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Distributed Optical Fiber Sensing Based on Rayleigh Scattering
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Abstract: Optical fiber sensors offer unprecedented features, the most unique of which is the ability of monitoring varia-
tions of the observed physical field with spatial continuity along the fiber. These distributed optical fiber sensors are based
on the scattering processes that originate from the interaction between light and matter. Among the three different scatter-
ing processes that may take place in a fiber—namely Rayleigh, Raman and Brillouin scattering, this paper focuses on
Rayleigh-based distributed optical fiber sensors. For a given optical frequency, Rayleigh-based sensors exploit the three
main properties of light: intensity, phase and polarization. All these sensing mechanisms are reviewed, along with basic
principles, main acquisition techniques and fields of application. Emphasis, however, will be put on polarization-based
distributed optical fiber sensors. While they currently represent a niche, they offer promising unique features worth being

considered in greater detail.
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1. INTRODUCTION

The idea of using an optical fiber as a sensing element is
almost as old as the idea of using the fiber as a transmission
medium [1]. As already highlighted in many review papers
[2-11] and testified by a vast literature, optical fiber sensors
(OFS) offer many advantages with respect to electrical and
mechanical ones. What is most attracting is their being pas-
sive, little intrusive and intrinsically immune to electromag-
netic interference, as well as the relative cheapness of the
sensing element and the easiness of multiplexing, qualities
that make them particularly be fitted to environments where
harshness, geographical extension or required density of
sensing points is demanding [12-14].

The very unique property of OFSs, unparalleled by any
other technique, is the ability of monitoring physical fields
(such as temperature, strain, magnetic field, chemicals con-
centration, etc.) distributedly along the fiber. These distrib-
uted OFSs (DOFS) map physical fields acting on the fiber by
exploiting the scattering processes that take place in it, and
probing the fiber with proper interrogation systems. Two
parameters are distinctive of DOFSs: measurement range
and spatial resolution. Measurement range simply represents
the maximum length of the sensing fiber and may vary from
less than one meter to more than 100 km, depending on the
monitored physical field and on the sensing method actually
employed. Spatial resolution represents, loosely speaking,
the spatial accuracy with which the physical field can be
mapped, and may range from millimeters to some meters or
above. A more precise definition of this parameter requires,
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however, subtle considerations that are deferred to the next
sections. Of course, a compromise between measurement
range and spatial resolution must be accepted, for in general
a sharper spatial resolution requires a probe light with wider
bandwidth, which is more difficult to detect and to propagate
without distortion over a long distance. This compromise is
usually quantified by the ratio between measurement range
and spatial resolution, which can be interpreted as the num-
ber of equivalent point sensors offered by a DOFS. This fig-
ure may be as high as some tens of thousands, and it is one
of the reasons why DOFSs can be more advantageous than
point sensors, especially when the area to be monitored is
extended and/or when the required density of sensing points
is high.

Three different scattering processes may take place in an
optical fiber and can be exploited in a DOFS, namely: Ra-
man, Brillouin and Rayleigh scattering [15]. When the fiber
is probed with an optical signal, each of these scattering
processes may generate a back propagating light than can be
used to “read” the local properties of the fiber and hence to
infer information on the surrounding environment. There is
however a deep difference between Raman and Brillouin
scattering, on one side, and Rayleigh scattering, on the other.
In fact, the intensity of the (anti-Stokes) Raman scattering
has an intrinsic dependence on the temperature of the fiber,
which has been exploited to implement very successful dis-
tributed temperature sensors (DTS). Similarly, the frequency
of Brillouin scattering is intrinsically dependent on fiber
density, which in its turn depends intrinsically on tempera-
ture and strain, a feature that is largely used in Brillouin-
based DOFSs [12-14]. On the contrary, Rayleigh scattering
in optical fiber is per se independent of almost any external
physical field for a wide range of conditions [15, 16]. Actu-
ally, in Rayleigh-based DOFSs the scattering itself is used
only to track and to reveal propagation effects (in the most
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Fig. (1). Number of papers published per year about Rayleigh-based DOFSs in the main international peer-review scientific journals and
conference proceedings. Red, green and blue beams refer to polarization, attenuation, and phase interference based DOFSs, respectively.
Solid line represents the total number of papers per year, including review and general ones.

