best 

operating wavelength for a transmission system lies in the 

range 0.77-0.85 Vm. 

6.3.1 Microbending losses 

The effect of the obstacle is to increase the microbending 
loss of the tight-winding relative to the loose-winding 

condition (see figure 6.3); for best transmission performance 
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the drum should exert minimal external force to the fibre. 

Thus, all comparitive measurements of attenuation presented 
in the following sections were performed with the fibres 
loosely-wound and in a stress-free state. This was 
accomplished by winding fibres on polystyrene drums at room 
temperature and then transferring them to a refrigerator 
operating at 11,0 0 C. The reduction in temperature and the 
difference in expansion coefficients ensured a contraction 
of the drums relative to the fibre and therefore minimized 
drum-induced microbending loss. This also provided a stable 
environment for comparitive measurements since fibre losses 

were independent of room temperature variations. 

6.3.2 Launch-dependent losses 

The effect of launching-conditions on the fibre loss is 

shown in figure 6.3. it can be seen that a high numerical 
aperture launch results in a higher loss for the 1 km section 
of fibre. The equilibrium numerical aperture of the PCS 
fibre is 11-0.3 and this curve is expected to be indicative of 
the fibre attenuation when measured in long lengths. Launch- 
ing with larger numerical apertures is wasteful of power since 

48,64 the higher-order modes are preferentially attenuated 
The majority of the excess loss occurs in the first few 
hundred metres, but depends critically on the degree of micro- 
bending and mode conversion (see section 2.3). 

It is clear from the above that fibre attenuation is 

sensitive to launching conditions and the degree of micro- 
bending. This observation is important and must be taken into 
account in any comparitive attenuation measurements. In 
particular, for the comparison between the backscatter and 
cutback techniques presented in Chapter 7, the experiment was 
designed so that in each case the excitation of the fibre 
section was approximately equal. Only under these 
circumstances could a proper comparison be made. 

6.4 Measurements on a MCVD Fibre 

The results presented in this section demonstrate the 
effect of the 'short-length' on the cutback technique. A 
1.5 km section of the 0.2 NA graded-index MCVD fibre, number 
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VD277/L, is used in these tests. The fibre consisted of a 
601im Geo 2/P205/S'02 core, a thin B 203/S'02 buffer-cladding 

and a SiO 2 cladding of 125 pm diameter. Further details of 
the fibre construction are in section 7.1. 

6.4.1 Effect of the 'short-length' 

It is noted in section 6.1 that the presence of cladding 
modes may produce an error in the 'short-length' measurement. 
However, the error can be made insignificant by using a 
cladding-mode stripper close to the fibre input and a 'short- 
length' of"-3-10 m, as shown in figure 6.1. An additional 
measurement consideration is the distribution of modes 
excited at the input and the rate at which an equilibrium is 

approached (see section 2.3). 

Figure 6.4 displays the-attenuation of the final 1 km 

of the 1.5km fibre VD277/L measured under varying cutback 
conditions. For curve 1, the fibre was fully excited at 
position z=0 and the power outputs of the 'long- and short- 
lengths' measured at z= 1500 m and z= 500 m respectively. 
That is, the 'short-length' for this measurement was 500 m. 

Curves 2 and 3 show the results of measurements performed 
on-the final 1 km section, however, here 'short-lengths' of 
only 10 m are used. In the case of curve 2, the fibre is 
fully excited and for curve 3, the launch numerical aperture 
is 0.1. 

The fibre exhibits the typical spectral loss dependence 

of MCVD fibres except that the loss peak at 0.95 = due to OH 
absorption is high 9,14 (see section 7.1.1). 

The differences between the curves on figure 6.4 are quite 
significant, even though all measurements are on the same 
fibre section. In the case of curve 1, the mode distribution 

entering the final 1 km of fibre was almost at equilibritm, 
the lossy higher-order modes having been preferentially 
attenuated in the first 500 m 'short-length'. In contrast, 
the 10 m 'short-length' in the curve 2 measurement was 
insufficient to ensure the mode equilibrium. Thus, the loss 
of curve 2 is greater than that of curve 1. This is 
particularly evident at 0.95 jim where the higher concentration 
of OH_ ions towards the edge of the core 

153,154 
causes a 
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further attenuation of the high order modes (see section 7.1.1). 

The difference between curves 1 and 2 may be considered as 

a 'transition loss' caused by a deviation of the mode 

distribution from equilibrium. In the present instance, the 

transition loss was caused by over-excitation at the launch 

point (curve 2), however, in general such losses may also 

result from mode disturbances at joints and other 

discontinuities. 

The result on curve 3 shows the effect of under-excitation 

when the 'short-length' is only 10 m. Comparison with curve 

1 shows that a small negative transition loss has occurred 

and this is preserved even at the water peak at 0.95 jim. The 

effect is not surprising since low-order modes are pre- 

dominantly excited by the 0.1 NA launch and these exhibit a 

lower loss. 

6.4.2 Effect of drift 

It is clear from figure 6.4 that there is a small 'tilt' 

on curve 3 and this may be attributed to a drift in either 
lamp output or launching conditions during the course of the 

short-length measurement. The deviation is only small, '-0-1 

dB km_1 over the full wavelength range, but can be a 

significant source of error in cutback measurements. 
Unfortunately, such effects occur on a statistical basis and 

are often beyond the control of the operator. Some pre- 

cautions, however, may be taken: - 
i) allow sufficient time for the lamp to stabilize before 

commencing measurement and eliminate draughts in the 

room which may cause lamp cooling; - 
ii) use sufficiently rigid and stable optical equipment. 

6.5 Summary I 

Measurements of attenuation by the cutback technique may 

achieve an accuracy of better than 0.1 dB over kilometre fibre 

sections, however, careful consideration must be given to the 

experimental de 
' 
tail. Launching conditions, cladding mode 

stripping, microbending and the equilibrium mode distribution 

are but some of the important factors. 
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The dependence of fibre attenuation on all these 
variables presents somewhat of a dilemma to fibre and system 
designers who need reliable data for performance calculations. 
In section 6.4, it is shown that over-excitation of the fibre 

results in an over-estimate in the fibre loss, and under- 
excitation, the reverse. These results are in general agree- 
ment with -. casurements reported by a number of other 

48,64,65,72,151 
researchers It is interesting to note that 

mode conversion and differential mode attenuation cause a 
re-distribution and then, over a distance, an equilibration 
of the optical energy almost independent of the excitation 
at the fibre input. it is also shown in section 6.4 that if 

the 'short-length' in the cutback measurementIs sufficiently 
long, the measured attenuation is almost independent of the 
launching conditions. The recognition of this important point 
forms the basis for a compa3ýison with backscatter attenuation 
measurements described in Chapter 7. 
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Obstacle 
6mm dia. 

(a) 

(b) 

The methods designated in text as (a) 'Tight Winding' and 
(b)'Loose Winding' conditions. Under the 'Tight Winding' 
condition an obstacle placed under the fibre wound on a nominally 
38cm-diameter drum induced an additional loss due to 
microbending. The fibre was a 2001im-diameter core, PCS fibre 
manufactured by Quartz and Silica Products Ltd. 

Figure 6.2 
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CHAPTER 7 

SPECTRAL BACKSCATTER ATTENUATION MEASUREMENTS AND A COMPARISON 

WITH THE MORE STANDARD CUTBACK METHOD 

The theory of the backscatter technique and the instrument 

limitations are described in Chapter 2 and 3. Variation in 

the backscatter factor along the length of a fibre is 
identified as a potential source of error in local attenuation 
measurements. A calculation in section 2.8 based on a 

simplified model predicted the accuracy of the method to be 

approximately 0.2-0.3 dB km-l. The objective of the present 
chapter is to determine experimentally the accuracy of the 
backscatter loss measurement. The technique is based on a 

comparison of the backscatter and cutback methods over a wide 

spectral range. 

The development of instrumentation for backscatter spectral 

attenuation measurements using a dye-laser and parametric 
oscillator system is described in Chapter 4. The laser system 
offered the advantages of wavelength-tunability and high 

power output, but other performance features produced a number 
of problems with respect to data acquisition. These were 
overcome by the implementation of the 2-channel approach and 
a computer control. 

The cutback technique is described in Chapter 6 and the 

accuracy and limitations of the method are demonstrated by a 
number of practical examples. Cutback measurements are repeat- 
able to approximately 0.1 dB km-l over kilometre fibre sections 
but this depends critically on launching conditions, micro- 
bending, mode-conversion, differential mode attenuation and 
the 'short-length'. These considerations are of particular 
importance in the sections to follow. 

7.1 Fabrication Details of Fibre VD277/L 

The fibre VD277/L used extensively in the following 

sections was designed specifically to test the accuracy of 
the backscatter method. It was a graded-inddx multimode fibre, 
3.2km in length and was manufactured at Southampton University 
by the MCVD process 

11,14,155,156 
. 
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7.1.1 Refractive index profile 

The refractive index profile of VD277/L, measured in the 

preform stage by Mr. I. Sasaki using a new spatial filtering 

technique 
157,158 

, is shown in figure 7.1. The fibre 

consisted of a 0.2 NA graded-index core comprising 42 layers 

of deposited glass, GeO 2 /P 205 /Sio 2* A buffer of 4 layers of 

B20 3/S'02 separated the core from a cladding-substrate of 

Sio 2 (Heralux-WG). The latter was relatively impure compared 

to the core materials and possessed a high OH ion 
153,154 

concentration (, ý, 170 ppm) 

The function of the B203 /SiO 2 buffer-layer is that during 

high temperature deposition it slows the diffusion of OH 
14 ions into the core region This has proved successful in 

9,11 
almost eliminating the loss at 0.95 Um due to OH absorption 

In the present instance; however, the buffer-layer was 

made relatively thin in order to allow some diffusion of OH 

from the cladding to the core (normally there are 12-16 layers). 

A rough schematic of the expected OH_ concentration profile is 
153,154 

shown in figure 7.1 The high concentration of OH 

at the core periphery is expected to cause an excess loss to 

the high order modes at 0.95 pm, but not at other wavelengths. 
This enabled a study into the effect of differential mode 

attenuation on backscatter measurements. 

The refractive index profile shown on figure 7.1 also 

exhibits a depression at the core centre caused by dopant 
62,63 

'burn-off' during the collapse stage of preform preparation 

This is a characteristic of MCVD fibres; the fraction of the 

core area involved, however, is usually quite small. 

7.1.2 Diameter control details 

The accuracy of a backscatter attenuation measurement 

relies on the constancy of longitudinal fibre parameters, (see 

section 2.8). Recently reported was an advance in 
, 

fabrication 

techniques at Southampton Uhiversity which enabled fibre 

diameters to be programmed and controlled to an accuracy of 

<0.2 vim rms 
159 

. In I the present instance fibre VD277/L Was 

pulled with a constant diameter of 125 Um (core diameter 60 

for the first 1.7 km, after which a number of tapers were 
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programmed along its length. 

The section of constant diameter is studied further in 

this chapter to ascertain the fundamental accuracy of the 

backscatter method. Following, in Chapter 8, the programmed 
diameter changes are analysed and the origin of previously- 

observed but unexplained features on some backscatter wave- 
forms is identified95 for the first time. 

7.2 Length-dependent Loss of VD277/L at 1.0 Um 

The quality and uniformity of fibre VD277/L may be 

determined by using the backscatter technique to probe the 

local loss along the entire length of the fibre. A detailed 

evaluation of the backscatter instrumentation is also 
desirable before proceeding to the comparative studies in 

later sections. 

The length-dependent loss over the first 1.6 km of fibre 

VD277/L is shown on figure 7.2. The measurement was performed 

at a wavelength of 1.006 pm using the dye-laser and 2-channel 
instrumentation described in Chapter 4. Results are presented 
as attenuation versus position in the fibre, a much more 
useful format than the previously reported exponential or 
logarithmic plots 

3,4,99,160 

Measurements were taken from both end A and end B of the 
fibre and are superimposed for comparison. The fibre input 

designated 'A' corresponds, in the preform-fabrication stage 
to the end of the deposition, and in the fibre-drawing stage 
to the beginning of the pull (i. e. z= 0). The input . 
designated 'B' is the opposite end of the fibre and for the 

measurements shown on figure 7.2, corresponds to the point 

z=3.2 km, although only the results for the first 1.6 km 

are displayed. Note that measurements were not performed in 

the first 200 m from end A due to the signal distortion 

resulting from the front-face reflection of the -. 1 ps optical- 
pedestal (see section 4.4). 

The sample separation for the 2-channel technique was set 
at 50 m (AT = 480 ns) and measurements were taken at intervals 

of 20 m along the fibre. In order to account for possible 
drift, two complete scans of the fibre were executed, measuring 
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every 40 m in the first scan and the interleaving points in 

the second. The fibre was also kept in a refrigerator so as 

to remove any excess microbending and drift caused by pressure 

exerted from the drum (see section 6.3.1). 

Figure 7.2 shows that the fibre attenuation is reasonably 

uniform along the entire 1.6 km length which perhaps, at this 

stage, could be said to be indicative of the high quality 
deposition and diameter control. 

There is, however, a small decrease in the local attenuation 

when moving away from end A and this is confirmed by the end 

B measurement. In addition, there are some shall fluctuations 

along the length of the fibre, particularly in the first few 

hundred metres and these are anti-correlated when measured 
from the two fibre ends. That is, a slight increase in loss 

when measured from end A appears as a slight decrease when 

measured from end B. The anti-correlated features are most 
likely due to instabilities which were observed in the initial 

stages of the fibre drawing. The effect of the fibre drawing 

on backscatter measurements is pursued further in Chapter 8. 

The results in figure 7.2 demonstrate the high resolution 

of the 2-channel technique for local loss measurements. 
Typically, the standard deviation of consecutive measurements 

on a 50 m section of fibre is better than 0.05 dB km-l- 
1 

it 

is interesting to compare this figure to the 0.1 dB km 

reproducibility of the cutback method (see Chapter 6). 

7.3 Effect of Launching Conditions on the Backscatter Method 

In section 2.6 it is shown that the backscatter factor 

depends on the core energy distribution and may be modified 
by the presence of leaky or cladding modes. Furthermore, 

fibre loss depends on excitation due to differential mode 

attenuation, as demonstrated in the cutback measurements 
' of 

Chapter 6 (see also section 2.3). Before proceeding to a 
comparison between the backscatter and cutback methods, it is 

necessary to clarify this effect. In particular, the 

sensitivity of backscatter measurements to variations in mode- 
scrambling and the7dye-laser launching conditions are 
considered. 
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The mode scrambling technique. used with the dye-laser is 
described in section 4.6 and the effect on backscatter measure- 
ments is shown in figure 7.3. One measure of the degree of 
mode conversion is the loss of the scrambler and curves are 
shown for 0,3 and 6 dB losses in backscattered power. The 
fibre VD277/L was cut at 1.5 km from end A and results 
correspond to launching backwards from the cutting point, which 
is now designated as the end B. 

The fluctuations in measured local attenuation shown in 
the figure are caused by differences in excitation at the fibre 
input (cf. figure 7.2 where the ac , 

tual loss at 1.5 km from end 
A is shown to be constant). Mode scrambling corresponding to 
a6 dB two-way loss of power is expected to convert modes mosi-. 
heavily and is seen to result in a greater initial attenuation. 
This may be attributed to the increased intrinsic losses of 

25-27 the highest-order modes 

It is also clear from figure 7.3 that independent of the 
degree of mode scrambling, transition losses due to launching 

quickly diminish and within about 400 m from the fibre input, 
the difference between the curves is reduced. The effect is 

presumably caused by the stabilization of power into an 
equilibrium mode distribution (see section 2.3) and is similar 
to the effect noted in section 6.4 for cutback measurements. 
This observation forms a basis upon which the two measurement 
techniques may be compared (see section 7-6). 

7.4 Backscatter Spectral Measurements on Fibre VD277/L 

7.4.1 Attenuation of the section 500-1500 m 

A spectral attenuation measurement was performed on fibre 
VD277/L using the 2-channel backscatter technique and results 
are shown on figure 7.4. The fibre was kept in a refrigerator 
operating at about 00C so as to reduce microbending due to 
pressure exerted by the drum (see section 6.3.1). Light'was 
launched into end A and the two sampling gates positioned at 
t1=5 Us and t2= 15 Us on the backscatter waveform. Thus, 
results represent the attenuation over the 1 km section from 
500-1500 M. 

