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DISTRIBUTED OPTICAL FIBRE SENSORS FOR MONITORING MECHANICAL
STRAIN AND DISTURBANCE

by Justin Peter William Hayward

This thesis reports work carried out to develop an optical sensor capable of detecting
disturbance of optical fibre cables, for application in protection of telecommunications
infrastructure. Initially, three types of sensor were investigated, however after
preliminary experimental and theoretical work it was decided to concentrate on a novel

coherent-optical time-domain reflectometer (C-OTDR).

The operation of the C-OTDR has been investigated theoretically, using various
models to describe coherent scattering in the optical fibre. The assumptions used in the
models were applied to a numerical simulation of coherent scattering, obtaining results
in good agreement with theoretical predictions and experimental measurements.

Having developed a clear explanation of the sensor’s operation, a detailed noise analysis

is carried out, enabling the limiting factors to be identified and minimised.

The design and development of a portable sensor system is then described, and the
results from a number of field trials are presented. Seeking to explain unexpected
observations during these trials, a detailed experimental and theoretical analysis of the
limits due to optical non-linearity was carried out, showing that the pulse power is
limited by the need to prevent spectral broadening due to self-phase modulation, which

adds noise to the sensor output.

Applying the findings of these investigations, further field trials and laboratory tests
were carried out with improved experimental C-OTDR sensors. By optimising the
pulse power and carefully controlling the noise sources, it has been possible to
demonstrate operation at longer ranges, with superior spatial resolution, than has been

reported for other sensors of this type.



Poor wandering ones!
Though ye have surely strayed,
Take heart of grace,
Your steps retrace,

Poor wandering ones!

The Pirates of Penzance

W. S. Gilbert
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Chapter 1 Introduction

In this chapter the motivation behind the research presented in this thesis is
introduced and the history of the project is outlined. Following a brief introduction to
optical-fibre sensing techniques, a brief analysis of the advantages and disadvantages of
various sensors is presented; highlighting those most suitable for the current work.

Finally, the structure of the remainder of the thesis is outlined.
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1.1. Background

1.1.1. Optical-Fibre Communications
Communication using light is as old as civilisation itself, using coded flashes from

a mirrored surface to reflect sunlight, or more recently artificial light sources. The use
of beacons for sending information over long distances formed a crude communications
network, later superseded by the large semaphore towers along the coast for long-range

communication during the Napoleonic wars.

The first “modern” communication system was the electric telegraph, which was
rapidly deployed by the expanding railway industry for communications purposes.
From 1852, telegraph signals were used by the Great Western Railway for
synchronising clocks along its rail network, particularly the London to Plymouth line,
avoiding timetabling errors due to the difference in solar time encountered on the East-
West running route which could amount to 20 minutes [1]. The development of the
analogue telephone followed, and with it complex networks allowing a user to
communicate directly with one of a large number of other users, with the signal being

routed through a number of exchanges.

Interest in using light for communication was rekindled in the early 1960s by the
invention of the laser, the low beam-divergence and high power densities now possible
opening up the possibilities for free-space optical communications. The transmission
properties of the atmosphere, however, limit such systems to short-range operation, and
as a result the use of free-space optical communication systems over long distances has

remained relatively rare except for specialised applications [2].

During the 1960s attempts were made to overcome the problems with free-space
communications by developing systems based on gas-filled or evacuated pipes with
series of lenses to maintain the beam shape [3]. Although transmission losses as low as
1 dB / km were obtained, the engineering challenges of making such a system suitable
for real-world application meant that the concept was soon replaced by the rapidly

developing glass fibre [4].

The breakthrough for optical communications came in 1966 when Kao and
Hockham and, independently, Werts, proposed fabricating a glass waveguide to confine
the light, avoiding atmospheric degradation of the signal [5]. Early fibres had very poor
transmission properties with losses of the order 1000 dB / km, very much larger than the

copper-based coaxial cables used for high-speed communications at the time which
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could achieve losses of 5 dB / km. By the mid 1980s, manufacturing techniques had
improved significantly, and fibres were commercially available with losses of less than
0.4 dB / km in the 1300 nm low-loss window and below 0.25 dB / km in the 1550 nm
window: approaching the fundamental scattering limit. These developments paved the
way for the widespread deployment of optical-fibre technology for long-distance
communication. With the development of the erbium-doped-fibre amplifier repeater,
all-optical links over any terrestrial distance became possible [6]. As a result of these
innovations, modern long-haul communication systems are now almost completely

reliant on fibre-optic links.

1.1.2. Motivation
In communications systems, fibres are typically installed in armoured cables,

which may contain up to 100 fibres. A single WDM channel in a fibre link typically
operates at a data rate of 10 Gb / s and each fibre typically carries 64 channels.
Considering this, a cable containing 10 fibres can transmit over 2 x 10'° bits per hour,
equivalent to around half a billion megabytes of data! This phenomenal data rate means
that, for the communications company, each cable represents a significant source of
revenue and, in the event of a cable failure, the potential for significant loss of revenue

and negative impact on customer satisfaction.

Luckily, link failures are rare in practice. Intensive research and development has
led to modern optical components with median lifetimes of 25 years or more [5].
Similarly, fibre cables rarely fail spontaneously in the field and, where faults do occur,
for example due to failure of splices etc, normally only one fibre within a cable is
affected, minimising disruption. The most common cause of catastrophic premature
failure of deployed cable is accidental damage from “dig-ups” [7, 8]. Lightning damage
of steel-armoured cables is also relatively common, causing particular problems, since

the damage often leaves no visual evidence above ground, making visual location of the

fault difficult.

To prevent accidental damage to cables, the USA, and many other countries,
implement “call before you dig” policies, where contractors needing to excavate must
contact a central registry of underground utilities who, free of charge, arrange for the
utility companies to mark the location of their services, minimising the danger of
accidental damage. Making use of this facility is a legal requirement in most US states;

nonetheless, unauthorised excavation still occurs, leading to unexpected damage to
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cables. Such damage can be very difficult to repair. In some situations sufficient spare
cable may be available to pull the cable break into an existing access point and splice,
but often pulling the cable through is not possible and the break must be bridged,
requiring new splice enclosures and excavations: expensive in terms of man-hours,

complexity and, most importantly, fibre down time.

There is therefore a demand for a technology that would allow threats to fibre
cables to be detected and identified, before damage is caused to the cable. Given the
extent of the deployed fibre network (by 2000, over 300 million kilometres [9] had been
installed world-wide, enough to wrap 23 thousand times around the Earth’s equator),
conventional monitoring systems such as CCTV surveillance, patrol by security

personnel etc are not feasible.

1.1.3. Project History
Seeking to address this weak link in the communications system, Radiodetection, a

company manufacturing network support equipment, approached the ORC, establishing
the long-running Fibre Threat Alerting System (FTAS) research project aiming to
produce an optical sensor which, coupled with suitable signal processing systems, could
monitor the acoustic vibration along a fibre link, signalling an alarm in the case of a
threat (e.g. an unexpected mechanical digger) being identified, allowing preventative

action to be taken before fibre damage occurs.

The initial work carried out within the collaboration led to the development of a
novel Sagnac sensor [10-12]. This system had extremely high sensitivity, allowing
detection of very small-strain disturbances, but poor spatial discrimination of particular
sections of fibre, particularly in the presence of substantial acoustic background noise.
Furthermore, two dedicated fibres are required in the cable with a link at the far end to

form a loop.

Work was also carried out to investigate the feasibility of using the principle of
Optical Time-Domain Reflectometry (OTDR), already extensively applied to the
measurement of loss and reflection, to monitor the fibre with improved spatial
resolution relative to the Sagnac technology. In this technique pulses of light are
launched into the fibre, allowing spatial discrimination using time-of-flight techniques,
analogous to RADAR and LIDAR. The author joined the ORC in 2001, concentrating
primarily on developing the OTDR approach to develop a sensor to fulfil the
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requirements of cable protection applications. Work on this technology, and some

related areas, forms the bulk of this thesis.

1.1.4. Aims
In summary, the project aim was to develop an optical fibre sensor technology, for

cable protection applications. In order to be successful, the sensor must have the
capability to:
e Operate on a single, standard telecommunications single-mode fibre, as

found in installed telecommunications networks;
e Detect the acoustic disturbances corresponding to a threat to the cable;

e Locate a disturbance unambiguously with resolution <100 m, giving
sufficiently accurate location so allow the source of a disturbance to be

observed from the indicated location;

e Operate at a range of 40 km, the typical repeater separation for installed

fibres, with sufficient SNR to allow a threat to be observed;

e Operate with access to a single end of the fibre only, allowing operation on

a broken fibre and minimising installation costs.

1.1.5. Other Applications
Although the project aims described above, due to the nature of industrial

collaboration, had a specific goal in the field of telecommunications network security, a
sensor meeting these requirements could obviously find application in a large number of

other fields. These include:

e Perimeter security: prisons, air-fields and other applications where long-

length perimeters must be continuously monitored;
e Monitoring the location of vehicles on roads or rails;
e Seismic monitoring over long distances (many tens of kilometres);
e Structural vibration monitoring in buildings, bridges, tunnels, dams etc;

¢ Pipe-line monitoring, both for leak identification which is important
economically and for safety and environmental reasons, and security where
pipelines are at risk from theft or sabotage.
Since optical sensors are complex, and have high unit cost, the most promising

applications are those where their long-range capability allows many discrete sensors to
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be replaced by a single distributed sensor, reducing the overall cost of installation.
Since an audio output is easily analysed, the potential for automated signal
identification is much better than for more conventional image-based systems, where an

operator is usually required to interpret the images obtained.
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1.2. Optical Fibre Sensors

Optical Fibre sensors are divisible into two distinct categories: extrinsic sensors, in
which conventional optical sensors are interrogated via an optical-fibre link; and
intrinsic sensors, where the fibre itself forms the sensor, as required for the cable
protection application of interest here. In the latter case, various external parameters:
strain, temperature, electromagnetic fields, etc, modify the properties of light
propagating through the fibre. The fibre may be of a standard type, or specifically
designed for high sensitivity to the parameter of interest. In many applications the
mechanical design of the fibre layout is also important, for example in fibre
hydrophones, the fibre is wound on cylindrical mandrels to increase the total phase
signal, and in micro-bend sensors the fibre is tightly bent so that any small changes in

profile give a large change in the bending loss.

The advantages of optical fibre over copper-based systems in communications are
mirrored in the field of sensors. Signals in fibre are virtually immune to
electromagnetic interference and none is generated. Optical systems are generally
considered to be intrinsically safe in volatile or explosive atmospheres. Although this is
generally true, in the case of very high optical powers, or in flammable atmospheres, it
is possible to generate enough heat to cause an explosion or fire in the event of fibre
breakage [13]. Finally, the extremely low attenuation of fibre, which can be as small as
0.2 dB / km, compared to 5 dB / km for copper conductors [14], can allow operation

over long ranges with relatively modest performance degradation.

Distributed optical fibre strain sensors can generally be split into two groups. The
first containing the standard interferometers: the Michelson [14], the Mach-
Zehnder [14] and the Sagnac [15], while the second groups together those sensors
which operate using the principle of optical time-domain reflectometry (OTDR) [16],

these are discussed in Sections 1.3 and 1.4 respectively.
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1.3. Conventional Interferometer Sensors

Figure 1.3.1

The three principal interferometer architectures discussed in the text. In the Sagnac,
light which has counter-propagated around the loop interferes; in the Mach-Zehnder
the light is split between two paths, one of which is the sensing fibre; and in the
Michelson light reflected from the sensing and reference arms is interfered at the

photo-detector.

In the Sagnac interferometer [15, 17], light from the source passes around the loop,
in both directions, before interfering at the photo-detector. When an external
perturbation generates a time-varying phase disturbance, away from the mid-point of the
loop, the light arriving at the detector from each direction has passed through a different
total optical path length (OPL), so information about the disturbance is contained in the
intensity of the resulting interference. Novel methods have been developed to enable
location of phase disturbances [10-12], however the accuracy of the location is severely
degraded where the acoustic background noise is high, since the decoded signal results

from the integral of the phase disturbances around the entire loop.

The Mach-Zehnder interferometer operates by combining light which has passed
through two independent fibres. A phase disturbance, acting on one fibre, will vary the
phase difference between the two arms, modulating the intensity resulting from the
interference, allowing the phase disturbance to be identified. A disturbance may be
located by forming two, counter-propagating interferometers, at different wavelengths,
and using time-of-flight comparison to deduce the location [18]. However, this method
is unreliable in situations where the sum of the acoustic background, over the whole
sensor, is comparable to the signal of interest, or where there are multiple disturbances.
Other methods proposed to allow location of disturbances involve combining the
Sagnac and Mach-Zehnder techniques [19], however these still become unreliable

where more than one disturbance occurs concurrently or within a short time scale.
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The Michelson interferometer [14] is similar to the Mach-Zehnder but, in this case,
the light passes through two independent arms, with reflectors at the far ends, one of
which is the sensing arm, the other the reference. The resulting interference is
modulated by the variation of the phase accumulated by the light reflected from each
arm. Again, the acoustic background noise is integrated along the fibre length and no

reliable means of locating a disturbance is available.

Thus, although conventional interferometric sensors are very sensitive, their
application to cable-protection applications is limited by the integration of the signals
over the whole gauge length. This is obviously a severe draw-back where the signal of
interest may be a small disturbance at one specific location on a deployed fibre, which
may pass under roads, through buildings and other noisy environments. Even very
small phase disturbances, when integrated over a fibre of many kilometres in length will
rapidly exceed the size of even a very large disturbance with small spatial extent. From
the preceding discussion, it is clear that, to obtain the disturbance location performance

set out in Section 1.1.4, an alternative type of sensor must be sought.
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1.4. Optical Time-Domain Reflectometry

1.4.1. Rayleigh Scattering
Rayleigh scattering refers to the scattering of light by particles which, typically,

have dimensions less than a tenth of the wavelength of the light. The strength of the
scattering is strongly dependent on the wavelength, A, and the scattering angle, 8, being
proportional to A sin” @ [20].

The strong dependence on wavelength leads to the so-called Tyndall effect where,
in a medium containing only small scattering particles, blue light is scattered more
strongly than longer-wavelength red light. It is this effect which leads to the blue
appearance of the sky, varying with angle relative to the incident light from the
sun [21]. Similarly, when viewing the sun near the horizon, the light passes through a
much greater length of atmosphere than when the sun is high in the sky, and the angle
of viewing is small, so the sun is reddened as the blue wavelengths are more strongly

attenuated by scattering.

As glass cools below its melting temperature during manufacture, it retains the
amorphous structure of the molten phase. As a result, the structure of glass retains some
of the thermodynamically induced fluctuations in density corresponding to the melt
temperature. Such frozen-in fluctuations are not present in crystals but can occur in
amorphous glass, due to the large freedom of relative orientation allowed by the
tetrahedral structure of silica. These density fluctuations lead to microscopically-sized
regions where the refractive index varies from the mean value, giving rise to scattering
of light propagating in the glass [2, 20]. Where the physical dimensions of the
fluctuation is of the order of a tenth of the wavelength of light, or smaller, Rayleigh
scattering occurs. Larger discontinuities, where the change in refractive index is small,
such that the accumulated phase delay is less than a quarter of a wavelength compared
to the bulk index, give rise to Rayleigh-Gans scattering which is behaviourally similar
to Rayleigh scattering. From now on these will be grouped together as “Rayleigh

scattering”.

1.4.2. Rayleigh Scattering in Optical Fibres
The attenuation of optical fibres is fundamentally limited by the Rayleigh

scattering due to the refractive index fluctuations frozen into the glass. Modern fibre
manufacturing techniques can reduce scattering from other sources, such as impurities

and mechanical defects, to negligible levels [2, 5]. Rayleigh scattering causes
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attenuation of light passing along an optical fibre through two mechanisms. A small
fraction of light is backscattered: where scattered light is reflected back towards the
source and re-captured by the fibre and directed back towards the source. The main
contribution is from light scattering at angles which are too large, relative to the fibre
axis, for the light to undergo total-internal reflection in the fibre, instead the light leaks

out through the cladding.

A theoretical analysis of Rayleigh backscattering in single-mode optical fibre was
first given, using a wave-optics approach, by Brinkmeyer [22]. The analysis was later
generalised, for arbitrary refractive index profiles and loss distributions, by Hartog and

Gold [23], the two approaches agreeing for a Gaussian mode-profile.

For a rectangular pulse, of temporal duration 7 and power Py, launched into a
single-mode fibre at # = 0, the backscattered power returned to the launch end of the

fibre Ps(7), can be shown [22] to be given by:
Py(1)=4a,v,7SPe™ ™, 1.4.1

where a; is the Rayleigh scattering constant, a is the attenuation coefficient, v, is the
group velocity of light in the core and § is the fraction of the scattered light which is
recaptured by the fibre in the reverse direction. For a step-index single-mode fibre, with
core and cladding refractive indices of #; and n, are the respectively, S is approximately

constant:

2 2
<§<0248 "2 1.4.2
n ny

2 2
n,—n,

0.21

Typical values of the refractive indices, for silica fibres at 1550 nm, are n; = 1.46 and
ny =1.44 [2]. Taking these values and assuming a mid-point coefficient of

(0.21 + .024)/ 2 gives S = 0.0063, which varies by only a few percent for graded-index
fibres [22].

Noting that the total attenuation, a, and scattering coefficient, as, may vary with z, it
is clear that the power backscattered from a point is directly related to the forward-
propagating optical power at that point and to the local scattering coefficient.

Therefore, by launching a pulse of light into a fibre and monitoring the backscattered

light as a function of time, information about the spatial distribution of optical
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attenuation and reflection can be extracted using 1.4.1. This forms the basis of the

powerful technique of Optical Time-Domain Reflectometry.

1.4.3. Optical Time-Domain Reflectometry (OTDR)
Optical Time-Domain Reflectometry (OTDR), shown schematically in Figure

1.4.1, was first demonstrated in 1976 by Barnoski & Jensen [16], who used the
technique in an experiment to measure the attenuation characteristics of a 360 m long
multi-mode fibre. Using a pulsed gallium-arsenide injection laser, they launched a

200 ns pulse into the fibre and, by averaging the Rayleigh backscatter over many pulses,
they were able to measure the attenuation coefficient to an accuracy of = 0.05 dB / km.
Prior to their invention, measurements of the distribution of fibre attenuation were only

possible using the destructive “cut back” method.

Figure 1.4.1

The principle of optical time-domain reflectometry. Pulses of light are launched into
the fibre and scattering reflects some light back to the source. Since the propagation
velocity is known, the range from which the received light was backscattered can be

calculated.

The OTDR technique gained rapid acceptance for use in multi-mode fibres, but its
application to single-mode fibre (SMF) was slower to gain pace. This was primarily
due to the challenges presented by the reduced backscatter power, resulting from the
low index change compared to multi-mode fibre, and the increased difficulty of
coupling into SMF with much reduced core diameter relative to multimode fibre [24].
These issues were gradually overcome and, by the early 1980s, OTDR of SMF at long-
wavelengths from 1.0 um to 1.8 um was well established [24-26]. OTDR has
subsequently been developed into a sensitive and sophisticated technique for
characterising optical fibres, with numerous review articles detailing the many advances
in the field, for example [26-28], and commercial instruments are available from a

number of manufacturers.
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One area of research was in launching coherent light into the fibre to allow
coherent detection, where the backscattered light is interfered with frequency-shifted
light from the same source, giving an electrical carrier at the difference frequency
allowing high-sensitivity detection [29, 30]. This technique became known as coherent-
OTDR (C-OTDR). For the purposes of this thesis, any OTDR launching pulses derived
from a coherent source will be known as C-OTDR. A problem observed with the
highly-coherent light required for C-OTDR was that of “coherence” or “fading” noise.
This is the phenomenon where, due to the interference of the backscattered light from
many, randomly-located, scattering sites, the backscatter trace from a single pulse is no
longer the smooth decay predicted by 1.4.1, instead giving a noise-like signal [31, 32].
For loss and reflection measurements this could be overcome by averaging the

backscatter signal over a number of wavelengths or polarisation states [30, 33].

1.4.4. OTDR Strain Sensors
It was rapidly realised that the technique of OTDR could be used, not only to

characterise optical fibres, but to realise long-range distributed sensors by monitoring
suitable parameters of the backscattered light modulated by the variable of interest.
Most simply, micro-bend sensors use specially constructed fibre assemblies to introduce
bending loss to the sensing fibre, which can be monitored using a standard OTDR. The
need to control the fibre geometry, to obtain sufficient sensitivity, makes the method

more suitable for point measurements rather than truly distributed sensors [14].

The technique of Polarisation-OTDR, monitoring the polarisation of the
backscattered light to detect externally induced changes in birefringence, was first
proposed by Rogers [34, 35]. The technique was quickly applied to measuring the
birefringence of optical fibres [36] but has seen little use in general sensing applications,
partly because of the complex processing required to eliminate cross talk, although a
distributed pressure sensor, relying on a custom-made holey fibre to increase the
modulation of the birefringence, has been recently reported [37].

Most successful have been the various sensors based on variants of C-OTDR which
monitor the phase of the backscattered light, via a number of optical architectures that
allow interferometric interrogation, allowing phase disturbances, induced by external
perturbations to the fibre, to be observed.

The most simple of these C-OTDR sensors launch a single coherent pulse and

monitor changes in the resulting backscatter trace with time [38-42], which varies with
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phase disturbance since the self-interference pattern of the pulse is modified. Another
technique incorporates a Mach-Zehnder interferometer in the C-OTDR receiver and, by
launching two pulses, effectively synthesises a Mach-Zehnder interferometer, moving
along the fibre with the pulses [43]. In a similar technique, self-heterodyne OTDR,
proposed by Dakin and Lamb [44], two pulses are launched, at different frequencies,
generating a carrier, with phase modulation from any disturbance occurring between the
pulses, when the resulting backscatter interferes at the optical receiver. A similar
method, demonstrated by Wooler and Crickmore [45], uses partially reflective fibre
Bragg gratings to increase the signal above the level due to Rayleigh scattering, but

otherwise applying the same principle.

Closely related to the OTDR, is the technique of frequency-modulated continuous-
wave sensing, also referred to as optical frequency-domain reflectometry (OFDR).
Instead of launching short pulses, light is launched continuously at swept frequency and
the backscatter monitored, with the measurement range defined by the frequency of the
backscattered light [46]. OFDR has shown promise for high-resolution, accurate
characterisation of short (~1 km) fibres, however practical limitations on the frequency
excursion suggest that they are unlikely to be suitable for high-resolution strain sensing

over tens of kilometres.

In addition to the Rayleigh scattering-based sensors, OTDR sensors can be
implemented which monitor the light backscattered by one, or both, of the non-linear
scattering mechanisms, Raman scattering and Brillouin scattering [14, 47]. The light
scattered by these processes is significantly lower in intensity than the Rayleigh
scattering, making the detection more challenging than in Rayleigh-based systems.
Nonetheless Raman-based sensors have proven very successful for temperature
measurements [48], however Raman-based techniques are not of interest for vibration

sensing as the Raman scattering exhibits no strain dependence [14].

Brillouin scattering leads to backscattered light which is shifted in frequency by
around 10 GHz, with a line-width of ~100 MHz [14]. The exact value of the Brillouin
shift is temperature and strain dependent, allowing a change in these parameters to be
observed by measuring changes in the frequency of the backscattered light. OTDR-type
sensors based on Brillouin scattering generally fall into two groups: Brillouin-OTDR
(B-OTDR) [49], where a pulse is launched from one end of the fibre and the scattered
light analysed; and Brillouin-optical time-domain analysis (B-OTDA) where the
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modulation of a CW beam due to Brillouin scattering resulting from a counter-

propagating probe pulse is observed [14, 47].

The main drawback of Brillouin-based sensors for dynamic strain measurement is
that to measure the strain-induced change in Brillouin shift of ~ 50 MHz / pe [14],
significant averaging is required because the bandwidth of the Brillouin scattered light
is ~ 100 MHz. Typically the averaging is over many million samples, taking several
minutes to acquire [49]. Some techniques have been reported which avoid the need for
long-term averaging giving sampling rates ~(1- 10) Hz [50, 51], however these are not
truly distributed and can only operate at a small number of points simultaneously. As a
result, Brillouin-based strain sensors are not suitable for applications where acoustic-

frequency signals are of interest.
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1.5. Discussion

From the brief outline of the various available sensor technologies in the preceding
sections, summarised in the table of Figure 1.5.1 (overleaf), it is clear that the
conventional interferometric sensors are unlikely to meet the requirements described in
Section 1.1.4. Although methods for locating disturbances exist, they are invariably
unreliable in the presence of significant background noise. A further subtle difference
should be noted between the interferometric schemes for locating a disturbance and the
OTDR method: in the former, an observed signal may be located, whereas, in the latter,
it is possible to interrogate a given location, regardless of the magnitude of signals at
other locations and the presence, or otherwise, of a significant signal at the location of

interest.

For cable protection the OTDR-based sensors are clearly most suitable. Brillouin-
based sensors were rejected, based on the limited measurement bandwidth, as were

techniques using Raman scattering, as it is insensitive to strain.

Thus, the sensor technologies based on OTDR using Rayleigh scattering appear to
be the most suitable for cable-protection applications. OFDR sensing would be unlikely

to allow long-range (40 km) sensing with the required high resolution (~ 100 m or less).

Therefore, the remaining techniques, identified as promising for fibre protection,
were those based on C-OTDR, and P-OTDR. Of the many C-OTDR techniques
available, the one considered particularly interesting was the self-heterodyne OTDR
because the mode of operation allowed the benefits of coherent detection, high receiver
sensitivity and the possibility of linear demodulation of the interference, along with the
possibility of spatial resolutions of < 100 m, as required in the target specification of
section 1.1.4. The P-OTDR was considered promising as any perturbation of the fibre
is likely to cause modulation of the birefringence and sensitivities capable of observing
the effect of resting a mass of ~10 g on the fibre have been predicted [35]. Having
reached these conclusions, initial investigations into these technologies were carried out
(described in Chapter 2), before performing more detailed analysis of the scheme that

showed the most initial promise.
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Scattering

Mechanism

Backscatter
Power wrt

Rayleigh

Technique

Single
Ended?

Bandwidth

Comments

Rayleigh

0dB

“Normal”
OTDR

DC - kHz

Attenuation change likely
to be small so bandwidth

limited by averaging

Micro-bend

OTDR

DC - kHz

Improved strain resolution

but needs custom cable.

P-OTDR

DC —kHz

Theoretically very
sensitive [35] but complex
signal analysis to avoid

cross talk.

C-OTDR

DC —kHz

Several methods to extract
strain signal, generally
interferometric so sensitive

but non-linear.

OFDR

DC - kHz

(Range / Resolution)
limited by practical

frequency sweep.

Raman

-30 dB [47]

N/A

DC/~10 Hz

Raman shift is not strain-
dependent and scattered
light is incoherent so no

way to extract strain

Brillouin

-20 dB [14]
(better for

stimulated)

B-OTDR

DC

Brillouin bandwidth

~ 100 MHz [14] so need
averaging times ~ minutes
[52] to resolve small
changes in Brillouin shift.

Linear response to strain.

B-OTDA

DC

Access required to each
end of fibre, increased
power if stimulated but still
limited by need to average
to observe change in

Brillouin shift

Figure 1.5.1

Comparison of OTDR-type technologies for strain sensing.
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1.6. Thesis Outline

The chronology of the work behind this thesis, and the interconnection of the
various elements, is shown schematically in the flow diagram Figure 1.6.1. The work
was clearly influenced by the industrial collaboration, which provided the main focus of
the project — acoustic vibration sensing for fibre-cable protection; most notably in the
production of a series of prototype systems which were used during extensive field
trials, which were made possible by the close links with the industrial sponsor. This
strong involvement from the sponsors was pivotal in defining the direction of the work
and the practical experience gained by applying the technology in real-life situations
provided the focus and motivation necessary to make a number of important
observations, which lead to significant follow up work. An important benefit was that
the experimental equipment produced was considerably more robustly engineered, and
the signal processing systems more complex and powerful, than may have been possible

in a purely academic environment, providing significant benefit to the research.

The rest of the thesis details this work. Chapter 2 describes the initial experiments,
carried out to investigate the approaches considered promising, as discussed in the
previous section. Following this work, it was decided to concentrate on the most
promising technique, the theory of which is considered in detail in Chapter 3, before the
potential performance is analysed in Chapter 4. The practical investigation was boosted
at this stage by the construction of a portable prototype system, in collaboration with
Radiodetection, allowing field trials to be carried out to investigate the performance of
the system in an installed-fibre environment. The design and subsequent trials of the

prototype are described in Chapter 5.

The results of these field trials suggested that the models, developed in Chapter 4
describing the noise performance, required revision. Chapter 6 describes the laboratory
investigation and theoretical analysis required to explain the observations made during
the field trials described in Chapter 5, explaining the disparity with the predictions from
Chapter 3. Having developed an improved understanding of the factors limiting the
performance of the sensor, improved experimental designs were implemented and

tested, described in Chapter 7.

The main part of the thesis ends with Chapter 8, where the conclusions from the
work are discussed along with the potential for future work. The possible future work

includes further investigation into a novel sensor concept, following on from a brief
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preliminary investigation carried out in parallel to the main work which resulted in a

successful poster presentation at OFS-17 in Bruges [53].

# Initial Experiments |

}

Single-pulse C-OTDR
Most Promising Approach

Numerical Model of
Coherent Backscatter

v

| Field Trials in Bristol and USA |

}

Theory of Strain

Investigation of
Non-linear Effects

Measurement by Correlation

OFS Paper

FTAS Rev 2

| More non-linear Effect Measurements I—

| Experimental Tests I‘—— 1

| Field Trials in USA |

\ 4

FTAS Rev 3

A 4

Characterisation of
Backscatter Trace

Measurement of Response
over Resolution Bin

v

Thesis

| Effect of Frequency Shift

<

Figure 1.6.1

Approximate representation of chronological flow of the work presented in this thesis,

showing the relationship of the Fibre Threat Alerting System (FTAS) project to the

more exploratory investigation of strain measurement by correlation of the backscatter

trace.
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1.7. Summary of Experimental Systems

As explained in the previous section, the work carried out for the purposes of this

thesis involved experimentation with a large number of sensor systems. For reference

these are summarised in the table below (Figure 1.7.1), with an indication of the chapter

where their use is described.

Experimental System Uses / Features Chapter
Self-heterodyne C-OTDR | Initial testing in laboratory 2
C-OTDR (Lab) Initial testing in laboratory 2
P-OTDR Initial testing in laboratory 2
FTAS Rev 1.0 Initial tests in different environments 5
FTAS Rev 1.1 Field trials on deployed telecommunications cable; 5
Investigation into non-linear effects 6
FTAS Rev 2 Incorporated digital signal processing; 7
Extensive field trials
FTAS Rev 3 Added split detection scheme; 7
Used for proof-of-principle experiments into strain 8 & [563]
measurement using correlation.

Figure 1.7.1

Summary of the experimental systems which were designed, manufactured and used

during the preparation of this thesis.
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Chapter 2 Preliminary Experiments

In the previous chapter, three approaches, for developing an OTDR-based sensor,
for telecommunications cable protection, were identified as attractive for further
investigation. In this chapter the evaluation of each approach is described, using brief
analysis and some initial experiments, to determine the potential benefits and limiting

factors of each technique.

30



2.1. Self-Heterodyne C-OTDR

2.1.1. Introduction
The first of the approaches to be investigated was the self-heterodyne C-OTDR.

Following a brief description of the theory describing the operation of the sensor, the
initial experimental system and the results obtained are described. An improved optical
architecture and demodulation technique are then explained, and the potential for

successful demodulation is investigated.

2.1.2. Theory
As discussed in the previous chapter, the self-heterodyne C-OTDR was proposed

as a method of strain sensing by Dakin & Lamb [44]. The principle of operation is
illustrated in Figure 2.1.1. Two pulses of light derived from the same coherent source,

having angular frequency, @,, are frequency shifted, by o, and ®, respectively, and

launched into the fibre, as shown. Since the light is from the same coherent source, the

electric field of each pulse can be written as:

E\ porara = Eo €Xp {i [(a)o + o, )t —kz ]}a

2.1.1
E2—Forward = EO eXp {l[(a)o + 6()2 )t - kZ]}

Some of the light will undergo Rayleigh backscattering, as shown in Figure 2.1.1.
Consider the light scattered from each of the pulses, which are at locations z; and z,
respectively, located either side of a phase time-varying disturbance, ¢(t). The electric
field at the detector due to the backscattered light from each pulse can be written as:

E, = E,R explil(w, + © )t — 2kz, + 24(¢)]}

E, = E,R expli[(w, + o, )t - 2kz, |} 212

where R is the fraction of the light returned to the detector, taking into account the
efficiency of Rayleigh scattering and the attenuation of the fibre. It has been assumed
that the phase disturbance varies sufficiently slowly that its value has not changed
significantly in the time between the forward propagating pulse and the backscattered

light passing through the disturbed region.

Taking the intensity at the detector:

I(t)=<(E, +E,) (E, +E,)>, 2.13
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Figure 2.1.1
Principle of the two-pulse self-heterodyne C-OTDR, showing typical timings used in
practice. Two pulses are launched at different frequencies, causing the backscatter
interference at the photo-detector to generate an RF carrier, at the difference

frequency, which is phase modulated by the time-varying phase disturbance, ¢(t)

where * represents the complex conjugate and <...> is the time average over many

optical cycles, substitution gives:
I()=2E2R* [1 + cos{(@, — w, )t — 2k(z, — 2, )+ 26(¢)}]. 2.1.4
Writing the differences as @, —®, = @, and k(z, — z,) = ¢, and substituting

2E; R’ =1,, the resulting intensity can be written as:
I(t)=1,[1+ cos{w. t — 24, +24(¢)}] , 2.1.5

which is a carrier, of angular frequency @, , with phase modulation [6] of twice the

phase disturbance ¢(t). Thus, by gating the backscattered light, such that the light

received is from pulses either side of the disturbance, and demodulating the PM signal,

the phase disturbance may be decoded.
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2.1.3. First Experimental Realisation
The first practical realisation of the self-heterodyne C-OTDR is shown in Figure

2.1.2. Pulses of light were generated by switching a CW source with an acousto-optic
modulator (AOM), which also frequency-shifts the light. Thus by driving the AOM at a
different frequency for each of the two pulses per cycle, the required difference in
optical frequencies could be obtained. Before being launched into the fibre, the pulses
were amplified by an erbium-doped fibre amplifier (EDFA), increasing the
backscattered power. The backscattered light was directed either straight to the

receiver, or amplified by a second EDFA before detection.

Having outlined the operation, a more detailed description of the optical
architecture, shown in Figure 2.1.2, is given. CW light was generated by a fibre DFB
laser (SPI HNO1-1550.116) with a specified maximum line-width of 30 kHz, pumped at
975 nm at approximately 90 mW. The CW output was pulsed by an AOM (Gooch &
Housego M080-2J-F2S) driven at 85.35 MHz for the 1* pulse and 73.65 MHz for the
2nd giving a difference frequency of 10.7 MHz. The RF drive for the AOM was
generated by independent free-running DDSs (Analog Devices AD9852) built into
evaluation boards produced by the manufacturer. The RF was filtered to remove
harmonics of the desired frequency and pulsed by RF switches (Mini-Circuits
ZYSW-2-50DR), controlled from the FPGA sequencer (PCB by Radiodetection), and
combined using an impedance-matched combiner (Mini-Circuits ZFRSC-42) before
amplification by a power amplifier (Mini-Circuits ZHL-5W) to drive the AOM. An
EDFA then amplified the two pulses, with a second AOM (Gooch & Housego
M110-2J-F2S) blocking the out-of-pulse ASE.

An optical circulator (by Foci) directed the pulses into the fibre under test (FUT)
and routed the backscattered light, initially directly to the receiver (Theoptics TA10,
30 MHz bandwidth), and later to the receiver via an EDFA. This second, pre-detection,
EDFA was built to increase the optical signal to give a stronger carrier, requiring less
electrical amplification to reach a given carrier power. The EDFA performance was
considered satisfactory at the time; however, in retrospect, the characteristics were less
than optimal, which was found when the amplifier was subsequently rebuilt. The ASE
from the pre-detection EDFA was removed by an all-fibre filter using a fibre Bragg
grating (FBG) (HiWave HWT-FBG-1550-95). The receiver output was gated by
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another RF switch, determining the range of the section of fibre under interrogation, and

the output passed to the demodulator.

With the optical architecture described a 10.7 MHz carrier was generated, and
when a disturbance was applied to the fibre, using a modified loud speaker cone, small
sidebands at the corresponding frequency could be observed either side of the carrier. It
was also noted that the amplitude of the carrier was unstable, due to coherent fading
noise as observed in coherent OTDR for loss and reflection measurement [31]. This
intensity modulation, due the disturbance modifying the relative phases between the
discrete scattering sites in the fibre, meant that the carrier spectrum also had a

component at the disturbance frequency.
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Figure 2.1.2

Optical and schematic control architecture for the initial two-pulse self-heterodyne sensor system. The pre-detection EDFA increased the carrier

power at the receiver, reducing the level of electrical amplification required before the demodulation system.




2.1.4. Delay and Cross-Multiply Demodulator
In order to extract the signal from the carrier some form of demodulator was

required. The main issue considered likely to cause problems was separating a true
demodulation effect from the effects due to feed-through of the undesirable random
amplitude modulation of the carrier, due to the coherence noise. As a first iteration it

was decided to construct a simple delay and cross-multiply (DCM) demodulator.

Figure 2.1.3
Schematic of the Delay and Cross-Multiply (DCM) demodulator. The RF amplifier was

an attempt to obtain sufficient power into the mixer to achieve limiting, causing the

output to be independent of the carrier amplitude.