wide sense), which are the real sensing mechanisms. These
propagation effects include attenuation and gain, phase inter-
ference and polarization variation, and all of them can be
exploited to implement a Rayleigh-based DOFS. It’s worth-
while remarking that these propagation effects may affect
also Raman- and Brillouin-based DOFS, but they are usually
neglected just because Raman and Brillouin scattering offer
direct sensing mechanisms.

Because of this peculiar characteristic, Rayleigh-based
DOFSs are potentially sensitive to many different physical
fields, beside temperature and strain. For example, attenua-
tion induced by coupling to radiation modes (e.g. micro-
bending effects or evanescent field interactions) has been
exploited to sense parameters as diverse as relative humidity
[17-25], concentration of chemicals [26-47], strain [48-58]
and pressure [26, 59]. Radiation-induced fiber darkening is
currently investigated as transducing mechanism for
Rayleigh-based DOFS to monitor ionizing radiations [60-
62]. Phase interference is at the ground of Rayleigh-based
vibration and intrusion DOFS [63-84], and is the physical
phenomenon behind the so called “fiber fingerprint”, the
paradigm of a successful commercial implementation of
Rayleigh-based DOFS for strain and temperature monitoring
[85]. Finally polarization of light plays a very unique role in
Rayleigh-based DOFS, enabling the sensing of quantities
like magnetic field, twist and geometrical layout.

In the light of their potential versatility, this paper re-
views the current state of art of Rayleigh-based DOFSs, ad-
dressing acquisition techniques, sensing mechanisms and
applications. Given their unique features, and since they are
relatively less known, most emphasis is given to Rayleigh-
based DOFSs that exploit polarization variation as sensing
mechanism.

1.1. Guide to the Reading

As shown in Fig. (1) the literature about Rayleigh-based
DOFS is rather wide and research activity in this field started
more than 30 years ago. Among the different stand points
that can be chosen to explore this topic, we have selected
two of them: acquisition techniques and sensing mecha-
nisms.

The first part of the paper, namely Sec.2, is dedicated to a
review of the acquisition techniques that can be used to de-
tect Rayleigh back scattering. Time and frequency domain
approaches will be described separately, discussing their
respective principles, weakness and strengths. This section is
didactic to some extent, but we believe that the fundamental
principles at the base of DOFS deserve special attention.

Subsequently, the sensing mechanisms exploited in
Rayleigh-based DOFSs are reviewed. We have grouped
these mechanisms in three main categories: attenuation,
phase interference and polarization variation.

Section 3 is devoted to sensors based on attenuation,
which includes macro and micro-bending, coupling to radia-
tion modes and, marginally, absorption and amplification. As
shown in Fig. (1) attenuation is the sensing mechanism that
has been investigated with more continuity over the years,
likely because of its relative simplicity. Differently, DOFSs
based on phase interference started receiving great attention
only in the recent years, and are one of the reasons of the
overall increasing interest in Rayleigh-based DOFSs. This
class of DOFSs is reviewed in Sec.4, whereas Sec.5 is dedi-
cated to polarization based DOFSs. Fig. (1) shows that po-
larization variation has been the first sensing mechanism to
be explored [86], but only recently it started attracting a
more constant attention. As anticipated above, most of this
review is focused on these polarization based DOFSs, which
are analyzed in greater detail. Overall, more than 200 papers
on Rayleigh-based DOFSs have been published on interna-
tional journals and conference proceedings, to date; general
comments about them are given throughout the text, while a
schematic classification by field of application in given in
Sec.6, along with some concluding remarks.

