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Abstract

Distributed acoustic sensing is an emerging field of research which aims to de-
velop methods capable of using a single optical fiber as a long, dense, and high-
sensitivity sensor array. Currently, the most promising implementations measure
the interference of Rayleigh backscattered light, obtained by probing the fiber with
light from a source of high coherence.

These methods are known as Phase-sensitive Optical Time-Domain Reflectome-
ters (OTDR), and are currently undergoing a period of active research and develop-
ment, both academically and industrially. One of its variants, known as the Chirped-
Pulse ¢OTDR (CP-¢OTDR), was developed in 2016. This technique has proven to
be remarkably sensitive to strain and temperature, with an attractively simple im-
plementation.

In this thesis, we delve into the intricacies of this technique, probing its funda-
mental limits and addressing current limitations. We discuss the implications of
estimation on the performance statistics, the impact of different noise sources and
the origin of cross-talk between independent measured positions. In doing so, we
also propose methods to reach the current fundamental limitations, and overcome
the upper bound of measurable perturbations.

We then demonstrate new potential applications of the technique: in seismology,
by exploiting the high spatial density of measurements for array signal processing;
in the fast characterization of linear birefringence in standard single-mode fibers;
and on the measurement of sound pressure waves, by using a special flat cable struc-
ture to embed the fiber under test.

Finally, we summarize and comment on the aforementioned achievements,

proposing some open lines of research that may originate from these results.
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Chapter 1

Introduction

1.1 Motivation

The modern world is increasingly aware of the value and competitive advantage
provided from accessing large amounts of reliable data. By continuously observ-
ing changes in the environment, one can build systems that intelligently respond
to a plethora of potential situations. This proves to be invaluable when aiming for
greater sustainability, optimized yields and improved quality of life. In our way to-
wards building truly smart cities, buildings and infrastructures, we cannot neglect
the foundations: high quality and ubiquitous sensing.

In many real-world scenarios, however, there are clear implementation chal-
lenges for traditional electrical sensing alternatives. Scaling the number of sensed
positions poses logistical problems with cabling and power supply, the devices may
be unsuitable for installation in hazardous environments, and the costs of achieving
high sensor density over very long distances is often prohibitively high. Fortunately,
fiber optic sensing technology has stepped up to these challenges in the past decades,
granting the possibility of fully distributed measurements over several kilometers,
at low cost-per-sensor and using only passive glass fibers as a whole sensing array.

The value provided by distributed sensors is already well-recognized by sev-
eral industries and fields, and is becoming increasingly commonplace. A particular
branch of distributed sensing that is quickly rising in attention is Distributed Acous-
tic Sensing (DAS), in the interest of measuring fast dynamic deformations. The ap-
plications are vast, with examples ranging from traffic control or intrusion detection,
to damage assessment in large structures, improvement of current geophysical mod-
els, or improved safety and yields in the energy sector.

The most common DAS implementations rely on a time-domain probing of the
elastic scattering of light within the fiber to produce interferometric measurements
at each position, a technique known as Phase-sensitive Optical Time-Domain Re-
flectometer (9OTDR). These already comprise a vast body of research, but there is
still plenty of room for improvement in order to completely fulfill the requirements
of several industries and applications. For a solution to have wide applicability and
commercial interest, the technique must provide accurate measurements, robust per-
formances, avoid unnecessary complexity and have an affordable entry price.



2 Chapter 1. Introduction

In 2016, one interrogation method for these techniques was developed, which
adds a linear modulation to the probe pulse of traditional ¢OTDR implementa-
tions. This simple alteration fundamentally changes the estimation process of the
technique, and ensures improved linearity and robustness, with comparatively low
costs. Being a recent technique, however, there is ample room to study potential new
improvements and applications. The fundamental limitations of the technique must
be understood, as well as potential methods do address any perceived limitations.

This is the aim of this thesis: to improve the current understanding of chirped-
pulse ¢OTDR (CP-¢OTDR), optimize its performance, and attest the applicability
of the method to new applications.

1.2 Objectives

The motivation stated above prompted the consideration of the following objectives
for research over the course of the thesis work:

e Identification and theoretical description of the current limits of the CP-
@OTDR technique.

e Development of algorithms and methods to reach fundamental limits and ad-
dress current limitations.

o Assess the viability of these methods in a laboratory environment.

e Identify and develop new applications that may benefit from application-spe-
cific algorithms or variants of the technique.

1.3 Structure of the work
This thesis is structured as follows:

Chapter 2: Fundamentals of Fiber Optics
In the following chapter, we shall briefly cover some fundamentals of fiber op-
tics technology which are required to understand the exposition of the chap-
ters that follow. We introduce the propagation of light in fiber waveguides, the
mechanisms governing attenuation, and describe the different scattering pro-
cesses. We also introduce the formalism to describe the polarization of light,
and the discuss birefringence in optical fibers.

Chapter 3: Distributed Acoustic Sensing
In the third chapter, we introduce the reader to sensing using optical fibers. We
then describe briefly the notion of distributed sensing and review the applica-
bility of the main methods for the sensing of dynamic perturbations. After-

wards, we introduce the reader to the fundamentals of Optical Time-Domain
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Reflectometry in its coherent and incoherent variants, and present a state-of-
the-art of sensing implementations of the technology. Finally, we present an
in-depth description of the CP-¢oOTDR technique, in which the research work
was focused.

Chapter 4: Limits of Performance of CP-9oOTDR

The fourth chapter of this work is dedicated to the description of several limits
and fundamental properties of CP-9OTDR. Specifically, we present a statis-
tical analysis of performance, and compare it to other common interrogation
techniques, we describe an analysis of the fundamental limits imposed on the
system from estimation, and on the implications of cross-talk among sensing
channels due to the measurand estimation algorithm. We also propose specific
algorithms and methods to reach the fundamental limit of performance given
by the additive noise on the recovered intensity trace, as well as alternative
methods to overcome the technique’s limit of measurable strain.

Chapter 5: New applications of CP-oOTDR

In this chapter, we explore new potential applications of CP-¢oOTDR that were
demonstrated during our research work, requiring either application-specific
processing, alterations to the standard optical setup or tailored sensing ele-
ments. Specifically, we demonstrate the technique for the fast characterization
of linear birefringence in single-mode fiber links; the measurement of seismic
activity using pre-installed dark fibers in metropolitan areas; and measure-
ments of sound pressure by using a sensitivity-enhancing flat cable structure.

Chapter 6: Conclusions
In the final chapter, we summarize the important conclusions from the research
work developed during the doctoral program, and comment on potential fu-
ture research paths.






Chapter 2

Fundamentals of Fiber Optics

The first reported observations of light propagation in cylindrical waveguides can
be attributed to Jean-Daniel Colladon and Jacques Babinet, circa 1842 [1-3], as they
noticed the ability of a stream of water to guide light even as it propagated in a
curved path. While somewhat unnoticed at the time, these findings were later pop-
ularized by John Tyndall [4, 5]. It was not until 1966, however, that Nobel prize
winner Charles Kao [6] proposed the waveguides which, through this approach,
would transform the landscape of global communication and kindle the fires of an
information revolution [7, 8].

As the name implies, optical fibers are the core component of fiber optic tech-
nology. Their supremacy in the telecommunication industry is well justified: fibers
exhibit extremely low propagation losses and transmission bandwidths orders of
magnitude greater than traditional copper alternatives. Besides, by doping with
rare-earths, these can be made into powerful in-line amplifiers of weak signals [9].
Consequently, fibers nowadays form a complete backbone of the long-haul data
transmission infrastructure.

While it is nearly impossible to detach optical fibers from their achievements
within the realm of telecommunications, we should not dismiss all the real and
potential applications in other domains. Fibers are used to develop optical signal
processing components and have been demonstrated in niche applications such as
power-transfer to hazardous locations (with power-over-fiber technology)[10, 11],
and, as we intend to show, fibers also naturally lend themselves as an excellent sens-
ing platform.

This section introduces the technical fundamentals of the work developed over
the course of the doctoral program by laying the foundations over which later chap-
ters shall be built upon. We present an introduction to light propagation in optical
fibers and a summary description of the principles that are at the heart of distributed
sensing. We finish with an analysis of the relevant phenomena that affect light as it
propagates through the fiber.
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2.1 Propagation and detection of light

Classically, the propagation of light in free-space is described in full by the Maxwell’s
equations [12, 13]. In their differential form, these are

V.-D=p (2.1a)

V-B=0 (2.1b)
5B

VXE= - 2.1¢)

V><Hz]+(;]t), (2.1d)

where E and H are the electric and magnetic fields, and D = E + P and B =
uoH 4+ M the electric and magnetic flux densities (which take into account the in-
duced electric and magnetic polarizations of the material P and M). Here, & and
Uo are the electric permittivity and magnetic permeability in vaccum, while J and p
relate to current and charge densities and can be set to zero for non-conducting me-
dia. Equations 2.1 clearly attest the co-dependency of electric and magnetic fields:
Any time variation of the electric field generates a perpendicular magnetic field, and
vice-versa. This property permits a self-sustaining cycle to perpetually repeat and
physically propagate across space, perpendicularly to the oscillation of both fields.
Electric and magnetic fields, therefore, are so fundamentally intertwined that we
consider them two composing aspects of a single entity called an electromagnetic
field.

The wave behavior of the electromagnetic field may be formally described
through wave equations, achieved by manipulating equations 2.1. In the case of
free-space propagation (i.e., setting the material polarization terms P and M to 0),
the corresponding wave equations are

52E
5°B
V°B = 5?’ (2.2b)

for speed of light cg = /Up&. Describing both components, however, is redundant,
since propagation is based on the periodic transfer of energy between E and B. For
the sake of brevity, we shall henceforth adopt the electric component to describe the
optical field, as it dominates most light-matter interactions.

The wave equations 2.2 are linear, so the superposition principle applies. An
arbitrary wave can be decomposed into a sum of independent monochromatic com-
ponents of the form

E(r,t1) = Egcos(k-r— wr + ¢p) = Re{Eo ei(k'r*“’[+"’°)} (2.3)
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with angular frequency ® and wavevector k (||k|| = 27/A, pointed towards the
wave’s propagation), at position r, and initial phase ¢y. Note that in the complex
exponential representation, it is common to omit the Re{-} operator, though only
the real part of the wave has physical meaning [14].

2.1.1 Superposition of waves: Interference and beating

The superposition of several co-polarized same-frequency waves combines them
into a single wave of equal frequency. The resulting wave has its phase and am-
plitude dependent on the phase-relationship of the component waves, in a phe-
nomenon known as interference.

Observing these effects implies detecting light: converting the electric field am-
plitude at some position into some quantified value. It is not trivial, however, to
directly measure the electric field amplitude. Instead, optical detection is achieved
by means of a highly absorbing material, commonly a photodiode, which generates
a current proportional to the incident light power over its sensitive area (the optical
intensity). Furthermore, electronic devices cannot generate currents fast enough to
keep up with the speed of individual oscillations of the applied field. As a conse-
quence, the measured optical intensity is proportional to the squared magnitude of
the electric field, averaged over a series of optical cycles [12, 14, 15].

1= 2 EmP). (2.4)

Where the expected value (-) operator reflects the time-average of oscillating
fields, which in this context entails setting all sinusoidal functions in the optical fre-
quency range (~ THz) to their mean (0).

In order to describe the phenomenon of interference, then, consider two waves
co-propagating in 1-dimensional space, having the same amplitude, frequency and
wavenumber, but different initial phases ¢; and ¢,. At an arbitrary position of de-
tection zpp, the net electrical field is given by

Epp = Ep|cos(kzpp — ot + @1) + cos(kzpp — o + ¢3)] (2.5)
= 2Ey cos((p1 ; (pz)cos(kng —wor+ # —; (Pz), (2.6)

where the two resulting cosine terms showcase the different effects of interference:
the first is time-independent and demonstrates the amplitude effects of wave inter-
ference, with absolute value ranging from 0 (destructive interference) to 1 (construc-
tive interference), while the second time-dependent cosine term evidences the effect
of interference on the phase of the resultant wave (see Figure 2.1).

Consequently, at the point of detection (zpp), the detected intensity of two inter-
fering waves of the same amplitude is given as
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FIGURE 2.1: Visual depiction of two same-frequency waves (green

and blue) and their superposition (black wave) as described in equa-

tion 2.6. The amplitude terms are marked purple and phase terms are

marked red.
I=2I(1+cos(¢1 — ¢2)) (2.7)

for Iy = 2 E3. Notice that the detected intensity may achieve any value within the

range [0,4l], depending only on the phase relationship between both waves. Ac-

counting for the possibility of different component wave intensities (11, ,) we have

I=0hL+hL+2VhLLcos(or— @),

(2.8)

which may be further generalized to any arbitrary number of N superposing waves,

in which case there will be (C}) interference terms, accounting for all possible pairs
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of independent waves of the form /I; I; cos(¢; — ¢;), as

N N-1

I = Zl +2Y Y /L1 cos(9i — 9;). (2.9)

j>ioi

Generalizing the interference phenomenon to different-frequency waves results
in a related, but different outcome known as beating. This phenomenon is particu-
larly important, being at the root of frequency downconversion to detectable ranges
and heterodyning (since, as we mentioned previously, electrical devices cannot react
fast enough to the oscillations of light waves). Consider once again two co-polarized
waves, co-propagating in 1-dimensional space of the same amplitude, but with fre-
quencies (@7, @,) and the same amplitude. Following a similar analysis as the one in
equation 2.7 while setting zpp = 0 (for simplicity), we have

I(t) = 2Ip+ 2Iy cos([wx — an ]t + @1 — ¢2), (2.10)

where the "beating" cosine term can typically reach frequencies much below the op-
tical regime (THz), readily detectable by electronic equipment (operating within or
below the GHz range).

2.1.2 Quasi-monochromatic sources and coherence

Ideal monochromatic waves with constant instantaneous frequency are not achiev-
able in the physical realm. While some sources can be considered as such for specific
applications (e.g. single-frequency lasers), the occupied bandwidth will necessarily
be greater than 0. The emission spectrum of a quasi-monochromatic source theo-
retically presents a Lorentzian profile, owing to the typical dampened oscillation
exhibited by a radiating charge [12]. The width of the (ideally) Lorentzian shape is
named the source linewidth, and has direct implications in what is known as the
coherence of a light source.

A non-zero bandwidth implies the continuous superposition of waves around a
center angular frequency @.. We may, as such, model a simple non-monochromatic
source as Eq (1) = Ep [ fé?Z cos (.t + Qt)dQ) (for finite bandwidth B, where () is an
auxiliary variable used to integrate over all non-zero frequency components). Co-
herence can then be thought of as a measure of how reliably we can expect light from
such a source to behave as a monochromatic wave [15]. This notion of coherence can
be easily verified by comparing the output at two time instants separated by a delay
7, in the quasi-monochromatic case (B << @)

B/2

En(f) = Eo / ,os((@+ Q)r)d (2.11a)
‘ 7B/2
(t+7) = E /_ 1,500+l @7+ Q7)) 2.11b)
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Here, for small enough 7, the phase term ()7 is negligible and the wave be-
haviour is approximately monochromatic (i.e., the phase increases linearly with the
delay 7 and center frequency ®.). As T increases, however, the ()7 term becomes in-
creasingly important, since each frequency component of the wave begins to co-exist
at a different phase. After a long enough delay, the components within the narrow
band [@. — B/2, w. + B/2] will occupy the full range of potential phase states and
light is said to be incoherent. The formal definition is given by the temporal de-
gree of coherence, which is defined as the absolute normalized autocorrelation of
the electric field over time,

(2.12)

(7)) = ' (E*(t)E(t + 1)) '

(E*(1)E(r))
The definition of coherence time 7, follows directly from the shape of |g(7)|, with
a generally accepted definition being its equivalent-power width [15]

=[P (2.13)

which, for the theoretical Lorentzian spectral shape of quasi-monochromatic sources
that we alluded to, would be proportional to the full-width at half maximum of the

_ 1
power spectrum of the source as 7. = _x;

. Analogously, one may define a coherence
length as I, = 7.co.

One other useful, and perhaps more practical, way of quantifying the effects of
coherence in the context of interferometry is the fringe visibility. Note that coherence
measures the "effectiveness" of the interference between interacting waves: perfectly
coherent waves can reach the full range of interference behaviour, from perfectly
destructive interference to perfectly constructive interference. Perfectly incoherent
waves, on the contrary, do not interfere at all, and always result in the same average
power regardless of the delay between interacting waves. It is quite common to have
an interference measurement which (over a long enough measurement time), yields
the full range of possible values from the interference. In this case, visibility pro-
vides a good estimation of the effectiveness of the interference using direct intensity
measurements only. Formally, assuming a time-series of intensity measurements of
two interfering waves (with changing delay over time 7), we may define visibility as
[14]

_ max(i(r)] — min[/(z)]
max(/(7)] + min[I(7)]

V(1)

In summary, when exploiting interference phenomena with quasi-monochromatic

(2.14)

waves, the linewidth of the source is an important consideration, and must be se-
lected according to the distance or time over which one requires interference to
occur. In this work, we will make use of typical telecommunication lasers, featuring

linewidths ranging from sub-kHz to some MHz.
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2.1.3 Propagation of light in dielectric materials

While the speed of light is a fundamental constant of the universe, unchanged for
all inertial reference frames, the apparent velocity of light can change depending on
how "optically dense" the medium of propagation is. This "optical density" is quan-
tified through the refractive index of a material as the denominator of the speed
of light for a given medium (n = co/v, where v denotes the observed light veloc-
ity). Classically, the interpretation of refractive index in a dielectric material (such
as fused silica) models the bound charges of the medium as damped oscillators,
driven to forced ground-state vibrations upon the introduction of a transient electric
field. The damped oscillating charges, consequently, radiate the stored energy with
a phase shift.

What we perceive as the propagating wave, then, is in fact the superposition of
incident light with all the medium-produced optical fields, manifesting as an appar-
ent slow-down of light [16]. Hence, the refractive index arises from the response
of a material to an applied transient electric or magnetic field, and can therefore be
related to the electrical permittivity and magnetic permeability of the material

n= B (2.15)
& Ho

Since dielectric materials boast almost no magnetic response (1 = L), we con-
centrate only on the electric-field effects on the material. The result of a separation
of positive and negative charges due to an external field, leading to a net dipole mo-
ment is known as the material’s polarization (not be confused with polarization of
light, discussed in a later section, which pertains to the direction of the oscillation
of electric field). The constitutive relation that relates a material’s polarization to the
applied external field is

P(w) = gy (0)E(w), (2.16)

for low enough electric fields under which the forced oscillation of the charged parti-

cles is linear with the applied field. Here, x(®) is a frequency-dependent dimention-

less quantity defined as the susceptibility of an isotropic dielectric medium to external
electric fields, such that

(o

n? (o) = (80) =1+ (o). (2.17)

For the reasons stated above, our previous definition of the wave equation of

light, as described by equation 2.2, must be corrected in order to account for the

interplay between input electrical field and material response. Therefore, in order to

properly describe propagation in dielectrics, we re-write equation 2.2 as [14]

PE_ o

VZE — C%—

7= Uo 52 (2.18)
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where the polarization and electric field terms share the same frequency (by equa-
tion 2.16), but are not necessarily in-phase. The frequency and phase response of
each material arises from the atomic and molecular properties, and are expressed by
letting the susceptibility y be a frequency dependent complex-value: The real part
of x describes the effects of the material on the apparent velocity of light, while the
imaginary part describes the transfer of energy to the material as heat (i.e., absorp-
tion).

These material properties reflect upon the propagating wave’s angular
wavenumber k (the magnitude of the wavevector k), which, for dielectric
propagation is also a frequency-dependent, complex quantity. The real part of
the wavenumber, associated to the wave’s propagation velocity, is known as the
propagation constant B. In the case of a quasi-monochromatic wave of central
frequency @y and propagation constant (@) = a)%)u), B(w) can be approximated
around the central wavelength as

B(w) = B(w) + B'(0)|lo-a (@ — @) + O(e?), (2.19)

this frequency-dependence of the light’s velocity has important implications, partic-
ularly in the case of pulsed light. The zero-th order term of () is related to the
velocity at which each plane of constant phase travels (i.e., the phase velocity)

vp(n) = = (2.20)

which, in the case of a monochromatic, continuous lightwave, corresponds to the
speed of light within the medium. For the case of quasi-monochromatic pulsed light,
however, while each plane of constant phase will travel at the phase velocity, this is
not necessarily true for the wave envelope (i.e., the pulse - see figure 2.2). The veloc-
ity of propagation of the pulse is known as the group velocity, and is determined by
the first-order term in equation 2.19, as

. do 1 _ co _ Cco (2 21)

“dBlo=a B(@o-a  n(en) + @™ ny(an)’

ve(ay)

where ny(®) is the group index, describing the velocity of propagation of the pulse
through the medium. The propagation constant dependency on wave frequency is
generally non-linear, however, and higher order terms often need to be considered.
The second order term characterizes the dispersion of the medium, which is seen as
a broadening (or compression) of the pulse during propagation, combined with a
re-ordering of spectral components, while higher order effects lead to distortions of
the propagating pulse. For the purposes of the presented work, such higher-order
effects can be considered negligible.



2.2. Optical Fibers 13

vy =dy /At
v, = dp/ At

>

dp Position

FIGURE 2.2: Visual representation of phase velocity (v,) and group
velocity (v,).

2.2 Optical Fibers

Optical fibers are thin cylinders composed of a dielectric material, engineered to
trap light within them so it propagates longitudinally with minimal losses. Fiber
development is a fertile field of research, with application-specific fibers being man-
ufactured in many shapes, sizes and materials, tailored to each specific need. It is
not uncommon to employ fibers with special configurations (such as hollow fibers,
or high-birefringence fibers) [17], different materials (such as exotic glasses or poly-
mers) [18], or even with several cores [19]. Nevertheless, the great majority of fibers
follows a standard of silica glass, step-index profile. In the work developed over
this thesis, we shall mostly focus on the standard fibers that make up most of the
telecommunication infrastructure, though some specialty fibers may be used spo-
radically in some components or for specific applications.

Typically, single-mode optical fibers are made of fused (amorphous) silica (SiO,)
glass with some added dopants (e.g. Germanium) to control the transversal refrac-
tive index profile. The most common configuration being the step-index profile, in
which the fiber glass has a higher refractive index in the middle (core), and slightly
lower in the periphery (cladding), with a well defined interface between both (see
figure 2.3). The choice of silica as the preferred material results from its natural
abundance (low cost), low propagation losses, and mechanical properties (surviv-
ing elongations above 1% in embedded conditions [20]). In most cases, the glass
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FIGURE 2.3: Diagram of a standard step-index single-mode optical
fiber (right) and a visual representation of the refractive index profile
(left)

is enclosed in a coating of acrylate or polyimide, which aids in protecting the brit-
tle glass from environmental damage or atmospheric interactions [21]. An example

schematic of such a fiber is depicted in figure 2.3.

2.2.1 Propagation of Light in Optical Fibers

The principle behind optical fiber communications is the confinement of light within
the core, enabling low-loss transmission over vast distances, without radial leakage
of power to the surrounding environment. Light propagation in optical fibers is
often described using either a simplifying (albeit intuitive) model through ray optics,
or a classically complete wave optics approach from the Maxwell’s equations. The
former is simple and offers a good approximation for fibers with a larger radius,
but does not account for the wave behaviour of light (namely diffraction). For most
telecommunication fibers (i.e. single-mode fibers), however, we need to rely on the
wave model to accurately describe light propagation.

The simple geometrical model assumes that light behaves as a plane wave trav-
elling in free-space, ignoring all diffraction effects. In this case, we can describe light
as a set of rays pointing in the direction of propagation which represent a far-field
wavefront of light. In this model, each wavefront can be considered as a plane or-
thogonal to the propagation, in which the optical field carries the same phase at
every point.

Snell’s law of refraction is easily visualized under this model: light travelling
across the interface between two isotropic media with different refractive indices
will generally see the incident ray partially reflected and deflected (refracted) upon
transmission. The reflection emerges with the same angle 6, as the incidence 6,
while the refracted ray will be deflected according to the relationship

n; cos(6;) = n; cos(6;), (2.22)
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FIGURE 2.4: (Right) Visual representation of Snell’s law between at a
planar interface between two dielectric media. 6; is the incident an-
gle, 0, is the reflected angle, 6; is the transmitted angle, and 6, is the
critical angle. (Left) Visual depiction of the ray model for transmis-
sion in an optical fiber. The acceptance cone for an optical fiber is
also represented, which encompasses all angles of input light which
facilitate total internal reflection at the core-cladding interface.

for transmitted angle 6;, and incident and transmitted refractive indices n; and ;.
From this equation, it is clear that when going from a higher to a lower refractive

index, there is a critical angle 6, for which the refracted angle reaches 07 [12]

0. = cos (1) (2.23)

n;

Any light inciding at a narrower angle will not undergo any transmission to the
second medium. Instead, all light is reflected in a phenomenon named total internal
reflection [22].

Consider now a step-index fiber, such that the core-cladding interface is a cylin-
drical surface of radius p, and the refractive index of the core (n..) and cladding
(nc1aq) are uniform and constant. According to equation 2.23, there is a range of in-
put angles that will effectively trap light inside the core of the fiber (see figure 2.4),
by ensuring that light always hits the core-cladding interface at a narrow enough
angle 6, < 6. [21]. Light entering the fiber within this cone ensures its (nearly) loss-
less propagation through a series of total internal reflections at the core-cladding
interface.

Indeed, for cores much larger than the wavelength of the propagating lightwave
(specifically, multimode or polymer optical fibers), this model provides a good ap-
proximation of light behavior within a fiber. For narrower cores, however, the effect
of diffraction is no longer negligible: As a fiber core radius a approaches the wave-
length A, the diffraction angle 6; = A/ (7ncorea) approaches 6.. In this scenario, a
purely geometrical optics approach fails to explain guidance in optical fibers, and
we must rely on the Maxwell’s equations. To do so, consider an ideal step-index
fiber with an infinite cladding, with electric field E and magnetic field H having an



16 Chapter 2. Fundamentals of Fiber Optics

harmonic dependence in space and time as follows [23]

E(r,0,z,1t) = E(r,0) exp(j(or — f(w)z)) (2.24a)
H(r,©,z,t) = H(r,®)exp(j(or — B(®)z)) (2.24b)
for angular optical frequency ® and propagation constant () = “*¢/, depicted in

cyllindrical coordinates (r, ®, z). In this formalism, the Maxwell’s equations for the
angular (Eg, Hp) and radial component (E,, H,) can be written as functions of the
longitudinal components (E;, H;).

The guided solutions of the Maxwell equations for light propagating in this
waveguide are those with fields asymptotically approaching zero at large r, imply-
ing no radial loss of power from the core to the cladding, and fulfilling the appropri-
ate boundary conditions: in the core-cladding interface, the tangential components
(z,®) of the electric and magnetic field have to be continuous [23].

Egcore) _ Egdad) (2.25a)
Eg()re) _ Eglad) (2.25b)
chore) _ chlad) (2.25¢)
Hgore) _ H(@clad) (2.25d)

Fulfilling these boundary conditions yields a discrete and finite number of solutions
[24], each characterized by a distinct propagation constant f and spatial distribution
of power E(r, ®) and H(r, ©) called modes. Mode theory reveals that there is, in fact,
a substantial portion of light travelling inside the cladding as well: Each solution’s
planar distribution of power yields an harmonic shape in the confines of the core,
and a radial exponential decay (evanescent) within the cladding.

For a fiber of a given radius a and indices n.or /nciaq, at a given wavelength, the
discrete number of modes that can be carried by the fiber depends on the parameter

v
0

<
0,

in the weak guiding approximation (i.e. small difference between nc.. and nq4,

,_2ma

7 2 e — N2 2 (2.26)

characteristic of most common fibers), some of the modes "cluster" together in fami-
lies of degenerate modes, sharing the same propagation constant 3, dispersion curve
and spatial distribution of power. These are called the linearly polarized (LP) modes.

A fiber can, therefore, be engineered towards carrying or cutting-off a given
number of modes at given light frequencies, by adjusting the indices and radius.
The two most common types of fiber, however, are those with large cores, carrying
hundreds of modes (multimode), and those carrying a single mode (single-mode).
Multimode fibers are typically very efficient at capturing light, but pose difficul-
ties in long-haul data transmission due to pulse broadening from mode-dispersion
and interference between modes, limiting the total possible transmitted bandwidth.
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FIGURE 2.5: Diagram of the transverse section of a single mode op-
tical fiber, and the intensity profile of the LFy; mode. Notice that a
significant portion of the light may be carried within the cladding.

Conversely, single-mode fibers avert these complications, making up the most of
long-haul data transmission infrastructure.

Single-mode operation generally requires a parameter V < 2.405 [12], allowing
only the LPy; mode (degenerate in its two orthogonal eigenstates of polarizations),
with an approximately 2-D Gaussian power distribution (often carrying 25% of its
power in the cladding), as depicted in figure 2.5.

2.2.2 Loss mechanisms in optical fibers

Transmission loss (or attenuation) in optical fiber quantifies the reduction in the in-
tensity of the propagating light beam as it traverses the fiber medium. The physical
origin of attenuation derives from either intrinsic phenomena to the silica material,
or sporadic extrinsic phenomena, such as damage or external stressors. Most com-
monly, the losses are quantified by an attenuation coefficient (in dB/km), which

abstracts from the physical mechanisms leading to the loss, as

—10
Oy = Tlog (f’%i) , (2.27)

under the assumption of constant homogeneous losses along the whole fiber (or the
fiber section used to estimate the loss). This assumption is generally valid when we
refer only to the intrinsic loss mechanisms to the optical fiber.