The wavelength of the dye-laser and parametric oscillator 
system was adjusted (see section 4.2) and attenuation measure- 
ments were taken at 5 nm intervals over the range 0.820-1.070pm. 
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In order to account for possible drift, measurements were 
performed in two cycles. The first consisted of increasing 

the wavelength in 10 nm steps until reaching the limits of 
the range. Then, a second scan was performed with the 

attenuations at the intermediate 5 nm wavelengths being 

measured. The smoothness of the curves is indicative of a 
negligible measurement dritt and the standard deviation of 
consecutive results was better than 0.05 dB km-'. 

The fall in responsivity of the silicon avalanche photo- 
diode above 1 pm determined the upper limit of the wavelength 

161,162 
range In future it may be possible to extend measure- 
ments to longer wavelengths by using a germanium 

163 
or 

quaternary device 94 
. 

Figure 7.4 shows the first comprehensive spectral measure- 
ment of fibre attenuation by the backscatter method 

94 
. It 

is apparent that the absorption peak at 0.95 um and the - 
smaller one at 0.88 Um, both due to the OH- contaminent 

17 
1 

have been resolved. In addition, the overall loss exhibits 
the X_ 4 dependence which is characteristic of Rayleigh 
scattering (see section 2.2). Furthermore, confidence may be 

gained in the accuracy of the spectral measurement by a 
comparison with the length dependent loss shown in figure 7.2. 
It is clear that the average of the local attenuation over the 

section from 500-1500 m is equal to the measurement at 1.006 UM 
on figure 7.4. 

This spectral backscatter measurement is considered 
further in section 7.6.2 where the result is compared to cut- 
back measurements on the same fibre section. 

7.4.2 Attenuation of the sections 500-1000 m and 1000-1500 m 

The spectral losses over the sections 500-1000 m and 1000- 
1500 m were determined to enable a comparison with results on 
figure 7.4, the latter which shows the loss over the whole 
section 500-1500 m. 

Figure 7.5 displays the results of the 2-channel measure- 
ments. curve 1 represents the loss measured over the 500- 
1000 m section, i. e. tl= 5 Ps' t2 = 10 Us; curve 3 is the loss 
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over the section 1000-1500 m, i. e. t1= 10 Ps' t2= 15 Ps; 
and curve 2 is the loss over the whole section 500-1500 m, 
i. e. t1=5 Ps' t 2= 15 ps. 

A number of interesting features are observed in the 

result. Firstly, it is reassuring to note a:, consistency in 

the measurements in that the loss shown on curve 2 is equal 
to the average of the losses on curve 1 and 3. Secondly, at 
0.95 Pm, curves 1 and 3 show that there is significant 
difference in the loss of the two fibre sections. This effect 
is unexpected since figure 7.2 shows that the attenuation 
measured at 1.006 Um is reasonably uniform along the fibre. 

Two possible reasons for the discrepancy at 0.95 um are: - 
i) The diffusion profile of OH ions in the fibre core 

(sketched roughly in figure 7.1) causes an excess loss of 

power in the high order modes, which is not observed at 
wavelengths other than 0.95 Um. Thus, losses near the 
launching end are higher since there is a larger proportion 
of high-order modes than when compared to the remainder of 

48 the fibre 

ii)The concentration of OH- ions in the core may also vary 

along the fibre. Possible causes may be a variation in the 

B203 /SiO 
2 buffer-laydr thickness or due to an excessive 

heating being applied to some sections of the preform 
during fabrication. Both these factors affect the 

diffusion rate of OH- ion into the core. 

The origin of the discrepancy between curve 1 and curve 3 

may be checked by measuring the length dependence of fibre 
loss at 0.95 Pm. 

7.5 Evolution of OH- along the Length of Fibre VD277/L 

The local attenuation of fibre VD277/L at the water-peak 
wavelength of 0.946 um and at wavelengtht on each side of the 
water peak at 0.906 um and 1.006 pm, is shown on figure 7.6. 
Measurements were taken from both end A (z = 0) and end B 
(z = 1500 m) of the fibre and at intervals of 20 m with a 
sample separatibn of 50 m as described in section 7.2. For 
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clarity in the case of End B, results at only 0.946 um are 
shown, since those at 0.906 and 1.006 Um were not significantly 
different from the End A measurements. This may be confirmed 
in the case of the 1.006 Um measurement by referring to 
figure 7.2. 

Figure 7.6 shows that the fibre attenuation at 0.906 and 
1.006 pm is reasonably uniform along the whole length. The 

reproducibility of the 2-channel approach is indicated by the 

correlation observed between the small loss-features on the 

two curves. 

In contrast, the attenuation at 0.946 Um shows a marked 
variation with length, indicating a reduction in OH conc- 

entration from End A to B. This is confirmed in that measure- 

ments from both ends show good agreement, except close to 

either launch end. The latter effect was not significant at 
other wavelengths and can be attributed to differential mode 

attenuation, presumably caused by the diffusion profile of 
the absorbing OH ions which exist across the core (see figure 
7.1). 

The origin of variations in OH_ ion along the fibre length 
is investigated in the following two sub-sections. 

7.5.1 Stereoscan studies of B0 /SiO buffer-laye 2 3L-----2- 
The diffusion of OH_ ions from the cladding to core depends 

on both the deposition temperature and the thickness of the 

B203 /SiO 2 buffer layer. A variation in the buffer-layer often 
occurs due to the tapering of the deposited layer thickness 

11,14,155,156 
which occurs at the beginning of each CVD pass 
In the present instance, however, End A represents the far-end 

of the CVD pass where such effects are not usually observed. 

Photographs from a steroscan of the fibre cross-section 
are shown on figure 7.7. The left-hand side of the figure shows 
the cross-sections at points 0,500,1000 and 1500 m from End 
A. Clearly evident are the fibre core and cladding regions 
and the buffer-layer. Some of the individual deposited core 
layers can also be ýse_en including the central dip in. the index 

profile (also see figure 7.1). The right-hand side of figure 
7.7 shows expanded views of the buffer-layer for each cross- 
section. 
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It is clear that there is no significant variation in 

either the buffer-layer thickness or the core diameter over 

the entire 1.5 km section. Thus, variation in the buffer- 

layer thickness is not the cause of changes in OH 

concentration along the fibre. 

7.5.2 Thermal history 

Increased OH- ion diffusion may result during fibre 

fabrication due to: - 

a temperature overshoot at the beginning of each CVD 

pass following the burner flyback in the preform 

preparation. However, this explanation may be eliminated 

since end A corresponds to the far end of the deposition 

where the temperature is usually well stabilized. 

ii) excessive heating being applied to sections of the preform 
during the collapse stage. In a discussion with 

R. J. Mansfield 164 it was pointed out that when all the 

core layers had been deposited, the end A was subjected 
to an extremely high temperature (n-1900 0 C) for a period 
in order to collapse the hollow preform tube into a solid 

rod. The collapse of the remainder of the preform, 
however, was much faster due to the surface tension pull: ' 

from the already-collapsed sections. The diffusion of 

OH_ through the buffer-layer is expected to be proportional 

to the temperature and the time spent at that temperature. 

Thus, it is perhaps not surprising that the end A exhibits 

a higher loss due to the OH_ absorption. 

iii) excessive heating being 

pulling rig. Additional 

to core in the draw-down 

The end. A of the preform 
the elevated temperature 

time taken in setting up 
diffusion during this pe: 

excess OH absorption at 

applied to the preform in the 

OH ion may diffuse from cladding 

zone in the pulling furnace. 

is subjected slightly longer to 

than other sections due to the 

the pull. Thus, the increased 

riod may also contribute to the 

end A. 

It is clear from the above discussions that the origin of 
the longitudinal variation'in OH- ion is intimately related to 
the thermal history of the fibre and preform. In the present 
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instance, however, it was not possible to quantify the 

relative importance of the mechanisms described in (ii) and 
(iii). This may be an avenue for research in the future. 

7.6 Absolute Accuracy of the Backscatter Technique by a 
Cutback Comparison 

The backscatter measuriýments presented in the previous 

sections demonstrate both the utility and resolution of the 

method. The technique is used to determine several 
interesting features pertaining to the properties of fibre 

VD277/L. In the present section, the absolute accuracy of 
these measurements are determined by a comparison with the 

more-standard cutback method. The results of two such 

comparisons are described. 

7.6.1 Formulation of a method for comparison 

A proper comparison of the backscatter and cutback 

methods requires, that an experiment be designed to compare 
them under like conditions. However, this is difficult 

since the two techniques are fundamentally different. The 

backscattered power depends on the average of the forward 

and backward losses as well as variations in scattering along 
the fibre. Conversely, the cutback method depends only on the 

forward fibre loss. 

Furthermore, it is shown in section 6.4 that fibre 

attenuation comprises two components; firstly, a transition 

component resulting from over- or under-excitation and 

secondly, a base-line or equilibrium component which dominates 

when sufficiently far from the input, joints and other 
discontinuities. Thus, cutback and backscatter measurements 

are sensitive to the excitation conditions, microbending, 

mode-mixing and differential mode attenuation. 

One method for implementing a comparison of the two 

techniques is to ensure the same excitation for both measure- 
ments. However, when different optical sources are used 
(e. g. dye-laser for backscatter and tungsten lamp for cutback) 
a difficulty arises in arranging the spot sizes and the. launch 

numerical apertures to be identical in each case. A 'pigtail' 
fibre acting as a leader from the optical source or a mode- 
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scrambler (see section 4.6) may be used to control the 

excitation, but always there is some uncertainty as to the 

actual launch distribution 65,164,165 
. 

It is noted in section 6.4 that cutback measurements 

could be made insensitive to launching conditions if the 

'short-length' is sufficiently long. Furthermore, local back- 

scatter measurements are also insensitive to launching 

conditions if the analysed section is sufficiently far from 

the input (see section 7.3). The attenuation measured under 
these circumstances represents the equilibrium fibre loss 

since the mode distribution is approximately stable in the 

sections under test, i. e. the equilibrium mode distribution 

(see section 2.3). 

The backscatter and cutback measurements described in 

the following two sections are compared under equilibrium loss 

conditions. It is believed that this approach provides a 

sound basis for comparison and simultaneously removes 

experimental uncertainties due to fibre transition losses 

resulting from differences in both the nature of the optical 

sources and the excitation conditions at the fibre input. 

7.6.2 Spectral comparison number 1 

A comparison between the backscatter and cutback techniques 

is achieved by measuring the final 1 km of a 1.5 km length of 

the fibre VD277/L. The fibre was kept in a refrigerator so 

as to minimize microbending caused by pressure exerted from 

the drum (see section 6.3). 

For the backscatter measurement a mode scrambler was used 

to excite the test fibre and the linear gates were sited at 

times corresponding to 500 m and 1500 m from the launch end, 

as described in section 7.4.1. For the cutback measurement, 

light from a tungsten lamp was focussed with a numerical 

aperture of 0.25 into the fibre and the output from 1500 m 

was compared to that after shortening to 500 m. Thus, the 

effective 'short-length' for both the backscatter and cutback 

measurements was 500 m and a comparison of the results under 

similar conditions was achieved, since in both cases a close- 
to equilibrium mode distribution should exist in the section 

under test. 
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The results of the measurements are shown in figure 7.8. 

It can be seen that the two techniques give remarkably 

similar results, the difference between the curves being 

within the experimental error at all wavelengths. Even in 

the region of the water peak at 0.95 um, where differential 

mode attenuation might be expected to produce some variation, 
the agreement is excellent. This result is believed to be 

largely a consequence of the systematic attempt to compare 
the methods under like conditions and lends a considerable 

confidence to the efficacy of the backscatter technique. 

7.6.3 Spectral comparison number 2 

The spectral comparison on the 1.5 km length of VD277/L 
described in the previous section could only be performed 
once due to the destructive, nature of the cutback method. 
As a result of the 'short-length' measurement the fibre was 
cut into two sections, one of 500 m and the other 1000 m. 
The former was discarded and the latter used in a further 

cutback comparison which is now described. 

For the cutback measurement light from the tungsten lamp 

was launched into the 1 km fibre and the output was compared 
to that when the section was shortened to 500 m (i. e. 'short- 
length' = 500 m). The result is shown in figure 7.9. 

Also shown on the figure is the result of a backscatter 

measurement on the same 500 m section (see previous description 

in section 7.4.2 and curve 3 of figure 7.5). Note that the 

effective 'short-length' (i. e. tl) for the backscatter measure- 

ment was 1000 m since it was carried out prior to the cutback 
comparison number 1 already described. 

The difference between the backscatter and cutback curves 
shown on figure 7.9 is within the experimental error except 
in the region of the water peak at 0.95 um where a small, but, 

significant difference is observed. The deviation here is 
believed to be due to the difference in launching conditions 
and in the effective'short-lengths' for the backscatter and 
cutback measurements. For the backscatter measurement the 
effective 'short-length' was 1000 m, whereas for the cutback 
result, the 'short-length' was only 500 m. The diffusion 

profile of the OH_ ions across the core (see section 7.1) 



I 

100 

is expected to enhance the differential mode attenuation at 
0.95 Pm relative to other wavelengths. Thus, in the case of 
the cutback result, the transition loss at 0.95 pm is 

expected to be larger since the fibre is fully excited at the 
input and the short length is only half that for the back- 

scatter measurement. The agreement between the methods at 

other wavelengths is excellent. 

7.7 Summary 

The application of the 2-channel approach to backscatter 

waveform, analysis is shown to give accurate and reproducable 
results. The technique is capable of providing high 

resolution attenuation data, as evidenced by its application 
to the measurement of fluctuations in local loss along the 
length of a fibre. The results presented in this chapter 
include the first comprehensive spectral measurements of fibre 

94 
attenuation by the backscatter technique The utility of 

spectral backscatter measurements is demonstrated by tracking 
the evolution of the OH impurity along the length of a fibre. 

This measurement is important since it may enable the source 
of a contamination to be identified and lead to modifications 
and improvements in fibre fabrication methods. 

The complete spectral comparison with the more-standard 
cutback method showed that under similar measurement 
conditions, virtually identical results can be obtained. It 
is believed that this excellent agreement is largely the 

result of a systematic attempt to compare the two methods 
under like conditions, and lends a considerable confidence to 
the efficacy of the backscatter technique. 

The measured loss is affected slightly by launching 

conditions but appears to become insensitive within a few 
hundred metres of the fibre input. Thus, in long fibre links, 
launching effects will be of little concern. 

Length dependent measurements at single waveiengths may 
be used to determine the magnitude and uniformity of local 
fibre loss. Thus, manufacturers can monitor the quality of 
production, and sub-standard fibres and fibre-sections may be 
identified. In the next chapter the backscatter technique is 

used to probe the length dependence of fibre loss. The ability 
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to vary the wavelength for this type of measurement, however, 

is not necessary and a semiconductor laser source is 

adequate (see Chapter 5). 

Furthermore, the dye-laser system is not attractive for 

the field and factory due to its bulk and expense. 
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cross-sections of points 0,500,1000 and 1500m from End A. The right-hand side photo- 

graphs show a magnificationfof the B 
20315'0 , buffer layer in each case. The buffer 

layer slows the diffusion o OH ions from cladding to core during fibre fabrication. 
It can be seen that there is virtually no change in the buffer layer thickness over 
the 1.5km length. 

Figure 7.7 
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CILAPTER 8 

INTERPRETATION OF FEATURES IN BACKSCATTER WAVEFORMS 

A major attraction of the backscatter technique is the 

ability to determine non-destructively the local fibre 

attenuation. Results from Chapter 7 indicate that the 

technique is capable of high resolution and accuracy in local 

loss measurement. The measurements described thus far were 

performed on a fibre of high quality and both the index- 

profile and fibre diameter were known to be uniform along the 
length. it is shown in section 2.5, however, that the 

accuracy of backscatter measurements depend critically on the 

constancy of the backscatter factor along the length. 