In this review we restrict the analysis to DOFSs where
Rayleigh scattering plays a key role. Therefore, techniques
where Rayleigh scattering is used as a reference for other
scattering processes are not considered. Similarly, we do not
discuss neither approaches where reflectometric techniques
are used only to interrogate concatenations of partially
reflective devices (such as fiber Bragg gratings) , nor tech-
niques based on the joint analysis of transmitted and
reflected light. Finally, hereinafter by “DOFS” we mean dis-
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tributed sensors based on Rayleigh scattering, unless differ-
ently specified.

2. ACQUISITION METHODS

As recalled in the Introduction, Rayleigh-based DOFSs
exploit scattering to track and reveal propagation effects.
Different theoretical models have been proposed to describe
Rayleigh scattering [87-94]. The interested reader is referred
to the literature for details; here, we recall only some basic
concepts for completeness.

Rayleigh scattering is an elastic scattering process that
originates from density fluctuation in the material [14, 93,
94]. When the scattering takes place in an optical fiber, part
of the scattered light (which in general radiates in all direc-
tions) is captured by the guiding structure of the fiber itself
and back propagates to the fiber input. This “backscattered
light” is the signal detected by Rayleigh-based DOFSs; it is
in general rather weak (several tens of dB less than the inci-
dent light), and this fact represents the main technical diffi-
culty in Rayleigh-base DOFSs.

From a phenomenological point of view, the backscat-
tered light may be described as the coherent super position of
the light generated by many weak reflectors, randomly
spread in the fiber [95, 96]. Each of these reflectors can be
described by means of Rayleigh’s theory [94], according to
which the backscattered light is in phase with the incident
one and has the same polarization (the subtle details of this
last claim are discussed in Sec.5). Differently, the intensity
of the light reflected by the single scattering center is a ran-
dom quantity, because so are density fluctuations. As a con-
sequence, neglecting for simplicity dispersion and polariza-
tion effects, the complex envelope, b(t), of the backscattered
light in a single mode fiber can be qualitatively described by
the following expression [97] :

bt)= Ye,e ot 2 ) )

where £ is the propagation constant of the fiber, a(z) de-
scribes the attenuation accumulated up to z, cn and zn are the
random amplitude and position of the nth scattering center,
7=Znq fldew is the group delay introduced by the propagation
up to z,, the factor 2 takes in to account roundtrip propaga-
tion, and a(t) is the complex envelope of the signal used to
probe the fiber— note that this is in general an arbitrary
wave function. In this context the exact statistics of ¢, and z,
is not important. Differently, it is worth while remarking that
these numbers can be considered constant as long as the fiber
is not perturbed.

In its simplest configuration, the aim of the acquisition
techniques is to retrieve the attenuation a(z) by measuring
b(t). Basically, this is equivalent to measuring the response
of the “transmission” channel made by roundtrip propagation
through the fiber. Just as for general channels, also this
equivalent roundtrip channel can be characterized either in
the time domain, by probing the fiber with ideal pulses to
measure its impulse response, or in the frequency domain, by
probing the fiber with continuous wave (CW) signals at dif-
ferent frequencies to measure its frequency response. The
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Fig. (2). Schematic setup of a generic optical reflectometer.

two approaches lead to two different classes of

reflectometers.
2.1. Time Domain

The optical time domain reflectometer (OTDR) has been
proposed for the first time by Barnoski and Jensen in 1976
[98]. Its working principle is relatively simple, and consists
in sending a single pulse in the fiber to measure the impulse
response of roundtrip propagation. Correspondingly, also the
implementation is in principle simple (see Fig. 2), and basi-
cally includes a source of optical pulses, a photo-receiver,
proper optical circuitry (such as couplers or circulators) to
separate forward path from the backward one, and proper
electronics to control the setup and to process and store re-
corded data.