The intrinsic mechanisms by which light is attenuated during propagation
through fibers are absorption and scattering. Absorption is the phenomenon
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by which selective wavelengths of light are prone to excite certain atomic and
molecular resonances, thus converting the absorbed energy into some other form
(typically heat). In silica fibers, there are electronic and vibrational resonances in
the ultraviolet and far-infrared regions respectively. The background absorption
resulting from the combination of the tails of these resonances, in silica, is mini-
mized at low-absorption window for light in the 0.5 um — 2 um wavelength range.
Nonetheless, if impurities are present within the fiber structure, they may lead to
sporadic peaks of high absorption (one pervasive example is that of OH~, leading
to a narrow peak at 1380 nm). Current manufacturing techniques and standards,
however, have evolved to the point that these peaks have been mostly mitigated
through careful control of the fiber contamination during drawing.

The other intrinsic loss mechanism is scattering. More specifically, Rayleigh scat-
tering is the predominant contribution to intrinsic losses in current standard fibers.
The phenomenon occurs from the rapid polarization of the medium followed by re-
emission in a random direction, scattering a portion of light either in reverse prop-
agation to the transmitted wave (backscattering), or in a direction that facilitates its
escape through the cladding. Due to its 1/1* dependency, this effect is particularly
dominant at lower wavelengths.

The net attenuation, resulting from the combination of both effects (scattering
and absorption) is minimized across a narrow wavelength band between 1.3 um and
1.55 um, as depicted in figure 2.6. Losses in this band can readily reach values as low
as 0.2 dB/km, with most of the band being limited by scattering induced losses.

As we stated previously, however, we can often abstract from the physical origin
of the (intrinsic) attenuation, and simply quantify the total losses at our wavelength
of interest through the attenuation coefficient defined in equation 2.27.

Deviations from the losses predicted from the attenuation coefficient are typi-
cally linked to extrinsic phenomena and localized events. Commonly, these origi-
nate from damaged sections of fiber, spliced sections, connectors, or tight bending
of the fiber (leading to a loss of mode confinement inside the core, allowing light to
leave the fiber).

2.2.3 Scattering

Scattering is the process by which light, interacting with a material medium, is re-
radiated in an arbitrary direction, often different than that of the original wave. Un-
derstanding scattering phenomena is fundamental to fiber optic technology, as it not
only comprises one of the two driving forces for intrinsic attenuation, but also be-
cause the scattered light can be recovered for use in multiple applications (the main
topic of study of this thesis, distributed optical fiber sensing, being one of them).
Common methods of distributed sensing work by recovering a portion of the
scattered light, thus converting the fiber from an otherwise simple conduit of in-
formation into the measurement device itself, without inducing any prior change
to physical medium. Broadly speaking, we can categorize scattering processes as
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FIGURE 2.6: Attenuation spectrum of a typical optical fiber, highlight-
ing each intrinsic loss mechanism as well (as presented in reference
[7]). The sporadic OH™ absorption peak is also visible.

elastic (Rayleigh or Mie. The latter, originating from larger imperfections, has been
mostly eliminated in modern fibers) or inelastic (Raman or Brillouin), depending on
whether there is a net energy transfer between the material and the incident light
after the interaction (perceived as either an increase or decrease in the scattered light

frequency, see figure 2.7).

Elastic Scattering (Rayleigh)

Elastic scattering processes imply no net transfer of energy between the incident
light and the material, after the interaction has occurred. This means that there is
neither a change in the scattering wavelength, nor an electronic excitation or de-
excitation in the material molecules. Instead, the transient electric field polarizes
the material medium into a ground-state vibration and consequent re-emission as a
secondary wave, with power directly proportional to that of the incident wave.

Elastic scattering processes can be divided into Mie and Rayleigh contributions,
which are distinguished by the size of the inducing scatterer (a common quoted
condition for Rayleigh is d < A/15, d being the scatterer radius). Mie scattering
is a wavelength-independent process, and occurs for larger defects, being usually a
remnant from poor manufacturing and negligible in modern standard optical fibers.
In contrast, Rayleigh scattering (the dominant scattering interaction in standard op-
tical fibers) is highly wavelength dependent (follows a « 1/A* dependency), and
comprises the major driving force for attenuation in the telecom band.
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FIGURE 2.7: Visual representation of the spectrum produced by the
scattering of light by different elastic and inelastic scattering phenom-
ena

The previously mentioned scatterers consist in localized inhomogeneities in the
material’s refractive index. If the medium is perfectly homogeneous, the phase-
relationship between the material-produced secondary waves cancels for all but the
forward propagating contribution, and there is no observed scattering loss [21]. On
the other hand, in the presence of non-homogeneities, such as the constant density
fluctuations in the amorphous silica structure of glass fibers, the secondary waves
may re-direct the incident light energy. These inhomogeneities originate from resid-
ual strains and stresses which remain "frozen-in" from the cooling of molten silica.

Each of these scattering centers may be modelled as an oscillating dipole, unable
to radiate along the plane of oscillation. In an optical fiber, translating into a radially
symmetric probability of radiation in the 1 + cos?(8) direction, as shown in figure
2.8, relative to the longitudinal propagation of light (6 = 0 corresponding to the
forward propagation and 6 = & corresponding to the backward propagation). Some
of the scattered light is re-captured by the fiber core, either in forward or backwards
propagation. The case of backwards propagating light is of particular importance,
as it is the recovery of this residual light that enables distributed measurements from
elastic scattering.

Unlike other (inelastic) scattering processes, Rayleigh scattering is itself insen-
sitive to variations of strain and temperature. Instead, each backscattered wave is
functionally equivalent to one coming from a very low reflectivity mirror at the lon-
gitudinal position of the scatterer. So in order to exploit this type of scattering for
measurements, one has to either rely on the interference of multiple scattered waves,
or on other properties of light.
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FIGURE 2.8: Spatial distribution of Rayleigh scattering in an optical
fiber.

Raman and Brillouin Scattering

A scattering process is deemed inelastic whenever, after the interaction, there is an
observable energy transfer between the lightwave and the surrounding material.
The type of interaction is commonly categorized as Stokes or anti-Stokes.

In the Stokes case, some energy is transmitted from the incident light (which, as
a consequence, undergoes a wavelength upshift) to the surrounding material in the
form a phonon (acoustic wave) with a frequency corresponding to the difference
between incident and emitted photon in the process. In the anti-Stokes case, the
incident photon takes energy from a thermally-activated phonon (if the scattering
is spontaneous), resulting in an increased frequency (wavelength downshift) of the
scattered light, and annihilation of a corresponding phonon.

If the energy transfer results in the creation or annihilation of a molecular vibra-
tional or rotational mode (i.e., an optical phonon), the interaction results in what is
known as Raman scattering. The typical frequency for such phonons in silica, at
telecom wavelengths, is around 13 THz. Conversely, whenever the energy transfer
results in the creation or annihilation of a pressure wave in the material structure
(i.e., an acoustic phonon), the interaction is known as Brillouin scattering, and the
typical frequency for the generated phonon is in the order of 11GHz in silica. Phys-
ically, acoustic phonons consist of pressure waves, which may be created from elec-
trostriction in the fiber. These interact with the optical wave through the consequent
refractive index changes from photoelasticity. Optical phonons, instead, reflect the
effect of local changes in the material polarization of the medium.

Both phenomena are intrinsically dependent on the current material state, mak-
ing them obvious candidates for sensing applications: In the case of Brillouin scat-
tering, the strict phase-matching requirement leads to a very narrow spectrum, at a
frequency displacement given by vz = 2n\/K/p /Ay [21], for bulk modulus K and
material density p. As such, the exact frequency shift experienced by the Brillouin
light is both temperature and strain dependent, due to their direct impacts on n and
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p. Raman phenomena, on the other hand, are directly sensitive to temperature, as
the intensity of the anti-Stokes band will be proportional to the number of thermally
activated optical-phonons.

Both of these processes occur spontaneously in a fiber medium. However, they
can also be stimulated for increased efficiency. The stimulated regime is entered
whenever the light power within the medium is enough to modify the local material
properties, and influence the efficiency of these phenomena, moving into a non-
linear interaction regime. Stimulated interactions are used extensively in fiber optic

applications, from distributed amplification to sensing [25-28].

2.3 Polarization and Birefringence

Within the context of electromagnetic waves, polarization corresponds to the vecto-
rial quality of a wave amplitude, or in other words, the direction of oscillation of the
electric field. For light to be considered polarized, therefore, there has to be some
predictability on the shape drawn by the tip of the electric field vector at a given
position, over time. The predictable pattern drawn by this shape is what is known
as the state of polarization (SOP) of light. If there is no identifiable pattern, light is
said to be unpolarized.

The polarization of interacting waves impacts the outcome of the interaction.
Co-polarized waves interfere as we described in section 2.1.1, while orthogonally
polarized waves do not interfere, but instead add up to a new state of polarization.
Polarization can also affect the propagation of light in materials, in case they exhibit
a polarization-dependent refractive index (birefringence). This is the case for optical
tibers, as they fail to fulfill the theoretical ideal of a circularly symmetric waveguide.
Any deviations from the ideal cyllindrical geometry breaks the symmetry, yielding
a non-isotropic response to polarization.

Birefringence can be desirable in some cases: some fibers are engineered with ge-
ometries that deliberately break the radial symmetry, enhancing birefringence. More
commonly, however, birefringence is a pervasive and residual effect from installa-
tion and manufacturing, leading to polarization mode dispersion and other unde-
sired phenomena of light during propagation.

In this section, we shall begin with a brief formal description of polarization of
light followed by a simple model of birefringence in optical fibers.

2.3.1 Polarization

When polarized light traverses a fiber which fulfills the condition for the weakly
guiding approximation (see section 2.2.1), such as most common single-mode fibers,
the oscillating electromagnetic field will always be polarized in the transverse plane
to the propagation.

Monochromatic sources intrinsically emit polarized light with an arbitrary SOP.
It may be linear, circular, or more generally a combination of both. For a such a wave,
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the SOP manifests as a 2-dimensional amplitude of the electric field, describing the
polarized wave as a superposition of two orthogonal waves of the form depicted in
2.3

Eo = |E,|e%% + |Ey|e'® (2.28)

The shape drawn by such a wave follows a generally elliptical pattern, where
the A@ = 6, — 6, defines the ellipticity, such that integer multiples of 7 yield linear
states, while odd multiples of ©/2 yield circular states. Broadband light, on the
other hand, may or may not be polarized, as each monochromatic component of the
light may oscillate independently. Quasi-monochromatic light usually exists in a in-
between state of partial polarization (i.e., the shape drawn by the electric field vector
is noisy, but with a distinguishable periodic component).

There are two mathematical formalisms for describing states of polarization and
their evolution: the Jones formalism, which comprises a simple 2-D representa-
tion of light through electrical field amplitudes (accounting only for fully polarized
monochromatic light), and the Stokes formalism, which can account for partial po-
larization with a 4-D matrix formalism (though it is also common to work with 3-D
normalized Stokes vectors as well).

Jones formalism follows directly from equation 2.28, by re-writing the equation
as

A

E(z,1) = Eopp(A% + Be™05)e/ 070 = E, el o) [BeiAG

] (£, 9], (2.29)

with the column vector [A, Be’2%]T being the corresponding Jones vector, characteris-
tic of the light’s SOP. Any effect on the polarization state of the fiber due to propaga-
tion through a birefringent medium or device (i.e., rotation, polarization-dependent
loss, etc.) may then be described by a 2x2 complex matrix operating on this vector.
The main drawback of Jones model is in dealing with partially polarized light, and
requiring knowledge of the complex electric field (i.e., the phase), which is not trivial
to measure. To avoid these issues, one may opt to use Stokes formalism, which relies

on optical intensities instead. In this case, a given SOP is defined by the following

vector
So E} +E}
S| BB , (2.30)
So 2E E,cos(A0)
S3 2E\E,sin(A0)

where S depicts the total power of light. It is therefore common to represent a state
in the compact 3-D version of normalized Stokes vectors (s1,s2,53) = slo [S1, 52, 83]7.
These three vectors, s1, s and s3 measure the relative intensities of light at orthogonal
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FIGURE 2.9: The Poincaré sphere. A sample representation of a given
SOP is depicted in green. The blue plane maps all linear states of
polarization.

SOP pairs: s; measures the relative amount of power that is horizontally polarized
against the vertically polarized (1 corresponding to fully horizontal and -1 to fully
vertical), s, between linear 45° and 135° polarized light and s3 represents the rela-
tive power of light that is circularly polarized (1 for right and -1 for left circularly
polarized light).

In this formalism, unpolarized light is quantified through the degree of polariza-
tion (DOP) as the percentage of light that is polarized

Poarie
DOP = " larized = \/s}+ 53+ (2.31)

polarized + P, unpolarized

Analogously to the Jones matrices we alluded to earlier, any device or element
acting on the polarization state of light can be modelled by a matrix under the Stokes
formalism. In this case, however, these are 4-D real matrices called Mueller matrices,
which may also account for depolarizing effects.

The 3-D normalized Stokes vectors lend themselves directly to a graphical rep-
resentation. The graphical representation of the whole space of possible Stokes vec-
tors is called the Poincaré sphere (Figure 2.9). In the Poincaré representation, the
xy-plane maps all linearly polarized states, while the azimuth measures the elliptic-
ity of the SOP, in either a clockwise (z > 0) or anti-clockwise (z < 0) direction. Any
two diametrically opposed points in the sphere correspond to physically orthogonal
states, and the length of the vector representing the polarization state corresponds
to the degree of polarization.
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TABLE 2.1: Stokes and Jones representation of basis states of polar-

ization
State Jones Normalized Stokes
Linear (Horizontal) [1,0]" [1,0,0]"
Linear (Vertical) [0,1]" —[1,0,0)"
Linear (+45°) 1/v/2 [1,1)7 [0,1,0]"
Linear (-45°) 1/v/2[-1,1]T —[0,1,0]"
Right Circular 1/v2 [1,4]7 [0,0,1]7
Left Circular 1/v/2[1, —j]" —[0,0,1)7

Birefringence

Non-homogeneous media may exhibit birefringence: a polarization-dependent re-
sponse to the traversing light. While material birefringence may be desired, in some
cases, it is very often a limiting aspect of the material. Practically, it is impossible to
obtain a perfectly symmetric fiber, as birefringence stems from imperfect manufac-
turing [29], deviations from the ideal symmetry of the core, induced stresses, inho-
mogeneities in the doping concentrations, among other unavoidable imperfections.
Indeed, even in the event of a theoretically perfect fiber, any bending/twisting [30]
or the onset of electric/magnetic fields could all lead to birefringence phenomena.

As we described in section 2.2.1, the mode theory description for light propa-
gating in a single-mode fiber permits only a single mode LPy;. While this is often a
good enough approximation, in reality there are two modes, one for each orthogo-
nal eigenstate of polarization (LPy, and LF,). In an ideal fiber, these are degenerate,
meaning that the propagation constant 3, or the refractive index are the same for
both modes, making them indistinguishable. Birefringence, however, breaks this
degeneracy: Each eigenstate becomes characterized by a slightly different propaga-
tion constant. In practice, the effective refractive indices of LPy, and LFy, are very
similar in standard fibers. In the current state-of-the-art, the total difference in effec-
tive index can be as low as 1077.

Formally, birefringence is often quantified as either the total difference between
propagation constants, or equivalently, between the refractive indices of both eigen-
states of the fiber

AB = |Bs — Byl (2.32)
B = |nf?ff - ”gff|/ (2.33)

where f ; are the propagation constants (ni’f s the effective indices) for the slow and
fast axes, respectively. If light travelling along a birefringent medium is not aligned
with one of the two eigenstates, the resulting projections of the wave in each eigen-
state will accumulate a delay during propagation. The induced phase-shift for a

travelled length L is given as
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FIGURE 2.10: Beat length representation in an optical fiber, modeled

as a homogeneous birefringent element. f - fast axis of birefringence,

s - slow axis of birefringence. Note that light aligned with any of the
axes retains its SOP during propagation.

A6 = |B, — Br|L = ABL. (2.34)

The change in phase between the two components manifests as a periodic evolution
of the SOP into a new polarization state. The total length to complete one period (i.e.,
return to the original state) is given by ABLg = 27 (see figure 2.10), and is called the
beat length of the fiber.

In the case of pulsed light, there is more than just a change of the state-of-
polarization, as a different propagation constant also leads to a differential group

delay
dAB

DGD = %L, (2.35)
which limits the rate of information transfer possible in the fiber.

Birefringence can be mathematically described as a vector, defined in normalized
Stokes space, pointed towards the slow eigenstate of polarization [31]. This enables
a description of the magnitude and type of birefringence (whether linear, circular or
elliptical), as well as a geometrical understanding of its interaction with polarization
states.

In standard step-index single-mode fibers, the birefringence vector changes di-
rections and fluctuates in amplitude unpredictably throughout the whole medium,
due to local inhomogeneities and imperfections [32]. One useful model to describe
an optical fiber, as such, is by picturing a concatenation of small homogeneously
birefringent elements (figure 2.11). At their interface, the output SOP is projected
into the new fast and slow states of the input element. In Jones formalism, an optical

fiber section of length z can be modelled as

inber(z) = ]n(z)]nfl - JiJo (2.36)
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FIGURE 2.11: Polarization mode coupling model of a randomly bire-
fringent optical fiber.

where n(z) is the n-th element of fiber, at position z. The cumulative effect of all
the delays induced by each small element in the fast and slow components of the
electric field traversing them leads to a "smear" or broadening of the pulse, an effect
known as polarization mode dispersion, which is a main limitation in long-haul
communication links.

The final concern with birefringence lies on the effect of backscattering in the
SOP of the scattered light. The polarization transformation can be modelled as a
Jones or Mueller matrix, depending on the formalism of our choice. Expanding on
the Jones formalism analysis of equation 2.36, the SOP recovered at the fiber input
(Vg(z)), after backscattering at position z, is given by

\Z: (Z) = ]fiber/ (Z)]BS]fiber<Z)Vin (Z)/ (2.37)

where J 7, (z) corresponds to the fiber model of 2.36, with the elements stacked in
reverse order, J ¢ refers to the direct effect of backscattering in the polarization state
of light, and Vj, is the input SOP. As backscattering merely changes the direction of
propagation, there is no effect to linear states of polarization (i.e., the x and y com-
ponents of the coordinate system for forward and backward propagation remain
unaffected). There is, however, a difference in the phase relationship between the
orthogonal states between incident (A¢) and backscattered wave (—A¢@). This is con-
sistent with setting V3 = Vj. In practice, as can be seen in table 2.1, this corresponds
to maintaining the linear component of the state, and reversing the handedness (of

the circular component of polarization) during backscattering.
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Chapter 3

Distributed Acoustic Sensing

Since the early days of fiber optics technology, there has been a considerable research
effort to develop techniques for the sensing and measurement of physical parame-
ters [33]. These efforts were motivated by the attested benefits of using passive silica
fibers instead of the traditional electronic infrastructure.

Indeed, besides the high performances and sensitivities promised by optical
measurements [34], there are some application-specific advantages to using optical
fibers. The most commonly mentioned are the immunity to electromagnetic
interference and voltage spikes, low-power consumption, lack of Joule heating,
small/lightweight dimensions for embedded applications, and the broad range of
adverse environments where they can be installed.

Nonetheless, perhaps the greatest benefit of sensing with optical fibers is the ease
of multiplexing sensor structures into large arrays on a single optical fiber, minimiz-
ing the cost/complexity of deployment and maintenance. This advantage is fully
expressed in distributed sensing techniques, where every position in the fiber func-
tions as both an information-carrying element and a sensing element [21, 35].

Nowadays, multiple designs and techniques for distributed sensing have been
proposed and developed. For the measurement of fast perturbations, however, the
most promising alternative consists of sensors based on the interference of multiple
waves resulting from local Rayleigh scattering. The advantages provided by this
type of sensors are critical whenever a large number of points have to be monitored
at fast acquisition rates, and have been successfully demonstrated in fields such as
seismology [36], defense (perimeter security) [37, 38], pest control [39] or pipeline
integrity [40].

In the following chapter, we will introduce the concept of distributed optical
fiber sensors, followed by a short state-of-the-art of the distributed acoustic sens-
ing (DAS) techniques, used for the measurement of fast mechanical perturbations.
We will conclude with an in-depth description of the Chirped-Pulse Phase-Sensitive
Optical Time-Domain Reflectometry (CP-¢OTDR) technique, which is the focus of

this work.
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FIGURE 3.1: Illustration of the operation principle of a fiber Bragg
grating, the most common intrinsic point sensor in optical fibers. The
structure functions as a wavelength-selective mirror.

3.1 Point, quasi-distributed and distributed sensors

The most conventional conception of a sensor is the point or punctual sensor, be-
ing the traditional paradigm for an electronic sensor. In this case, the sensor struc-
ture is connected to the interrogator/acquisition device, with a dedicated cable for
power/data transmission. In passive fiber optics, this entails that most of the fiber
behaves solely as a data transmission element, apart from a singular engineered po-
sition which is sensitive to the surrounding environment.

The most commercially popular example of an optical fiber sensor, the fiber
Bragg grating (FBG - figure 3.1) [41], falls under this description. An FBG consists of
a periodic variation of the effective refractive index imprinted over a short length of
the optical fiber. These variations behave as multiple reflectors, creating an interfer-
ometric structure with a fixed phase-relationship between the reflected waves. Only
specific wavelengths, when reflected, fulfill the phase-matching condition and in-
terfere constructively (yielding a phase difference that is an integer multiple of 27),
while all others mix incoherently.

One remarkable advantage of optical fiber sensors (and an important selling
point for FBGs, for instance) is their ability to be easily multiplexed. Whenever mul-
tiple point sensors are concatenated within a single fiber cable it is common to refer
to the sensor device as quasi-distributed. The most common multiplexing methods
allocate either a specific wavelength band (wavelength division multiplexing), time-
of-flight window (time-division multiplexing) to each sensor, or a combination of
both, in order to distinguish between sensors within the same cable (see figure 3.2).

Quasi-distributed designs can retrieve a spatial profile of the measurand over the
fiber length using a single interrogator channel. Nonetheless, these sensors rely on
a pre-inscription of the sensitive structures in the fiber at discrete positions, while
the remaining non-inscribed portions of the fiber work solely as a data transmission
element.

The final method for fiber sensing, then, foregoes the inscription of sensitive
structures completely. By measuring the effects of intrinsic light-matter interactions
of the optical fiber it is possible to build a distributed sensor: every position of the
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FIGURE 3.2: Illustration of the two most basic types of multiplexing of

point sensors in optical fibers, through a) time-division multiplexing

(each sensor is interrogated at a given time since the probe is sent) or

b) wavelength-division multiplexing (each sensor is interrogated by
a specific wavelength)

fiber functions as both a data-transmission and sensitive element, and the interroga-
tor is able to randomly access any position along the fiber length for interrogation.
The notion of sensor position is replaced by that of spatial resolution, which is de-
fined by the user at the time of interrogation by altering properties of the probe
signal.

The advantages of distributed methods are clear in applications where extended
distances or high spatial density of measurements is required. Current systems al-
low several kilometers to be monitored at high sampling rates, with high sensitiv-
ity, reducing installation complexity and costs-per-sensor. Removing the need to
imprint or alter a pre-existing fiber also enables any already installed fiber to be
retrofitted into a dense sensor array, not limited to measuring at pre-determined
fixed positions of interest (although fibers may still be enhanced for improved per-
formances [42, 43]).

The possibility of fully distributed measurements is perhaps the greatest diver-
gence of fiber-sensing technology from electronic sensing alternatives [44]. A visual
comparison of point, quasi-distributed and distributed sensor systems is presented
in figure 3.3.
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FIGURE 3.3: Illustrative depiction of the differences between point
sensors (left), quasi-distributed (center) and distributed sensors
(right). Both punctual sensor arrays or quasi-distributed sensor ar-
rays produce a sequence of narrow snapshots of the local conditions
experienced by a structure (e.g., strain), at the sensing positions. The
quasi-distributed implementation, however, reduces costs and instal-
lation complexity. A distributed sensor, in contrast, yields a contin-
uous estimation of the strain over a finite length given by its spatial
resolution.

3.2 Distributed Fiber Sensors

A distributed sensor needs to accurately relay two independent pieces of informa-
tion: the local amplitude of the perturbation and the location from where each mea-
surement originates [45]. Consequently, these sensors are often classified according
to the methods used to retrieve each of these parameters.

The measurand estimation is usually accomplished by observing local scatter-
ing processes (for a brief description of each, refer to section 2.2.3) [45—48]. Inelastic
scatterings (Raman and Brillouin) lend themselves directly to sensing of specific pa-
rameters, being measurand-sensitive phenomena. Rayleigh systems, on the other
hand, need to depend on other properties of the scattered light for the measurement
(usually interference).

The two predominant ways of encoding the position information are time-
domain reflectometry (TDR) or frequency-domain reflectometry (FDR), somewhat
analogous to the multiplexing techniques alluded to earlier (TDM and WDM,
respectively). Most sensors, particularly those for dynamic measurement purposes,
are based on time-domain reflectometry.

In this section, we shall briefly overview the common options of distributed sen-
sors for DAS measurements. For an in-depth state-of-the-art of current distributed
sensing methods, we guide the reader towards some excellent reviews that have
been published on the topic ([45-48]).
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FIGURE 3.4: Typical basic implementation of an incoherent OTDR

3.2.1 Position Information
Time-Domain Reflectometry

The first and most straightforward method for encoding the measurement location
consists in launching pulsed light into the fiber and timing the arrival of the coun-
terpropagating echoes from local scattering. This technique is called Optical Time
Domain Reflectometry (OTDR, see figure 3.4). Each longitudinal position z can then
be mapped to a different time-of-flight, akin to time-division multiplexing. The total
time it takes for light to travel to-and-from a position z in the fiber is

2

Ve
where v, is the group velocity of the light pulse. In these techniques, the spatial
resolution is limited by the interaction region of the pulse as

cTp

Az = —=. 2
¢ 2n, (3-2)

The measurand sampling rate of these methods is dictated by the repetition rate
of the laser pulses, with an imposed limit of the total travel time of the pulse within
the fiber: One pulse must only enter after the previous pulse and all of its echoes
have completed their course. As such, the maximum sampling rate for a basic time-
domain reflectometry system is given as

1
fsampling = 72Lfiber Vg, (33)

for a fiber of length Lyipe,.

Frequency-Domain Reflectometry

The other common option of encoding position information relies on a position-to-

frequency mapping of the fiber, achieved through frequency-modulated continuous
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FIGURE 3.5: Typical basic implementation of an OFDR

wave interference. This technique is called Optical Frequency Domain Reflectom-
etry (OFDR, see figure 3.5). In this case, the fiber is probed with continuous-wave
light from a coherent tunable source, able to be linearly modulated without mode
hops over a broad enough range, and a dual-path interferometer: The measurement
path connects to the fiber-under-test (FUT), and the reference path is used to yield a
stable local-oscillator (LO) signal.

Under the ideal conditions of linearity in the sweep and polarization alignment,
each beat-frequency component resulting from mixing the LO with the backscatter-
ing light is tied to a single position z in the fiber. The longitudinal position can then
be found according to the following relation

= 7fb/ (34)

for beat-frequency f,, and rate of change of the source frequency ¥, in Hz/s.
Accordingly, the spatial resolution is given by the total range of scanned fre-
quency, Af, as

C

AZ:ZnAf'

(3.5)

The sampling rate is ultimately limited by the total time taken to execute the
sweep, which must be strictly lower than the total roundtrip time of light inside the
fiber [49].

3.2.2 Raman-based methods

Raman-based sensors [27, 50, 51] adapt the longstanding technique of non-contact
chemical thermometry to optical fibers, in which temperature estimates from the
scattered power ratio between the spontaneous scattering at the Raman Stokes and
anti-Stokes bands.
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Sensors of this type are insensitive to strain and incapable of dynamic measure-
ments, demanding long averaging times owing to the inefficiency of Raman scatter-

ing [47, 48]. As such, Raman-based systems are unsuitable for DAS.

3.2.3 Brillouin-based methods

Over the past 2 decades, Brillouin-based sensors have experienced substantial re-
search and development among distributed sensors. The two predominant im-
plementations consist on either measuring the frequency shift (or intensity) of the
spontaneously scattered Brillouin light, called the Brillouin Optical Time-Domain
Reflectometer (BOTDR)[52], or on evaluating the efficiency of a parametric process
between two optical waves [26] (mediated by the Brillouin acoustic wave) at each
position, known as the Brillouin Optical Time-Domain Analyzer (BOTDA) [53, 54].

Brillouin scattering is significantly stronger than Raman in optical fibers, lead-
ing to looser averaging requirements for measurement. Additionally, since Bril-
louin scattering is sensitive to the local refractive index and acoustic velocity of the
medium [55], these sensors are able of strain and temperature measurements [46, 56,
571].

These properties imply the possibility of Brillouin-based measurements of dy-
namic strains at acoustic frequencies (DAS). In practice, however, each estimation
still entails extensive averaging, or repeated acquisitions at different probe/pump
frequencies (in the BOTDA case). As a consequence, most systems are geared only
towards static measurements of temperature or quasi-static strains (~ 1 Hz).

Nonetheless, there have been some directed efforts towards the development
of dynamic Brillouin systems. One variant method, Brillouin Optical Correlation-
Domain Analysis (BOCDA), achieved kHz sampling rates in short fibers (tens to
hundreds of meters), with centimeter spatial resolutions [58, 59]. The biggest draw-
back of this technique, however, is that it typically can only retrieve a single pre-
determined position, instead of the full measurand profile of the fiber. Later at-
tempts at solving this issue by periodically sweeping the frequency position (Dif-
ferential Frequency Modulation BOCDA) yielded similar performances to the single
position technique, but limited the sampling rate to 20 Hz [60].