The implementation of the DCM demodulator is illustrated in Figure 2.1.3. To
understand its operation, assume the phase modulation of the carrier is of the form

#(t)= D cos(w, t). The phase difference, Ag(t), between the carrier reaching the mixer
via the direct and delayed routes is:

A¢(z)=j%dt. 2.1.6

When 7, the propagation time through the delay, is small compared to the period of the

signal, i.e. 7 << 27:/ o, , the differential can be assumed to be constant over the period

of integration, giving:

__.d¢
Aplt)=1 e 217

At the mixer, where the carrier is now AC coupled, since it lies after the band-pass
filter, then if the power is sufficient the mixer inputs will limit the signal, in effect
generating a square wave with the same zero-crossings as the input. For simplicity of

analysis, assume that this limiting action of the mixer sets the value to be high
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(valued 1) where the carrier is positive and low (valued 0) when the carrier is negative.
The mixer output is the product of the two inputs, which means that by low-pass
filtering the output, effectively giving the time average, gives a signal proportional to

the phase difference between the inputs.

Figure 2.1.4

Schematic illustration of the relationship between the limited mixer inputs and
outputs. Low-pass filtering the output give the time average, which is proportional to

the phase difference between the two inputs.

By inspection of Figure 2.1.4, and assuming that, with no modulation, the inputs

are in quadrature, the output for a single-frequency signal is given by:

Fou(t)=1-2280) 2.18
V4
Substituting for the phase this becomes:
1)
Vou(t) =1-2=0(n + £ )cos(@,1). 2.1.9
Wc

This result shows that the size of the demodulated signal depends on the size of the
phase modulation, the ratio of the modulation frequency to the carrier frequency and the

length of the delay.

For a phase modulated signal, 2.1.9 shows that decreasing the carrier frequency
will increase the depth of the amplitude modulation at the output. The carrier frequency
could not be lowered significantly here, as for successful demodulation a number of

complete cycles are required within the width of the gate, setting the spatial resolution.

In the practical implementation, which was as shown in Figure 2.1.3, following the
RF switch that provided range-gating, the RF signal was band-pass filtered and
amplified. The crystal band-pass filter (Temex TE5030) gave a 3 dB bandwidth of
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3.75 kHz, centred at 10.700 MHz. The location of the band-pass filter, after the range-
gating, meant that the band-pass filter would not limit the spatial resolution as it would
if it was before the range-gating switch. Following the filter, the signal was amplified
and divided equally using an impedance-matched resistive splitter (Mini-Circuits ZFSC-

2-1W). Coaxial cables were made, arranged to give a difference in length of

A
(n + %) R, where A, is the RF wavelength in the coaxial cable and  is an integer,
2

ensuring that with no phase disturbance the signals from the two branches are in
quadrature.

For sufficiently large signals (>0 dBm), the mixer (Mini-Circuits ZFM-3) acts as a
phase detector [54], the output containing a DC component proportional to the phase
difference at the inputs in addition to the 21.4 MHz term which was removed by the
low-pass filter, formed from a standard in-line passive filter (Minicircuits LPF-5) giving
a 3 dB point of 5 MHz followed by a custom-built active filter giving a 3 dB cut-off at
6 kHz.

For the practical implementation, using a carrier frequency of
o, =27x10.7=67.2x10°rad / s, a typical modulation frequency of 200 Hz and a
phase disturbance of magnitude 27 rad the resulting modulation depth is
2.3x107* (n + %), so for the maximum feasible delay length of 50 m, giving n = 11, the
expected modulation depth is 2.6 x 10~. To observe this requires the electrical SNR to
be greater than 52 dB.

A typical carrier spectrum after amplification and filtering with a Temex crystal
filter giving a pass band of ~8 kHz is shown in Figure 2.1.5, considering the total noise
in the filter pass-band, the SNR is ~12 dB, ~40 dB lower than the required for
demodulation using the DCM technique, suggesting that a more sensitive demodulation

method was required.
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Figure 2.1.5

Typical carrier spectrum after electrical amplification to attempt to obtain saturation
in the mixer and filtering with a bandwidth of 8 kHz. The carrier SNR is ~12 dB, much

lower than required for successful demodulation with the DCM scheme.

2.1.5. Revised Optical Architecture
At this point, with no successful demodulation having been demonstrated, a second

practical problem was identified: jitter in the relative timing of the two launch pulses

would create phase noise which would swamp the signal of interest.
A simple calculation shows that the phase jitter, 6@, corresponding to timing jitter

on the delay between the launch of the two pulses o't is given by:

2rwc

Sp=wdt=""CS5t. 2.1.10

Thus, to limit the phase noise to 0¢,,, requires that:

A
Ot < ——0@, - 2.1.11
27 c

For light at 1550 nm, with the velocity of light ¢ = 3.0 x 10* m s™ the maximum jitter
for a phase noise of 7 rad is 5 fs, a level of performance that is unlikely to be achieved

by conventional electronics.

To overcome this problem, a different method of producing the two pulses was
devised. The modified architecture is shown in Figure 2.2.1. An AOM generated a
single pulse from the DFB source which was amplified by the EDFA, before being split
into two branches by the 3 dB coupler. Each branch contained another AOM running
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continuously to generate the frequency shift. A single AOM could have been used, but
it was desired to generate a 10.7 MHz difference frequency, as earlier, to allow use of
the same filters. The noise performance could have been improved by gating these
AOMs to block out-of-pulse ASE however that measure was not taken here to minimise
complexity. The light is recombined at the second 3 dB coupler, with the pulses
separated by the length of the delay in the upper branch, 350 m. The sensitive length,
defined by the pulse separation, is therefore 350 m, although this could be modified by
using an optical delay of different length.

Figure 2.1.6

Modified self-heterodyne C-OTDR system, using a fibre delay to separate a single pulse
into two, spatially-separated, frequency-shifted pulse. The stability of the separation is
set by the stability of the delay coil. The frequency-shifting AOMs were driven by
Marconi RF signal generators with the outputs amplified by linear amplifiers by Mini-

Circuits.

The pulses are directed into the FUT by a circulator which routes the backscattered
light to a fourth AOM which acts as the range gate, only passing light from the location
of interest. A second EDFA amplified the scattered light, the output being filtered to
remove out-of-band ASE as before and the signal detected by the Theoptics TA10
receiver.
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The filtered received spectrum, having been optically gated with a width of 1 pus
(200 m resolution bin) from a range of 6.25 km, where a disturbance at 300 Hz was
applied to the fibre using a modified loud speaker, is shown in Figure 2.1.7. The carrier
SNR is ~30 dB and sidebands at =300 Hz are visible approximately 18 dB below the
carrier. Despite the promising increase in the relative size of the observed sidebands,
the SNR was still below the 52 dB required to observe demodulation using the DCM

demodulator, meaning that an improved demodulation system was required.

2.1.6. Improved Demodulator
The DCM demodulator, while simple, had a number of drawbacks. In order for the

mixer to act as a phase detector, carrier powers of 0 dBm were required, which means
that at the splitter input a power of at least 3 dBm is required at the splitter. While this
could be easily achieved on average, it was found almost impossible to amplify the
carrier sufficiently that “fading” did not reduce the power below this level, giving

amplitude noise on the demodulator output.

To attempt to avoid these problems with the DCM demodulator, an alternative
approach to the demodulation was sought. Investigation into commercially available
chips revealed that FM receivers are available with external access to the phase detector
and limiting stages. It was decided that use of one of these products represented the
most promising route forward using a crystal filter to give a large phase shift at the

demodulator.

The chip chosen was the SA614 by Phillips. The block diagram of the chip is
shown in Figure 2.1.8; a front-end amplifier increases the size of the carrier, after which
it was passed, externally, to a limiting amplifier, which converted the phase-modulated
sinusoidal waveform to a phase-modulated square waveform. The limiter output is
passed internally to one mixer input and is also passed to pin 9. The phase-shifting
crystal filter, a Temex TE5030 linked this output to the second mixer input on pin 8 of
the SA614. The audio output was taken directly from the mixer on pin 7.
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Figure 2.1.7 Figure 2.1.8

Received carrier spectrum with 300 Hz Block diagram of the SA614 FM
disturbance. The reference at the centre demodulator chip [55]. The filter to
of the plot is 10.700 MHz and the scale is  induce a frequency-dependent phase shift
200 Hz / div, the resolution bandwidth was located in the signal path from the
was 30 Hz. The lower plot shows a PM  limiter output on pin 9 to the mixer input
signal with sinusoidal phase modulation on pin 8.
of 0.2 rad amplitude from a signal

Zenerator.

The phase shift from the filter was measured as a function of frequency using a
signal generator and oscilloscope, giving the results shown in Figure 2.1.9, showing that

the efficiency is approximately 20 mrad / Hz. The instantaneous frequency, f (t), of a

PM waveform is obtained by differentiating the argument of the cosine in 2.1.5:

10=- o 24, +2¢(t)}=§’—;+%%ft). 2112

Thus, for a sinusoidal modulation at angular frequency f, and magnitude @ the peak
frequency deviation from the carrieris +2f @ . For the values considered earlier of

200 Hz and a phase disturbance magnitude of 0.2 rad the resulting frequency excursion
is 80 Hz, which should give a phase excursion at the mixer input of 1.8 rad, which
should be more than sufficient for demodulation. In practice, despite these

improvements to the demodulation sensitivity, demodulation was not observed.
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Figure 2.1.9 Figure 2.1.10

Phase shift from the Temex TE5030 Demodulator output from the simulated

crystal band-pass filter, measured as a carrier with PM at 300 Hz with phase

function of the frequency deviation from amplitude of 0.2 rad. Note the presence

the nominal pass-band centre at of the second harmonic at 600 Hz due to
10.700 MHz. The efficiency is the non-linearity of the phase shift
approximately 20 mrad / Hz, although it induced by the crystal filter.

is slightly non-linear.

To confirm that the demodulator was indeed capable of demodulating the signal, an
experiment was devised to test the performance of the demodulator on a signal with the
same spectrum as the received carrier, but independently of the optics. The lower plot
in Figure 2.1.7 shows the spectrum of a PM signal generated by a signal generator
(Marconi 2031) with phase modulation at 300 Hz with 0.2 rad modulation amplitude.
The spectrum is identical to the received carrier, except for a lower noise floor. To
prove that the received optical signal should allow demodulation, the output from the
signal generator was applied to the SA614 demodulator. The demodulator output,
shown in Figure 2.1.10, shows that the signal was demodulated with output SNR of
approximately 30 dB. The presence of the second harmonic shows the non-linearity of

the phase shift due to the filter characteristic shown in Figure 2.1.9.
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Figure 2.1.11

Experimental arrangement for measuring the performance of the SA614-based

demodulator with white noise on the PM carrier.
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Figure 2.1.12 Figure 2.1.13

Measured demodulator output SNR as a Square root of the SNR of the

function of the carrier SNR for a PM
signal at 300 Hz with 0.2 rad phase

demodulated output of the SA614

showing the expected result that the SNR

amplitude, with white noise added to is proportional to the square of the phase

reduce the carrier SNR. The output SNR deviation. The carrier SNR at the

falls to 0 dB at approximately 38 dB demodulator was ~32 dB.

carrier SNR.

This quick experiment used a carrier with higher SNR that obtained from the
optical experiment. To quantify the required SNR the experiment illustrated in Figure
2.1.11 was carried out. The effect of varying the carrier SNR is shown in Figure 2.1.12
where the phase amplitude of the PM carrier is 0.2 rad, showing that for carrier SNRs
below 38 dB the demodulated signal has SNR of less than 0 dB, i.e. it is hidden in the
noise. The effect of varying the phase amplitude at constant carrier SNR is shown in

Figure 2.1.13, showing that the SNR is proportional to the square of the phase
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deviation. This is in agreement with the standard theory [56], which suggests the output
SNR, S,,,, is related to the carrier SNR, S, by:

B
S — (DZ RF
Out 2B

for S, >>1 2.1.13

Car >

m

where Bgr and B,, are the carrier and modulation bandwidths respectively and @ is the
phase deviation. For optimum performance the carrier bandwidth should be limited to

twice the modulation bandwidth, the minimum possible.

From Figure 2.1.12 it is clear that to observe the level of phase disturbance applied
here, ~0.2 rad, the carrier SNR needs to be in excess of 40 dB compared to the 30 dB

observed in Figure 2.1.7, explaining the failure to demodulate the applied signal.

2.1.7. Conclusions
The experiments have shown that a carrier can be generated, and that this appears

to carry the signal, but the amplitude noise on the signal due to coherent “fading” has
meant that high enough SNRs for demodulation could not be maintained in the simple

experiments described.
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2.2. Coherent-OTDR (Single Pulse)

2.2.1. Introduction
The performance of the two-pulse self-heterodyning sensor was limited by the

statistical variation of the carrier amplitude due to coherent fading and the amplitude
modulation induced on the backscatter trace by the disturbance. This acoustic
sensitivity of the coherent backscatter trace can be harnessed to produce a disturbance
sensor with very simple demodulation [31, 39-41]. The sensor operates by measuring
the change in the coherent backscatter intensity from the region of interest, which
occurs because the disturbance changes the arrangement of the “frozen-in” scattering

sites, altering the resulting intensity when the scattered light interferes at the receiver.

2.2.2. Experimental Realisation
The practical realisation of this simple sensor is shown in Figure 2.2.1. The

equipment was virtually unchanged from the more complex experiments described in
the previous section, except that only one RF drive was required for the first AOM and

this was at the AOM centre frequency, 80 MHz.

The receiver output was sampled by a sample-and-hold (S&H) amplifier. This was
based around an Analog Devices AD783 S&H chip, with a small signal bandwidth of
15 MHz, triggered from an external TTL signal from the FPGA sequencer. The output
was low-pass filtered by an 8"-order, elliptic, low-pass switched-capacitor filter (Linear
Technologies LTC1069-1), giving a cut-off frequency of 3 kHz to reconstruct the signal
from the sampled values. Finally, the output was buffered by a 20 dB gain stage.
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Figure 2.2.1

Optical and schematic control architecture for the initial single-pulse C-OTDR sensor system. The pre-detection EDFA was not used in some

early experiments.




The S&H output with a 220 Hz disturbance applied at a range of 6.3 km, is shown
in Figure 2.2.2. Under these conditions, the observed SNR at the fundamental is
~20 dB and the second harmonic, due to the non-linearity of the interference, is clearly

visible at 440 Hz.

Figure 2.2.2

S&H output without the pre-detection EDFA. The fundamental at 220 Hz is 30 dB
above the noise floor. Taking into account the noise power over the full 3 kHz
bandwidth, the SNR observed at the fundamental is 20 dB. The 2nd harmonic can
also be clearly seen at 440 Hz, ~10 dB below the fundamental.

2.2.3. Interference with Slow-Varying Strain
To verify that the observed signal was due to interference as believed, and not

some other effect, a simple device was constructed to apply a known linear strain to the
fibre. The design is shown in Figure 2.2.3. Uncoated, standard 9/125 pm SMF was
secured, using epoxy-based adhesive, in a slot approximately 1 mm deep, milled in an
aluminium beam, 6.35 mm in thickness and 25.4 mm in height. The beam was
supported at both ends against pillars, separated by 310 mm, with a displacement,
applied by a micrometer screw, in the centre. As it was glued along the whole length, it
is reasonable to expect that the fibre was uniformly stressed. As the fibre bends with
the beam there will be some change in birefringence but since the curvature is very

small, and the length of fibre is short, this is likely to be small [57].
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Figure 2.2.3

Simple device for applying a known linear strain to a short length of fibre with

minimum change in birefringence and geometry used for analysis.

Since the cross-sectional area of the slot is small in comparison to the overall cross-
section of the beam, and the Young’s modulus of aluminium is comparable to that of
silica, the fibre extension can be calculated by considering the deformation of a beam of

solid aluminium.

It can be shown [58] that, for small deflections, the curvature, x, of a beam, of

length L, caused by a displacement d at the centre, x = 0, is given by:

x(x)= 2‘;"0 X, 2.2.1

defining the shape of the beam when displacement is applied by the screw. The local

fibre strain, 8(x), at a distance, b, from the neutral axis at the beam centre, is therefore:

24b,
g(x): 3xd0' 222
L
Re-writing in terms of the optical path length (OPL) and strain sensitivity, S, (typically

0.8 x 10 [14]), integrating over the whole beam gives the total increase in OPL:

aopr, = 5105

d,. 223

The device was calibrated using a fibre Mach-Zehnder interferometer, operating at
1550 nm, and measuring the screw deflection required to pass through a given number

AOPL

of fringes. The measured change in OPL, was = (0.054 + 0.002) . This equates

0
to a value of b = (2.4 £ 0.1) mm, which is close to the expected value of 2.2 mm for the

nominal slot depth of 1 mm.
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The C-OTDR sensor was connected to the stretcher via a 6 km drum of 125 pm
standard coated SMF, with a further 200 m on a separate drum after the stretcher. The
receiver output was monitored on an oscilloscope, triggered with the timing pulse that
normally triggered the sample-and-hold amplifier. The entire backscatter trace was
found to continuously evolve due to thermal drift and acoustic interference. To reduce
the rate of change the drums of fibre and the DFB source were acoustically and

thermally shielded as far as possible.

On applying a strain with the stretcher, the intensity was seen to oscillate at the
region corresponding to the strain, as expected, while the remainder of the trace, before

and after the disturbed region, remained stable.

Assuming that the oscillation of the region corresponding to the disturbance is due
to interference within the pulse, the phase difference between the two elements will be
twice the phase introduced by the strain, so one interference fringe should be observed
for every half-wavelength increase of OPL. To verify this experimentally the
displacement of the stretcher beam required to pass a number of fringes was measured.
The measurements were complicated by the continual drift of the backscatter pattern
however, by applying the strain quickly enough the fringes could be made faster than
the thermal drift, allowing them to be identified. To mimimise the error, each
measurement was repeated three times and the average taken. The results from the
Mach-Zehnder measurement were used to convert the applied displacement to the

change in OPL.

The results are shown in Figure 2.2.4: the line of best fit, which is forced to have an
intercept of zero, has a gradient of of (0.9 = 0.2) um / oscillation. This is in agreement
with the expected value of 0.775 um / oscillation, although this is near the lower limit of
the estimated standard error, suggesting that some oscillations may have been missed,
leading to under-counting; or that the adhesive in the stretcher may slowly creep,
affecting the long-term stability. Nonetheless, the results are sufficiently convincing to

confirm the mode of sensitivity is interferometric, as observed by Shatalin et al. [40].
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Figure 2.2.4

Change in OPL required to pass through a set number of oscillations monitoring the

backscatter trace on an oscilloscope. Forcing the intercept to zero gives a best fit

gradient of (0.9 = 0.2) ym / oscillation, in agreement with the expected value of

0.775 um / oscillation.

2.2.4. Conclusions

The experiments above have shown that a simple disturbance sensor can be

implemented by monitoring variations of the coherent Rayleigh backscatter trace caused

by perturbation of the fibre. A simple experiment has confirmed that the mode of

modulation is interferometric, and SNRs of ~20 dB have been observed, where the fibre

is disturbed directly at a range of 6.3 km, showing that the sensor is capable of fulfilling

the requirements set out in Section 1.1.4 at short ranges, however work remains

necessary to extend the range of operation to the typical repeater separation of 40 km.
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2.3. Polarisation-OTDR (P-OTDR)

2.3.1. Introduction
The aim of the work presented here was to evaluate the feasibility of using

P-OTDR for an acoustic-frequency strain sensor with unambiguous location, meeting
the requirements laid down in Chapter 1. In the work described, the foundations of this
system were laid: measurements of the polarisation evolution along the fibre were made

and the effect of altering the fibre geometry investigated.

The work in this section was carried out in collaboration with Joachim Boudet, a
final year UoS tripartite student, with the work forming his final-year project [59]. The
development of the acquisition and analysis software was entirely his work, making use
of some code previously written by Dr Stuart Russell for other applications. My
contributions were in the design and construction of new receiver circuits for the

polarimeter, optimising the optical set-up and assisting in carrying out the experimental

measurements.
Item: Carried out by:
Construction and optimisation of optics JPWH / JB
Design and assemble of polarimeter SR
Design and manufacture of custom TIAs for JPWH / JB
polarimeter
Software development JB/SR
JB = Joachim Boudet; JPWH = Justin Hayward (Author); SR = Dr Stuart Russell

Figure 2.3.1

Summary of main contributions to P-OTDR experiment

The birefringence of the fibre, and hence the state of polarisation (SOP) of the
backscattered light, is modified by the presence of an external disturbance. The
expected effect of a cyclic strain on the fibre is to trace a section of an arc on the
Poincaré sphere. Joachim Boudet developed an algorithm to decode this variation in the
SOP into the strain signal [59] based on a theoretical description of bend-induced

birefringence.
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2.3.2. Experimental Realisation
The experimental P-OTDR system is shown in Figure 2.3.2. The optical design

was similar to the single-pulse C-OTDR system except that the backscattered light was
directed to a high-speed polarimeter (Figure 2.3.3) which consists of four optical
receivers; each of which is preceded by different polarisation-sensitive filters such that
each detector output represents one of the four Stokes parameters used to describe
polarised light mathematically. The ASE-blocking AOM was omitted, to increase the
launched power, since the polarimeter divides the total optical power received between
four detectors, via polarising elements, making higher input powers necessary for
acceptable noise performance. The launched power was estimated, by knowledge of the

source power, EDFA gain and component losses, to be 250 mW.

In order to monitor the spatial dependence of the SOP it is essential that the spatial
resolution is smaller than the beat length of the fibre. If this is not the case then any
spatial dependence of the SOP will be averaged away. Typical telecommunications
fibre has a beat length of ~(10-60) m [60], so, to a rough approximation, a pulse of
length ~1 m would be expected to return light with a degree of polarisation (DOP)
~(1-(1/10)) =90 %. This requires a receiver bandwidth of ~100 MHz. In practice,

using an AOM to switch the light, the minimum pulse width achievable with acceptable
attenuation was 20 ns, corresponding to a spatial extent of 4 m, and assuming a beat

length of 20 m this should return a DOP of ~ (1 —(4/20)) = 80 %.

Considerable effort was applied to produce suitable high-speed, high-
transimpedance receivers for the polarimeter. The final receiver design used a Maxim
3664 integrated transimpedance amplifier. This IC, designed for communications
applications, has an internal transimpedance of 6 kQ and generates differential outputs
designed to drive two 50 Q transmission lines or a single 100 Q load. The output was
converted to single-ended using a simple differential amplifier, based around the Maxim
4108 op-amp, which has a 400 MHz unity-gain small-signal bandwidth and full-power
bandwidth of 300 MHz, corresponding to a spatial resolution of 0.3 m. To prevent
oscillations and cross talk between the four channels, each chip was powered using a

separate linear regulator.
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Figure 2.3.2

Experimental P-OTDR. The PC also programmed the FPGA which provided the timing
pulses for the oscilloscope trigger and the RF for the AOM.

Figure 2.3.3

Custom-built high-speed polarimeter before replacing the TIAs. The four Stokes
parameters are extracted by the series of semi-reflecting mirrors and appropriate

polarising filters.
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The evolution of the backscatter polarisation along the fibre was monitored by
using a Tektronics TDS 540 oscilloscope, controlled via a GPIB interface, to acquire the
waveforms prior to post-processing. This approach was chosen since none of the
alternative acquisition systems, immediately available at the time, gave sufficient

analogue bandwidth and sample rate.

Some of the initial results are shown in Figure 2.3.4. The first section of each of
the traces shows the effect of bending on the fibre. In the first case, the majority of the
fibre was on a reel with the first 5 m unwound. In the second case, approximately 35 m
of the fibre was unwound. The reduction in the beat frequency in the latter case is
clearly visible: the periodicity is ~5 m in the first case and increasing to ~10 m in the
un-reeled case. These are in reasonable agreement with the observations of
Galtorossa et al. [60] who measured beat lengths of 10 m to 25 m for fibre coiled in the

laboratory and 10 m to 60 m in deployed fibre.

0.6 1 —— On Drum
—— Un-reeled
0.4 1
P02
0.0 1
-0.2 . : : . .
0 10 20 30 40 50 60
Range / m
Figure 2.3.4

Normalised S1 over the test fibre on a 150 mm drum and laid out along the corridor,

showing the resulting increase in the beat length in the first 30 m, after [59].

2.3.3. Conclusions
The experimental work described above failed to deliver the performance predicted

by Rogers [35], primarily because of the technical challenges relating to accurate
measurement of the backscatter SOP in the presence of “coherent fading”, and the
problem of cumulative cross-talk along the fibre. To continue development of the P-
OTDR system there are several areas which would require attention. An acquisition

system would be required, that would be capable of synchronously sampling four
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channels, with the required analogue bandwidth. In order to locate multiple
disturbances, or operate in noisy environments, a more complex signal processing
approach would be needed. With simple single-point range gating, points beyond the
disturbance will return the same strain signal. This is because birefringence has the
same effect on the light regardless of the direction of transit. The detection and location
of multiple disturbances would therefore be extremely problematic. The solution is
likely to lie in acquiring the SOP from the whole fibre and comparing subsequent sets of
data to locate regions where the birefringence is changing. The disturbance is thus
located, and after sufficient cycles, the distributed strain signal can be reconstructed

over the whole fibre
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2.4. Discussion

At this stage, three sensor systems had been investigated, showing varying degrees
of promise of fulfilling the specifications, discussed in Chapter 1, for cable protection
applications. While all methods have potential, it was desired to focus on one technique
to develop it to the highest possible level, allowing testing of the cable-protection

concept on installed fibre.

The two-pulse self-heterodyne system should allow linear demodulation of the
phase disturbance, although the random amplitude modulation of the coherent
backscatter trace and the resulting carrier makes this difficult. With the optical SNR
achieved in these early experiments, successful demodulation was not possible with the
demodulation techniques attempted in this early work. Improvements of the EDFA and

receiver design may have allowed demodulation, however this was un-proven.

The single-pulse C-OTDR system, based on the modulation of the interference,
gave output SNRs of 20 dB and has the benefit of simple demodulation, although it is

inherently non-linear as it is a randomly biased interferometer.

The investigations into P-OTDR had shown that sensitivity to large changes to the
fibre’s layout could be observed, but no OTDR measurement of the small, audio-
frequency, disturbances of interest was possible. There were also a number of problems
foreseen. The most serious drawback of this approach is that signals at a point on the
fibre inevitably cross-talk, unpredictably, to all further points on the fibre due to the
modulation of the polarisation. Therefore to observe a single point requires complex
signal processing, which is likely to sum noise from each location, causing the SNR to

reduce rapidly with distance.

One of the main difficulties which would need to be overcome is maintaining
sufficient DOP in the scattered light to observe the small changes of birefringence
caused by the disturbance. Galtorossa et al. [60] measured the birefringence of
deployed fibres, finding beat lengths as small as 10 m in some locations. Thus to
maintain a 90 % DOP a 1 m pulse would be required. With such narrow pulses there
are several technical challenges in detecting the scattered light with sufficient SNR to

resolve the variation in SOP.
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Figure 2.4.1

Benefits and problems for each of the sensor designs.

These considerations are summarised in the table in Figure 2.4.1. Taking all of the
factors into account, it was decided to concentrate on developing the single-pulse
C-OTDR as that most suitable for immediate development into a practical system for
fibre protection. The P-OTDR technique was rejected since it was considered that the
noise performance, with the required narrow pulse and with cumulative degradation
from iterative removal of the signals from previous locations to extract signals from the
point of interest, would be insufficient to cover ranges of many kilometres. The two-
pulse self-heterodyne sensor showed potential as did the single-pulse design. The latter
was considered more suitable for development, firstly because the preliminary
experiments were more successful, and secondly because similar sensor designs occur
relatively infrequently in the literature, making the study of the noise performance and
theory of operation more academically interesting than that of the self-heterodyne
system which has similarities to a number of fibre-hydrophone sensors which have been
extensively analysed in existing work, e.g. [47, 61].
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Chapter 3 C-OTDR Theory

In this chapter, the theory of the C-OTDR acoustic sensor is developed. After
defining coherence, the scattering of coherent light is discussed before showing how
OTDR with coherent light can allow the sensing of phase disturbances. The spatial
response characteristics of such a sensor are then analysed, clarifying the link between
models that consider only two scattering sources and those that assume a scattering
continuum. Having developed a model of the sensor, the implications of birefringence
are analysed and discussed. Finally a numerical model of coherent scattering is
described, and its results compared to the analytical predictions, made earlier in the

chapter, and to experimental data.
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3.1. Coherent Rayleigh Backscatter in Optical Fibres

3.1.1. Coherence
In the discussion of Rayleigh scattering in Chapter 1, the coherence properties of

the light were not considered. In this section the nature of coherence is briefly
discussed before the scattering of coherent light in optical fibres is considered in detail,
finally explaining how a phase-sensitive sensor can be simply implemented using the

coherent scattering properties of fibre.

Light is considered to be perfectly temporally coherent when the phase at a given
moment maintains a deterministic relationship with the phase at any other time: a
condition that is equivalent to requiring an infinitely narrow spectral line-width. In
practice, perfectly coherent light cannot be produced and light from real sources

generally exhibits partial coherence. This is characterised by the coherence time, Az,

over which the phase maintains a constant relationship. The coherence time is related to

the line-width of the source, Av, by the simple relation Av =1/Az, . Closely related to

the coherence time is the longitudinal coherence length, usually referred to simply as the

coherence length, A/, = cAt,, where c is the speed of light in a vacuum, which is the

optical-path length, in the direction of propagation, over which the light may be

considered to maintain a fixed phase relationship.

Spatial coherence describes the effects of a source which has finite spatial extent.
In classical terms, in a source there may be many point radiators, physically separated
by more than a wavelength, oscillating in an uncorrelated fashion. The source therefore
has low spatial coherence, although each individual oscillator may individually exhibit a

high degree of temporal coherence.

Incandescent light sources have low spatial and temporal coherence. The temporal
coherence of such a source may be increased by using filters to reduce the line-width;
similarly the spatial coherence may be increased by spatial filtering, for example by
using a simple pin-hole. In both cases the filtering to modify the coherence properties
comes at a severe cost, in terms of wasted power. In contrast, lasers usually exhibit a
high degree of temporal and spatial coherence. The temporal coherence is strong due to
the narrow line-width, resulting from the high selectivity of the cavity resonances, while

the modal structure of the cavity can give strong spatial coherence.
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3.1.2. Scattering of Coherent Light in Optical Fibre
When a pulse of temporally coherent light is launched into optical fibre, the

resulting backscatter trace does not follow the smooth decay predicted for incoherent
scattering, instead the signal varies randomly. This is because each scatter site is
randomly located so the coherent light scattered from each site combines
interferometrically generating localised maxima and minima in the backscatter trace
[62], giving the appearance of the trace shown in Figure 3.1.1. As a hindrance to the
operation of a conventional, incoherent, OTDR for attenuation monitoring, this
phenomenon became known as “coherence noise” or “fading noise”, with many

methods being proposed to eliminate it from OTDR traces, e.g. [27, 33, 63].

The probability density function (PDF) of the interference giving a particular
intensity, /, from any arbitrary section of fibre, P(/), can be shown [32] to be:

(M-1) _
U)_I exp(— MI/< 1 >) 1

M=) (<M
where </> is the ensemble average, equivalent to the value that would be expected from
incoherent light.

The PDF is plotted in Figure 3.1.2 for various values of the parameter M, which is
a measure of the number of degrees of freedom available to the light. For a linearly
polarised pulse of temporal duration z, M is related to the coherence time [27, 32] by

M =1/t ,i.e. increasing with reducing coherence. If polarisation diversity allows m,

degrees of freedom, i.e. from two orthogonally polarised states, M is increased by a

factor k to M = kz/t,, where 1< k <m,, the exact value of k depending on the degree

of correlation between the wave in the two states [32]. For perfectly incoherent light,
for which M — oo, the PDF tends to a delta function centred on </>, which is the value

predicted by Equation 1.4.1.
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Figure 3.1.1

Experimental coherent backscatter trace
from a 40 m long pulse generated from a
CW source of coherence length > 6 km,
sampled at 25 MHz, corresponding to a
pitch of 4.2 m. The detector bandwidth
was 20 MHz, so the sample rate limits
the maximum resolvable frequency

components.
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Figure 3.1.2

PDF, of the instantaneous backscattered
intensity, I, for various values of the
parameter M, where <I> is the ensemble
average, giving the deterministic
incoherent expected result. When M tends
to infinity, i.e. the case of perfectly
incoherent light, the PDF is a delta

function at [ = <[>.

To overcome this effect, in order to carry out accurate characterisation of loss and

reflection distributions, requires averaging the backscatter intensity over a number of

pulses of different wavelength and / or polarisation [33], effectively synthesising the

result from an incoherent, unpolarised source. Mermelstein et al. [63] showed that the

wavelength diversity must vary the optical frequency by more than 1 / z to avoid

correlation between the backscatter traces, equivalent to the correlation length being

equal to the pulse length with averaging over a large number of wavelengths being

required to remove the coherence noise completely [33].

Since it is the phase relationship between scattering sites, which are at fixed

physical locations within the fibre, that determines the backscatter pattern, the coherent

backscatter trace remains stable until an external influence, which may be thermal or

mechanical, alters the phase relation between the scatter sites involved in the

interference. It was noted that by observing the evolution of the coherent backscatter

trace, a simple sensor could be produced [38-42, 64].
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3.2. Coherent-OTDR (C-OTDR)

3.2.1. Outline
Having outlined the mode of the sensor’s operation, a more rigorous description is

now derived in terms of a simple wave optics analysis, generating results that are
equivalent to those of Shatalin et al. [40] which were derived using statistical
techniques. Initially a basic analysis of coherent backscattering is presented in terms of
scattering from two discrete scatter sites, and the effect of a phase disturbance on the
fibre is analysed, demonstrating the method of sensor operation. The model is then
generalised to many scattering sites and it is shown that this is equivalent to the two-site
case where a resultant scattering phase is used. The results are used to derive the spatial
variation in the sensor response, with the derived response in agreement with the results
in the literature [40]. The effect of polarisation is then discussed and its impact on the
previous analysis considered. Finally the sensitivity to launch wavelength is
considered, explaining the results of Mermelstein et al. [63] in terms of a simple

analysis of phase.

3.2.2. Backscatter from Two Discrete Scattering Sites
Consider launching a pulse of light, of duration z, into an optical fibre. Assuming

that the coherence time of the source is much longer than the pulse duration, i.e.

t. >> 1, the electric field launched into the fibre, E/,vara, can be written in terms of the

distance along the fibre, z, and the time, ¢, as:

: | RS
Efbrward (Z’ t) = EOU[t - _J eiaZ/z el(wlikZ); U(t) = 2

Ve

T
0 |]>=

2
where v, is the group velocity, k is the wave-number, a is the attenuation coefficient, @

is the optical angular frequency and U(?) is the pulse electric field envelope.

The light returned to the point of launch, at z = 0, due to backscattering from a
single scattering site, m, located at z,,, with Rayleigh scattering coefficient R,, is thus

described by:

2 4
E,(t)= EORmU[t tt Je‘“z e/l 2n). 322
\%
4
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Initially consider the case where there are only two scattering sites, located at
ranges z; and z,. It is wished to calculate the backscattered intensity received at the
point of launch due to scattering when both discrete scatter sites are within the spatial

extent of the pulse, as shown in Figure 3.2.1.

Figure 3.2.1

Simplified model of coherent Rayleigh scattering in optical fibre, considering only

two discrete scatter sites.

For simplicity, it is assumed that the scattering coefficient is equal for each site
(R = R, = R), and that since the attenuation over the pulse width is small, the
attenuation term may be simplified in terms of the range at the pulse centre, z. The

electric field returned to z = 0 is therefore:
E,,(t)= E, Re™= {2 4 gl | 323

giving an intensity, /(¢), at the detector of:
1()=(E"2()E,, (0)) = 2B, R?e > {1 + cos[2k(z, - z,)]}. 3.2.4

Where * denotes the complex conjugate and <...> the time average over an integer
number of optical cycles. As discussed earlier, the intensity is determined by the optical
phase-separation, 2k(z2 -z ), of the two scattering sites. It is this dependency of the
intensity on the phase-relations between discrete scatter sites which underpins the
operation of the C-OTDR acoustic sensor which is the main subject of this thesis.

Now imagine that an external disturbance generates a time-varying phase
disturbance, ¢(z), in the region between the two scattering sites. Writing the initial
phase due to the site separation as ¢, = 2k(z, — z, ) and noting that the light scattered
from site 2 passes through the phase disturbance twice, the resulting intensity at the

launch end of the fibre is:
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1(¢)=21,(2){1 + cos(g, +26(¢))} 325

where /, (z) = E;R*e”** . This represents an interferometric signal, with phase bias ¢, ,

which varies with the applied phase ¢(t).

For small disturbances, where |¢(t] << 1, by expanding the cosine term in 3.2.5 as

a Taylor series, the intensity can be written as:

1(t,,) = 21, (z {1 + cos(g, ) — 2sin(g, )p(¢)} - 3.2.6

Detecting this intensity gives a constant offset of 7 (z){l + cos(¢0 )} with a time-varying
modulation of —4/, (z)sin(¢0 )¢(t). Therefore, by repeatedly sampling the backscatter

intensity, the form of phase disturbance can be decoded, although the amplitude will

vary with the small-signal sensitivity, S:
S =sin(g, ). 3.2.7
which means the sensitivity can fall to near zero where ¢, takes integer values of x.

For larger phase disturbances, where the amplitude of ¢(t) becomes comparable to
7/2, the response will become non-linear due to the sinusoidal response and for very
large disturbances, > /2, the interference will pass through many fringes. The result

of this non-linearity of the response is that the decoded signal will contain frequency
components at harmonics of the fundamental frequency at which the phase disturbance,

#(t), varies.

The non-deterministic output is the main drawback of a sensor of this type, making
quantitative measurement, or even comparison, of strain practically impossible.
However, for intrusion sensing and cable protection applications, where the physical
parameters of the cable installation may alter the strain transmitted to the fibre
unpredictably [45], quantitative strain recovery is less important than high sensitivity

and accurate location of time-varying strain signals [39-41].