Of course, the shorter the pulse, the more accurate the
measurement of the impulse response. One way to under-
stand the consequence of using non ideal pulses is resorting
to a Minkowski diagram (see Fig. 3). The abscissa represents
time, whereas the ordinate represents space normalized to
group velocity. For simplicity we consider a rectangular
pulse, and we assume that at time t=0 it is about to enter the
fiber, therefore in the diagram it occupies the space repre-
sented by the red segment OT. As the pulse forward propa-
gates in the fiber, its leading edge traces in the diagram the
half line £ and, almost continuously, it gives rise to back-
scattered light. For simplicity, let us consider just the scatter-
ing that takes place in point A, i.e. at time t,. Backscattered
light originated from there back propagates tracing the seg-
ment AC, and reaches the fiber in put at time 2t,. Meanwhile,
also the rest of the pulse propagates in the fiber. The pulse
trailing edge, in particular, traces the half line 7 and contrib-
utes to the back scattering as well. Among all the scattering
contributions, let’s focus on that originated in point B. With
respect to the scattering in A, the scattering in B takes place
later in time but before in space, in such a way that the two
contributions arrive overlapped at the fiber input at time 2t,.

We evince from the diagram that, actually, all the scatter-
ing contributions that take place in the space time region
described by segment AB arrive overlapped at the fiber in put
at time 2t,. Spoken in other way, the power measured by the
OTDR receiver at time 2t is the super position of the scat-
tering generated from segment AB. Simple geometrical con-
siderations lead to conclude that this corresponds to scatter-
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Fig. (3). Minkowski diagram sketching the propagation of a probe pulse and of the corresponding Rayleigh scattering.

ing generated by a section of fiber with length equal to half
the pulse length.

The main consequence of the above argumentation is that
the spatial resolution of an OTDR is equal to half the length
of the probing pulse. Note, however, that this should be con-
sidered as a lower bound to the resolution. In fact, the resolu-
tion of a DOFS, i.e. the spatial accuracy with which the spe-
cific physical field is mapped, depends on other factors, such
as the signal to noise ratio (SNR) of the measurement, for
example. As a consequence, the spatial resolution of DOFSs
is sometimes defined, with respect to a step variation of the
monitored physical field, as the length of the sensor’s tran-
sient response from 10% to 90% of the step nominal ampli-
tude [99].

In order to increase the spatial resolution one should re-
duce the pulse length, but this causes a reduction of the SNR.
Actually, the reasoning on the Minkowski diagram shows
that the power backscattered by the fiber is not proportional
to the pulse power, but rather to the pulse energy. For a
given pulse power, halving the pulse duration, z, halves the
backscattered power. Furthermore, the electrical bandwidth
of the receiver must fit to the pulse duration; thus halving =
requires the receiver bandwidth to be doubled, and hence
doubles the power of the noise affecting the measurement.
As a result, the SNR is roughly proportional to the square of
the spatial resolution. Halving the spatial resolution causes a
four-fold reduction of the SNR, and this cannot be easily
compensated by increasing the pulse power, because that
would soon originate distorting nonlinear effects. One way
to overcome this impasse is to use probe signals other than a
single pulse. This idea is exploited by correlation-OTDR
[100-102], for example, but the best performances are ob-
tained by coded-OTDR (C-OTDR) [103-105].

A C-OTDR probes the fiber with a sequence of pulses
encoded according to binary words of length L, chosen from
an alphabet of L linearly independent words. Assuming for
example L = 3, the three code words can be w;= (1,1,0),

w,=(1,0,1), and w3=(0,1,1). Since wi+w,-w3=(2,0,0), we see
that a proper linear combination of the OTDR traces re-
corded for each of the words, gives the trace that would have
been obtained by launching a single pulse. As a result, the
spatial resolution is preserved and, at the same time, the SNR
of each measurement has been increased, since more than
one pulse was sent in the fiber at the same time. Generalizing
this concept to words of arbitrary length, it is possible to
show that the code increase the SNR by a factor
(L+1)/(2L*%), known as coding gain [103]. This extra SNR
can then be used to increase measurement range, reduce
measurement time, or improve spatial resolution. Note, how-
ever, that in this last case an increase in the receiver band-
width (and consequent noise) is still required. As a conse-
quence, halving the spatial resolution approximately requires
a 64 fold increase in the code length.