Other efforts at achieving dynamic interrogation have tried to improve the con-
ventional BOTDA design, either by avoiding the need for interrogation at succes-
sive frequencies by using a frequency-comb as the CW probe [53], or by sending
sequential pumps with controlled wavelengths [61]. Nonetheless, these methods
have mostly been reported for short fiber lengths (~ 100 meters), with spatial reso-
lutions of several meters. Another proposed method consisted in the Slope-Assisted
variant (SA-BOTDA), in which instead of tracking the Brillouin gain peak, the CW
probe is set to a variable frequency that matches the mid-point of the rise (or fall) of
the gain curve at every position in the fiber [62, 63]. In this variant, the estimation is
done by monitoring gain variations in the probe as the stimulated scattering process
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increases or decreases in efficiency. This technique enabled kHz sampling rates, but
remained limited to short fiber lengths, of a few hundred meters at most.

More recently, two methods have been proposed that enable very high sampling
rates. The first mitigates the need for averaging and sweeping, yielding the poten-
tial for single-shot measurements [64] (in what is known as Frequency-Swept Pulsed
BOTDA). The authors reported single-shot interrogation of a 10-km fiber, funda-
mentally capped by the total time of flight of the pulse at 10 kHz sampling rate,
with 100 m spatial resolution. The second method, Optical Chain Chirp BOTDA
(OCC-BOTDA), [65], mitigates the need for a frequency sweep, thus enabling the
achievement of sampling rates as high as 6.25 MHz in a 50 m long fiber, with 2 m
spatial resolution.

All of the aforementioned methods have reported strain uncertainties of the or-
der of tens of pstrain, being reserved mostly for measurements relatively large strain
perturbations. The best reported dynamic strain performances with Brillouin tech-
niques achieved (to the best of our knowledge) were of ~ 50 x 10~%¢/+/Hz, although
only for very short (5 meter) polarization-maintaining fibers [66].

3.24 Rayleigh-based methods

Rayleigh methods fundamentally differ from inelastic scattering techniques, since
the underlying phenomena is itself insensitive to the changes in the local fiber state,
demanding the interrogation to focus on other properties of light. By probing an
optical fiber with a broadband source and measuring the intensity of the Rayleigh
echoes over time, one is able to estimate the intensity evolution of the pulse during
propagation (assuming uniform scattering properties). This technique is called Op-
tical Time-Domain Reflectometry (OTDR) 3.4, and is an industry standard for the
characterization of fiber links [67]. A more in-depth explanation of the technique is
presented in the next section.

The first proposed distributed sensor designs based on Rayleigh scattering at-
tempted to circumvent the insensitivity issue by using doped or liquid core fibers
[68], with temperature-dependent Rayleigh scattering coefficient. The highly spe-
cialized requirements, however, make such methods impractical. Other early at-
tempts proposed probing the fiber with controlled polarization states and observing
changes to the evolution of the SOP during propagation [69]. These methods, known
as the polarization OTDR (P-OTDR), have been mostly reserved for measurements
of local birefringence or characterization of local polarization-mode dispersion in
fibers [47, 70, 71], or static measurements of bend and twist-induced birefringence
[72, 73], due to the inherent stability of SOP-based measurements. Apart from a few
preliminary results of perturbation detection [74, 75], there have been no reports
in using these techniques for measurement of dynamic strains, to the best of our
knowledge.

The more prevalent option of employing Rayleigh scattering for measurement
consists in probing a traditional OTDR with a coherent source. In this case, the local
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Rayleigh backscattering can be used for interferometry. Known as phase-sensitive
OTDR (9OTDR), these setups exploit the time-invariance of the density fluctuations
that induce Rayleigh scattering. Any fiber section, then, can be modelled as a multi-
wave interferometer, composed of several very low reflectivity mirrors. Each return-
ing OTDR echo relays the response of the effective interferometer at its position of
origin, which remains unaltered until the respective fiber section is perturbed.

These methods have seen extensive development in the recent years [76], largely
due to their potential in detecting and measuring dynamic strains and perturbations
with extremely high sensitivities, over very long distances of fiber (up to 175 km
when assisted with amplification techniques [28, 77-79]). The advantages arise from
the relatively high amplitude of Rayleigh scattering which relaxes the averaging re-
quirements.

The first implementations of the coherent OTDR relied solely on intensity mea-
surements, boasting very non-linear/ non-monotonic responses to the measurand
and variable sensitivity at each sensing position, owing to the complex and un-
known response of each effective interferometer. Solving these issues has been a
hot-topic of research in the distributed sensing community in the past decade, and
numerous variants have been developed [76, 80-82]. Being the focus of this cur-
rent work, this method and its variants will be reviewed in-depth in the following
section.

The alternative option for coherent Rayleigh measurements consists in using op-
tical frequency-domain reflectometry (OFDR) [83]. In this case, the method involves
probing the fiber with a highly coherent continuous-wave light source, while it is be-
ing linearly modulated in frequency. Before being launched to the fiber, some power
of the laser source is kept in order to form a local oscillator (LO) with the same fre-
quency sweep as the probing light. At the time of detection, the backscattered light is
mixed with the swept LO. The obtained time-domain signal may then be inspected
in the frequency domain, where each position of measurement will be mapped to a
specific beat frequency component. The recovered features will undergo a local shift
when perturbed. OFDR methods have shown the ability to reach extremely high
resolutions, at the cost of measurement speed and probing distance.

The advantages manifest as a departure from the typical trade-offs of OTDR, in
which the SNR and measurement distance are inversely proportional to the spatial
resolution. While generally beneficial for the potential spatial resolutions achievable
with this method, these trade-offs are often not favorable for dynamic sensing ap-
plications. The high coherence requirements limit the total length of interrogated
fibers, and the sampling rate is reduced due to the sweeping requirements [47]. Typ-
ical acquisition rates are of the order 10 Hz. Nonetheless, some specialized attempts
at DAS-based OFDR (using a sinusoidal frequency scan) were able to interrogate a
~ 1.5 km long fiber at 21 kHz, with sub-meter spatial resolutions [49]

For the remained of this work, we shall focus on OTDR based methods, due to
their predisposition for long-range, high-performance DAS.
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3.3 Optical Time-Domain Reflectometry

As we alluded to earlier, an incoherent OTDR [67] measures the evolution of pulse
power as it propagates through an optical fiber. This is done by launching broad-
band optical pulses into the fiber under test (FUT) through an optical circulator with
a photodiode and data acquisition setup connected to the return end (see figure 3.4).

As light propagates through the fiber, it encounters inhomogeneities in density
and refractive index (hereby known as "scattering centers" or "scatterers”). These
produce a faint echo of the incident light, which may be re-coupled in backward
propagation, finally reaching the detection arm. The resulting measurement yields a
scaled estimation of the pulse power at each position, under the reasonable assump-
tion of constant scattering properties along the fiber.

By neglecting coherent effects, this can be formally understood from a simple
macroscopical model: knowing the attenuation scattering coefficient og(A) and the
backscatter capture fraction B.(1) (i.e., the portion of scattered light that falls within
the acceptance angle for counter-propagation), the light recovered from a narrow
pulse of peak power P,..x and width W at each position z can be calculated as [21]

Pb(2) = FreaBo(A)as() e et 36)

where a(z) is the attenuation coefficient (see section 2.2.3), and the factor of 2 in
the exponent of the attenuation term reflects the round-trip of the pulse and echo.
Clearly, for homogeneous scattering properties, the time-series represents a scaled
estimation of the intensity evolution of the pulse, as it is attenuated from the prop-
agation. This is commonly known as the OTDR trace, and is typically used to mea-
sure the length of fiber links (by timing the Fresnel reflection at the end of a fiber) or
obtain a spatially-resolved characterization of the losses and defects in the fiber: spo-
radic reflections or losses from splices, connectors or other local effects (as depicted
in figure 3.6).

In an OTDR, each position of measurement is tied to a specific time-of-flight, un-
der the reasonable assumption of an approximately constant group velocity within
the medium. As such, light originating from each position z reaches the photodetec-

tor at time

t(z) =2 /OZ ngiz)dz NELP (3.7)

Cc
where t = 0 marks the time at which the center of the pulse enters the fiber.

In the case of a non-infinitesimal pulse, there is a finite region of interaction
within the fiber from which all scattered light reaches the input end simultaneously.
This area corresponds to half the total length of the pulse within the fiber. To under-
stand this, consider the fact that the pulse is continuously propagating as it is being
backscattered, with the same velocity of propagation in both directions. The leading
components of the pulse are backscattered first, but have a longer travel distance to
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FIGURE 3.6: Example acquisition from an incoherent OTDR. The lo-

cal slope is correlated with the fiber losses. Sporadic losses and reflec-

tions due to connectors, splices or bending are also visible, as well as

the Fresnel reflection formed by the silica-air interface at the end of
the fiber.

cover than the trailing components. Therefore, using a pulse of length W = /=1,
(7, being the time-width of the pulse) for interrogation, the interaction region is of
length

cTp

Az = —F .
z 20, (3.8)

where Az also defines the spatial resolution of the system, limiting the minimum
spacing between measured points that ensures independent readings.

In these types of measurements, since both the position and measurand infor-
mation are taken over a time-span, it is common to distinguish between "slow" and
"fast" axes: one for the optical acquisition (mapped to position, corresponding to the
OTDR trace), and the other one for the measurement (see Figure 3.7) [46].

Specifically, the slow axis is tied to the repetition rate of the laser pulse: Each
shot takes a snapshot of the fiber which, at the time of representing the measurand,
is normally considered to happen simultaneously for all fiber. Thus, the laser repe-
tition rate is limited, since it is necessary to wait for the last echo to leave the fiber
before sending the new pulse. The maximum sampling rate for a basic time-domain
reflectometry system is given as

c

ing — 3.9
fsampl g an Lfiber ( )

for a fiber of length L ;.
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FIGURE 3.7: Slow and fast time axis of a ¢OTDR. A perturbation is
measured as a time-series of measurand estimations at constant in-
tervals, for each position of the fiber. The measurement discrete time
axis is usually called the slow axis, and is sampled at the same rate
as the probe repetition rate. The position information of an OTDR is
mapped to time as well, and is usually denoted as the fast axis. This
figure also highlights why there is a maximum sampling rate for a
given length of fiber, since all the information from each pulse must
be retrieved before sending another probe. Adapted from [46].
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3.3.1 Phase-sensitive Optical Time-Domain Reflectometry

By merely changing the light-source employed in an OTDR system to a coherent
source (i.e., a source with a coherence length much longer than the pulse length), one
fundamentally changes the potential information retrieved from a measurement. On
the one hand, the local coherent effects enable interferometric measurements from
the natural echoes of the fiber. On the other, the jagged appearance of the produced
interferometric pattern masks the power evolution of the pulse.

Phase-sensitive OTDR (or ¢OTDR) fixates on the coherent noise contribution of
the backscattered time-series for interferometric measurements, by probing the fiber
with a quasi-monochromatic source. While coherent OTDR techniques share many
traits with the incoherent technique (most of the analysis of the previous section
still holds true), the purely macroscopical model introduced in equation 3.6 is now
insufficient to describe the recovered signal.

For the coherent model, then, we shall consider a monochromatic pulse with a

rectangular envelope to be launched into the fiber, ignoring polarization effects

Ein(t) = Egexp{—j2mvot} rect{TL}, (3.10)
P

where Ej is the peak amplitude, vy the center frequency and 7, is the pulse
width. In the case of conventional single-mode fibers, we can reasonably consider
1-dimensional propagation. Then, a fiber can be modelled as a concatenation of N
discrete reflectors with random interspacing and reflectivities [82]. We shall treat
each reflector as an independent source of a secondary wave, counterpropagating
to the input pulse with a randomly scaled amplitude. The wave reaching the input
end of the fiber from a single reflector, then, is given by

NnZs

Eye(t,25) = Enn (2(r _ 7)) r(zy) exp{ —azs}, (3.11)
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where r(z;) << 1is a random variable representing the reflectivity of the equivalent
reflector at position z;. For simplicity, we assume an approximately constant group
index (so #(z;) ~ "—ngs) and attenuation over the fiber.

The net backscattered signal at the input end of the fiber, over time, results from
the superposition of all scattered secondary waves that reach the input end simulta-

neously

Eyu (t) = Z E,. (t/ Zs) (312)

seEM(zZ(1))

where M(z) is defined as the set of all reflectors within the interaction region [z —
W /4, z+ W /4]. We define z(r) = 2’7‘g as the pulse center position and W = T”
length occupied by the light pulse within the fiber: A single point in the retrleved

,as the

optical trace carries information from a section of length W /2 around the pulse po-
sition, for the same reason specified for the incoherent OTDR case.

The described model is effectively equivalent to considering each section of fiber
as a multiple-wave interferometer (such as the one described in equation 2.8) com-
posed of [M(z)| < N mirrors. Accordingly, the detected intensity at the output can
be divided into phase dependent and independent contributions

Lous (1) = Lging (1) +Lpaep.(t) o [Eou (£) Egu (1), (3.13)

in which the phase-independent component comprises |M(z)| contributions from
the equivalent interferometer at z, and C£M(Z)| phase-dependent ones.

Ioina.(t) =T Y. r(z)*exp{—2az} (3.14)
ieM(z(t))

Toaep.(t) =1 Y Y. r(zi)r(zj) exp{—a(zi +z;)} cos @; ;. (3.15)
JFiieM(z(r))

Here, Iy « E? and ¢; ; is the phase difference between the secondary-waves orig-
inating from the i-th and j-th scatterer,

4wV,
Pij =P = Q= — O”(Zj —Z). (3.16)

Notice that this model still holds for the incoherent OTDR case, as (Ip4ep. (1)) ~ 0,
leaving the phase-independent component which carries information only about the

intensity evolution of the input wave during propagation.

3.3.2 Considerations of OTDR traces

The obtained intensity trace from a ¢OTDR consists of a noise-like stochastic time-
series with an exponential probability distribution [84, 85], analogous to a speckle
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FIGURE 3.9: Simulated example acquisition for a ¢OTDR. Unper-
turbed (in black) and with a perturbation applied (in red) at the high-
lighted region (inset plot).

pattern in free-space optics with coherent sources. The quality of the acquired optical
traces is then tied to the visibility of the fringes in the speckle pattern (equation 2.14).
This, in turn, depends on the coherence of light, and the local signal-to-noise ratio
(SNR). For this section, we shall assume the simplest interrogation method, consist-
ing of tracking the changes in amplitude at every point with respect to a previously
acquired reference (see figure 3.9).

In general, the measurement SNR deteriorates as the pulse propagates through
the fiber, due to the loss-induced reduction in signal energy. In order to understand
the signal performance it is instructive to consider the incoherent OTDR case. Look-
ing at equation 3.6, one may infer that the average power of a given interferometer
at position z, assuming homogeneous losses, is

(P(2)) = Ppmkocbsge_z‘“ (3.17)

Where oy, is the backscattering coefficient, condensing the scattering coefficient
of the fiber and the capture fraction for backscattering. In standard single-mode
optical fibers, this is usually ~ —72 dB/m [86]. Assuming constant noise, the SNR
will decay with the same « ¢~2% dependency.

Improving SNR ensures better quality of measurements and longer potential
ranges of measurement. Equation 3.17 suggests that the total return energy from
any sensing position may be increased by either increasing the total pulse-width
(thus having more reflectors per interferometer contributing to the total energy), or
the peak power. Both solutions, however, have their caveats: Increasing the pulse-
width, on the one hand, directly impacts the spatial resolution of the system. On
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the other hand, the input peak power is fundamentally capped by the onset of non-
linear effects if it overcomes a given threshold [13, 87, 88]. In practice, this value
can usually be assumed to be maximized, so the typical implied trade-off is between
measurement quality and sensing range versus spatial resolution.

The noise in a phase-sensitive OTDR trace can be broadly categorized by its
origin, be it from an optical source or from an electrical source. Electrical noise
originates mainly from the photodetection process, due to shot noise and thermal
(Johnson-Nyquist) noise. In modern-day detectors, the noise contributions are al-
ready close to the fundamental minimums, leaving only the options of either re-
ducing the detection bandwidth or the temperature of the photodetector for im-
provement. Conversely, optical noise has two main sources: Amplified Spontaneous
Emission (ASE) from the amplifier stages, and noise originating from the imperfect
extinction ratio (ER) of the pulses [89-91]. We shall briefly break down these two
sources and comment on how to address them.

ASE originates from the emission and amplification of broadband light from the
amplifier stages which is uncorrelated with the input signal. Mitigating ASE noise is
a matter of optical filtering before the detection stage, since it has a very broadband
spectrum. After detection, the ASE noise generates in-band beat components with
itself (spontaneous-spontaneous) and with the signal (signal-spontaneous), which
cannot be easily separated.

The second source, regarding the ER, has to do with the low-quality of the
generated pulses: More specifically, when there is remnant continuous-wave light
that manages to get into the fiber. Being continuous, this lightwave is scattered by
the whole fiber at all times, leading to a intra-band component of noise due to an
added interference term from all scatterers (not-localized). The ER is defined as
the ratio between the pulse peak-power and the remnant continuous-wave power
(ER = P,ea/P,). However, its impact on the performance of the SNR is more
nuanced, as the coherence of the laser also comes into play. Notably, in the case of
non-perfect extinction ratio, a higher coherence laser may underperform a lower-
coherence one, given that both fulfill the coherence requirements for measurement
(coherence length of at least the pulse-width) [90].

Mitigating this noise source usually involves selecting the best equipment in or-
der to carve the pulse from the CW source: electro-optic modulators (EOM), typi-
cally, have worse extinction ratios than acousto-optic modulators (AOM) or semi-
conductor optical amplifiers (SOA) [90].

Improving SNR

Several techniques have been developed to improve SNR without directly increasing
the signal energy through either the pulse-width or peak-power, or reducing the
noise. This way, greater resolutions, ranges and measurement performances can
be achieved. Generally, these consist in distributed amplification methods, pulse
compression, pulse coding techniques, or post-processing of the optical traces.
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Distributed amplification makes use of non-linear behavior, specifically stimulated
Brillouin or Raman scattering, to bolster the signal as it propagates inside the
tiber under test [78, 92-97]. This way, the tradeoff between signal attenuation
and amplification can be balanced in order to maintain the signal below the
threshold for non-linearities. For ¢OTDR, Raman amplification has been ex-
tensively employed, both in first-order [92] and second-order configurations
[78, 93]. Brillouin amplification has also been demonstrated [98, 99], although
it is not as common since the Brillouin spectrum is narrow and the Brillouin
frequency shifts with perturbations to the fiber, making this method unreliable
in measurement environments. Nonetheless, using both second-order Raman
and Brillouin amplification has led to record measurement lengths of 175 km
of fiber [77].

Coding techniques aim to improve SNR (or spatial resolution) by probing the fiber
with a train of pulses for each acquisition, allowing several probes to exist
concurrently within the fiber at a given time, which may then be combined in

order to provide greater sensing performance.

Generally, this requires linearity in the addition of the traces generated from
each bit of code. While this is the case for incoherent OTDR, the superposition
of coherent waves is highly non-linear in intensity. As such, in order to achieve
pulse coding with a phase-sensitive system, one normally has to rely on coher-
ent detection [100-102]. Nonetheless, the use of direct detection has also been
proposed under the condition that the laser coherence length is carefully con-
trolled in order to avoid each bit’s trace to interfere [103, 104].

Pulse compression in ¢OTDR takes after the already developed pulse-compression
radar techniques [105]. Fundamentally, the idea is to spread the energy of the
probe pulse over a longer time while ordering its spectral contents as well (as
a linear frequency modulation). After propagation through the fiber under
test, the introduced quadratic phase term is compensated in order to return
the pulse to its original time-width and spectrum, reproducing the original
transform limited (short) version of the pulse.

In this fashion, one is able to break the link between pulse-width and spa-
tial resolution, allowing more total energy to be sent into the system without
provoking non-linear behavior. Compression can be achieved in the optical
domain, through the use of a filter device (i.e., a chirped grating) [106], or in
the digital domain through matched filtering (or even not fully matched fil-
ters, in some cases [107]). Working in the digital domain, however, requires
a measurement of the full information contained in the electric field phasor

(amplitude and phase), so one needs to employ a coherent detection scheme.
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Post processing methods are another reported way of improving the optical trace
quality. The most straightforward approach to post-processing the trace is sim-
ply to combine the information of several consecutive optical traces through
averaging. The implied trade-off, in this case, is the reduction of acquisition
bandwidth: Without averaging, the sampling rate is set by equation 3.9, limit-
ing the maximum measurement bandwidth to the Nyquist rate of the system,
as fe < fsampiing/ 2 (for perturbation frequency fe) [76]. Averaging N,,, consec-
utive traces, then, improves the SNR by a factor \/N,,,, while yielding a new

maximum strain frequency given by

1 c

1
< N Ssampting /2 =
fe fsamplmg/ Navg 4L fipernyg

3.18
Nevg (3.18)

Similarly, the other basic method is through linear filtering of the traces (usu-
ally low-pass filtering) in order to remove any noise outside of the band of
interest that may have remained from the detection. More advanced attempts
at post-processing come at the cost of additional computational overhead: 2D-
and 3D- image processing methods have been proposed, though these have
not been demonstrated yet for ¢OTDR systems, being reserved for BOTDA
[108]. Other 2D methods, such as bilateral filtering [109] and edge detection
[110] has been proposed for alarm systems based on ¢OTDR, though not for
improving the trace quality itself. Other groups have also proposed the use of
time-frequency analysis, such as wavelet-domain thresholding for denoising
the trace [111], and others have attempted to improve the quality of measure-
ments through the use of moving average and moving differential algorithms
[112], or empirical mode decomposition [113] methods.

Non-linear effects

When the input peak power overcomes a certain threshold, non-linear effects begin
to have a meaningful impact in the recovered optical traces. The most notable (as
it is the first to become noticeable) is modulation instability, originating from the
interplay of Kerr effect and anomalous group velocity dispersion. This phenomenon
manifests as the dissipation of the pulse energy from the center frequencies into two
noise sidebands located symmetrically around the probe pulse frequency [114].

The use of rectangular pulses aggravates the problem, as it generally induces
a power exchange between a pulse and the sidebands known as the Fermi-Pasta-
Ulam recurrence [87, 115]. This leads to a periodic transfer of energy between the
center frequency band of the pulse and its sidebands, resulting in a periodic loss of
coherence which leads to measurement dead-zones of several kilometers (see figures
3.10 and 3.11)

The onset of these minimums of visibility may be delayed by appropriately se-

lecting the pulse envelope shape [115]: rect-like pulse windows show the earliest
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FIGURE 3.10: Simulation of pulse spectrum evolution due to mod-

ulation instability: Light from the center frequency of the wave is

periodically transferred to between the center wavelength and two
MI-generated sidebands. Figure taken from [87].

onset of modulation instability, while Gaussian envelopes allow longer probing dis-
tances before the onset of non-linear effects.

3.3.3 Interrogation methods

The final and crucial step in a phase-sensitive OTDR system is to convert the ob-
served changes to the optical power trace into local measurements of perturbation.
This comprises the problem of interrogation, and several methods have been pro-
posed, based on either estimation of local intensity or amplitude changes, measure-
ment of the local phase evolution of the electric field or measurement of a the equiv-
alent frequency shift to the change in optical path at a perturbed section.

Intensity-based interrogation

The earliest implementations of ¢OTDR simply monitor the local changes in inten-
sity of the acquired trace [37, 38, 80]. These setups hold the most modest require-
ments: The source coherence length must be of some meters (the width of the pulse)
and the detection bandwidth is defined by the transform-limited bandwidth of the
used pulse. Nonetheless, there have been attempts at improving the basic setup
while retaining the same interrogation principle. One such example employs het-
erodyne detection and post-processing, in order to improve the SNR of measure-
ment [112]. The use of a local oscillator, however, introduces polarization align-
ment requirements, which manifest as sections of polarization fading in the traces.

Subsequent attempts by the same group used polarization-maintaining setups to
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FIGURE 3.11: Effects of modulation instability and FPU recursion on
the optical trace visibility. Figure taken from [87]

counteract these issues [116], at the expense of increased cost and complexity in the
measurement scheme. While these implementations display the typical capability of
long-range, single-shot measurements, they display two major shortcomings: non-
linearity and fading (figure 3.12).

Non-linearity arises from the fact that each effective sensor boasts an unknown
intensity response. The sum of cosine terms in equation 3.15 leads to a highly non-
linear, non-monotonic response, with an unknown sensitivity to the applied per-
turbation. Thus, these methods are mostly suited as alarm systems where one is
interested in detecting (but not necessarily in quantifying) an induced dynamic per-
turbation.

The other problem, fading, has to do with the random nature of the response
of each interferometer, and the intensity of each measurement point [46]. Since the
sensitivity of the system is non-homogeneous and random for each position, points
of very low intensity or of very reduced sensitivity may be unable to measure. These
positions are commonly called the "fading points" of the system. Despite these is-
sues, these methods have provided successful implementations in some niche appli-
cations, such as intrusion detection [38], perimeter control [37] or pest control [39].

Recently, there have been reports on intensity-based estimation methods that
achieve linear measurements by interrogating the fiber with a frequency-comb pulse

[117], or using information from multiple modes in multimode fiber [118].

Phase-demodulation-based interrogation

One solution to address the linearity problem of traditional implementations is to
measure the evolution of the phase of the backscattered electric field, since the phase
evolution of the backscattered electric field should remain unaltered as long as the
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FIGURE 3.12: Simulated measurements on two neighboring positions

from a traditional intensity-based interrogation system. Applied per-

turbation in solid black, measurements in dashed lines. Note the

highly non-linear behavior of measurements, even with relatively
small perturbation amplitudes.

optical path remains unchanged. Under an applied perturbation, however, the local
phase evolution should change linearly with the applied perturbation [46]. The first
proposal of using the phase for ¢ OTDR measurements was done by Posey et al.
[119], however only for an individual section of fiber at a time. Since then, it has
been one of the main avenues of research in order to achieve linearity in Rayleigh
based systems. Several designs have been proposed with the intent of measuring
phase, by relying on coherent detection by mixing with a local oscillator, and via
incoherent measurements.

Coherent methods [120] attempt to recover the phase (¢) by mixing the backscat-
tered light (E,,;) with a local oscillator (E ) before detection. After photodetection,
then, one is left with the following

1(t) & Ero(t)? + Enu(1)2 + 2E10(1) Eou (1) cos(8p (1)) cos(2mAV + (1)), (3.19)

where 6p is the relative polarization angle between the LO and the backscattered
field. The two DC components are typically removed via balanced detection. Since
the power of the LO is typically much higher than the backscattered power, coher-
ent methods incur a gain in the backscattered field, since the phase dependent term
has an amplitude « E;pE, >> E?, compared to the case of direct detection. These
methods may be divided into either heterodyne methods, whenever the backscat-
tered probe is mixed with local oscillator at a different frequency (Av # 0),where
the phase difference is measured at the intermediate frequency component [121], or
homodyne methods, such as IQ detection [122]. Homodyne methods, in which the
LO is kept at the same frequency as the probe, typically have slightly more complex
implementations, but require a lower detection bandwidth.
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demodulation based ¢OTDR. In this case, with heterodyne
detection.

The use of a local oscillator, however, is generally undesirable: Firstly, it de-
mands much higher coherence of the laser (of the total length of the fiber). Sec-
ondly, it introduces strict polarization requirements, which, if not accounted for,
induce polarization-fading, since it is impossible to maintain polarization align-
ment between the backscattered field and the LO (as one randomly changes and the
other is fixed). Preventing fading demands either polarization-maintaining setups
or polarization-diversity detection [123], ramping up the costs and unpracticality of
the setup considerably.

There has also been some research in incoherent detection methods, such as 3x3
interferometer demodulation [124, 125], at the cost of tripling the detection scheme;
Dual pulse methods [126, 127], which estimate the phase difference between two
pulses travelling along the fiber with different phases or frequencies; or single pulse
direct detection methods, by post-processing of the sum and difference of sections
of the trace (for perturbations much smaller than the spatial resolution) [128].

Nevertheless, while phase-detection offers a solution for the linearity problem, it
also bears a high price: the coherence requirements for the laser are typically much
higher, and demodulating the phase implies a differentiation process which ampli-
fies the noise in the measurement. Also, the issue of fading remains, as positions
in which the Rayleigh backscattering adds up to low amplitudes cannot produce an
adequate phase estimation. Therefore, the performance of these systems is highly
uneven [129] (although there has been considerable research in mitigation of fading
in phase-demodulation based systems, usually through non-linear post-processing
methods). Additionally, phase measurements are intrinsically bounded within the
[— 7, 7] range between measured samples, demanding cost-intensive phase unwrap-
ping [130] algorithms in post-processing. Phase unwrapping is a non-linear opera-
tion, and noise in the acquisition may produce instabilities in the algorithm, severely

deteriorating the sensor performance.
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Frequency-based interrogation

The last option for interrogation addresses both the linearity and fading issues.
These methods essentially focus on estimating the equivalent frequency shift that
compensates the change in measurand. Noting that on equation 3.16 a change in
optical path (OP = nL, for length L) is equivalent to a change in frequency, one can
easily infer the following relation

AOP Avy

P~ w (3.20)

This method was first established for Rayleigh-based static measurements. In
essence, the fiber is probed sequentially with pulsed light at different center frequen-
cies, covering a broad spectral range. Thus, the frequency response of the equivalent
sensor for each position is obtained. Under a perturbation, the local frequency re-
sponse undergoes an apparent shift (detuning) in direct proportion to the change in
optical path.