In the present chapter, 
' 
the dye and semiconductor laser 

systems (see Chapters 4 and 5 respectively for details of 
the instrumentation) are used to determine the effects on the 
backscattered power of non-uniformities in longitudinal fibre 

parameters. It is shown that depending on fibre quality, 
plots of local attenuation with length (the backscatter-loss 

signature) frequently exhibit severe fluctuations and 
anomalies such as negative values. In particular, backscatter- 
loss signatures are presented which clearly show correlation 
with programmed fibre defects 95-98 

and indicate, in contrast 
to conclusions in the literature 7,81 

, that in many cases 
diameter fluctuations are the cause of unidentified features 

in backscatter waveforms. Moreover, it is possible to infer 
95-98 the nature of the fluctuation from its loss signature 

This latter point is most important since, in principle, a 
betýer understanding of the origin of fabrication-induced 
losses 86 

could lead to improvements in fibre production 
techniques. 

8.1 Fluctuations in Length-dependent Loss 

Fluctuations in fibre attenuation can result from 

variations in either material or geometrical properties. 
These losses may be intrinsic to the glass, induced during 
fabrication or result from external influences (see section 
2.1). The effects on backscatter measurements are determined 
by variations in the local backscatter factor (see equation 
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2.55). The latter may also be different when viewed from 

opposite ends of the fibre since it depends on the symmetry of 
the imperfection. 

8.1.1 Correlated features 

Material absorption and microbending variations are not 

expected to affect the local backscatter factor, unless also 

associated with a structural change in the glass or waveguide. 
These effects are symmetrical when viewed from opposite ends 

of the fibre. Figure 7.6, for example, demonstrates the 

ability of the backscatter method to accurately track the 
94 

variation of the OH- impurity 

8.1.2 Scatter centres 

Point defects such 
times scatter light in 

measurements these are 

non-Rayleigh pulse ref 
'exponential'. 

as bubbles or phase changes may some- 
the backward direction. In backscatter 

usually characterized by individual 

lections superimposed on the Rayleigh 

Figure 8.1, for example, shows the effect of scatter centres 

on the backscattered-power from two ends of a fibre. The 

measurement was performed with the dye-laser system operating 

at 0.9 um and with a 10 ns pulse-width. A commercial multi- 

channel sampling system (Tektronix transient digitizer 7912AD) 

is used to acquire the waveforms. The fibre was manufactured 
by the Pilkington Glass Company using the 'phasill process 

174 

(phase separation and leaching). Pulse reflections of 10 ns 

width are observed from the many scatter centres along the 
length of the fibre. It is believed that these scatter 
centres are indicative of incomplete leaching, incomplete 

dopant diffusion and/or the presence of voids in the glass. 

8.1.3 Anti-correlated features 

It is s4own in section 2.8 that errors in local loss 

measurement depends on the derivative of the backscatter 
factor. Thus, variations in NA and diameter along the fibre 

may be expected to produce anti-correlation in the loss 
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signature when viewed fromIthe ends A and B since the 

derivatives from the two ends are opposite in sign. 

The backscatter loss signatures considered in Chapter 7, 

except for minor deviations, are symmetrical when viewed 

from opposite ends of the fibre and indicates that the 

backscatter factor is constant. 

Consider figure 8.2 which displays the length-dependent 

loss of the MCVD fibre VD230/L. The 0.2 NA, graded-index 

fibre, 2.8 km in length was fabricated at Southampton Univ- 

ersity. Measurements were performed using the dye-laser 

operating at wavelengths of 1.00 and 0.87 jim, and for 

launching into both ends of the fibre, although for clarity 

the end B measurement at 0.87 um is not shown. The sample 

separation for the 2-channel system was set at 50 m and 

measurements were taken at 20 m intervals down the fibre. 

It is clear from the figure that the first 1.8 km of 

fibre possesses a reasonably uniform loss with only minor 

variations. However, the region thereafter exhibits a 

considerable oscillation with a period of 'ý, 80 m and the loss 

appears to be anti-correlated when measured from the ends A 

and B. Actually, smaller anti-correlated features are also 

observed in the first 1.8 km section. 

It is important that the origin of these fluctuations be 

determined in order to gain a better understanding of the 

backscatter method. Furthermore, this could lead to improve- 

ments and possibly the elimination of such features in 

future fibre production. 

Di Vita 7,81 
also reported the observation of anti- 

correlated features of somewhat larger magnitude and with a 

period 1\40 m and attributed them to fluctuations in fibre 

numerical aperture. 

However, in the present instance (i. e. fibre VD 230/L) 

diameter variations appeared to be the more likely cause 

since it was known that at 11-1.8 km the feed weld-rod entered 
the drawing furnace and caused changes in the gas flow 

conditions in the hot zone. Diameter feedback control 
159 had 

not been implemented at this time and therefore considerable 
diameter variations were observed in the final kilometre of 
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fibre due to changes in glass viscosity in the draw-down zone. 

A consideration of MCVD fabrication methods indicated 

further that short-period fluctuations were more likely due 

to variations in fibre diameter. 

8.1.3.1 Origin of variations in numerical aperture 

For MCVD fibres 86 
, variations in numerical aperture may 

originate during preform fabrication due to an instability 

in deposition caused by a change in either the dopant flow 

or flame temperature. In addition, excessive heating during 

the collapse stage may lead to a loss of dopants from central 

core layers and result in small changes in numerical 
aperture (see figure 7.1). 

Typically the hot zone of the deposition-torch extends 
over 3 cm of preform and any deposition fluctuations tend to 
be well dispersed. Thus, significant variations in numerical 
aperture are not expected over sections corresponding to less 

than one torch width. For a1 cm diameter preform the torch 

width corresponds to approximately 300 m of fibre after 
drawing. In a high quality production the period of any 
numerical aperture variations is expected to be greater. 

8.1.3.2 Origin of variations in diameter 

In contrast to variations in numerical aperture, 
variations in fibre diameter may exhibit spatial oscillations 
of almost any period, however, if a good feedback control is 

used in fibre-drawing all but those of highest frequency may 
159 be eliminated 

An additional source of diameter variation may be a 
change in thickness of deposited core layers during the 

preform fabrication. If the overall fibre diameter is held 

constant then the variation in deposition will result in a 
taper of the core diameter. However, such effects usually 
occur only in the first few hundred metres of fibre which 
corresponds to the start of the deposition. 

Re-consideration of figure 8.2 shows that fluctuations in 
loss in the final 1 km of fibre VD230/L are of short period 
0,80 m) and therefore. suggests a variation in the fibre 
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diameter. Further evidence to support this hypothesis is 

presented in the following sections. 

It is noted here that the above discussion applies 
strictly only to MCVD fibres, since fibres fabricated by 

other techniques (e. g. VAD) may well also exhibit variations 
in numerical aperture over short lengths. This may be an 
avenue for a future investigation. 

8.2 Effect of Programmed Diameter Changes in Fibre VD277/L 

In order to determine the effect of variations in diameter 

on backscatter measurements, the fibre drawing was modified 
such that with the preform feed rate held constant, the drum 

speed could be modulated to produce a desired diameter profile. 
Initially, step changes of 1 pm at a time could be programmed 
on a thumbwheel switch, but in a later development the control 
was modified so that an analogue input could be used to give 
a continuous variation. In the latter instance, a flexibility 

was achieved by deriving the analogue input from a D-A 

converter under computer control. 

The recent advances in fibre-drawing techniques at 
Southampton University 159 

enables fibre diameters to be 

programmed and controlled to <0.2 pm rms over their whole 
length, thereby removing any uncertainties in backscatter 

measurements due to diameter features of unknown origin. 

8.2.1 Programmed diameter profile 

The characteristics of fibre VD277/L are presented in 

section 7.1, except for the details of the programmed diameter 

changes which are now described. The fibre was pulled with 
a constant diameter of 125 pm. (core diameter 60 pm) over the 
first 1.7 km. It was then programmed with a double taper, 
a triple taper and a single taper, each separated by a section 
of constant diameter. Figure 8.3 shows. the details of the 
diameter profile: The section of constant diameter between 
each taper enabled separation of the individual features and 
provided a base-line to determine the intrinsic fibre loss. 
Each taper was piece-wise continuous and comprised steps 
typically of 1 pm. magnitude. 



107 

The double taper consisted of 10 decreasing 1 jim steps 

separated by 20 m, except for a 40 m section between the 8th 

and 9th steps. This was followed by 10 increasing 1 jim 

steps separated by 15 m. 

The single taper consisted of 14 steps of 1 jim separated 
by 5 m, except for the 14th step which was of 2 pm magnitude 

and separated from the 13th by a distance of 10 m. 

The triple taper consisted of steps of somewhat larger 

amplitude as shown in figure 8.3. 

In practice, the step changes in diameter were not 
infinitely sharp and were determined by the response time of 

the control system. Typically, diameter transitions occurred 

over about 1m of fibre during the pull. 

8.2.2 Identification of backscatter features and correlation 

with. programmed defects 

Figure 8.4 shoids the results of local attenuation measure- 

ments performed on the 3.2 km length of fibre VD277/L. The 
dye-laser and parametric oscillator system was operated at 

a wavelength of 1.006 Vm and a 2-channel gate separation of 
50 m was used with the local loss taken at every 20 m down 

the fibre. Measurements were performed from both'fibre ends 

and the results are shown vertically displaced for clarity; 

end A (lower curve) and end B (upper curve) correspond to 

the left- and right-hand axes respectively and the arrows 
indicate the directions of launching. A schematic of the 

fibre diameter profile is also shown. 

The loss in the well-controlled section of fibre is 

remarkably featureless when measured from either end and 
demonstrates both the accuracy of the measurement and the 

quality of the diameter control 
159. There is a considerable 

improvement when compared to the loss signature in figure 8.2 
for the fibre VD230/L where no diameter feedback control was 
used. 

In the tapered sections of fibre, however, strong 
fluctuations in loss are observed which are closely correlated 
to the programmed diameter variations. Moreover, the measure- 
ments from either end are in exact anti-correlation with one 
another and by examination clearly follow both the magnitude 
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and sign of the change in fibre diameter. For example, the 

curve measured from end A exhibits the infamous negative 
loss 7,81 

at 2.4 km which can now be associated with a 

contracting fibre section (the inverse of what might have 

been expected), whereas from end B the same feature produces 

an apparent positive loss. Moreover, the double taper at 
2.0 km gives both positive and negative losses but of smaller 

amplitude because the taper depth is less.. Even the slope 

of the small triple taper at 2.2 km is faithfully reproduced, 

although in this case the 50 m gate separation of the sampling 

system has been unable to resolve properly the magnitude of 

the feature (see section 8.2.4). 

Note that there is a strong peak at 1.8 km which is the 

only feature that correlates when measured from either end. 

Reference to the diamelýer charts for this fibre (not shown) 

revealed that at this point a major change in diameter 

occurred spontaneously for a few centimetres owing to the 

presence of a bubble in the preform. Although unprogrammed, 
this feature serves to show how regions of actual loss can be 

separated from diameter variations in the fibre loss-signature. 

The origin of features in some backscatter waveforms may 

now be diagnosed. Re-consider figure 8.2 which shows the 

loss signature of VD230/L. Here, the reasonably flat section 

with minor anti-correlated features indicates good diameter 

stability and no scatter centres. However, the region from 

1.8 km onwards exhibits considerable anti-correlated 
fluctuations of short period and therefore implies diameter 

variation. The signature taken at 0.87 jim shows virtually 
identical features. 

8.2.3 Single-channel measurements 

The relationship between the backscattered power and'the 
loss signature is now considered by analysis of single-channel 

measurements from both ends of the fibre. Figure 8. ý shows 
the backscattered power and the corresponding local 

attenuation for the final 1.6 km of fibre VD277/L. The 

measurements were performed at a wavelength of 0.904 Pm using 

a semiconductor laser. The backscattered power was measured 
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by single-channel sampling of the waveform (see section 3.1) 

and the local loss determined by the 2-channel method (see 

Chapter 5). 

The sudden drop in backscattered power at 1.8 km caused 

by the bubble is clearly evident and is the only correlated 

defect in both the end A and end B results. Note that the 

2-channel sampling which determines the incremental loss from 

the local time constant of the backscattered power, amplifies 

greatly the presence of the defect and causes some broadening 

due to the finite gate width (50 m ). Using equation (2.41) 

and the results on figure 8.5, the loss at the fault is 

found to be I\, 2 dB and is identical for launching into the 

two ends. 

The triple and single tapers, on the other hand, clearly 

produce anti-correlation in-the loss-signature. The single 

taper at 2.4 km which is contracting when measured from end A 

causes an increase in backscattered power and therefore 

appears to produce a negative loss. In contrast, from end B 

the taper is*expanding. and results in decreased back- 

scattered power and an apparent increase in loss. The two 

effects are the opposite of that which is normally expected 

since uni-directional propagation through a contracting taper 

causes power loss, whereas with an expanding taper no loss 

is observed 
175 

. 

The apparent anomaly can be attributed to the fact that 

in backscatter measurements light passes through the taper 

in both the forward and backward directions. In addition, the 

local backscatter factor is modified by the combined effects 

of the taper, cladding modes and differential mode attenuatiom 
This effect is described in more detail in section 8.3 where 

a model for the mechanism is proposed. 

8.2.4 High resolution measurements 

Before modelling the effects of diameter fluctuations, it 

is instructive to analyse each feature in greater detail. 

The double taper is removed by cutting the fibre at 2105 m 
from end A (see figure 8.3). Figures 8.6-8.8 show high 

resolution backscatter measurements on the single and triple 

tapers of fibre VD277/L. Light at a wavelength of 0.9 Um 



110 

from the dye-laser and parametric oscillator system was 
launched into the fibre and data for both end A and end B 

measurements was acquired and averaged using a commercial 

multi-channel -sampling system (Tektronix transient digitizer 

7912AD). The-pulse width of the laser was shortened to lOns 

by modifying the length of the high voltage delay line shown 
in figure 4.2 and this enabled smaller fibre sections to be 

resolved. 

The results are now compared to the diameter profile 

shown in figure 8.3. Figure 8.6 shows the backscattered power 
in the region of the triple and double tapers. Figures 8.7 

and 8.8 show higher resolution measurements of the triple 

and double tapers respectively. 

In the case of the single taper, figure 8.8, the measure- 

ment from end A shows clearly that each decrease of 1 pm 
in fibre diameter produces a small increase in backscattered 

power. The effect, however, becomes smaller as the taper 

deepens; eventually the intrinsic attenuation appears to 

dominate and the backscattered power decays once more. The 

net effect of the taper is that there appears to be a 
decrease in loss when measured from end A. In the reverse 
direction (end B) each increase of, l um in fibre diameter 

produces a small decrease in the backscattered power. The 

individual steps are not so pronounced, however, since the 

losses are superposed on a decaying exponential. Also note 
that the 13th step of the single taper which is of larger 

magnitude (see figure 8.3) is clearly evident in both the 

end A and end B results of figure 8.8. 

In a similar way, the backscattered power from the triple 

taper, shown on figure 8.7, displays the effects of both the 

positive and negative increments in the fibre diameter. The 

magnitudes of the steps in backscattered power are proport- 
ional to the changes in fibre diameter. Furthermore, there 
is no significant changein the level of the backscattered 

power after, than before the taper, other than that accounted by 

the intrinsic fibre loss over the section. Forward propagating 
power is therefore not affected by small diameter changes, 
a result which is believed to be due to the under-excitation 
of the guide. This important observation forms the basis of 
the model formulated in the next section. 
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8.3 Modelling the Effect of Diameter Variations 

For a fully excited fibre uni-directional propagation 
through a contracting taper causes power loss, whereas with 

175 
an expanding taper no loss occurs However, in back- 

scatter measurements the opposite effect is observed (see 

section 8.2). The model developed here shows that this is 

caused by attenuation of the backscattered light which, 

since it contains high-order modes, is sensitive to mode 
conversion and differential mode attenuation (DMA). The 

model is supported by experimental evidence to be described 
in the following sections. 

The backscattered power PR received by the detector is 

affected by both forward losses of the probe pulse and 
reverse attenuation of the scattered light. For simplicity, 
assume. that the fibre base-line loss a, is equal in both 
directions and thus the returned power, from equation (2.31), 
is 

PRP0 exp(-2at) ... (8ol) 

where X is the distance to the scatter point and P0 is now 
re-defined as-the backscattered power from the start of the 
fibre. Furthermore, assume that the forward propagating 
pulse only partially excites the guide so that it is able 
to negotiate small diameter changes without loss. 