Another way to improve spatial resolution is represented
by the photon counting OTDR, v-OTDR [106, 107]. In this
case, very short optical pulses are sent in the fiber, and the
very low backscattered power is measured by an APD oper-
ated in Geiger mode. The APD is activated only for a time
lapse At, with a delay tp from the pulse launch. Photons re-
ceived in the time interval [tp, tp+At] are counted for several
pulses, and the resulting number represents the probability of
receiving backscattered power from the specific portion of
fiber, framed by the selected time interval. The complete
map is obtained by scanning tp. The advantage of v-OTDR is
that the resolution is controlled by At (as long as the optical
pulse is shorter), and therefore spatial resolutions in the order
of some centimeters can be obtained [108]. The drawback is
the extremely long time of acquisition requested to count a
statistically meaningful number of photons for each delay tp.

As described in (1), the power receive data given time is
the coherent upper position of many contributions from dif-
ferent scattering centers. Consequently, the received signal is
affected by speckle noise, also known as Rayleigh fading
noise [109, 110]. To mitigate this source of noise, the tech-
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Fig. (4). Schematic of a possible OFDR implementation. Alternatively, the output of the reference interferometer can be used to a synchro-
nously sample the output of the measurement interferometer to compensate frequency swept non linearity.

niques described above use low coherence (i.e. wide band-
width) optical pulses, so to minimize coherent interference.
On the other hand, however, these fringes of interference are
related to the position of the scattering centers. Therefore, if
the fiber undergoes a strain or a temperature variation, the
relative position of the scattering centers changes, inducing a
variation in the fringe pattern. This is exactly the basic prin-
ciple of phase-OTDR (¢-OTDR) [109, 111, 112]. This kind
of OTDR employ narrow-band, highly coherent optical
pulses to enhance the interference fringes. As we will see,
the typical application is sensing of vibration. ¢-OTDR suf-
fers the same constraint on spatial resolution and measure-
ment range as standard OTDR. In particular, spatial resolu-
tion is usually in the order of meters.

2.2. Frequency Domain

Frequency domain analysis is the dual way to character-
ize the equivalent roundtrip channel, and consists in measur-
ing its frequency response. Two different approaches can be
exploited: incoherent optical time domain reflectometry (I-
OFDR) and coherent optical time domain reflectometry
(OFDR) also known as frequency modulated continuous
wave (FMCW) technique.

The setup of an I-OFDR is basically the same shown in
Fig. (2). The main difference is that the source is not pulsed,
but generates CW light modulated in amplitude by an RF
signal. The RF frequency is linearly swept to probe the fre-
quency response in a given bandwidth. Similarly to the time
domain, the spatial resolution is still inversely proportional
to the source bandwidth, i.e. to the bandwidth swept by the
RF modulation. Therefore, a wide bandwidth receiver is still
needed to achieve high spatial resolution. However, owing to
the RF modulation, I-OFDR may take advantage of electrical
heterodyne receivers and their enhanced sensitivity. As a
result, I-OFDR may offer better performances with respect
to OTDR, at least in certain cases [23, 56].