3.2.3. Generalisation to Multiple Scattering Sites
In reality a pulse will simultaneously interact with many more than the two

scattering sites considered in section 3.2.2. In this section the analysis is generalised to
consider the scattering from an arbitrary large number, N, of scattering sites. As shown

in Figure 3.2.2 a phase disturbance ¢(t) acts at a range z. The pulse is drawn at time
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t= z/ v, and separated into the components before the disturbance, A, and those

beyond it, B. The backscatter of interest is that corresponding to the situation shown in

the figure, i.e. that sampled when ¢ =2 z/ v, -

Figure 3.2.2

Improved model for considering the effect of a phase disturbance when scattering

occurs at multiple discrete scatter sites.

Let the number of scattering sites in each of the sections A and B be N4 and Np
respectively. Since the total number of sites is very large, and there is an equal
probability of a scatter site existing at any point in the fibre, it is reasonable to assume

that, for a pulse of reasonable spatial extent, N, = N, = N/2.

With no phase disturbance applied, the backscattered field at the detector is simply:
E ()= Eje™=) R, el ) 3.2.8

where, as in the previous section the attenuation over the duration of the pulse is
assumed to be negligible. Taking the phase disturbance into account, by splitting the

sum into two components, which is admissible since summation is commutative, i.e.

OROWIO WIONELERY! 329

the electric field can be written as:

N/2 N
E, (t,¢)= EOe-az{Z Rmei(mt—Zkzm) n szei[(wzzkz”,m;zf(z)]} 3210

m=1 m=N/2+1
To simplify, each summation can be written in terms of R the average scatter

N
coefficient, R = LZ R, and resultant relative amplitudes, £, and E, and phases ¢,

m=1
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and ¢, which take into account constructive/destructive interference and any variation in

R,, between sites in its amplitude. The electric field is written as:
Ey\(t.9)= E,e @ RIE 1 4 E ellero)2001L 3.2.11

Where the resultant fields are defined by

‘ N2 ) N )
EAez[wz—qﬁA] _ Z el(a)t—Zkzm); EBez[wz—¢g] — Z Rmez[wt—zkzm] . 3212
m=l1

m=N/2+1
Noting that 3.2.11 is equivalent to 3.2.3, the intensity reduces to:
1(t,4)=1,(z}{E? + E2 + 2E ,E, cos(, + 26(¢))}. 3.2.13

where /, (z) = E;R*e* as previously and ¢, = @, —¢#,. This is very similar to the
result for two discrete scattering sites (3.2.5), the differences arising from the possibility
that £, and £z may be unequal which was not considered in the earlier analysis,
although for a large overall number of scatter sites it is assumed that N, = N, so they

may reasonably be expected to have similar magnitudes.

3.2.4. Spatial Response to Point Strain
The analysis so far has considered only the specialised case where a point

disturbance acts at the centre of the fibre section from which light is collected at the
sampling time. The amplitude of the audio signal decoded from the C-OTDR
backscatter will vary depending on the location of the disturbance relative to the
nominal sample location. In this section an expression is derived for that variation and
the full width at half maximum (FWHM), based on the previous analysis, confirming
the results of Shatalin ef al. [40] derived using the more formal techniques of statistical
optics.

It is more convenient to consider the spatial extent of the pulse, which can be

written in terms of the group velocity, ve, and the pulse duration, 7, as A =v s which

propagates along a fibre, as shown in Figure 3.2.3. The pulse is drawn at time ¢ =z / v,
and the backscatter intensity is sampled at time 2¢, giving a spatial resolution bin of
width A centred about range z. The point phase disturbance is applied at any point
within the resolution bin at a range (z + z¢), as shown in Figure 3.2.3. In the analysis
that follows the relative response is calculated as a function of the offset, zy, from the

pulse centre.
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Figure 3.2.3
Model for analysing the spatial response of the C-OTDR sensor. The pulse is

launched when | t| < A/ 2v o and is drawn at time t = z/ V- The case is considered

where a point phase disturbance is applied at a range (z + Zo) as drawn.

As before, the summation over the N scatter sites, enveloped by the pulse, is split
into two components and the assumption is made that there is an equal probability of a
scatter site existing at any point in the fibre. Thus the number of scattering sites in each

of the sections, A and B, are now given by:

N 2z N 2z
N =— 1+—O; N, =—|1-29{, 2.14
. 2( Aj ’ 2( Aj :

Equation 3.2.10 therefore becomes:

Ny . N R
E,\(t.9)= Eoe‘“z{Z R, ) 4 SR, el W(’”} : 3.2.15
m=1

m=N ,+1

In exactly the same manner as previously, this can be written in terms of two

resultant fields:
Ey\(t,9)= E,e ™ RIE 1 4 B elero)2001L 3.2.16

Where the resultant fields are similarly defined as:

EAe[[wl*¢A] — %ei(W[72k2n1); EBe[[Wt7¢B] = iei[wtizkzm] . 32.17

m=1 m=N 4+1

Multiplying the electric field with its complex conjugate, the intensity of light at the

launch end of the fibre is:

1(6,¢) = 1,(2)\E? + E2 + 2E ,E,, cos(g, +24(t))}. 32.18
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where, as before, 1,(z)= E.R’e¢* and ¢, = ¢, —$,. However, in this instance it is

expected that £, and Ejp are unequal since they result from summation over different
numbers of scattering sites. Since the summation is the coherent addition of waves of
random phase, when the number of sites is large the magnitude of the resultant field will

be proportional to the square-root of the number of scattering sites, giving

E,= e g = [N 3.2.19
N N

Substituting into 3.2.18:
1(t,4)= ]OT(Z){NA + N, +2,/N N, cos(¢, + 2¢(z))}. 3.2.20

The relative response of the sensor is best described by the interference visibility
[65] which is defined in terms of the maximum and minimum obtainable intensities,

Iy and Iy, as:

Ly — 1oy
v :—]M””“ " ]M’” : 3.2.21

Max Min

By inspection of 3.2.20, the visibility of the interference due to the phase disturbance is

2
V(zo)=4N—ANB= 1—[ﬂj : 3222
2(N,+N,) A

which is equivalent to the result of Shatalin ef al. (equation 3, [40]), derived using the

principles of statistical optics. This function is plotted in Figure 3.2.4. The FWHM can

be found by setting ¥ (z,)=1 which occurs for z, = i?A , giving a FWHM of

NG

—A=0.87A.
2
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Theoretical spatial response (bottom) over  Theoretical spatial response (bottom) over
a single resolution bin centred at zo = 0 a single resolution bin centred at zo = ()
for a rectangular pulse of width A (top). for a pulse with Gaussian intensity

envelope with 1/e width of A (top).

The analysis above assumed a square pulse, which is an approximation having only

limited validity in real systems. The analysis can be readily applied to a pulse of

arbitrary shape. If the normalised intensity envelope of the pulse is U (z) then 3.2.17

becomes:
EAel[wf*(ﬁA] — Z U(Zm )el(a”_Zkzm); EBel[wtiqéB] = Z U(Zm )el[wt_ZkZM] Py 3223
m=l m=N ,+1

effectively weighting the relative field strengths by the electric field envelope. Since
U(z) is an arbitrary function it is convenient to re-write the summations in terms of

integrals, with the relative field strengths being:
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N
o
8
0=

E,=|7——|; Ey=|7—| . 3.2.24
_j (U(2)) dz _j(u(z))z dz

Writing the visibility in terms of the electric field magnitudes from each

component, £, and Ej, as:

,_ 2E,E,

= . 3.2.25
E’+E;

Substitution from 3.2.24 obtains the visibility for a generalised pulse envelope:

[y ey
2

- 0 , 3.2.26

W) a

—00

The integrals over space are equivalent to the ensemble averages over all scatter sites in

equation (A3) of [40].

Solving 3.2.26 for a pulse with a Gaussian intensity envelope (U (z))2 =e

gives visibility 7(z,)=+/1-[erf(z, )] , plotted in Figure 3.2.5. As is intuitive, for a
non-square pulse the edges of the response fall off more rapidly as the pulse tails carry
less energy.

A second assumption made in the analysis above is that the intensity value is
sampled instantaneously, implying that the detector has an infinitely narrow impulse
response; however a real detector will have a finite impulse response, widening the

resolution bin as shown in Figure 3.2.6.
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Figure 3.2.6

Widening of spatial response due to finite detector bandwidth. The nominal
resolution is the spatial extent of the pulse, the heavy black line on the z-axis. The
finite spatial response, indicated by the blue line around the nominal sample point,

spreads the response as shown by the horizontal red lines.

Mathematically this effect can be described as the convolution of the spatial
impulse response of the detector, D(z), with the visibility, giving an overall response,

V'(z,), of:
V(20)=V(2)® Dlz,) = [V(z, - 2)D( )iz 3227

In practice this broadening will partially compensate for the narrowing of the
response due to sloping pulse edges. Significant widening of the spatial resolution will
only occur where the impulse response approaches the pulse width, which is unlikely

where the bandwidth is chosen to be the reciprocal of the pulse duration or larger.

3.2.5. Effect of Polarisation
The discussion above and in [40] ignored the effect of polarisation and fibre

birefringence on the coherent backscatter trace. In this section the influence of fibre

birefringence on the sensor and the resulting reduction in sensitivity is considered.

In the preceding analysis the light propagating and scattered in the fibre has been
described in terms of a single linear polarisation state, which can be fully described by a

single scalar quantity. In reality standard SMF will support light of any polarisation,
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which can be described as a superposition of waves in two orthogonally polarised
modes. If the fibre were perfectly symmetric, then light in one of these modes would
maintain constant correlation with light in the other as they propagate along the fibre.
In practice, however, small asymmetries in the fibre geometry mean that the
propagation varies between each mode. This phenomenon, where the propagation
properties are orientation dependent, is birefringence. The inherent birefringence of the
fibre can be increased by the physical geometry of the fibre, particularly where it is

wound onto small drums or into coils [60].
Mathematically, the electric field, E(z,t) , 1s divided into two independent,

orthogonal components in the x and y directions, described by the unit vectors i and i

respectively:
E(z.0) =B 1 jE, &), 3.2.28

where the phase @, is nz (n=0, 1, 2...) for linear polarisation or nz/2 for circularly

polarised light. As the light propagates along the fibre a phase shift between the
components is accumulated due to the difference in wave-number. This phase shift,

known as the retardation, ®(z), is given by:
®(z)=27z(k, ~ k,). 3.2.29

Consider the interference of linearly polarised light, at 45° to the x-axis, with light
from the same source which has propagated along birefringent fibre such that it has

accumulated retardation ®(z). The normalised electric field is:

E(:, t):L(iExei(a)t—kz) +iE, ei(a)t—kz)) +L(1E ) g ei({w—kz)+¢‘(z)). 3.9.30

72 72

Calculating the intensities using / =< E" - E > (where * represents the complex

conjugate, - is the scalar product and <...> the time average) the resultant intensity is
I(z,¢)=1{1+cos(®(z))}. 3.2.31

The spatial periodicity of the intensity is known as the beat length, Lz. By inspection:

L, = : 3.2.32
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In installed fibres, the beat length is typically ~(10-60) m [60], the exact value
depending on the symmetry properties of the fibre, the physical structure of the cable

assembly and the geometry of the installation.

In considering the effect of fibre birefringence on the C-OTDR sensor it is
important to note that the birefringence is non-reciprocal: light travelling through a
section of fibre, being reflected or scattered and passing back through the same section
of fibre, undergoes twice the retardation due to the birefringence than that incurred in a
one-way trip.

To investigate the effect of birefringence on the C-OTDR signal, the analysis of
3.2.2 is modified to include the retardation; this is valid since it was shown in section
3.2.3 that the many-scatter site case reduced to the two-scatter site analysis with

resultant fields replacing the sums over all sites.

It is assumed that the launch pulse is linearly polarised, and can be described by:
E(Z,t) — iExei(a)t—kz) + jEyei(a)t—szrCD(z)) . 3233

where E and E|, can take on any value. Taking into account the retardation of light
from the further scatter site relative to the first, the light scattered from two discrete sites
located, either side of a phase disturbance, at z4 and z with scatter coefficients R, and

Rp and returned to z = 0 is:

E(z.0)= R [iExe =) + B &)

n R2 (iE ei(a)t—sz+2¢x(t)) I iE ei(a)t—kZE)+2¢y(t)+2CD(zB—zA)) 3.2.34
X ¥y ‘

where ¢, and ¢, are the x- and y-components of the phase disturbance respectively.

For a simple longitudinal strain the two components will be approximately equal, while
for a bend-induced strain they may be dissimilar, even out of phase.
The intensity components from each orthogonal component, /; and /,, may be

calculated separately since they will not interfere at the detector:

[x = Ex2 (Rfl + R; + RARB COS[2¢X (t)+ ¢0 ])’

3.2.35
1, =E}(R2+R2+R,R, cos]24,(1)+ ¢, +20(z, - z,))
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The phase bias ¢, = k(z, —z,) and the birefringence is described by the retardation
®(z, —z,). Any change to the retardation due to the disturbance is considered to be

applied via ¢, and ¢, rather than as a change of the retardation, @.

Assuming that £, = E = E| / V2, combining the two wavelengths gives:

Loy = E2(R2 + R2 + R, R, {cos[2¢. (1) + ¢, ]+ cos[24, (t)+ ¢, +20(z, —z,)]}) . 3.2.36

The retardation is clearly important in determining the response to a phase
disturbance since it can bias the phase of the y-component response relative to the
x-component, either reinforcing or reducing the response. Since the beat length and the
resultant scatter site separation (z 5 —Z A) may vary with the location along the fibre, the
response is likely to have spatial dependence which will vary in time as environmental
influences alter the birefringence of the fibre. Using a very short pulse (<< Lp),
ensuring that (z 2 —Z, ) << L, would prevent birefringence affecting the signal, however,
since the peak power of the pulse remains constant, there is a cost in terms of reduced

backscattered power due to the decrease in the total pulse energy.

The possibility of the phase disturbance being off-centre can be allowed, following
a similar approach to that in section 3.2.4, by weighting the scatter constants to the

square root of the expected number of scatter sites within the two regions:

R, =R[1+2%; R =R[1-Z% 3237
A A

Variation of the disturbance location away from zy = 0 may also alter the effective
separation of the resultant scatter sites, changing the retardation between the two.
Depending on the relation to the beat length and the correlation between the two
components of the phase disturbance, this may either improve or degrade the

interference visibility over the resolution bin.

The effect of the birefringence is to reduce the small-signal sensitivity
(Equation 3.2.7) by the mixing efficiency, m, with 0 <m <1. When the two
components are in orthogonal polarisation states no interference occurs and m =0,
when the two beams are in identical states perfect interference occurs and m =1. By

assuming that the relative polarisation of the two light waves is random, Stowe et
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al. [66] that the probability, P, at any arbitrary time that m is greater than a minimum

small-signal sensitivity, Sy, is given by:
P(S,)=1-5;. 3.2.38

The effect of the random phase bias, ¢,, can be analysed similarly, allowing

Stowe ef al. to derive the probability of a minimum sensitivity Sy as before, where the
random phase bias alters the distribution by defining the maximum sensitivity,

obtaining the probability [66]:

2 . .
P(s,)= 1—;{arcs1n(S0)+S0 I—S(f} sin(g, ) > S, . 3239
0 sin(g, ) < S,

These equations are plotted in Figure 3.2.7.
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Figure 3.2.7

Probability that the small-signal sensitivity will be at least Sy. The polarisation only
line (Black) shows the probability the mixing efficiency is at least Sy. The lower red
line shows the probability that the product of the polarisation mixing efficiency and
the phase bias gives a minimum sensitivity So. The graph shows that the sensitivity

will be at least 50 % of the maximum for around 40 % of the time.

To summarise, this brief analysis of the effect of birefringence on the performance
of the C-OTDR sensor has suggested that the retardation introduces a random phase
bias to the independent signal from one of the two available polarisation states,
dependent on the beat length and the effective scatter site separation. The fraction of

the light in each orthogonal state is also random, depending on the alignment of the
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source relative to the birefringence axes. The randomisation of the birefringence at
splices, where the axes are unlikely to be aligned, increases the degrees of freedom
available to the statistical distribution that describes the response to a small phase

disturbance.

3.2.6. Effect of Wavelength Diversity
In the preceding analysis, the optical wave has been considered to be adequately

described by a single optical frequency. In other words, the coherence time has been
assumed to be much greater than the duration of the pulse and, additionally, that the
same single frequency describes subsequent pulses so that the same backscatter pattern
is obtained each time. In the case of a finite line width, or where the optical frequency
varies, this can no longer be assumed to be the case since the optical phase between
scatter sites will vary, altering the backscatter pattern. It is therefore important to
understand the behaviour with varying wavelength in order to specify the line-width

required and the effect that a finite line-width may have on the sensor performance.

Considering the division of the pulse into two components, as previously, it is
reasonable to envisage each as representing two resultant scatter sites located in the
centre of each half pulse, or in the time domain, separated by 7/ 2. Where the phase

bias between the two, ¢,, alters by more than , the response to an external strain will

be considerably modified. The limiting condition is therefore:
T
/2 =27ZAVE’ 3.2.40
which, following some simple re-arranging, gives:

1
Av =—. 3.2.41
T

Thus a frequency shift of greater than 1 / z will lead to a significant change in the
backscatter trace. This result, obtained from simple physical arguments, is identical to
that obtained by a statistical analysis of the correlation properties of the backscatter

trace by Mermelstein et al. [63].

In terms of the source coherence, the derived limit is equivalent to demanding a
coherence length which exceeds the physical extent of the pulse, and requiring it to
remain stable within the same bounds over the multiple pulses from which the phase

disturbance is decoded.
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3.3. Numerical modelling

3.3.1. Motivation
To validate the analytical model of coherent scattering presented in section 3.2 a

numerical model was developed in C++ to generate backscatter traces based on the

assumptions used in the analytical analysis.

3.3.2. Modelling of Coherent Backscatter Trace
The simulation was based on an earlier programme by Dr Stuart Russell, with the

author developing the original code to allow modelling of two orthogonal polarisation
states and simulation of the effect of external phase disturbances on the coherent scatter

pattern, generating the results presented here.

The fibre is divided into a large number of elements, with length ~0.1 m, and
therefore containing a large number of physical scattering sites. As a result it can be
assumed that each element scatters equal energy, and that the light scattered from each
element can be described by a single optical wave, of random phase. The forward-
propagating pulse and backscattered light is propagated along the fibre element-by-
element. The backscattered light from each element containing the forward-propagating
pulse is calculated and combined coherently with existing backscattered light in that
element, with phase given by the difference in the scatter phases of the current element
and its neighbour. This simplification avoids the need to calculate and store a resultant
phase for each element; since each phase is random this does not affect the validity of

the simulation.

Since equal energy is scattered from each element it is convenient to consider
intensities rather than electric fields in the simulation. Using the cosine rule to combine
two electric field vectors with magnitudes Ey and dE, separated by an angle 6, where Ej
is the existing backscatter and dE is the contribution from the current element, gives a

resultant from the current fibre element of:
E.=E; +(dE) —2E,dE cos(8). 3.3.1

Combining the scattered light with the existing backscatter within an element in terms

of intensities can therefore be reduced to the simple algorithm:

I — I +dl —2IdI cos(6), 3.3.2
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where @ is the angle between the field scattered from the element and the existing
resultant, / is the existing intensity and d/ is the intensity scattered from the current

element.

To model the effect of polarisation in the fibre, two independent traces are
calculated, representing two orthogonal states. Each uses the same vector of random
scatter phases, but one also uses a second vector of random retardations to modify the
scattering phase. The independent intensity traces are summed and written to file for
subsequent analysis. To model the application of an external phase disturbance to the
fibre, the code allows a number of traces to be generated, with the vector of scattering
phases modified for each one. A point strain is modelled by a step increase in the
phase, which applies to all points beyond the point of strain since these sites have all

been modified in their phase relation to the source.

3.3.3. Simulation Results
A simulated trace for the two-polarisation case is shown in Figure 3.3.1 for a 40 m

(200 ns) pulse, calculated with the fibre divided into elements of 1 m. The simulated
backscatter trace shows reasonable agreement with the character of the experimental
trace shown in Figure 3.3.2. The high frequency components in the simulated data are
not present in the experimental measurement since the sampling rate of 25 MHz limits

the frequency content of the reconstructed data to the Nyquist frequency, 12.5 MHz.

The backscatter statistics obtained from the simulated trace were compared with
the predictions in the literature [32]. To do this the loss coefficient in the simulation
code was set to zero and traces for a 15000-element fibre calculated, both with a single
polarisation state and with two independent orthogonal modes. Because the fibre was
lossless each data point could be normalised to the mean, calculated over the entire
trace, thus avoiding the need to weight the normalisation based on the loss. Figure 3.3.3
shows histograms of the backscatter value, normalised to the mean and converted to

frequency density, plotted along with the theoretical PDF calculated using 3.1.1.
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Figure 3.3.1

Simulated backscatter trace for case with
two independent polarisation states. The
pulse width is 40 m (200 ns) and the fibre

is divided into elements of 1 m in length.
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Figure 3.3.3
PDF of obtaining a given intensity in
numerical simulation of coherent
backscatter and theoretical predictions.
The numerical simulations were over
15000 fibre elements giving a total of
30000 samples.
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Figure 3.3.2

Experimental backscatter from a 40 m
(200 ns) pulse, sampled at 4.2 m intervals
(25 MHz). The source coherence length

was > 10 km in free space).
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PDF of experimental backscatter trace.
The theoretically predictions for M = 4
and M = 5 are superimposed, both being
a reasonable match to the data, showing
that more degrees of freedom were

available than the expected M = 2.
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The simulated data shows excellent agreement with the expected function,
confirming that the statistics of the data generated by the numerical model match the
expected characteristics. For comparison, data from 7 traces of a 120 m section of fibre,
illuminated with a 40 m (200 ns) pulse, derived from a source with line-width less than
30 kHz — equivalent to a coherence length of at least 6.7 km in fibre, were analysed.
The round-trip loss, assuming the fibre attenuation to be 0.2 dB / km, was 0.05 dB
(~ 2 %), giving negligible broadening of the distribution. The results are shown in
Figure 3.3.4, along with theoretical plots for M =4 and M = 5. The good agreement
with these plots suggests that more degrees of freedom are available to the light than the
theory discussed so far suggests. The most likely reasons for this are that noise in the
received signal and non-linearity-induced chirp reduced the coherence from that of a

perfectly switched, coherent source.

The spectral content of the simulated backscatter trace is shown in Figure 3.3.5,
calculated using a 2048-point Fast-Fourier Transform (FFT), using Hanning-windowing
and zero-padding. The pulse length was 6 fibre elements, giving a backscatter sample
rate of 12 samples per pulse width. The rapid fall-off shows that the majority of the
electrical power is within the bandwidth defined by A, showing that, as for

conventional OTDR, this is a reasonable choice of receiver bandwidth.

For comparison, the spectrum of the coherent backscatter pattern was measured
experimentally by launching 40 m (195 ns) pulses into a stable fibre of length 3.5 km.
The backscatter was sampled at 25 MHz, corresponding to a spatial sample rate of
0.24 m™'. The spectrum was calculated for 9 backscatter traces using a 512-point FFT,
and the power spectra were calculated and averaged for each spatial frequency point.
The results are plotted in Figure 3.3.6, where the power is in dB relative to arbitrary
units. The receiver bandwidth was 20 MHz, which corresponds to a spatial frequency
of 0.19 m™, indicating that the fall-off at lower spatial frequencies is due to the pulse
width, not the low-pass effect of the receiver. The fall-off of the experimental data is
slower than the simulated data; probably due to the noise spectrum of the receiver,

which is approximately white, increasing the power at higher frequencies.

The effect of a point phase disturbance was modelled by comparing an initial trace
with a second trace where the scatter phase was increased in a stepwise fashion as
shown in the upper graph in Figure 3.3.7, simulating point phase disturbances of 0.1 rad

at 100 m, 200 m, 300 m and 400 m. The lower graph in the figure shows the difference
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between the two traces. As expected the response differs randomly in direction and

magnitude and the spatial resolution is equal to the pulse width.
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Figure 3.3.5

Spectral content of simulated backscatter
trace with two orthogonal polarisation
modes, sampled at 12 samples per pulse
width. The results show that most of the

energy is within a N bandwidth.
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Figure 3.3.6

Experimental spectrum of coherent
backscatter pattern from a 40 m pulse,
showing similar behaviour to the
simulated data but with slower roll-off

with increasing frequency.
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Top: Modelling application of point phase disturbances by stepped phase modulation.

Bottom: difference between initial trace and second trace with point strains of 0.1 rad

located at 100 m, 200 m, 300 m and 400 m). In the simulation the fibre was divided

into 500 elements of 1 m and the pulse width was 40 m
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3.3.4. Conclusions
The assumptions made in the theoretical analysis, in the early parts of this chapter,

were used to construct a numerical model of coherent Rayleigh scattering in optical
fibres. The backscatter data generated by the numerical model had similar statistics to
those predicted, with experimental measurements suggesting that in practice the pulse

may be only partially coherent.

The frequency spectrum of the data from numerical modelling was found to have a
rapid roll-off, with most of the energy at spatial frequencies below A™, suggesting that a
receiver electrical bandwidth equivalent to A™' is sufficient to observe the detail of the
coherent backscatter trace. The fall-off of experimental data was slower, but
demonstrating the same form as the simulated data. Finally the effect of a point phase
disturbance was modelled, showing a random-amplitude response as expected, with

spatial resolution corresponding to the pulse width.

The good agreement between theoretical analysis, numerical modelling and
experimental data shows that a sensor capable of meeting the requirements set out in
Section 1.1.4 can be implemented by monitoring the intensity of the coherent
backscatter pattern. The good agreement between experimental observations and the
numerical model, which is based on the assumptions of the theoretical analysis earlier in
the chapter, validates the theoretical analysis, indicating that the behavioural predictions

from the theoretical analysis are likely to be accurate.
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Chapter 4 Theoretical Sensor Performance

In this chapter, the influence of undesirable noise sources on the C-OTDR sensor is
analysed and the resulting limits on performance are discussed. First the noise on the
decoded output is analysed, in terms of the optical receiver noise and sensor parameters,
such as the sampling rate and filter bandwidths. The receiver noise is then considered,
starting at first principles to derive the noise performance of a transimpedance amplifier.
Various OTDR architectures are then analysed, and the results applied to the C-OTDR
sensor. Finally, the fundamental noise limits due to thermal phase noise in the fibre are
considered, developing standard theory to derive the resulting noise on the sensor

output.
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4.1. C-OTDR Noise Theory

4.1.1. Introduction
While several descriptions of the operation of the C-OTDR sensor are available in

the literature [39-42] little has been published on the noise analysis of a sensor of this
type. In this section the conversion of receiver noise into noise on the decoded audio
signal is analysed, which requires careful consideration of the operations carried out on

the raw signal from the receiver and how these affect the noise characteristics.

It is assumed throughout the analysis that the fibre can be treated as a linear
medium. The impact of non-linear optical effects on the performance is considered in

detail in Chapter 6.

4.1.2. Signal Flow in the C-OTDR Sensor
Consider monitoring a single resolution point of the fibre. The instantaneous signal

from that resolution point is the intensity, measured as a voltage at the optical receiver
output, backscattered from that part of the fibre. To build up a full picture of the signal,
the process must be regularly repeated, allowing the scattered intensity to be sampled in
the time domain. Over many samples the time dependence of the signal can be found,
allowing it to be reconstructed to give an audio output, or analysed in the digital domain
to apply signature recognition algorithms or other complex signal processing. This

process is illustrated in Figure 4.1.1.

Pulses are launched into the fibre at rate f;, which is limited by the length of the
fibre, L, as the light needs time to complete a round-trip before the next pulse is
launched to avoid cross-talk between bins. Where 7 is the effective refractive index of
the fibre and c is the speed of light in free space, the maximum repetition rate, ignoring

the pulse duration, is:

c

=—. 4.1.1
fsMax 2I’ZL

In practice some additional dwell may be required to allow signal processing, clock
synchronisation and so on, to be carried out, reducing the achievable sample rate,

however this remains the fundamental limit.
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(@) (b) (c)
Figure 4.1.1

C-OTDR noise calculation with ideal analogue sample-and-hold amplifier, the low-pass

filter limits the audio bandwidth to B udio

(a) Shows the data flow from optical receiver sampled by the sample-and-hold amplifier
and filtered to give the audio output;

(b) Shows the effect of sampling in the frequency domain, in the centre graph the true
frequency response of the S&H amplifier is shown in red and the noise-equivalent

spectrum in black; and

(c) Shows the conversion of sequential backscatter samples from a single resolution bin
into the acoustic signal in the time domain. (Note, any phase delay from the low-pass

filter is neglected for clarity)
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As discussed in Chapter 2, in order to achieve pulse width-limited spatial
resolution, the bandwidth of the receiver, B, has to be sufficiently large to resolve the
pulse width. Since the length of fibre under interrogation is inevitably greater than the

pulse width, it is invariably the case that B >> f, /2 so the effects of aliasing must be
considered in the analysis of the noise performance of the acoustic sensor.

In analysing the noise performance it is therefore necessary to consider the effect of
this discrete-time sampling The well-known sampling theorem, formalised by Shannon
[67, 68], states that if a signal occupies a bandwidth W then, provided it is sampled at a
rate of 2V, the Nyquist rate, or greater, it can be reconstructed without loss of
information using a series of pulses of shape sinc(27r Wt) with their amplitude scaled to
the sample values. If the signal contains frequency components outside this bandwidth
then aliasing occurs, where the out-of-band components are reconstructed within the

bandwidth of interest.

4.1.3. C-OTDR with Ideal Analogue Sampling
To calculate the noise on the decoded signal it is assumed that the receiver noise

can be considered to be constant over the period under consideration with a uniform
spectral density of N (= <vj,.... > / B V?/Hz) in the detector electrical bandwidth B
and negligible noise outside this band. This is a reasonable description of the noise for
analysis purposes. If the noise sources are of constant spectral density and the
bandwidth is the 3 dB cut off of a 1¥-order filter, then the total noise power at higher
frequencies is roughly equivalent to the in-band reduction at power due to the filter roll-
off.

The backscatter is sampled at a single point along the fibre for each pulse launched
using the sample-and-hold (S&H) amplifier, which for this analysis is assumed to be
ideal: adding no noise to the signal, holding without droop, negligible aperture jitter and
fast enough response time to resolve any component within the detector bandwidth.

The signal captured by the S&H amplifier is a discrete series of values representing

the value of the signal at intervals of 1/ f, . If this series were reconstructed by low-pass
filtering to a bandwidth of f, /2 the result would be as shown in Figure 4.1.1. The

frequency components of the receiver noise above f, /2 alias into the sampled signal

. . . o B
with the total noise power remaining constant, the spectral density is therefore 2N —.

N
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In practice, the acoustic signals of interest may not extend up to f, /2, so it is
advantageous to set the low-pass filter cut off to some lower frequency, B, . The

spectral density of the noise is not changed by this modification, so the total noise is

B, . ) . . :
reduced to NB—2““_ Finally, in terms of the receiver noise voltage, the noise on the

s

filtered audio signal is:

2B

Audio 2

2
< VAudio >= < vReceiver > 4 1 2

As will be shown in section 4.2, except for very low light powers, the receiver
noise itself depends on the optical power. Furthermore, the nature of the signal from an
individual resolution bin along the fibre is non-deterministic. The backscatter power is
dependent on the random phase-spacing of the scattering sites and the degree of
interference at the detector, while the modulation due to an external disturbance is
dependent on the spatial extent of the disturbance and the visibility of the resultant
interference modulation. Depending on the particular situation, at the particular point of
interest, the decoded signal from a disturbance may vary between the extremes of a
small modulation on a DC offset through to 100% modulation. It is therefore
impossible to derive an exact equation for the audio SNR as this depends on the nature
of the signal, however for comparative purposes SNR 4,4, can be defined when the
interference signal is equal in optical power to the mean optical power expected from

range, z, in an incoherent OTDR, P(z):

SNR,. - P(z)rR,  f, P(2)rR,

4.13

2 - 2 )
< VY gudio > ZBAudio < V Reciever >
where r is the photodiode responsivity and R is the receiver transimpedance. By noting

that the right-hand factor is simply the receiver SNR for range, z, SNR,,, (z), the audio

SNR can be written as:

SNRAudio :LSNRRQC (Z)’ 4.14

2BAudio

confirming the expectation that for optimum performance the receiver should be
designed to be as low-noise as possible and the signal sampled at the highest pulse rate

possible before filtering the audio signal to allow only the bandwidth of interest to pass.
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4.1.4. C-OTDR with Ideal Digital Sampling
The analogue sample-and-hold amplifier and low-pass filter is a suitable method

for recovering the signal from a single point on the fibre. However, where it is wished
to interrogate multiple points simultaneously the use of digital acquisition is more
suitable; allowing parallel processing of many signals without cumbersome analogue
electronics. The data flow, for a single audio channel in such a system, is shown in
Figure 4.1.2. In terms of noise performance, the difference compared to the analogue
method in Section 4.1.3 is the introduction of quantisation noise at the point of

conversion.

A typical analogue-to-digital converter (ADC) may have a full-scale range of 5 V
and with 12-bit resolution, i.e. the analogue input will be converted to one of 2'* digital

values. In a g-bit ADC with full-scale input of V., the separation between bits, J, is

y
o == 4.1.5
2‘1
The analogue signal, which is a voltage restricted to the range 0 to V,,,, is assumed

to take any value between these limits, with equal probability. The error, x, between the

true analogue signal and the nearest digitised value must lie in the range — 49 to +10

so the noise, due to quantisation, is:

1s
l° o’
<vi>=— |x?dx=—. 4.1.6
‘ 5_!5 12

2

Using 4.1.5 we obtain the quantisation noise in terms of the ADC parameters,

2

V
<V: >:ﬁ, 4.1.7

where V., is the full-scale deflection of the analogue-to-digital converter (ADC) and ¢
is the effective number of bits (which is usually specified to include any input-referred
noise in the ADC). The quantisation noise occupies the full bandwidth of the
reconstructed data, f, /2, giving a spectral density N,, of:

V2

.= 6fm;X2q ) 4.1.8
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(a) (b) (c)
Figure 4.1.2

C-OTDR noise calculation with ideal ADC, the digital low-pass filter limits the
bandwidth to By, the DAC is shown for completeness — in reality the data may be
processed entirely in the digital domain.

(a) Shows the data flow from receiver to audio output

(b) shows the effect of sampling in the frequency domain — assuming appropriate filtering

where required to visualise the spectrum, and

(c) shows the conversion of sequential samples into the acoustic signal from a single
resolution bin — note the quantisation error introduced at the ADC. (Note, the phase

delay from the low-pass filter is neglected for clarity)
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Following the acquisition the receiver noise folds into the recovery bandwidth and,

with the addition of quantisation noise, the total noise spectral density is:

2B V2
7N+ﬁ. 4.1.9

Once again, low-pass filtering at B 4,4, reduces the total noise to:

2B, V2
< viudio >= %‘ho(< vlzieciever > +ﬁ] . 4 1 . 10

N

Writing in terms of the receiver SNR, as before, and using 4.1.7, the audio SNR is:

<vi . o>
SNR,, =—T* SNR, (- Vkecieer . 4111
2 2
v <v >+ <y, >

Reciever

For (< v; >><< (< Visiever >) this reduces to 4.1.4, but, for larger quantisation

noises, the audio SNR is degraded; highlighting the importance of choosing an ADC
with sufficient dynamic range and speed to allow realisation of an optically-limited

Sensor.
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4.2. Receiver Noise in Conventional OTDR

As shown in Section 4.1 in order to evaluate the overall noise performance of the
C-OTDR sensor, the receiver noise must be evaluated. In this section the theory of
conventional OTDR noise is developed. The analysis begins with the noise sources in
the photo-detector before considering the electronic receiver, in particular the case of
the transimpedance amplifier. The noise for various conventional OTDR architectures

is then found, and the results applied to the analysis of Section 4.1.

4.2.1. PIN Photodiode Performance
In a PIN photodiode the p and n regions of the p-n junction are separated by a layer

of intrinsic semiconductor which contains the depletion region, allowing its dimensions
to be controlled more closely than in a plain p-n junction [5]. An incident photon with
energy greater than the band-gap can raise an electron into the conduction band giving

rise to a photocurrent, /p, which is related to the incident optical power, P, by:

1,="%p. 42.1
hv

Where 7 is the quantum efficiency (i.e. the probability that an incident photon will

generate a photo-electron), e is the electronic charge, 4 is the Planck constant and v is

the optical frequency. The fraction % is the responsivity, r, of the photodiode, which

1%
is wavelength and temperature dependent — at 1550 nm, at room temperature, a typical

value is 0.85 A/ W [5].

Photodiodes are often operated under reverse bias, this increases the physical size
of the depletion region, reducing the junction capacitance, allowing higher bandwidth
and extending the power range over which a linear response can be achieved. These
benefits are at the expense of increasing the dark current (the current which flows with
no illumination); however, this is only a problem when dealing with very low light
levels. With modest reverse bias (~ 5 V) as typically used with InGaAs PIN
photodiodes, where the depletion region is already increased by the layer of intrinsic
semiconductor, typical dark currents are of the order of 1 nA, and for high-sensitivity
applications low-leakage models are available with typical dark currents of the order

0.1 nA [69].
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Figure 4.2.1

Simple Transimpedance receiver. The transimpedance feedback resistor, R,

converts the photocurrent from the diode into a voltage output.

4.2.2. Transimpedance Receiver Noise
Consider the simple optical receiver illustrated in Figure 4.2.1. Assuming that the

op-amp input impedance is large compared to Ry then, by noting the inverting input is a

virtual earth, by inspection:
Vouw =IpRp - 4.2.2

This type of receiver, where the current is converted to a voltage signal by the feedback
resistor, is known as a Transimpedance Amplifier (TIA) with the value of the feedback

resistor being termed the transimpedance.

The sources of noise that must be considered in analysing the TIA receiver are [5,
70]: thermal noise, in the feedback resistor and photodiode; shot noise (quantum noise),
on the photocurrent, the dark current and noise from the op-amp, a combination of

thermal noise, shot noise and 1/f noise.
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Thermal noise (Johnson noise) occurs in any resistive material due to random
thermally-excited carrier motion and is produced by any resistor, regardless of its design
or packaging, although these may influence sources of excess noise above the
fundamental thermal noise. A resistance R generates an open-circuit thermal noise

voltage
<vj.. >=4k,TBR, 423

where <...> represents time average, kz is the Boltzmann constant, 7 is the absolute
temperature and B is the bandwidth of the noise measurement. Dividing through by R?,

the current noise is:

i72"herm >= 4kBTB . 424
R

<

As shown in Figure 4.2.2 a real resistor can be modelled as either a voltage source, with
an ideal output impedance R, or an ideal resistance, R, with a parallel noise current

source [70].