The method, then, consists in acquiring the frequency response of all sensors
over some range, by probing the fiber over a broad range of frequencies, and then
finding frequency detuning of each effective sensor with respect to a previously
acquired reference [82, 131]. Interrogating in this way shows great linearity and
robustness to fading-points (since the measurement intrinsically requires extensive
frequency diversity), and there are no coherent detection requirements. Neverthe-
less, it is only suited for static measurements, given the time-demanding frequency
sweep.

In order to adapt the frequency-based interrogation to dynamic measurements,
some work has been done either by interrogating the fiber using alternating frequen-
cies [132], or probing the fiber with chirped pulses [133]. The latter is the method in
which this thesis is concentrated, and can be succintly explained as a direct extension
of the frequency sweep method: A linear chirp with a sufficiently wide band maps
frequency-detuning into equivalent time-delays. As such, measurement becomes an
estimation of local time-delay within the trace. Chirping, then, is an effective method
for the interrogation of dynamic perturbations, avoiding the issues of linearity and
fading [134] that impair other techniques, at the cost of greater detection bandwidth.

While the standard implementation of chirped-pulse is the focus of this work,
there is also the notable mention of other groups who have employed a similar
technique combining the chirped-pulse interrogation method and coherent detec-
tion for partial pulse compression. The technique, known as time-gated digital opti-
cal frequency-domain reflectometry [107], relies on chirping a very wide probe and
compressing it with a non-matched filter to retain some of the chirp. More recently,
other pulse-compression chirped-pulse techniques, have also been developed using
a novel extraction algorithm [135]. The coherent detection scheme, however, comes
at the cost of its characteristic disadvantages, that we previously mentioned.
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3.4 Chirped-Pulse OTDR

The experimental developments of this thesis are mostly improvements of the
chirped-pulse phase-sensitive OTDR (CP-¢OTDR) technique. This technique was
first proposed and formalized in 2016 by Pastor-Graells et al. [133], describing
the idea of altering the probe of a standard ¢ OTDR by adding a linear frequency
modulation.

While the technique is still quite recent, it has already become a reference among
distributed acoustic sensing methods, addressing most of the pervasive issues of
the traditional implementations without the drawbacks of other solutions (e.g., fad-
ing and polarization issues of coherent methods [136, 137], or the measurement
time of frequency-sweep methods [133]), while retaining an extremely simple im-
plementation with minimal alteration to the conventional setup. The maturity of
the technique is evidenced by its implementation in already-available commercial
equipments (e.g., the HDAS by Aragon Photonics and the ODAS by Omnisens), and
numerous industrial and academic projects.

Indeed, in the short years since its inception, the technique has already seen ex-
tensive characterization and development [138]. There have been improvements in
range [106], measurement performance [139, 140], as well as measurand dynamic
range [141, 142] and long-term stability [138]. Also, the impact of different error
sources on the technique’s performance has been extensively studied and formally
described. This includes the effect of additive noise [140], phase-noise [136, 143],
crosstalk [144, 145], and the statistical performance of the technique [136, 137]. Some
variants to the basic setup have also been developed in attempts to improve the
spatial resolution [146, 147]. Many of these developments were undertaken over
the course of this doctoral program, and will be described in detail in the following
sections.

The technique has also been applied to a wide range of applications. It has
been demonstrated as a promising tool for seismology [148, 149], particularly for
underwater measurements [36]. The high performances have also been successfully
applied/proposed for applications such as fast birefringence measurements [150],
anemometry [151], gas measurements [152], hydrogen diffusion [153], bolometry
[154] and solar irradiance measurements [155].

This section shall introduce the fundamentals of the technique. The following
chapters will cover the developments that were undertaken as a part of the doctoral

program.

3.4.1 Description of the technique

Being a frequency-based deconvolution method, it is instructive to start describing
CP-¢OTDR by briefly introducing interrogation via frequency-detuning, typical of

the frequency-sweep method.
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To do so, we consider a reference trace (acquired at instant k = 0) from an arbi-
trary unperturbed optical fiber, when interrogated with a monochromatic pulse of
frequency vy. Consider, now, that a section of length L at the center of the fiber un-
dergoes a small refractive index change. Probing again (at instant k = 1), all pairs of
scatterers within the perturbed section will experience the following change in their
phase relationship

Agij= o — o (3.21)
4rL;; 4rL;; 4rL;;
= L(n + An)vy — ﬂc vy = 7rc ! Anvy, (3.22)
c

which incurs an alteration to the shape of the trace over that position. If, however,
at instant k = 2, the probe is changed so that now its center frequency becomes

V= %, the change in phase relationship with respect to the reference is cancelled
Agj =2 — 0 (3:23)
_ 4n(n+ An)L nvo B 47tnLvO —0 (3.24)

c (n+ An) c

ie., the optical trace at the perturbed section recovers the original, unperturbed
shape (while changing its shape at all unperturbed sections). The frequency de-
tuning Av = v — v, required to achieve this compensation, for small perturbations,

can be approximated as

A an

3.25
Vo . (3.25)

This is more commonly generalized for the case of different optical paths as

AOP Av
op ~ W (3.26)

One simple interrogation method, then, consists in finding the frequency detun-
ing Av that recovers the shape of a previously acquired and calibrated reference
state, and then relating the frequency detuning to the change in measurand. This
process is visually depicted in figure 3.14.

The chirped-pulse technique builds upon this concept by mapping each fre-
quency detuning (Av) to a unique time section of the pulse (i.e., a time delay Ar),
thus overcoming the need for the frequency sweep (see figure 3.15). This is done by
adding a linear frequency modulation to the pulse. It is important to recall that as
a finite quasi-monochromatic source, the pulse has an intrinsic non-zero transform-
limited bandwidth. In order to achieve proper mapping of its frequency contents,
the bandwidth added by chirping has to be wide enough to render the natural band-
width effects of the pulse negligible. This can be understood by modelling a chirped
i‘;”t (6v being the chirp bandwidth
and 7, the pulse width) as the product of a rectangular monochromatic pulse with a

probe pulse of frequency v(t) = (vo —0v/2) +
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FIGURE 3.14: Schematic representation of frequency based interroga-
tion, as exemplified in the text. Black line is the reference acquisition
(same as the red line in T = 0).

quadratic phase modulation term

Ein(t) = Arect{i} exp{—jZn((vo —6v/2)t+ 5V‘DIZ)} (3.27)
Tp 21,
ov
— my(exp] 2 Ptz}. 3.28
o1 exp{ —2m (28)

We now represent the above product as a convolution of both terms in the fre-
quency domain

En(®) = Eo(w) *]—'{exp{—janZ’tz}} (3.29)
_ % [T g T )
_ /57\2, /OOEO(Q)exp{JMé’vp(w—Q) }dQ. (3.30)

2 ) 2
iy . Tp® / ~ L Tpo) . Tp0)
Vv, eXp{J47r6v,, } o £(Q) exp{ Tonsv, } exp{J47t8vp al,

(3.31)

where F{-} is the Fourier transform operator, and () is an auxiliary variable with
units of angular frequency used for the convolution operation.
If we now assume that the function £(Q) is well-defined and contained within

the transform-limited band 2xAB7;, T, 1 and we ensure the following condition
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FIGURE 3.15: Schematic representation of the working principle of
a CP-oOTDR. A (1) chirped-pulse replaces the traditional quasi-
monchromatic probe. And the light is elastically scattered by exist-
ing scatterers. An applied perturbation € introduces a change to the
phase relationship between scatterers (2) which may be compensated
through a frequency detuning. (3) A wide enough linear frequency
modulations maps each time-instant across the pulse to a specific
frequency component, so a time-to-frequency mapping is achieved,
leading to an (4) apparent time-delay proportional to the applied per-

turbation.
i<<—1 = 1,8V, > 1 (3.32)
v, Samy, OV '

the term (4;%0) becomes negligible. We can then re-write equation 3.31 as

—~ | T,0? /00 . 5,00

Ey(0) exp{]4n5vp } . Ep(Q)) exp{ ‘]271’_6‘/17 dQ (3.33)
—epd i 22 L F 1 a(0)) (3.34)
- P ]47r6v,, 0 ' '

This condition reflects the frequency-to-time mapping of the pulse [156]: the time
and spectral envelopes coincide, with frequency and time mapped through the fol-
lowing linear relation
=V, (3.35)

v being the instantaneous frequency. This is what is commonly referred to as
frequency-to-time mapping, as we can attribute a time instant to a specific instan-
taneous frequency, and within it underlies the principle of chirped-pulse based
interrogation, where a small deviation in frequency is mapped to a small deviation
in time:
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T,
At = ——Z Av. .
t 5v, v (3.36)

In this case, equations 3.26 and 3.36 lead to the following relationship

AOP A 16
aor Av__1ov,. (3.37)
oOP Vo Vo ’L'p

This last equation implies that the trace shall undergo an apparent delay (along
the fast-time axis/apparent position axis) at the measurement location, proportional
to the measurand. Visually, this can be understood by realizing that launching a
chirped-pulse of a different center frequency is extremely similar to launching a
time-delayed version of the same probe pulse (see figure 3.15).

The estimation of measurand, then, comprises an estimation of time-delay using
local windows of width T > 7,. Going above the pulse width, however, entails a
deterioration of the spatial resolution.

Equation 3.32 condenses a necessary condition to fulfill. Otherwise, the optical
trace deformations typical of a traditional ¢OTDR system are non-negligible, lead-
ing to non-even sensitivities or non-linearities in the measurand estimation.

The most notable drawback of the CP-¢OTDR technique is the increased band-
width requirements for detection. Apart from the increased costs in the detection
stage, detecting a wider range of optical frequencies increases the amount of in-
band noise that cannot be easily removed by linear filtering, so the achievable opti-
cal SNRs are lower when compared to similar powers and pulse widths in a tradi-
tional system. The outcome of increased bandwidth on measurement performance,
however, is not so trivial. For the case of a time-delay estimation measurement,
an increased bandwidth translates into greater accuracy in the measurements. The
specific effects of bandwidth, SNR and spatial resolution on the performance of mea-

surement will be discussed in detail in the next chapter (section 4.1).

3.4.2 Sensitivity to strain and temperature

Any interferometric sensor system is directly sensitive to changes in the optical path
(OP = nL), or the "effective distance" that light travels assuming constant speed. A
change in optical path, therefore, may be quantified in terms of refractive index and
total length changes as

AOP = AnL + nAL + AnAL. (3.38)

While a broad range of parameters can be sensed after some engineering, this
means that there are two physical parameters to which intrinsic fiber interferometers
are directly sensitive, and which are of common interest to physicists and engineers:
the relative elongation (strain) and temperature.

At a glance, the influence of longitudinal strain on the optical path is straightfor-
ward, as an elongation of the material implies a longer distance for light to cover.
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However, there is an added component of induced index-shift from the deformation
of the mechanical medium. This strain-optic contribution accounts to approximately
20% of the change in optical path in an optical fiber, so that

AOP

OP ~ [1 —|—p£]g = Ka‘gl (339)

where K; is the coefficient that summarizes the effects of strain in the optical path
difference and p is the strain-optic coefficient, indicating the change in effective
index due to the longitudinal mechanical deformation.

In the case of temperature, the change in optical path length is mostly domi-
nated by the thermo-optic effect (i.e., the temperature dependence of refractive in-
dex). This dependence is approximately linear for changes within a few hundred
Kelvin [35]. Nevertheless, there is another temperature-induced contribution (about
10 times smaller), occurring due to thermal expansion of the silica glass (and sur-
rounding materials, such as the coating and bonding). As such, the thermal-induced
change in optical path is given by

AOP

where K7 is a coefficient that encapsulates the thermal effects of the fiber, o7 is the
effective thermal expansion coefficient of the fiber/coating/bonding, and ¢ is the
thermo-optic coefficient.

For standard fibers, such as the ones used over the course of this work, the fol-
lowing coefficients are typically considered

Ky = 6.678 x 107¢°C! (3.41)
Ke=078m-m L. (3.42)

In the context of CP-¢OTDR, then, these coefficients lead to the following sensi-
tivities to strain and temperature [133]

AT = ——— YN (3.43)
Kr vy Tp
118

Ae = —— =2V (3.44)
Kg V() Tp

3.4.3 Implementations of CP-oOTDR

The chirped pulse technique has been reported in two possible designs, differing
in the method used to chirp the probe pulse. Although the principle of measure-
ment is fundamentally the same for both techniques, since both are used over the
course of this work it is relevant to briefly introduce both designs and describe the
advantages and disadvantages of each. The two common emission arm schemes can
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FIGURE 3.16: Typical emission arms for chirped-pulse phase sensi-
tive OTDR measurements. a) Direct current modulation; b) External
modulation

be described as the direct current modulation method and the external modulation
method (Figure 3.16).

The direct current modulation method, as reported in the original paper by
Pastor-Graells et al. [133], consists in directly modulating the laser current using a
sawtooth wave in order to induce the chirp. The frequency modulated continuous-
wave laser is then time-gated with a synchronized signal, using an external high
extinction ratio element (e.g. SOA), with the same repetition rate as the sawtooth
waveform. The advantages of this type of design for the emission arm are apparent
from the very modest requirements for implementation, requiring only the laser and
two channels of a (relatively slow) signal generator. However, there are a couple
of considerations: first, it is important to verify the linearity of the laser frequency
with the applied current, taking care to avoid jumps in the frequency. Also, more
coherent lasers are typically not as tunable as other options. Therefore, the total
chirp that can be added to the probe pulse may be limited by the tunability of the
laser, and the amplitude may also be affected by the induced current changes.

External modulation, on the other hand, is much more costly. Typically, it re-
quires a fast arbitrary waveform generator (AWG) and an amplitude modulator
(such as an electrooptic modulator) to externally modulate the laser in amplitude
with a chirp. This generates two sidebands of the carrier wave with the desired
chirp. Then, by filtering one of the sidebands, one is able to generate the probe
pulse. This can be understood by considering the following transfer function for a
typical Mach-Zehnder electro-optic modulator

Eou (t) x Ejp eXp{iZTL'VOt}SiI‘I (ﬂ:gv( ) ¢bms> ’ (345)
T
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where E;, exp{i2nvyt } is the input field and E,, (¢) is the output field, Vy is the mod-
ulator sensitivity, Vi,(7) is the RF input and @y, is the bias phase, controlled in this
case to set the modulator in suppressed carrier operation. In order to produce a
chirp waveform of bandwidth 6v, the following V;, is generated at the AWG output
and fed to the RF input of the modulator [141]

Vin(t) = Vpcos <27r- (fc + 25:t> t> rect(t/7,) (3.46)

P

In this case, keeping Vj small enough, we may apply a paraxial approximation
to equation 3.45. In this case, two sidebands are generated around the carrier fre-
quency, separated by f. (which should be selected in order to accomodate the band-
width of the equipments and allow adequate filtering), of the same form of Vj,(t).
Filtering one of the sidebands, then, yields the waveform of interest

Echirp(t) «< E;,Vo exp{j(2ﬂ: . (VO + fc)t + 277:5;/12}. (3.47)
p

There are several advantages to this type of implementation. Particularly, any
laser can be used at any chirp, regardless of its ability to be tuned. As such, the
chirp is typically limited only by the specifications of the modulator and detection
equipment, and facilitates the use of very narrow linewidth lasers. However, this
method has new requirements, in the form of a fast enough signal generator able
to generate the chirped pulse, an electrooptic modulator (and RF signal driver), a
bias controller and a tunable filter in order to retain only the sideband of interest.
Also, it entails a loss on the optical power from the modulator and from the rejected
sideband and remnant carrier (of at least 3 dB with fully suppressed carrier, and
neglecting power losses from the modulator).

3.44 Time-delay estimation

The frequency-to-time mapping changes the estimation process into one of time
delay. Time-delay estimation (TDE) is a well-known problem, extensively studied
[157-160] in several fields, from radar/sonar to ultrasound medical measurements.
Several algorithms have been developed for estimating delays between measure-
ments. For simple cases of time-delay estimation (without effects such as multiple
reflections or resonances), such as the case of CP-¢OTDR, the most commonly em-
ployed estimator consists in finding the lag at which there is a maximum of the
cross-correlation function, and some filtering. This is typically known as the gener-
alized cross-correlation (GCC) algorithm.

The GCC method [157, 158, 161] is advantageous to other similarity-measuring
algorithms for TDE (such as sum of absolute differences, or sum of square differ-
ences) since it can be efficiently computed in the frequency domain by exploiting
the convolution theorem and fast Fourier transform algorithms. For the purpose
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FIGURE 3.17: Visual representation of the generalized cross correla-
tion algorithm for time-delay estimation in the context of CP-¢OTDR.
1) The same section of fiber is measured in sequential acquisitions,
which are then cross-correlated (or cross-covariance, if not zero mean)
with a previously acquired reference trace (usually the first acquisi-
tion). 3) The lag at which there is the absolute maximum of the cross-
correlation function is tracked. The lag can then be converted to a
perturbation measurement.

of CP-¢OTDR measurements, since the acquisitions are not zero-mean, the cross-
correlation should be replaced with the cross-covariance in order to prevent biasing
the result. For the sake of simplicity, however, we shall assume that the mean is re-
moved from signals before processing, and henceforth refer to the cross-correlation.

Using this algorithm, the estimate of the time-delay D,,, ((Drm) = D,;;) between
the reference (r-th acquisition) and the m-th acquisition of the same trace section, is
acquired by computing

D, = argmax {R,(7)}, (3.48)

where R, (t) is the cross-correlation function between a trace-section acquired at a
previous instant to be used as reference (x,(7)) and the m-th acquired trace (x,(t)),
acquired at a later instant. The aforementioned process can be understood by con-
sidering that a time-delay between 2 noiseless signals can be represented as

Xm(t) = x.(t — D(m)), (3.49)

SO R,y (t) is defined as (assuming the mean is removed from the signals x,(7) and

xm(t), to avoid unnecessary complexity)
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T2
Rim(T) = /Tl X (1), (1 + T)dt (3.50)
=R, % 6(t — D(m)). (3.51)

Here R,,() is the autocorrelation function of the reference signal, and 8 is the
Dirac delta function. Note that this is a local estimation, focused on the time-window
defined by [T'1, T2]. A visual depiction of the basic algorithm for time-delay estima-
tion is displayed in figure 3.17.

3.4.5 Spatial resolution and gauge length

In terms of the displayed optical trace, we can describe the spatial resolution as the
length required between measured positions to ensure independent readings. This
section is the same as the region of interaction for a regular OTDR, as we described
previously, and is of half the total length of the pulse.

For purposes of measurement, however, we are interested in defining the spatial
resolution as the distance between two measurement points which can be considered
decorrelated. The time-delay estimation problem in CP-¢OTDR also requires the
definition of a section of trace, on which to evaluate the local time-delay. This is akin
to the definition of gauge length in a "phase-demodulation” base system, where one
estimates the phase evolution across a given length of fiber, defined between two
points of measurement.

The optical trace time-section selected for time-delay estimation (of width T) is,
in principle, completely independent from the pulse width 7, and can be set to any
value. This value is typically set to the same as the pulse width, for optimal spatial
resolution for a given pulse-width. The result, measurement-wise, is a convolution
of the time-delay estimation window (i.e., gauge length) and the spatial resolution
due to the effects of the pulse. The resulting impulse response has a FWHM equal
to the resolution imposed by the pulse-width. The measurand spatial resolution is
often defined by this FWHM, so the spatial resolution of CP-¢OTDR is given by
[138]

W = ct,/2n, (3.52)

3.4.6 Range considerations and distributed amplification

The same trade-off between sensing range and input pulse energy, typical of other
implementations of phase sensitive OTDR is still present in the chirped pulse config-
uration. In summary, the total interrogated range is directly proportional to both the
pulse peak power and the pulse width. However, there is a limit to the potential im-
provements by only increasing the pulse peak power before this strategy backfires
due to the onset of non-linear effects (specifically modulation instability), leading
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to periodic loss of coherence of the optical laser (resulting in periodic fading of the
optical trace and rapidly limiting the total range of interrogated fiber). Thus, the re-
maining option is to increase the pulse width, yielding a trade-off between sensing
range and spatial resolution. This trade-off has limited typical implementations of
CP-pOTDR in standard SMF, to resolutions of some meters for a few tens of kilome-
ters (30 - 50) [138].

One method to circumvent this trade-off consists in implementing distributed
amplification strategies to compensate the power loss in the pulse over the fiber
length, while retaining the peak power below the threshold for non-linearity. Dis-
tributed amplification strategies in OTDR methods have been demonstrated using
both Brillouin and Raman stimulated scatterings. However, the narrow bandwidth
of Brillouin effect (~50MHz in SMF), being lower than the typical spectral content of
the chirped pulses used for the CP technique, makes this effect generally unsuitable
for implementation. On the other hand, distributed Raman amplification has suc-
cessfully been demonstrated for traditional OTDR measurements [28, 77, 96, 99],
and the concept has also been applied to CP-¢OTDR measurements [162].

The challenge of first-order Raman amplification in a ¢OTDR system lies on the
optimization of probe peak power and Raman pump powers, with the aim of max-
imizing the probe power for the longest possible distance without overcoming any
non-linearity thresholds. The first proof-of-concept work highlighted the additional
considerations of CP-¢OTDR, since any non-linear effects, chromatic dispersion, or
pump depletion that may affect the pulse shape or instantaneous frequency profile
may affect the frequency-to-time mapping and thus the measurement-ability of the
system [162, 163]. In the work published by Pastor-Graells et al. [162], first-order
Raman amplification was implemented using a dual-ended (bidirectional) config-
uration, demonstrating a total of 75 km of interrogated fiber. This was achieved
using Raman pump powers well within the specifications of typical optical connec-
tors (set at 230 mW and 350 mW for the co-propagating and counter-propagating
pumps, respectively), proving the viability of the technique for field applications.
The CP-¢OTDR design used a direct current modulation to develop the chirp in the
probe laser, and introduced a Raman pump laser (emitting in continuous wave at
1455 nm), which is divided by a 50/50 coupler and multiplexed into both ends of
the fiber (see figure 3.18).

The non-linear effects on the probe were evaluated for different input peak pow-
ers, and they were found to be negligible at 25 mW (see figure 3.19 b)) with negligible
effects to both the amplitude envelope and the instantaneous frequency profile. The
effects of RIN (Relative Intensity Noise) and pump depletion were also analyzed:
pump depletion was found to be only relevant for probe peak powers much higher
than the MI threshold, and the RIN transfer was found to be equivalent to that of
standard ¢ OTDR.

More recent attempts using Raman amplification strategies have reached inter-
rogated ranges of lengths of 80 to 100 km [138].
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FIGURE 3.19: Results of Raman amplification in CP-¢oOTDR. a) Com-

parison of traces without amplification (top) and with amplification

(bottom), b) Probe spectrum after propagation, for different input

powers. Note the importance of optimizing input powers to prevent
the onset of modulation instability. Taken from [162]

3.4.7 Effects of laser phase and frequency noise

One important source of noise in coherent-probe systems emerges from the random
variations of the laser output phase or drifts in the laser center frequency. This can
be easily understood by modelling the continuous-wave laser output as being con-
tinuously experiencing slow drifts in its phase. At the time of each laser shot, the
effective phase drift can be modelled to the first order as a frequency shift which
is imprinted into the pulsed light - i.e., the whole pulse has a frequency drift with
respect to the average center frequency of the laser. The effect of phase-noise on the
instantaneous frequency of the laser can be described as

1 8¢:(tm)
(ty) = ——=—> 3.53
Viltm) = 55, (3.53)
where ¢, (1) is the phase-noise drift function, and #,, = faicq’m € IN represents the

instants at which the probe is pulsed, and relates to the slow time-axis of measure-
ment.

Consider now the description of a measurement through frequency demodula-
tion as explained previously. A change in frequency is effectively the same as an
applied strain (from a measurement perspective), with one crucial difference: while
a strain change is a material-bound property (and thus, localized), a change in fre-
quency is a light property and affects the whole fiber measurement. We can con-
clude, then, that phase-noise directly translates to measurement noise which is fully
spatially correlated. Practically, this reflects as an apparent time-delay across the
fiber trace which can be calculated as

Bty (tn) = 52Vitn). (354)
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FIGURE 3.20: Effects of phase-noise on the laser. A slow phase drift,

yields a fixed quasi-linear phase-modulation across each pulse (i.e., a

frequency shift). In the case of a phase-demodulation scheme relying
on a LO, the LO phase-noise is not fixed, for all fiber positions.

Note that, in this case, the delay At, refers to the fast axis (i.e., the position axis),
and the variable ,, refers to the slow axis (i.e., the measurement time series). It
is evident that the estimation of measurand via time-delay is affected directly by
the change in frequency of the probe. The induced noise power spectral density
(PSD), then, will be proportional to the spectral density of the fluctuations of the
laser frequency, which can be shown to be proportional to the static linewidth of the
employed laser [164, 165], as,

Sv, & Afaser, (3.55)

for the noise PSD of the laser source Sy, and static laser linewidth A fj,s;.
In the case of strain measurements, then, the strain noise PSD S, can be computed
as
Sy,

- (3.56)

Se = 078v)

The inverse proportionality between the probe chirp and the time-delay evi-
denced in equation 3.54 is effectively cancelled by the fact that changing the chirp
also affects the sensitivity to measurand by the same amount (equation 3.36), so the
measurement noise due to the laser phase-noise is invariant with the added chirp.
Mitigating phase noise, then, entails either a compensation strategy or employing a
narrower linewidth source.

It is important to note that all coherent probe systems suffer from the phase drifts
of the source, and this problem is not exclusive to CP-¢OTDR. In the specific case of
coherent detection schemes, the use of a local oscillator undergoing continuous drifts



66 Chapter 3. Distributed Acoustic Sensing

Chirped pulse generation

SG

LD S0A  EDFA  DWDM Tunable

attenuator

Fiber under test (FUT)

Optical
Isolator

<]

Photodetector _""Pl¢  hwDM  EDFA

attenuator

|

| DATA
I | ACQUISITION
|

|

Intensity detection

FIGURE 3.21: Setup for the demonstration of phase-noise effects with
lasers of different linewidths. DWDM - Dense Wavelength Division
Multiplexer. Figure from [136].

in phase entails that each fiber position experiences a different net effect of phase-
noise. In the chirped-pulse case, however, each probe pulse has a "fixed" frequency
deviation which is determined at the time of the pulse generation, fluctuating ran-
domly from pulse to pulse. This is visually depicted in figure 3.20.

Linewidth and phase noise

The effect of laser linewidth on phase noise (and its effect on measurement per-
formance in CP-¢oOTDR measurements) was demonstrated using a chirped-pulse
system with direct current modulation [136].

The setup consisted in chirping the probe laser using a current control, which
applied a sawtooth signal wave to the current modulation, yielding a linear chirped
output. The continuous-wave output was time-gated through an high extinction-
ratio semiconductor optical amplifier (SOA), ensuring linearity in the introduced
frequency modulation. The chirp was controlled by varying the peak voltage of
the sawtooth-wave signal. The linewidths of the employed lasers were estimated
through a self-heterodyne method [166].

In this paper, three commercial lasers of different linewidths (5 MHz, 50 kHz and
25 kHz) were used to interrogate a 100 m fiber with a section with a controlled strain
perturbation, with vastly different performance outcomes, depicted in figures 3.22
and 3.23 a). The researchers also noted the effects of changing the pulse chirp for the
25 kHz laser, which resulted in no improvement in the measurement performance,
for the reasons specified earlier, as demonstrated in figure 3.23 b). The different laser
performances were compared by quantifying the SNR of a 40 ne perturbation at 2
kHz, as the ratio between perturbation power and mean noise-floor power level of
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FIGURE 3.22: Position-time measurements of lasers with different
phase-noises. a) 5 MHz linewidth laser; b) 50 kHz linewidth laser;
c) 25 kHz linewidth laser. Figures from [136].
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FIGURE 3.23: a) Comparison of the phase nose for the 3 lasers used,
with different linewidths; b) Effects of the chirp on the strain PSD
noise. Figures from [136].

the strain PSD. For a 0.4 s measurement, the researchers observed a 34.4 dB SNR
for the 5 MHz linewidth laser, and 54.7 dB and 56.7 dB for the 50 kHz and 25 kHz
lasers respectively, in accordance to theoretical predictions. Conclusively, the main
limitation of noise floor in all of these cases is due to the laser phase noise.

Cancellation of phase noise

Under the assumption that any change to the frequency-sweep rate across the pulse
can be neglected, then, the effects of phase noise on the measurement can be consid-
ered a first-order effect with constant error associated to each laser shot. A change
of center frequency in the probe pulse will be experienced by all positions, so the
resultant first-order phase noise is fully spatially correlated.

In this case, a simple yet effective cancellation strategy consists in allocating an
unperturbed section of fiber to estimate the phase-noise function, which may then

be subtracted from all positions in the fiber. Averaging a long enough length of fiber
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ensures that any eventual local strain/temperature noise is reduced, leaving only
the phase-noise induced perturbations.

Given a change of the center frequency of the laser v,, the induced temporal
delay across the whole trace is given by equation 3.54. Cancellation, then, consists in
estimating the spatially correlated noise component and subtracting it from all fiber
positions.

This may be understood by considering the following strain signal model, where
each strain acquisition x,(z), corresponding to the signal at position z of the fiber
acquired at time #,, (slow time-axis, t,, = m x 1/ fu,) is modelled as the sum of the
measurand amplitude s, (z) (related to any environmental effects acting on the fiber),

and an additive noise term e, (z) .