The best performances in term of spatial resolution and
sensitivity are however achieved by OFDR [85, 113, 114].
The schematic of an OFDR is shown in Fig. (4). The source
is a highly coherent CW laser, whose optical frequency is
linearly swept in a bandwidth that may extend to several tens

of nanometers. Part of this probe signal is sent in the fiber
under test, and part is used as a local oscillator (LO). The
backscattered light is then mixed with this LO and the result-
ing coherent interference is detected by the receiver. This
solution offers two main advantages. The mixing with the
LO is basically a sort of very effective “intermediate fre-
quency” demodulation; actually, by properly tuning the
swept speed, the tens of nanometers bandwidth scanned by
the source is “squeezed” to a much more manageable electric
signal with a bandwidth of few MHz. At the same time, het-
erodyne reception allows to achieve extremely high sensitiv-
ity. The spatial resolution of an OFDR is A4l /(2nAZ), where
As and A¢ are the lower and upper wave lengths of the fre-
quency scan, AAl=As — s, and n is the effective refractive in-
dex of the fiber. As a result, by scanning some tens of
nanometers, OFDR can nominally achieve sub millimeter
spatial resolution.

Of course, all these advantages come at the cost of an in-
creased complexity and limited range of measurement. Actu-
ally, performances may seriously degrade if the optical fre-
quency is not linearly swept; for this reason proper solution
must be implemented to compensate possible non linearity.
As an example, the setup shown in Fig. (4) exploits a Mach-
Zehnder interferometer to measure the actual optical fre-
quency. To get the best out of heterodyne reception, bal-
anced photodiodes must be used. Furthermore, being based
on optical interference, OFDR is intrinsically sensitive to
polarization; therefore a polarization diversity receiver must
be used. The most limiting factor in the OFDR is however
the source coherence length. Clearly, for the principle to
work, there must be coherence between the LO and the back-
scattered light. As a result, the measurement range of the
OFDR is limited by the coherence length of the source. Sub-
millimeter spatial resolution is therefore achieved only over
fiber lengths in the order of few tens of meters. Few Kilo-
meters of range have been reported, but in this case the spa-
tial resolution is the order of several millimeters. It is worth
while mentioning a recently proposed OFDR setup, in which
the measurement range has been extended to few tens of
kilometers, by properly compensating the phase variation
due to moderate lack of coherence [115, 116].
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Fig. (5). Example of micro-bending sensors based on swellable polymer. When the polymer enters in contact with a proper liquid (either
water, solvent or hydrocarbon), the polymer swells pressing the fiber against the thread, which induces micro-bending loss. Reprinted with

permission from Ref. [28].

3. DOFS BASED ON ATTENUATION

DOFS based on the measurement of fiber attenuation are
intrinsically sensitive to the following effects:

1. coupling of guided modes to radiation modes (or leaky
modes, as some times they are loosely called [117]), which
can be more finely sub divided in:

(a) micro- and macro-bending;

(b) interaction through evanescent fields (i.e. cladding
“tails”);

(c) mode coupling in multi modal polymer optical fibers
(POF).

2. absorption (or gain) of the material.

These effects are used in different ways to make the fiber
sensitive to several physical parameters, ranging from tem-
perature to chemicals concentration as reviewed in the fol-
lowing. In most of the cases, attenuation is measured by
means of OTDR or I-OFDR, where as OFDR finds marginal
application.

3.1. Micro- and Macro-Bending

Sensors based on bending effects are usually considered
“extrinsic sensors”, because the sensing mechanism is not
intrinsic to the fiber, but has to be mechanically induced by
an external structure.

The most common solution are based on micro-bending,
which is induced on the fiber by a proper periodic structure
applied around it [19-24, 26, 28, 29, 34, 37, 38, 48, 50-52,
57, 118-124]. The first proposal of this kind we are aware of
dates back to 1989, and consisted in a periodic metallic coat-
ing applied to a fiber, to make it sensitive to pressure, tem-
perature and molecular hydrogen [26]. However, more con-
vincing and viable configurations are those based on swell
able polymer materials [19, 20, 28, 29, 34, 37, 38]. For ex-
ample, Michie et al. [28, 29] proposed the structure shown in
Fig. (5), where a multimodal fiber was constrained to a water

swell able support by a helically wound Kevlar thread.
Whenever the structure comes in contact with water, the
supports wells pressing the fiber against the Kevlar thread,
hence inducing micro-bending loss, which can be detected
by a simple OTDR setup. A very similar approach has been
proposed by MacLean et al. for the detection of hydrocarbon
and solvent spills [34, 37, 38], and by Pierce et al. for rela-
tive humidity monitoring [23, 120].