Expanding taper 

In the case of an expanding taper (see figure 8.9(i)) 
the probe pulse propagating to the right passes through the 
taper without loss; high-order modes in the left-hand guide 
are converted to lower-order modes in the right-hand guide. 
However, the light returned to the detector from a scatter 
point within or beyond the taper region suffers an additional 
loss as the high-order modes of the larger waveguide, which 
have been excited by the scattering process, are lost by 
radiation. 

If we assume that the scattering excites all reverse- 
propagating modes equally, the magnitude of the loss is given 
simply by the reduction in area of the guide 

175 

r 
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d2 
Thus pRp002 exp (-2c%t) (8.2) 

d (Z) 

where d(Z) = do for k <to, d(k) = dl for Z>X1 and d(Z) 

varies linearly for Z0<z< zl* 

8.3.2 Contracting taper with differential mode attenuation(DMA) 

The situation for propagation into a contracting taper 
(see figure 8.9(ii)) is more complex. Low-order modes 

constituting the probe pulse to the left of the contracting 
taper are converted by the taper to higher-order modes in 

the right-hand guide. However, if the fibre section before 

the taper is under-excited and if the diameter change is 

small then a negligible loss of forward power may be observed. 

The mechanism 
95-98 

which leads to an increased back, 

scattered power level being received at the source for 

scatter points following a contracting taper involves mode 
conversion, followed by DMA. Light scattered into high- 

order modes from a point after the taper is converted to 
lower-order modes on traversing the taper, since it appears 
expanding to the reverse propagating light. Thus light from 
beyond the taper returns to the fibre input with a greater 
proportion of lower-order modes when compared to the 

scattering from a point prior to the taper. 
25-27 

Since the fibre has a lower loss when partially excited, 

a greater proportion of the light from beyond the taper 

arrives at the source than from before the taper, giving an 
apparent reduction in loss. Note that the cause of the DMA 

may be intrinsic to the fibre, mode selection at the optical 
receiver, or a reduction in fibre diameter between the point 
of interest and the detector. In the latter case, the effect 
of the contracting taper is to recoup returning power which 
for points prior to the taper had previously been lost at 
the diameter reduction. 

If the DMA is introduced by a prior diameter reduction 
with minimum core-diameter d 

min' 
(see figure 8.9(ii)), and 

assuming that the scattering process excites all modes equally, 
then the received power on traversing a contracting taper 
will increase in proportion to the area change. 
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d2 
0 exp (-2ak) 

d(x )2 

d2 
P002 exp(-2ak) 

min 

for dM> d 
min 

for d(9. )< d 
min 

(8.3) 

(8.4) 

Note that for DMA introduced by mechanisms other than 

diameter changes the relationship will be slightly different, 

but is expected to depend on a function which links the area 

change to the particular type of DMA. This, however, has not 
been pursued. 

8.3.3 Contracting taper with cladding effect 

For a contracting fibre section a second mechanism can 
contribute to an increase in received power after the taper 
(figure 8.9(iii)). A scattering point following the taper 

excites both the fibre core and cladding, and backscattered 
light propagates in the two regions, particularly if the 

cladding loss is low (e. g. if the fibre is silicone coated). 
When the cladding light encounters the taper, which now appears 
expanding in the reverse direction, it is able to enter the 

core. By reciprocity with the case described by equation 
(8.2) above, the power which can enter the core is 

proportional to the area change. 
Thus 

d2 
exp (-2aZ) (8.5) 2 2 

There is now no requirement for DMA in the reverse path and 
the limitation on the increase in power level given by 

equation (8.4) is no longer present. Note that the magnitude 
of the effect is identical to that of equation 8.3 and exactly 
reciprocal to that for pulse propagation in the reverse 
direction (equation (8.2)). 

In practice, the DMA and cladding mode mechanisms often 
co-exist. However, cladding modes suffer a higher loss than 
power in the core and this provides a means whereby the two 
power-increasing mechanisms can be distinguished. This is 
described further in the following sections. 

-I 
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8.3.4 Computer simulation 

Assuming all core modes are equally excited by the 

scattering process, the observed loss a as a function of 
length is expected to be proportional to the change in core 

area. Thus, from equations (8.2)-(8.5) 

2 

aMa _1 
d 

[10 
loglo 

do 
(8.6) 

0TUd(z )2 

where a0 is the intrinsic fibre loss. 

In a computer simulation described here, tapers comprised 
N sections of length 6Z and with core radii r0 to rN* A 

convention is established whereby contracting sections are 

analysed by launching into end A and expanding sections are 

probed from end B (see figure 8.10(a) and (b) respectively). 
The results of analyses from the two fibre ends are then 

easily superimposed for comparison. 

For the expanding taper shown in figure 8.10(b), the 
backscattered power at position Z in section N (see Appendix 
II) is 

pRý Po 02 exp (-2et 
c 

x) .. o (8.7) 
rN 

Note that cladding modes do not influence the backscattered 

power in the case of an expanding taper. 

Similarly, for a contracting fibre section the back- 

scattered power from a point at position k in section N (see 

Appendix III) is 

e-2acZ 
N 

+ 
n=l 

-AcL (9. -x- (n-1) 69. ) 

r21 n-1 1 -T- 
rn 

r2 n 
2 

rN 

... (8 1.8) 

where Aa = acl- c1c; and acl, a c represent the attenuation 
coefficients of the cladding and core respectively and the 

other parameters are defined on figure 8.10(a). The sum- 
mation term in equation (8.8) accounts for the additional 
backscattered power due to the coupling from. cladding to core. 
Note that in the limit of small 6r and with zero differential 
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cladding loss, the summation becomes an integral and 

equation (8.8) reduces to the expression in equation (8.5). 

In order to assist in comparison with experimental results 
the fibre and taper parameters used in the following computer 

calculations (the latter which are based on equations (8.7) 

and (8.8)), are chosen to be similar to those of the single 
taper in fibre VD277/L (see figure 8.3). 

8.3.4.1 Effect of step changes in fibre diameter 

Figure 8.11, upper curves, show the backscattered power 
for simulated launching into two ends of a tapered fibre 

with core and cladding losses of 2.5 and 10 dB km-l 

respectively. The dimensions of the fibre at the end A are 
60 Um-core and 125 pm-cladding. The solid curves show the 

effect of a taper consisting of 3 pm steps in the outside 
diameter (o/d) at 15 m intervals over a 75 m length of fibre. 
Also shown is a taper with the same average slope but 

consisting of 0.2 um steps at 1m intervals over the same 
section (i. e. slope = 0.2 pm/m o/d). 

It is clear from the figure that at each diameter step 
in the contracting section coupling of power from the cladding 
to core results in an increase in received backscatter level. 

The effect from the opposite end (i. e. for the expanding 
section) is step decreases in backscattered power, although 
the mechanism does not involve interaction with cladding 

modes. 

The lower curves in figure 8.11 show the calculated local 

attenuation for the 75 x 0.2 um stepped-taper. The loss- 

signature measured from the two ends is anti-correlated in 
the region of the diameter variation and agrees generally 
with previous experimental results (q. g. figure 8.4). An 
apparent decrease in loss is observed for a contracting 
taper whilst an expanding taper results in an apparent 
increase in loss. 
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8.3.4.2 Effect of cladding loss 

The effect of cladding loss on the backscattered power 

and calculated local attenuation is shown in figure 8.12. 

The fibre core/cladding dimensions are 60/125 pm at the end 
A and the core loss is 2.5 dB. km-l as before. The taper 

consists of 75 x 0.2 pm steps in the fibre outside diameter 

separated by 1m intervals (i. e. slope = 0.2 pm/m o/d). 
Curves are shown for cladding losses of 10 and 100 cTB. km-l 

and are smoothed to simulate a receiver bandwidth of 5 MHz. 

It can be seen that for the end A measurement (contracting 

taper), the increase in backscattered power fades back to the 

normal level (dashes) for scatter points downstream from the 

taper as a result of preferential attenuation of power 
returning in the cladding. The effect on the loss-signature 

is firstly to produce a negative loss and then, after the 
taper, a positive overshoot of magnitude proportional to the 

excess cladding attenuation (see figure 8.12 lower solid 
curve). In the limiting case of equal core and cladding 
losses, however, no positive overshoot is observed. 

If the increase in backscattered power at the contracting 
taper is caused by DMA introduced, for example, by a prior 
diameter restriction with d 

min< 
d(Z) (see section 8.3-2), 

then the effect is similar to the dotted curve in figure 8.12 

except that once again no positive overshoot is observed 
in the loss-signature. 

The result from end B (expanding taper) shows a decrease 
in backscattered powerand an apparent increase in fibre loss 

at the taper. The effect is independent of cladding mode 
attenuation. 

8.3.4.3 Effect of taper slope 

The effect of taper slope on the backscattered power'and 
local attenuation is shown in figure 8.13. The fibre core/ 
cladding dimensions at end A and the attenuations are 
60/125 pm and 2.5/10 dB. km-l respectively. Each taper 

consists of 75 steps at 1m intervals along the fibre but 

with differing step sizes. Curves are shown for average 
taper slopes of 0.2,0.1 and 0.05 um/m (o/d) and are smoothed 
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to simulate a receiver bandwidth of 5 MHz. 

It can be seen that the increase/decrease in backscattered 

power and the apparent attenuation change for contracting/ 

expanding fibre sections is proportional to the taper slope. 

8.4 Comparison of Model and Experimental Results 

There appears to be a general agreement between the model 
(figures 8.11-8.13) and experimental results (figures 8.3-8.8). 

Diameter variations give rise to anti-correlated features in 

backscatter loss signatures; a contracting/expanding taper 

causes an apparent decrease/increase in loss. 

However, for fibre VD277/L, the loss signature of the 

single contracting taper (see figures 8.4 and 8.5) does not 
exhibit a positive overshoot due to excess cladding atten- 
uation (cf. prediction of model, e. g. lower solid curve in 

figure 8.12 where a cl = 100 dB. km-'). This indicates that 

either the cladding loss is small or that the negative loss 
feature is caused by the DMA mechanism. The response is 

therefore similar to that shown on figure 8.12 (dots) except 
that no positive overshoot occurs. The double taper in fibre 

VD277/1, with d" 115 Vm occurs prior to the single taper min'ý 
(see figures 8.3 and 8.4) and therefore provides a mechanism 
for DMA (see section 8.3.2). In principle, the DMA can be 

removed by cutting the fibre at 2105 m from end A (see figure 
8.3). The backscatter from the triple and single tapers re- 
measured is shown on figure 8.6. it can be seen that for the 

single contracting taper the increase in backscattered power 
now fades back to the normal level for scatter points down- 

stream from the taper, indicating a preferential cladding 
attenuation of A-100 dB. km-', a not unlikely figure for a 

silicone-clad fibre. Thus, the removal of the double taper 

caused a reduction in DMA and enabled the effect of coup; ing 

from cladding modes to be observed. The measurement from end 
B (expanding section) remains unchang6d. 

A further example of a single taper is shown in figure 
8.14. The fibre VD314/L is a 0.2 NA graded-index MCVD fibre 
and was pulled with a 120 pm outside diameter over the first 
1 km and then tapered down to a diameter of 105 um at a rate 
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of 0.2 jim/m. The taper consisted of I pm steps at 5m 

intervals over a length of 75 m. There was also a bubble in 

the fibre at approximately 1.5 km from end A. Backscatter 

measurements were performed with a semiconductor laser 

operating at 0.9 pm and results for both the 2-channel and 

multi-channel techniques are shown (see figures 8.14 (a) and 
(b) respectively). 

It can be seen that the bubble produces a correlated 
feature on the backscatter waveform when measured from the 

two ends. In contrast, the taper gives rise to an anti- 

correlated feature which for the contracting section exhibits 
firstly a negative-going loss and then a positive overshoot. 
The latter effect is predicted by the model and may be 

attributed to the excess loss of power travelling in the 

cladding. The response for-the expanding taper is an increase 

in loss and the mechanism does not involve cladding modes. 

8.4.1 Magnitude of features 

For small diameter variations it is predicted that the 

change in backscattered power is proportional to the change 
in core area. This is now tested by analysing the back- 

scattered power and diameter profile of the triple taper shown 
in figure 8.7. Step changes of -2, -2, +8 and -4 jim are 

programmed into the fibre of nominal diameter 125 M. The 

step changes were not instantaneous but each occurred over 

a distance of approximately 1m (see section 8.2). It can 
be seen that a decrease in fibre diameter causes an increase 

in backscattered power and vice-versa, but for each diameter 

step the change in fibre area exceeds the change in back- 

scattered power by a factor of 2. This factor appears to be 

consistent throughout all experimental results. 

The discrepancy is believed to be due to the assumptýon 
in the theory that the backscattered power fully excites the 
fibre (see section 8.3). In practice, however, high order 
skew rays are not fully excited in the backward direction 

since the forward propagating light only partially excites 
the guide. Thus, the effective mode volume of the back- 

scattered light is reduced and calculations based simply on 
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core area changes become inaccurate. Nevertheless, the model 

appears to be generally successful in describing the back- 

scatter response of a fibre with diameter variations. 

8.4.2 Effect of DMA on contracting tapers 

In order to test the interaction of the DMA and cladding 

mode mechanisms a step index fibre VD304/L was programmed 
with a single taper of slope 0.2 =/m over a 70 m section. 
The fibre was 115 ým in diameter at the end A and reduced to 
101 = after the taper. DMA could be artifically induced by 

placing an aperture between the photodiode-focussing lens 

and the beam-splitter (refer to figure 2.1). 

The results of 2-channel measurements on the contracting 
section are shown on figure, 8.15. Curve 1 is the loss 

measured with full reception (i. e. aperture wide open). A 
feature characteristic of the cladding-mode mechanism is 

apparent; i. e. a negative-going loss followed by a positive 
overshoot. 

Curve 2 shows the effect of a restricted photodiode 
reception (i. e. small aperture) with an effective NA of 0.04. 
It can be seen that the DMA introduced by the aperture 
results in an enhanced negative-going loss and. a reduction 
in positive overshoot. The latter effect indicates that the 
detected cladding power in the backscatter is reduced-due to 
discrimination of the aperture against high-order modes. 
Note that the positive overshoot did not disappear completely 
with restricted aperturing and this is believed to be due to 

mode-mixing of the backward travelling light. 

The backscatter measurement using a restricted aperture 
necessarily invoked a significant penalty in the level of 
detected power. In order to remove measurement uncertainty 
which might arise due to the dynamic range performance of the 
instrument-s, the aperture was subsequently replaced by an 
attenuator with an equivalent loss (but no mode-selection). 
The measurement was repeated and found to give an identical 

result to curve 1. 

The effect of launching with a restricted numerical 
aperture was tested by placing the aperture between the lens 
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adjacent to the laser and the beam-splitter (refer to figure 

2.1). However, a negligible difference was observed between 

the measurement and that of curve 1 on figure 8.15, a result 

which underscores the dominance of backward propagating light 

relative to the forward light in determining the character- 
istics of the observed backscatter features. 

8.4.3 Verification of coupling from cladding modes 

Further experimental evidence for the influence of 

cladding modes on backscattered power may be obtained by 

removing the primary silicone coating and placing the fibre 

in a medium of high refractive index (e. g. liquid glycerol). 
The experiment was performed on the single taper of fibre 

VD277/L using a semiconductor laser operating at 0.9 pm. In 

order to remove any DMA introduced by the triple taper (see 

figure 8.3), the fibre was cut at 2280 m. and measurements 

were performed only on the remaining section (2280-3280 m). 

Figure 8.16(a) shows a photograph of the backscatter 

waveform measured from the end A (i. e. contracting taper) 
before the silicone coating was removed. Figure 8.17, curve 
1, shows the waveform recorded on the multi-channel transient 
digitizer. The increase in backscattered power at the 

contracting taper returns to the normal backscatter level 

after a distance of 100 m, indicating a preferential cladding 

attenuation of 'ý, 100 dB km-', a not unlikely figure for a 

silicone-clad fibre. Curve 4 of figure 8.17 shows the result 
for propagation in the reverse direction, i. e. into the 

expanding taper. 