Xn(2) = sm(2) + em(2). (3.57)

Notably, the noise term e,,(z) may then be divided in two parts:

€m (Z) = €m,awgn (Z) + em,lasers (358)

where ey, j45.r is the fully spatially correlated component (onset from the frequency
drifts of the laser) which the algorithm intends to estimate and e, 4wgn(z) is an addi-
tive white Gaussian noise component, intrinsic to the strain estimation process due
to the additive noise of the trace (and can be considered fully decorrelated in z and

The previously described cancellation method consists in allocating a section of
fiber, ideally with s,,(z) = 0, by isolating it from environmental perturbations. The

estimation of e, 45, then, is done by

1 N
<em,laser> = N me (Zj), (3.59)
j=0

with z; representing discrete decorrelated positions of measurement, separated by
at least the spatial resolution (thus ensuring uncorrelated measurements), and N is
the number of independent windows (sensing points, spaced at least one spatial
resolution) that constitutes the compensation section of fiber.
The algorithm then, consists in subtracting the estimated laser noise component
from all fiber positions
Smcomp(2) = %n(2) = (€maser) (3.60)

This method has been validated using the same measurement as those in figure
3.22, with the results displayed in figure 3.24.

When opting for such an algorithm to cancel phase noise, it is important to con-
sider the minimum compensation length that should be employed in order to yield
an improvement. A careful look at the previous equations reveals that when com-
pensating the noise in this fashion we are also adding a method noise component to
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FIGURE 3.24: Position-time measurements after the algorithm. Same
measurements as those in figure 3.22. a) 5 MHz linewidth laser; b) 50
kHz linewidth laser; c) 25 kHz linewidth laser. Figures from [136].

all positions (thus, spatially correlated), due to the averaged AWGN component of
the channels in the compensating section

N
Xm,comp (Z) = Xm (Z) — €m,laser — Z €m,awgn (Zj) (361)
j=0
where ecomp = ley:o emawgn(2j) yields a new AWGN variable with amplitude
Gcomp = G\a/v%n.

The criteria to fulfill in order to ensure improvement, then, is a function of the
amplitude of each noise source, and the number of windows that we employ for esti-
mation (i.e., independent sensing positions). In order to guarantee an improvement,
the following condition must be ensured

2
O,
> awgn
N> {—62 s
nocomp awgn

— (52 2 : :
= (Ojgger T Oiugn) COrresponds to the noise power without any com-

(3.62)

2
where 6;,com)

can be estimated analytically, or verified as the asymptotic

pensation, and og,,,

value of noise floor floor for an infinite number of compensation windows. For
2

Olaser

provement. However, for the case of higher quality lasers, this condition becomes

>> wagn, a single window (N = 1) is enough to ensure a performance im-
increasingly important.

Demonstration of the compensation performance

The performance of the cancellation algorithm and previously mentioned conditions
were experimentally verified using lasers with vastly different levels of phase-noise
in the two common setups of CP-¢oOTDR described [143] (direct current modulation,
and external modulation methods). For the comparison, both configurations used a
400 MHz chirp bandwidth, with 100 ns pulse width (10 m spatial resolution), at 1
kHz repetition rate, and measured for the total duration of 10 seconds.
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The high phase-noise configuration (figure 3.25 a) ) is a direct current modulation
setup with an external cavity modulation. An high extinction ratio SOA is used to
time-gate the pulse with a rect waveform. A DWDM was used as an ASE filter after
the amplification stage. Before any compensation, this configuration yielded a noise
floor of 3.442 x 10~ % /\/Hz, which is mostly due to the laser phase noise.

The low phase-noise configuration (figure 3.25 b) ) uses an external modulation
setup. An ultra low-phase noise laser is used, which is sent through an electro-optic
modulator, which was controlled by an arbitrary waveform generator and a bias
controller working in suppressed carrier mode. A tunable filter was then used to ex-
tract only the upper sideband, rejecting the lower sideband and the remnant carrier.
In this case, the noise floor prior to any compensation was of 4.282 x 10~ e/ \/Hz.

In both cases, the detection arm consists of an amplification stage (EDFA) fol-
lowed by a DWDM to reduce ASE noise and a 1.5 GHz photodetector. In both pre-
vious cases, the noise floor was estimated as the average noise floor in the first 5 km
of fiber (consisting of 500 independent measurement windows of 10 m). The com-
pensation section chosen began at meter 500, with a length of N x 10 m, N being the
number of windows chosen for compensation.

The measurement section of fiber consisted of a fiber section coiled around a
piezoelectric transducer, of length of 60 m, followed by a stable fiber spool of 26 km
in a water bath, isolated from mechanical perturbations. A perturbation of 78.65 ne
was applied to the PZT section for calibration of the system sensitivity. The long
spool in the stable environment ensured a large enough number of windows for the
compensation.

The resulting effects of compensation with an increasing number of windows for
both setups are displayed in figure 3.26, for the high phase-noise case in a) and the

low phase-noise case in b). Notably, the high phase-noise case benefits immediately,
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the high phase-noise setup and b) the low-phase noise setup. In the
low-phase noise setup, compensation only yields an improvement af-
ter 5 windows. Nonetheless, the performances are extremely simi-
lar for both lasers after compensation, evidencing the potential of the
compensation algorithm. Taken from [143].

even with compensation from a single window. In the case of the low-phase noise
setup, 5 windows are required to ensure an improvement.

Even with an insufficient number of windows for compensation, the maximum
increase in noise floor is of only a factor of v/2 over the asymptotic noise floor. Both
cases have reached similar asymptotic noise floors, of 3.86 x 10~ e//Hz in the low
phase-noise case, and 4.15 x 10~!'¢ /\/H7 for the high-phase noise. These small dif-
ferences can be attributed mostly to differences to the laser power from each source.
Most notably, the cancellation algorithm is effective enough to lead to similar perfor-
mances from both high- and low-phase noise lasers, despite the vast differences in
cost. Nonetheless, in scenarios where having stable section of fiber is not attainable,

a low-phase noise laser may be well justified.
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Chapter 4

Limits of Performance of
CP-oOTDR

4.1 Noise-floor lower bound of CP-¢oOTDR

The CP-¢OTDR technique converts the process of measurement into a local time-
delay estimation (TDE). While this change is at the root of many of the technique’s
advantages, a new estimation process suggests new trade-offs and performance im-
pacts instigated from signal or noise properties which must be studied and charac-
terized. We previously presented an in-depth analysis of the effects of laser phase-
noise in CP-¢OTDR measurements, and reported on a strategy to fully compensate
phase-noise effects to the first order (section 3.4.7). In the following pages, we shall
continue the discussion of noise effects on CP-oOTDR measurements, by describing
the effects of additive noise (and other trace signal properties) on the performance
limits of a time-delay based estimation process.

The minimum possible error variance of a noisy, unbiased estimation is limited
by the Cramér-Rao Lower Bound (CRLB) of the estimation process. The fundamen-
tal limits of time-delay estimation, in particular, have been widely studied in the
context of radar and sonar [157, 158, 167, 168], and the CRLB for TDE has been es-
tablished as a function of signal SNR, bandwidth and estimation time-window. The
first goal of this section is to build upon this body of knowledge to determine a CRLB
for the signals expected from a CP-¢oOTDR. Afterwards, we experimentally attempt
to reach CRLB-limited levels of performance in the measurement of dynamic strains.
In doing so, we demonstrate that after phase-noise/jitter is adequately corrected
[136, 143], the main hurdle at reaching the performance lower bound is onset from
sampling error, which may be easily addressed through Whittaker-Shannon (sinc)
interpolation without the introduction of bias [169]. After mitigating sampling error
and phase-noise sources we experimentally achieve CRLB-limited levels of perfor-
mance for the system, demonstrating a measurement with robust performances over
the whole interrogated length (10 km) with ~ pe/ VvHz dynamic strain sensitivity in
the acoustic range (> 100 Hz).

At the time of publication of the research presented in this section (see refer-
ences [139, 140]), the best reported performances consisted of wavelength-scanning
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methods [170] which reached dynamic strain noise floors of ~ 100 x 10~12¢ /+/Hz,
in 500 meters of fiber at 2 kHz sampling rate acquisition (with 5 meter spatial res-
olution), or on quasi-distributed approaches relying on phase-detection setups and
fibers inscribed with ultra-weak gratings [171], reaching pe/+/Hz. The results re-
ported here achieved record strain sensitivities with conventional fibers and a simple
direct detection setup, improving performances by roughly 2 orders of magnitude
when compared to contemporary, fully distributed, standard fiber techniques. Since
then, other methods have achieved similar, or slightly improved performances [117,
135].

4.1.1 Noise model of time-delay estimation measurements

The backscattering from each successive m-th ¢OTDR probe launched into the FUT
produces an optical trace x,,(¢), which is a noise-like intensity time-series represen-
tative of the fiber physical state at the instant of the m-th probe launch.

To estimate the measurand amplitude at a specified position, local trace features
of each measurement trace x,,(7) are compared to a previously acquired reference
trace x,(1). Conventionally, this reference is taken as the first launched probe, m = 0,
such that

x(t) = x0(1), (4.1)

where ¢ corresponds to the fast-axis of time and is related to an individual measure-
ment point at position z = ct/2n,, for speed of light ¢ and refractive index n, (see
3.3).

In the case of a CP-¢OTDR measurement, when the interrogated fiber is stressed,
local features of x,,(7) undergo an apparent delay relative to x,(z), proportional to the
amplitude of the applied perturbation. Therefore, the simple case of a perturbation
(e.g., strain) acting homogeneously across the whole fiber at the m-th instant may be
modelled as

xm(t) - S(l‘ _Dm) +nm(t); Dy =0, (4.2)
x(t) = s(t) +no(1), (4.3)

where s(¢) and n,,() are the signal and noise components (considering an additive
white gaussian noise model - AWGN) of the acquired optical trace, and D,, corre-
sponds to the perturbation-induced delay to the signal features of x,,.

The strain information may then be obtained via an estimate of the delay D,,,
D,,, which can computed using the GCC algorithm (section 3.4.4), i.e, by finding the
lag at which there is a maximum of the cross-covariance between x,,(7) and x,(7)
(cross-correlation for zero-mean signals, which we shall assume for simplicity). The
estimation of strain-induced time-delay at the trace section bounded between times
t = [}, Tz] may then be written as
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T
Ry, (7) = /T X (1) (£ + T)dt (4.4)

= Rs,s * 5(t - Dm) + Rs,n,,, + Rs,nr + an,n,-z

D,, = argmax{Ry, (1)}, 4.5)

where R, ,(7) represents the cross-correlation between the measurement trace and
reference, 7 is the lag, 6(¢) is the Dirac delta function, and the terms Ry / Ry, /
Ry, / Ry,,n, define the autocorrelation of the signal term, the signal-noise correlation
terms and the noise-noise correlation term. The time width of the section defined for
the cross-correlation (T = T, — T7) defines the gauge length of the system, which in
optimal operation is set as equal to the pulse width (T = 7, see section 3.4.5).

To produce a valid estimate from the GCC algorithm, some conditions must be
fulfilled: a minimum correlation length is required with respect to the signal band-
width [160] (i.e., the time-bandwidth product of the optical trace section has to be
sufficiently high, T >> 1/B, B being the signal bandwidth), the SNR should not be
very low and the reference and measurement signals should be highly correlated.
These three conditions are generally fulfilled in conventional CP-¢OTDR operation,
since a large time-bandwidth product is a pre-requirement for frequency-to-time
mapping (see section 3.4.1), Rayleigh-based methods can ensure good measurement
SNR for tens of kilometers, and the reference-measurement trace pairs remain cor-
related over much longer periods than that of the perturbations of interest (in the
acoustic regime), assuming no extrinsic sources of decorrelation.

Derivation of the lower bound

The TDE estimation error from cross-correlation is quantified by the mean square
error between the estimate and the true value of delay as

Sise = ((Dm — D)?), (4.6)

where the (-) operator, in this case, represents the expected value. Assuming a well-
conditioned signal for cross-correlation based TDE (yielding a negligible probability
of anomalous estimation [141, 160, 172]), the mean-square-error lower bound for
each estimation is given by the CRLB, which quantifies the best achievable perfor-
mance (6%g > OZg ) When employing a minimum variance unbiased estimator
[157, 159, 168].

The TDE lower bound for a bandlimited active system (in conditions of low and
high SNR) can be derived by following the procedures in [168], by identifying what
is the equivalent case to a CP-¢OTDR system. By assuming high SNR and negli-
gible decorrelation, the correlation term of both noises in equation 4.4 (R,,, »,) may
be neglected. The resulting noise, then, originates from the two signal-noise corre-
lation terms, one corresponding to a correlation between signal and reference noise
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(Rs,n,), and the other with signal and measurement noise (R, ). While both the ref-
erence and measurement acquisitions are noisy (similar to the passive radar case),
one of the noise contributions remains unchanged for all acquisitions as the refer-
ence is kept constant. As such, the Ry, term does not add to the noise variance over
a strain time-series acquisition, manifesting instead as a systematic error in mea-
surement (which is typically irrelevant when dealing with dynamic perturbations).
Neglecting this systematic error, the CP-9oOTDR behaves analogously to an active
radar detection system, without reference noise.

In this case, according to [168], the minimum variance of a delay estimation at a

selected measurement window (of time width T') can be determined as

1

-5 s 4.7
2B, 47

2
OCRLB =

where d? = 2E /Ny, E being the signal energy, Ny /2 being the noise spectral density
(assuming two-sided AWGN of constant power across the whole signal band) and
Brus being the root-mean-square (RMS) signal bandwidth, determined as

T 02S(w)dw

f:: S(w)do . (4.8)

2
Birus =

for a two-sided autospectrum with bandlimited signal spectral power S(®). As we
described in section 3.4.1, the frequency-to-time mapping matches the envelope of
the time and frequency domain of the pulse representation. A square pulse, then, af-
ter square-law detection, yields a Rayleigh backscattered spectrum with an approx-
imately triangle shape across the baseband. We can then approximate the two-sided
signal spectral power envelope as S(f) = 2 (1 - %) in the range [—B,B], and 0
outside of the bandwidth B, such that

2

2 7 (1-F)df  (ampp2

Brus = (4.9)
2y (1=4)ar 6
The lower bound condition specified in equation 4.7, then, becomes
6N,
2 o 0
OCRLE = S am) B (4.10)

Notice now that the signal energy over a window of time T is given by E = ST,
for signal power S, and that the total white noise power is given by N = NyB. With
the appropriate substitutions we can re-write the previous equation as a function of
SNR, bandwidth B and estimation time-window length T as

) 31 1 1

OCRLE = 472 T SNR B3’ (4.11)

where SNR = S/N.
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Equation 4.11 describes a mean-square-error lower bound for TDE of any signal
with the typical properties of a CP-¢OTDR, independent of its physical origin. B
corresponds to the bandwidth of the acquired trace and T is the time-window se-
lected for the estimation of time-delay. To estimate the effects of this error on the
performance of strain measurements, we need to account for the system sensitivity
as well. The strain per perceived trace delay in a standard fiber is given by

B,
de/dt = ———~—, 4.12
e/ (—0.78)7,vo (4.12)

where vj is the center frequency of the employed laser, 7, is the pulse width, and

B, is the chirped probe pulse bandwidth. We may then describe a lower bound for
strain measurement as

s 11
(2 x 0.787)2v3 SNR B3 T'12°

GgRLBe = GCZ‘RLB(dg/dt)z = (4.13)

Typical operation of CP-¢OTDR has B = B., and a time-window for cross-
correlation selected to optimize spatial resolution (T = 7,). In this case, the CRLB
for the system simplifies to

3 111
(2 x 0.787)%v3 SNR B, 75

Oérie = Ocrep(de/dt)? = (4.14)

This equation fully describes the lower bound for the variance of the strain esti-
mation as a function of the probe properties B. and 7,, and the specified trace sec-
tion’s SNR, or alternatively, the total noise power introduced from the estimation
process. This manifests as a perfectly white noise floor, being the result of uncor-
related errors on each successive delay estimation of the same variance. Being per-
fectly white, the noise power is spread over the whole acquired bandwidth, so for a
given acoustic detection bandwidth f,., /2 (determined by the probe laser repetition
rate) the lower bond for TDE of dynamic strain measurements manifests as a noise
floor at NF, = ocprpe/ \/m e/+/Hz, where facq is the probe laser repetition rate.

Reaching the lower bound

The CRLB-imposed noise floor determines the best achievable dynamic sensitivity
of a CP-¢OTDR system when only additive noise sources are accounted for. To
reach it, then, it is important to ensure that the effect from other sources of noise is
comparatively negligible. Two notable sources of error that impede the achievement
of CRLB-limited levels of performance are laser phase-noise and sampling error.

Phase-noise and jitter apply a time delay applied to the whole fiber. After mea-
surand estimation, this reflects as a fully spatially correlated noise over the whole
interrogated fiber length (section 3.4.7). The perfect spatial correlation of these noise
sources enables their cancellation to the first order [136, 143], by allocating a fiber
section to its estimation.
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The other source, sampling error, results from the discrete-time acquisition of the
optical traces. Even in infinite SNR conditions, an error of half the sampling period
remains when estimating time-delay. Sub-sample accuracy may be readily achieved
through interpolation of the signal, although some care must be taken to not intro-
duce bias in order to produce a pertinent comparison to the theoretical lower bound
(and avoid non-linearities in measurement). While the GCC algorithm itself is un-
biased, conventional curve-fitting methods such as a parabolic fit of the three points
surrounding the main correlation peak [159] introduce a heavy bias in estimation,
despite their simplicity and ease of computation. Alternatively, assuming adequate
sampling, bandlimited signals may be reconstructed at an arbitrarily higher sam-
pling rate through Whittaker-Shannon (sinc) interpolation (resulting directly from
the Nyquist sampling theorem). In practice, this may be easily achieved through
zero-padding in the frequency domain [173, 174]. In the case of periodic or infi-
nite signals, this method is regarded as perfect in reconstructing infinite or periodic
discrete signals at higher sampling rates. Aperiodic or finite signals, however, may
experience some artifacts in the form of time-domain "ringing" from the Gibbs phe-
nomenon [175, 176], although these can easily be made negligible by reconstructing
a sufficiently long acquisition.

4.1.2 Numerical assessment of the lower bound

In order to assert the validity of the previous analysis and the derived lower bound
in equation 4.14, we performed a series of numerical simulations of CP-¢oOTDR
traces while carefully controlling each relevant performance parameter. The fiber
was simulated as an array of equally spaced (1 cm) elements, each characterized
by a refractive index (homogeneous throughout the fiber), a random (Gaussian dis-
tributed) reflectivity and a uniformly distributed random phase. Each simulation
represented a 400 m long section of fiber, sampled at 10 GS/s with an applied 1
kHz perturbation the refractive index (equivalent to a 1 ne amplitude perturbation
in optical path [82]).

The virtual fiber was sampled at 10 kHz for a total integration time of 0.05 s
(500 acquisitions). Each of the retrieved signals was then corrupted with additive
spectrally flat Gaussian noise across the signal bandwidth, with variable power in
order to yield the desired SNR of each experiment, and no phase-noise was consid-
ered for the simulation. The sampling error was mitigated by reconstructing each
cross-correlation at 1000 times higher sampling via sinc interpolation.

The simulation was repeated for different pulse widths/correlation windows (50
ns, 100 ns, 200 ns, 400 ns), chirp bandwidths (0.5 GHz, 1 GHz, 2 GHz, 4 GHz) and
trace SNR (10 dB, 15 dB, 20 dB, 25 dB). These parameters were chosen in order to
represent realistic operation scenarios, while ensuring that the system remains well
within the appropriate conditions for cross-correlation-based estimation to reach
minimum variance, avoiding anomalous estimations [141, 160, 172].
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FIGURE 4.1: Noise floors of simulated data and the theoretical es-
timation of the CRLB for different probe parameters. The inset fig-
ures represent the one-sided strain amplitude spectral densities used
to measure the noise floor, of the simulations corresponding to the
boxed data points.
a.) Varying window sizes and trace SNR, for a fixed chirp bandwidth
of 1 GHz; b.) Varying trace SNR and chirp bandwidth, for a fixed
pulse width of 100 ns; c.) Varying chirp bandwidths and correlation
window sizes, for a fixed SNR of 20 dB.



80 Chapter 4. Limits of Performance of CP-oOTDR

LASER DIODE

OSCILLOSCOPE | |
| =

u Uil FILTER

FIGURE 4.2: Experimental setup, as described in the main text. PD -
Photodetector, VOA - Variable optical attenuator, FILTER - 1 GHz RF
low pass filter. Other acronyms in the text.

Figures 4.1 a.), b.) and c.) depict the results of the simulation, comparing the
numerically obtained noise floors to the calculated lower bound estimated from
equation 4.14. All acquisitions show remarkable agreement with the expected lower
bound. The effects of poor signal conditioning are slightly noticeable at the lower
SNRs, when the measured values start to slightly underperform the predicted CRLB.
While some tighter bounds have been proposed which have less strict requirements
on the signal conditioning (such as the Barankin or Ziv-Zakai bounds [177]), we
found the CRLB to be a sufficiently comprehensive lower bound without too much
needless complexity, since the typical operation of chirped-pulse measurement itself
uses well-conditioned signals.

As an important side-note, it is important to realize that the relevant parameters
for the determination of the lower bound are generally not independent in practice.
A longer probe pulse entails more signal energy and better SNR, while an increased
bandwidth allows more noise components in the system, implying a worse SNR. In
the simulations, however, all parameters were controlled independently.

4.1.3 Experimental demonstration of lower bound

The ability to experimentally reach the proposed lower bound was tested using a
CP-pOTDR design like the one described by Pastor-Graells et al. [133], with a direct
current modulation emission arm (see section 3.4.3). The employed setup is depicted
in figure 4.2.

An external cavity semiconductor laser (RIO) emits with center wavelength
1550.2, controlled in temperature and current by an ILX Lightwave LDC-3724 laser
diode controller. The laser output frequency is swept by directly modulating the
laser current, through an Agilent 81150A signal generator channel outputting a
sawtooth wave, which is then time-gated as 100 ns pulses via a SOA controlled by
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FIGURE 4.3: One-sided strain amplitude spectral densities of a 0.2
second acquisition in the PZT region.
a.) 1 kHz applied perturbation, estimated trace SNR =19.47 dB, CRLB

calculated at 2.715 x 1012 /v/Hz and median noise floor estimated
at5.178 x 1072 /\/Hz;
b.) 4 kHz applied perturbation, estimated trace SNR = 19.38 dB, CRLB

calculated at 2.744 x 10~2¢ /+/Hz and median noise floor estimated
at3.421 x 10~ 2¢ /\/Hz;

another channel of the same signal generator, at the same frequency of the sawtooth
wave. The work point (current/temperature) driving the laser was carefully
selected in order to produce a linear chirp from the external current modulation,
without jumps or non-linearities, with 1 GHz total chirp bandwidth. The resulting
pulse is amplified through an EDFA and filtered with a DWDM to mitigate some
of the introduced ASE noise, and controlled in peak power in order to prevent the
onset of modulation instability.

The fiber under test (FUT) consisted of a first 200 meter-long section, with 20
m tightly wrapped around a cylindrical piezoelectric actuator, followed by a 1 km
spool for phase-noise compensation, kept in a stable water bath in order to mitigate
temperature drifts or residual strains. This spool is connected to a ~ 8.7 km spool
for a total interrogation length of ~ 10 km.

The recovered backscattered light is guided to the detection arm, where it is once
again amplified by an EDFA and filtered to mitigate the ASE. The detection is done
using a 9.5 GHz PDAS8GS Thorlabs photodetector, and electrically filtered with an
analog 900 MHz low-pass filter, before digitizing. Each measurement consisted of a
0.2 second acquisition at 10 kHz repetition rate, with an applied 300 mV amplitude
amplitude to the piezoelectric at frequencies between 1 and 4 kHz, corresponding to
approximately 10 ne perturbation amplitude.

The TDE for measurand estimation was achieved through the GCC algorithm
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FIGURE 4.4: One-sided strain amplitude spectral densities of a 0.2
second acquisition in the thermally stable section of fiber. Estimated
optical SNR =19.62, CRLB calculated at 2.668 x 10~ 12¢ /+/Hz and me-

dian noise floor estimated at 3.590 x 10~12¢/+/Hz. The PSDs were
taken over 25 m and averaged in order to narrow the spectral varia-
tions and improve visibility of the noise floor.

which we introduced earlier. In order to remove sampling error without the intro-
duction of bias, each cross-correlation was reconstructed at 1000 times higher sam-
pling. The laser phase-noise and instrument jitter were then cancelled using the
same method specified in section 3.4.7, using a section of the stabilized 1 km spool
for compensation.

The results are presented in figures 4.3, for applied perturbations of 1 kHz and
4 kHz. Notably, there is no effect on the amplitude of the interpolated and non-
interpolated frequency components, attesting to the negligible bias introduced from
the proposed method. The estimated lower bound is presented as a solid black line,
calculated with an estimated SNR obtained at the section of measurement (with no
applied perturbation), and compared to the actual verified median noise floor (rep-
resented as a dashed black line). The obtained results fall very close the established
CRLB, within less than a factor of 2. The observed differences may appear due
to environmental noise, spectral leakage or error in the estimation of SNR. When
measuring the noise-floor in the stabilized section of fiber a noise floor of 3.590 x
10~ 12¢ /+/Hz was observed for a calculated lower bound of 2.668 x 10~ 12¢ / \/I—E, for
an estimated SNR of 19.62 dB. The small discrepancies might also originate from er-
ror in the estimation of the signal parameters (bandwidth and optical SNR), and sta-
tistical variations of the correlation window quality over time, owing to the stochas-
tic nature of the signal [134].
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4.1.4 Discussion of results

Here, we have formally described the impact of additive noise sources on estima-
tion in CP-¢OTDR, and derived the lower bound for dynamic sensitivity of such a
system, imposed from the effect of signal properties on the time-delay estimation
process. The validity of the signal model used to derive the lower bound was then
demonstrated by comparison to measurements using simulated CP-¢ OTDR signals,
showing very good agreement to the estimated lower bound.

We then proposed a method to experimentally reach CRLB-limited levels of dy-
namic sensitivity. In summary, we postulated that by selecting probe parameters
that ensure good signal conditions for cross-correlation, reducing the sampling error
from the time-delay estimation without the introduction of bias, and cancelling the
phase-noise to the first order, the main limitation of performance should be given
by the fundamental limits of noisy TDE. This performance limit was shown to be
readily achievable in the acoustic frequency range (> 100 Hz), highlighting the high
performances achievable with the CP-9OTDR technique. Experimentally, pe/+/Hz
dynamic strain sensitivities in the acoustic frequency range were demonstrated over
10 km of interrogated length.

The obtained performance values may now be compared to other known limits
of optical fiber sensing. The ultimate lower-bound of dynamic sensitivity arises from
local thermodynamic fluctuations which randomly affect the optical path of light.
While some highly specialized point-sensors claim to have reached this "thermody-
namic limit" [178, 179], such performances remain elusive to distributed techniques.
Specifically, an interferometer with cavity length equal to the employed spatial res-
olution for the measurements presented in this section (10 m) would theoretically
reach approximately three orders of magnitude better performances, if limited only
by thermodynamic noise [179].

Having a formally defined CRLB explicitly defines how each probe parameter
may affect measurement performance, and confirms that current CP-¢OTDR mea-
surements are fundamentally limited by the additive noise sources in the trace, mo-
tivating research in new ways to improve the trace SNR, such as special fibers [42]
or pulse compression methods [106]. A close look at the dependency of the derived
lower bound also highlight the major impact that pulse length and spatial resolution
have on performance, due to its effect on sensitivity, TDE performance and SNR.
While most leading applications of the technology (e.g., seismology [36]), can afford
worsening the resolution at the expense of major gains in performance, this notion
heightens the perception of the trade-offs between spatial resolution and measure-
ment accuracy, characteristic of OTDR methods.
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4.2 Upper-limit of measurable strain

One of the hallmarks of OTDR techniques is the relative nature of the produced
measurements, requiring each estimation of measurand to be obtained from a com-
parison of the "measurement” fiber state to a previously acquired "reference" state.
However, there are limits to the maximum measurable difference between two states
which vary in origin depending on the chosen interrogation method.

Coherent detection methods, for instance, are unable to overcome 7 phase shifts
without phase unwrapping [130], and standard frequency sweep measurements are
limited to the total range of frequencies covered by the sweep. Similarly, as we
demonstrate in this section, each CP-¢OTDR estimation is fundamentally limited to
perturbations that can be compensated by a frequency shift much smaller than the
total chirp bandwidth.

The measurement upper bound of CP-¢OTDR exists due to the non-negligible
decorrelation between traces occurring from large perturbations, which greatly
amplifies the probability of anomalous estimations of local time-delay, and conse-
quently outliers in measurement [139, 141, 160, 172]. In the following pages, we
observe the effect of these limitations and propose some simple alterations to the
post-processing which enable these limits to be exceeded.

The proposed method consists in updating the reference trace after every laser
shot, thus executing a measurement of differential strain as opposed to a direct strain
measurement relative to a fixed reference. We show that, in this way; it is possible to
exploit the oversampling in the acoustic signal to greatly mitigate the appearance of
outliers on the acquisition, by reducing the maximum shot-to-shot strain. Moreover,
the statistical nature of outliers allows this oversampling to be further employed
through an additional post-processing median filtering method, completely remov-
ing the sporadic anomalies in estimation.

The proposed method is demonstrated experimentally by measuring a 50 Hz
perturbation with an amplitude greater than 1000 ne, with high harmonic rejection
[141, 142] and high SNR. We conclude this section with a discussion on the implica-
tions of a differential strain measurement in terms trade-offs and performance limits,
when compared to the conventional fixed-reference approach.