Other fields of application of micro- and macro-bending
are crack detection [50, 118, 124], strain and deformation
sensing [48], and land slide monitoring [51, 52, 57]. In these
cases special lumped structures exert periodic perturbations
on relatively short sections of fiber, where the micro- or
macro-bending is induced. As a result these sensors are
quasi-distributed.

3.2. Evanescent Field

Sensors based on evanescent field interaction, are those
where the cladding of the fiber is modified or properly engi-
neered to enhance the interaction between the propagating
light and the external environment [18, 25, 27, 30-33, 35, 36,
39-47, 125, 126]. This interaction results in an increased
attenuation or and increased Rayleigh scattering, which can
both be measured by standard OTDR. In general, DOFSs of
this kind exploit multimodal fibers, taking advantage of the
thinner cladding. The use of such fibers, however, limits the
measurement range to about 1km.

If we exclude a few early examples of temperature moni-
toring [125, 126], the main field of application of this kind of
sensors is chemicals detection. Two main approaches are
usually adopted. In one approach, the fiber cladding is made
with a proper material that changes its optical properties (ei-
ther absorption or refractive index) when in contact with the
target analyte. In a second approach, the cladding is almost
completely removed in short fiber sections, which therefore
become sensitive to the refractive index of the medium sur-
rounding the section. Of course, this last solution leads to
quasi-distributed sensors.
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A nearly example of the first approach is the use of poly-
vinyl acetate cladding to detect humidity and water [17].
More recently, different cladding have been proposed to in-
duce sensitivity to other chemicals, such as hydro-carbons
[35], hydrogen cyanide [41], chlorine [39, 42], and hydrogen
sulfide [42]. The sensing mechanism is either a change of
cladding absorption or an increase of cladding refractive
index, so to compromise fiber guidance. This is for example
the approach exploited by Buerck et al., where the refractive
index variation induced by various hydrocarbons, both pure
or dissolved in water, on a silicone polymer cladding are
extensively analyzed [35]. The work shows how hydrocar-
bons dissolved in water can be detected using an OTDR-
based configuration, with a spatial resolution of about 2
mover distance of about 1km, for concentrations ranging
from few mg/l to few hundreds of mg/l, depending on the
hydrocarbon (see Fig. 6).

The evanescent field interaction is exploited also by
quasi-distributed sensors, where “windows” are opened
along the fiber cladding to enable interaction of the propagat-
ing light with the analyte. Yun et al., for example, recently
proposed a quasi-distributed sensor for various chemical
elements, made by optically ablating part of the cladding
from a graded index POF [47]. A simpler approach is pro-
posed by Kinet et al., which create sensing points along the
fiber by damaging the guiding structure of the fiber using a
splicer and a well calibrated discharge arc [45]. In these
spots light tends to diffuse more in the cladding where it can
interact with the analyte surrounding the fiber. In particular,
the lower the refractive index of the analyte, the larger the
local peak of reflection, which is measured with a v-OTDR.

3.3. Mode Coupling in Multimodal POF

Despite strictly speaking bending effects and evanescent
field interactions described above are all mode coupling ef-

fects, the mode coupling that may take place in a multimodal
POF deserves a separate classification. Actually, POFs may
tolerate much larger strain and stress than silica fibers, to the
extent that very high mode coupling can be induced in them.
A survey of this effect is given by Husdi et al. [127]. They
show, for example, that by twisting a 1cm long section of
POF by more than 1 turn, a localized reflection is induced
whose amplitude is roughly linearly related to the twist rate.