Evidence of the effect of cladding modes was obtained by 

removing sections of silicone coating in concentrated 

sulphuric acid. Firstly, m-8 cm of silicone was removed at 
the 2490m point (see figure 8.3) and the section ,. vas index- 

matched in liquid paraffin to remove the cladding power. 
FýIgure 8.16(b) is a schematic of the expected Vackscatter 

response for the contracting taper based on the model 
prediction. The actual response is shown in the photograph 
of figure 8.16(c). The cladding power from sections beyond 
the taper no longer contributes to the feature and the wave- 
form returns to the normal scattering level immediately after 
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the taper. (Unfortunately there is no multi-channel record 

of this waveform. ) 

The whole taper section was then immersed in concentrated 

acid and the silicone coating removed. As the silicone 

slowly dissolved the end A response altered and a number of 

peaks became evident in the region of the taper (see figures 

8.16(d) and (e)). The response was also recorded on the 

multi-channel transient digitizer and is shown on figure 8.17, 

curve 2. In the latter measurement a lOns-width pulse from 

the semiconductor laser was used to resolve the individual 

peaks. Relative to curve 1 there is a marked increase in 

backscattered power in the region of the taper. However, for 

the end B measurement (i. e. expanding taper) no such effects 

were observed and the response remains identical to that 

before acid immersion (curve 4). 

The origin of the peaks is believed to be due to scattering 

of the cladding modes at the fibre/acid interface. This 

power is able to enter the core at the contracting section 

since it appears expanding in the reverse direction. 

Consideration of figure 8.3 for the single taper shows that 

the peaks may be attributed to individual steps in the fibre 

diameter profile. Note that the peaks were also quasi-stable 

and the response could be modified by agitating the fibre in 

the acid-bath. Figure 8.18 shows three of the many responses 
that could be generated in this way. This effect underscores 
the complexity of the scattering process at the fibre/acid 

interface. 

In order to strip the cladding power and thereby eliminate 
the effect of interface-scatter, the fibre was removed from 

the acid and immersed in a bath of index-matching liquid 
(glycerol). The effect on the contracting taper is shown on 
figure 8.17, curve 3. The backscattered power at the taper 
is reduced due to the loss of cladding modes. The feature is 

not removed completely however, an observation which emphasizes 
the persistence of the low-order cladding modes which 
contribute to the effect. It should be noted that there was 
no change in the end B response due to the index-matching 
(in accordance with the model prediction). 
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In a further experiment a step index fibre VD304/L 

programmed with a similar single taper was subjected to the 

same process. Figure 8.19 shows photographs of the effect 
of acid immersion on the response for the contracting section. 
Sharp quasi-stable peaks were again observed in the back- 

scatter response from the contracting taper. No change was 
observed in backscatter measurements from end B (expanding 

taper). 

8.4.4 Effect of taper slope 

The tapers considered thus far comprised a number of 
diameter steps, typically of 1 um amplitude. A modification 
to the fibre drawing enabled smooth diameter variations to 
be achieved by modulating the drum speed with an analogue 
voltage, the latter derived from a D-A converter under 
computer control. 

Two 1 km lengths of fibre VD335/L were programmed with 
5 um-deep smooth tapers with slopes of 0.1 and 0.2 um/m (o/d) 

at approximately 500 m from the ends designated A. The end 
A and end B fibre diameters were 125 and 120 pm respectively. 

The result of backscatter measurements and the local-loss 

caýculations performed by the multi-channel transient 
digitizer are shown on figure 8.20. it is clear that the 

change in backscatter loss is proportional to taper slope in 

accordance with theoretical predictions (figure 8.13). 

However, once again the magnitude of the effect is half of 
that which might be expected from the change in guide area 
(see section 8.4.1). The noise on the loss curves is due to 

digital noise in the acquired data and the small gate 
separations used for 2-point calculations. 

8.5 Oscillatory Diameter variations 

Large oscillations in backscattered power of "u40 m period 
were reported in the literature 7,81 

and their origin was 
attributed to variations in fibre numerical aperture. It is 
suggested here that for MCVD fibres these features are more 
likely due to fluctuations in diameter. The effects of 
diameter changes are modelled and demonstrated experimentally. 



123 

As a further example, a fibre was fabricated with short- 
period sinusoidal diameter variations. Figure 8.21, upper 
curve, shows the diameter-profile of a graded-index, 0.2 NA 
MCVD fibre programmed with 4 cycles of a sinusoid, 5 pm 

peak-to-peak, over a length of 200 m. An additional un- 
programmed diameter change also appears at a further 50 m 
down the fibre. Backscatter measurements were performed 
using a semiconductor laser operating at 0.9 Um and a multi- 
channel digitizer acquired the data. 

The backscattered power (figure 8.21, centre curves) 
measured from the two ends follows closely the variations in 
fibre diameter; a decrease in diameter results in an increase 
in backscattered power and vice-versa. Furthermorej the 

plots of local attenuation (lower curves) are anti-correlated 
for both programmed and unprogrammed features. Also shown 
(dashed) is the theoretical result calculated from equation 
(8.6) and it is clearly of similar form but of somewhat reduced 

amplitude when compared to the experimental result. The 
latter effect is believed to be due to partial excitation of 
the guide by the backscattered light and is in accordance 
with previous results. 

Note that the backscattered power in figure 8.21 returns 
to the exponential decay after the diameter variations and 
the local attenuation curves are symmetric about a fibre 

median loss of 2.5 dB. km .& 
-1 -his indicates that no forward 

loss was caused by the diameter variations and again confirms 
the basic assumption in the model. Thus, the observed 
features are predominantly caused by the sensitivity of 
backscattered light to diameter changes. 

8.6 Length-dependent Measurement of Microbending Loss 

Point defects such as bubbles can be distinguished from 
diameter variations by analysing the backscattered power from 
two ends of a fibre. Point defects and diameter variations 
give rise to correlated and anti-correlated features 
respectively. The effect of a distributed loss on the back- 
scatter waveform is now considered. 

A1 km length of a 0.2NA, graded-index MCVD fibre was 
pulled and wound tightly on a polystyrene drum. Usually, a 
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silicone protective coating is applied to the fibre to act 

as a buffer against external forces whichcan induce micro- 
bending loss. However, no protective jacketing was applied 
to this fibre. In addition, the fibre was programmed with a 

single smooth taper of slope 0.2 um/m (o/d), contracting when 

viewed from end A. The diameters at end A and end B are 125 

and 120 pm respectively. Backscdtter measurements were 

performed using a semiconductor laser operating at 0.9 pm 

and a multi-channel digitizer acquired the data. 

The fibre was slowly unwound from the drum and coiled 
loosely on the floor, end A first. Curves 1-6 of figure 8.22 

show the results of consecutive measurements from end A of 
the backscattered power and calculated loss at various stages 

of unwinding. It is clear from the figure that as the fibre 

is unwound from the drum, the local attenuation is reduced 
from 3.8 to 2.3 dB km-l. Thus, microbending on the drum 

contributed 1.5 dB km to the total fibre loss. This 

indicates the value of using a soft protective jacket to 

ensure good transmission performance. 

Curve 7 of figure 8.22 shows a measurement taken from end 
B at the same stage of unwinding as that of curve 4. 

Comparison of results shows that the di 
' 
ameter variation causes 

an anti-correlation feature whilst the microbending loss 

produces a symmetrical imperfection and is correlated*from 

the two ends. 

Thus, in backscatter measurements faults may be separated 
into two categories, correlated and anti-correlated. 
Correlated defects such as microbends, bubbles, breaks and 
absorption centres are symmetrical when viewed from both ends 
of a fibre and cause attenuation of forward propagating light. 
On the other hand, variations in numerical aperture and fibre 
diameter may be identified since their loss signatures are 
anti-correlated from the two ends. 

8.7 Summary 

The change in backscattered power levels associated with 
variations in longitudinal fibre parameters is considered in 
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this chapter. Backscatter waveforms are presented which for 

the first time clearly show the relationship between features 

and programmed fibre defects. It is shown that analysis of 
the backscattered power from two ends of an optical fibre can 
lead to the location and diagnosis of imperfections. 

Two general classifications of feature are identified; 
fiistly, there is the correlating feature caused, for example, 
by absorption losses, microbending and point defects which 

result in an identical loss of power when measured from the 
two fibre ends. Secondly there is the anti-correlating 
feature caused by variations in the backscatter factor which 
result generally in mode conversion but not necessarily an 
immediate power loss. Imperfections which fall into this 

category are, for example, variations in numerical aperture, 
diameter and- refractive index profile. Anti-correlated 
features exhibit an apparent positive or negative error in 
backscatter-loss measurements which depends on the direction 

of launching. 

A consideration of fabrication methods indicates that 
for MCVD fibres, oscillations in backscattered power of short 
period (-ý300 m) are most likely caused by diameter variation. 
Note that this conclusion contrasts the hypothesis in refer- 
ence 7 where the origin of similar fluctuations is attributed 
to numerical aperture variations. 

Measurements presented in this chapter on fibres with 
programmed diameter variations confirm anti-correlation in 
backscatter-loss signatures. It is shown that propagation 
through a contracting taper results in an increase in back- 

scattered power and an apparent reduction in loss. Conversely, 
an expanding taper results in a decrease in backscattered 

power and an apparent increase in loss. Both these effects 
are the opposite of that which might be intuitively expected 
by a consideration of uni-directional light propagation. ' 

A simple mathematical model to describe the phenomenon has 
been developed and compared to experimental results. It is 
shown that the effect is caused by attenuation of the back- 
scattered light which, since it contains high-order modes, is 
sensitive to mode conversion and differential mode attenuation. 
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Cladding modes also play a significant part in the production 

of negative-going loss features which are characteristic of 

contracting sections. 

Results from the model are in general agreement with 

observed experimental behaviour, however, it was found that 

the change in backscattered power is only half that predicted 
by the change in fibre area. This is believed to be due to 

the assumption that the backscattered power fully excites 
the fibre. In practice, however, the fibre is not fully 

excited in the backward direction since forward propagating 

power only partially excites the guide. 

Fibres with diameter variations of the type described in 

this chapter are perhaps not indicative of those produced by 

high quality fabrication methods. However, the fibre shown 
in figure 8.21 is within the CCITT specification for tolerance 

89 in outside diameter Thus, it is interesting to speculate 

as to the quality of some of the lower-grade fibres that may 
be manufactured and accepted for telecomms-applications in 

the future. 

The utility of the backscatter technique in the diagnosis 

of faults has been demonstrated. The method is likely to be 

invaluable for fibre quality control and will aid in the 
isolation of fabrication induced faults. 

This terminates the presentation of backscatter attenuation 

measurements in multimode optical fibres. In the next chapter 

a new measurement technique based on time domain reflectometry 
is described and is used to determine the residual stress 
levels in jacketed fibres. 

For further discussions and a review of backscatter 

measurements refer to the concluding chapter (Chapter 10). 
A small section which describes the backscatter response in 

single-mode fibres is also included in Appendix IV. 
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(a) (b) 

(c) 

(e) 

Verification of coupling from cladding modes for the 

single contracting taper in fibre VD277/L. 
Measurements are of the section from 2280-3280 m (see 
Figure 8.3). Light at 0.9 pm from a semiconductor 
laser is launched into the end A at the 2280 m point. 

(a) response of silicone coated fibre 

(b) schematic of expected response after -8 cm of 
silicone is removed and index-matched at the 
2490 m point (see Figure 8.3) 

(c) actual response 
(d) responses when tapered section is immersed in 
(e)ý acid and silicone coating removed 
(f) response of unclad fibre in index-matching liquid. 

Refer to Section 8.4.3 in text for full description of 
the above. 

(f) 

FIGURE 8.16 
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(b) 

(d) 

Verification of coupling from cladding modes for a 
single contracting taper in fibre VD304/L. 

(a) response of silicone coated fibre 

(b) response soon after immersion in concentrated acid 
which begins to dissolve the silicone coating 

(c) show responses with the silicone completely 
(d)ý removed. Agitating the fibre in the acid bath 

caused transfer of power from one peak to 
another. Many quasi-stable responses could be 
generated in this way. 

Refer to Section 8.4.3 in text for full description. 

(c) 

FIGURE 8.19 
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CHAPTER 9 

VARIATION OF PULSE DELAY WITH STRESS AND TEMPERATURE IN 

JACKETED AND UNJACKETED OPTICAL FIBRES 

Measurements of the pulse transit time in an optical fibre 

can be used to reveal several interesting properties relevant 
to the transmission medium. For example, the wavelength 
dependence of pulse delay has been used to determine the 

42 
material dispersion parameter in multimode fibres and the 

185 
chromatic dispersion in single-mode fibres . Moreover, the 
inherent stability of the delay and the high bandwidth 

attainable has led to the employment of optical fibres as delay 
186 

lines in signal processing applications . Delay-bandwidth 

products of greater than 5000 are possible. The high delay 
137 

stability has also suggested-the use of fibres as strain gauges 
and for synchronizing of remote events in high energy physics. 
In telecommunications, delay stability is also important if a- 
clock for several digital channels is carried over a separate 

188 fibre . 

Measurements on pulse transit time described in this section 
were performed with a dual objective. Firstlyp the stability 

of the time delay has been evaluated for variations in 

temperature and axially-applied stress in order to provide data 
for the design of optical delay lines. Both unjacketed and 
plastic-clad fibres have been tested and it is shown that the 

application of a secondary coating of Nylon 6 considerably 
degrades the delay stability. These results were of particular 
significance to Mr. A. H. Hartog who required a high stability 
in fibre delay in order to accurately measure the location of 

42 the zero of material dispersion . 

A second objective results from the observation that the 
pulse delay is dependent on fibre tension, suggesting the-use 
of the measurement as a diagnostic test for residual stress 
levels in optical cables. The latter measurement is of some 
importance to cable designers, since ideally the fibre should 
be neutrally stressed in order to avoid static fatigue and 
microbending effects. Refinements to the previously reported 

42 delay-measurement technique , based on a time-domain reflect- 
ometry principle, have resulted in improved long-term stability 
and this has permitted experiments to be undertaken to determine 
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the residual compressive stress level in the fibre following 

the application of a Nylon 6 over-jacket. In addition, the 

effect of water ingress on the cable has been assessed. 

9.1 Theory 

The pulse transit time T in a fibre of length L may be 

found approximately from 

LN 
c 

where c is the speed of light in vacuo and 

Nn 
dnj. 

... (9.2) 
dX 

is the material group index. Here n1 is the refractive index 

at core centre and X the wavelength. Longitudinally-applied 

stress a and temperature T produce changes in both fibre length 

and. refractive index, each of which affect the transit time. 

The variation of pulse delay with temperature is given by 

dT 1N dL 
+L) 

qHl 
dT c( ldT d .. * (9.3) 

and the variation with stress by 

dT 1 (NjL- 
+ LdHl (9.4) 

da c da cr 

Values for the thermal expansion coefficient dL/dT and the 

temperature coefficient of refractive index dnl/dT (=dN, /dT) are 

given in reference 
189 for bulk fused silica. The respective 

contributions of the two terms to the total variation of pulse 
delay are shown in Table 9.1. It may be seen that the two 

effects are the same in sense and that the refractive index 

variation dominates. Summing the two effects leads to a 
combined change with temperature of 40 ps km-'K-l. 

The change in refractive index with applied stress is'a 

result of the stress-optical effect. For a purely axial stress, 
the photo-elastic theory developed in Appendix V gives 

dN dn 1 
1%j (A - B) (9.5) 

190 
where A is the isostatic pressure dependence of index and B 
is the stress-induced birefringencJ9.1 In addition, fibre 
tension produces an elongation which may be found from Young's 
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modulus E= Lq-O Table 9.1 gives the time-delay components dL 
resulting from the known values of dnl/da and dL/da for 

190,191 
silica and reveals that the two terms contribute an effect 
of opposite sense to the overall variation of time delay with 
applied axial stress. In contrast to the dependence on 
temperature, it is now the change in fibre length which 
dominates the change in index, giving an overall effect of 
62.2 ps km-1 for a stress of 1 MPa. 

Departures from the above calculated values are expected 
in practice due to the presence of graded concentrations of 

192 
P205 and GeO 2 in the fibre cores ., and the chilled state of 
the fibres. The latter is a result of the rapid cooling 

experienced during the fibre drawing process. 