In electrical systems, shot noise occurs due to the discrete nature of electron flow
through a potential barrier. The same effect occurs in light due to the quantisation of

light into photons, each carrying a discrete quantity of energy, /ov.

At an optical power level P the expected rate of photon arrival is P/hv s, the

actual number arriving in a short time interval is described by a Poisson distribution

centred on the expected value [5], leading to a current noise:
<ig, >=2erBP. 4.2.5

Note that the noise amplitude increases with the square root of the power, so increasing

the power by a factor F reduces the relative amplitude of the shot-noise by a factor of

VF.
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Ideal resistor ~ Norton Equivalent — Thévenin equivalent

Figure 4.2.2

Noise-equivalent models of a real resistor exhibiting thermal noise [70].

In addition to adding an offset to the output, the dark current adds to the total

receiver noise by adding additional shot-noise:
<ij. . >=2eBI,, . . 4.2.6

In most cases the dark current is small, in comparison to the signal current, and the

contribution to the detector output can be ignored.

1/f noise occurs in active devices due to fluctuations in the carrier diffusion [71].
The spectral density is proportional to 1/f, hence the name. 1/f noise is sometimes
called “pink noise” to differentiate it from “white” noise sources where the spectral
density does not exhibit frequency dependence. The frequency where the 1/f noise
exceeds the thermal noise is known as the corner frequency and varies according to
operation conditions and the type of device. The corner frequency in precision bi-polar
devices may be ~1 Hz while at the other extreme in very high-frequency MOSFET
devices it may be as high at ~100 MHz [70].

The input impedance of a transimpedance amplifier is R, /4 where 4 is the op-

amp open-loop gain. Since A is very large we can assume A4 >> R,. and calculate the

noise current from the diode as though the amplifier input is shorted to ground.
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Figure 4.2.3

Noise-equivalent model of photodiode used for the calculations of the noise

performance of the transimpedance amplifier..

The diode equivalent circuit for noise calculation is shown in Figure 4.2.3 where it
is assumed that the transimpedance amplifier has negligible input impedance, i.e.

R,/A<<R Only noise-currents passing through point A contribute to the signal,

Series *

the total noise current ip;.q. is therefore given by:

2
R
.2 2 .2 .2 Shunt
< Ipiode >=< LSpor >+ < lDatk >+ < lTherm—Shunt > [R R tee
Shunt + Series
) 42.7
R .
-2 Series
+< lTherm—Series > [R R
Shunt + Series
Substituting from 4.2.4 for the thermal noise currents we obtain:
R R, .
.2 2 .2 Shunt Series
<Ipivge >=<Igw >+ <ipu > +4kBTB{ ~+ |- 428
(RShum + RSeries ) (RShunt + RSeries )

For a typical InGaAs diode [69] Rseries = 5 Q and typical dark currents are ~ 1 nA at
~ 5 V reverse bias, indicating that Rgy,,, ~ 5 GQ. Noting that Rgeries << Rspun and
substituting from 4.2.5 and 4.2.6, the total current noise is given, to a good

approximation, by:

4k, TB
<ijo. >=2erBP+2eBI,,  +—2—. 4.2.9

Shunt

Having analysed the noise sources in the photodiode the transimpedance receiver

can be considered as shown in Figure 4.2.4.
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Figure 4.2.4

Noise-equivalent model of transimpedance amplifier. The output signal,
Vou = rRFP, the noise contributions are due to the diode, amplifier and thermal

noise in the feedback resistor.

The noise voltage at the output is:
2 _ .2 .2 .2 2 2
< Vour >= (< ! Diode >+< lAmp >+< lTherm—RF >)RF +< VAmp >, 4.2.10

using 4.2.3 and 4.2.9 this becomes:

<V}, >= [ZerBPJr 2eBl ,,; + —2—+ < i}, >+ Vi > 42111
Shunt F

4k, TB 4k, TB
+<i 5 JR§+ :

For most photodiodes R, << Ry, and the dark current noise is small compared to

the feedback resistor thermal noise. FET-input op-amps have negligible RMS input
current noise of the order of 10 pA and RMS input voltage noise of the order of 10 uV.
The current noise will only be significant where the photocurrent is of the order 10 pA,

while, from manipulation of 4.2.3, the input voltage noise will be small in comparison

with the thermal noise in the transimpedance resistor where BR << 6x10° Q-Hz,

whereas for typical OTDR applications the bandwidth may be ~10 MHz and the
transimpedance ~100 kQ BR ~ 2x10" Q-Hz.

The significant terms of the output noise are therefore the thermal noise in the

feedback resistor and shot noise:
<v}, >=2erBPR} +4k,TBR, . 4.2.12

The electrical signal to noise ratio (SNR) is therefore:
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SNR _ VOZM[ _ (I/P)2
v s 4k, TB °
<Vou > 20rBP+ ky 4.2.13

F

The contribution from the thermal noise can be minimised by choosing the largest value
of Ry possible while maintaining sufficient bandwidth (as determined by the diode

capacitance and op-amp gain-bandwidth product).

The optical power required to give unity SNR can be found from manipulation of

4.2.13:

1.4
1.2 4 Thermal Noise < Shot Noise
1.0
Thermal Noise
‘©
Ay 0.8 +
o
Z
9 0.6 1
0.4
Thermal Noise > Shot Noise
0.2
00 7 I I I I I I I
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Power / uW
Figure 4.2.5

Theoretical SNR of an ideal transimpedance amplifier as a function of input optical
power (note that the SNR is defined in terms of electrical, not optical, powers). The
electrical bandwidth is 20 MHz and a diode responsivity of 0.9 A / W is assumed.
Where possible, the feedback resistance is chosen so that the receiver is operating
above the thermal noise threshold indicated by the red line, plotted by noting that
when thermal and shot noise are equal, the denominator in 4.2.13 becomes 4erBP

which is independent of the transimpedance.

98




F

4k .TB
PSNR_1=%(eB+ o5 + HaTB ] 42.14

For typical values of B =20 MHz and Rr= 110 kQ:

4k, TB
eB << e 4.2.15
RF
s0, to a good approximation:
1 |4k, TB
Poro =— . 4.2.16
r\ R

For typical values of B =20 MHz, Ry =110 kQ, »=0.9 and 7= 300 K, the power at
which the SNR is reduced to unity, Psyg-1 =2 nW.

4.2.3. Noise in Basic OTDR
In the case of a conventional, incoherent OTDR, Figure 4.2.6, the power returned

to the receiver, from a range z [16], assuming any internal losses are negligible is:

P(z)=1P

Launch

AagS-e?*, 4.2.17

where Py aucn 18 the pulse power launched into the fibre, A is the spatial pulse width, ag
is the scattering loss (typically 4.5 x 10° m™ or 0.19 dB / km), « is the total attenuation
coefficient, typically between 4.6 x 10° m™ (0.20 dB / km) and 5.6 x 10”° m™'

(0.25 dB / km), and S is the capture fraction (typically 0.0063). Combining 4.2.17 with
4.2.16 gives the fibre length at which the SNR is reduced to unity:

Figure 4.2.6

Layout of an idealised conventional OTDR. Pulses are launched into the fibre and the

backscattered light is passed directly to the receiver.
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z —_—lln 2 4k, TB 4.2.18
M2 e, AaS | R, | -

Launch

Finally, the optimum bandwidth of the detector is the minimum required to resolve
features in the backscatter pattern as small as the pulse width. The bandwidth thus

required, in terms of the group velocity of light in the fibre, v, = ¢/n where n is the

effective refractive index and c the speed of light in a vacuum, is:
B=-%. 4.2.19

Substituting into 4.2.18 the unity-SNR range in terms of system parameters is:

s =Ll 2 N & 4220
M 20| 1P asS \| v, 4k, TB | -

The range for unity SNR is plotted as functions of pulse power and transimpedance in

Figure 4.2.7.
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Figure 4.2.7

Theoretical range at which SNR = 1 as a function of pulse power (left) and
transimpedance (right) for simple OTDR. In each case the pulse width is 20 m (100 ns)
and the bandwidth 20 MHz.

From this analysis it is found that the maximum operational range can be achieved
by maximising the launch power, choosing an efficient photodiode, using the maximum

possible transimpedance commensurate with achieving sufficient bandwidth and by
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limiting the bandwidth to that required to resolve the chosen spatial resolution as
determined by the pulse width. In practice, with current state-of-the-art components,
the transimpedance is limited to of the order 100 kQ by the need to maintain bandwidth,
and a small pulse width is frequently desirable to achieve fine spatial resolution. The
pulse power can be increased within the limits of the source and, to obtain higher power
levels, the pulse can be amplified by means of an optical-fibre amplifier. The analysis
above confirms the intuitive result that increasing the pulse power should improve the
range indefinitely, however, as will be discussed in Chapter 6, this is not necessarily the
case: above certain power levels (~100 mW - 1 W, depending on fibre length) non-
linear effects begin to degrade the performance, effectively setting a maximum
operational range that can be achieved by limiting the backscattered power, limiting the

achievable SNR.

4.2.4. Noise in Conventional OTDR with Pre-Detection Optical Amplifier
As shown in Figure 4.2.7, the electrical SNR from an OTDR, using a given TIA

optical receiver, is limited by the backscattered optical power. The SNR for an OTDR
can therefore be increased at long ranges by using an optical amplifier to boost the

signal power before the receiver [72], as illustrated schematically in Figure 4.2.8.

Figure 4.2.8

Simple OTDR with optical pre-amplifier

There are a number of types of optical amplifier, of particular interest here is the
Erbium-doped fibre amplifier (EDFA), illustrated in Figure 4.2.9. The absorption of
pump light raises electrons into the fast decaying state, E3, from which they decay,
rapidly, into the meta-stable state £,. A signal photon absorbed by an excited erbium
ion can cause an electron in £ to fall into the E; state, re-emitting the incident photon
and stimulating the emission of a second photon of identical energy and phase, thus

giving gain. Electrons can also move from FE, to £ spontaneously, emitting photons
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which are then amplified — creating amplified spontaneous emission (ASE) noise. It is

this that limits the noise performance of the EDFA.

Figure 4.2.9

Configuration of a simple, forward-pumped Erbium-doped fibre amplifier. The pump
light, usually at 980 nm raises electrons into the short-lived state E; from which they
rapidly fall to the metastable state, E,, by a radiationless transition, generating a
phonon. Decay from the metastable state can be either spontaneous, or stimulated
(illustrated) where an incident photon triggers the decay leading to the emission of a

second identical photon — thus giving optical gain.

The optical output of an EDFA can be described as [73]:

P,, =GP +(G-1)n,, mhvAv,, 4221

spon

where Ps i1s the input signal power, G is the gain, m, is the number of polarisation states
which are detected: i.e. 1 where the receiver is restricted to a single, linear, polarisation

and 2 where light of any polarisation is detected, Av,. is the optical bandwidth

(normally defined by an optical filter) and n,, 1s the population inversion factor:

N,

n :—7 Iy
NN 4222

where N, and N, are the numbers of electrons in energy levels E; and E; respectively.

The first term in 4.2.21 is the amplified signal and the second is the ASE. It is
therefore desirable to minimise 7y,,, to improve the noise performance. ng,,, = 0 could
be achieved with N, = 0, however this would leave the amplifier without gain, as the
meta-stable excited state, £, would be empty. It is more appropriate, therefore, to
attempt to maximise the denominator of 4.2.22 by allowing N, = 0 giving ng,, = 1, in
other words every Erbium ion is in an excited state. Theoretical analysis suggests that
this limit can be achieved by strong pumping at 980 nm, giving full population

inversion along the whole length of erbium-doped fibre [74]. This has been approached

102




practically with Yamada et al. [75] reporting ng,,, = 1.05 and Laming and Payne [76]
measuring ng,,, = 0.99 + 0.09 for small input powers. Typically, commercial EDFA
modules achieve values in the region ng,,, = 1.1 to 1.4 (Derived from noise-figure

values in Table 5.2 of [77]).

The calculation of the SNR at the output of an EDFA is covered in a number of
references [73, 77-79]. In addition to the usual thermal and shot noises in the optical
detector, there are contributions from the ASE in the EDFA. The magnitude of the ASE
contribution is determined by the EDFA gain, the bandwidth of the optical filter and the
electronic bandwidth. There are two components to the electrical noise due to ASE:
Signal-ASE beat, where the signal light mixes with the ASE to generate amplitude noise
within the electronic pass-band; and ASE-ASE beat where two components of ASE

light combine to produce amplitude noise within the electronic bandwidth.

It can be shown [73] that the electrical SNR at the receiver output is:

SNR = b
47 PP, AB;/. +r° Pl (2 - Aljf] AB;f + 2er((l; {P, + P, }]B + ‘g‘fg f
ASE -SIGNAL ASE - ASE SHOT THERMAL
4.2.23
where Ps is the signal power and P sg is the input-equivalent ASE power,
P =ng,,mhoAv,, 4.2.24

the electrical bandwidth is B and, as earlier, the dark current is neglected since its noise
contribution is typically small in comparison to the thermal noise in the feedback
resistor, Rr. The amplifier gain, G, includes any loss after the amplifier, i.e. an

attenuator to prevent saturation of the TIA.

The effect of the EDFA pre-amplifier on the receiver performance is shown in
Figure 4.2.10. At low powers, below ~ 0.3 uW, the SNR is improved since the optical
power at the detector is sufficient to negate the thermal noise contribution. As the
power increases the SNR from the TIA without EDFA exceeds the optically amplified
case, since the SNR is limited by the Signal-ASE beat term, which increases linearly

with optical power.

So far, the electrical SNR at the receiver output has been considered in isolation, its

relation to hardware “downstream” is now considered. The TIA output is likely to be
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captured using an analogue-to-digital converter (ADC). As discussed earlier, the

conversion process introduces quantisation noise:

2

<yl >= % , 4225

where V. 1s the full-scale input of the analogue-to-digital converter (ADC) and g is the
effective number of bits. A typical ADC may have a full-scale range of 5 V and 12-bit

resolution, giving an RMS quantisation noise of 0.12 pV. To minimise the effect of this
quantisation noise, it is desirable for the acquired signal to use the full dynamic range of

the ADC.

The graph on the right of Figure 4.2.10 compares the sampled SNR between cases
where the signal light passes directly to the TIA before being amplified electrically by a

5.0
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—— TIA with EDFA Pre-amplifier |
4.0 4 e
4
< ///
gSO 1 /// %
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//
1.0 1 ool 109 |-— TIA + Electrical Amplifier
/// —— TIA with EDFA Pre-amplifier
0.0 ”’,v T T T T 0 T T T T T
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Power / uW Power / pW

Figure 4.2.10

(left)Electrical SNR at TIA output with and without EDFA pre-amplifier, (right)
Comparison of the SNR after sampling with a 12-bit ADC with FSD = 5 V using a
perfect (noiseless) electrical amplifier or an EDFA to give an input of 4.5 V at
0.2 uW (the maximum power expected from a 10 m resolution OTDR with 100 mW
launch power). The benefit of using the EDFA to use the full dynamic range of the
ADC is clear at low power levels. In each case the assumed electrical bandwidth is
20 MHz, the optical filter bandwidth is 12.5 GHz (0.1 nm), the transimpedance is
100 kQ, the diode responsivity is 0.9 A/W, ngpon = 1, m; = 2 and the EDFA power
gain is 250 (24 dB) and the electrical voltage gain is 250 (48 dB), chosen to use the
full scale of the ADC in the power range considered.
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perfect amplifier and where the light is amplified by an EDFA before reaching the TIA,
the output of which is sampled directly. In an ideal world the feedback transimpedance
would be increased, avoiding the need for amplification, electrical or optical, however
this is not normally possible while maintaining the electrical bandwidth required in

high-resolution OTDR applications.

To minimise the effect of this quantisation noise, it is desirable for the acquired
signal to use the full dynamic range of the ADC. The graph on the right of Figure
4.2.10 compares the sampled SNR between cases where the signal light passes directly
to the TIA before being amplified electrically by a perfect amplifier and where the light
is amplified by an EDFA before reaching the TIA, the output of which is sampled
directly. In an ideal world the feedback transimpedance would be increased, avoiding
the need for amplification, electrical or optical, however this is not normally possible
while maintaining the electrical bandwidth required in high-resolution OTDR

applications.

Finally, as in section 4.2.2, the unity-SNR range is calculated for a simple OTDR
where the TIA input is amplified by an EDFA. At low signal powers the noise will be
dominated by the ASE-ASE beat and the thermal noise in the feedback transimpedance,

allowing us to neglect the other terms in 4.2.23. Thus, at low powers:

2.2
SNR ~ fsr ,
4k,TB 2.
PP | o B B + ¥ 4.2.26
Av, JAv, G°R;

from which, by putting SNR = 1, and noting that (for all but the most extreme cases)

<< 1, it can be obtained that:

Av,
2P, ,B  4k,TB
Popy = A+ 2 32 . 4227
Av, r"G°R,
Using 4.2.17 as before, the fibre length at which the SNR is reduced to unity is:
-1 2 2P B 4k,TB |
Zom =—In A= B 4.2.28
M2 | P A0S ( Av, rszRF]
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As in section 4.2.2, by writing the required bandwidth in terms of the pulse width, A,

and

group velocity, vg, we finally obtain:

2 2
Zos = aInf '\/V—é' 2iss 24 k’iT , 42.29
PLaunchaSS A Avf r G RF
providing an arbitrary measure of the possible range of operation.
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Figure 4.2.11

Theoretical range at which SNR = 1 as a function of pulse power (left) and

transimpedance (rvight) where the TIA is preceded by an EDFA giving overall gain G.

In each case the pulse width is 20 m (100 ns) and the bandwidth 20 MHz
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4.2.5. OTDR with Optical Amplification of Launch Pulse
To increase the backscattered power the pulse may be amplified by an EDFA as

shown in Figure 4.2.12. For optimum noise performance, the EDFA should be designed
to be pumped hard, to obtain near total population inversion. At low duty cycles, as
would be expected here, the amplifier is likely to operate in the small-signal regime,
giving the same noise characteristics as those discussed for the pre-amplifier in section
4.2.4 above Generally the source power at the launch EDFA input is likely to be
significantly greater than the returned backscatter power, which means that the receiver

pre-amplifier will dominate the noise performance of the overall system.

Figure 4.2.12

Simplified OTDR layout with EDFA to increase the launch power in addition to an

EDFA pre-amplifier to increase the optical power at the receiver.
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4.3. Example OTDR Calculation

To clarify the points made in the previous analysis, the results are applied to an
example system, as shown in Figure 4.3.1. The figure shows an OTDR with
amplification of the launch pulse and of the backscatter before detection. The
backscattered power is calculated assuming a pulse width of 20 m and typical
attenuations and gains are indicated where these are significant. Except for these losses
the passive components are all considered to be ideal: i.e. the AOMs have infinite
extinction ratio and infinitely small rise/fall time and the circulators give infinite
isolation. The pre-detection EDFA is considered to contain the required attenuation to
reduce the net gain to 10 dB, but is otherwise considered to be identical to the launch

amplifier.

Figure 4.3.1

Example of OTDR analysis with realistic values for analysis. The negligible losses in
the circulators (typically ~0.1 dB) and splice losses (typically ~0.1 dB) are ignored in

the power analysis. The pulse width for the backscatter analysis is 20 m.

The backscattered power from the front of the fibre can be calculated from 4.2.17
to be 2.8 uW. This is approximately 3 orders of magnitude smaller than the power of
the pulse at the input of the launch amplifier. Thus the pre-detection amplifier will
cause significantly more degradation of the SNR than the ASE from the launch EDFA,
justifying the assertion in the previous section that the contribution from the launch
EDFA could be neglected.
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The SNR at the receiver can be calculated using 4.2.23. The ASE-Signal beat is
the largest contribution, with ASE-ASE beat and shot noise being 2 orders of magnitude
smaller, even at 40 km. Having found the receiver SNR, it is simple to apply 4.1.4 to
find the audio SNR. Assuming the fibre length is 40 km, and ignoring the small delay
required to prevent overlap of the pulse with the backscatter from the far end of the
fibre, the maximum sample rate is 2.5 kHz, which is assumed to be the rate used. If the
signal of interest has components up to 500 Hz and B 4,4, 1s set to that value, then the

improvement through over-sampling is a factor of 2.5 or 4 dB. The resulting SNR is

plotted in Figure 4.3.2.
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Figure 4.3.2

Left: Audio SNR as a function of range. The audio SNR is increased by 4 dB relative
to the receiver SNR by over-sampling and filtering to B ,qi,- Right: Relative

contributions of the different sources of receiver noise (note log scale).

The average SNR reduction over the 20 km length is 0.41 dB / km, which is less
than the signal degradation of 0.8 dB / km. To understand the degradation of the SNR it
is necessary to consider the effect of the dominant noise sources: ASE-ASE beat and

Signal-ASE beat in the pre-detection EDFA. Recalling 4.2.23, the electrical SNR at the

receiver output is given by:

PZ 2
SNR(P, )= sT
B B B 1 4k, TB
4r*P.P,, ——+r*Pr | 2—— |—+2er| —{P. + P B+—2
a2 | 2 ae{ L p o T
ASE -SIGNAL ASE — ASE SHOT THERMAL
4.3.1
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As shown in Figure 4.3.2 the ASE-related noise sources dominate, so the receiver SNR

may be written, to a good approximation as:

PZ
SNR(P,) = S
PSPASEX+PASEY
Y- 43; y_|, B | B
Avf Avf Avf

Now making the mapping Py — 5 P, the SNR becomes:

P2
SRR )= X a7
S+ ASE + PASEY

432

433

i.e. the SNR is reduced by a factor less than 4 due to the reduction of the ASE-Signal

beat term scaling with the signal power, or in mathematical terms, where the ASE

1

P,
power is the dominant noise source SNR(%) > FSNR(PS ), hence the differing rates

of SNR decay observed. The signal magnitude, of course, will still decay at the

expected rate due to fibre attenuation.
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4.4. Thermal Phase Noise

In the previous parts of this chapter the limitations of the sensor performance due
to system-borne noise limiting the signal level which may be observed. In this section
the possibility that the performance is in fact limited by the thermal phase noise in the
sensor fibre is considered. The results of analysis in the literature are applied to the
specific case of the C-OTDR acoustic sensor, discussing the manners in which the
thermal phase noise can degrade the performance, and calculating the magnitude and

SNR required for these effects to be observable.

4.41. Origin and Spectrum of Thermal Phase Noise
At temperatures above absolute zero, the temperature and density of a material

undergo statistical fluctuations, leading to fluctuations in the refractive index. In an
optical fibre, these fluctuations will change the phase of light propagating along the
fibre, giving a fundamental source of noise which can limit sensor performance in
certain situations [80]. The noise contribution in sensors and communications has been
extensively studied for many sensor architectures using various approximations for the
fibre design and different mathematical modelling techniques [61, 80-82]. In general, at
frequencies below ~ 1 GHz the thermal phase noise is an order of magnitude larger than

the phase noise from density fluctuations, allowing the latter to be neglected.

In order to obtain an approximation of the thermal phase noise contribution to noise
in the C-OTDR acoustic sensing system, it is most simple to apply the results of
Glenn [80], derived from basic thermodynamics by analogy with thermal noise in
electronic systems. In his analysis Glenn assumes that the fibre core is surrounded by a
cladding of infinite extent. While later authors [81, 82] take finite fibre dimensions into
account, this nicety is of little value for real-world situations where the fibre will be
contained within a cable containing many fibres and various packing components, and
located in diverse environments from overhead cabling to being buried many metres

underground.
Glenn [80] derives the spectral density of the phase noise due to thermal

fluctuations, < ®* >, in terms of frequency, f; to be:

<®’ >~ 523x107"°F,(£) rad’/m/Hz

F, =g§‘§; £=(60.9x107°)f

4.4.1
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Substituting, this reduces to:

<D’ >x (3.90><10‘9)f_% rad’ /m/Hz. 442

This clearly becomes infinite as the frequency approaches zero, which cannot occur in

reality, this is due to the approximations used in the derivation. Using an alternative
method Glenn calculates the value at =0 to be (1 58x 10*14) rad’/ m/ Hz [80]. The

overall spectral density is therefore approximated as shown in Figure 4.4.1. Below the
“corner frequency” where 4.4.2 becomes equal to the low-frequency value,
Jfeormer = 3.9 kHz, the spectral density is considered to be constant at the /= 0 value, and

at higher frequencies the frequency-dependent value calculated from 4.4.2 is used.
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Figure 4.4.1

Thermal phase noise spectral density as a function of frequency in the approximation
used in the analysis. The linear plot on the left shows the rapid fall off with increasing
frequency, while the Log-Log plot on the right shows the relation between the thermal

phase noise spectrum and typical values of the sample rate and detector bandwidth.

4.4.2. Effect of Thermal Phase Noise on C-OTDR
There are three mechanisms by which thermal phase noise can add noise to the

C-OTDR signal; these are illustrated in Figure 4.4.2. The first is where different parts
of the pulse, experiencing different phase delays as the pulse propagates to the region of
interest, generate an apparent phase signal in the region being interrogated. The second
is thermal noise generating a phase signal through fluctuations in the fibre within the
spatial resolution bin being monitored. The third mechanism is where the change in

optical path length, due to the thermal fluctuations of the refractive index, alters the
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sampling point from pulse to pulse, generating amplitude noise on the audio signal as

the sample point moves along the coherent backscatter interference pattern.

Consider the component of noise arising from the propagation of the pulse along
the fibre. It is only necessary to consider the outward propagation since in the return

path; any components that will interfere with each other will cover the same fibre

Figure 4.4.2

Effect of thermal phase noise on pulse during propagation. As the pulse propagates along
the fibre rapid thermal fluctuations will cause a phase shift which varies across the pulse
width, thermal phase fluctuations within the resolution bin (coloured red) generate phase
noise which adds to any real signal and fluctuations in the optical path length may change

the physical sampling location, giving amplitude noise on the acoustic signal.

Figure 4.4.3

Propagation of pulse and backscatter along optical fibre. The diagram shows that all
light interfering simultaneously at the detector can only accumulate phase noise on the

outward journey.
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simultaneously, shown graphically in Figure 4.4.3. Furthermore, to add noise to the
phase measurement at the resolution bin of interest, during the outward journey the
refractive index at a point must change significantly between the moments when leading
and trailing edges of the pulse pass that point. This effectively excludes frequencies
below the reciprocal of the pulse-width, 1/A , which for an optimised design will
correspond to the detector bandwidth, B. Therefore, since this noise falls outside the
detector bandwidth, no contribution occurs due to accumulated thermal noise as the
range increases. This is not the case in CW interferometric systems, which may have a

gauge length of several tens of kilometres, where the thermal phase noise builds with

total length and limits the overall performance [61, 80, 81, 83].

Now consider the thermal noise of the resolution bin at the point of sampling. The
phase noise spectrum “seen” by the receiver is shown on the left in Figure 4.4.4. If the

sampling frequency is f; any frequency components above 2 f; will alias as shown in the

figure.
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Figure 4.4.4

Aliasing of thermal phase noise where the sampling frequency is twice the noise
corner frequency, 3.9 kHz, corresponding to a maximum fibre length of approximately
13 km. Faster sampling will give a more rapid fall-off with increasing frequency,
while for slower sampling the low-frequency spectral density will be increased due to

folding of the energy from A into the base-band.

For simplicity, the analysis is for the specific case where the sample rate is

7.8 kHz, i.e. twice the corner frequency of the thermal phase noise, corresponding to a

114




fibre length of approximately 13 km. The contribution from the section labelled A is a

constant (1 S58x 10_14) rad’ / m/ Hz. The contribution to the noise spectrum from B is:

(3.90x10°)(f +4 £.)° rad*/m/Hz, 443
and from C:
(3.90x10°)(f + £.)" rad®/m/Hz. 444

In general, the n™ alias contributes:
(3.90x10°)(f+2£)* rad®/m/Hz. 445

The total noise spectrum, after sampling, is therefore given by:

<@, >=(1.58x10™)+(3.90x10" )ZBZ/{:

Samp

{(f +31, )_% } rad’/m/Hz, 4.4.6

n=1
where the upper limit 2B/ f, is rounded to the nearest integer, with little loss of
generality since B >> f.. The first four terms in this equation are plotted in Figure
4.4.4, showing the rapid reduction in significance of the later terms of the summation.
The analysis above considers the particular case where the sampling rate is at twice
the corner frequency which was chosen for mathematical simplicity. Lower sampling
rates give a shallower fall-off with increasing frequency as the constant contribution
below the corner frequency aliases into the signal band, while higher sampling rates
give a faster fall-off, particularly above the corner frequency, as the noise spectrum is

significantly reduced at the high-end of the base band, meaning any aliased noise is at a

lower level. These effects are illustrated in Figure 4.4.5, for sampling at the fcymer and

at 4fCorner-
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Figure 4.4.5
Aliasing of thermal phase noise at different sample frequencies, showing the most

significant terms in the summation. The shape of the spectrum varies with sample rate

due to the folding of the thermal phase noise spectrum into the base-band.

As discussed in Section 4.1, after sampling the signal is low-pass filtered with the
cut-off at B 4,qi.- Since, for most applications, Budio << fcomer the frequency dependence
of the spectral density can be ignored and the total noise calculated using the zero-
frequency value as the approximate spectral density over the whole audio band. Using

the truncated summations as in Figure 4.4.4 and Figure 4.4.5 the total phase noise for a

40 m pulse and 200 Hz audio bandwidth are shown in Figure 4.4.6.

116




f,/ kHz

0 2 4 6 8 10 12 14
50 L L L L L L L

40

30 4

20 4

10 A

Total Thermal Phase Noise / urad

0 1 2 3 4
fs ! fcomer

Figure 4.4.6

Graph showing the effect of sample rate, fs, on the total thermal phase noise with a
40 m pulse after the sampled data is low-pass filtered with a 200 Hz cut-off

frequency.

The minimum detectable phase change for an interferometer, d¢, can be related to

the noise performance of the interrogation optics [61]. The response is a cosine in
applied phase: for maximum performance the interferometer will be biased in
quadrature, so that for small signals (<< 1 rad) the response is linear. The noise
associated with the thermal phase noise can therefore be written, in terms of optical

powers:

dP = Pdg, 4.4.7

where dP is the resulting fluctuation in optical power due to thermal phase noise d¢

and P is the average optical power. The corresponding signal to noise ratio at the

receiver output, in terms of the electrical power, is:

pP_1 448
dP d¢ o
For a worst-case thermal phase noise of 50 prad, the corresponding electrical SNR,

assuming that thermal phase noise is the only noise source, is — 2010g(50 X 10_6)

=86 dB. In other words, the thermal phase noise from within the resolution bin only
becomes an important contribution where the audio SNR is already in excess of

approximately 86 dB.
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The final mechanism, by which thermal phase noise may create noise on the audio
signal, is if the change in optical path length (OPL) due to the refractive index
fluctuations cause the sample point, which is at a fixed time relative to the launch, to
move back and forth along the fibre, generating an amplitude signal as different parts of
the coherent backscatter pattern are interrogated. The magnitude of this effect can be
estimated by considering the thermal phase noise accumulated over a long length of

fibre, integrated over all frequencies:

0

<P = <0 s df =(158x107)7,,,, +(390x107) [ dr. 449
0 Teomer

Carrying out the simple integration gives < ¢>  >=1.87x107"° rad®/ m.

For a fibre of length 40 km this equates to a RMS phase noise, @y,,;, of 2.73 mrad.

Since a phase disturbance of 27 represents a change in the OPL of one optical

wavelength, the corresponding range uncertainty due to the thermal noise is given by:

JAV- S :nl%—m, 4.4.10
27

where 7 is the refractive index of the core. For light at 1550 nm and a core refractive
index of n = 1.44 the range uncertainty is 1 nm. Since the maximum spatial frequency
of the coherent backscatter signal is of the order 1 / pulse-width, a range error of the
order 1 nm would create a negligible amplitude modulation. Alternatively the error may
be considered to be a timing error in the sample aperture, given by the time-of-flight for

1 nm, 5 x 10™'* s; that is many orders of magnitude better than is achieved in practice.

4.4.3. Conclusions
The thermal phase noise generated in the fibre, through which the pulse travels

between the point of launch and the resolution bin of interest, does not affect the
measured phase signal. The cumulative variation in OPL to the resolution bin is of the
order 1 nm, which is insufficient to generate significant amplitude noise, being smaller
than the jitter likely in the timing electronics. Finally, the fundamental thermal phase
noise within the resolution bin itself is ~ 50 um for a 40 m pulse, which will only limit
the SNR where the audio SNR would otherwise be greater than 86 dB. Audio SNRs

> 86 dB are likely to be rare in practice, particularly if an EDFA pre-amplifier is used to

obtain long range performance, but limiting front-end performance due to Signal-ASE
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beat noise. Furthermore, even if this level of performance could be met, in most
conditions environmental noise (acoustic and thermal) is likely to limit practical

performance rather than the inherent thermal-phase noise of the fibre.

In conclusion, it is the receiver performance, rather than thermal phase noise in the
interrogation fibre, that will limit the sensor performance. This is another advantage of
this particular OTDR system over conventional interferometric architectures, where the
phase noise is integrated over the whole gauge length and is the dominant noise source
in many situations [61]; whereas, in this sensor, the limit is set by the receiver, which
must therefore be designed with optimal performance in mind to achieve the full

potential of the sensor.
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Chapter 5 Initial Field Evaluation

In this chapter the design and construction of a portable sensor for field evaluation
purposes is described. A series of field tests designed to test the sensor’s response to a
variety of stimuli are then reported. Modifications to the optical design to overcome
problems identified during these tests are then described. Finally, a series of field tests
carried out on deployed telecoms fibre are described, showing the power of the sensor

for telecoms cable-protection applications.
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5.1. Portable Sensor for Field Trials — FTAS Rev 1

5.1.1. Background
Following the initial investigations using the bench-top experimental system,

reported in Chapter 2, a portable sensor system was built (the FTAS Rev 1
demonstration system), to allow field testing of the C-OTDR sensor to investigate its
performance in “real world” environments, desirable since the wide range of
disturbances and variety of environments encountered by buried fibre are difficult to

replicate in the laboratory where the fibre is, be necessity, confined in a small area.

The optics were designed and constructed by the author, as were the majority of the
structural components. The sequencer and DDS electronics, along with the sample-and-
hold (S&H) boards, were designed by Barry Fleury and other parts were designed
and/or built by Dr Stuart Russell and Robert Clarke. The contributions to the major

system elements are summarised in the table in Figure 1.5.1.

Item: Carried out by:
Optics design and construction JPWH
Control electronics BF
Power supplies, design and manufacture JPWH /RJC
RF distribution and switching design and build RJC / JPWH
Software development BF (From prior code by ABL and SR)
S&H Board design and manufacture BF
ABL = Andrew Lewis; BF = Barry Fleury; JPWH = Justin Hayward (Author);
RJC = Robert Clarke; SR = Dr Stuart Russell

Figure 5.1.1

Summary of main contributions to the construction of the FTAS Rev 1 demonstration

system.

The unit as initially built, Rev 1.0, was used for extensive testing, after which a
number of modifications were made (giving Rev 1.1), before carrying out further
testing, including field trials in the USA. The unit was also used for detailed
experiments in the laboratory to investigate improvement of the sensor performance

with the aim of meeting the requirements set out in Section 1.1.4.
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5.1.2. Initial Optical Architecture — Rev 1.0
The optical architecture of the Rev 1.0 demonstration system, which is very similar

to that used in the initial experiments described in 1.7, but described here for
completeness, is shown in Figure 5.1.2. CW light was generated by a Southampton
Photonics HNO1 fibre DFB laser, operating at (1550.116 = 0.050) nm with a specified
maximum line-width of 30 kHz, (equivalent to a coherence length of approximately

6 km). The fibre DFB was pumped, using a 975 nm pump diode, giving approximately
90 mW. The source output was measured to be 2.8 mW, indicating pump loss of
approximately 3 dB. The source output is pulsed by an AOM (Gooch & Housego
MO080-2J-F2S) with a specified 10-90 % transition time of 30 ns (0-100 %, 40 ns) and
loss of ~3 dB.

The pulse was amplified by a co-pumped EDFA, which was measured to give a
small-signal gain of approximately 30 dB and saturated power around 25 mW. With
pulsed illumination at ~ 1.4 mW the small-signal gain was achieved for duty cycles
below ~0.5 %. A second, identical, AOM allowed the pulse to leave the EDFA while
blocking the out-of-pulse ASE. The light was directed to the FUT connector via an

optical circulator.

Using the characteristics listed above the pulse power can be estimated to be
~0.7 W, equating to a pulse energy of 0.14 pJ. This was considered satisfactory
although, as discussed in the noise analysis of Chapter 4, it was believed that increasing
the power would improve the SNR. The possibility of non-linear effects degrading the
performance was disregarded since the stimulated scattering processing, Raman and

Brillouin, are insignificant for pulse energies below ~3 uJ [35].

The backscattered light was directed by the circulator to an ST connector which
could either be connected directly to the receiver or to a second pre-detection EDFA.
The pre-detection EDFA was counter-pumped with a measured small-signal gain of
27 dB and the output was filtered using a HiWave FBG (HWT-FBG-1550-95) with
0.34 nm bandwidth. Receiver saturation was avoided by introducing loss between the

EDFA and the receiver.

The receiver was a Theoptics TA10, using a 100 pm InGaAs PIN with a 110 kQ
transimpedance amplifier giving a bandwidth of 30 MHz. The receiver output was

sampled using the S&H amplifier, designed by Barry Fleury at Radiodetection. The
S&H amplifier used an Analog Devices AD783 S&H chip, with a small-signal
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bandwidth of 15 MHz, limiting the spatial resolution to > 6.7 m. The S&H device was
protected from damage from connector reflections by AC coupling the input and
clamping the signal to the power rails with diodes. The S&H device was followed by
an active low-pass filter allowing 3 dB bandwidths of 0.5 kHz, 2.0 kHz or 2.7 kHz to be
selected using an external switch. An op-amp stage buffered the output and gave 15 dB
gain. The output noise was approximately 0.5 uV / \ Hz, small in comparison with the

receiver noise.