4.2.1 Overcoming the upper bound

The previous descriptions of CP-¢OTDR presented in this thesis were concentrated
on low amplitude perturbations over short measurement times. In these conditions,
trace decorrelation can be considered negligible and the first trace of each acquisition
serves as a high quality reference for all future measurements. This is no longer the
case when working with large perturbations, as the induced delay over a section of
fiber induces non-negligible trace decorrelation with respect to the initial reference.

When referring to decorrelation in the context of CP-¢OTDR technique, we re-
fer to the change in correlation coefficient between reference and a delayed version
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FIGURE 4.5: Depiction of the mechanisms of trace decorrelation from

large measurements. Notice that the delayed version of the trace has

some of its features slightly deformed (on top of the actual delay).

Similarly, after the delay, some correlated (green) samples fall out-

side of the estimation window, while some decorrelated (red) samples
move inside.

of the measurement trace. This decorrelation results from the combination of two
different effects. The first one consists of the change in shape of the delayed trace
following a perturbation. Notice that each chirped-pulse measurement technique
is ultimately limited by the total interrogated frequency range covered by chirp (of
a few hundred MHz to a few GHz, corresponding to an equivalent strain of a few
pe at 1550 nm, as defined in equation 3.44). Additionally, in order to exploit the
frequency-to-time mapping and retrieve a delayed trace, a time-shifted probe pulse
must be highly correlated to itself after a frequency shift (equivalent to the induced
perturbation). For this to occur, the frequency shift must be much smaller than the
total chirp bandwidth. As the time-shift grows, the trace also experiences slight
deformations in shape. The second contribution to the total decorrelation has to
do with having an apparent delay at a fixed estimation position. Essentially, the
perturbation-induced apparent delay moves some correlated samples out of the esti-
mation window, and introduces new uncorrelated signal samples into the estimation
window (by shifting samples from outside the measurement window to the inside).
Both of these effects are evidenced in figure 4.5.

Decorrelation has a direct effect in the quality of estimates obtained via the GCC
algorithm (or any other similarity-based TDE method). When attempting to esti-
mate a time-delay between poorly conditioned or partially decorrelated traces, the
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FIGURE 4.6: Comparison of a fixed reference approach and an up-
dated reference approach. Fixed reference is depicted in grey, up-
dated reference is depicted in blue and measurement trace in red. By
changing the last measured trace to the new reference, the similarity
between measurement and reference traces is kept high.

increased signal decorrelation attenuates the main peak of cross-correlation. If any
secondary peak ends up prevailing over the main correlation peak, the result is an
anomalous estimation which produces an outlier in the acquisition. In practice, the
probability of outliers is also a function of the applied perturbation relative to the
initial state of the fiber, and the trace signal properties (bandwidth, time and SNR),
comprising a soft upper bound on the maximum measurable strain.

Since this limitation is tied to the decorrelation between measurement and refer-
ence trace, it may be addressed by updating the reference at every shot, thus min-
imizing the total difference in state between the reference and measurement acqui-
sitions. In this case, the problem explained in section 4.1.1 (equation 4.3) may be

re-defined as

s(t = D) + nn(0); (4.15)
X(m—1) (l‘), (416)

Xm (1)

x(1)

where the index m relates to the current measurement trace, corresponding to the
m-th sample of the strain acquisition (of the slow time axis, such that #,, = m/ fscq,
m € IN). The reference (r-th) trace is updated at every measurement, instead of
comprising a fixed reference. A comparison between both methods is depicted in
tigure 4.6 .
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Each delay estimate, D,,, will then be proportional to the strain increment Ag,,

Ag, x D,, = arg max{R,, (»—1)(7)}, (4.17)

which may then be converted to strain as
m
&n =) Ag;. (4.18)
j=1

Clearly, with this alteration to the processing, the upper bound of measurable
strain applies to the incremental strain instead. As such, there is no intrinsic limit
to the absolute amount of strain measured, so long as the shot-to-shot strain falls
within acceptable bounds. Nonetheless, the onset of anomalies in estimation is still
statistically driven, given the noisy and stochastic nature of the trace signal. Empir-
ically, it was estimated that the shot-to-shot strain should be kept below 3% - 5% of
the total chirp bandwidth (equivalent frequency shift), for a well-conditioned signal,
in order to produce an acceptably low probability of outliers [133]

ov

Agy| <00 ——;
|Aen| < 0 goas

o ~ 0.03 (4.19)

for a chirp bandwidth év and laser center frequency v.

Notably, by changing the limitation to a shot-to-shot limit, higher strain rates
may be measured by oversampling the perturbation (above the Nyquist criterion).
This implies a trade-off between maximum measurable perturbation slew rate and

maximum length of interrogated fiber when using this process, since the maximum
2c
Lng*

An example of an outlier in cross-correlation is depicted in figure 4.7. The fig-

acquisition frequency is fucqmax =

ure represents the result of cross-correlating a perturbed section of successive traces
using the aforementioned method (50 Hz strain perturbation of 750 p€). The corre-
lation between traces r = 1 and m = 2 (top) and the one between traces r = 3 and
m = 4 (bottom) show a clear unambiguous peak for the estimation of time delay.
Conversely, the cross correlation between traces r = 2 and m = 3 (middle) has a
noise-like appearance with no discernible main peak, producing an outlier in esti-
mation [160, 172].

The aforementioned process focuses on reducing the likelihood of such anoma-
lous estimations in the cross-correlation, by reducing the maximum differences in
state between measurement and reference. However, due to their statistical nature,
it is impossible to completely prevent the sporadic appearance of outliers when ap-
proaching the measurement limits, as it can be seen in the figure. Indeed, the prob-
ability of outliers is proportional to the slew-rate of the signal at each time, leading
to a non-uniform distribution throughout the acquisition.

As we previously remarked, the overall probability of outliers may be reduced
further by increasing the acquisition rate (reducing the shot-to-shot strain for a given
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FIGURE 4.7: Cross-correlation between 3 pairs of 4 consecutive traces,

representing a section of fiber undergoing a 50 Hz,750 pe perturba-

tion. The top and bottom correlations lead to unambiguous correla-

tion peaks. The middle trace yields a noise-like appearance, in which

the GCC algorithm yields a sudden strain jump of 18.64 ueg, clearly
an outlier. Adapted from [141].
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FIGURE 4.8: Experimental setup used for the demonstration. ECL:

External Cavity Laser; SOA: Semiconductor Optical Amplifier; VOA:

Variable Attenuator; EOM: Electrooptical Modulator; EDFA: Erbium

doped fiber amplifier; CIR: Circulator; FUT: Fiber under test; PD:

Photodetector; DAQ: Data acquisition; AWG: Arbitrary Waveform
Generator. Taken from [141].

slew rate). In case we have an oversampled acoustic signal, we may exploit the re-
dundant information obtained from oversampling through suitable post-processing
in order to correct any sporadic anomalies. Outliers manifest as impulse noise in
the differential strain time-series. Impulse noise may then be easily corrected by ap-
plying a N-tap median filter (or other robust statistic based filter) to the differential
strain signal, defined as

Ag,, = median{Ag, /2 ... Enin/2}- (4.20)

In doing so, the effective acoustic bandwidth is reduced to f,.,/(2N). By select-
ing N to be lower than the acoustic oversampling factor, this incurs minimal unde-
sirable effects on the acquired signal as the cost of correcting the outlier errors.

4.2.2 Experimental demonstration
Description of the setup

In order to demonstrate the potential for measurement of large strains, a CP-¢OTDR
setup was assembled with an external modulation configuration for the emission
arm (see section 3.4.3), as depicted in figure 4.8.

The setup consisted of an external cavity laser diode (ECL), externally modu-
lated using an amplitude electro-optical modulator (EOM) driven by an arbitrary
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waveform generator (AWG), producing a 35 ns long rect-envelope chirped pulse
waveform with 5 GHz chirp bandwidth centered at 6.5 GHz. The EOM output was
time-gated through a SOA in order to improve the pulse extinction ratio, and sent
through a tunable spectral filter to remove the the lower sideband and any remnant
carrier. This pulse was then amplified using an EDFA and launched into the FUT,
while controlling the power in order to prevent the onset of non-linear phenomena.

The return light from Rayleigh backscatter was once again amplified in detec-
tion and filtered in order to mitigate amplifier ASE, being then detected by a 9.5
GHz photodetector and digitized at 40 GS/s. The FUT consisted of a ~ 210 m fiber
spool with a 4 m long segment stretched and secured at both ends. One of the ends
was fixed while the other was attached to a mechanical shaker (while pre-straining
the fiber), which was placed at a different optical table in order to prevent the in-
troduction of mechanical noise to the optical setup. The shaker was driven by an
amplified signal generator to produce large sinusoidal motions.

Each measurement consisted of a 160 ms acquisition of successive traces, at a
rate of f,., = 200 kHz (laser repetition rate). The processing was done according to
the method described in section 4.2.1, cross-correlating successive traces instead of
using one common reference. The correlation time-window was optimally set as the

same as the pulse width (35 ns), yielding a spatial resolution of ~3.5 m.

Experimental measurements

For the demonstration of a measurement of large strains, a 50 Hz perturbation with
1190 pe peak-to-peak amplitude was applied to the fiber. The value of amplitude
and frequency were chosen so that the maximum shot-to-shot strain differences ob-
tained for such a perturbation yields ~ (1ue) at the acquisition rate of 200 kHz,
near the limit imposed by equation 4.19. The differential strain and computed strain
measurements are represented in figure 4.9. The raw differential strain acquisition is
depicted on the top, and after correction with a 5-point median filter in the middle.
The reconstructed absolute strain, using the median filtered differential strain data,
is represented in the bottom figure.

In the raw acquisition, we can observe that the signal is heavily corrupted by
impulse noise due to outliers, with higher density at the points where the perturba-
tion absolute slew rate is highest. The resulting impulse noise is fully compensated
after median filtering, implying that even in the regions of highest outlier density,
3 out of every 5 consecutive points comprise good estimates. A 5-tap median filter
reduces the original acoustic bandwidth (f,.,/2 = 100 kHz) to 20 kHz, which is still
well above the frequency of the perturbation of interest. The effect of employing
a non-linear filtering process was also evaluated by repeating the correction with a
7-point median filter (yielding an effective acoutic bandwidth of ~ 14 kHz). This
produced a negligible normalized rms difference of less than 103 between both
strain signals, indicating that even when correcting such a large amount of outliers,
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FIGURE 4.9: Strain measurement of a 50 Hz, 1190 ué (peak-to-peak)

perturbation. The raw signal (top) is clearly heavily corrupted with

outliers, with greater density at the times of maximum and minimum

slew rate. In the middle, the same result after 5-point median fil-

tering. The reconstructed strain from the strain increments is repre-
sented in the bottom figure. Adapted from [141].
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FIGURE 4.10: Time and position resolved measurements of the 50

Hz, 1190 ue (peak-to-peak) perturbation, demonstrating the dis-

tributed capabilities of the technique. Note thaat there are some non-

uniformities in the applied strain, which may contribute to the ap-
pearance of outliers. Adapted from [141].

the non-linearity introduced from the application of a non-linear filter in the signal
is negligible.

In figure 4.10, we show the strain map of the whole interrogated fiber, where
some position dependent non-uniformities in strain can be observed. The existence
of these strain gradients within the spatial resolution may be at the origin of the
high number of outliers (despite keeping the perturbation within the limit imposed
by equation 4.19). Non-uniform strain across a single spatial resolution may lead to
further decorrelation of traces, as well as a inaccurate time-delay estimation.

Attempts at significantly higher strain amplitudes (maintaining the frequency of
50 Hz) proved impossible due to high outlier concentration at the times of greatest
perturbation slew-rate. Fixing the slew rate in accordance to the condition specified
in equation 4.19, we demonstrated faster perturbations of overall lower amplitude
(200 Hz/250 pe and 400 Hz / 150 pe), using the same 5-point median filtering post-
processing. The results are displayed in figure 4.11

4.2.3 Noise performance of large strain measurements

The proposed strategy for incremental measurements changes the estimation pro-
cess in a way that affects the noise statistics and dynamic noise floor. This may be
easily understood by comparing the fixed reference measurement process (see 4.1)
and the incremental measurements. In the typical, fixed reference case, the m-th
estimate of strain can be modelled as

&y =En+tem, (4.21)
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FIGURE 4.11: Other measurements, one 200 Hz perturbation with 250
ue amplitude (blue line) and another 400 Hz with 150 pe amplitude
(red line). Adapted from [141].

where ¢, is the error in estimation associated with the m-th measurement, g, is
the true strain of the system and €, is the produced estimate. Under good trace
conditions for estimation, the variable e, comprises a white Gaussian process with
variance equal to the Cramér-Rao Lower Bound (equation 4.14), for the reasons ex-
plained in the previous section. This is changed for the incremental case, since the
m-th estimation produces

Ae, = A&y + e, (4.22)

which may then be converted to strain as

giner — i A&y +epn =&+ i m- (4.23)
j=0 j=0

Notably, the error component is increased: The result from accumulating a white
Gaussian process spectrally manifests as 1/f (Brownian) noise (1/f? in power),
since each individual noise sample is replaced by a step-function of the same am-
plitude. As such, introducing this method impacts the performance of the sensor
at lower frequencies. This effect is noticeable in figure 4.12, where 3 power spectral
densities (PSD) of the strain measurement are compared (computed using Hanning-
weighted periodograms [180]): In the perturbed section of fiber (blue line), in an
unperturbed section with the incremental measurement strategy (red line), and in
the same unperturbed section with the regular fixed-reference strategy (black line).
Notably, the white noise is replaced by a 1/ f component when doing incremental
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FIGURE 4.12: Estimated power spectral densities of the large strain

measurement point (blue line), as well as two unperturbed sections

using the conventional method and the incremental method (red and
black lines). Adapted from [141].

measurements.

In addition, the perturbed region shows a slightly higher noise floor than ex-
pected from only reference updating. There are two probable origins for this noise.
First, it is possible that the median filtering process also introduces some amount of
method noise, which should increase depending on the number of outliers that need
to be corrected. Secondly, even when condition 4.19 is fulfilled, large strains imply
successive correlations between two partially (non-negligibly) decorrelated signals,
which may hinder the performance of time-delay estimation.

In figure 4.12, the noise level at 50 Hz (in the perturbation section) is estimated
to be 0.1ue//Hz for the blue line (although the noise level seems to increase with
the applied perturbation). The SNR of the acquired strain waveform is estimated at
over 40 dB, with harmonic rejection greater than 28 dB (indicating high linearity).

4.2.4 Discussion of results

The presented findings, published in [141, 142], successfully demonstrated measure-
ments of large strains using the chirped-pulse technique, introducing and demon-
strating a mitigating strategy for the effect of measurement outliers which occur at
high strain amplitudes. The proposed mitigation strategy consists in changing the
absolute strain measurements to differential strain measurements by incrementally
updating the cross-correlation reference. In turn, this alters the typical limit of maxi-
mum strain amplitude to a limit of maximum shot-to-shot strain. As this strategy is
conducive to exploiting the acoustic oversampling of strain signals in order to boost
the maximum measurable strains, it is further consolidated by correcting any sparse
outliers through median filtering of the differential strain signal.
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This method was tested for its impact in the signal integrity, which was found
to be negligible so long as the signal is sufficiently oversampled. We experimentally
presented measurements of several perturbations of 1190 pe @ 50 Hz, 250 ue @ 200
Hz and 150 pe @ 400 Hz, all with approximately equal maximal slew rates, for fiber
lengths of 210 m.

The oversampling benefit also implies a trade-off between the measurable per-
turbations using this method and the total length of fiber (which limits the maximum
probe repetition rate). In this case, a sampling rate of 200 kHz was used for a 210
m-long fiber, in order to measure sub-kHz acoustic perturbations.

The proposed method also leads to different dynamic noise properties. The esti-
mation error is accumulated at every estimation, leading to a 1/ f noise-floor, which
appears to be also signal dependent (higher perturbation slew-rates lead to higher
noise increments).

The demonstrable possibility of measuring very large perturbations paves the
way to new applications in fields such as structural health monitoring. Further study
should be done on other robust statistics to mitigate outliers and reduction of the
accumulated error.
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4.3 Statistical evaluation of the performance of CP-oOTDR

We have previously described the common methods through which linearity is a-
chieved in ¢OTDR measurements. One common option relies on retrieving the full
electric field information, and infer the perturbation from changes to the phase evo-
lution of the propagating probe [82, 122]. These methods demand the use of coherent
detection schemes, which introduce additional requirements when compared to di-
rect detection alternatives. Specifically, the source must ensure coherence between
the local oscillator (LO) and probe light throughout the whole fiber length, and the
effects of differences in polarization between probe and LO must be accounted for.

Even if these requirements are fulfilled, typical phase-demodulation systems do
not address the fading problem of OTDR, since at positions where the result of local
backscattering yields very low amplitudes it is impossible to obtain a relevant phase
estimate. Indeed, the performance of each measured position is directly tied to the
ability to accurately retrieve the phase. The pOTDR backscattered electric field from
the random inhomogeneities results in a Rayleigh distribution of field amplitudes,
entailing a high variability of measurement performance, and a significant number
of fading points [37, 129]. While some developments have been reported on po-
tential mitigation strategies, these usually further increase complexity and sacrifice
sensor performance [181].

A statistical assessment of the variations in acoustic sensitivity was presented
in [129], revealing a long-tail statistical distribution of the sensitivity for DAS sys-
tems based on phase demodulation and coherent detection. More importantly, this
study highlighted that in phase-demodulation based DAS, a significant portion of
positions exhibit unacceptable levels of performance (directly related to fading).

The different estimation process used by the chirped-pulse technique tracks time
displacements of trace sections. This method is generally regarded as robust to fad-
ing, since the estimation occurs over a time section and is independent of the am-
plitude of one individual sample of the retrieved optical trace. In the following
section, we experimentally justify this claim by presenting a statistical evaluation
of the performance of chirped-pulse DAS in SNR and sensitivity, as well as a direct
comparison with coherent detection alternatives. We show that the statistical distri-
bution of performance is significantly different to phase-demodulation techniques,
when operating under similar conditions of resolution and acoustic bandwidth. The
performance has a much narrower distribution to that of phase-demodulation DAS,
attesting to the robustness of the technique.

Afterwards, considering similar conditions and the upper bounds for measure-
ment of each technique (without any additional strategies such as those presented
in 4.2), the performance dynamic ranges of both techniques are also compared.

This section reflects the results of the work published in [134].
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4.3.1 Origin of statistical variations of performance

The information used to estimate the measurand from any ¢OTDR system results
from the interference of scattered electric fields at frozen-in fiber inhomogoneities.
At the fiber input, the resulting backscatter from the m-th launched probe yields

em(l‘) = Am(t) ’ exp{jq)m(t)}r (4-24-)

where 7 is the time (corresponding to the fast axis), A, (¢) is the backscattered am-
plitude field, and ¢,,(¢) is the phase of the backscattered wave detected at time z.
The subscript m can alternatively be understood as the m-th sample of the discrete
time slow axis. The recovered e, () is seemingly random and noise-like, with the
distribution of amplitudes A,,(¢) following a Rayleigh distribution and the phases
(o (t) € [—m, m]) following a uniform distribution. Nonetheless, the retrieved elec-
tric field is deterministic and characteristic of the probed fiber current state.

Phase-demodulation methods infer local perturbations by measuring changes to
the evolution of ¢,,(7) over ¢. To do this, these methods typically employ a coherent
detection scheme, which carries increased coherence and polarization requirements
to the setup. However, the ability to estimate phase at any given position is directly
tied to the retrieved amplitude at that position. In a noisy detection process, some
positions will fall below a minimum threshold for measurement, thus impeding the
estimation of phase (yielding a fading point). Even more points may fall in a region
where phase estimation is possible, but with comparatively low performance (given
the broad Rayleigh distribution of amplitudes) [129].

Alternatively, direct detection methods, such as CP-¢OTDR, are unable to re-
trieve electric field information. Instead, the measurand estimation is given by a

noisy optical intensity signal, modelled as

Pm & Agn(t) + iy pp = S(t) + nm (1) (4.25)

where n,, pp summarizes the additive noise components that arise from the photode-
tection process (both electrical noise and amplitude optical noise) and s,,(t) = A2(¢)
is the signal component, which has an exponential distribution resulting from squar-
ing a Rayleigh-distributed random variable [182]. In this case, we have neglected
non-additive sources of noise (such as laser phase noise), since it may be aptly cor-
rected in the technique of CP-¢OTDR, as explained in section 3.4.7.

In the case of the CP-¢OTDR technique, quantitative measurements with di-
rect detection are enabled through a combination of frequency demodulation and
frequency-to-time mapping, achieved by chirping the probe with enough band-
width to fulfill the temporal far-field condition [183] (see section 3.4.1). As a result,
a perturbation will incur a directly proportional local time delay, as specified by the
relationship in equation 3.37 [133].

A local time-delay measurement is intuitively advantageous in terms of the sys-
tem’s robustness to fading points: when estimating a pattern shift across a time
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FIGURE 4.13: Setup used to evaluate the statistical performance. ECL:

External Cavity Laser; SOA: Semiconductor Optical Amplifier; EDFA:

Erbium doped fiber amplifier; FUT: Fiber under test. Taken from
[134].

window, isolated low SNR points have a reduced influence in the final measure-
ment performance. This intuition is supported by the results provided in section 4.1,
where we demonstrated that under conditions of no phase noise, adequate interpo-
lation and acceptably low decorrelation between compared traces, each sensing po-
sition performance is ultimately limited by the spatial resolution, chirp bandwidth,
and the interrogated section SNR (equation 4.14).

Given that the spatial resolution and bandwidth are fixed for all measured
points, any variation in performance must originate from local variations in SNR.
When estimated along a sizeable time-delay estimation window, the SNR should
remain relatively stable, with only slight variations accounting for the specific shape
of the trace at a given instant. Consequently, the sensor performance should not
vary extensively at a given position of fiber with changes in the trace shape.

4.3.2 Experimental assessment of statistical performance in CP-oOTDR

In this section, we experimentally evaluate the sensitivity statistics of CP-¢OTDR
measurements. The assembled setup (depicted in figure 4.13) consisted of a typical
CP-¢pOTDR with a direct current modulation emission arm (see section 3.4.3). An
external cavity laser (ECL) was employed as the laser source, being controlled exter-
nally in current and temperature in order to fix the center wavelength. In order to
produce the chirp, a secondary current control was introduced with a sawtooth elec-
trical output to modulate the laser frequency. The pulse was then time-gated using
a high extinction ratio SOA (driven with a rect window), at a time-section yielding
good linearity in the resulting frequency modulation.

The generated pulses were then amplified by an EDFA and filtered through a
dense wavelength-division multiplexer (DWDM), working as a bandpass filter to
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remove undesired ASE. Before being launched into the fiber under test (FUT), the
resulting probe peak power was controlled and kept below the threshold for non-
linearity. The resulting probe had a peak power of 200 mW, 100 ns of pulse width
(yielding a spatial resolution of 10 m in optimal conditions), and 1 GHz of chirp
bandwidth.

The recovered light at the fiber input from the backscattering was once again am-
plified by an EDFA in the detection arm and filtered using a tunable bandpass filter.
The detection was accomplished using a 1 GHz bandwidth photodetector (digitized
at4 GS/s).

The laser phase and frequency noise was cancelled using the method described
in section 3.4.7, and sampling-noise was reduced by centroid interpolation of the
cross-correlation’s main peak [184]. The centroid function was chosen due to its
simplicity, low computational cost and low absolute levels of bias.

In order to produce a statistically relevant, position-resolved determination of
the noise power distribution over a 25 km-long fiber analysis with a single fiber,
we took advantage of the random decorrelation observed in the pOTDR trace over
time from exposure to uncontrolled environmental conditions. Drifts in the laser fre-
quency and an accumulation of temperature/strain gradients over lengths smaller
than a spatial resolution ensure that the trace is randomized every few minutes. By
replacing the reference at this time (see section 4.2), one is able to use the same sec-
tion of fiber, which behaves as a fundamentally new independent sensor, with the
same incident probe power. Empirically, we found that if the fiber left uncontrolled
in the laboratory, the trace naturally decorrelates every few minutes. The data was
acquired over the course of 10 hours of measurement.

The statistical distribution of the measured acoustic noise power is depicted in
figure 4.14. Clearly, the mean acoustic noise power for each position follows the
tendency given by the evolution of the SNR (see equation 4.14), decaying naturally
from the effect of fiber losses in trace SNR. This indicates that the limiting factor in
performance is indeed additive noise in the trace. Exceptionally, the first 5 km dis-
play a constant mean noise power, since these were used for phase-noise compensa-
tion. This can be understood by recalling that phase-noise compensation introduces
a method noise component which is ultimately limited by the sections of highest
noise used for compensation (as explained in section 3.4.7). Notably, the noise vari-
ance presents an approximately Gaussian distribution for all fiber positions along
the fiber length.

4.3.3 Comparison with coherent detection methods

The measured performance statistics were then compared against a phase-
demodulation, coherent detection based system. The statistics and performance
of phase-demodulation DAS were analyzed in ref. [129], under the assumption
of a system limited by additive noise sources. While the effects of phase-noise
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FIGURE 4.14: Distribution of strain noise power and fiber position,
along a 25 km-long fiber. The first 5 km were used for phase noise
compensation (see section 3.4.7). Taken from [134].

in chirped-pulse and phase-demodulation DAS techniques are different, the
comparison applies whenever phase-noise is either negligible or compensated.

In the study cited in ref. [129], a 2 km long fiber (with a perturbation applied to
the mid point, at z = 1 km) was used to obtain the statistical noise properties of the
system. Different effective sensors were selected, choosing one resolution cell before
and one after the perturbation, in order to create an array of independent effective
sensors. Their analytical description for the noise resulted in the following noise
performance [129]

o201 1
nm,CD(l,l ) = 7 |:A2(l) + Az(l/>:| ’ (426)

where G,% is the variance of the detected trace, obtained from a fiber of 2 km, and
i,i" are the positions of the resolution cells before and after the perturbation, respec-
tively. A%(i) and A2(i’) are the corresponding signal powers at each resolution cell,
where A2%(t) is a noise-like time series with an exponential distribution.

For the sake of comparison, this noise model distribution was compared to the
noise distribution acquired for the CP-¢OTDR system after 2 km of fiber, with traces
generated from probes of similar power, pulse width and noise spectral density. As
a result, in the coherent detection method case, the trace SNR was estimated to be
37 dB while the trace SNR for the CP-¢OTDR technique obtained after 2 km was es-
timated SNR at 28 dB. The differences in SNR arise from the higher detection band-
width required for the chirped-pulse operation, allowing more unfiltered noise into
the detected band.

The comparison of statistical performance of both methods is presented in figure
4.15. Note that while the mean noise powers of both techniques are similar, the shape
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FIGURE 4.15: Comparison of noise statistics of different ¢OTDR

methods. Black line represents CP-¢OTDR, and red line represents

phase-demodulation ¢OTDR through coherent detection. Both statis-

tics consider similar pulse peak power, pulse width (spatial resolu-
tion) and noise power spectral density. Taken from [134].

and width of the distributions are strikingly different. In the phase-demodulation
case, despite the overall healthy levels of trace SNR, about 6% of all points can be
regarded as fading points, with an SNR of less than 1 (versus 0% in the CP-¢OTDR
case). Moreover, the full-width at 10% of the chirped-pulse measured noise power
distribution is of 0.39 ne2, while in the coherent detection scheme, the same variation
of noise power is 79.38 ne2.

These results may be extended to determine a dynamic range for each of these
systems. Previously, we showed that, in regular operation, the maximum measur-
able perturbation is limited for CP-¢OTDR systems, as the perturbation-equivalent
frequency shift must be kept much smaller (<5%) than the total chirp bandwidth
(see section 4.2). Similarly, phase-demodulation systems are limited by a shot-to-
shot maximum variation of 7 rad. As such, the previous results may also be used to
estimate an effective dynamic range of incremental strain for both techniques, under
the defined conditions.

In this case, we define the dynamic range as the ratio between the expected max-
imum measurable shot-to-shot perturbation, and minimum measurable perturba-
tion. The maximum measurable value assumed for CP-oOTDR is of 5% of the total
frequency, and 7 rad for the phase-demodulation method. As for the minimum
measurable value, we define it statistically, allowing only a given portion of mea-
surements below a performance threshold (SNR < 1).

The results are shown in figure 4.16, for the cases of allowing 50% (yellow-shaded
region and purple-shaded region) or 1% (green-shaded region and pink-shaded re-
gion) of sensors to yield an acoustic SNR < 1. Allowing 50% of the points to have an
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acoustic SNR < 1, the dynamic range for a chirped-pulse DAS would be of 497, ver-
sus 80.3 for a coherent detection system. In the stricter condition of only allowing 1%
of sensors to have an SNR < 1, the contrast is much sharper, yielding a 347 dynamic
range for the chirped-pulse method, versus a 1.4 dynamic range for the coherent-
detection case. Notably, this entails only a ~ 30% decrease in the dynamic range of
the chirped-pulse technique, despite the much stricter requirements, attesting to the
high robustness of CP-¢OTDR.

To complete the comparison with the study in [129], we also present a statistical
analysis of the SNR, signal and noise distributions as a function of the sensor reso-
lution. We interrogated a 1 km fiber, with a 20 m section strapped around a piezo-
electric transducer, with an applied sinusoidal strain perturbation at a frequency of
100 Hz and 127 ne peak-to-peak amplitude. The spatial resolution was controlled
by varying the probe pulse and (using 7, = 50 ns, 75 ns and 100 ns probes, corre-
sponding to 5 m, 7.5 m and 10 m). To this effect, Given the direct current modulation
nature of the chirp, the instantaneous frequency slope is fixed to 0.01 GHz/ns, so the
pulse bandwidths were §v = 500 MHz, 750 MHz and 1 GHz, respectively. The laser
repetition rate was set at 5 kHz. The results are represented in figure 4.17.