The application of a close-fitting polymer over-jacket 
to the fibre modifies the temperature dependence of pulse 
delay, owing to the large expansion coefficient of plastic 

materials. Using a simplified elastic model of fibre and 
coating, which neglects any radial stress component, it can 
be shown that the effect of temperature on a jacketed fibre is 

dT 
= 

Ap 
Ek( 

dT )+ (q-T) oo. (9.6) 
dT jacketed, AF PP da F dT F 

where A is the cross-sectional area, E is the Young's modulus 

and k the expansion coefficient. The subscripts P and F refer 
respectively to the plastic over-jacket and the fibre. For 

a typical fibre of 125 um diameter having a primary silicone 
coating of 250 pm diameter and a 500 um diameter nylon over- 
jacket, for which EP=3.1 x 10 9 

Pa, kp= 8.3 x 10- 5 K-1, the 

variation of pulse delay with temperature is estimated to be 
185 ps km-'K-l (neglecting the contribution of the soft 
silicone buffer layer). The delay stability is thus expected 
to be nearly an order of magnitude worse than for an 
unjacketed fibre. 

9.2_Experimental Procedure 

An optical pulse of 0.35 ns duration from a GaAs injection 
laser operating at 0.9 um is launched into the fibre and the 

pulse transit time measured using a time-delay generator and 
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sampling oscilloscope. In order to improve the timing stability and 

eliminate errors which may result from long-term variations 
in the laser turn-on time, a technique has been evolved which 
uses a marker pulse reflected from the input to the test 
fibre to provide a time reference. As shown in figure 9.1, 

the laser output is focused into a 25 m 'pigtail' of graded- 
index fibre, to which the test fibre is butt-ccupled. The 8% 

Fresnel reflection which occurs at the joint returns a pulse 
to the fibre input, from where it is directed to a silicon 

avalanche photodetector by means of a 50% beam splitter. An 

aluminium mirror butted against the far end of the test fibre 

similarly returns a pulse to the APD. The time difference 

between the two pulses is found by positioning each to the 

same point on a sampling oscilloscope display using a variable 
pulse-delay generator. The electrical delay introduced in 

each case is then accurately determined-with a time interval 

counter. The difference between the readings obtained for 

the reference pulse and the pulse returned from the remote 

end of the test fibre gives double the fibre transit time. 

The advantage of the above technique is that long-term 

trigger-delay drifts in the timing circuitry can be 

eliminated, since they are common to both measurements. 
Furthermore, the back-reflection technique improves the 

sensitivity of the experiment, since it doubles the effective 
length of the fibre. Two further considerable advantages for 

field measurements are that access to only one end of the 
fibre is required and that test fibres may be easily inter- 

changed without the necessity for re-alignment of the optics. 
There is an obvious similarity with the previously described 
backscatter measurement technique, however in the present 
instance, the reflection from the far end of the fibre is many 
decibels above the scattered return. 

Pulse-delay measurements were performed on fibres having 

only a primary coating of silicone rubber and on fibres 
jacketed with a secondary coating ofNylon 6. The former were 
made to assess the intrinsic effects of tension and temperature 
on silica-based fibres (the silicone rubber contributes little 
to the observed delays) and to compare the results with those 
calculated previously. The measurements on nylon-jacketed 
fibres could then be interpreted in the light of the known 
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behaviour of the fibre under stress. 

The variation of pulse delay with applied tension in 

unjacketed fibres was evaluated by horizontally suspending 
the fibre between two sheaves of eight low-friction pulleys 

spaced up to 90 m apart. Intermediate supports were provided 
for the fibie strands at intervals of approximately 20 m so 

as to reduce sag. A calibrated tension could be evenly 
distributed amongst the fibre sections by applying a known 

force to one of the pulley blocks and the resulting elongation 
determined by noting the block displacement. Measurements 

were made on three graded-index fibres having similar GeO 21/ 
P205 /SiO 2 core compositions in effective lengths (2 x actual 
length) ranging from 0.67-1.6 km. 

The temperature-dependence of delay was assessed in both 

unjacketed and jacketed fibres by removing them from the drum 

and freely suspending the coils'in a chamber whose temperature 

could be controlleý over the range -30 to +100 0C to within 
± 0-50C. The chamber consisted of a commercial freezer modified 
by the addition of heating elements, fans and thermocouples. 

Care was taken to ensure that no additional stresses were 

applied to the fibre. The effect of water and salt water on 
the jacketed fibres over the temperature range 0-50 0C was 
determined by immersing the freely coiled fibres in a- 
temperature-controlled liquid bath. The jacketed fibres were 
conditioned to their environments (air or liquid) by performing 

a stabilizing soak at elevated temperature for periods of up 
to a few days. 

9.3 Experimental Results 

9.3.1 Effect of applied tension on unjacketed fibres 

Transit time measurements were made on an unjacketed, 
silicone coated fibre, Fibre A, with characteristics given in 

Table 9.11. The experimental results for the variation 
ýf both 

pulse delay and fibre elongation with tension are shown in 
figure 9.2. For a fibre of 122.5 um diameter, a tension of 
1 g-wt corresponds to a stress and a strain of approximately 
0.83 MPa and 1.2 x 10-5 respectively. 
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The extension curve exhibits a zero offset which is 

attributed to the uptake of the sag in the fibre at low values 
of tension; the absence of such an effect in the time-delay 
indicates that the measured tension accurately reflects that 

applied to the fibre. 

A straight line least-squares fit to the data of figure 9.2 

reveals a value of 53.7 ps km-'MPa-1 for the variation of time 
delay with applied tensile stress. This is substantially 
larger than the calculated figure of 62.2 ps km-'MPa-1 for 
fused silica given in Table 9.1, even taking into account the 

uncertainty in the experimental value of 3%, resulting mainly 
from the error in the fibre diameter measurement. On the other 
hand, the least-squares fit to the extension data indicates 

that the contribution of the change in length to the variation 
-1 -- 1 

time delay is 70.6 ps km MPa , which is in close agreement 
with the value of 68.7 ps km-lMPa-l calculated from the 

published results for pure silica 
190 

. 

The major difference from the fused silica values lies in 

the effect of stress on the glass refractive index where a 
much larger sensitivity than expected is found (Table 9.1). 

The stress-optical contribution to pulse delay given in the 

table is obtained by subtracting two measured values of similar 
magnitude. However, it should be noted that one of these values, 
the delay due to elongation, is not so accurate as the combined 
pulse delay due to the difficulty in precisely measuring the 
displacement of the block and pulleys. Thus, the present 
measurement is not sufficiently accurate to provide a precise 
determination of the longitudinal stress-optical effect. Never- 
theless,. it is clear that the fibre exhibits a stress-optical 
effect which is significantly larger than is predicted from 

silica data. This is perhaps not surprising in view of the 

presence of P205 and GeO 2 in the fibre core and the large. 
differences found in practice between the stress-optical 
coefficients of-glasses having different compositions. Measure- 
ments on two other fibres having Geo 2 /P 2 O. -doped cores produced 
similar results, indicating that the discrepancy could be 

attributed to a material prpperty. 
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9.3.2 Effect of temperature on unjacketed fibres 

Pulse delays were measured as a function of temperature in 

a 600 m length of silicone-coated fibre, Fibre B (Table 9.11) 

produced from the same preform as Fibre A. The results over 
0 the temperature range -30 to +100 C are shown in figure 9.3 

normalized to a fibre length of 1 km. The actual 

experimental length was determined by measuring the time 
delay at 20 0C and comparing this with the delay measured in 

an accurately known short length of fibre. The latter gave 
a value for the group index of 1.4798 ±0.04%. 

The least-squares fit to the data of figure 9.3 gives a 
delay variation of 35.7 ps krý-'K-l ,a value which is somewhat 

smaller than the calculated figure of 40 ps km-'K-l for pure 
silica. The experiment repeated in the reverse temperature 
direction produced a similar result and showed no hysteresis 
in the measurement. 

9.3.3 Residual fibre stress introduced by jacketing with 
Nylon 6 

During the cabling process, stresses are unavoidably 

applied to the optical fibre and some of these may remain in 

the finished product. For example, the high-temperature 

extrusion of the secondary coating is expected to result in 
longitudinal compression of the fibre on cooling, owing to 
the difference in expansion coefficients between glass and 
plastic. Although compressive stresses applied to the fibre 

may possibly result in improved strength characteristics, 
they may also have detrimental effects such as increased 

microbending losses. 

An experiment was conducted on 600 m of fibre, Fibre C, 
(Table 9.11) from the same production batch as those used 
previously, in order to determine the residual stresses within 
the fibre and thus demonstrate the use of pulse-delay measure- 
ments for cable diagnostics. Initially, the silicone-coated 
fibre was freely suspended in a stress-free state and the 

pulse transit time determined. A secondary layer of Nylon 6 

was then applied by extrusion to give an outer diameter of 
0.5 mm. Care was taken to ensure that all fibre pieces 
broken off during the extrusion process and for the purposes 
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of end preparation were taken into account. 

It was found that the transit time after jacketing had 

decreased by 2.44 ns km-l which from the stress/pulse delay 

calibration previously performed (section 9.3.1) indicates 

a residual compressive stress of 45 MPa (a compressive force 

of 58 g-wt). Such a figure is an order of magnitude less 
193 

than that estimated from the known expansion coefficient 

and Young Is modulus of Nylon 6, although it should be noted 

that an exact analysis is complicated by the fact that the 

remaining stress is dependent on the extrudate cooling 

conditions and the time allowed for stress relief by plastic 

creep. The relatively low level of residual compression 
found in the fibre indicates that considerable stress relief 
had taken place in the period immediately following extrusion. 

9.3.4 Delay stability in jacketed fibres 

The temperature stability of pulse delay was investigated 

in Fibre C, after jacketing with Nylon 6 as described above. 
After an initial annealing period during which the transit 

time decreased slightly, the fibre was freely suspended in 

air and the time delay monitored as the temperature was 

cycled over the range -30 to +50 0 C. Several interesting 

effects were observed which could be attributed to the known 

creep behaviour of plastic materials. The thermal history 

of the fibre/plastic composite and the duration of the 

experiment were found to influence the time delay measured 

at any point in the temperature range. For example, static 

measurements at -30 
0C following a prolonged period spent at 

50 0C would result in an upward drift in pulse delay of as 
-1 0 

much as 4 ns km . Conversely, measurements at 50 C after 

stabilization at -30 
0C produced a downward drift of similar 

magnitude. Furthermore, the delay was observed to exhibit 
hysteresis. 

This behaviour is illustrated in figure 9.4. The curves 
show an experiment in which the temperature was continuously 
cycled at a rate of approximately 10 0 C/hour. One and three- 

quarter cycles were performed under these conditions (solid 

lines, curves 1-4) and are seen to produce almost coincident 
time-delay hysteresis loops. Curve 5 (dashed), on the other 
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hand, shows a measurement taken in the direction of 
increasing temperature after the above temperature cycles 
had been interrupted at -30 

0C for 12 hours. The static period 
has resulted in an upward drift in pulse delay of 1 ns, which, 

on resumption of temperature cycling, leads to a curve lying 

above those previously determined, although tending towards 

them at higher temperatures. Similarly, curve 6 (dashed) 

shows the effect of a 12 hour pause at 500C, which produced a 
0.5 ns drop in delay. The difference is gradually eliminated 

as the temperature is cycled. 

The departure of the delay curves in figure 9.4 from the 

simple straight-line characteristic exhibited by the 

unjacketed fibre (figure 9.3) is the result of the mechanical 

properties of the secondary coating and the forces it exerts 

on the fibre. Plastics by-their very nature do not exhibit 
193-196 

simple elastic and thermal behaviour ; unlike silica, 
they are non-Hook6an and such quantities as Young's modulus 

and thermal expansion coefficient are dependent on the 

magnitude of the applied load, the time scale and the 

temperature of the experiment. Furthermore, the thermal 

history, water content and degree of crystallinity of the 

plastic affect their properties. 

Clearly, the hysteresis and time-dependent behaviour of 
the pulse delay shown in figure 9.4 are a result of stress 

relief in the fibre caused by plastic creep of the Nylon 6 

over-jacket. The reason, however, for the marked change in 

slope at approximately 30 0C is not at present understood, 

although we note that both the expansion coefficient and 
tensile modulus of nylon vary non-linearly with temperature. 
As a consequence of the effect, the temperature coefficient 

of time delay is no longer uniquely defined, being both time 

and temperature dependent. Nevertheless, averaging the slopes 
of curves 1 and 2 below 10 0C leads to a working figure bf 
170 ps km-'K-l. This is in good agreement with the value of 
185 ps km-'K-l calculated previously. 

The temperature stability of time delay in the jacketed 

fibre, Fibre C, should be compared with that of the primary- 
coated fibre, Fibre B, for which a value of 35.7 ps km-'K-l 

was found. The application of the protective jacket degrades 
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the stability by nearly a factor of five. Furthermore, it 

should be recognised that the incorporation of the jacketed 
fibre into a larger cable structure having the same high 

expansion coefficient will produce a still greater variation. 

9.3.5 Effect of water ingress on jacketed fibres 

The influence of moisture ingress on the performance of 
jacketed fibres was assessed by immersing Fibre C loosely 

coiled in a water bath. Experiments were also conducted 
whilst immersed in a 20 wt% aqueous NaCl solution. Sufficient 
time was allowed for the fibre to reach equilibrium (72 hours 

and 36 hours at 50 0C for water and NaCl solutions, 
193 

respectively ). The pulse-delay performance for temperature 

cycles over the range 0-50 0C is given in figure 9.5. Also 

shown are the results previously presented (figure 9.4) for 

the same fibre, Fibre C, suspended in air and, to aid 
comparison, for the unjacketed fibre, Fibre B (figure 9.3). 

The results are all normalized to a length of'l km. This 

was achieved as outlined in section 9.3.2 by precisely 
determining the time delay in the unjacketed fibre and 
comparison with the delay in a known short length of the same 
fibre. The length of Fibre C was known from the results 
obtained prior to extrusion of the plastic jacket. However, 

confirmation of the measurement was obtained by removal of 
the jacket in concentrated nitric acid on completion of the 
temperature experiments. This also served to verify the 

effect found in section 9.3.3, namely that the time delay 
decreased after jacketing. It was ascertained that removal 
of the jacket now produced an increase in pulse delay and 
that the final value was in close agreement with that found 

prior to extrusion of the nylon. 

The curves of figure 9.5 show that both water and salt 
solutions produce a marked increase in time delay, suggesting 
that a release of residual compressive fibre stress has 
occurred. Hystereýis behaviour is observed and curve 
gradients are closer to that of the unjacketed fibre, 
indicating that the liquids have caused a softening of the 
jacketing plastic, i. e. reduced its modulus. In addition, 
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the curve for water immersion-lies above that of the un- 
jacketed fibre, indicating that the fibre is in fact in 

tension. This may be seen more clearly by noting that at 

any temperature the time-delay difference between the 
jacketed fibre and the unjacketed one is an indication of the 

stress that the sheath is applying to the fibre. With the 

aid of the calibration figure for the dependence of time delay 

with stress for these fibres, we may map figure 9.5 into the 

residual stress versus temperature curves shown in figure 

9.6, where the negative sign indicates fibre compression. 

Figure 9.6 reveals that at room temperature the residual 

compressive longitudinal force exerted on the fibre by dry 

Nylon 6 (after conditioning) is in the region of 100 g-wt. 
The ingress of water into the plastic has relieved the initial 

compression which existed after extrusion and in fact has 

caused the fibre to become tensioned. This effect is 
193 

consistent with the known volume expansion and reduction of 
Young's modulus which accompanies water saturation (9.5 wt%) 

of Nylon 6. 

The subsequent immersion in a salt solution caused the 
fibre to return to compression, although not to the level 

observed in air. This was accompanied by a significant 
increase in attenuation (6 dB km-') with little change in 

pulse dispersion, an effect which was not observed in water. 
Furthermore, on removal from the salt solution and drying, 

the attenuation became so high as to render further measure- 
ments impossible. This was found even if the fibre was rinsed 
in de-ionized water for two days prior to drying; however, 

re-immersion in water restored the transmission. Similar 
behaviour was found in aqueous CaCl2 solutions. Clearly the 

effect is attributable to an increase in microbending loss 
in the fibre caused by a change in the nylon characteristics. 
The mechanism whereby-such kinking can occur as a result of 
increased radial pressure exerted by the plastic, but with 
little change in stress in the axial direction is not at 
present clear. 