Figure 5.1.2

Optical architecture of the Rev 1.0 demonstration unit. ST connectors on the rear panel
allowed the backscattered light to be amplified using the second EDFA or to be routed
directly to the receiver. Where the EDFA was used the connector was partially
withdrawn to cause loss to allow saturation to be avoided until a variable attenuator

was acquired and installed.

5.1.3. Electronic Design
The functions of the control system were to generate RF pulses to drive the AOMs

to switch the light from the source and to control the timing of these pulses and to
trigger the S&H amplifier.
The author specified the required functionality, summarised by the timing diagram

in Figure 5.1.3, and Barry Fleury designed a PCB, containing the components required
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to carry out the timing and RF generation functions. The implementation of the
electronic control system is shown schematically in Figure 5.1.3. The timing functions
were carried out by an FPGA, configurable via the interface with the external PC, which

generated pulses to switch the RF drive to the AOMs and to trigger the S&H amplifier.

Figure 5.1.3

Control electronics of Rev 1 demonstration system. The FPGA was configured using the
external PC to control the timing. The RF, for the AOM drives, was generated using a

DDS and manipulated by standard discrete components from Mini-Circuits.

The control pulses generated by the FPGA could be controlled with a resolution of
100 ns and had a minimum width of 100 ns. The jitter on the delay between the AOM 1
pulse, controlling the pulse launch, and the S&H trigger was too small to be measured
indicating that it was below 0.1 ns (the accuracy of the Phillips PM6680 timer-counter

used for the measurements), and is considered to be several orders of magnitude better.

5.1.4. Packaging
The demonstration unit is shown in Figure 5.1.4. The majority of the optics is

contained in the three optics modules comprising the source and two EDFAs, in the
white boxes in the front-right of the case. The RF power amplifiers for the AOM drives

are mounted on the rear panel allowing local heat-sinking, important since each of the
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linear amplifiers generates approximately 10 W of heat which could lead to substantial
temperature rise in the box if uncontrolled. The AOMs, detector and S&H boards are
mounted on the base on the left-hand side, the rest of the space being filled with power

supplies and filtering and the sequencer and DDS board.

Figure 5.1.4

Photograph of the Rev 1.0 demonstration unit, with lid removed. The three optics
modules are visible in the front right corner. The RF amplifiers and heat sink are on
the right at the rear with the control electronics and power supply filtering on the lefi-

hand side. The fibre leaving the box on the right-hand side is the connection to the

FUT which is spliced to avoid connector reflections. The variable attenuator to control
the power out of the pre-detection EDFA is visible near the front of the box, between
the filter inductors and capacitors on the left and the RF filters on the right.

Considerable care was taken to reduce the system noise as far as possible by taking
care in the design of power supplies and avoiding “earth loops”. It was found to be
particularly important to provide adequate power-supply filtering to the analogue
circuits. For critical components, such as the detector and S&H amplifier, totally
isolated power supplies were used with “m-section” filters at the supplies and substantial
decoupling at the device. Without these measures, the switching noise of the various
AC-DC and DC-DC converters used in the power supplies heterodyned together,
generating unacceptable levels of audio-frequency noise on the output signal, exceeding

that due to the receiver noise.
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5.2. Testing in Radiodetection Building

5.2.1. Background
Following the completion of the Rev 1.0 demonstration unit, trials were carried out

at Radiodetection’s Bristol premises to allow preliminary qualitative evaluation of the
system’s performance in an environment more akin to those encountered in deployed
fibre. The system was used without the pre-detection EDFA as this gave no noise
benefit (as discussed in Section 5.4, the EDFA, at this time, was not correctly

optimised).

5.2.2. Fibre Layout
Standard 125/9 um telecoms SMF, with 900 um coating contained in 3 mm

diameter protective jacketing, was routed around the building, passing through a
number of separate rooms, as shown Figure 5.2.1. The Rev 1.0 demonstration system
was set up in the Control Room, with the audio output passed to headphones and a loud-
speaker to allow convenient demonstration to a group. The FUT passed through a
number of rooms for different demonstrations, eventually being routed back to the
control room to allow the un-used end to be shown in the demonstration, emphasising

the need to only access a single end of the fibre.

Figure 5.2.1

Schematic fibre layout for evaluation of the Rev 1.0 sensor performance in

Radiodetection’s Bristol premises.
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In Room 1 a 1 km drum of 250 um acrylate-coated fibre ensured that all farther
sections of the fibre were out of the “dead” region caused by the reflection of the pulse
from the FUT connector saturating the detector. In Room 2, a length of 250 ym
acrylate-coated fibre was routed along a bench, passing over a beam-type disturbance
generator, shown in Figure 5.2.2, to apply acoustic—frequency disturbance to the fibre.
Room 3 contained a 4 km drum of 250 pum fibre. The jacketed fibre passed through
Room 4, being spread over the floor to illustrate possible intrusion sensor applications,
before returning to the Control Room, where the fibre end was tied off to prevent

unwanted reflections from the fibre end face.

Figure 5.2.2

Disturbance generator using a loud-speaker to deform a plastic beam, with the fibre

attached, to apply acoustic-frequency disturbances to the fibre for testing purposes.

5.2.3. Performance evaluation
With the disturbance generator driven by a swept-frequency tone, from ~100 Hz to

~1 kHz, and the S&H amplifier timing set to interrogate Room 2, although barely
audible in the room, the decoded audio signal was clearly audible. With a fixed-
frequency disturbance applied by the disturbance generator, of sufficiently small size to
give a linear response the SNR was measured to be in excess of 40 dB using a PC-based
acoustic-frequency spectrum analyser. This result represented an improvement of
~ 10 dB compared to a similar experiment using the bench system, the improvement
being gained primarily from reductions in noise in the S&H amplifier and reduction of
power supply noise on the analogue electronics.

With no drive applied to the disturbance generator, it was possible to detect
intelligible speech from Room 2 when a person spoke loudly near (<1 m) to the
disturbance generator. Since this could not be repeated with the disturbance generator

removed, it is likely that the speaker cone was acting as a microphone; efficiently
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converting the sound to mechanical vibration of the fibre. This shows the potential of
the system, as a distributed microphone array, when combined with specifically

designed fibre layouts to maximise the mechanical coupling of the sound into the fibre.

The sensitivity to fibre disturbance was demonstrated using the jacketed fibre in
room 4 by lightly tapping the outside of the jacket, giving a very strong audible signal,
showing the potential of the sensor for intrusion sensing and cable protection

applications.
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5.3. Testing on Buried Fibre

5.3.1. Background
This section describes a number of tests which were carried out to evaluate the

possibility of using the C-OTDR sensor system to relate fibre distances to geographical
positions. In addition to gaining a general understanding of the behaviour of the system
on buried fibre, we wished to investigate application of the sensor in the scenario where
a fibre is damaged by a lightning strike, leaving no evidence of the damage on the
surface. The optical distance to the fibre break can be measured using a conventional
OTDR, however, locating the geographical position relating to this optical range, relies
on the accuracy of the installation records, which often vary from reality by as much a
number of kilometres; particularly if other repairs have been carried out and poorly
documented. As a result, many hours can be wasted excavating cables to locate the

damage: expensive to carry out and costly in terms of lengthy cable down-time.

It was proposed that the C-OTDR acoustic sensor could help solve this problem by
using a device to generate an acoustic disturbance at a known physical location,
allowing geographic location and optical distance to be related. The system could be
used to update records, alongside routine maintenance and, in the event of a failure at an
unknown geographic location, rapidly locate the fibre break. The device would be used
to generate a disturbance of known characteristics near to the expected geographic
location, but closer to the launch end of the fibre, based on the OTDR measurement.
The distance from the point of the disturbance to the break can then be measured,
allowing the geographic location of the damage to be located, to accuracy of ~10 m, in
only a few iterations, hence avoiding the need for extended excavations and reducing
cable down-time. To evaluate the feasibility of this proposition, extensive testing was
carried out on a cable buried in the garden at Radiodetection’s Bristol site, described

below.

5.3.2. The Acoustic Signalling Tool
To generate the acoustic disturbance, Barry Fleury built the Acoustic Signalling

Tool (AST) - Figure 5.3.1. The device was based on a hammer drill, modified to
oscillate a thin rod, approximately 15 mm in diameter, which could be inserted into the
ground for good coupling, effectively providing a point source of acoustic-frequency
vibration. The motor was powered by two lead-acid batteries, via a power transistor,

allowing a potentiometer to adjust the oscillation frequency: optimum performance was

129



found to be in the range (70 — 90) Hz. The impulsive nature of hammer action meant
that a large amount of energy was also present in harmonics of the fundamental

frequency — being observable to the 8" harmonic.

Figure 5.3.1

Left: The Acoustic Signalling Tool (AST) Right: Barry Fleury operating the AST in
the Radiodetection garden. The grid markers can be seen in the foreground and on

the right-hand side.

5.3.3. Experimental Site
The experiments were carried out in the garden at the rear of Radiodetection’s

R&D facility in Bristol. A fibre cable (standard telecoms SMF with 900 pm diameter
coating, within a 3 mm plastic jacket, with Kevlar reinforcing fibres around the fibre)
was passed through an existing 100 mm diameter plastic duct, buried at approximately

1 m depth and accessed via two manholes at either end of the 30 m buried length. At
the time of the measurements recent rainfall had left the duct at least partially filled with
water. The soil at ground level was only slightly moist, dried by warm conditions and
sun. The fibre was routed above ground from one of the manholes to the Rev 1.0
demonstration system, located within the building, where it was initially connected to
the demonstration system with ST connectors, but was spliced to the FUT connection to
avoid problems due to connector reflections of the AOM “ghost” pulses, discussed in

the following section. The total fibre length was ~200 m and the loss ~0.2 dB / km.
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5.3.4. AOM “Ghost” Pulses
The Rev 1.0 system was initially tested in the laboratory with the FUT spliced to

the circulator, performing as expected. However, when the fibre was connectorised and
the connection to the FUT was made using ST connectors and a uniter, the performance
was degraded and the front few kilometres of the fibre were found to be insensitive,

meaning that none of the buried fibre could be interrogated.

Detailed investigation, working with Barry Fleury, showed that this was due to a
series of secondary optical “ghost” pulses, of identical width to the intentional pulse,
separated by 2.6 us, with varying power levels, the largest being the eighth at -20 dB
relative to the main pulse. Close examination of the optical power and the RF drive to
the AOM revealed that, where the ghost pulses occurred an RF signal was also present,

but occurring after the optical pulse.

Figure 5.3.2 Figure 5.3.3
Oscilloscope trace of the launch pulse Oscilloscope trace of the 8" optical
(top trace) and the RF (bottom trace) “ghost” pulse (top) and the induced RF
showing the time delay between pulse (bottom) which occurs after the
application of the RF to the AOM and the optical pulse, indicating that it is
generation of the optical pulse. generated by the acoustic reflection.

It was thus concluded, that the ghost pulses were the result of the acoustic wave in
the AOM, reflecting from the ends of the active crystal, driving the piezoelectric
generating the observed RF signals. A “back of the envelope” calculation, assuming the
speed of sound in the Tellurium dioxide (TeO,) active crystal to be 4000 ms™,
combined with the period of 2.6 ps suggested a crystal size of ~5 mm. Discussions with

Gooch & Housego confirmed these suspicions, and subsequently AOMs purchased
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were modified, by angling the crystal end-faces in two planes crystals, to ensure that
any acoustic reflection was suppressed and did not pass through the optically active

arca.

For the experiments reported in this section, the problem was overcome by splicing
the FUT to the circulator. Following completion of these measurements the FPGA
programme was modified to allow the ASE blocking AOM to switch out the 8" ghost

pulse — the only one which was significantly larger than the backscatter.

5.3.5. Acoustic Transmission in Soil
The acoustic transmission properties of the ground were investigated by setting the

timing such that the 20 m sensitive region was within the buried section of fibre. The
centre of the region was located by comparing the response along the buried section and
finding the peak and edges. A grid of markers, visible in Figure 5.3.1, was then laid on

the grass allowing any location to be quickly related to the sensitive section of the fibre.

For reference, an electrical microphone was pulled into the duct, and located at the
centre of the optically sensitive section. The AST was inserted in the soil, directly
above the duct, at the centre of the sensitive region, to a depth of (150 = 20) mm and
operated at (91 & 2) Hz. The signal was analysed by an audio-frequency spectrum
analyser and is shown in the top graph of Figure 5.3.4. The harmonics of the
fundamental frequency, due to the AST’s mode of operation, are clearly visible, as is

mains pick-up at 50 Hz, 150 Hz and 200 Hz due to the long length of un-shielded cable.

The signal was then measured using the C-OTDR Rev 1.0 demonstration system,
operating with a pulse width of 100 ns (20 m) and a sampling rate of 33 kHz. The pulse
power was not measured, but was estimated, using the measured performance of the
source and launch EDFA and knowledge of the AOM losses, to be in the range
0.5 W to 1.0W. Assuming the pulse power was 1 W the expected backscattered power
from the front end of the fibre is 2.8 uW. The required gain from the EDFA is therefore
7.1 (8.5 dB) in order to give a maximum signal of 2 V at the S&H amplifiers (the

maximum without the active filters generating distortion).

The SNR expected at the receiver can therefore be calculated. Assuming that the
population inversion is complete in the pre-detection EDFA (which may be an
optimistic assumption for a counter-pumped amplifier), the ASE power is 10.8 nW.
Using the S&H input bandwidth of 15 MHz, in place of the receiver bandwidth, and
transimpedance of 110 kQ the receiver SNR is 66 x 10° (48 dB), with ASE-Signal beat
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dominating. The sample frequency was 33 kHz and the audio filters were set to a cut-
off frequency of 500 Hz giving a 15 dB advantage from over-sampling. The expected
audio SNR is therefore 63 dB. For a pulse power of 0.5 W the effective EDFA gain can
be increased to 14.2 (17 dB) and the audio SNR falls to 60 dB.

The AST was used to generate a (91 & 2) Hz signal, directly above the cable at the
centre of the acoustically sensitive region and at a number of points at varying distances
along a line, perpendicular to the cable route (the “latitude”). The AST was inserted to
a depth of (150 £ 20) mm in each case, avoiding resting the tip on large stones which

would artificially increase the coupling into the soil.

The results are shown in Figure 5.3.4 for latitudes of 0 m, 10 m, 15 m and 20 m.
The agreement between the measurement at 0 m latitude and the corresponding
measurement with the electronic microphone is excellent, demonstrating the high
fidelity of the acoustic signal from the C-OTDR sensor. The background noise level is
-70 dBV and, at Om latitude at the centre of the sensitive region the peak of the
fundamental is at -12 dBV, giving an SNR (at 90 Hz) of 58 dB, comparable to the
calculated values of between 63 dB and 60 dB, suggesting that the noise background is
the noise floor of the C-OTDR sensor, not acoustic background noise in the ground.
The measured SNR relates to the specific circumstances during the measurement;
however, assuming that the signal amplitude is large enough to generate a phase
modulation from fully destructive to fully constructive interference, as is likely to be the
case with disturbance close to the fibre, the measured SNR will be the maximum that

can be achieved.

The power at the AST fundamental frequency is shown as a function of latitude in
Figure 5.3.5. Ignoring the 10 m result, which is anomalous, the attenuation is
1.6 dB / m at measurement frequency of (91 =+ 2) Hz. Figure 5.3.6 shows the fall-off per
octave with increasing latitude, demonstrating the strong low-pass filtering effect of
acoustic transmission in moist soil. This result shows the importance of the lower end
of the audio spectrum in the sensor response, particularly where it is desired to observe

disturbances situated away from the fibre.
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Spectrum measured by electrical
microphone in duct and frequency
spectra measured using C-OTDR with
the AST located at increasing latitude.
The 10 m result is smaller than expected
— suggesting that unusually poor
acoustic coupling, or optical “fading”

influence the measurement.
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Attenuation of the fundamental frequency
with increasing latitude. Ignoring the
anomalous 10 m result, the acoustic

attenuation is 1.6 dB / m at ~ 90 Hz.
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Low-pass filtering effect of the soil as a
function of perpendicular distance from
the fibre. The 7 dB / octave measurement
at 0 m latitude describes the spectrum of

the disturbance generated by the AST.
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5.3.6. Effect of Buried Artefacts
Further measurements were carried out at a number of locations in order to gain a

understanding of how different underground artefacts may affect the acoustic
propagation of the AST signal. The AST frequency was reduced to (88 + 2) Hz to allow
operation over a greater fraction of the battery life, with no reduction in the signal size

relative to the earlier (91 = 2) Hz measurements being observed, allowing them to be

EE 60 dBV

B -50 dBV

Buried N -40 dBV

Pipe linking concrete -30 dBV
to fibre duct bunker -20 dBV

N -10 dBV

Building

Sensitive region of fibre

Buried fibre (1m depth)

Figure 5.3.7

Results from buried fibre at Radiodetection’s Bristol premises showing the variation
of signal strength with geographic location of the disturbance. The white circles
indicate points where measurements were made, using the AST operating at ~90 Hz
with a rod insertion depth of (150 = 20) mm. The 3 mm jacketed fibre was contained
in a plastic duct approximately 100 mm diameter buried at a depth of I m as shown.
The approximate locations of a second buried pipe and the buried remains of a
concrete bunker are shown, along with the main building. The influence of these

features on the acoustic signal can be clearly seen in the measured response.
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used in the new data set. As in the previous section, the pulse duration was 100 ns at a

sampling rate of 33 kHz.

The results are shown in Figure 5.3.7, with the measurement sites indicated by
white circles. Particularly noticeable is the strong coupling at the intersection of the
cable duct with the pipe running perpendicular to it and the reduced sensitivity at the
location of the buried remains of the concrete bunker, appearing to explain the
anomalous result in Figure 5.3.5. The signal strength is also increased at the (-10, 5)
sample point, possibly due to roots from the trees increasing the acoustic coupling

efficiency.

5.3.7. Conclusions
These preliminary experiments showed that the sensor performed as expected,

when operating on buried fibre, obtaining SNRs that were comparable with the
theoretical predictions from Chapter 4. When detecting the signal produced with the
AST it was found that the terrain, in particular buried artefacts, strongly influences the
acoustic coupling to the fibre. For optical-to-geographic mapping applications this may
cause problems: for example where a duct carries the acoustic signal along the fibre
causing mis-location of a fibre break; however, with suitable precautions these
problems should be surmountable, for example by applying a modulation to the acoustic
signal and measuring the propagation time from the AST to the fibre. Further
experiments carried out in field trials on installed telecommunications fibres

(Section 5.5.4 and Chapter 7) confirmed the effectiveness of such a system.
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5.4. Revised Optical Architecture — FTAS Rev 1.1

5.4.1. Modifications
During the early testing with the Rev 1.0 demonstration system, it was found that a

number of changes were desirable to improve performance. Problems with the AOM
operation were identified, requiring a change of architecture to compensate; to attempt
to overcome “fading” a polarisation controller was added; to improve the ease of use
and stability a variable attenuator was inserted in the pre-detection EDFA path; an
additional S&H amplifier was added to allow two points to be interrogated
simultaneously; and, while carrying out the modifications, the opportunity was taken to
optimise and characterise the two EDFAs. The revised layout, with all the changes

incorporated, is shown in Figure 5.4.1.

A problem with the previous architecture was that any significant reflection, from

Figure 5.4.1

Optical architecture of the Rev 1.1 demonstration unit. The second AOM is now used to
block reflections from connectors or mechanical splices to prevent saturation of the
detector, a polarisation controller allows modification of the launch SOP, a variable

attenuator allows the optical power reaching the receiver to be controlled, and a

second S&H amplifier allows two points to be monitored simultaneously.
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imperfect connectors, rotary splices etc, caused the pulse to be reflected at a power level
which saturated the receiver, with the resulting recovery time leading to a “dead” spot in
the sensitivity. To overcome this, AOM 2 was moved to the location shown in Figure
5.4.1, after the pre-detection EDFA. The FPGA was modified to set the AOM “ON” at
all times except where reflections would otherwise saturate the detector, when it was
turned “OFF”. Having previously confirmed that the EDFA recovery from the pulses
was sufficiently rapid to avoid spreading the “dead spot” over many resolution points,
the AOM was positioned after the EDFA, along with the variable attenuator, to avoid
degrading the EDFA noise performance by reducing the input power.

To allow control over the launch SOP, a General Photonics PolaRITE-II
piezoelectric polarisation controller (model PCS-3X-NC-7-C) was incorporated in the
launch path, as shown in Figure 5.4.1. A connector was provided on the rear panel to
connect an external driver, built by Dr Stuart Russell, which allowed a static SOP to be
set manually, or for the SOP to be modulated over the Poincarré sphere [84] at

frequencies ~ 1 Hz.

To allow two points to be simultaneously monitored, a spare channel on the FPGA
was used to trigger a second S&H amplifier. To allow maximum flexibility, each S&H

amplifier had independently selectable cut-off frequencies in the filter stage.

5.4.2. EDFA Characterisation
While re-building the optics, to incorporate the changes discussed in Section 5.4.1,

the EDFAs were optimised by varying the length of erbium-doped fibre and
characterised. The characterisation apparatus is shown in Figure 5.4.2 and the results

are shown in Figure 5.4.3.

Figure 5.4.2

Characterisation of EDFAs in the Rev 1.1 demonstration unit. The OSA was used to
measure the output power so that the ASE contribution to the total optical power

could be rejected. The power meter was a Rifocus 555B.
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Top: Gain and output power of FTAS Rev 1.1 demonstration system EDFAs with

varying CW input power, and Bottom: ASE spectra with no optical input.

The launch EDFA has a saturated output power [77] of around 14 dBm (25 mW)

and small-signal gain of greater than 30 dB. The gain begins to fall more rapidly at

around -20 dBm input power indicating the onset of saturation. Assuming the source

power reaching the EDFA input is approximately 2 mW, this suggests the amplifier will

operate in the small-signal regime for duty cycles of up to 0.5 %. For a 20 m (100 ns)

pulse, this is equivalent to a maximum sample rate of 50 kHz, which would only be

pos

the

sible for a fibre shorter than 2 km.

The expected backscattered powers are of the order of -25 dBm, at which powers

pre-detection EDFA gave a gain of 27 dB. At this level the amplifier was still

operating in the small-signal regime, ensuring a linear response from the EDFA.
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5.5. Field Evaluation of FTAS Rev 1.1

5.5.1. Background
Following on from the trials, described in Sections 5.2 and 5.3, the opportunity

arose to test the system in a series of field trials using deployed fibre cable in the USA.
The aims were to investigate the system’s response to a variety of signals, particularly
those relevant to cable-protection applications, in environments typical of installed

cables.

5.5.2. Cable Route
The cable route for initial tests was 51.5 km in length. Signals were observed at

ranges up to 25 km, although the SNR was lower than desirable and the signal seemed
to degrade faster than the expected 0.8 dB / km. The degradation was initially attributed
to a number of rotary splices and connectors in the optical path degrading performance
through loss and reflection, however, conventional OTDR measurement showed no
unexpected attenuation, leaving the rate of degradation for further investigation on
return to the ORC. It was therefore decided to disconnect the cable after the connector
in the termination building, reducing the total length to 5.0 km, allowing a significant

increase in sample rate, with the associated benefit to the audio SNR.

The cable route is shown schematically in Figure 5.5.1. In the control building the
optical hardware was located in a quiet room, away from the loud-speakers reproducing
the audio signal which caused feedback due to the acoustic sensitivity of the fibre-lasers
in the system. The connection to the test cable was using a high-quality ST-ST patch
cord. On leaving the control building the fibre passed under a road, just past (Site 1),
passing from a depth of approximately 1.2 m at the road edges to around 3.5 m at the
centre of the road., The route then passed under a tarmac surfaced car park area where
the cable crossed a gas main, roughly perpendicular to the fibre route. Site 2, at an
optical distance of 1230 m, was located away from built-up areas, with the fibre buried

~ 1 m deep in 45 mm diameter plastic duct in dry, sandy-clay, soil.

The cable passed under a major road at approximately 3000 m, in a steel duct
buried at approximately 6 m at the road edges, reaching around 18 m at the centre below
the road surface. The splice losses were measured using an OTDR (Anritsu
MW9070B) to be 0.53 dB and 0.03 dB for the fusion and rotary splices respectively, no
reflection was observed. The cable then passed around a retail area, passing through a

number of man-holes, one of which, Site 3 at 4390 m optical distance, contained
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approximately 200 m of coiled cable (provided to allow for repairs). The final part of

the route ended at a second building, where the fibre reached a patch panel.

Figure 5.5.1

Schematic cable route for field trials (in blue). The Rev 1.1 demonstration unit was
located in the Control building, connected to the cable via an ST patch cord. The test

locations are indicated in red along with significant features.

5.5.3. System Parameters and Expected Noise
As in Section 5.3 the launched pulse power was approximately 0.5 W to 1 W, and

the pulse length was 20 m, so the SNR expected at the receiver can be calculated.
Making the same assumptions as previously and ignoring the effect of scattered ASE
from the launch amplifier, the expected receiver SNR for a 1 W pulse is 62 x 10

(48 dB) In this case the sample frequency for the majority of tests was 18 kHz and the
audio filters were set to a cut-off frequency of ~ 2 kHz, giving an expected audio SNR
at the front of the fibre of 2.3 x 10° (54 dB), lower than in the previous experiments due
to the reduced sample rate and increased audio bandwidth. For a 0.5 W pulse, this falls
to 52 dB. To give improved performance the audio output was filtered again, using a
standard home-audio equaliser, allowing the frequency response to be easily customised

for each situation.

5.5.4. AST Tests
The AST (Section 5.3.2) was used to generate a test signal at a variety of locations,

giving good SNR in different soil types and when used on hard surfaces, tarmac,
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concrete, paving slabs etc, although in these situations the energy reaching the fibre was
much reduced due to the reduced coupling from the AST. The optical to geographic
mapping principle was demonstrated, by sweeping the sample point bin-by-bin in the
region where the signal was expected. Although the AST location could be found in
this manner, it could be time consuming on occasions when the installation data was
inaccurate — in one case, by in excess of 1 km! To develop the technique for regular
use, a more effective method of locating the AST signal would be to filter the data from
each location at the AST fundamental and indicate the signal strength at each location,

allowing the signal to be located at a glance.

5.5.5. Mechanical Digger Tests
The potential for using the C-OTDR acoustic sensor as a telecommunications fibre

protection system was investigated by simulating a typical scenario where cable
breakage occurs: unauthorised mechanical excavation. To simulate this occurrence, a
test location was chosen (Site 2) and two adjacent resolution bins were monitored in the
control building using the two S&H channels. A mechanical digger was driven towards
site 2 and instructed to dig immediately adjacent to the cable, which was ~ 1 m deep, in

sandy-clay soil, which was moist after recent rainfall.

The approaching digger was clearly audible, causing very large strains as it
approached the fibre, causing the interference pattern to pass through many fringes,
generating distinctive high-frequency signals. Lowering the digger’s out-riggers caused
a recognisable “thump” followed by more high-frequency components as they lifted the
rear wheels off the ground, redistributing the load pattern on the ground. With the
digger positioned above the cable the vibration coupled into the ground due to the
engine running could be easily heard and recognised, this was confirmed by switching
the engine off and then re-starting, observing the signal fall to the background level
whilst the engine was not running and return to the previous level when it was re-
started. Finally, the digger began to excavate a trench, immediately adjacent to the
cable, giving an audio signal, recognisable as digging, which, again, passed through

many interference fringes.
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Figure 5.5.2

Audio data recorded from the FTAS Rev 1.1 output. The total elapsed time shown in the
plotis 1.5 min. The changing signals can be seen as the digger approaches the cable,
drives above it, lowers the out-riggers before pausing with the engine idling. The
operator then hits the ground with the bucket before digging immediately adjacent to the
cable. The reduced signal can be seen while the engine idles and the impulse as the
engine stops is visible. The low background noise at the end of the trace illustrates the

high SNR which was achieved.
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Figure 5.5.3

Audio spectra recorded from FTAS Rev 1.1 output of mechanical digger with engine
idling and in process of digging. The audio recording is saturated at the signal peaks;
higher powers were present in the recovered audio but could not be recorded with the

sound card.
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The frequency spectra of the background noise, engine idling and digging are
shown in Figure 5.5.3. The background noise includes the fundamental system noise
and also the real acoustic noise at the test location, generated by the personnel present at
the test site, and vibrations coupled into the ground from surrounding trees and fences
etc. The sound card used to record the data also limited the dynamic range that could be

recorded.

The RMS power during digging was -8.0 dB (relative to the sound card full-scale
input), although the audio data is clipped at its peaks, with SNR, relative to the
background noise, of 23.8 dB; although this is limited by the recording equipment — if
the signal did not clip in the sound card the SNR could be expected to be > 30 dB, as
predicted.

This test demonstrated convincingly that, even with very rudimentary signal
processing, the threat of un-authorised excavation could be easily identified, before

developing into a significant risk to the cable.

5.5.6. Post-Hole Digger Tests
A second disturbance observed at site 2 was that of a man operating a post-hole

digger. Again the audio output was recorded using a lap-top PC via the sound card,
limiting the dynamic range of the recording. The RMS signal level from the post-hole
digger striking the ground was -7.6 dB (relative to the sound card full scale), with an
SNR, relative to the background, of 24.2 dB. The footsteps of the operator were also
audible, with an SNR above the background of 6.6 dB. The decoded signal from the
post-hole digger, operated above the cable, is shown in Figure 5.5.4. As would be
expected the impulse gives broad-band signals extending to high frequencies. The rapid
decay of the high-frequency components can be clearly seen in the plot, leaving the

lower frequencies at which the ground resonates.

The frequency spectra of these signals are shown in Figure 5.5.5, calculated using
an 8192-point FFT using the Adobe Audition software package. The absolute power
level is arbitrary, relating to the settings of the sound card used for the recording. The
post-hole digger is clearly a larger signal than the footstep, and contains more energy at
higher frequencies — as would be expected from the sharp impulse compared to the

controlled impact from a typical footstep.
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Audio signal, recoded from the S&H output, of Post-hole digger above the cable, duration
1.5's. The rapid decay of the high-frequency components compared to the lower-frequency

resonances of the ground is clear in this plot
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Audio spectra of post-holing with

increasing distance away from the cable

which was buried at a depth of route showing the low-pass filtering

approximately I m. characteristic of the soil.

To investigate the acoustic propagation properties of the soil the post-holing was
repeated, recorded at a higher data rate to observe more of the high-frequency
information, above the cable and at various distances perpendicular to the cable route.
The spectra of a typical impulse from each is shown in Figure 5.5.6, showing the low-
pass filtering effect of the soil, previously observed in the earlier buried-fibre

experiments described in Section 5.3. The post-hole digger gave a clear signal at up to
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18 m range, however measurements beyond this were not possible since the area was

not accessible during the field trials.

The data is shown as a spectrogram in Figure 5.5.7, which clearly shows the rapid
attenuation at higher frequencies and the loss of total energy with increasing range. The
operator’s footsteps can be easily seen between the post-hole digger signals at 0 m and
3 m. It is interesting to note the lack of very-low frequency components in the
footsteps, since the energy imparted to the ground is insufficient to cause substantial,
low-frequency, displacements, instead causing the ground to vibrate at a characteristic
frequency, ~ 100 Hz. The post-hole digger transmits enough energy to the ground to
cause significant, semi-permanent deformation, giving the stronger low-frequency
components. The impulsive nature of transfer excites the ~100 Hz resonance as well as
generating significant high-frequency components > 1 kHz, although these are strongly

attenuated as they propagate through the soil.
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Figure 5.5.7

Spectrogram showing the attenuation and low-pass filtering effect of the ground as the
post-hole digger is operated at increasing distances from the cable route. The small
signals before the 0 m digging and between ) m and 3 m are the footsteps of the

operator moving between dig locations.

5.5.7. Fibre Tampering Tests
In addition to the threat from accidental damage, telecommunications networks

may be at risk from deliberate damage. Easily accessible sections of cable are
particularly vulnerable to this type of threat, for example overhead cables and where the

cable passes through manholes. To demonstrate the ease with which such a threat may
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be identified a mock intrusion was carried out at the manhole at Site 3 which contained

approximately 200 m of coiled fibre.

The C-OTDR audio channels were set to monitor two points within this length and
to simulate an attempt to damage the cable, the manhole lid was lifted and dropped to
the side and the cable tapped and scuffed using the manhole pulling spike. Each of
these actions was clearly audible on each channel, with actions where the cable was
contacted giving strong, distinctive signals. Since the time taken to, for example,
deliberately cut the cable is very small, it is quite likely that there would be insufficient
warning to take preventative actions, however the short warning time may give
sufficient notice to re-route important traffic, reducing the impact on network

performance as far as possible.

5.5.8. Fading Reduction by Polarisation Control
Polarisation control of the launch pulse was incorporated in the launch path as a

measure intended to combat the problem of fading. In the field tests, however, at short
ranges the performance was consistent without applying modulation to the SOP.
Where regions with apparently reduced sensitivity were encountered, the improvement
from adjusting the launch SOP was found to be negligible, suggesting these occurred

due to environmental rather than optical effects.

This can be understood based on the theory presented in Chapter 2. Fading occurs
when the phase relation of the individual scattering sites is such that the sensitivity is
near zero and/or the fibre birefringence is such that the interference of interest is
between two orthogonal SOPs, giving no interferometric modulation of the light
intensity.

This explanation was confirmed by observing the modulation of the backscatter
trace with applied SOP, using an oscilloscope to monitor the backscatter pattern.
Changing the launch SOP with the polarisation controller, caused random variation of
the amplitude of the various features within the backscatter pattern; however the feature
location remained unchanged — showing that the interferometric phase relations are
unchanged by modulation of the SOP. Thus, for SOP modulation to reduce fading, the
birefringence of one arm of the interferometer must be modulated, which is not practical

for a sensor where the interferometer is entirely within the FUT.
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5.5.9. Conclusions and Observations
The field trials described above clearly demonstrated the potential power of using

the C-OTDR acoustic strain sensor in telecommunications cable protection applications.
The sensor was shown to be capable of detecting the strain signals due to mechanical
excavation near to the fibre; manual excavation, beyond 12 m away from the fibre; and

disturbance of the fibre in a manhole.

The SNRs observed on recorded data were lower than expected from the analysis
of Chapter 3 and calculation in Section 5.5.3 and also lower than the SNR observed in
section 5.3, even when the reduction due to the reduced sample rate is considered; due
to the scattered launch amplifier ASE from the entire fibre. The aims stated in
Section 1.1.4 include the ability to operate successfully over an entire link, typically
40 km point-to-point. The SNR at long ranges was not sufficient this trial to achieve
this goal, particularly as the signal degradation with range appeared, qualitatively, to be
worse than expected based on the reduction of the received backscatter power with
range. The relationship between SNR and range was therefore highlighted as required
more detailed investigation in the laboratory, with improvement at long ranges required

to meet the specification of Section 1.1.4.

The trials of using the AST for geographic-to-optical mapping demonstrated the
limitations of locating a signal along the fibre by scanning the sampling point,
emphasising the need to develop a more user-friendly interface, allowing information
from the whole fibre to be viewed simultaneously, both for fibre protection monitoring

and geographical to optical range mapping using the AST.

148



Chapter 6 Degradation due to Non-Linear

Effects

In this chapter formal experiments, showing that the signal reduction with range
exceeded the expected rate, are presented and the resulting investigation into the causes
of this anomaly is described. Detailed examination of the pulse spectrum at different
ranges and powers indicated that non-linear phenomena were responsible for the excess
loss, although it was thought that the pulse power was low enough to avoid any non-
linear thresholds. A description of the relevant non-linear effects is given and their
effect on the C-OTDR sensor discussed. The predictions are then compared with the
experimental observations and the critical launch power is derived analytically and
compared with experimental results. Finally, the implications for operation in WDM
systems are considered. The work in this chapter was carried out primarily by the

author - with advice from supervisors.
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6.1. Effect of Range and Optical Loss

6.1.1. Background
It was observed during the initial field trials, described in the previous chapter, that

the degradation of the sensor performance with optical distance appeared, qualitatively,
to be greater than would be expected due to the optical loss alone. Following the field
trials, an experiment was devised to test this observation, more quantitatively, by

separating the effect of loss from that of the distance propagated along the fibre.

6.1.2. Experimental Method
The experimental arrangement is shown in Figure 6.1.1. The Rev 1.1

demonstration system was used to interrogate a disturbance, created by the usual
disturbance generator (described in Chapter 4) operating at 320 Hz to avoid any mains-
borne interference at harmonics of 50 Hz, located between drums of 320 m and 700 m
of standard 125 um telecoms SMF with 250 um acrylate coating. The pulse width was
200 ns (nominally 40 m) and the sampling frequency was 5 kHz. The pre-detection
EDFA was used and the variable optical attenuator to prevent detector saturation was

not adjusted during the measurements. The demonstration system was connected to the

Figure 6.1.1

Experimental arrangement for separating the effect of loss and of optical range on
the sensor performance. The Rev 1.0 demonstration system, operating at 40 m pulse
width, at 5 kHz sample rate, was connected to a fibre, with an acoustic disturbance at
320 Hz, via a variable attenuator or test fibres of different lengths, allowing the
effects of loss and optical propagation to be separated. The audio output was
analysed by a Marconi 2382 spectrum analyser operating at 30 Hz resolution

bandwidth.
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disturbed fibre, via either a variable optical attenuator or test fibres of various lengths,
making it possible to observe the effect of loss independent of range, and of optical
range, along with the associated loss due to fibre attenuation. The audio output from the
S&H amplifier was monitored using a Marconi 2382 RF spectrum analyser, operating at
30 Hz bandwidth in “Max Hold” mode — allowing the peak signal to be obtained, thus
minimising problems from “fading”. The signal size and SNR were measured five

times at each loss and four times at each range and the average and standard error was

calculated.