Evidently, the signal distribution of power remains approximately constant, in-
dependent of the selected probe parameters, with a variation of 1.4 dB (full width at
1/e height), likely due to poor mechanical coupling between the fiber and PZT trans-
ducer. The distribution of SNR is then governed by the variation of noise power,
which presents a full width at 1/e of ~ 4.4 dB, independent of probe parameters.
As expected for the reasons described in section 4.1, in this case, the higher band-
width, longer correlation time-window and improved trace signal-to-noise ratio of
the longer probe yields greater acoustic SNR.
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FIGURE 4.17: Comparison of acoustic signal, noise and SNR distribu-

tions obtained from a CP-¢pOTDR system with different spatial res-

olutions and bandwidths. Signal power distribution is represented

with an orange line and noise power distribution with a black line.

The SNR distribution is depicted in the inset plots. Probe pulses are

a.) 50 ns/0.5 Ghz; b.) 75 ns/0.75 GHz; ¢.) 100 ns/1 GHz. Taken from
[134].
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4.3.4 Discussion

In this section we have demonstrated the robustness of CP-oOTDR. There was no
verifiable occurrence of fading points in any of the chirped pulse measurements.
This is in sharp contrast to coherent detection methods, which have previously been
described in [129], which show a non-negligible probability of fading points and
high variability in performance, even in good measurement conditions.

Still, the SNR performance was shown to stochastically vary ~ 4dB, closely
following the distribution of acoustic noise power obtained (with a 1/e of width
~ 4.4dB). The fluctuation is likely due to the changes to the specific shape of the
trace section used for cross-correlation. Nonetheless, the overall performance distri-
bution is much narrower than phase-demodulation techniques.

In our comparison, we have also established a definition for dynamic range in
which it is possible to attest the broad dynamic range of chirped-pulse-based DAS,
even in standard operation. In this analysis, we defined the dynamic range on the
shot-to-shot limits for both techniques (chirped-pulse and phase-demodulation), ac-
counting already for the possibility of strategies such as the one described in section
4.2 (or phase unwrapping, in the phase-demodulation case [130]). We have demon-
strated that the CP-¢OTDR technique can consistently provide a broad shot-to-shot
dynamic range (> 300) across all measurable fiber positions.

The high reliability demonstrated by the CP-¢OTDR technique, due to its char-
acteristic time-delay estimation based measurement, highlights its potential for ap-
plication in critical systems and infrastructures.
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4.4 Cross-talk in CP-oOTDR

Previously, we described the benefits of a local TDE-based measurand estimation.
These advantages come in the form of measurand linearity [133] (section 3.4.1), high
dynamic strain sensitivities [139] (section 4.1), potential for high dynamic range [141,
142] (section 4.2), and robust performance [134] (section 4.3). However, a local TDE
approach implies that the time-axis used for measurand estimation is the same as
the one used for position determination.

Up to now, in our description of OTDR, we have considered an approximation
of an homogeneous group index for the whole fiber, and no fiber elongations (i.e.,
the fiber retains the same length across measurements). In truth, changes to the local
surroundings of a fiber locally modify the optical path, thus affecting the time it takes
for light to reach all subsequent positions. While this is an underlying principle of
fiber-based sensing, the magnitude of this effect on positional uncertainty in OTDR
is typically considered negligible.

In the case of CP-¢OTDR, however, the minute time-delays are also used to com-
pute the local measurand information. It follows that the effects of a perturbation
may induce an apparent measurement at all subsequent positions, analogous to hav-
ing cross-talk between effective sensors. The aim of the following pages (reflecting
the work reported on [145]) is to evaluate the existence of cross-talk in chirped-pulse
systems, and quantify its effects. We begin by describing the effect of a refractive
index change over a length of fiber on subsequent positions. We then present an
experimental demonstration of this effect compared with the theoretical prediction.

4.4.1 Description of the problem

OTDR systems map each longitudinal position in the interrogated fiber to the spe-
cific time it takes for a pulse of light to complete the round trip to-and-from that
point. The total round-trip time (tzr(z) ) of a pulse travelling to-and-from a longitu-
dinal position z of fiber is given by

n(

f) d¢ (4.27)

trr(2) = 2/02

where n(z) is the fiber’s group index at position z. Clearly, this equation shows that
a change in local index delays or anticipates the arrival of the pulse at all subsequent
positions. The net effect of such a perturbation in the positional accuracy, however,
is generally negligible, given the range of index and elongations that a fiber may be
exposed to and the spatial resolutions of OTDR systems systems. Therefore, OTDR
methods typically assume an invariant group index along z, and no elongation at
any position of the fiber. Note, however, that this effect is cumulative, and not local.
A perturbation at position z; introduces an error for at all further positions z > z;.
This may be visualized in figure 4.18.
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FIGURE 4.18: Visualization of the cross-talk effect. A perturbation

over a section of fiber affects the optical path, and as such, the time

for light to reach subsequent positions. This appears as a time-delay,
which is indistinguishable from a perturbation in CP-oOTDR

CP-pOTDR relies on minute shifts in the position of features along the fast time-
axis for measurand estimation. Essentially, the effect of a change of index An(z)
manifests as an apparent local time-delay of the trace, At(z), as

An(z)i
n ov’

At(Z) = — vy (4.28)

where vj is the laser central frequency, 6V is the chirp bandwidth, and 7, is the pulse
width. It is important to realize that the apparent delay imparted by this effect is
local. In other words, only the features at the position of perturbation are shifted,
but previous and subsequent positions are unaffected by the perturbation.

The estimation of measurand in the chirped pulse technique, however, is a sim-
ple TDE at the estimated location of the effective sensors. As such, both the mea-
surand induced local shift, and the cumulative error in effective sensor position are
indistinguishable in estimation, so the cumulative effect due to a change in opti-
cal path will be erroneously interpreted as localized perturbation in all subsequent
positions.

This can be formally understood by considering a fiber of length Lror, in which
a section of length L undergoes an optical path perturbation due to an elongation AL
and a change in index An such that L = L+ AL and /i = n + An (e.g., due to induced
temperature). In this case, the total time it takes for light to travel this section of fiber
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will change. Compared to the unperturbed case, all interrogated positions following
the perturbed section (z > L) will reach the detector with an additional delay given

by

Atgar(L) =2 [/f’jd@—/j’id@} —2 [”L_”L] _

C C
:2[(n+An)(L+AL) _ﬂ %2[;1AL+LM]’

C C

(4.29)

C C

where the ALAn term was considered negligible.

As we stated, this delay Aty is generally neglected in terms of the positional
uncertainty it introduces. However, a TDE-based measurand estimation targets the
minute differences in the time location of trace features. The accumulated delay will

thus be translated into a virtual local perturbation of amplitude (in equivalent index
shift)

An)ctalk = - \TO 7Atxmlk~ (430)
P

Combining equations 4.29 and 4.30, we quantify the cumulative effect in as

Anyay = —2—— (4.31)

Vo Tp

n ov {nAL LAn]
+7 7
c c

where clearly, the cross-talk amplitude varies as a function of the system’s sensitiv-
ity. Nonetheless, it is instructive to estimate the order of magnitude of cross-talk in-
duced from this effect: Considering typical probe parameters (vo ~ 10'4, §v ~ 10°,
1, ~ 1077), the cross-talk induced perturbation is of Any.x ~ 107¢(LAn + nAL) ,
where L is the length over which the perturbation is applied. In the context of tem-
perature/strain, a 1K/1ué€ perturbation over 1 km of fiber would induce an apparent
shift of ~ 1mK/1ne to all subsequent positions.

4.4.2 Experimental demonstration

The experimental measurement of the induced cross-talk was conducted by apply-
ing a large thermal variation to a long section of fiber in a spool, while another sec-
tion of fiber (at a later position) was kept thermally and mechanically isolated from
any perturbations, and kept far apart from the perturbed spool. The FUT layout is
depicted in figure 4.19.

When affected by temperature, the fiber is refractive index (due to thermo-optic
effect) and total length (due to thermal expansion) are altered as n(T) = i1 + §rATn
and L(T) = L+ aATL, respectively. In amorphous silica, these coefficients can be
approximated as & &~ 0.55 x 107° [185] and &7 ~ 6.92 x 107° [82].
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FIGURE 4.19: Experimental setup. The fibers are all in thermal baths,

isolated from mechanical measurements. The phase-noise reference

spool and the cross-talk measurement spool are in room temperature

baths, while the perturbed spool is changed from a hot bath to a cold
bath. The CP-¢OTDR layout is the same as in figure 4.13

Equation 4.31 may now be rewritten in terms of an apparent induced tempera-
ture ATyqk(t), and a temperature perturbation AT (7) over a section of fiber of length
L as

1 1 6v [nAL(t LAn(t
ATgai(t) = —2——— ()+ (t)

Krv 7, c c
(4.32)
1 16vnL 1 évnL
=-2———— AT (t) = —— —AT
Koo e e &1aT() = 5 AT,

where K7 is a coefficient that summarizes both thermal effects (thermo-optic and
thermal expansion) in silica fibers.

The experiment was performed using a current-modulation based CP-¢OTDR
equal to the one used in section 4.3. The probe was pulsed at 1 kHz repetition rate,
generating 7, = 100 ns long pulses of total chirp bandwidth év = 1GHz. Consider-
ing these probe parameters, the induced cross-talk is of ATy (t) ~ 5 x 1077LAT (1),
assuming a refractive index of n = 1.46, and length of perturbation L. The FUT
layout (figure 4.19) consists of three spools of fiber: One first section in a stable envi-
ronment, isolated from thermal and mechanical perturbations, for phase-noise com-
pensation [136, 143] (with a length of ~ 900 m), followed by a large spool of 16.3
km to which the large temperature perturbation was applied. Finally, the cross-talk
effects of this large perturbation were verified on a third (~ 1400 m-long) spool, iso-
lated from the other two and in a thermally and mechanically stable environment
(kept in a room-temperature water bath).

In order to correctly evaluate the large perturbation induced in the stressed sec-
tion of fiber, a reference update strategy similar to the one proposed in section 4.2
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FIGURE 4.20: Thermalization of inner and outer layers of the per-

turbed section’s spool. The inner layers thermalize slower, while the

outer layers thermalize faster. For the modelling, the mean tempera-
ture of the whole section was considered.

was used: the reference was updated at regular intervals in order to improve the
total range of measurement with minimal addition of low frequency noise in the
system.

The temperature stress was applied by immersing the perturbed spool in hot
(Ty =~ Tr + 15K, T being the room temperature) and cold (7 ~ Tz — 8K) water
baths, with large enough volumes of water so that water thermalization from the
introduction of the fiber spool may be considered negligible. The high thermal ca-
pacity of the water allows fast thermalization of the fiber, which mitigates the effect
of other environmental low frequency noise-sources on measurement. The fiber was
kept in each bucket for 10 minutes in order to approach the intended temperature.

It should be noted that the coiled disposition of the fiber in each spool, added
with the low thermal conductivity of the fiber, introduces a non-homogeneous time
to thermalization for each section of the immersed fiber, as inner coils take longer
to thermalize than the outer coils. This is clearly verifiable in figure 4.20, where we
compare the thermalization of inner and outer layers of the spool, as well as the
mean temperature evolution of the whole fiber section.

The effect of this induced perturbation was then observed in the third spool
(while it was kept at rest in a room-temperature thermal bath). The results of 1
km of fiber were averaged and represented in figure 4.21, and compared with the
theoretical model. The theoretical model considered the mean temperature evolu-
tion of the stressed fiber section and L = 16300. A corrective coefficient K = 0.78
was multiplied to the model in order to improve fitting, implying a ~20% devia-
tion between experiment and theory. The reasons for this deviation are not fully
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FIGURE 4.21: Experimental results and theoretical model, scaled by
a factor K = 0.78 for better fitting. The inclusion of this factor is
discussed in the main text.

understood, but we believe this may occur due to slightly different values of the
thermo-optic coefficient and thermal expansion of the fiber (due to the addition of
coating and the plastic spool structure), and accumulation of errors from the refer-
ence updating (i.e., inaccuracies in the temperature measurement of the perturbed
coil). Despite the ~20% deviation, the curves show remarkable agreement in behav-
ior, with a slight mismatch during cooling which may be caused by strains induced
in the fiber when moving it from the hot thermal bath to the cold bath, and further
accumulation of reference update errors (see section 4.2).

The effect of noise accumulation due to reference updating has been documented
in section 4.2. In this experiment, the accumulation is evident when plotting not only
the average value of all independent time-windows over time, but also the standard

deviation of all time-windows within the fiber section, which is depicted in figure
4.22.

4.4.3 Discussion of results

In this section, which represented the results published in [145], we have proposed
and tested a model to evaluate the cross-talk induced in CP-¢OTDR systems, due
to the changes imposed to the travel time of light to each probed position after a
perturbation.

While the presented results were formally described for a temperature-induced
perturbation or an index shift, it is straightforward to convert this into a strain in-

duced error from a strain measurement (or even generalize to other measurands). In
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FIGURE 4.22: Evolution of the standard deviation of measurements
across the 1 km section over the measurement time.

doing so, equations 4.31 and 4.32 can be re-written as

A&aik (t) = ———Ae¢ (t)/ (433)

The proposed theoretical model was compared to an experimental demonstra-
tion of cross-talk induced from exposure of a long section of fiber to a large tempera-
ture gradient, showing good agreement in behavior, despite some mismatch in total
amplitude which requires further study.

This cross-talk, under typical probe parameters, is shown to be relatively small,
and likely negligible for most applications. Nonetheless, the proposed model in this
study hints at the possibility of compensating such effects via a cumulative estima-
tion of the noise effects in all subsequent positions. Further study is required in order
to determine the performance impacts of such a correction.
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5.1 Fast characterization of the linear birefringence profile

Birefringence is a pervasive characteristic of optical fibers. While it is intentionally
induced in some special fiber designs (e.g., polarization maintaining fibers), it is most
commonly an unavoidable consequence of remnant anisotropies and imperfections
in the fiber geometry from the manufacturing process, or induced during installation
from uneven stresses applied to the glass due to bending or twisting [30].

A core limitation of long-haul, high bit-rate communications in modern fiber op-
tic links is polarization mode dispersion (PMD), which happens from the existence
of undesired birefringence [186]. Its mitigation relies on the improvement of manu-
facturing techniques (thus, reducing the strength of the birefringence vector at any
given fiber position), or on other strategies, such as spin processing [187], aiming to
circumvent the undesired effects of PMD by manipulating the birefringence vector
without directly reducing its strength.

The ongoing race to mitigate these effects has led to standard commercial fibers
with remarkably low levels of birefringence, posing a difficult characterization chal-
lenge for existing distributed techniques. Several methods have been proposed and
attempted, in order to retrieve spatially resolved measurements of a fiber’s birefrin-
gence, which fall under the categories of direct and indirect measurements.

Indirect methods study the evolution of the state of polarization of orthogonally
polarized waves in order to estimate the polarization beat length at any position (see
section 2.3) through mathematical models. Some examples of these techniques can
be seen in BOTDR-based birefringence estimation [188] or the polarization OTDR
(P-OTDR) [189-191].

Direct methods, on the other hand, estimate birefringence by measuring differ-
ences in index for orthogonally polarized probes. There have been reports on direct
estimation methods on shorter fibers based on OFDR [192, 193], or on high birefrin-
gence fibers using dynamic Brillouin gratings (DBG) [194, 195], although these have
typically high requirements in polarization alignment of 3 interacting waves, and re-
quire dual ended access to the fiber. Similarly, frequency-demodulation ¢OTDR has
been used to measure the linear birefringence in standard single-mode fibers [196].
Nevertheless, these reports were time-consuming (due to averaging and frequency-
sweeping) and were limited to fibers with a comparatively high birefringence, com-
pared to the current state-of-the-art.

In this section, we shall report the findings published in [150]. Here, we lever-
age the recent developments and achievable performances in CP-¢oOTDR techniques
(described in previous sections), proposing a modified design with an added polar-
ization control to enable direct distributed measurements of birefringence. We re-
port a relatively fast, direct estimation of the linear birefringence profile in modern
single-mode fibers with high sensitivity.
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5.1.1 Theoretical principle

In a reflectometry-based estimation process, only linear birefringence produces a
measurable effect. This may be understood by reviewing the effects of backscatter-
ing in polarization, as described in section 2.3. In fact, it has been shown that circular
birefringence is indistinguishable from a rotation of the linear birefringence vector,
in reflection [197].

Summarily, this may be understood by noticing that the effect of birefringence in
the total travelled optical path length is reinforced for light travelling across the axes
of birefringence in the linear case, and cancelled in the circular birefringence case. To
understand this, consider two discrete reflectors i, j separated by a distance ; ; in an
optical fiber, within a given resolution cell. In a linear birefringent medium, for light
polarized along the fast (f) and slow (s) axes of birefringence, the phase difference
of returning light from these scatterers is given by

s 4nL;;
Agy ==

where the slow case corresponds to the "+" and the fast case to the "—", Bis the linear

(£ B/2), (5.1)

phase birefringence of the medium and 7 is the mean refractive index for unpolar-
ized light. Conversely, in the case of a purely circular birefringent medium, with
circularly polarized light across both axes of polarization, we expect the following

s 27CL,' P 2717L,' i 4:7'L'L,' i
A¢Jf:4ifi0kt3/2)+ / T (5.2)

(RFB/2) =

for circular birefringence B. Here we clearly see that the round trip cancels the differ-
ences in optical path, yielding the mean refractive index. Generalizing for the case
of an elliptically birefringent medium, only the linear birefringence component shall
induce any measurable effect, owing to the reversal of the handedness of the SOP in
the round trip (as explained at the end of section 2.3).

We will now describe the principle of birefringence estimation through the CP-
@OTDR technique. Consider a homogeneous section of the optical fiber with two
orthogonal eigenstates of polarization (¥; and ¥, such that V] - ¥, = 0). The polariza-
tion of an incident polarized light pulse § can be decomposed into a superposition
of waves along each of those eigenstates as

§= (07 §)0y + (V5 - §)Da. (5.3)

The electric field backscattered at any given fiber section may thus be described
as
e(t) = (ﬁT '§)€1(l>\91 + (ﬁ; 'f)@Q(l)ﬁz. (5.4)

As we previously described, however, an optical fiber does not behave as a ho-
mogeneous linear birefringent medium (see section 2.3). Instead, the state of polar-
ization of light, §, changes continuously during propagation within a single-mode
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fiber (due to fluctuations of the local birefringence vector).

When photodetected after probing with a chirped-pulse, equation 5.4 leads to the
superposition of the time-delayed traces as a function of the effective local index. As
such, the retrieved photodetected intensity trace can be described as

q(t) = 91 - §%p(t — ©) + |92 - §]2p(r + 1), (5.5)

for a noiseless CP-¢oOTDR signal p(t), obtained for a reference refractive index 7.
Here 7 is the observed delay for a An = B/2, as dictated by the system’s sensitivity
[133]

r= -0y pn=7, (5.6)
where vj is the probe laser center frequency, 0 v the chirp bandwidth and ¢, the pulse
width.

It is now useful to move to a 3D Stokes formalism of polarization and birefrin-
gence (see section 2.3). Consider V as the Stokes vector associated with ¥1, such that
—V is the one associated to 75, and S as the Stokes vector of §. We can now write
P=3

=_(1+V.8) =

> (1+7y), (5.7)

N[ —

where y = V-Sandi = 1,2, corresponding to the choice of the "+" and "-" case,
respectively (so the resulting 4-y term equals 1 if § and V are aligned, and -1 if they
are orthogonal).

Consider now two acquisitions from a CP-¢OTDR, obtained by sending two or-

thogonal states of polarization S (subscript "+") and -8 (subscript "-"). The return
trace signals will exhibit the following form

q+(t) = 5[(1+y)pt —7) + (1= y)p(t + 1)),

(5.8)

NI =N =

q-(1) = 5[ =Y)p(t = 1) + (L +V)p(t + 7)].

Consider, now, the cross-correlation of both of these acquired traces (i.e., assume
that the reference is taken with probe polarization aligned along one eigenstate of
polarization, and measurement is taken with probe polarization aligned along the
other eigenstate). The cross correlation yields

2(1 = P)e(t) + (1 + y)%c(r —27) + (1 — 7)2c(t + 27)], (5.9)

=

Ry (1) =

in which ¢(7) is the autocorrelation of the trace p(z). One may verify that for light
aligned with the eigenstates of polarization of the fiber (y = 1), Eq. 5.8 simplifies to
g+(t) = p(t — ) and g_(r) = p(t + 1), and Eq. 5.9 simplifies to R, _(¢) = c(r — 271).
This is what’s expected from equation 5.6, as an index change of B should result in a
27 delay in the optical trace.

Using the GCC algorithm 3.4.4, the estimation of delay is given by
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0 = argmax{Ry2(7)}. (5.10)

Considering a Gaussian peak as a simple model for the main peak of the cross
correlation function, we may replace c(¢) in equation 5.9 by c(t) = exp[—£>/(2w?)].
The maximum of the cross-correlation function may then be determined by letting
dR,_/dt = 0. The induced delay from birefringence, when no external perturbation
is applied to the the fiber, is limited by |8| < 27, corresponding to the case in which
the reference trace and measurement traces are obtained with probe polarization
aligned to the two orthogonal eigenstates of polarization. Assuming small enough
potential delays with respect to the main correlation peak width (w? >> 72), the
peak position can be shown to be approximated by

0 ~ 2yrt. (5.11)

The condition that equation 5.11 is valid for small enough delays compared to the
width of the correlation peak implies that the limits of measurement of this system
are given by the chosen probe properties. Since peak width is inversely proportional
to the chirp bandwidth (w ~ 1/68V), by equation 5.6 we see that the condition 7 < w
is equivalent to B < 27/ (vot,). Therefore, the maximum measurable birefringence
for a typical probe pulse of a few meters corresponds, is in the order of 107, con-
firming the method is well suited to measuring standard telecommunication fibers,
using typical CP-¢OTDR parameters.

Determining birefringence

The method by which one obtains a local estimation of birefringence consists in
measuring the projection of the linear birefringence vector in an orthogonal basis
in Stokes space, formed by probing the fiber with the following polarization state
pairs : 0°/90°, +45° /-45° and left/right circular (i.e., with Stokes vectors § +(1,0,0),
+(0,1,0) and £(0,0,1)). While these evolve unpredictably as they propagate, their
relative orientation is maintained assuming static conditions for the fiber (i.e., the
fiber remains unaffected between sent pulses).

Measuring 6 for each of the 3 orthogonal pairs yields 3 delays, each correspond-
ing to the projection of the linear birefringence vector V on the basis vector aligned
with the chosen pair (in Stokes space). While this offers no information on the orien-
tation of the birefringence vector (since the actual disposition of the basis is unknown
for each fiber position), we can use measure the linear birefringence strength at each
position. Consider, then §;, for i = 1,2, 3, the delay measured for each of the three
orthogonal pairs of polarization. The total birefringence delay may be calculated as

\/ 6% + 8% + 67 = 2. (5.12)
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FIGURE 5.1: Schematics of the optical setup employed. LD - Laser
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trary Waveform Generator, DG - Delay Generator, EDFA - Erbium-

doped fiber amplifier, DWDM - Dense wavelength division multi-
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In the case of circular or elliptical local birefringence, we must consider the de-
composition of the state into linear and circular components, where only the former
gives a non zero contribution to the measured delay, as stated in equation 5.2.

5.1.2 Experimental demonstration

The assembled CP-¢OTDR variant (depicted in figure 5.1) is composed of a very
low phase-noise (<100 Hz linewidth) external cavity laser in continuous emission,
externally modulated with a 50 ns long, 4 GHz chirped pulse waveform input. The
electro-optic modulator (EOM) has its bias point selected in order to operate in max-
imally suppressed carrier.

The resulting modulated signal is sent through a polarization synthesizer, where
the six states (3 orthogonal pairs in Stokes space) of polarization are cycled, before
time-gating each pulse using a high extinction ratio semiconductor optical amplifier
(SOA). A tunable filter is then used to isolate the upper sideband, removing the
lower sideband and any remnant carrier. The resultant probe is amplified by an
EDFA, followed by a 100 GHz DWDM to mitigate some of the ASE, and sent into
the fiber under test through an optical circulator.

The recovered backscattered light is once again amplified, filtered and detected
via a 20 GHz photodetector. The probe was pulsed at a rate of 1 kHz, and the digi-
tal acquisition was done at 10 GS/s. During post-processing, each cross-correlation
was re-sampled to 10 times higher sampling through sinc interpolation, followed
by a parabolic fit of the main peak, in order to mitigate sampling error in a com-
putationally effective manner, with negligible addition of bias to the estimation (see
section 4.1).

Each experiment consisted of a 1.8 s or 0.9 s long acquisition (depending on the
interrogated fiber length, due to memory limitation of the acquisition device. During
each acquisition, the polarization synthesizer was programmed to cycle through the
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FIGURE 5.2: Visual description of a measurement at a given position.

The values of § required in Eq. 5.12 are obtained as from the per-

ceived index difference between each orthogonal pair (S, —S). The

numbers in the figure represent the S vector of light at the input for
that given time section.

3 polarization state pairs ((1,0,0); (0,1,0); (0,0,1); (—1,0,0); (0,—1,0); (0,0, —1)),
holding each state for 300 ms in the two shorter fibers (1.8 s measurement) or 150 ms
in the longer one (0.9 s measurement).

After processing, the measurand acquisition consists of a noisy, piecewise-
constant function. The difference between the mean of each pair of piecewise
constant sections (produced by probing with orthogonal states of polarization)
is used to estimate the respective 0 for that pair. An example depiction of the
measurement procedure used to estimate the values of §; is depicted in figure 5.2.

After acquisition of all three deltas for a given position, the strength of the bire-
fringence vector is estimated using equations 5.12 and 5.6.

This method for estimation of local birefringence was demonstrated in three dif-
ferent single-mode G.652D fiber spools from different manufacturers, each of a dif-
ferent length (1 km, 4 km and 10 km), and verified for self-consistency by comparing
the acquired spatial linear birefringence profile measured from both ends of the fiber.
In order to better visualize the results and remove noise, the measured birefringence
was smoothed with a moving mean filter over 25 m.

Figure 5.3 shows the obtained results for the 10 km spool, and figure 5.4 shows
the same experiment in three independent cases: The concatenation of the 4 km and
1 km fibers, the 4 km fiber and the 1 km fiber. In all figures, the black and green lines
represent the acquired spatial profile when measured from each end of the fiber.

The results and an evaluation of the correlation between each pair of spatial pro-
files acquired (from each end) are summarized in Table 5.1. Column "Corr. Coeff."

describes the correlation coefficient of both acquisitions, column mean(B) describes
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FIGURE 5.3: Birefringence profile obtained from both ends for the
10 km fiber. Spatial resolution of 25m (5 m pulse with a 25 m long
moving average window applied).
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+ 1 km fiber concatenated; b) 4 km fiber; c) 1 km fiber. Spatial reso-
lution of 25m (5 m pulse with a 25 m long moving average window

applied).
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TABLE 5.1: Summary of characterization of each spool. Descrip-
tions of each parameter in the main text.

FUT  mean(B) o1 Corr. Coeff.

1km 14e—8 3.1e—9 0.91
4km 53e—8 4.1e—-9 0.92
10km 4.5e—8 7.2e-9 0.81

the mean birefringence of each fiber, and column o7, describes the standard devi-
ation of the difference between measurements from both ends of the fiber, as an
approximate estimation of the measurement error of the technique in each case. No-
tably, the noticeable decrease in average birefringence strength over the length of the
longer fibers agrees with the bending induced birefringence expected from spooling
(= 20% in the 10 km fiber and ~ 10% in the 4 km fiber): lower values of z in figs.
5.3 and 5.4 correspond to the inner layers of the spool, where the bending radius
is smaller (thus, higher birefringence [30]). The verified change is consistent with a
radius variation of some millimiters.

The small decorrelation verified in each acquired profile pair occurs from mea-
surement noise, as well as temperature fluctuations, or other extrinsic environmen-
tal perturbations experienced by the fiber over the course of a single measurement.
Note that while for the purposes of this research only a single cycle was used to per-
form the measurement, in principle several cycles may be used in order to obtain
better performances (at the cost of measurement time).

5.1.3 Discussion

In this section we described the results published in reference [150]. We proposed
and demonstrated a method to estimate the linear birefringence distribution along a
spool of fiber, with high sensitivity and in a relatively quick time, with single ended
access. While we limited ourselves to 10 km long fibers in length, the limit was
imposed by the data acquisition device memory, and is not a hard limit of the tech-
nique. Indeed, as long as a relevant CP-9OTDR measurement can be produced, we
expect the reported method to work.

In terms of spatial resolution, the limit may be tuned for each specific application.
However, the pulse length should be comparatively small, with respect to the beat
length of the fiber used (in order to avoid large gradients of birefringence along
a single resolution cell). Whenever the birefringence vector undergoes fast spatial
changes (much shorter than the spatial resolution, e.g. with spun fibers), we expect
to measure the magnitude of the effective linear birefringence over the measured
spatial resolution [198].

Additionally, the maximum measurable birefringence is inversely proportional
to the pulse width used (as detailed in section 5.1.1). In our experiments, while we
used a 25 m long spatial resolution (after averaging) for improved performances, we
were fundamentally limited by the CP-¢OTDR spatial resolution of 5 m, imposed



122 Chapter 5. New applications of CP-pOTDR

by the pulse width. Since the underlying model assumes small time-delays of the
optical power trace, further work and analysis is required to assess the suitability of
this method for highly birefringent fibers.