Although the levels of salt concentration used in these 

experiments are high, the effects observed are indicative of 
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the performance of Nylon 6 as a jacketing material in hostile 

environments. A more appropriate choice in these cases would 
be polypropylene, which exhibits a low level of hygroscopy 

and high resistance to chemical attack. 

Experiments performed on Nylon6 jacketed fibres immersed 
in organic solvents such as formaldehyde and glycol-methanol 
(1: 1) similarly produced changes in the fibre stress*levels, 
although their effect on pulse dispersion and attenuation 
have not been measured. 

9.4 Summary 

Measurements of the stability of the optical pulse delay 
in both unjacketed and jacketed fibres have been presented. 
In the case of unsheathed fibres, an evaluation of the 
dependence of delay on fibre tensile stress and temperature 

reveals that the effects are linear, having values of 
-1 _1 -1 -1 53.7 ps km MPa and 35.7 ps km K -, respectively. 

Calculation of the expected values for bulk fused silica 
indicates that the variation with stress is dominated by the 

physical change in fibre length and that with temperature by 

the change in refractive index. Comparison of the silica 

values with those determined experimentally demonstrates 

significant departures for P 205 /Ge02 -doped fibres, particularly 
for the stress-induced index change. 

For fibres jacketed with Nylon 6, it was observedthat 
the presence of the sheath produced much larger and non- 
linear excursions of time delay with temperature. The 
departure of the performance of the jacketed fibre from that 
of the unclad fibre was used to evaluate the effect of the 

sheath on residual fibre stress levels. The physical 
properties of the plastic jacketing material were shown to 
induce time-delay drift and hysteresis following temperature 

variations. In addition, the ingress of water modifies the 
plastic properties and causes significant delay variatigns. 
Furthermore, immersion in salt and CaCl2 solutions 
irreversibly impairs optical transmission, indicating that 
Nylon 6 is unsuitable for use as a cladding material in 
hostile environments. 
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From the above we see that the temperature stability of 
the transit time can be severely degraded by encapsulation 
of the fibre in plastic materials having a high expansion 
coefficient. This is a consequence of the sensitivity of 
the delay to applied longitudinal stress. Thus plastic- 
jacketed fibres or epoxy-potted coils should not be used in 

applications which require high time stability, for example 
in fibre delay lines and strain gauges. 

On the other hand, the stress dependence of delay can be 

used to provide a powerful diagnostic tool for cable stress 
analysis. This was demonstrated by an experiment to determine 
the fibre compression induced by application of a Nylon 6 
jacket, where a residual compressive force of 58 g-wt was 
found. Application of the method to determine residual stress 
after each stage of cable manufacture is possible; for 

example, after stranding, sheathing and armouring. In 

addition, it is envisaged that periodic tests on installed 

cables could be used to provide information on long-term - 
cable creep effects. 



Component With temperature 
(ps km-lK-1) 

With stress 
(ps km-lMPa-1) 

effect on delay due to 38 -6.5 (-16.9) 
variation of index N1 

effect on delay due to 2 68.7 (70 6) variation of length L . 

combined calculated 
effect on delay 40 (35.7) 62.2 (53.7) 

Calculated components of the temperature and stress 
dependence of time delay in bulk fused silica. The 
bracketed figures refer to the experimentally determined 
values for unjacketed silica fibres doped with P205 /GeO 2* 

Table 9.1 



Property Fibre A Fibre B Fibre C 

approximate length, m 800 600 600 

numerical aperture 0.21 0.21 0.21 

core diameter, pm 65 65 65 

fibre diameter, lim 122.5 122.5 125 

silicone coating 
diameter, pm 250 250 250 

nylon diameter, jim unjacketed unjacketed 500 

Properties of fibres used in pulse-delay measurements. 
All fibres have P205 /Ge02/S'02 cores and aB203 /SiO 2 buffer layer. 

Table 9.11 
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CHAPTER 10 

CONCLUSION 

Applications of Time Domain Reflectometry to optical 
fibre measurements have been described. Firstly, the Back- 

scatter Technique for measuring local fibre attenuation is 

analysed and constitutes the bulk of the study. Secondly, 

a modification of the Shuttle Pulse Technique is used to 

determine the dependence of pulse transit time on stress 

and temperature in jacketed and un-jacketed fibres. 

Fibre properties were carefully assessed under varying 

conditions of fabrication, excitation and environment. This 

was aided by a detailed consideration of the theoretical 

aspects and by a number of innovations in instrumentation, 

the latter which enabled the achievement of high measurement 
accuracy. 

10.1 The Backscatter Technique 

The backscatter technique is shown to be a powerful 
method for determining the fibre length, locating faults and 
measuring the local fibre loss. 

10.1.1 Optimization of measurement 

An important consideration in backscatter measurements is 

the absolute accuracy of the instrumentation (see Chapter 3). 

The analysis presented here indicates that an optimum 
operating strategy exists in terms of the choice of the 

sample separation such that the accuracy with which local 
93 fibre attenuation can be measured is maximized 

The implication of this is that a compromise is necessary 
between the achievement of overall attenuation accuracy and 
the resolution of short-length fluctuations, since the 
latter requires small gate separations. This results from 
the difficulty in determining the slow decay in the back- 

scatter signal when the difference between the power levels 

P(t 1) and p(t 2) is small. On the other hand, relatively 
large localized power fluctuations are found at fault 

points and imperfections, leading to significant differences 
in signal levels if gates are positioned immediately before 

and after the point of interest. Thus, relatively small gate 
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separations are permitted and accurate loss measurements of 

such discontinuities is not precluded. 

A further consequence of the existence of an optimum 

gate separation is that greatest accuracy in the determination 

of overall link attenuation is obtained by summing the 

attenuation of individual fibre sections having lengths 

corresponding to AT 
opt* 

It is shown in Chapter 2 that the 

accuracy of local attenuation measurements depend critically 

on the constancy of the backscatter factor S, along the fibre. 

Thus, the measurement of sections of length approximately 

equal to ATopt may well have a further advantage in that it 

should allow both sample points to be sited within the same 
fibre section in a jointed link, thus avoiding problems which 

may result from variations in S between fibre sections. 

10.1.2 Developments in instrumentation 

A new 2-channel method for backscatter waveform analysis 
is proposed93 and shown to be capable of high resolution in 

the determination of local fibre loss. The advantages of the 

2-channel technique are numerous (see Chapter 3) and make 
this approach very attractive for commercial exploitation. 
The technique is insensitive to drift and instability in the 

optical source and detector. Furthermore, when near maximum 

range the receiver gain can be adjusted to increase the 

signal amplitude and thereby maximize measurement accuracy. 

The instrument 'range' defined as the maximum fibre 

length over which measurements can be performed to a desired 

accuracy is calculated. It is inevitable that when near 

maximum range, the signal-to-noise ratio is low and measure- 

ments must be averaged to attain the desired accuracy. The 

availability of inexpensive microprocessors suggests numerical 
averaging as a better alternative to analogue techniques'used 
in the pa 

, 
st. Accordingly parameters pertaining to digital 

data acquisition are taken into account. 

The development of two measurement systems based on the 
2-channel principle is described. The first utilized boxcar 

sampling and a tunable dye laser (see Chapter 4) and the 

second consisted of fast sample-holds, A-D converters and a 



142 

semiconductor laser (see Chapter 5). The equipments were 
used extensively for the measurements described in Chapters 
7 to 8 and the latter system was also demonstrated as part 
of a contribution by Southampton University to the British 

176 Telecom Exhibition of Optical Fibre Technology 

10.1.3 Accuracy of the method 

The ability of the backscatter method to resolve accurately 
the fibre loss was assessed by a comparison with the more 
standard cutback method over a wide wavelength range (see 

Chapter 7). This measurement represents the first 

comprehensive spectral analysis of the backscattered power 
94 

and comparison with the cutback method showed that for a 
high quality optical fibre virtually identical results can be 

obtained. The excellent agreement is believed to be largely 
the result of a systematic attempt to compare the two methods 
under like conditions and lends a considerable confidence to 
the efficacy of the backscatter technique. 

The utility of spectral backscatter measurements is also 
demonstrated by tracking the evolution of the OH- impurity 

along the length of a fibre. This measurement is important 

since it may enable the source of a contamination to be 
identified. 

10.1.4 Analysis of backscatter-loss signatures 

The effects on the backscattered power of variations in 
longitudinal fibre parameters is considered (see Chapter 8). 
It is shown that depending on fibre quality, plots of local 

attenuation with length may exhibit severe fluctuations in 
loss and anomalies such as negative Values. Two general 
classifications of loss feature are identified: Firstly, there 
is the correlating feature caused, for example, by absorption 
losses, microbending and point defects, which result in ýn 
identical loss of power when measured from the two fibre ends. 
Secondly, there is the anti-correlating feature where the 
apparent loss change is of opposite sign from the two fibre 
ends. Features of the latter type are caused by variations 
in the backscatter factor which result from changes in - 
numerical aperture, diameter and refractive index profile. 
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Backscatter waveforms are presented which for the first 
time clearly show the relationship between features and 
programmed fibre defects. A consideration of fabrication 

methods indicates that for MCVD fibres, anti-correlated 
oscillations in backscattered power of short period (S300 m) 
are most likely caused by diameter variation. Note that this 

conclusion contrasts the hypothesis in reference 7 where the 

origin of similar fluctuations is attributed to numerical 
aperture variations. 

A simple mathematical model to describe the phenomenon 
has been developed and compared to experimental results. It 
is shown that propagation through a contracting fibre section 
results in an increase in backscattered power and an apparent 
reduction in loss. Conversely, an expanding taper results in 

a decrease in backscattered power and an apparent increase 
in loss. Both these effects are the opposite of that which 
might be intuitively expected by a consideration of uni- 
directional light propagation. 

This advance in understanding of the backscatter process 
means that it is now possible to infer the nature of a fibre 
fluctuation from its loss signature. Backscatter measurements 
may, therefore, be used for the diagnosis of faults in the 
factory and field. In the factory results may possibly assist 
the improvement of fabrication techniques and increase fibre 

yield. 

10.1.5 Single mode measurements 

The feasibility of polarization optical time-domain 
reflectometry in single-mode fibres is demonstrated. Polar- 
ization analysis of the backscattered light clearly shows the 
evolution of the state of polarization in the fibre. The 
technique could be invaluable in the study of the properties 
of polarization-maintaining fibres for sensor applications 
(e. g. gyroscopes, hydrophones) and of low-birefringence fibres 
for the Faraday Current Monitor and telecommunications. 

Furthermore, it is shown that polarization effects can 
cause substantial errors in conventional backscatter atten- 
uation measurements on monomode fibres. Consequentlyl care 
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must be taken to eliminate the polarization sensitivity of 

the measurement and caution exercised in the interpretation 

of backscatter results. 

10.1.6 Current status and future prospects for the 

backscatter technique 

The backscatter technique has proven capable of resolving 

accurately the local attenuation of high quality optical 
fibres for wavelengths up to 1,1.1 pm. It appears likely 

that a commercial instrument can be developed to cover the 

maximum repeater span (n-40 dB) of first generation fibre 

nks 
177 

. 

Present technology dictates that single and 2-channel 

scanning schemes provide for best instrumentation accuracy 
in resolving the fibre attenuation. The advantages of the 

2-channel approach in particular have been emphasised in 

this study. However, in the future, provided lower cost and 

higher resolution sequential digitizers can be realised then 

a better alternative will be the m-channel processing 

technique (see Chapter 3). 

Further development in backscatter measurements will 

undoubtedly be affected by moves towards long wavelength 

operation and the use of single-mode fibres. Modified back- 
125 

scatter methods based on photon counting and new 

correlation 
178,179 

and frequency domain techniques 
180 

operating at about 1.3 um are currently under investigation. 

Rayleigh scatter levels at the long wavelengths are lower and 
the backscatter slope is expected to be dominated by 

variations in the backscatter factor and in the case of 

single-mode fibres also the birefringence. Thus, the local 

attenuation will be difficult to resolve. However, the 

measurement and location of faults is not precluded and it 

is important that an instrument possessing this limited but 

important facility is developed. 

Backscatter measurement methods are therefore yet to 

mature and further intensive investigation is still warranted. 
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10.2 Pulse Delay Measurements 

The incorporation of an optical fibre into a cable 

results in a level of residual stress within the fibre which 

depends upon the materials, cable structure and method of 

manufacture. The remanent stress is of some importance from 

Llie cable static-fatigue and microbending viewpoints. A 

method based on a time domain reflectometry principle is 

described for the measurement of longitudinal stress. The 

long term stability of the method enables manufacturers to 

evaluate the stresses applied to the fibres at the various 

stages of the manufacturing process and throughout the life- 

time of the cable. The method is attractive for field 

applications since access to only one end of the fibre is 

required and test fibres can be easily interchanged without 

re-alignment of the optics. 

Application of the method to determine the residual stress 

in a fibre after the extrusion of a Nylon 6 over-jacket 

indicated a residual compressive force of 58 g-wt. It was 

shown that the presence of the jacket also produced much 

larger and non-linear excursions of time-delay with 

temperature than in the un-clad fibre. The physical 

properties of the plastic jacketing material wbre shown to 

induce time-delay drift and hysteresis following temperature 

variations. In addition, the ingress of water modifies the 

plastic properties and causes significant delay variations. 

It is clear that the temperature stability of transit time 

can be severely degraded by encapsulation of the fibre in 

plastic materials having a high expansion coefficient. Thus 

plastic-jacketed fibres should not be used, for example, in 

fibre delay lines and strain gauges where a high time 

stability is required. 

The pulse transit time has proved to be a sensitive 

indicator of physical changes in fibre jacketing materials 

and therefore in the future could be used to evaluate a wide 

range of new materials under various environmental conditions. 
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10.3 Closing Remark 

It is hoped that the results described in this thesis 
have contributed to an advancement in the understanding of 
Time-Domain Reflectometry Techniques in optical fibres. 
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APPENDIX I MEASUREMENT ERRORS DUE TO NOISE CLIPPING 

This appendix quantifies the effects of noise-clipping on 

sampling accuracy in backscatter measurements. It is stated 
in section 3.7 that the amplifier gain must not be so large 

as to cause truncation of the noise at the sample points t1 

and t 2* This causes a bias in the mean since the noise 

cannot average to zero, even after an infinite number of 

samples. 

Consider a waveform which consists of a signal x0 and a 

superimposed Gaussian noise of variance a. Let the waveform 
be inputed to an A-D converter with dynamic range limits ±K. 

The probability density function for the combined signal and 

noise is 
1 

x 
(y) = exp xo) 

2 /2 cr2] 
Y 

i7T cr 

However, the probability density for the clipped waveform 
becomes 

p (y) lyl <K 
Co 

Z 
(y) 8 (y K) 

fpx 
(y) dy y>K 

6 (y K)f 
-K 

Pý (y) dy y ý. -K 
_Co 

where IS' is the dirac-delta function. The mean, after an 
infinite number of samples is given by 

Co 
yp Z 

(y) dy 
-Co 

... (1.3) 

and the error, or bias in the mean due to truncation of the 

noise is 

c= Ix 
0-zI 

... (1.4) 

Combining equations (1.1-1.3) and using the variable 
transformation xO results in 
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K-xo -ß2/2 
cr (aß +e 

-K-xo 

x0) v(2 Tr 
dß 

ci 

2 -K-x 02 /2 /2 
Ke dß 

fa 
/y- e dß 

1f 

K-xo 
7-2ir 

-co 
Tr 

cr 

The bias in the mean of the waveform. may be determined from 

equation (1.5) . Thus 

2- (K -x)f 

00 
1-ß2 /2 

j2- e 0 K-xo Tr 

a 

- (K +x 0) 
f1ýe dß 

K+xo v(-2Tr 

cr 

K+xo 2 /2 
- cr f loý 'L e da 

V-2Tr 
K-xo 

a 

.. - 

This reduces to 
K+ xO K- xo K- xo K+ X2 erfc zx erf c 

E-- 

02[ v/ 2a2 v/2 

cr exp 
K+ xo) 2] 

- exp 
K- xo) 2 

vf-2-7r cr aI) 

... (1.7) 
where the error function is defined as 

2 CO - t2/2 
erf cy=e dt erf y (1.8) F fy 

Dividing both sides of equation 1.7 by xo, and expressing cr 
in terms of xo and the signal-to-noise ratio (SNR) via 
equation (3.20), results in the normalized expression 
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z- X0 
2 

1) erfc 1)FNR] 
X0 x0x02 

- li(E- + 1) erfc + %/SNR (1.9) 
x01x0 'ý 

q2 

1 (exp 
(K _ 1)2 SNR 

v/2Tr -(SNR) 

I- 

x021 

-exp (E_ + 1)2 SNR I- 

x02 

In Chapter 3, the backscatter signal level p(tl) is substituted 
for x0 in equation (1.9) and results in the fractional sampling 
error -C p PT t1), shown in equation (3.23). This equation forms 
the basis for many of the discussions in the remainder of the 

chapter. 
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APPENDIX II COMPUTER SIMULATION OF EXPANDING FIBRE SECTION 

Figure 8.10(b) shows an expanding taper comprised of N 

sections of length U and with core radii r0 to rN, and core 

attenuation ac. 