In the measurements of the effect of attenuation the attenuator was re-set for each
measurement, using a fibre DFB source and power meter, randomising any systematic

error from an incorrect attenuator setting. The test fibre lengths were measured using an

Anritsu MW98A OTDR.

6.1.3. Results

Considering loss alone, a one-way loss of 4 dB will result in a reduction in
backscattered optical power, at the receiver, of 24 dB, which, in terms of electrical
power at the audio output, corresponds to 44 dB. The results for inserting a loss using
the optical attenuator are shown in Figure 6.1.2. In terms of the one-way attenuation,

A dB, the best fit for the signal is ((—55+1)—(4.1+0.4)4) dBV and, for the SNR,
((-23£1)-(2.9+£0.4)4) dB. The best-fit value of the signal degradation with applied
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The range is fixed at 320 m. signal and SNR at normal launch power.
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loss of (4.1+0.4) dB/ dB is in excellent agreement with the predicted behaviour. As

shown in Chapter 5, Section 5.3, for launch powers ~1 W the SNR falls off slower than
the signal due to the domination of ASE-Signal noise. The value of SNR degradation

due to loss insertion of (2.9 +0.4) dB / dB can therefore be understood: the scaling of
the ASE-Signal beat power giving an advantage of approximately 1 dB / dB.

Having measured the effect of loss, different length test fibres were introduced in
place of the attenuator to measure the effect of optical range. The results, showing
signal magnitude and SNR as a function of optical range, are plotted in Figure 6.1.3. If
the fibre loss was the only signal degradation mechanism, then with a total fibre loss of
0.25 dB / km, a range z would reduce the backscatter power by 0.5 dB / km, reducing
the audio signal by 1.0 dB / km. The best fit, however, gives the signal at a range z as
((-36.9+0.8)—(3.4+0.1)z) dBV. The degradation with range of (3.4+0.1) dB /km
exceeds the expected value, based on the fibre loss alone, by (2.4+0.1) dB/km. This
clearly indicates that the optical loss is not the only factor which reduces the signal
amplitude with range. As discussed above, the SNR degradation is expected to be less
than the signal reduction, due to the EDFA characteristics, allowing the best-fit SNR
degradation of (2.67 +0.03) dB / km to be understood.

To gain an indication of whether the launch power affected the degradation, a
quick experiment was carried out using a simple attenuator where the fibre is bent
around a former, inducing bend loss, which was measured to be approximately 5 dB per
kink. The results are shown in Figure 6.1.4 and Figure 6.1.5. With a single kink the
signal degradation with range was (1 6t 0.2) dB / km, still worse than the expected
0.8 dB / km, but closer to this value than with the un-attenuated launch power. With
two kinks, giving a loss of approximately 10 dB, the line of best fit is
(0.1 + 0.4) dB / km, although the fit is very poor, probably since the receiver SNR was
very low due to the reduced backscatter power, the result is indicative that the

theoretical loss with range can be approached in practice at low powers.
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6.1.4. Conclusions
From these results it is clear that the propagation loss is not the only factor

influencing the degradation with range. For a fibre attenuation of 0.25 dB / km, if the
degradation were due to loss alone, the measured signal reduction with range of

(3.4%0.1) dB/ km is equivalent to (13.6+0.5) dB / dB compared to the value
measured for a “pure” loss of (4.1+0.4) dB / dB, which was itself in agreement with

the expected value of 4.0 dB / dB. The results suggest that the optical power usefully
involved in the interference is effectively reduced, explaining the signal reduction and

degradation of the SNR.

Reducing the launch power appears to reduce the anomalous signal reduction, with
better than expected reduction observed with 10 dB attenuation of the launch pulse.
The dependence on range and optical power suggests that optical non-linearities may be
the cause. As stated in the previous chapter, following Rogers’ consideration of the
maximum launch power for P-OTDR [35], it was believed that non-linear effects would
not be significant for pulses of total energy less than ~ 3 puJ. The pulses launched in the
experiments reported here were estimated to be an order of magnitude smaller than this.
Thus, this assumption was challenged by these results, leading to the detailed
experimental and theoretical analysis of the effect of non-linear phenomena on the

C-OTDR sensor described in the rest of this chapter.
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6.2. Spectral Evolution

6.2.1. Introduction
Having proved that the signal degradation with range was greater than would be

expected from the loss alone (Section 6.1), a number of simple measurements were
carried out to attempt to find the cause of this disparity. Two mechanisms are possible
to reduce the signal: excess loss, above the expected value; and spectral broadening,
reducing the interference visibility. To establish which of these was occurring; the
forward-propagating pulse spectrum was measured at varying lengths and launch

powers.

6.2.2. Experimental Investigation
The method used to carry out the measurements is shown in Figure 6.2.1. The

FTAS Rev 1.1 demonstration system was used to generate 200 ns pulses at a rate of

10 kHz, with a variable attenuator, by OzOptics, allowing the pulse power to be
modified. A circulating filter, using a HiWave FBG, removed the in-pulse ASE outside
the 0.34 nm bandwidth, with the second AOM in the demonstration unit removing out-
of-pulse ASE by temporal gating. The resulting light was directed to an Ando
AQ6137B OSA through the test fibre.

The spectrum was measured after various fibre lengths, with a launch power of
approximately 640 mW. The results, shown in Figure 6.2.2, show immediately that the
spectrum was evolving rapidly as the pulse propagated along the fibre. Sidebands are

visible above and below the launch spectrum, even for very short fibre lengths,

Figure 6.2.1

Experimental set up for investigating self-phase modulation. The fibre grating, by
HiWave, had a bandwidth of 0.34 nm, removing the majority of the ASE from the
launch spectrum. The second AOM removed ASE outside the duration of the pulse.
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becoming comparable to the launch at 12 km. The spectrum appears to be symmetric,

with the sideband offset increasing with length, although the blue-side is less clear due

to the presence of the ASE passed by the circulating filter.
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Figure 6.2.2

Pulse spectrum measured at the OSA after different fibre lengths, the resolution was

set to 0.01 nm. The pulse duration was 200 ns and the power approximately

640 mW. The laser line is on the red edge of the filter pass band, meaning that detail

is more easily visible at longer wavelengths than shorter.

Figure 6.2.3 shows the spectrum after a fibre length of 12.49 km for a range of

launch powers. As the power increases the power in the sidebands increases, as does

the sideband spacing from the signal. At higher powers the spectrum is significantly

broadened, which would clearly have an effect on the interference visibility, reducing

the size of the decoded signal and degrading the SNR
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Figure 6.2.3

Pulse spectrum measured at the OSA at different launch powers, the resolution was
set to 0.01 nm. The pulse duration was 200 ns and the fibre length was 12.49 km.
The pulse powers are calculated using the mean power measured using the OSA’s

power-meter function and correcting for the duty cycle. For low-duty-cycle
measurements such as here (0.2 %) the pulse power can be considered only as an

approximate value.

6.2.3. Conclusion
The results from these simple experiments show that the optical spectrum changes

as the pulse propagates along the fibre, which indicates that the propagation of the pulse
is not in the linear regime. In the next section the various non-linear effects are
discussed, allowing identification of the cause of the evolution, and the required

conditions to avoid the sensor performance are considered.
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6.3. Non-Linear Effects

In the preceding discussion of the C-OTDR acoustic sensor system in Chapter 3
and Chapter 4 it was tacitly assumed that the fibre transmitting the light behaves as a
linear media. This approximation is valid for low optical powers, however as the
optical power increases the light begins to interact with the media in a number of ways.
As a result it is not possible to improve the SNR indefinitely by launching more
powerful pulses, since the non-linear effects, which begin to take place, limit the

performance of the sensor.

Interaction with the internal vibration states of the molecules in the medium can
lead to Raman scattering [20, 85], increasing the fibre propagation loss and broadening
the source spectrum. Light can also interact with macroscopic variations in the density
of the medium via phonon interactions, leading to Brillouin scattering [20, 85], again
increasing the transmission loss and converting light to new optical wavelengths. These
processes may be considered in terms of the mechanical dispersion relation with Raman
processes taking place in the optical branch and Brillouin interactions accessing the

acoustic branch.

Other non-linear effects occur due to the dependence of the refractive index on the
optical power. To a first-order approximation the refractive index can be assumed to be
independent of the magnitude of the optical field, but for higher powers the small non-
linear components, where the refractive index depends on the power, come into play.
Where light of varying power is propagating in the fibre it can undergo self-phase
modulation (SPM), where the change in refractive index associated with the change in
power causes phase modulation of the light, changing its spectrum [85]. Cross-phase
modulation (XPM) occurs due to the same mechanism: where two optical signals are
propagating in the medium the refractive index will depend on the total optical power,
so power variations at one wavelength will cause a phase modulation of the light at the

other wavelength [85].

The non-linearity of the refractive index also leads to four-wave mixing (FWM).
Here, light of two frequencies is propagating in the medium; the non-linearity of the
medium allows them to mix, generating sidebands which propagate with the initial
light [86]. Where phase matching between the pump and generated light occurs, the
sidebands can increase in intensity, at the expense of the pump light, causing increased

loss at the original frequencies.
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In the following sections the conditions for the onset of each of these phenomena
are discussed and their effects on the performance of the C-OTDR acoustic sensor are

considered.

6.3.1. Stimulated Raman Scattering
Stimulated Raman scattering (SRS), where a parametric interaction between the

pump light and the vibrational states of the molecules in the optical medium generates
light at anti-Stokes frequencies above and Stokes frequencies below the pump light,
leading to excessive attenuation of the pump. The backscattered light from these new
waves need not be of concern here since the Stokes spectra are centred approximately
13 THz from the pump, equivalent to approximately 100 nm for a 1550 nm pump,
allowing the unwanted backscatter to be easily filtered from the Rayleigh scatter using
Bragg grating filters. It is therefore only necessary to consider the reduction in

performance due to the increased attenuation of the forward pulse.

Smith [87] derived a simple relation for the critical power, P¢,;, where the Stokes
light power is equal to the pump power at the fibre end for high-loss (~ 20 dB / km)
fibres, which predicts a value of approximately 1.2 W for low-loss (~ 0.2 dB / km)
fibres. This condition corresponds to a 3 dB loss of optical power in the Rayleigh
backscatter, the rest of the launched light having undergone conversion to Stokes light.
Although this result has been applied to low-loss fibres[86, 88], Smith’s formulation is
not valid for modern low-loss fibres since he ignores pump depletion through Raman
scattering, considering only the loss due to the fibre attenuation which dominates in
high-loss fibre which is valid only for losses > 4 dB / km [89]. Taking into account
pump depletion due to SRS, Auyeung and Yariv [89] calculate the threshold for various
fibres, the values, of the order 10 W — 100 W, generally being in agreement with
experimental results. The fraction of the pump light converted by SRS varies
exponentially with the pump power [89], so reducing the pump power below the

threshold quickly reduces the effect of SRS to negligible levels.

Considering the above, it is reasonable to conclude that for moderate pulse powers,
~1 W and below, the effects of SRS can be ignored, in agreement with the experimental

results of [zumita et al. [88].

6.3.2. Stimulated Brillouin Scattering
Stimulated Brillouin scattering (SBS) is a parametric interaction where forward-

propagating light is scattered, generating a phonon and backscattered light wave, down-
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shifted in frequency due to the loss of energy to the phonon. In silica, at 1550 nm, the
downshift is approximately 11 GHz, corresponding to a wavelength shift of ~0.1 nm,
with a bandwidth of ~ 20 MHz, although this can be as great as ~ 100 MHz in doped
fibre [86]. As a result, the optical power at which SBS begins to effect the propagation
of light depends strongly on the bandwidth of the optical signal being transmitted [86,
87, 90].

The occurrence of SBS could degrade the performance of the C-OTDR sensor by
two mechanisms: interference at the detector of the Stokes light, which would generate
broadband noise, with bandwidth of several tens of megahertz; and at the onset of SBS
the majority of the forward light is backscattered, causing excess reduction in receiver

SNR with range.

The critical power was first defined by Smith [87], ignoring pump depletion, as the
power where there is complete conversion of forward-propagating pump light to
backward-propagating Stokes light. This condition can not be achieved in practice
since pump depletion inevitably occurs through conversion to Stokes light and fibre
attenuation, thus the backscattered power is always less than the input pump power [91].

Nonetheless this definition remains common in the literature [20, 86, 90].

Koyamada et al. calculate the critical power for SBS, Pg, of a pulse of duration 7 as

(88, 90]:

214
g€ ’ 6.3.1
"\ 2n

where g is the SBS gain coefficient, 4 is the effective mode area and ¢/n is the group

P, =2

velocity of light in the fibre.

The predicted values, from 6.3.1, are shown in Figure 6.3.1 and are in approximate
agreement with the experimental data of Fluck ef al. [92], differing only by a factor of
approximately 2 in the range of 20 ns to 100 ns, which could be related to the definition
of threshold in the experimental measurements. Using 6.3.1, a pulse of 400 ns duration
has a critical power of ~1 W. Because the power scattered by SBS increases rapidly
with increasing power, it can be concluded that powers of up to 1 W should not give
problems from SBS where the pulse duration is <400 ns, as is likely to be the case for

the C-OTDR sensor.
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Figure 6.3.1

Brillouin threshold power as a function of pulse width from 6.3.1, assuming standard
single-mode fibre with an effective mode area A = 50 x 10> m?, Brillouin gain
coefficient gg = 4.5 x 107" m /W, and core refractive index n = 1.44. The threshold
is in excess of 1 W for pulse widths below 400 ns, corresponding to spatial resolutions
of 80 m, and above and in excess of 10 W for pulse widths less than 40 ns,

corresponding to 8 m resolution.

6.3.3. Self-Phase Modulation
Self-phase modulation (SPM) occurs where the refractive index cannot be regarded

as constant with power, instead having the form:
n(P)=n, +aP, 6.3.2

where ny is the normal refractive index, P is the optical power and « is the power-
dependent component of the refractive index. As a result when a pulse is launched into
a fibre, different parts of the pulse experience a different refractive index dependant on
the instantaneous power, leading to different parts of the pulse travelling through
different optical path lengths. This causes the leading edge of a pulse, where the optical
power is lower than at the peak, to be red-shifted while the trailing edge is blue-shifted.
A pulse propagating along a fibre can be described in terms of the normalised
envelope of the electric field at the point of launch, U(0,T), where T'is the time in the

frame of reference, relative to the pulse centre, as [85]:

U(L,T)=U(0,T )expligy, (L, T)], 6.3.3
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where ¢,, is the phase shift due to SPM, which is given by:
2
¢ =UO,T) ¥ L,P,. 6.3.4

The effective length L ., which compensates for the pulse attenuation as it propagates

eff >
along the fibre, is defined in terms of the physical fibre length, L, and the linear

attenuation constant, «, as

l_e—aL
L, = , 6.3.5
eff a
and y is defined as
= 0% 6.3.6
cA

where 7, is the non-linear coefficient, o, is the optical frequency, 4 is the effective
mode area and c is the speed of light in a vacuum.

The chirp due to SPM across the pulse, dw(T'), can be found by differentiation of
6.3.4:

0 0
so(T) = ot =7 Ly h a—T|U(o,T)2 . 6.3.7

The negative sign is due to the pulse-centred frame of reference. It is clear from this
equation that the greatest chirp occurs at the steepest part of the pulse and that the
maximum chirp is proportional to the peak power and the effective length. Therefore a
pulse with gentle edges and only a short flat peak will obtain moderate chirp over the
majority of the pulse, while a steep-sided pulse will obtain a large chirp on its edges, but

remain unaltered in the central part where the power is constant.
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Left: Gaussian pulses for different values of m and Right: the corresponding chirp
due to SPM. As the pulse becomes more rectangular with increasing m, the size of
the chirp increases, but affects a reduced fraction of the pulse.

Consider an n"™-order Gaussian pulse with 1/e pulse-width 27} :

2m
u(o,r) = exp[ (1] ] 6.3.8
TO

Differentiating and substituting into 6.3.7, the chirp is:

2m-1 2m
0 2m|( T T
5a)(T) = _8_T¢NL =-yL,F, T(F] exp{— (F] } 6.3.9
0 0 0

The resulting 6w(T) is shown for different values of m in Figure 6.3.2. As expected,
the magnitude of the chirp increases with m but the fraction of the pulse which is
frequency shifted is reduced, emphasising the effect that pulse shape has on the
character of the spectral broadening due to SPM.

The peak value of the chirp, oo can be found by maximising 6.3.9 [85]:

max ?
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So :mf(m)ﬂ

max T eﬂPO;
0
L 0.86;m=1 6.3.10
1Y) 2 1
f(m)=2 l= =) 7 exp = | 1= ]| =10.76;m =2
" "4 095 m =3

For a 1 W pulse with m =3, Ty = 100 ns, with long fibre, so L.;y= 22 km, having a
typical value of y =2 W™ km ' [85] this gives a peak frequency shift of 160 MHz,
equivalent to 1.3 pm (at 1550 nm).

It can be shown that a frequency shift of Av, =1/7, where 7 is the pulse duration,

is sufficient to change the signal from coherent Rayleigh scattering such that the

backscatter trace is uncorrelated [63]. The critical power for SPM, P, , may therefore

be defined as that where the peak chirp amplitude is equal to the de-correlation

frequency:

T

p.oo-_
SPM mf(m)7 Leff 6.3.11

The values of critical power calculated for m = 3 may be pessimistic because only a
small fraction of the pulse is chirped meaning that the majority of the light remains
monochromatic; the chirped portion effectively generates noise from interference with
itself and the un-chirped component. The result is a reduction in SNR at the receiver
roughly in proportion to the fraction of the pulse that remains un-chirped. Similarly, the
result for the m = 1 case may be optimistic, since chirp is present on nearly the whole
pulse, which will produce interference noise, reducing the SNR, although the Rayleigh

backscatter trace remains stable.

In practice the pulse is unlikely to be Gaussian, and where it is amplified by an
EDFA it is likely to be asymmetric with the rising edge having a larger power gradient
than the falling edge. The pulse shape is also likely to be related to its width: a short
pulse, where the pulse length is comparable to the rise/fall time of the optical switching
device, will be more similar to the m = 1 case than a long pulse, with a relatively long

plateau which will be more similar to the m = 3 case.
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The fibre loss is taken as o = 4.5%10-5 m’ 6.3.11. The asymptotic values for long
'(0.2 dB / km). For short fibres, where fibres are shown on the right hand side.
the total loss is small, Leff'is These critical powers can only be
approximately equal to L, for longer considered indicative since the fraction of

fibres the Leff approaches 1/a =22 km.  the pulse affected by SPM changes with m,

A better approximation to the pulse shape is shown in Figure 6.3.5, where the full-
width at half maximum (FWHM) is 7 and the rise and fall time is #.. In this case the

peak gradient of the envelope is simply 1/ #,s0 6.3.11 becomes:

2rt
Popyy =———. 6.3.12
Ty Leff

The pulse width appears on the denominator because a wider pulse requires a smaller
frequency deviation to decorrelate the coherent backscatter pattern. As with the
Gaussian case, a long rise time increases the critical power, but at the expense of a
greater fraction of the pulse undergoing chirp, 2z, /z. The critical power is plotted as a
function of fibre length in Figure 6.3.6. Substituting typical values for a 1 W pulse from
an AOM of ¢, = 40 ns the peak frequency shift is 175 MHz, or 1.4 pm, close to that for

the m = 3 Gaussian case.
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Improved approximation for the pulse
shape for considering the effect of SPM.
The FWHM is © and the equal rise and

Critical power due to SPM for trapezoidal
pulses of width 100 ns and 200 ns with

t, =25 ns. The critical power is higher

fall times are tr. Typical pulse widths are
50 ns to 400 ns. When the AOMs are

for the shorter pulse since the degree of
chirp to decorrelate the trace is smaller
used to generate the pulses typical rise than for the shorter pulse; however, this
and fall times are approximately 10 ns to

30 ns.

may be offset by the chirp affecting a

smaller fraction of the pulse.

6.3.4. Four-Wave Mixing
Four-wave mixing (FWM) occurs where co-propagating light, of two (or more)

wavelengths, mixes via the non-linear refractive index to generate sidebands which co-
propagate with the initial light, causing attenuation as energy is transferred to the new
frequencies. The total power transferred to the new frequencies is proportional to the
product of the powers of the initial light waves and physical parameters of the fibre and
is significant only for channels separated by approximately 80 GHz or less [86]. For
DWDM optical communications FWM limits the power in each channel to ~ 1 mW,
independent of the number of channels since only the two nearest channels take part in

the interaction [86].

In the C-OTDR sensor, where it operates on a dedicated fibre the pulse may
interact with the ASE from the fibre DFB and the launch EDFA which amplifies the
pulse. Using the results of Chraplyvy [86], that the critical power for DWM

communications channels is 1 mW per channel, where the channel of interest interacts
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with the two channels above and below its own frequency, then by dividing the total
ASE power into two components, above and below the pulse frequency, the condition

for avoiding FWM can be written:

2
P
(1x10°) <P, x(%) . 6.3.13

Where GPsg is the ASE power launched into the fibre where G is the gain of the
launch EDFA and P,sg is defined in Chapter 4 as:

P =ng,,mhvAv,. 6.3.14

spon

In this case the optical bandwidth Av is the total bandwidth of the FWM

interaction, which is ~80 GHz [86], giving P,,, =20nW. Assuming a modest EDFA

gain of only 200 (23 dB) this still sets the pulse power to avoid FWM as:

P, <250W. 6.3.15

Thus as the pulse powers expected here, where the sensor is operated on a dedicated

fibre, FWM will not occur between the pulse with the ASE from the launch EDFA.
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6.4. Comparison of Theory and Experiment

The previous section outlined the non-linear effects which are candidates for
causing the observed spectral evolution and showing theoretically that SPM will limit
the launch power possible without performance degradation. In this section the
theoretical discussion is compared with the experimental results presented earlier in the

chapter.

6.4.1. Non-Linear Scattering
In section 6.3.1 it was stated that SRS would not be significant for pulse powers

below ~1 W. The observed spectral evolution in Figure 6.2.2 and Figure 6.2.3 confirms
this assertion: the sidebands are too close to the signal wavelength to be stimulated
Raman scattering which generates broad-band sidebands at around 100 nm from the
pump light.

Brillouin scattering is a better candidate: however, the Brillouin shift, which is
approximately 11 GHz (0.1 nm) in silica [14], should remain constant, whereas the
sidebands observed in Section 6.2 vary with launch power. Furthermore, Stimulated
Brillouin scattering generates only a red-shifted Stokes line and spontaneous Brillouin
scattering is ~ 20 dB weaker than Rayleigh scattering, meaning that for 40 m pulses the
Brillouin scattering would be expected to be around 70 dB weaker than the forward-
propagating pulse.

To confirm the elimination of Brillouin scattering as the cause of the spectral
evolution, and to verify the theoretical SBS threshold 6.3.1, a simple measurement was
made of the CW SBS threshold. The FTAS Rev 1.0 demonstration system was used to
generate CW light at 1550 nm, which was launched into 44 km of standard single-mode
fibre, as shown in Figure 6.4.1. The launch power was measured by connecting the
system output to a power meter (Rifocus 555B) via an ST patch-cord, allowing the
connection to the Optical Spectrum Analyser (OSA) to remain un-broken since this was
less repeatable due to using a bare-fibre adapter. The launched power could be varied
using the variable attenuator within the demonstration system. The end of the test fibre
was tied in a knot of approximately 6 mm in diameter to ensure that there was no
reflection from the fibre end-face, which was broken rather than cleaved to increase the
return loss. The EDFA was saturated due to the CW input at ~ 2 mW, giving a good
SNR: measurements with the OSA showed the ASE spectral density to be

approximately 30 dB below the signal.
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Figure 6.4.1

Experimental set up for monitoring the onset of Brillouin scattering with CW
illumination. Measurement of the backscatter power using the Ando AQ-6310B
spectrum analyser allowed the relative powers scattered by Rayleigh and Brillouin

mechanisms to be measured.
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Figure 6.4.2

Experimental data showing (left) the total backscattered power as a function of CW
launch power, demonstrating the onset of Brillouin scattering in 44 km of standard
SM fibre at 1550 nm. The corner power is approximately 7 dBm (5 mW), this
compares well with the predicted value from 6.3.1 using tc/n = 44 km of 2.1 mW.
The transition between regimes is very rapid. a 5 dB change in launch power can
modify the backscattered power by over 30 dB; (right) the Stokes power from CW
illumination at 1550 nm of 44 km of single-mode fibre. The sharp threshold at

~ 5 mW is clearly visible.

The experimental results are illustrated in Figure 6.4.2. Using the OSA it was
found that the backscattered Stokes power was equal to the Rayleigh backscattered
power for an input power of 7.0 dBm (5.0 mW) and that, at powers of 9.5 dBm
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(8.9 mW) and above, there was complete conversion to the Stokes wavelength. As
expected the Stokes shift was found to be independent of the launch power, and was
measured to be (0.091 £ 0.002) nm with the launched light centred at 1549.88 nm,
corresponding to a frequency shift of (11.4 = 0.2) GHz, which is in agreement with
published values for silica fibres [14]. The power at which Brillouin scattering becomes
significant is comparable to the value predicted in Section 6.3.2 of 2 mW and the rapid
increase in backscattered power confirms that, as expected, the Stokes power increases
very rapidly above the Brillouin threshold. These results confirm the prediction of 6.3.1
that, with pulses shorter than 400 ns, SBS should not cause any degradation at powers

below 1 W.

6.4.2. Four-Wave Mixing and Self-Phase Modulation
The experimental measurements have shown that the non-linear scattering

mechanisms SRS and SBS are not responsible for the observed evolution of the pulse

spectrum. The remaining phenomena are FWM and SPM.

FWM can be eliminated since it leads to the generation of sidebands through non-
linear mixing of the signal with light at other frequencies within a 160 GHz bandwidth.
In the experiments carried out, the only light, other than the pulse, was the residual ASE
from the fibre laser and from the launch EDFA. Mixing between the pulse light and the
ASE would lead to generation of broadband sidebands, rather than the narrow sidebands

at approximately 0.2 nm from the pulse observed in Figure 6.2.2 and Figure 6.2.3.

This leaves SPM, predicted in Section 6.3.3 to have the lowest power threshold to
affect the sensor performance. The predicted behaviour of chirping the pulse, with the
magnitude increasing with range and power, is matched by the experimental results of
in Figure 6.2.2 and Figure 6.2.3. However, the predicted shift from Section 6.3.3, for a
pulse with the rise-time determined by the AOM, is of the order 1 pm, compared with
the observed shift which is of the order 0.1 nm. The most probable cause of this
disparity is that the launch EDFA increases the steepness of the rising and falling edges

of the pulse, as a result of the power-dependence of the gain, measured in Chapter 5.

6.4.3. The Effect of Spectral Broadening
The theoretical analysis in Section 6.3 indicated that the maximum launch power is

limited by SPM of the propagating pulse. The analysis relied on the results of

Mermelstein et al. [63] that a frequency shift of 1/, where 7 is the pulse width, is
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sufficient to de-correlate, i.e. to substantially change, the backscatter trace. Similarly,
the simple analysis in Chapter 2 indicated that the effect would be to vary the phase

bias, giving sinusoidal variation with period 2/7 .

To confirm these results, the simple experiment shown in Figure 6.4.3 was carried
out. For convenience, a later experimental implementation of the C-OTDR sensor, the
FTAS Rev 3 demonstration system (which will be described in detail in Chapter 6) was
used to make these measurements. Pulses of 200 ns duration (40 m length) of
approximately 100 mW, which passed through an AOM (Gooch & Housego
MO080-2J-F2S), were launched, via a circulator, into a 2 km length of acoustically
isolated fibre. The backscattered light returned from the circulator was routed to the
pre-detection EDFA and receiver in the Rev 3 system. The internal acquisition system
was used to record the backscatter intensity at four locations on the fibre. The AOM
was driven at frequencies from (70 - 90) MHz using a Marconi 2031 RF signal
generator with the output amplified to 2 W using a Mini-Circuits ZHL-1-2W linear

amplifier.

Figure 6.4.3

Experimental arrangement for measuring the frequency deviation required to modify

the backscatter trace.

Before carrying out the experiment, the loss of the AOM was measured, as a
function of frequency, using CW light from a 1550 nm fibre DFB source and a Rifocus
555B power meter. With the frequency detuned by Af MHz, relative to the designed
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operational frequency of 80 MHz, the one-way loss, in dB, was found by fitting a

quadratic to the measured data points, to be:

Loss = (2.99 +0.04)+ (0.0273 +.0007 \Af ). 6.4.1

This is plotted, along with the measured data, in Figure 6.4.4.

The measurements were carried out by using the Rev 3 acquisition system to
sample the backscatter from four separate points on the fibre, at a rate of 4 kHz, while
the frequency generator was varied from 70 MHz to 90 MHz in 1 MHz steps at intervals
of approximately 2 s. The signal at each AOM frequency was then averaged (typically
over 8000 samples) and compensated for two-way loss, allowing the backscatter

intensity to be plotted as a function of AOM frequency, shown in Figure 6.4.5.

e Experimental | ¢
Best Fit

Loss / dB

3 4

; ; ; 0.0 - T T . |
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Figure 6.4.4 Figure 6.4.5

Measurement of AOM loss as the Backscatter signal as a function of AOM
frequency is varied, showing the drive frequency, compensated for the
experimental data and the best fit. AOM loss. The uncertainty is ~ 10-4 V.

The experimental results shown in Figure 6.4.5 confirm the expected result: traces
1, 2 and 4 show a periodicity of 10 MHz, while trace 3 appears to show no interference,
suggesting that the fibre birefringence reduced the interference visibility to near zero.
The predicted 1/ frequency shift is 5 MHz, matching the experimental peak-minima
separation well. The experiment could not be repeated with shorter pulses because the
electronic matching on the AOM had insufficient bandwidth to operate at detuning

greater than 10 MHz.
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6.5. Measurement of Critical Power for SPM

6.5.1. Introduction
The theoretical analysis and experimental results of Sections 6.3 and 6.4, indicate

that the overall performance of the C-OTDR sensor is limited by the occurrence of
SPM, limiting the maximum launched pulse power and, in turn, limiting the receiver
SNR. Having confirmed that SPM was impairing the performance at long ranges and
high launch powers, a number of measurements were carried out to allow determination
of the optimum launch power, since the best noise performance is obtained by balancing

the benefits of increased launch power with the degradation due to SPM.

6.5.2. Experimental Measurements
The experiment shown in Figure 6.5.1 was carried out to measure the effect of the

SPM-induced spectral degradation on pulse interference. The Rev 1.1 demonstration
system was used to generate 200 ns pulses, which were launched into the test fibre. The
pulse power was adjusted using the variable attenuator, which, for convenience of
carrying out the measurements, was located between source and AOM. Locating the
attenuator here meant that the SNR at the EDFA output would decrease with increasing
attenuation; however, sufficient SNR remained at all powers for the degradation of
interference visibility to be un-observable. The launched power was found by using the
Ando AQ6310B OSA to measure the average power and correcting for the duty cycle to

obtain the pulse power.

A 3 dB coupler split the light into the two arms of an interferometer, formed by the
reflections from the cleaved fibre ends, with a manual polarisation controller located in
one of the arms. The remaining port was connected to a photodiode and TIA receiver.
The receiver input fibre was bent to provide loss to prevent saturation of the receiver.
The receiver output was monitored using an oscilloscope and the polarisation controller
was adjusted to maximise the interference visibility [65], which is defined, in terms of
the maximum and minimum receiver outputs V., and V,,;,, (which are proportional to

the optical power) as:

V.. =V
Visibility = —/———=% 6.5.1
y Vmax + Vmin
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Figure 6.5.1

Experimental arrangement for investigating the reduction in interference visibility due

to SPM. The pulse power was varied using the variable attenuator and the polarisation

controller was adjusted to maximise the interference depth. The environmental noise in
the laboratory gave sufficient phase disturbance that the interference passed through

many fringes.

No external stimulus was necessary to modulate the interference: the environmental
noise in the laboratory created sufficient phase disturbance for the interference signal to

pass through many fringes.

Measurements were carried out using two optical sources: an HNO1 fibre DFB
laser by SPI, with centre wavelength 1550.116 nm and maximum line-width 30 kHz;
and an Agere D2525P25 solid-state DFB laser, centred at 1557.36 nm with a typical
line-width of 2 MHz (maximum 10 MHz).

The results are shown in Figure 6.5.2. The power at which the interference is
reduced to 50 % can be estimated by interpolation between the data points above and
below the 50 % line. With the narrow-line-width fibre-laser source, the interference
depth falls to 50 % at pulse powers of 190 mW and 162 mW for the 12.45 km and
43.23 km fibres respectively. With the solid-state DFB laser the 50 % powers are
180 mW and 153 mW. At both fibre lengths the powers for 50 % interference depth are
reduced by approximately 10 mW for the solid-state laser with the wider line-width
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Figure 6.5.2

Experimental measurement of the interference depth as a function of pulse power for
fibres of different lengths. The dashed blue and red lines indicate 50 % and 90 %

respectively.

compared to the fibre laser. This would be expected because less SPM-induced chirp is

required to broaden the spectrum sufficiently to modify the coherent backscatter pattern.

The 90 % point, indicated by the red line on the graphs, can be found similarly.
With the fibre laser the interference depth falls to 90 % at 175 mW and150 mW for the
12.45 km and 43.23 km fibres respectively; with the solid-state DFB these are reduced
to 150 mW and 132 mW, approximately 20 mW lower than with the fibre laser.

The predicted powers, for the onset of degradation by SPM, assuming a Super-
Gaussian pulse with m = 1, are 192 mW for a 12.45 km fibre and 96 mW for a 43.23 km
fibre. For a trapezoidal pulse, with FWHM of 200 ns and rise time of 25 ns, the
predicted values are 41 mW and 21 mW, for the 12.45 km and 43.23 km fibres
respectively. The measured results agree reasonably well with the predicted power,
calculated using the m = 1 Super-Gaussian for the short fibre, but for the longer fibre the
measured power level is around 50 % greater than predicted. For both fibre lengths the

critical power predicted by the trapezoidal pulse model is significantly lower than the

measured power.

The theoretical description of SPM suggests that the critical power should be

inversely proportional to the effective length. From the data, obtained using the fibre
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laser, the product of critical power and effective length is 1.7 W-km for the 12.45 km
fibre and 2.9 W-km for the 45.23 km fibre; suggesting either that the model is

inaccurate, or that the power measurements are non-linear.

6.5.3. Discussion
The experimental results show that significant degradation does not occur in long

fibres until the power exceeds around 150 % of the predicted critical power. Possible
reasons for this are inaccurate measurement of the launch power, which could not be
improved upon in the time available, and the effect of pulse shape varying the temporal

fraction of the pulse which is chirped significantly.

The definition of the critical power, used in the derivation in Section 6.3.3, was that
power where any part of the pulse is chirped sufficiently to generate a 1/7 frequency

shift. This definition takes no account of the fraction of the pulse which undergoes
chirp, and which fraction does not exceed the decorrelation frequency. Consider, for
example, a near-perfect square pulse: the “edges” will be massively red-shifted,
however this accounts for only a tiny fraction of the total optical power, meaning that
the resulting SPM causes little degradation of the interference pattern. Perhaps
explaining the large frequency shifts observed in Section 6.2, which it was postulated
(in Section 6.4.2) were due to sharpening of the pulse edges by the launch EDFA, at
powers where the interference remains satisfactory. Furthermore, in practice, some
degradation due to SPM may be compensated for by the increase in backscatter power

giving noise benefit at the pre-detection EDFA.

The approach taken, in practice, has been to choose initial launch conditions based
on the experimental results and theoretical analysis above, and to optimise the launch
power iteratively, starting from those values, for the particular situation of interest. This
qualitative approach means that other factors, not considered in the analyses, for
example: strong acoustic background noise with the signal of interest, fibres with high
loss, etc, are allowed for in the final setting, whereas to include these analytically would

require extensive investigation of the specific FUT and complex algorithms.
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6.6. Limits on Noise Performance

6.6.1. Summary of Non-Linear Thresholds
The evolution of the pulse spectrum has been studied as a function of fibre length

and launch power. The results show that, as was predicted in the theoretical analysis,
the signal degradation is dominated by SPM, with stimulated scattering processes not
being observed in the pulse length and power regimes of interest. A simple experiment
confirmed that a frequency shift comparable to 1/7 is sufficient to cause a significant
change to the backscatter pattern, preventing correct operation of the C-OTDR sensor if
the shift frequencies is within, or above, the frequency band of interest. This indicates
that the spectral broadening from SPM will degrade the signal and SNR, as was

observed in Section 6.1.

The theoretical limits on launch power due to the various non-linear phenomena
discussed are illustrated in Figure 6.6.1. For fibres longer than 1 or 2 kilometres the
maximum launch power is limited by SPM. Since the effect of SPM is dependent on
pulse shape, in practice the powers calculated above will be a guide to the approximate
optimum launch power, with optimisation being needed to give the best performance in

a real situation.
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Summary of theoretical launch power limits due to onset of non-linear phenomena for
C-OTDR operating on a dedicated fibre. For very short fibres the limit is set by the
onset of SRS, while for longer fibres pulse broadening by SPM sets the maximum
launch power — the specific point depending on the pulse shape, the graph showing
the limit for Gaussian pulses with m = I and 3 and a trapezoidal pulse 200 ns

duration with rise and fall times of 25 ns. The SBS threshold is lower for longer

pulses, however 200 ns is the longest likely to be used in practice.