All the presented results consisted of a fast acquisition of a single cycle of the 6
polarization states (totalling 1 to 2 seconds). The fast measurement times raise the
possibility to either average several consecutive cycles (in applications where speed
is not a concern) for much improved performances, or to quickly determine the bire-
fringence strength, which may be of interest for fast polarization-based distributed

sensing in standard single-mode fibers [199].
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5.2 Seismic measurements through f-k processing of DAS
data

Distributed acoustic sensing methods facilitate dense measurements of strain, with
high sensitivities, over very long distances. This advantage is decisive in applica-
tions such as pipeline protection [200], borehole monitoring [201], train tracking
[202], and, as we aim to demonstrate in the following pages, for seismological mea-
surements [36, 203]. The advantage in measurements of seismic activity is clear
when considering that a DAS interrogated fiber comprises thousands of indepen-
dent channels which may be measured in real-time, for long duration, providing
dense spatially sampled measurements of seismic waves [36].

An ideal optical fiber seismic measurement array, however, should rely on dedi-
cated fiber installations, with cabling specifically tailored for high and homogeneous
mechanical coupling, and mitigating the influence of irrelevant sources of strain.
Such a setup, however, would comprise prohibitive costs and installation complex-
ity that might render it undesirable when compared to the alternative of installing
an array of broadband seismometers, discouraging the adoption of the technique.
Instead, the great potential of optical fiber seismology is evidenced in the possibil-
ity to retrofit pre-existing telecommunication fibers into sensing arrays by probing
with typical DAS technology. This allows for a fast and cheap method to produce
measurements of high spatial density and long coverage (tens of kilometers), by ac-
cepting the non-ideal sensing conditions of pre-installed telecommunication links.

This possibility fosters a clear purpose and drive for the employment of DAS
technology in seismological measurements, as a supplement to other already estab-
lished methods, with a relatively low entry barrier in cost. Nonetheless, there are
challenges to be overcome if we are to retrieve relevant data from small amplitude
seismic waves in conditions where the ambient noise may be overwhelming, and
strain coupling may not be ideal. In this context, there are clear advantages in em-
ploying the CP-¢OTDR technique for DAS measurements, given the performance
reliability and immunity to fading points (see section 4.3), thus preventing spatial
blind-spots and uneven density of measured positions in a probed array.

In this section, we report on the use of pre-installed telecommunication fiber in
a metropolitan area to monitor seismic activity, in an environment where ambient
noise sources are dominant over the contribution from seismic signals of interest.
Specifically, we demonstrate a measurement of the 2018 Fiji earthquake (Magnitude
M8.2) by using a telecommunication fiber in the city of Pasadena (California, United
States of America). We show that the ambient noise can be filtered using 2D process-
ing of the time-position signal obtained from the distributed strain signal. To do so,
we exploit known properties of the seismic waves of interest (specifically, frequency
range and wavenumber), and the high spatial density of high sensitivity measure-
ments provided from a DAS acquisition. The recovered data allows post-processing
in the reciprocal domain of time-position (frequency-wavenumber, shorthand f-k),
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FIGURE 5.5: Rough depiction of the fiber array layout in Pasadena.

Note that the total length of fiber is greater than the one depicted, due

to fiber loops, and slight deviations in path. The red region depicts
the section selected for analysis.

in order to successfully remove in-band noise from the seismic signal of interest.

5.2.1 Experimental description

The data was obtained from a fiber installation in the city of Pasadena (California,
United States of America), which was being monitored continuously at the time of
occurrence of the Fiji earthquake (Magnitude M8.2, August 19th 2018, 00:13 - 01:03
UTCQ). This fiber consists of standard G.652 cable and was installed for purposes of
functioning as telecommunication link. A rough estimation of the spatial disposi-
tion of the interrogated fiber is depicted in figure 5.5. The sensing array is roughly
divided in 3 main sections of measurement interest: the fiber exits the South Mudd
building in the California Institute of Technology (where the interrogator is placed),
going in the East-West direction for approximately 2 km. Then, there is a second
section of straight fiber oriented South-North for about 6 km, followed by a final
West-East segment for 5 km.

While these are the segments of interest for measurement, it is important to re-
iterate that the fiber disposition was not intended for measurement of strain data:
the interrogated cable totals 25 km in length, due to the existence of fiber loops and
deviations from the straight sections of cable shown in the figure. These include
regions exposed to air which are heavily corrupted by noise signals (and fairly im-
mune to the perturbations of interest).

The interrogation setup comprised a typical CP-¢ OTDR implementation with di-
rect modulation emission arm, such as the one used in section 4.3. An external cavity
laser is driven is controlled in current and temperature to fix its work point at a po-
sition which offers good linearity in the center frequency shift to current changes.
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The laser diode current is then modulated with a sawtooth wave, and time-gated
using a high extinction ratio SOA in order to produce the chirped pulse probe. The
probe is then amplified via an EDFA, filtered through a dense wavelenght division
multiplexer (DWDM), and launched into the fiber under test. Then, the backscat-
tered light is recovered, amplified and filtered once again through a DWDM, and
photodetected through a 9.5 GHz detector (with a 1 GHz electrical filter before ac-
quisition at 1 GS/s). The generated probe pulses were 100 ns long (yielding 10 m
spatial resolution) and covered a chirp bandwidth of 500 MHz. The traces were ac-
quired at a rate of 2 kHz, and averaged in batches of 40 (in order to improve the
trace SNR), resulting in an effective sampling rate of 50 Hz. Sampling error was mit-
igated via parabolic interpolation of the main peak of the correlation, due to the low
computational cost.

As there was no dedicated section for the compensation of phase noise, the whole
fiber was used for phase-noise compensation. This method is non-ideal as it intro-
duces additional method noise in the fiber (due to strain noise present in all other
positions). Additionally, such a method may slightly bias the amplitude measure-
ments, since the perturbed section is used for compensation as well. As we aim to
show, even in such conditions, it is possible to retrieve relevant seismic measure-
ments. Recall that the strain coupling varies for all positions of measurement, which
alone may affect the estimated strain amplitude at each position, and the varying
disposition of the fiber in space leads to non-uniform strain perturbations across
major lengths of fiber, so signals of interest are not fully spatially correlated and are

averaged out during phase-noise compensation (see section 3.4.7).

5.2.2 f-k processing of strain data

The idea behind processing in the frequency-wavenumber domain consists in ex-
ploiting the information of the wave frequency and phase-velocity (wavenumber)
simultaneously. Typical frequency domain processing enables the isolation of fre-
quency bands of interest through, for example, the application of a window function
in the frequency domain. The same principle is applicable when there is sufficient
spatial sampling, so that a window function may be applied in the wavenumber
domain as well. Combining both approaches, it is possible to generate a representa-
tion in the frequency-wavenumber domain, and derive the passband condition from
prior knowledge of the dispersion relation (frequency/wavenumber) of the seismic
waves of interest.

Essentially, f-k processing forces two conditions to be fulfilled for the signal to
be considered within the passband. Therefore, noise components of the same band
but of different wavenumber, or vice-versa, are easily rejected using this kind of
processing. This type of processing is aided by the fact that, in this array, we have
access to straight sections of fiber.

The f-k representation of data is obtained through 2D Fourier transform (through
the 2D FFT algorithm) of the strain time-position map produced by the CP-¢OTDR.
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FIGURE 5.6: (a) Raw measurements of the whole interrogated
Pasadena fiber array. Notice the vastly uneven noise levels and strain
coupling. (b) Time-position strain map of the analysed section. Di-
agonal sections of increased noise comprise moving vehicles across
the street. The faint near-vertical lines are the seismic activity that we
pretend to isolate. (c) f-k map of the data. There is a dominant low fre-
quency noise component. However, the seismic components can be
observed as a faint low temporal and spatial frequency signals in the
first and third quadrants (top right and bottom left), corresponding
to fast travelling, long period waves, moving from west to east.
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FIGURE 5.7: Time-position map after f-k filtering in the [0.02,1] Hz
and [0,2 x 10~#]Jm~! band, isolating the seismic signals of interest.

Since the fiber is installed in a metropolitan area, the dominant strain compo-
nents in the strain time-position map will be due to strain noise sources such as
ground vibrations induced from moving vehicles, and temperature drifts along the
fiber cable. This is clearly observable by observing the raw strain data obtained in the
last 5 km (West-East) section of the fiber, depicted in figure 5.6 a) and b). In the strain
map, moving perturbations generate a linear trail of increased noise power with a
slope proportional to the velocity of the perturbation. We may clearly distinguish
diagonal regions of increased noise corresponding to moving vehicles along the sec-
tion of fiber. Similarly, the variations of strain coupling are clearly distinguished as
large variations in measurement noise power across different interrogated positions.

A closer look reveals some quasi-vertical (i.e., long wavelength, low frequency
perturbations) lines which originate from the seismic signal of interest. These waves
reach velocities of several km/s, resulting in their vertical appearance in the strain
map. Applying the 2D FFT to the strain data in figure 5.6 b) yields the f-k results
in figure 5.6 c), where once again we clearly see a dominant component of low fre-
quency noise from local strain and temperature gradients.

The dispersion curves for the seismic waves of interest are concentrated in the
frequency band below 1 Hz and wavenumber below 2 x 10~*m~!. Applying a lin-
ear filtering process in the f-k domain, as a rectangular bandpass to the first and third
quadrants of the Cartesian representation isolates the components of interest propa-
gating in the West-East direction, with the wave properties of interest. The selected
band was [0.02, 1] Hz in frequency and [0,2 x 10~#|m~! in wavenumber. The result
of filtering is depicted in figure 5.7, preserving only the quasi-vertical lines of the
original signal, while removing most of the metropolitan noise present in figure 5.6.

The filtered strain measurements of figure 5.7 were then stacked and averaged
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FIGURE 5.8: Right: Comparison between the stacked traces acquired

by the HDAS and a reference W-E seismometer. Despite the much

greater noise of the HDAS signal, the signal features are clearly iden-

tifiable in both sensors. Left: Comparison of spectrograms obtained
by HDAS and seismometer measurements.

for comparison with a local seismometer. Figure 5.8 depicts the comparison of the
obtained strain signal from the DAS measurement and a reference West-East seis-
mometer signal located nearby, as well as a comparison of the spectrogram repre-
sentations of the strain signals. While it is clear that the DAS signal is much noisier
than the seismometer data, there is clear correlation between both measurements,
validating the possibility of DAS for measurements of seismic activity.

5.2.3 Conclusions

The results described in this section, which were presented at the OFC 2019 confer-
ence [148], show a proof-of-concept demonstration of the use of retrofitted metro-
politan area fibers for seismic measurements, even when considering the non-ideal
conditions of installation. We demonstrate that the high spatial sampling provided
by DAS measurements is conducive to isolation of seismic signals of interest in post
processing, and removal of most of the metropolitan noise sources from measure-
ment. The obtained signals were compared to those obtained by a traditional seis-
mometer with high correlation. Particularly, the most notable times-of-arrival of dif-
ferent wave features are clearly distinguishible in both the HDAS and seismometer
measurements, proving the potential use of CP-¢OTDR in instrumenting telecom-
munication links for high sensitivity geophysical measurements.

The processing methods used in this section were fairly simple and comprise
only a proof of concept, motivating new research in new and more sophisticated
methodologies to extract seismic data from high spatial density measurements of
strain, enabled by DAS technology.
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5.3 Distributed measurement of sound pressure using a sen-

sitivity enhancing cable structure

While optical fiber sensors are directly suited for measurements of longitudinal
strain and temperature, a wide range of other parameters can be probed by addi-
tional engineering of either the waveguide (i.e. through the use of special fibers)
or specialized cables or coatings. In the latter case, these parameters are usually
transduced into measurable longitudinal deformations/thermal variations by the
cable, enabling a wide range of parameters to be probed using standard silica glass
fibers.

One particularly challenging parameter of interest for optical fiber measure-
ments is pressure, since the effects of an applied pressure on the fiber imposed
by Poisson effect (i.e., inducing a measurable deformation) are extremely small.
Measuring sound waves, for instance, fundamentally consists in a pressure mea-
surement, given the lack of direct longitudinal deformation imposed by changes in
air pressure on the optical fiber. As a result, direct measurements of sound using
optical fibers are severely lacking in performance, or downright impossible.

Nonetheless, there is reason to strive for fiber-based sound measurement alter-
natives, as some applications demanding acoustic monitoring over long distances
would benefit from the advantages of fiber-sensing over electronic alternatives. Na-
mely, the vast multiplexing potential (reducing cost and installation complexity) and
the passive nature of optical fiber sensors, enabling their installation in hazardous
sites which may be threatened by explosion hazards (such as quarries or industrial
plants).

Early demonstrations of fiber microphones/hydrophones appeared in the form
of simple dual path interferometers (e.g., a Mach Zehnder design [204]). These
proofs-of-concept consisted of punctual demonstrations of measurement, which fai-
led to capitalize on the distributed potential of fiber measurements. The recent de-
velopments in fiber-based sensing, specifically in the field of DAS, have brought a
resurgence of interest in the capture of sound using optical fibers, in a distributed
fashion over long lengths of interrogated fiber cable. Current attempts rely, for the
most part, of OTDR-based implementations. Nonetheless, the innate insensitivity
to pressure of the optical fiber remains a challenge that needs to be addressed, often
requiring the use of diaphragm-like structures to amplify the acoustic response to
sound waves.

One such demonstration used a phase-demodulation ¢OTDR [205], with co-
herent detection, to retrieve the strain experienced by a fiber section attached to a
Polystyrene membrane. While the addition of a membrane addresses the lack of
sensitivity, it comes at the heavy cost of rendering the measurement punctual, in-
stead of distributed. At most, a quasi-distributed approach can be considered, if a
series of independent membranes are attached to sections of fiber, each producing an
effective sensor. Also, in this work, the focus was on relatively loud sound pressure
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waves, above 90 dB (re 20 uPa) sound pressure level (SPL). More recent attempts
[206] achieved better performances (measuring signals as low as 73 dB SPL) rely-
ing on a similar principle, but with a sheet metal membrane to detect a sound wave
emitted at 5 cm distance. Once again, since each sensing point requires an indepen-
dent membrane, this demonstration amounts to a quasi-distributed measurement.
One other attempt traded the flat membrane by cylindrical coils, with fiber spooled
around the cylinder [207]. This is advantageous for two reasons: the increased uni-
formity in the spatial response of the structure to the perturbation, and the ability
to improve performance by using a longer fiber section per effective sensor. Essen-
tially, each sensing position consists of a cylindrical structure, and second, the length
of the cylindrical structure defines the gauge length of each sensor. Therefore, the
fiber coiled around each sensor can be made as long (or as short) as needed in order
to accommodate for the performance and number of sensing positions requirements.
Still, this does not comprise a fully distributed approach.

In the following pages, we propose and assess the potential of using a flat cable
structure that converts applied transverse pressure into longitudinal strains, with
potential for fully distributed sound pressure measurements. We characterize the ca-
ble sensitivity and frequency response, interrogating with a chirped-pulse ¢OTDR,
and discuss the potential limits of the method.

5.3.1 Plane cable structure design and principle

Sound measurements using optical fibers typically require the use of a diaphragm
or membrane structure in order to convert air movements into longitudinal strain
along the fiber. In order to avoid the need to install individual membranes, thus
mitigating the distributed potential of a fiber sensor, we used a flat cable design in
which sections of fiber are interleaved in an oscillatory fashion along the flat cable.

In our proof-of-concept sample, the fiber meanders back and forth in the cable
three times with the oscillations displaced by a third of the length of a full oscillation
(the fiber disposition within the cable is seen in figure 5.9).

This cable consisted of a 1.1 meter long strip, 8 cm in width and 2 mm in thick-
ness. It was made by containing the fiber within two Imm-thick rubber strips, which
were then joined by a layer of liquid rubber and pressed with an uniform weight for
a few days for curing. The fiber within the strip had a total length of 7 meters.

The spatial resolution of the sound measurement system, in this case, is deter-
mined by the length of interrogated section of the structure, not of fiber. The os-
cillatory disposition of fiber entails that 1 meter of structure encompasses F ~ 2.1
meters of fiber, F' being the conversion factor. The spatial resolution of the measure-
ment should be considered

SRporDR

o, (5.14)

SRstructure =
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FIGURE 5.9: Schematic of pressure sensitivity enhancing structure
(top) and visual description of working principle (bottom)

where SRyo7pr, typically, consists of the half the length of pulse used for interroga-
tion (see section 3.3).

The working principle of this structure is depicted in the bottom part of figure
5.9. Through Poisson effect, any normally applied pressure to the surface of the strip
induces an strain extension in all directions orthogonal directions. The strain com-
ponent induced along the width of the structure translates into a longitudinal strain
of the straight sections of fiber within the cable, thus resulting in a net longitudinal
strain across the fiber length.

5.3.2 Sound measurements
Interrogation Setup

The fiber was interrogated using a typical external modulation CP-¢OTDR (section
3.4.3). Light from a narrow linewidth external cavity laser diode (LD) is sent through
an electro-optic modulator (EOM), which modulates the light in amplitude with a
chirped pulse waveform, the modulator being set for suppressed carrier operation.
The chirped waveform is generated by an arbitrary waveform generator (AWG),
outputting a 35 ns long chirped pulse, covering 4 GHz with a center frequency of 10
GHz.

The resulting light, consisting of both generated sidebands and the residual car-
rier wave is time-gated through a semiconductor optical amplifier (SOA) driven by a
delay generator (DG). The generated pulse is then amplified by an EDFA, filtered us-
ing a 100 GHz dense wavelength division multiplexer (DWDM) and launched into
the fiber.

The backscattered portion of light is then recovered, amplified, and filtered using
anarrow tunable filter, configured to allow only the upper sideband in the passband.
The resulting light is detected using a 9.5 GHz low noise photodetector.
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FIGURE 5.10: Setup used for the measurement of sound pressure. LD:

Laser Diode; EOM: Electro-optic Modulator; SOA: Semiconductor

optical amplifier; DWDM: Dense Wavelength Division Multiplexer;

BIAS: Bias controller; AWG: Arbitrary Waveform Generator; DG: De-

lay generator; EDFA: Erbium-doped Fiber Amplifier; FILTER: Tun-
able Filter; DAQ: Oscilloscope.

Each measurement consisted of the acquisition of 65536 consecutive traces, each
sampled at 10 GS/s, obtained at a rate of 50 kHz. The resulting maximum measur-
able time was ~ 1.3 s (limited by the oscilloscope’s memory depth).

The employed laser mitigates the need for phase-noise compensation (see 3.4.7),
and sampling error was removed by signal reconstruction at 10 times higher sam-
pling through sinc interpolation, followed by a parabolic fit, yielding negligible in-
troduction of bias in the estimation. Note that the spatial resolution of the system
(limited by the pulse width) is 3.5 meters. Accounting for the structure (equation
5.14), this yields a spatial resolution of the measurement system of ~ 1.67m.

Experimental results

In order to assess the performance of the cable strip in measuring sound pressure
waves, we attempted to isolate it from mechanical vibrations by placing it in an
optical table. As a reference, we used a calibrated soundmeter (TENMA 72-942),
with the sensor placed at the center of the structure. A portable loudspeaker was
used to generate the sound, placed at ~ 1 m above the cable. This soundmeter was
set to "A" frequency weighting in order to mitigate the influence of low frequency
environmental noise from the laboratory in the readings of sound pressure level
(e.g., due to the fans of surrounding instruments), while keeping the full frequency
response at 1 kHz. With this setup, the background noise of the laboratory was
measured at around 55 dB ("A" frequency weighing).
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FIGURE 5.11: Characterization of the structure. (a) Sensitivity @ 1
kHz and (b) frequency response.

The sensitivity of the structure was determined through a series of 1 second long
acquisitions, with the loudspeaker emitting a 1 kHz sine wave at varying intensi-
ties. The root-mean-square power of the 1 kHz strain component measured by the
strip was then compared to the sound pressure level reported by the portable sound-
meter. The selected position of measurement corresponds to the mid-point of fiber,
which maximizes the response of the structure to the effects of the soundwave. The
sensitivity at this position, at 1 kHz, was measured to be 3.6 ne/Pa (rms). The char-
acterization can be seen in figure 5.11 (a).

We then measured the frequency response of the cable structure by sending a 0.6
s long chirped waveform from 300 Hz to 3 kHz. This measurement was repeated 10
times and averaged in order to improve the SNR of the acquisition. The normalized
frequency response (relative to the sensitivity at 1 kHz) is represented in figure 5.11
(b), after a smoothing moving mean filter with width of 300 Hz.

It seems that the structure is most sensitive in the 530 to 1150 Hz range, in which
the frequency response is contained within 3 dB of its sensitivity at resonance, fol-
lowing a sharp decline for higher frequencies, and a slow decline at lower frequen-
cies. This band shall hereafter be denoted as the sensitive band of the structure. The
reason for the narrowness of the band requires further research, in order to improve
the responsive band on future prototypes.

With this characterization, we may determine the performance limits of the struc-
ture. Following the reasoning explained in section 4.1, the additive-noise limited
lower bound of performance is given by the Cramér-Rao Lower Bound, and can
be estimated knowing the trace SNR, chirp bandwidth and pulse width [139]. The
SNR of the optical trace was estimated at 13 dB. In terms of strain, this yields a
Ocrs ~ 9.8 x 10~ 0¢, corresponding to a noise floor at ocrrs ~ 6.2 X 10~12¢ /+/Hz,
for the employed parameters, considering 50 kHz trace acquisition rate. A rough
estimation of the noise floor in SPL (considering the sensitivity at 1 kHz, although
a more rigorous derivation should keep in mind that the frequency response of the
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FIGURE 5.12: Amplitude spectral density of strain measurements.
Green region denotes the defined sensitive band for the structure,
where performance is within 3 dB of maximum sensitivity.

structure) yields a noise floor of 39 dBA /Hz SPL, and overall noise power at 67 dBA
SPL, considering only the noise components within the sensitive band. The strain
spectrum obtained is depicted in figure 5.12 for one example acquisition, as well as
the sensitive band and the calculated CRLB.

5.3.3 Conclusions

In this section, we have proposed and characterized a new specialized cable able
to convert pressure into longitudinal strains due to the geometrical disposition of
the fiber within it, enabling distributed sound measurements. While the results pre-
sented in this section are preliminary and demand further investigation, we provide
a proof-of-concept for fully distributed sound sensing, without relying on individ-
ual membrane or fiber structures. Additionally, we have reported (to the best of our
knowledge) on the lowest noise floor in a distributed fiber microphone, as we were
able to clearly identify sound waves with ~ 55 dB SPL with 1 second integration
time.

Further research is needed to understand the narrow frequency response, in or-
der to potentially improve it in future prototypes, and in characterizing the spatial
response and directivity of the cable to sound pressure. Additionally, the presence
of several periodic strain gradients over the measurement resolution (due to oscilla-
tory disposition of the fiber within the structure) may contribute to decorrelation of

the trace, which should be assessed for potential performance impacts.
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Conclusions

Throughout this work we have presented several studies which build towards a
more complete understanding of DAS technology, specifically through develop-
ments of the CP-¢OTDR technique. In addition, we have identified and validated
new potential areas of application. Both of these achievements were in direct
accordance with the proposed objectives to be developed for the doctoral project.

We began this work by presenting the theoretical background required for the
complete understanding of the fiber optic sensing technologies studied during the
doctoral thesis. We also evaluated the current state of the art of distributed sensing
technologies aimed at dynamic strain measurements, with a focus on OTDR meth-
ods. We then presented an in-depth theoretical explanation of the principle of CP-
@OTDR, compounding the preexisting body of knowledge with insights achieved
from our research work.

Chapters 4 and 5 report the research work performed during the doctoral pro-
gram. The main focus of research was presented in Chapter 4, where we improved
the current understanding of CP-¢OTDR and leveraged our findings towards de-
signing general improvement strategies. In the first work we presented, we consid-
ered the effects of the characteristic estimation process of CP-9OTDR on the accu-
racy of its measurements. We derived the minimum variance achievable from this
type of estimation, as a function of the retrieved signal properties. This analysis
seemed to indicate that, if limited by additive noise sources, and using typical probe
parameters, dynamic strain sensitivities of ~ pe/+/Hz should be achievable at high
acoustic frequencies. We then proposed a simple method to reach these levels of
performance at higher acoustic frequencies, by adequately interpolating the cross-
correlation function before time-delay estimation and then cancelling the first-order
effects of laser phase noise.

The second work we presented aimed to analyze and address the current limits
of maximum measurable perturbations using the CP-¢OTDR technique. We showed
that there is a soft upper bound of measurable strain, after which the probability
of obtaining an estimation outlier is non-negligible. As an improvement, we pro-
posed a slight variation of the interrogation algorithm which measures the strain
incrementally, thus maximizing the similarity between cross-correlated traces. The
limitations, then, are imposed on the shot-to-shot measured strain, instead of the
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absolute measured strain. We also show that it is possible to further exploit the
acoustic oversampling to increase the robustness to outliers when working close to
the shot-to-shot strain limits. With this strategy, we demonstrated the measurement
of a sinusoidal strain wave at 50 Hz with 1190 pue peak-to-peak amplitude, with
3.5-meter spatial resolution.

We then presented an experiment to evaluate the statistical distribution of noise
in CP-¢OTDR, as a way to validate and quantify the claims of increased robustness.
We experimentally verified the measurement noise distribution as a function of po-
sition, over a long measurement time, showing that the noise power varies is con-
tained within a ~ 4 dB range. In contrast, phase-demodulation based systems show
much greater variability of performance, with several fading positions of impossible
measurement. Finally, in this chapter, we delved further into the implications of the
TDE-based processing characteristic of the chirped-pulse technique. Specifically, we
show how this may lead to cross-talk between independent events affecting the fiber,
due to the effect of changing the optical path on the time-of-arrival of the pulse at
different fiber positions. These differences in time-of-arrival may be misinterpreted
as perturbations in the CP-¢OTDR technique. We quantified these effect for typical
probe parameters, observing an error of ~ 107°K - m~'K~! (in temperature), which,
while small, may not be negligible in some application environments.

In chapter 5, we focused on developing proofs-of-concept for applications other
than simple strain or temperature measurements. This involved specific alterations
to the technique, either by changing the sensing fiber, the optical setup, or by devel-
oping application-specific post-processing.

We demonstrated the potential for fast, distributed characterization of linear
birefringence in standard single-mode optical fibers by adding a polarization syn-
thesizer to the traditional setup and probing the fiber with a sequence of controlled
polarization states. We were able to measure the very low levels of birefringence in
standard single-mode fibers (up to 10~8) with only 1 to 2 seconds of measurement.

We also demonstrated the potential of CP-¢OTDR for geophysical measure-
ments in seismology, by employing retrofitted telecommunication fibers installed
in metropolitan areas. Relying on the high spatial density of measurements, we
are able to isolate the frequency-wavenumber characteristics of the seismic waves
of interest and the direction of arrival. In doing so, we were able to mitigate most
metropolitan noise and measure the 2018 Fiji Earthquake with an array in Pasadena,
CA, at roughly 9000 km of distance. The results were confirmed by comparison
with a nearby seismometer.

Finally, we demonstrate measurements of sound waves by using a fiber embed-
ded in a flat cable structure, which amplified the response of the fiber to sound
pressure waves. The structure uses the Poisson effect on the cable to longitudinally
stretch sections of fiber. With this, sound waves as low as 55 dB SPL were detected.

Overall, the research work presented in this thesis constituted a stride in the
development of the CP-¢OTDR technology.
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6.1 Open lines of research

The work presented in this dissertation leaves clear paths for exploration and in-
vestigation. Specifically, with respect to improving the current performance of the
technique, we identify the following open lines of research:

e Aswe demonstrated, the current dynamic strain sensitivity is limited at higher
acoustic frequencies from the estimation process. The limits are a function of
signal parameters, specifically bandwidth, SNR and the pulse width. While
pulse width is directly tied to the spatial resolution, there is an implication that
increased signal bandwidth or trace denoising methods may work in favor of
further improving the noise-floor. Additionally, while this limit is achieved
at higher acoustic frequencies, there is vast room for improvement at lower
acoustic frequencies (< 100 Hz), where CRLB-limited levels of performance
are still unreachable, motivating research on the sources of noise and mitiga-
tion strategies in that frequency band.

e The improvements of strain range proposed in this work heavily impact the
noise performance of the sensor. As such, there is an implicit trade-off between
noise floor and sensing dynamic range. The study of intelligent algorithms for
updating the reference, and correcting the accumulation of noise error due to

the reference update, as such, is desirable.

e We described the cross-talk induced from perturbations at supposedly uncor-
related measurement positions. It would be interesting to identify potential
ways of compensating the cross-talk, for applications where large perturba-
tions may affect very long sections of fiber coherently. Additionally, it is likely
that such a compensation would entail a spatially cumulative measurement,

which might have implications on correlated noise levels.

On the other hand, the work developed in chapter 5 opens the possibility to new
research lines in new applications. For example, we identify the following open lines
of research:

e The possibility to retrieve birefringence fast from standard telecommunication
fibers may open the possibility to birefringence-based distributed sensing us-
ing such fibers. As such, we see potential in trying to measure changes in
birefringence in SMF as a result of external stressors: e.g., induced magnetic
tields, mechanical torsion, bending, or pressure.

e Seismological measurements using distributed acoustic sensing may benefit
from additional phased-array processing techniques, given the high spatial
density of sensing positions. Seismic measurements using DAS is currently

seeing a lot of attention from the geophysical community.
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e The presented results for sound measurement are still preliminary and open

the possibility to develop similar structures with improved sensitivities and

frequency response, by appropriate selection of materials and geometry. Addi-

tionally, the presented solution should be characterized in its spatial response.
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