The probe pulse propagating to the left passes through the 

tapers without loss. Howeverilight reLarned to the detector 

from a scatter point within or beyond the tapered region 

suffers an additional loss as the high-order modes of the 

larger waveguide, which have been excited by the scattering 

process, are lost by radiation. Assuming the guide is fully 

excited in the backward direction, the additional loss is 

expected to be proportional to the change in core area 
175 

The power returning to the input P R' for scatter points 

at positions Z in taper sections 0 to N are given below (refer 

also to figure 8.10(b)). 

Section 0 
pR KP M (I 1.1) 

Section 1: 

Z) 
ro 

2 -a c 
JL 

(11.2) pR ý- KP ( --y e 
r, 

Section 2: 

p KP 
Lo 

2e -a cz 
... (11.3) 

R r2 

Section N: 

p KP 
r02 

e 
-act 

R 
rN 2 

where K is a constant of proportionality. 

Now p(Z) = P(O)e 

Thus, the backscattered power returned to the input from a 
point at position Z in section N is 

P KP(O) r02 
e 

-2act 
... (11.6) 

R rN 

Re-define P0 as the backscattered Power from the start of the 
fibre. Thus, 1) 

pp ro" 
e- 

2ac Z 
R 

rN 
... (11.7) 

This equation is used in tfie calculations in section 8.3.4. 
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APPENDIX III COMPUTER SIMULATION OF CONTRACTING FIBRE SECTION 

Figure 8.10(a) shows a contracting taper comprised of N 

sections of length H and with core radii r0 to r N' The core 

and cladding attenuations are given by ac and ac, respectively. 

Low-order modes constituting the probe pulse to the left 

of the contracting taper are converted by the taper to higher- 

order modes in the right hand guide. However, if the fibre 

section before the taper is under-excited and if the diameter 

change is small then a negligible loss of forward power may 
be observed. 

A scatter point following the taper excites both fibre 

core and cladding, and backscattered light propagates in the 

two regions. When the cladding light encounters the taper, 

which now appears expanding in the reverse direction, it is 

able to enter the core. By reciprocity with the case 
described in Appendix II, the power which can enter the core 
is proportional to the area change. 

Consider a point in tapered-section 2 of figure 8.10(a). 

Scattering excites both core and cladding modes in the backward 

direction. A fraction of the cladding light can re-enter the 

core at each of the diameter transitions x+ SZand x, and 
therefore contributes to- the received power. 

The power PR (at x) received at point x for. scatter points 
in sections 1,2 and 3 is given in Table III. l. The table 

shows clearly the various core and cladding components along 

with the core re-entry points for the cladding modes. 
Multiplying the values in the table by e- 

ac(. Z+x) 
gives the 

received power PR relative to the launched power P(O) at the 
fibre input. The factor K is merely a constant which relates 
the forward and backscattered light. 

In general, the power received at the fibre input from a 
point L in section N is 

-2ac kN 
p0e+E 

(i 

n=l 

p 

-Aa(I-x-(n-1)6Z) [rn2-1 rn2 

rn2rN2 

. (111.1) 
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where Aa =a cl -ac is the difference between the cladding 
and core losses and P0 is the backscatter power from the start 
of the fibre. 

The validity of the above derivation may be tested by 

putting Aa =0 and considering the limit of equation (III-1) 

N2r2 
lim 1+Er n-1 _1n 
6r-*-O r 

1+ lim N (r 
n- 

dr) 2_ 
rn 

6r-O -E2 rr--l rN 

r(k) 
1+- 2r dr 

fr0r2M 

r02 

r2 (Z) ... (111.2) 

Thus, in the limit equation (III. 1) reduces to equation (8.5) 

and shows that the change in backscattered power associated 
with diameter fluctuations is proportional to the variation 
in guide area. 



Taper Backscdttered power PR (at x) Propag- Re-entry 
section received at x KPW ation point 
number path into core 

a ( Z-x) 
c c 

2 
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I c e cl x 
r1 
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2 c e c 
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_ +2 1] e cl. x 
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r02 r12 -ac 1 
_ + 2 
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11 2 - cl x 

r1 r3 

rJ2 r22 -a c 
6k -a cl 
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r2 r3 

+[ 
r2 

2_ 
-a c 

269, 
e 
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2 e 

r3 

Contracting fibre section: the backscattered power PR (at point x) relative 
to the propagating power P(X) at point X in taper sections 1,2 and 3 
(refer also to figure 8.10(a)). Also shown are the various core and 
cladding components along with the core re-entry points for the cladding 
modes. 

Table III. 1 
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APPENDIX IV BACKSCATTER MEASUREMENTS IN SINGLE MODE FIBRES 

The following paper was presented at the Sixth European 
Conference on Optical Communication (post-deadline session) 

at York in September 1980. 
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POLARISATION OPTICAL TIME-DOMAIN REFLECTOMETRY: EXPERIMENTAL 
RESULTS AND APPLICATION TO LOSS AND BIREFRINGENCE 
MEASUREMENTS IN SINGLE-MODE OPTICAL FIBRES 

A. H. HARTOG, D. N. PAYNE AND A. J. CONDUIT 

DEPARTMENT OF ELECTRONICS, SOUTHAMPTON UNIVERSITY, 
SOUTHAMPTON, ENGLAND 

1. INTRODUCTION 

Optical time-domain reflectometry 
(1,2) is now a well est- 

ablished means of examining the length-dependence of atten- 
uation in multimode optical fibres. Theoretical work(3)has 
shown that the technique is similarly applicable to monomode 
fibres and experimental results have lately appeared in the 
literature(4). It has recently been noted that in monomode 
fibres the scatter return contains additional information 
concerning the local state of polarisation (SOP) in the fibre, 
since at any point the scattered light mirrors the SOP at that 
position. A polarisation optical time-domain reflectometry 

. fr1l technique (POTDR) has thus been proposeak-1, in which the back- 
scattered light is analysed by means of a polariser to reveal 
the variation of polarisation along a monomode fibre. Such a 
technique would be invaluable in the study of the properties 
of polarisation - maintaining fibres for sensor applications 
(e. g. gyroscopes, hydrophones) and of low-birefringence fibres 
for the Faraday Current Monitor and telecommunications. In 
the latter case, information could be obtained' relating to the 
polarisation dispersion in the fibre and to the variation of 
the SOP with time, an effect which is expected to produce 
problems when interfacing to integrated-optics devices. 

We present here the first measurement to be made using POTDR. 
Our re*sults clearly establish the feasibility of the tech- 
nique and, furthermore, show that polarisation effects can 
cause substantial errors in conventional backscatter atten- 
uation measurements on monomode fibres. Consequently, care 
must be taken to eliminate the polarisation sensitivity of 
the measurement and caution exercised in the interpretation 
of backscatter curves. 

EXPERIMENT 

The experimental arrangement is shown in Fig. 1. An optical 
parametric oscillator (OPO) pumped by a dye laser produced 
pulses of 11,20OW peak power which are truncated to a duration 
of lOns by an electro-optic modulator. The light is launched 
into the fibre via a beamsplitter, a focusing lens and a, 
launching cell. The receiver consists of a Si APD followed by 
a 15MHz transimpedance amplifier. The signal is fed to a 
transient recorder where the complete waveform is digitised 
and sent to a computer for averaging and processing. 
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This arran ement retains the advantages of the two-channel 
technique(l) while reducing the measurement time by acquiring 
samples from many parts of the fibre simultaneously (i. e. a 
'multi-channel' technique). 

The characteristic feature of the POTDR experiment is the 
polariser placed in front of the receiver to analyse the time 
variation of the SOP in the backscatter trace. The analyser 
converts polarisation information to intensity variations; 
thus in a fibre having only, say, linear birefringence, the 
backscatter signal is expected to vary sinusoidally with a 
period determined by the characteristic polarisation beat 
length. Note also that the beamsplitter is used at near-normal 
incidence so that its reflectivity is almost polarisation- 
independent. 

POTDR MEASUREMENTS 

Measurements were made on the final 150m section of a 450m 
length of germano-borosilicate fibre having a cutoff wavelength 
of 860nm. Typical results measured at 885nm are shown in Fig. 
2. POTDR traces taken with-the receiving polariser parallel 
(upper curve) and orthogonal (middle) to the input polarisation 
exhibit strong and rapid fluctuations of power along the length, 
corresponding to the evolution of the, SOP in the fibre. Note 
that the POTDR traces measured at orthogonal polarisations are 
precisely anti-correlated and thus sum to a near-constant value; 
the fluctuations which are observed thus correspond to variat- 
ions in the polarisation of the received power and are not 
found in the total intensity of the backscattered light. This 
is confirmed by a conventional backscatter trace (lower) which 
was measured without the receiving polariser; the curve is 
almost featureless by comparison. 

. 
A detailed analysis of the POTDR returns is complex since 
several mechanisms contribute simultaneously to the length- 
dependence of the SOP. The backscattered light, does, however, 
contain sufficient information(5) to describe fully the polar- 
isation retardance and rotation characteristics of a particular 
section of fibre. For example, it can be seen that a charact- 
eristic frequency exists in the traces which corresponds to a 
polarisation-beat-length of 10m, a typical figure for this 
series of low-birefringence fibres. 

4. DISTORTION OF BACKSCATTER LOSS BY POLARISATION EFFECTS 

Light backscattered in single-mode fibres is almost inevitably 
polarised. It is therefore of utmost importance that back- 
scatter test equipment designed for single-mode fibres should 
not contain polarisation-sensitive components. Insufficient 
attention to this point would lead to spurious features in the 
loss/distance curves. For example, a semitransparent beam- 
splitter at an angle of 450 is commonly used in backscatter 
experiments to separate the forward and backward-travelling 
light. Figure 3 shows a measurement of the same length of 
fibre as in Fig. 2 made in this way. 
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The result (upper) shows a large number of spurious features 
which are not real attenuation features (e. g. Fig. 2 lower 
curve) but which are associated with the variation of reflect- 
ivity of the beamsplitter with the SOP of the incident light. 
This interpretation is confirmed by the correlation which 
exists between these features and those of the POTDR curve 
(Fig. 3 lower curve). 

5. SUMMARY 

We have demonstrated the feasibility of POTDR and have presented 
the first measurements using the technique. In addition to 
revealing the potential of POTDR for polarisation studies, our 
measurements show that extreme care must be exercised in 
interpreting conventional OTDR loss measurements on monomode 
fibres owing to the presence of polarisation effects. 

Acknowledgements are made to Dr. A. J. Rogers for useful 
discussions, to CERL for sponsoring the work and to S. R. Norman 
for supplying the fibre. 
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APPENDIX V STRESS-OPTICAL EFFECT 

Stress applied externally to an optical fibre results in a 

change in the core refractive index and this affects the pulse 
transit time. The phenomenon which links the applied stress 
to the refractive index is known as the 'stress-optical effect'. 
In the present section, the relationship between refractive 
index change and stress is determined and expressed in terms 

of easily measured quantities. Using published data for the 

effect of stress on bulk glass, the dependence of time delay 

is calculated and in Chapter 9 compared to delay measurements 
in germano-silicate fibres. 

V. 1 Stress ODtical-effect in Bulk Glass 

Following Morey 
192 

, consider a cube of glass, as shown in 

figure V. 1. Stresses denoted Tx, Ty and Tz are applied and 

result in dilations (strains) x 
Xf 

YY, zz along each axis. The 

influence of the deformation on light propagation can be 

expressed as 

VX qppxX 

vy v+pqpyY (V. l) 

vzLppqJLzzJ 

where v=R is the phase velocity of light in the unstressed n 
material; vx, Vy and vz are the velocities of light waves 
having electric field vectors parallel to the axes x, y and z 

7- 
respectively. The strain-optical matrix appearing in equation 
V. 1 is particularly simple for glasses, since it contains 
only two coefficients p and q. 

The strains are related to the compressive stresses by 

x 1 
-a -a T 

x x 
' y aI -a T (V. 2) 

y E y 
z -a -a 1 T 

z z 

where E is the Young's modulus and cis the Poisson's ratio. 
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If n is the refractive index of the un-stressed medium 
and nX, ny and nz are the refractive indexes for light with 
electric vectors parallel to the axes, then 

nv = nxvx =nyvy= nzvz 

Thus, for small changes in refractive index 

v v n - n x x 
v n 

vy - v n - ny 
v n 

vz - v n - nz 
v n 

(V. 

(V. 

Combining equations (V. 1) to -(V. 4) gives the relationship 
between the applied stress and the resulting index change. 
Thus 

nx -n 
n (q-2ap) p- cr (p+q) p- cr (p+q) T 

yn p- c(p+q) (q-2up) p- a (p+q) T 
n CE y 

nz -n 
p- a(p+q) p- cr(p+q) (q-2ap) T 

nz 

Two special cases of applied stress are: - 
... (V. 5) 

i) isotropic pressure - causes a change in refractive index 

which is the same in all directions. Substituting 

Tx = Ty = Tz =T in equation (V. 5) gives 
2 

An 
c 

(1 -2 a) (2 p+ q) T (V. 6) 

where An = nx-n =ny -n = nz-n. 

The coefficient 

A 112(l 
- 2a)(2p + q) ... (V. 7) CE 

describes the isotropic pressure dependence of refractive 
index and may be determined from measurements on bulk glass. 

197 From the literature the value for silica is 
A=0.925 x 10-11 Pa-l ... (V. 8) 
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uni-axial pressure - causes the glass to become 
birefringent. Substituting Tx = Ty =0 in equation (V. 5) 

and re-arranging gives 
2 

n- nx n- ny = 2- (1 + a) (q - p) T (V.. 9 
zz cE z 

The strain induced birefringence is defined as 
2 

B=n (1 + a)(q - p) ... (V. 10) 
CE 

This quantity may also be measured and for pure silica 
is 191 

0.341 x 10-11 Pa-1 ... (V. 11) 

The stress-optical effects p and q can be expressed in terms 

of A and B using equations (V. 7) and (V. 10). Substituting 
the result into equation (V. 5) gives 

nnA+ 2B A-BA-BT 

nnA-BA+ 2B A-BT (V. 12) 
y j7 y 

LnznLA-BA-BA+ 2B JLT zj 

Note that the stress-optical relationship no longer explicitly 
depends on the Young's modulus and Poisson's ratio, but is 

expressed directly in terms of the measured quantities A and B. 

V. 2 Stress-optical Effect in Glass Fibres 

Consider now the propagation of light in an optical fibre. 

In accordance with convention let z be the direction of 
25 

propagation. For a weakly guiding fibre , electric vectors 
are almost perpendicular to the z-axis and therefore only the 
refractive index parallel to x need be considered. 

The effect of a purely axial stress on the pulse transit 
time in an optical fibre is considered in Chapter 9. This is 

usually the dominant stress in cabled fibres since the gla. ss 
is normally buffered against transve'rse forces by a soft 
primary protective jacket, such as a silicone rubber. Thus, 
if Tz is the applied longitudinal stress and Tx= Ty= 0, the 
change in refractive index, from equation (V. 12) is 

nx -n 
L(A 

- B)T ... (V. 13) 3z 

The apalysis of the effects of longitudinal stress is 
continued in Chapter 9. 



Schematic of a cube of glass subjected to compressive stresses 
Tx, Ty, Tz. 

Figure V. I 
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