6.6.2. Noise Contributions

Having found that the maximum pulse launch power for a given situation is limited
by the need to avoid degradation due to non-linear effects, the noise contributions and
audio SNRs for three cases of different fibre lengths, using the maximum launch power
from above, are plotted in Figure 6.6.2, for 20 m resolution. The signal in each case is
considered to be sampled using an ADC with a full-scale input of 5 V with the EDFA

gain set to attain this level at the front of the fibre with a 110 kQ TIA receiver, assumed

to have a bandwidth of 20 MHz.
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For a 2 km cable the launch power is assumed to be 1 W and the maximum sample
rate of 50 kHz is assumed. To achieve the required output level to use the full dynamic
range of the ADC the EDFA gain is 12.5 dB. The figure clearly shows that the most
significant noise contribution is ASE-Signal beat from the pre-detection EDFA, with
ASE-ASE beat making a lesser contribution. The shot noise and thermal noise in the
TIA are negligible. The SNR falls off from 68.4 dB at the front of the fibre at a rate of
0.4 dB / km.
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G=178=12.5dB G=89=19.5dB G=178=22.5dB

The pulse duration is 100 ns (20 m); the gain at the pre-detection EDFA, G, is chosen to
match an ADC with full-scale input of 5 V using a TIA with 110 kQ transimpedance and
20 MHz bandwidth. The launch power is the maximum possible avoiding degradation
from nonlinear effects taken from Figure 6.6.1.

Figure 6.6.2
Noise performance with the sample rate and launch power limited by the fibre length.

Top: Audio SNR as a function of range for different fibre lengths assuming 500 Hz
audio bandwidth.

Bottom: Relative contribution from different noise sources for difference fibre lengths.
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For the case of a 10 km cable, the launch power is reduced to 200 mW and the
sample rate is reduced to 10 kHz. To achieve the required TIA output level the EDFA
gain is 19.5 dB. The figure clearly shows that the most significant noise contribution is
ASE-Signal beat from the pre-detection EDFA. The ASE-ASE beat noise, shot noise
and TIA thermal noise remain negligible. The SNR falls off from 54.4 dB at the front
of the fibre at a rate of 0.4 dB / km.

In the case of the longest fibre, 50 km, the pulse power is lowered to 100 mW and
the maximum possible sample rate is 2.5 kHz and the required EDFA gain is increased
to 22.5 dB. The dominant noise source is the Signal-ASE beat at the front end of the
fibre, with ASE-ASE beat becoming significant towards the end of the fibre. The mean
SNR fall off is 0.46 dB / km although this is more rapid at long ranges due to the
ASE-ASE beat noise becoming significant. The variation with fibre length of the SNR,
at the front end of the fibre, is due to the need to reduce the launch power to operate at
longer ranges to avoid SPM, coupled with the reduction of the sample rate set by the

round-trip time-of-flight for the fibre.

This analysis does not consider any degradation other than that due the reduction of
backscattered power due to optical loss in the fibre. In practice the SNR may fall off
faster than predicted above, as optimum performance will be obtained by balancing
increasing the launch power with the resulting degradation of performance with range
due to spectral broadening from SPM. Thus the experimental optimum launch power
may return a faster SNR degradation in range, along with a better SNR at the fibre front
end and no change in the far-end SNR.

An alternative scenario is where only the front section of the fibre is of interest: in
this case the optimum launch power will that for a fibre of length equivalent to the
range of interest. At longer ranges the launch power must be reduced, but if the early
parts of the fibre are not of interest, the pre-detection EDFA gain may be increased,
improving the SNR at long ranges at the expense of receiver saturation for the nearer

sections of fibre.

In conclusion, while the analysis in this chapter has analysed the important noise
sources and the effect that varying the many operational parameters has on the noise
performance, there is no single prescriptive equation for the optimum conditions;
instead the theory allows the operator understand how to optimise the parameters for the

vast array of potential situations in which the sensor may be used.
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6.7. Operation in WDM Systems

6.7.1. C-OTDR - Communications Interaction
For some applications, particularly in telecommunications networks where a spare

fibre is not available, it may be desirable to operate the C-OTDR sensor on a single
WDM channel of an active communications fibre. To evaluate whether this is feasible
the possible mechanisms through which the C-OTDR pulse and the communications
traffic may interact must be considered.

FWM (Section 6.3.4) could lead to generation of sidebands; however, as discussed
earlier, this can be avoided by leaving the WDM channels either side of that used for the
sensor unlit. The second mechanism is Cross-Phase Modulation (XPM), which is
analogous to SPM, however here the change in refractive index due to light at one
wavelength also causes phase modulation to the light at another wavelength.

Where the sensor shares the fibre with communications traffic, degradation of the
performance will occur due to XPM as discussed above, and due to interference via
FWM. Unlike the XPM case however, FWM will allow the C-OTDR pulse to cause
interference to the adjacent communications channels. Provided the nearest-neighbour
channels are left unused, however, FWM should not cause a significant problem since

XPM will be the dominant mechanism of degradation.

6.7.2. XPM with C-OTDR Sharing a Fibre with Communications Traffic
Consider the simple case of finding the non-linear phase on channel 0 due only to

the light in channel 1. Ignoring SPM the non-linear phase due to XPM, ¢,,,, , 1s:
2
by =|U(0.T) ¥ L, R, 6.7.1

where |U | (0, T lz is the normalised power envelope of channel one and P is the peak

power.

Assuming channel 1 is an active communications channel running at a data rate of
fab /s, transmitting a bit sequence 0 10101010 1... the signal can be approximated,

to first order, as a sinusoid of frequency f; / 2:
U,(0,7)* =L B1+sin(z £,T)). 6.7.2

Differentiating, as for 6.3.9, the chirp is:
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so(T) = —a%qﬁw =ixyL, f,P cos(z f,T). 6.7.3

For a typical SONET compliant optical link at 2.488 Gb / s, f; = 1.244 GHz and
typical average optical powers are 4.5 dBm [93]. Assuming 100 % extinction
(compared to a typical value of 9 dB [93]) this corresponds to a peak optical power
P, =5.6 mW. Taking a typical value of y =2 W' km™ [85] and assuming a long fibre
of loss 0.2 dB / km giving L.;= 22 km, the peak chirp generated is 0.5 GHz or 5 pm.
This does not pose a problem by causing the C-OTDR pulse to interfere with other
channels as the ITU channel spacing is 100 GHz. However, it is considerably larger
than the frequency shift needed to alter the coherent backscatter trace, which is given by
the reciprocal of the pulse width [63]. Furthermore, since there are likely to be many
data cycles in each pulse (a typical pulse width of 200 ns would contain nearly 500 bits
at 2.488 Gb / s) the whole pulse will be influenced whereas in SPM only the pulse edges

are affected.

Clearly XPM has the potential to seriously degrade the C-OTDR performance
when used on a live communications fibre. To estimate the degree of degradation it is
necessary to consider the form of the signal generating the phase modulation more
carefully. The assumptionofa0 10101010 1... bit sequence is very crude. In
reality the bit sequence is likely to be random: each bit has an equal probability of being
valued 0 or 1, regardless of the bits preceding it, meaning that long sequences of
identical bits may occur [94]. Most coding algorithms limit the number of consecutive
identical bits, and insert additional non-data bits into the data stream to accomplish this

and balance the content over a pre-determined time interval.

The data pattern in SONET systems, as often used in fibre communications, is well
approximated by a long (~ 2% bit, ~ 8 Mbyte) pseudo-random bit sequence (PRBS).
[llustrated in Figure 6.7.1, the power spectrum of a PRBS with a bit rate f; is a series of

discrete lines at intervals of 1 / (bit rate x sequence length) scaled in amplitude

by sinc® (7r flf, ) , giving nulls at harmonics of the data rate [94]. Applying rules that
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Spectral envelope for PRBS, normalised to the peak spectral density (in red), with the
discrete spectrum for a 10-bit PRBS shown in black. As the length of the sequence
increases the lines become closer, until for a non-repeating sequence the spectrum

becomes a continuum.

restrict the maximum number of consecutive identical bits will cause a roll-off of the
spectrum at low frequency, but with a line at DC remaining to give the DC offset (since
optical power can only be positive), however this detail is neglected in the analysis
which follows since the effect is likely to be insignificant since it will apply to only a

small fraction of the bandwidth of interest.

For very long PRBS patterns, or real random data, as the sequence length becomes
very long, the line spacing becomes very small relative to f5, then the spectral density,

N ( f ), can be approximated as a continuum, with peak spectral density N

N(f)=N, sincz[’;—fj : 6.7.4

d

To find the value of the peak spectral density, the spectral density is integrated over all

frequencies and the result defined to be equal to the average optical power P;:

P = TN( £)df = Ndfsincz[’; A jdf . 6.7.5

0 0 d
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The integral can be carried out by making the substitution X = zr and using the
d

standard integral I sinc’ (x)dx = %, giving the result:
0

2P
N,=—%. 6.7.6
T
The spectral density of the resulting non-linear phase can therefore be written as:
2P, . V4
D v (f): 2y Ly _dsmcz(_f]' 6.7.7
Ja Ja

This is the spectrum of the phase noise generated on the fibre at any arbitrary
position due to the signal in the data channel. Therefore noise will be generated in the
acoustic signal due to the change of phase in the resolution bin being interrogated. As
with thermal noise discussed in Chapter 3, only phase noise within the detector
bandwidth, B, will be detected, and since B << f; the frequency dependence of the
spectrum may be negated as, for x <<1, sinc(x) ~ 1. This may be an overestimate since
the roll-off at low frequency due to any maximum number of consecutive bit rules is

ignored, however it will serve as an order of magnitude estimate.

The RMS phase noise in the detector bandwidth is given by:

Perr = B(CD(f :0))2 . 6.7.8

When sampled at a rate f;, the phase noise will alias into a bandwidth of f; / 2, and when

low-pass filtered to frequencies below By,4i, the total RMS phase noise will be:

B = 2o [Ba(f = 0)) , 6.7.9

/s

which, by making appropriate substitutions, becomes:

B audio \/E

dJ s

Ponr = 6y L, P, 6.7.10
Assuming y =2 W' km™, L;=22 km, P;=3 mW, fy = 2.488 GHz, Bu.ai, = 200 Hz,

B =20 MHz and f; = 4 kHz, the RMS phase noise is 0.02 prad, corresponding to an

SNR limit of 156 dB. This result is surprisingly small, however this is because since

the bit rate is very large (~ Gb / s) the majority of the phase noise is much faster than the
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bandwidth of the optical receiver. For comparison, the total noise over all frequencies is

2y L, P, =0.26rad, and the noise in the detector bandwidth is 0.9 prad.

6.7.3. Conclusion
The considerations of FWM and XPM discussed above suggest that XPM limits

the performance by causing spectral broadening of the interrogation pulse, which is
broadened by frequency chirps in the GHz range. Since the bit duration is much smaller
than the C-OTDR pulse length, this chirp is likely to affect a significant proportion of
the pulse, severely reducing the interference visibility, probably to near zero, at all
optical ranges. The analysis also shows that if operation of the sensor was attempted,
the C-OTDR pulse would not cause degradation of the performance of the
communications channel in the fibre, which is critical for operation on a “live” fibre.
The XPM shift on the communications channel from the C-OTDR pulse is significantly
smaller than the shift from SPM due to the high data rates and associated power
gradients at bit-state transitions. FWM can be avoided by suitable selection of
wavelengths to separate the data channels and the C-OTDR by more than the bandwidth
of the FWM process.
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Chapter 7 Further Experimental

Investigations

In this chapter a revised experimental system, incorporating changes to improve
optical design, based on the work described in Chapters 5 and 6, and using digital signal
processing, is described. Following the description of the design, the experimental
optimisation of the signal processing and optical launch power is discussed. Brief
results, from tests carried out on a deployed fibre, are presented, including trials of long-
range operation. Following this latter experiment, a noise analysis is carried out
explaining the benefits obtained in the experiment and how they can be incorporated
into the optical design. A further, revised, optical arrangement is then described,
incorporating this development. Finally, detailed experiments aimed at testing the
theoretical spatial response predicted in Chapter 3, in order to optimise the spatial
sampling pitch are described. Comparison of the results with the theory shows that

modifications are required to the theory to explain the experimental findings.
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7.1. Improved Sensor Design — FTAS Rev 2

7.1.1. Background
The experimental work described in Chapters 5 and 6 suggested a number of ways

of improving the performance of the sensor system. The Rev 2 demonstration system
was constructed to allow testing of improvements to the optical design and to begin
developing a system where the acquisition and signal analysis was carried out in the
digital domain, allowing software analysis of the independent audio signals from each
of the spatial resolution bins over the entire length of the fibre. The system was split
into two independent units: one containing the optics and timing functions, the other the

control PC and signal processing equipment.

The author was actively involved in the design, testing and evaluation of the
system, carrying out a number of experiments to characterise the performance of the
demonstration system and its individual components. As summarised, in the table of
Figure 1.5.1, the optics and superstructure was constructed by Dr Stuart Russell, with
some assistance from the author; the dedicated PC and acquisition system was built by
Robert Clarke; the software was written by Barry Fleury, along with the control

electronics; and the TIAs were designed by Andrew Lewis.

Item: Carried out by:
Design and construction of optics JPWH, SR, RJC
Implementation of control electronics BF

TIAs — design and build ABL

Software / GUI BF

Control PC and Acquisition Hardware RJC /SR

ABL = Andrew Lewis; BF = Barry Fleury; JPWH = Justin Hayward (Author);
RJC = Robert Clarke; SR = Dr Stuart Russell

Figure 7.1.1

Summary of main contributions to the design and construction of the FTAS Rev 2

demonstration system.
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Figure 7.1.2

Rev 2 demonstration system: (left) optics module and (right) DSP and control module.

7.1.2. Experimental Features
The optical architecture, shown in Figure 7.1.3, incorporated a number of

experimental features aimed at investigating means of improving performance or

reducing complexity.

One problem observed with the Rev 1 system was “fading”, where the random
distribution of the scattering sites leads to reduction in sensitivity at one or more
resolution points [66]. The problem was found to be most pronounced in situations
where a quasi-point disturbance acts on a fibre in an environment where the acoustic
disturbance is rapidly damped, preventing the vibration from spreading across more
than one resolution bin. As described in Chapter 5, control of the state of polarisation
(SOP) of the launch pulse was found to be only partially successful in mitigating this
effect. Clearly, the existence of one or more insensitive regions is problematic for fibre
protection and perimeter security applications, so it was considered important to

investigate possible means of overcome this drawback.

To investigate a possible means to overcome this problem, the new architecture
was designed to operate at two optical wavelengths; separated sufficiently in optical
frequency that no correlation should exist between the coherent backscatter traces from
each wavelength. The results of Stowe et al. [66] discussed in Chapter 3 suggest that
“fading” will remain above 10 % of the peak value for 87 % of the time. Thus with two
statistically independent sensors the sensitivity of one of the sensors is expected to
remain at least 10 % of the peak value for 98 % of the time, significantly improving the

probability of retaining working sensitivity.
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The fibre laser source, requiring a pump laser, WDM and isolator in addition to the
laser itself, formed a significant number of the components used in the Rev 1 optical
design. Considerable reduction in component count, and thus complexity, could be
obtained if semiconductor DFB lasers could be used as the optical source as well as
reducing the space required for the sources and reducing the acoustic sensitivity of the
optics assembly. Semiconductor lasers, however, generally have line-widths which are
several orders of magnitude larger than those that can be obtained with fibre lasers.
Increasing line-width was expected to add noise to the C-OTDR sensor, however the
exact increase is difficult to calculate, especially since the greater power obtained from
solid state lasers allows the noise performance of the launch EDFA to be improved.
Given the large potential savings in complexity and the related economic benefits, the
design therefore included both fibre lasers and semiconductor DFB lasers, allowing a

direct comparison to be made in an operational sensor.

7.1.3. Details of Rev 2 Optical Architecture
As shown in Figure 7.1.3, the four sources, two fibre lasers and two solid state

DFB lasers, are connected to the launch AOM by a network of two WDMs and a 3 dB
coupler. The solid state sources, Fitel FOL1SDCWB-B-*-WM (* specifies the
wavelength), have a specified maximum line-width of 2 MHz and are capable of
producing 20 mW CW. The fibre lasers, Southampton Photonics HNO2 (line-width
<30 kHz, signal to ASE ratio > 50 dB), were reverse pumped at 980 nm, at
approximately 100 mW. With the pump laser driven at the maximum current of

150 mA, the output powers were measured using an Ando AQ6317B OSA to be

7.72 dBm for the 1523.68 nm channel and 9.45 dBm for the 1550.12 nm channel, with
signal to ASE ratios of 75 dB and 80 dB respectively. The 1550.12 nm source matched
the power of the 1532.68 nm source with the pump current reduced to 120 mA,
reducing the signal to ASE ratio to 76 dB. Software-controlled switching allowed each
laser to be controlled separately, allowing operation using fibre lasers only,

semiconductor DFB lasers only, or one of each.
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Figure 7.1.3

Optical architecture of the Rev 2.0 demonstration system, as originally built. Extensive testing was carried out with the unit in this form before

modifications were made following component failures and further developmental research.




The CW light from the sources is switched using an AOM by Gooch & Housego, a
modified M080-2J-F28S, having angled faces on the active crystal to prevent the ghost
pulses observed in the Rev 1 unit, giving 10-90 % rise and fall times of 30 ns. The
pulse passes through a General Photonics PolaRITE-II piezoelectric polarisation
controller (model PCS-3X-NC-7-C), as in the Rev 1.1 system; however, this was not
actually enabled, due to the limited improvement gained by SOP control with the
Rev 1.1 system in the field trials, described in Chapter 5.

The pulses are amplified by a dual stage EDFA. The first stage is co-pumped and
uses a short (~4 m) length of Erbium-doped fibre, ensuring near-perfect population
inversion, thus minimising the ASE power. The second stage uses a longer length of
Erbium-doped fibre (~10 m) in counter-pumped configuration, giving high saturated
output power. The front-end saturation is less important in the second stage, since the
signal has already been amplified by the first stage, defining the noise performance. To
allow the detrimental effects of SPM to be avoided the pulse power is controlled by a
variable attenuator (OzOptics DD-100-MC), which allowed the attenuation to be
controlled via the PC, meaning that the power to be easily optimised for different
situations. Attenuating the EDFA output is the most suitable means of controlling the
launch power, as it allows the power to be varied predictably and without potential
noise penalty. Reducing the source power, or EDFA pump powers, would reduce the

signal to ASE ratio of the launch pulse, potentially degrading the sensor performance.

The backscattered light, returned via the circulator, is amplified by a single-stage
co-pumped EDFA, the output of which is attenuated by a second variable attenuator.
An AOM (Gooch & Housego M080-2J-F2S) removes the reflection of the launch pulse
from the FUT connector, and from any reflective connectors or mechanical splices in
the FUT, which could saturate the receiver, causing a “dead spot” as it recovers. The
light is filtered by a circulating filter using two FBGs (SPI FBG06) with 3 dB
bandwidth of 0.2 nm and in-band reflectivity of 99.9 %.

The light at each wavelength is then separated by a WDM and passed to two
independent receivers. The photodiodes (Epitaxx 06050658-006) have a responsivity of
0.96 A/ W at 1550 nm. The TIA has a 110 kQ transimpedance and bandwidth of
20 MHz with a settling time of 60 ns, corresponding to 6 m. Both the TIAs are

mounted in the DSP & Control box, along with the acquisition hardware, allowing the
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acquisition card and the TIAs to share an isolated, common ground, avoiding noise from

“Earth loops™.

7.1.4. Optical Characterisation
The performance of the launch EDFA was measured, by the method described in

Chapter 6, using an Ando AQ6317B OSA and an Exfo FOT-90A power meter. The
pump lasers for the first and second stages were driven at 203 mA and 220 mA
respectively, giving a saturated output power [77] of approximately 17 dBm (50 mW).
The saturated output power is only 3 dB larger than for the single-stage amplifier used
in the Rev 1.1. However, the benefit from the dual-stage design is not through
increasing the launch power (which is limited by the need to avoid non-linear
degradation as discussed in the previous chapter) but in the improvement of noise
performance obtained by using a short initial stage, ensuring near-perfect population

inversion, maximising the signal-to-ASE ratio.
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Figure 7.1.4

Left: Gain and output power of the Rev 2 demonstration system dual-stage launch

EDFA with varying CW input power and Right: ASE spectrum with no optical input.

By applying approximately 60 dB external attenuation and using the 110 kQ TIA
the performance with pulsed input was measured. With a pulse of width 97 ns, period
40 ps, the pulse power was measured to be approximately 17 W at 1532.68 nm and
10 W at 1550.12 nm.
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7.1.5. Control Electronics
In addition to the RF switching functions required in the previous system, the

control system was now required to generate appropriate control signals for the ADC
card, controlling the acquisition process. The control electronics are illustrated,

schematically, in Figure 7.1.5 and the details are discussed below.

The system is controlled by software running on the PC, within the DSP & Control
box, which connects to the acquisition card via the PCI bus and controls the FPGA and
DDS via the parallel port. The FPGA is required to generate pulses to control the
launch AOM, the blanking AOM and the trigger and clock signals for the ADC card. It
is crucial that the ADC clock remains synchronous with the launch pulse, since any
variation in the delay between launch and the clock edges, which define the sample
locations, will cause amplitude noise on the decoded audio signal. Barry Fleury
designed a PCB containing the FPGA, clock and DDSs to fulfil these criteria. The RF
splitter, switches and power amplifiers were standard components, manufactured by
Mini-Circuits.

The ADC card (ICS-652) has two, DC-coupled, channels with input bandwidth
from DC to 43 MHz (-3 dB point). The maximum sample rate is 65 MHz and the ADC
resolution is 14 bits. The Signal / (Noise + Distortion) ratio is 70 dB, i.e. an effective
bit depth of 11.6. The input range is -1.2 V (0000) to +1.2 V (3FFF), so, in order to
minimise the contribution of quantisation noise, the receivers incorporate a stable
reference and an adder to offset the output by -1.0 V, making use of a greater fraction of
the ADC dynamic range than would be possible with a zero-offset signal, where

negative half of the input range would be wasted.
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Figure 7.1.5

Schematic diagram of the control hardware for the FTAS Rev 2 demonstration system.
The analogue ground is isolated from the PC ground to avoid “Earth loops” causing
additional noise. As drawn the ADC, which is triggered on the rising edge of the
sample clock, corresponds to a sample pitch on the FUT equal to the spatial extent of
the pulse. The clock must remain synchronous with the launch of the pulse; otherwise
amplitude noise will be generated as the sample point moves along the coherent

backscatter trace.

7.1.6. Signal Processing
The acoustic signal from each resolution bin was to be monitored simultaneously

and displayed as part of a histogram, representing the magnitude of the signal along the
fibre. A purpose-built PC was to be used to carry out the control functions and the
signal processing. Although it was known that this would limit the total number of bins

that could be simultaneously processed, for experimental purposes the flexibility of
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signal processing in C++ code, running on a PC, out-weighed the increased processing

power possible using DSP hardware.

The data flow for the signal from a single resolution bin is illustrated in Figure
7.1.6. The sample from the ADC, representing the resolution bin of interest, passes to a
digital high-pass filter, the cut off frequency being chosen to reject as much of the low-
frequency environmental noise as possible while retaining the useful components of the
signal of interest. The second filter defines the noise bandwidth, B4, and the audio
signal, which can be output via the PC sound card. The data then passes to a third filter,
which is arbitrarily shaped, to allow the histogram selectivity to be modified. For
general purposes this will be another low-pass filter at some audio frequency, or may be
optimised for a specific application, for example for monitoring traffic it may have a
low cut-off at a few tens of hertz, or for locating a known disturbance, such as the AST,

it may be a narrow-band filter at the known disturbance frequency.

Figure 7.1.6

Data flow for a single resolution bin in the Rev 2 demonstration system. The HPF

removes slow thermal drift and very-low frequency environmental noise. The anti-

aliasing LPF reduces the bandwidth to the required audio bandwidth, defining the
noise performance. The histogram filter allows the response to be shaped to emphasise
specific signals. The rectifier determines the signal magnitude and feeds the data to the

correct resolution bin on the histogram display.

As discussed in Section 7.1.2, it was intended to develop an algorithm to combine
the data from two optical channels to reduce the probability of fading; however, this
was not implemented, since the fibre length and sample rate was already limited by the

available processing power with only the signal processing described above.

The information is output through the graphical user interface (GUI) in the form of
a histogram, with each bar representing the signal from a single spatial sample point.

Considering a single resolution bin, the filtered audio data is rectified and the signal
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added to the current histogram value. At the same time a decay constant is applied to
the histogram, reducing the bar amplitude by a defined fraction each cycle. The result is
that the histogram displays a combination of the size and duration of a disturbance: a
short intense disturbance will give a similar sized peak output to that from a moderately
sized continuous signal. Provision is made in the GUI to vary the rate of decay and the
relative weighting of any new signal to optimise the performance in different situations.
A typical histogram display from an installed fibre is shown in Figure 7.1.7. The
software included the provision for defining alarm thresholds for alerting the user to
suspicious signals; the final objective being to develop a geographically-based display
showing the cable route, or protected perimeter, and highlighting the location of signals

requiring further investigation.

RMS signal

Range (m)
Figure 7.1.7
Typical histogram display from an installed fibre, showing the sophisticated GUI
developed by Barry Fleury. The upper plot is a small section of the fibre, the whole
of which is shown in the lower plot. The red and yellow marks show the alarm
thresholds for a “warning” and “alarm” respectively. The coloured bars on the
histogram are where an alarm threshold has been exceeded and is either

unacknowledged or remains above the threshold.
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7.2. Performance Optimisation

7.2.1. Comparison of Fibre Lasers and Semiconductor DFB Lasers
As explained in the previous section, there would be technical and economic

benefits if the fibre-laser sources could be replaced with semiconductor lasers. To
investigate this possibility, the design included fibre laser sources and solid-state
semiconductor lasers to allow direct comparison of the performance with each. The
performance with the 1550.12 nm fibre laser was compared with the performance with
the semiconductor laser at the same wavelength, with the drive current set to deliver the
same optical power into the launch EDFA ensuring that the source type was the only
variable. With the latter, the audio signal and histogram SNR were significantly
degraded with additional white noise across the spectrum.

This is the result of the larger spectral line-width of the semiconductor source:
<2 MHz compared to <30 kHz for the fibre lasers. It was shown experimentally, in
Section 6.4.3, that varying the optical frequency of the pulse causes the backscatter
intensity from a single point to vary as a sinusoid, with period 2/7 where 7 is the pulse
duration. Because of this variation in the coherent backscatter intensity with frequency,
a source of finite line-width will generate an intensity noise on the coherent backscatter

signal, as shown in Figure 7.2.1.

T

242

The RMS slope of the backscatter response is to a frequency shift. Thus, for

Backscatter Laser
Response Output
Spectrum

Intensity

Frequency

Figure 7.2.1

Conversion of finite line-width, Av, to intensity noise, Al , by the variation in

coherent backscatter intensity with frequency.
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a FWHM line-width of Av the RMS intensity noise is approximately:

TT
Al gy ZmAV- 7.2.1

2
The limit on the electrical due to this effect is ~ ( j , S0, noting that 2\/5 ~ 7r the

RMS

limit on SNR, due to finite source line-width, is:

1
SNR ~ —. 722

(z' A v)2
For a pulse of duration 100 ns (20 m) this gives a limiting SNR of 50 dB for the fibre
laser, assuming a line-width of 30 kHz (the specified maximum) and 14 dB for the
semiconductor lasers, assuming a 2 MHz line-width (the typical value). These SNR
estimates are likely to be conservative, since the lasers will emit more light close to the
centre wavelength than at the edges. A more sophisticated analysis would integrate the
noise over the laser spectrum; however, the general behaviour is likely to remain similar

to this simple analysis.

These considerations also explain the observations in Chapter 6, section 6.5, that,
with a broader source, the critical power due to SPM was ~20 mW lower than with the
narrow fibre laser source, since the spectrum was already broader, requiring less

broadening by SPM to reach the critical condition.

As a result of these observations, it was decided to discontinue experiments with
the semiconductor laser sources, the increased complexity of the fibre lasers being

justified by the better performance.

7.2.2. Measurement of SPM Threshold
It was shown in the previous chapter that to obtain optimum performance the pulse

power must be chosen to avoid excessive spectral broadening by SPM. To allow
determination of the correct attenuator settings, for the revised design, the intra-pulse
interference experiment was repeated with the Rev 2 demonstration system, using the
revised experimental architecture shown in Figure 7.2.2. The attenuator, after the test
fibre, attenuated the light sufficiently so that no significant evolution occurred due to

SPM within the arms of the interferometer. Two further variable attenuators were built
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into each arm of the interferometer, allowing the output from each to be balanced to

ensure that 100 % interference visibility could be achieved.

Oscilloscope
_ Pulse Gen
AN Delay mode
Variable Poalrisation  Variable
Rev 2 Demo System Attenuator Controller  Attenuators
Control and DSP Rev 2 Demo System
"™ Ooptoelectronics % 3%

Test Fibre ﬁ_.g 3%
3dB I

Disturbance
Generator

.

Figure 7.2.2

Improved experimental layout for investigation of interference degradation from self-
phase modulation with the Rev 2 system. The pulse generator provided a delayed
trigger pulse for the oscilloscope. The attenuator, after the test fibre, allowed the

power to be reduced, thus eliminating spectral evolution within the interferometer fibre.

Additional attenuators, in each arm of the interferometer, allowed the power reflected

from each arm to be balanced.

The power launched into the fibre was controlled using the variable attenuator in
the launch stage of the demonstration system. The pulse power was measured, with no
applied attenuation, using the demonstration system’s receiver and an external
attenuation of 60 dB, to be approximately 8 W, although the uncertainty in this
measurement is large, perhaps as much as 3 dB, due to instability of the external

attenuation and possible overshoot in the receiver.

The interference visibility is plotted as a function of the calculated launch power in
Figure 7.2.3 along for fibre lengths of 1.8 km, 26 km and 48 km. Reading from the
graph, the visibility falls to 90 % at powers of approximately 5000 mW, 600 mW and
300 mW respectively. The analysis in Chapter 6 shows that the critical power should be
inversely proportional to the effective length, so the 90 % powers are plotted in Figure
7.2.4 against the reciprocal of the effective length. The good fit confirms that the

critical power is inversely proportional to the effective length.

The measured critical powers are a factor of approximately 4 larger than those
measured using the Rev 1.0 demonstration unit. This is possibly because the dual-stage

launch EDFA generates a differently shaped pulse than that in the Rev 1 system,
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allowing higher powers without degradation; however, experimental error in the pulse
power measurements is also possible. The measurements could have been improved by
building a low-transimpedance, high-speed TIA and, using a stable attenuator,

measuring the pulse power and shape, however this was not possible due to time

constraints.
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Experimental results showing the effect of
launch power on interference visibility for
fibres of length 1.8 km, 26 km and 48 km
with 200 ns pulses. The 50 % values are
approximately equal for 26 km and 48 km

however the shape of the decay varies.

Experimental values of the launch power
where the visibility is reduced to 90 %
plotted against the reciprocal of the
effective length, showing the length
dependence expected from the theoretical

analysis.

7.2.3. Launch Power Optimisation
In practice, when optimising the launch power, the data measured in the previous

section was used as a guide to a suitable starting point from where adjustments were
made, increasing and reducing the launch power iteratively until the best performance
was obtained at the region of interest. Small differences may occur because the
measurements above do not consider the benefit conferred by the increased backscatter

power increasing the receiver SNR.

7.2.4. Filter Optimisation
As described in Section 7.1.6, a digital high-pass filter was incorporated into the

data path to remove the low-frequency environmental noise. To optimise the filter

characteristics the frequency content of the noise and the signals of interest must be
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considered. The approximate frequency range of various signals is illustrated in Figure
7.2.5, based on the observations in Chapter 5 and measurements in the literature.
Significant energy is often present at low frequencies, particularly for signals from
heavy plant which has sufficient weight to cause permanent deformation of the ground

in addition to impulsive vibration.
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Figure 7.2.5

Frequency content of ground-borne signals from Chapter 5 and typical values for
trains, pile driving [95] and road traffic [96].

The results of the experiments using the AST, described in Chapter 5, showed that
the attenuation of the ground increases with frequency, meaning that the background
noise spectrum is likely to be weighted towards low frequencies. Practical
experimentation showed that the optimum filter cut-off was ~100 mHz, giving
significant noise attenuation, removing almost all the noise from the slow
environmental evolution of the backscatter trace, while allowing the signals of interest

to pass without significant attenuation.

200




7.3. Field Evaluation of Rev 2 System

7.3.1. Background
To investigate the capabilities of the Rev 2 demonstration system in a typical

telecommunications environment, extensive field trials were carried out on installed
fibres in the USA. The aims were to prove the ability to observe the signals along an
entire fibre simultaneously, allowing areas of interest to be investigated; to demonstrate
the response to a greater variety of real threats to telecommunications fibres; and to
show the power of the AST-based approach to geographic fault location and correlating

optical distances to geographical location for improved cable route documentation.

7.3.2. Cable Route
The testing was carried out using the same cable as for the earlier tests using the

Rev 1 system shown in Chapter 4, Section 4.5, providing a 5 km length for short-range
testing. Where testing at longer ranges was required, this cable was patched to an
additional cable at the termination building which added an additional 49 km giving a
total length of 54 km. This second cable ran for approximately 10 km in relatively un-
populated areas, then following a major interstate for of the order of 10 km. The
remainder was through built-up “down-town” areas, generally under roads with frequent

manhole access.

During the on-site system optimisation, it was noted that the audio noise appeared
to be lower on the short, 5 km, route, even when all other parameters remained
unchanged. It was realised that this was due to a problem with the revised optical
architecture which had been overlooked. Since the ASE from the launch amplifier is
not blocked, Rayleigh scattering of the ASE takes place over the entire fibre length,
effectively reducing the signal to ASE ratio of the light scattered from the front of the

fibre by a factor of A/ L where A is the pulse width and Ly, is the effective

scat »
scattering length, taking into account the fibre attenuation over the fibre. When the

Rev 1 system was modified and the second AOM was relocated to block reflections that
saturate the detector, a quick test was carried out to check that the noise was not
increased, but this was done on a fibre of length ~6 km, where the total scattered ASE
power is significantly less than from a 50 km fibre. From equation 1.4.1, the back-

scattered power reaching the receiver from a pulse of width dz at range z is:

dP(z)=1a SPe " dz. 7.3.1

-2
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Integrating from z = 0 to L the total scattered power is:
P:%asSPOLScat’ 732

where the effective scattering length is given by:

1 _ e*ZO{L

2a

L,(L)= fez‘”dz - 733
0

For short fibres, where the scattered ASE power remains less than the ASE power at the

front end of the pre-detection amplifier, no SNR degradation occurs; however, for

longer fibres, where the scattered ASE power is larger than the front end noise of the

pre-detection amplifier, the SNR will be reduced; hence the observed degradation on the

54 km cable.

7.3.3. Geographic-to-Optical Mapping with AST
A number of improvements had been made to the AST, after the measurements

reported in Chapter 2, to improve its performance for mapping geographic location to
optical range. To enable location of the acoustic signal, even when strongly attenuated
by the ground, in the presence of strong acoustic background noise or at long ranges
with reduced audio SNR, the AST was frequency-locked to a crystal oscillator allowing
the histogram display to make use of a narrow (1 Hz) band-pass filter, to remove other
signals, allowing the AST to be easily seen without ambiguity. The long stake on the
AST was replaced by an aluminium plate, (200 x 150) mm, with a sheet of 6 mm thick
rubber fixed to the underside, giving much improved coupling to the ground,
particularly on hard surfaces such as roads and paving slabs. The modified AST is
shown in Figure 7.3.1: the striped tape on the rotating head is monitored by an optical
sensor and appropriate electronics for the crystal-locking circuit, designed by Andrew
Lewis. The frequency when locked was set to 80 Hz, giving a good level of energy

transfer to the soil and allowing operation down to a low level of battery charge.

With the 1 Hz filter applied to the histogram input, the AST was easily located in
the acoustic noise present on the cable, without prior knowledge of its location. In one
test, the AST was operated at the point, at ~ 3 km range, where the cable passes under
the interstate. With the AST located approximately 3 m from the carriageway, despite
the large, continuous, acoustic signals from the busy road, with most of their energy in
the 0 Hz to 100 Hz band, with the 1 Hz band-pass filter at the histogram input, the AST
signal was clearly visible, of the order 30 dB above the acoustic background noise.
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The audio output obtained from interrogation of the 5 km fibre with the modified
AST located on grass at Site 1, range 130 m, is shown in Figure 7.3.2. The sampling
rate was 4 kHz, limited by the processing power required to apply the filters etc, not the
round-trip time for the 5 km fibre length. The spectrograph illustrates the stability
achieved by crystal-locking while the lower graph shows the 4096-point FFT of the
spectra with and without the AST operational, generated using digital data from the
demonstration system. The FFT bin width is ~1 Hz so the spectrum in Figure 7.3.2 is

close to the histogram performance with the 1 Hz band-pass filter.

Assuming the power of the launch pulse to be 200 mW, the power expected to be
backscattered from the front of the fibre is 0.57 uW, requiring attenuation to reduce the
pre-detection EDAF gain to 33 (15 dB) to avoid saturating the TIA. The expected SNR
at the receiver output is therefore 42 dB. The sampled data is recorded immediately
after the high-pass filter, but with no other processing applied so there is no

improvement from over-sampling, meaning that the expected audio SNR is 42 dB.
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The audio SNR in Figure 7.3.2, taking into account the whole noise spectrum, is
~ 36 dB, which compares well to the predicted figure, particularly as some reduction
from the backscattering of the launch EDFA ASE from the whole fibre and acoustic

background noise would be expected.

7.3.4. Telecommunications Protection Evaluation
Tests were arranged to prove the sensor’s ability to detect threats to the cable from

a variety of sources typically placing installed telecommunications cables at risk. In
addition to repeating the tests with the mechanical digger, the response to a horizontal
borer and a trenching machine (“Ditch-Witch”) was demonstrated at a range of ~1 km.
The acoustic signals from each of these operations were easily observed, and the re-
constructed audio appeared sufficiently different in each case that a suitable signal-

recognition system could separate them.

The horizontal borer and the trencher were both operated along a route parallel to
the cable, allowing the progress to be observed on the histogram display as the cutting
head moved along successive resolution bins. The horizontal borer was particularly
interesting since, approximately every 2 m, additional rods are inserted, during which
time the rotation is stopped, giving very little signal, the impact of the new rod meeting
the existing rod is easily observed, as is the resumption of rotation when the machine re-

starts.

7.3.5. Long-Range Operation
To investigate the operation of the C-OTDR sensor at long optical ranges, where

tests with the Rev 1 system had shown poor performance, and in different acoustic
environments, the AST was used at various points along the 54 km cable route, being
detectable at ranges approaching 50 km, showing the improvement made since the trials
with the Rev 1.1 system described in Chapter 5 where no signals were observable at
these ranges. To enhance the performance at long ranges, the return attenuator was
adjusted to increase the effective gain of the pre-detection EDFA stage, with the
blanking AOM shut for the near end of the fibre to prevent receiver saturation. The
light returned was further increased by operating at 50 m pulse length. The sampling
rate was 1 kHz, limited by the processing power, the round-trip time setting the absolute

maximum rate as 1.8 kHz.

As usual, the spatial sampling pitch was equal to the pulse width, 50 m. The theory

of Chapter 2 indicates that the sensitivity decreases as a disturbance location moves
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away from the centre of a resolution bin, having FWHM of 87 % of the pulse width.
Ignoring any blurring effect of the detector, for a 50 m pulse this predicts a region of
fibre between the sample points with sensitivity less than half the peak value of 7 m in
length. The TIA settling time was equivalent to 6 m, suggesting that a minimum
sensitivity of half the peak value would be maintained over the whole fibre so long as
acoustic transmission carried the disturbance over a few metres of fibre, as would be
expected for buried fibre. In practice, however, it was found that the sensitivity
appeared to fall to near zero when the disturbance was between sample points,
suggesting the need for further investigation. The problem was overcome by sampling
at a pitch of 25 m; instead of 50 m as would usually be the case. Because of the large
number of sampling points required, this meant that the total length of fibre which could
be monitored was significantly reduced due to the limitations of the signal processing

hardware.

Assuming a launch pulse power of 100 mW, the light returned from a range of
40 km is 17.8 nW, requiring a net EDFA gain of 1160 (30 dB) to give a 2 V signal.
Using the known system parameters and assuming a full population inversion in the pre-
detection EDFA, the expected SNR at the receiver is 29 dB. For the audio bandwidth of
500 Hz, there is no over-sampling advantage from the 1 kHz sampling rate, so the
expected audio SNR is also 29 dB. By comparison, if it was also desired to operate at
the front of the fibre, the pre-detection EDFA gain would be reduced to 28.5 (15 dB) to
give a 2 V signal from the front of the fibre, giving an SNR at 40 km of 12.4 dB.

The recorded data is shown in Figure 7.3.3. The spectrograph on the left shows the
stability of the frequency-controlled signal and the presence of a large number of
harmonics. There is also a signal at non-harmonic frequencies, probably as a result of
operating the AST on a hard surface, where the coupling is poorly matched, giving non-
linear components in the vibration. The peak at the 80 Hz fundamental is ~42 dB above
the background level. Considering the noise over the whole bandwidth, assuming the
AST signal is entirely contained within a single FFT bin, this corresponds to an SNR of
24 dB. This is 5 dB lower than expected, probably due to the scattering of ASE from

the launch amplifier from the whole fibre and acoustic background noise.
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Figure 7.3.3

FTAS Rev 2 audio output from disturbance generated by the AST at a range of 43.1 km,
operating at 50 m spatial resolution and 1 kHz sample rate, with the EDFA gain
increased to improve long-range performance at the expense of saturating the receiver
at the front of the fibre. The presence of a number of additional frequencies is probably

the result of non-linear coupling into the soil due to the hard surface.
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7.4. Asymmetric Split Detection for Long Cables

7.4.1. Introduction

Having shown, experimentally, that the operation of the sensor at long ranges can
be improved by increasing the pre-detection EDFA gain and blocking the light from the
front of the fibre, it was realised that this benefit, in the long-range performance of the
C-OTDR sensor, can be obtained, without affecting the short-range performance, by
using an asymmetric coupler to direct the amplified returned light to two identical
receivers as shown in Figure 7.4.1. For high light levels the signal from the weaker
branch is used and for lower light levels the stronger branch is used, effectively
increasing the dynamic range available. Asymmetric optical splitting is more effective
than using receivers with different transimpedance, because the best receiver
performance is always obtained for the highest transimpedance possible while

maintaining the desired bandwidth.

Branch 1 %
100 90 80 70 60 50

& AN o

Figure 7.4.1
-12 A
14 1
-16

Increasing dynamic range by splitting

Power relative to input / dB
oo

light using asymmetric coupler. The 0 10 20 30 40 50

light from each branch passes to one of Branch 2 %
two identical transimpedance amplifiers, Figure 7.4.2
TIA I and TIA 2. Power from each branch relative to input

7.4.2. Choice of Change-Over Point
Firstly, consider the case of long cables, shown in Figure 7.4.3, where it is desired

to give the best possible performance at long ranges, while remaining operational over

the entire fibre. Defining the splitting ratio, R, as:

R:IOlog(IOO_xj dB, 7.4.1
X

the best overall performance is obtained when the two-way loss in the first section is

equal to this ratio. Moving either side of this point either saturates one of the detectors
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or wastes dynamic range. The maximum changeover range, in kilometres, is therefore

given by:

R
2a,

Zn| o (km), 7.4.2

where 0,3 is the fibre attenuation in dB / km. For the example shown in

Figure 7.4.3, with a 90/10 % coupler where R = 9.5 dB and attenuation of 0.2 dB / km,

the maximum switchover range is 23.75 km.

For shorter cables, to make maximum use of the additional dynamic range afforded
by using two receivers, the change-over point between the two branches should be at the
point where the far-end operational dynamic range is equal in both detectors, as shown

in Figure 7.4.4. By simple geometry, this occurs when:
20 (L_Zch):Ra 7.4.3

where L is the cable length in kilometres. Rearranging, we obtain the changeover range

as a function of the splitting ratio of the asymmetric coupler and the cable length:

R

z,(L,R)=L- (km). 7.4.4

A 4
Clearly, it is meaningless to change between detectors at negative ranges, so for lengths

less than

5 just one receiver should be used, furthermore, as calculated in 7.4.2,
Qg

there is no benefit in changing between detectors beyond . Combining these

A yp
arguments, and considering a 90/10 % coupler, the optimal changeover point is as

plotted in Figure 7.4.5.
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Optimum changeover range for 10 % and

90 % split, with fibre loss of 0.2 dB / km.

There is no benefit in changing earlier as

either the 90 % receiver will be saturated
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illuminated.
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Optimum splitting ratio as function of
fibre length. The range limit due to the
dynamic range of the receivers is ignored,
although in practice this is the main

limitation on performance.
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7.4.3. Optimum Splitting Ratio
In the examples above, the splitting ratio has been considered fixed and the

optimum changeover point for different cable lengths has been calculated, without
considering optimising the splitting ratio for the coupler. Where it is possible to fix the
splitting ratio, for a specific length, the best performance is obtained where the
degradation at the far end of each detector’s range of operation is equal. For the
optimum splitting ratio, this will set the changeover point at the centre of the cable,

where the two-way loss is « ;L. The optimum splitting ratio is therefore R =« L

dB, plotted in Figure 7.4.6 assuming a fibre attenuation of 0.2 dB / km. For a 50 km
fibre, the optimum splitting ratio is R = 10 dB, equivalent to a 81/9 % coupler, close to
the 90/10 % chosen in Section 7.4.2.

7.4.4. SNR with Split Detection Scheme
The benefit of the split detection scheme is shown in the plot of SNR as a function

of range, in Figure 7.4.7. The splitting ratio is simply incorporated into the theory, from
Chapter 3, by modifying the EDFA gain by the branch transmission factor. The
calculation is for a pulse width of 20 m, at a power of 100 mW. An ADC maximum
input signal of 2.4 V is assumed, which (ignoring interference effects) sets the overall
gain for the EDFA to be 19 dB at the front of the fibre. Assuming a 90/10 % ratio as
before, the gain for the far section is 28.5 dB.

Figure 7.4.8 shows the relative contributions from the different noise sources when
operating at a range of 60 km with, and without, the split detection scheme; showing
that, with simple detection, the thermal noise begins to exceed the ASE-related noise
sources, whereas, with the split detection scheme, the thermal noise is approximately

equal to the ASE-related noises at 60 km.
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Calculated SNR for long fibre with
90/10 % split detection, showing the
advantage gained at long ranges. An
ADC maximum input of 2.4 V is assumed
and the EDFA gain is set to the maximum
possible without exceeding this value,
assuming the signal returned is equal to
that from a conventional OTDR. The
maximum range for a given minimum

SNR is increased by ~10 km.
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Relative receiver noise contributions at
60 km with (left) an EDFA gain of 19 dB
and a single detector and (right)
contributions with an EDFA gain of
29 dB using the 90 % branch of 90/10 %
split detection scheme The increased
light reaching the receiver in the split
case reduces the relative contributions
from shot and thermal noises at the

receiver.
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7.5. FTASRev 3

The Rev 3 demonstration system was constructed to build on the improvements
made with the Rev 2 system, improving on the processing ability, with a more powerful
PC, and incorporating minor changes and omissions in the optics. The split detection
scheme, discussed in the previous section, was incorporated and an ASE blocking AOM
was included to improve performance on long fibres following the observations of ASE
build-up during the field trials using the Rev 2 system. The PC, was based on a
commercial server system, which was modified to accept the optical receiver module by

Robert Clarke.

Item: Carried out by:
Optics design and manufacture SR /JPWH/RJC
Control electronics design and manufacture BF
RF Electronics design ABL
TIAs & laser driver design ABL
Software BF
Control PC and Acquisition Hardware Commercial / RIC
ABL = Andrew Lewis; BF = Barry Fleury; JPWH = Justin Hayward (Author);
RJC = Robert Clarke; SR = Dr Stuart Russell

Figure 7.5.1

Summary of main contributions to the construction of the FTAS Rev 3 demonstration

system.

7.5.1. Optical Architecture
As shown in Figure 7.5.3, the optical architecture is very similar to the Rev 2

design. The differences are that the second stage of the launch EDFA is co-pumped,
giving lower gain but improved noise performance, an ASE blocking AOM (AOM 2) is
included to prevent the degradation of the noise performance due to ASE scattering
from long fibres observed with the Rev 2 system and the inclusion of 90/10 % couplers
at the receivers, as described in the previous section, to improve performance at long

ranges without compromising the front-end performance.

The layout of the optics enclosure is shown in Figure 7.5.2. The optical

components are mounted on the vertical boards and the pump lasers are normally
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attached to the rear panel of the box. The acoustically-isolated, temperature-controlled
fibre-laser housing is visible on the left hand side, above the AOMs and the control
electronics and power supply unit (PSU) can be seen on the right-hand side of the case.
The receivers were mounted in the DSP and Control box, electrically isolated with a
separate ground along with the analogue side of the ADC card. The receiver assembly

is shown in the right-hand side of Figure 7.5.2.

Figure 7.5.2
Left: Rev 3 optics module before mounting the pump laser boards on the rear panel.

Right: Receiver module electronics, top, and optics, bottom.
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Figure 7.5.3

Optical architecture of the Rev 3 demonstration system.




7.5.2. Electronic Design and Signal Processing
The control electronics and signal processing is very similar to that of the Rev 2

demonstration unit, described in section 7.1. Minor modifications to the control
architecture were required for the additional AOM and the RF switching for the split
detection. The RF design was also extensively modified by Andrew Lewis to allow the
use of class B RF amplifiers, significantly reducing the heat dissipation which was

difficult to manage in the previous design.

7.5.3. Specimen Results
The FTAS Rev 3 demonstration system was used in a number of field trials, most

of which were a repetition of the type of experiments described in Chapter 5 for
Radiodetection’s purposes. Although some sample results from these trials are given
here, the most significant work carried out using Rev 3 system, for the preparation of
this thesis, was the measurement of the spatial response of the sensor presented in
section 7.6 and the initial experiments attempting to measure fibre extension by

correlation of the backscatter traces reported in the addendum to Chapter 8.

Figure 7.5.4 shows the sensor response from a standard 3 mm patch-cord-style
cable, buried at a depth of approximately 200 mm, in dry, sandy soil, at an optical range
of 120 m. The sample rate was 4 kHz and the signal is band-limited to the Nyquist
frequency, 2 kHz. The acoustic background, shown in the lower line of the frequency
spectrum, has a broad-band feature at around 400 Hz and another, smaller feature, at
800 Hz. This is probably the result of acoustic background noise in the ground and in
the temporary building containing the sensor, which had other pieces of equipment with
noisy fans, the vibration of which could be transmitted to the fibre laser, even with the
care taken to minimising the mechanical transmission path between the case and laser.
It is also possible that these artefacts were due to a “bug” in the FPGA programming,
leading to the sample point timing varying with respect to the launch timing, giving

amplitude noise as the sample point moves along the coherent backscatter pattern.

The upper spectrum is from signal obtained from a person stamping their foot
above the cable. The signal can be clearly seen in the spectrograph, two heavy stamps
followed by three lighter, two heavy and one light. The heavier stamps generated a
broader frequency spectrum, probably due to the phase disturbance being large-enough
to give a non-linear response. It can be seen that the background signal at 400 Hz has

an interesting character, with clear components at 400 Hz and 450 Hz.
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Figure 7.5.4

Response to impulsive disturbance above a cable buried approximately 200 mm deep
in sandy soil at an optical range of 120 m. The spectrograph (bottom) shows the
broad frequency content at the moment of impact, with the spectral width falling as
the resulting vibration decays. The FFT power spectrum (top) shows the background
and peak spectra. The artefacts at ~400 Hz and ~800 Hz are likely to be acoustically

borne since the measurements were carried out in a noisy environment.
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7.6. Spatial Response — Optimum Sample Pitch

7.6.1. Motivation
Having made the qualitative observation, in Section 7.3.5, that where longer pulse-

widths are used to increase the optical power returned to the receiver, in situations
where the spread of the acoustic disturbance limits the length of disturbed fibre, the
sensitivity appears to become very small at certain locations on the fibre. This problem
could be overcome using a wide pulse, say 40 m, but sampling twice within this
interval, with a sample pitch of 20 m. This observation was unexpected since the
theory, developed in Chapter 2, suggested that the response from sampling at a given
point would have a FWHM width of 87 % of the pulse width, so for a 40 m pulse the
sensitivity would fall to half the peak over a physical region only 5.2 m long,
insufficiently small to fully damp disturbances above a buried fibre. To investigate this
observation more thoroughly and in order to select the optimum sampling pitch,
measurements of the response to a quasi-point disturbance were made in controlled

conditions in the laboratory.

7.6.2. Experimental Design
The experimental layout for measuring the variation of response over distance is

shown in Figure 7.6.1. A 49 m length of standard 125 um SMF patch-cord, with 3 mm
diameter plastic jacket and Kevlar reinforcement, was wound onto two drums. The
fibre between the two drums, passed through two tubular supports and over a
disturbance generator. The disturbance generator, shown in Chapter 4, consists of a
loud-speaker cone, connected to a 1 mm thick plastic beam via a rigid tube, causing
deflection of the beam when a signal is applied to the cone. The fibre cable was taped

to this beam to effectively and consistently transmit the disturbance to the fibre.

The tubular supports were 140 mm and 190 mm long with an internal diameter of
4.5 mm and restrained the fibre, such that no vibration could be seen or felt beyond the
tube ends. The Kevlar reinforcing threads within the cable would further damp any
vibration of the outer jacket. The supports were positioned to give a free fibre length
between the tube ends of 500 mm; ensuring sufficient fibre was deflected to generate
sufficient cumulative phase disturbance to give a good signal. The disturbance
generator was located 100 mm off-centre to ensure that the fibre was not inadvertently

excited at even harmonics of the drive frequency, with anti-nodes at the centre.
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Figure 7.6.1

Experimental architecture for measuring the spatial response of the sensor. With the
ST connectors separated the drums could be rotated, hence applying different sections

of fibre to the disturbance generator allowing the response to be mapped.

Drums of 250 um-coated, standard telecoms 125 pm SMF, were spliced at either
end of the test fibre, having lengths of 2468 m and 700 m, and attached to the test fibre
drums, allowing each assembly to be mounted on a vertical shaft, enabling the disturbed
section of fibre to be easily varied by rotating the drums after separating the ST uniter.
To aid accurate movement, the test fibre was marked at 500 mm intervals and the marks

aligned with the support tubes..

If the splices caused partial reflection of the launch pulse, the measurements would
have been distorted. To ensure this was not the case, the splices were examined using a

conventional OTDR: the losses were << 1 dB and they gave no observable reflection.

The fibre was interrogated using the Rev 3 demonstration unit, operating at a
sample rate of 4 kHz and pulse lengths of 10 m, 20 m and 40 m, with the data recorded
from the resolution bin closest to the centre of the test fibre. The optimum signal was
found to occur for a disturbance frequency of 80 kHz. The signal level was chosen to
be within the linear regime, where the signal does not pass through interference fringes,
requiring the disturbance generator to be driven at 1.0 V peak-to-peak. The signal was
recorded for 2 min at each fibre location, allowing the effects of “fading” and acoustic
noise in the laboratory to be minimised by averaging. The signal recordings were then
converted to Windows Wave (*.wav) files, allowing sophisticated analysis to be carried
out using the Adobe Audition software package. First, an (80 = 5) Hz 10" order band-
pass filter removed any out-of-band signals from acoustic noise in the laboratory. The
RMS power was then calculated with a 10 s window, and averaged over the whole

2 min data set.
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7.6.3. Results

The experimental results are shown in Figure 7.6.2 for pulse lengths of 10 m, 20 m
and 40 m. In each case, the experimental data is superimposed with the theoretical
response, derived in Chapter 3, convolved with an approximated detector response,
which is assumed to be a top-hat function with width equal to the settling time of the
detector, equivalent to 5 m. The data was manually centred so that the peak lies at 0 m

and the theoretical response is scaled to fit the experimental data envelope as well as

possible.
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Figure 7.6.2

Experimental results showing the measured RMS amplitude spatial response over at
pulse lengths of 10 m, 20 m and 40 m. The Blue lines are the predicted response,

assuming a 20 MHz detector, scaled to the experimental data.

The results at 10 m pulse length show approximately the expected shape, although
the left-hand tail is stronger than the theory would suggest. The spread of data in the
central region suggests that the averaging time was insufficient to fully compensate for
the effects of “fading”; however, the edges match the theoretical curve reasonably well.
The extended tail on the left hand side is probably the result of asymmetry in the
impulse response of the receiver, giving a slower response for falling edges than rising,

which would be more significant for the short pulse widths than for the measurements at

longer pulse lengths.

The results with a 20 m pulse are shown in the centre of Figure 7.6.2. Here the
peak is narrower than predicted by the theoretical analysis and again the amplitude of
the signal appears to retain “fading” noise after averaging. The results at 40 m are
incomplete due to the available sampling point being off-centre on the test fibre,

meaning that it was only possible to interrogate a useful range of ~ 25 m, although the
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results available seem to suggest that the response falls off more quickly than would be

expected.

7.6.4. Discussion
The experimental results appear to indicate that the response falls off faster then

predicted for longer pulse lengths, 20 m and above, in agreement with the qualitative
observations made in field trials. A possible reason for this reduction in sensitivity, for

longer pulses, is that the fibre birefringence modulates the SOP over the pulse width.

In Chapter 3 the effect of the fibre birefringence was described using the results of
Stowe ef al. [66], giving the probability of achieving a certain sensitivity assuming that
the birefringence between the two resultant scattering sites is random. This assumption
is valid where long lengths of fibre are involved, as is normally the case in a
conventional interferometer. In the C-OTDR sensor, however, the interferometer length
is defined by the separation of the resultant scattering sites, which must always lie
within the pulse length, A, setting the maximum possible interferometer length to the
two-way propagation length, 2A . Therefore to explain the observed spatial resolution
performance an alternative model is proposed for the case when the beat length is of the

order of the pulse length or smaller.

Rewriting the intensity at the receiver, derived in Chapter 3 (3.2.36), using the

identity cos(4)+ cos(B)=2 cos{ 4 ; Bjcos( 4 ; Bj gives the total detector intensity

as:

L Z(Rj + RZ+2R R, cos|p (1) + 4, (6)+ ¢, + D(z, —2,)]... J e
e +eoslg, (6)-, (029, (0)-20(z, -2,)]) "

Now for simplicity, assume that ¢, (¢)= 9, (t)= ¢(t), allowing 7.6.1 to be rewritten as:

L = B {R% + R% + 2R R, cos(24(¢)+ ¢, )eos(®(z,, — z,))} . 7.6.2

Total

where @ = ¢, + ®(z, — z,, ), which is admissible with no loss of generality, since
although the retardation is quasi-deterministic, the phase ¢, is truly random so ¢; will

remain random.
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Recalling, from Chapter 3, that the retardation can be written in terms of the beat
length, Lp, and the spatial separation of the resultant scattering sites, the received

intensity may be written as:

Lo = Eoz{Rj + R} +2R R, cos(2¢(r) + ¢6)cos{i—ﬂ[23 —ZA]j} . 7.6.3

B

As in Chapter 3, the small-signal sensitivity is obtained from the 1%*-order Taylor

expansion as:

S =2F, ’R,R s1n(¢0)cos(L [ -z ]j 7.6.4

showing that the sensitivity is reduced by the cosine of the retardation.

To calculate the resulting spatial response, the same method as applied in Chapter 2
can be used. The relative amplitude reflectivities are assumed to be proportional to the

square root of the fraction of the pulse energy either side of the disturbance:

2 2
R,=R[1+=%; R, =R[1-=2 7.6.5
A A

The most likely location for the resultant scattering site is at the centre of the pulse

fraction, by geometry:

<z >—l A—z <z >—l A+z 7.6.6
A 2 2 0 B 2 2 0 b V.

from which simple manipulation gives the expected separation,
<zp>—-<z,>=2z. 7.6.7

Substituting into 7.6.3 the intensity becomes:

2 2 2
Iy = 2R? E, {1+\/ Zo \/l—icos ( )+¢6)COS(L_”20} . 7.6.8
B

Max

M inspection of 7.6.8 gives
Max Min

To calculate the interference visibility, V' =

the maximum and minimum intensities respectively:
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2z, \’ 27
IMax:2R2E02 1+ 1—(—0j COS(L—Z() ;

A B
7.6.9
2
2
I, =2RE - [1-[ 2250 ] oos| 22 2,
A L,
Inserting into the definition of the visibility obtains the result:
2 2
V(z,)=41- =0 | eos 2—”20 : 7.6.10
A L,

The beat length of fibre depends on the inherent birefringence, due to asymmetry
of the fibre geometry, and the bending-induced birefringence [57] related to the layout
of the fibre and, where contained in a cable, the cable geometry. Coiled fibre typically
has beat lengths of the order 10 m to 25 m and typical installed fibre 10 m to 60 m [60],
depending on fibre type. Equation 7.6.10 is plotted in Figure 7.6.3 for a pulse width of
20 m and beat lengths of 50 m, 25 m and 10 m.

The predicted response, smoothed with a top-hat filter of 5 m width to approximate
the response of a detector of 20 MHz bandwidth, is plotted along with the experimental
data in Figure 7.6.4. The best fit is occurs for the 50 m beat length, within the range of
beat lengths observed in [60] for deployed fibre, and comparable with measurements

made in our laboratory.

These results indicate that fibre birefringence-related fading is almost certainly the
cause of the narrowed response observed experimentally. However, the analysis still
retains an approximation, which may not be valid for pulse lengths which are
comparable to the beat length. The model assumes that the scatter from all the sites
within the pulse can be described by the scatter from two resultant scattering sites,
scattering light with a single phase and a single state of polarisation (SOP). When light
is scattered from a large number of scattering sites, however, each one will scatter light
which passes through different cumulative birefringence, meaning that the light from a
finite section of fibre cannot be described by a single SOP, instead the light will be
spread over a range of polarisations and must be described by the resultant SOP and the
degree of polarisation (DOP). Therefore, detailed consideration of this effect and of the
statistical distribution of birefringence in the fibre is required to refine the model of

spatial response further.

222



—— Single SOP LB=25m
——-LB=50m -—--— LB=10m

Response / A.U.

Figure 7.6.3

Response predicted by 7.6.10, ignoring any detector effects, for the single-
polarisation case from Chapter 3, equivalent to infinite beat length, and for fibre with
beat lengths of 10 m, 25 m and 50 m.
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Figure 7.6.4

Experimental results with theoretical responses for beat lengths of 25 m and 50 m
superimposed, smoothed by a 5 m wide top-hat filter to model the effect of the finite

impulse response of the detector, which has a rise-time equivalent to 5 m.
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7.6.5. Conclusions
The analysis and experimental results presented above show that the effects of

polarisation and birefringence must be considered when analysing the spatial response
of the C-OTDR sensor. The experimental results show that, for pulse widths greater
than 20 m, the analyses of Chapter 3 and Shatalin et al. [40] no longer apply. It has
been proposed that this is because, the birefringence cannot be treated as a random
statistical variable, as considered by Stowe et al. [66], since where the interferometer
length is comparable to the beat length, the variation in birefringence is quasi

deterministic.

An analysis of the effect of birefringence has been carried out, showing that the
effect of de-randomisation of the birefringence is the reduction of the sensitivity
FWHM, as observed in the experiments. As discussed, the model could be further
enhanced by considering how scattering from many points alters the DOP of the

scattered light; however, this analysis is left for the future.

In terms of optimisation of the C-OTDR sensor, where operation at long ranges
requires the use of pulses longer than 20 m, the theoretical and experimental results
indicate that it is prudent to sample the backscatter at a pitch of less than a pulse width.
From the results with a 40 m pulse, shown in Figure 7.6.4, a sample pitch of half the
pulse width appears necessary; ensuring that, even in a situation a quasi-point
disturbance, the sensitivity is only reduced to half the peak value at the edge of each

resolution bin.
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Chapter 8 Conclusions and Future Work

In this chapter the conclusions which can be drawn from the current work are
presented and the potential avenues for continuing research are discussed, highlighting

the areas where further development may be possible and the available benefits.
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8.1. Conclusions

A thorough investigation has been carried out into the C-OTDR sensor,
concentrating on applications in telecommunications cable protection. The sensor
operation was analysed, using a simple model of coherent scattering that assumed that
scattering from many sites can be modelled as scattering from a single, resultant, site.
The validity of this model was confirmed by numerical modelling and comparison of its

predictions with more complex analyses in the literature.

The noise performance of the sensor was then analysed, showing that the
performance of the optical receiver limits the overall performance of the sensor.
Consideration of the fundamental thermal noise in the sensing fibre showed that, unlike
in a conventional interferometer, it is unlikely to limit the performance in normal

situations.

Field trials proved the sensor was suitable for cable protection applications. During
the field trials, detection of footsteps above buried fibre was demonstrated at a range of
1 km with 20 m resolution, obtaining SNRs comparable to those obtained at 2 km by
Juarez et al. [38] where the spatial resolution was 1000 m. Despite this high level of
performance, the degradation of SNR with increasing range was larger than predicted
by the noise analysis. Experimental and theoretical investigation showed that the source
of this unexpected reduction in performance was broadening of the pulse line-width by
self-phase modulation (SPM), allowing SNR improvements to be obtained by

optimisation of the launch power.

With the pulse power modified to avoid SPM, operation on a deployed cable, at
50 km range with 50 m resolution, was demonstrated. Following observations during
these tests, experimental investigation showed that the spatial response differed from
that predicted by the earlier analysis and a revised analysis was produced, taking the

fibre birefringence into account, showing good agreement with the experimental data.

The performance observed in field trials has shown that the sensor which has been
developed is capable of meeting the requirements for cable protection applications
described in Section 1.1.4. Furthermore, on the basis of the field trials and laboratory
tests, it has been shown that the performance of the sensor, whose evolution has been
described in this thesis, is superior that achieved by other sensors of this type, with

longer operational range and superior spatial resolution, summarised in Figure 8.1.1.
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These advantages have been obtained by careful analysis of the factors which limit the

performance and by optimising the design of each element of the experimental systems.

Maximum Minimum spatial
Sensor Practicality
operational range resolution
FTAS
50 km 10m Fully portable, self-contained unit
C-OTDR
Taylor et
14 km 1000 m Some field trials reported
al. [38, 42]
Shatalin et
11 km 10m Lab experiments
al. [39, 40]
Figure 8.1.1

Comparison of the sensor described in this thesis to other similar sensors reported in

the literature by Taylor et al. at Texas A&M University and Shatalin et al.
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8.2. Future Work

Although the sensor has been developed sufficiently to meet the requirements set
out in Section 1.1.4, a number of areas for future work have been identified where the
sensor performance may be improved or optimised for different applications, and where

the theoretical description of the sensor operation can be made more complete.

8.2.1. Developing model of spatial sensitivity to include finite DOP
In the previous chapter, the effect of fibre birefringence on the spatial response of

the sensor was analysed, making the assumption that the backscatter from a large
number of scattering sites can be described in terms of a scattering from a single,
resultant scatter site, giving a single polarisation state. To develop this model further,
the effect of scattering from many sites on the degree of polarisation (DOP) of the
scattered light must be considered, and how this affects the influence of the fibre

birefringence on the analysis.

To test the theory, more sophisticated experiments may be useful. By measuring
the spatial response on high-birefringence fibre the effect of polarisation should be
eliminated, allowing the simple model, with no consideration of the polarisation of the
light, to be confirmed. Measurement of the spatial response on SMF could then be
carried out, along with measurements of the beat length and DOP of the scattered light,

to confirm the improved model whilst taking these factors into account.

8.2.2. Optimising Pulse shape
The shape of the pulse power envelope affects two aspects of the performance of

the C-OTDR sensor: the spatial response function (analysed in Chapter 2) and the
maximum pulse power without degradation from SPM (as discussed in Chapter 6). A
more detailed analysis of the influence of the pulse shape on the degradation due to
SPM would allow the optimum shape, enabling the maximum launch power, to be
derived. A compromise is likely to be required, however, in order to maintain
acceptable spatial resolution, while maximising the pulse energy to maximise the
receiver SNR.

If the analysis of pulse shaping indicated that significant gains were available a
practical means of controlling the power envelope would have to be developed. A
number of possible methods are available. It may be possible to control the power of

the RF drive to the AOM to determine the loss, either actively or perhaps by a
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customised matching circuit ensuring the required response. Any technique of this type
would need to be inherently stable to prevent causing amplitude noise on the pulse,
which would translate into noise on the decoded audio signal. This envelope control
may act on the pulse entering the launch EDFA, or it may be easier to shape the pulse
after amplification. An alternative approach may be to attempt to design the EDFA so
that it inherently generates a pulse of the required shape, although this may be difficult

to achieve while maintaining the required noise performance.

8.2.3. Development of Combination Algorithm
As discussed in Chapter 7, the likelihood of fading reducing the sensitivity at a

given resolution bin is substantially decreased where the signal from more than one
independent wavelength is considered. Each independent sensor is effectively a

randomly biased interferometer, with small-signal sensitivity S = sin (¢0 ), where ¢, is

the random phase bias. As a result, each sensor may have either positive or negative
sensitivity, with equal probability. Thus, in order to combine the signals from two, or
more, independent sensors an algorithm must be developed to determine the correct sign
of the summation. Combining signals coherently, as is the case here, confers a SNR

advantage as the audio noise of the independent sensors will be uncorrelated.

Where the same section of fibre is interrogated by each sensor the signal from each
must be either in phase or exact anti-phase. Where the sensors operate on different
sections of fibre, however, an acoustic phase delay, Q, may exist between the

perturbation acting on each fibre. The effect is to reduce the signal improvement by a

factor of cos[%j. Assuming that the optimum sense can be chosen for the

combination, the largest effective value of Q will be 7/2, so for the worst-case scenario

of combining two signals in quadrature the signal improvement will be a factor of V2.
Since the noise amplitude, which combines with random phase, will also be increased
by V2 there will be no overall improvement in SNR. However, the likelihood of
fading will be significantly reduced. The application of a suitable combination
algorithm, in the specific application of providing a perimeter security sensor is
discussed in more detail in the following section.

As an alternative to developing an algorithm for optimising the combination, the

possibility of combining the signals at the histogram stage may be considered. While
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this would give the same advantages of fading avoidance as the technique described
above, it does not give the SNR improvement which comes from combining the audio

signals coherently.

8.2.4. Multi-Wrap Cable Layout for Protection of Short Perimeters
For security applications it may be desirable to monitor a short perimeter, up to a

few kilometres in circumference. In such situations there may be benefit available from
passing the cable around the perimeter a number of times, as shown in Figure 8.2.1.
Where the cable is laid specifically for the purpose, it could be arranged in a spiral
allowing disturbances to be tracked as they move toward or away from the protected
area. Alternatively the cable may be laid along the same route a number of times, or
routed along a number of fibres within the same cable around the perimeter. In this case
no additional spatial information is gained, but by linking optical bins relating to the
same geographic position and summing the audio signal from each, an improvement in

SNR can be obtained.

Figure 8.2.1

Perimeter protection with fibre looped around the same physical path many times to
improve SNR. The greater the number of loops the more improvement from signal
addition through SNR improvement and reduction of the likelihood of fading, but at a

cost of reduced sample rate.

The audio signal at a point is combined by summing the signal from each loop as it
passes through the geographic point of interest. Assuming that the same acoustic
disturbance perturbs all the fibres, depending on the particular section of fibre the audio
signals from each point will vary in amplitude and may either be in phase with each
other, or 180° out of phase. It is therefore a relatively simple matter to combine the

signals correctly in order to sum the signal, thus reducing the relative noise level.
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If there are m loops then, since the signal combines coherently, the signal

magnitude will be increased by a factor of m, and the noise magnitude, which combines
with random phase, will be increased by a factor of Jm . The audio SNR is therefore

improved by a factor of m, or 10log(m) dB.

From the analysis of Chapter 4, the audio noise can be expressed as:

4 Ve
T A=2B | < Vi > |, 8.2.1
Aud [ R 12_22qJ
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Since the audio signal level remains unchanged, then the SNR is proportional to the
sample frequency, f;. The maximum sample rate is limited by the total fibre length,
writing in terms of the perimeter length L, and the number of loops m, we obtain the

maximum sample rate:
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where v, is the group velocity in the fibre. The audio SNR at all points is therefore
proportional to 1/m , balancing the benefit from signal combining, implying that a

multi-wrap configuration, as shown in Figure 8.2.1, gives no benefit. However,
combining signals from a number of optical ranges allows the effect of “fading”, where
the birefringence of the fibre reduces the interference visibility to (or near to) zero.

Assuming the probability that a single bin is in a faded state is psthen the probability
that all the traces are faded simultaneously is p7 , which rapidly becomes negligibly
small, making use multiple loops desirable.

The above assumes that the signal and noise from each point are equal for each
loop around the perimeter where the fibre is very short this is a reasonable
approximation, but for longer perimeters where the loss becomes significant (>~5 km)

the reduction of signal and SNR must be considered.

For a loss coefficient of a, the two-way loss, u, of a loop of length, L,, is given by:
u=er. 8.2.3

If the electrical signal amplitude from a single loop is ¥y, then the signal from the i

loop has magnitude:
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Similarly, if the electrical noise from a single loop has RMS amplitude vy then,
assuming that Signal-ASE noise dominated, as indicated in Chapter 4, then the noise
contribution due to the ;™ loop can be written as:
v, =u'v,. 8.2.6
Noting that the noise does not combine coherently, the total noise is:
m— l m—=1 1_ 2m
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So, from 8.2.5 and 8.2.7, the signal to noise ratio of the combined data is given by:

2
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Expanding, and writing in terms of the SNR obtained from a single loop, SNR;, this

becomes:

‘%mzsw&@_“mYG_“ﬁ. 8.2.9
(1-p)(1-p)

This is plotted for various loop lengths in Figure 8.2.2, showing the reduction in
improvement from averaging as the additional signals become noisier. Where the
sample rate is limited solely by the total length of fibre, there is therefore no benefit in
using multiple loops except to combat the problem of fading. In practice, however, with
short cables the maximum achievable sampling rate may be limited by the rate
achievable by the sampling system. In this case, a multi-wrap configuration can benefit
the SNR by increasing the effective duty cycle, giving the performance illustrated in
Figure 8.2.3.
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SNR benefit from combining data from SNR benefit from combining data from
many loops of different length at fixed — many loops with maximum sample rate of
sample rate, ignoring fading, but taking 20 kHz, relative to the ideal case with
into account the cable loss of 0.2 dB / km  unlimited sample rate. The cable loss is
and assuming that ASE-Signal beat taken as 0.2 dB / km and ASE-Signal

dominates the receiver noise. beat noise assumed to dominate.

In conclusion, it is likely to be of benefit to use a multi-wrap cable configuration to
improve the SNR where the cable route is shorter than the length corresponding to the

hardware-limited maximum sample rate, and also to prevent loss of signal due to fading.

8.2.5. Related Research
The research presented in this thesis, aimed at developing a sensor for audio-

frequency strains and disturbances, has developed expertise in the characteristics of
coherent Rayleigh scattering, and the factors which influence its characteristics. In
addition to the C-OTDR sensor described, this knowledge may be applicable to the

development of other technologies.

One possible application of the assembled knowledge of coherent scattering and
the high-performance data acquisition systems which have been produced is in
developing a novel strain measurement technology, using the coherent backscatter
pattern as a unique identifier for a section of fibre, allowing its range to be monitored to
high resolution through correlation techniques. Some detailed analysis, numerical
simulation and preliminary experimental investigation has already been carried out into

this technique by the author, and were presented at OFS-17, [53].
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At this stage, having analysed the limitations from the onset of optical non-linearity
and optimisation of the receiver noise, there may be merit in revisiting the techniques
discussed in Chapter 2. The self-heterodyne C-OTDR would be very sensitive to
spectral broadening due to SPM, so improved performance may be obtainable by
optimisation of the pulse power. The main limitation, however, was demodulation in
the presence of strong amplitude modulation of the carrier. It may be possible to
overcome this problem by carrying out the demodulation in the digital domain after
high-speed sampling. Before proceeding with such developments, a detailed analysis of
the sensor operation and the contribution of noise from different sources, such as carried
out for the C-OTDR sensor in Chapters 2 and 3, should be carried out for the self-

heterodyne system.
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