In the recent years a few papers have exploited the idea
of using a bare POF as a strain sensor based on this mecha-
nism [25, 53, 55, 56]. Preliminary results showed that strain
as high as 100% can be measured over distances of about
half a kilometer [55], suggesting that POF-based strain sen-
sors might be a promising and viable solution for structural
health monitoring (SHM).

3.4. Absorption and Gain

There are few examples of DOFS based on absorption
and gain [60-62, 128-130]. Among them is the first DOFS
based on OTDR analysis and, probably, the first example of
distributed temperature sensor, which dates back to 1983,
and was based on the temperature dependence of the
Rayleigh scattering in a liquid core fiber [128]. Other solu-
tions were based on the dependence on temperature of ab-
sorption in niobium-doped fibers [129], and of gain iner-
bium-doped fibers [130]. These ideas, however, have not
received much attention.

On the contrary, there is a certain interest around the idea
of using the fiber as a sensor of ionizing radiation, exploiting
the darkening effect that fibers undergo when exposed to
such radiation [60-62]. The sensitivity of this effect may
vary substantially from fiber to fiber, depending on dopants
and geometry. Rare Heart doped fiber can have sensitivity of
few tenths of dB/mGy at 830nm and about one order of
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Fig. (7). Experimental setup of the Rayleigh-based fiber gyroscope. Reprinted with permission from Ref. [169].
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Fig. (8). Spectral shift induced by thermal variation in an equivalent FBG made by a 5 mm long section of fiber. (a) Spectral response of the
fiber section before (dashed) and after (solid) heating. (b) Auto-correlation of the spectral response before heating (dashed) and cross-
correlation between the two spectra after heating (solid). Reprinted with permission from Ref. [140].

magnitude less at 1310nm [61]. Similar sensitivity can be
achieved by properly selecting commercial germanium-
doped, phosphorous co-doped, telecommunication fibers,
which represent a much cheaper alternative [62]. Research
activity in this field is not very active; nonetheless, this kind
of radiation DOFSs has interesting applications in fields
ranging from medical dosimetry, to monitoring of nuclear
waste disposal sites and of particle accelerators.

4. DOFS BASED ON PHASE INTERFERENCE

As described in Sec.2, owing to the “granularity” of the
scattering centers, when the Rayleigh scattering is stimulated
by a highly coherent light, the backscattered light is charac-
terized by marked interference fringes, which change when-
ever the relative positions of the scattering centers vary.
Consequently, DOFSs based on phase interference are
intrinsically sensitive to temperature and strain variations,
and the sensitivity is so effective that these systems are the
only Rayleigh-based DOFSs successfully commercialized to

dateDOFSs based on phase interference may be divided in
two classes, depending on whether the fiber is probed in fre-
quency domain [80, 84, 85, 131-159] or time domain [63-73,
75, 77, 79, 81, 82, 160-171]. The physical effect is exactly
the same for both, but the wide difference in spatial resolu-
tion and measurement speed of the two approaches leads to
markedly different applications.

Before analyzing those two approaches in details, it is
worthwhile remarking, for the sake of completeness, that
there is a third minor class of Rayleigh-based sensors that
exploit interference, namely: Rayleigh-based gyroscopes

[169]. These gyroscopes do not rely on the “granularity” of
scattering centers, but on the Sagnac effect in fiber loops.
Strictly speaking they are not distributed, yet they use a dis-
tributed measurement to measure the local rotation. The
setup is shown in Fig. (7a) and consists in an OTDR con-
nected to a fiber loop. Typical traces measured with that ar-
rangement are shown in Fig. (7b) for different rotation
speeds. The characteristic shape is a consequence of the
pulse recirculating in the loop and of Sagnac effect. Simple
as it is, this gyroscope has an accuracy of 0.01 rad/s; how-
ever, it has received only sporadic interest [170, 171].

4.1. Frequency Domain

The idea of using an OFDR to accurately measure the
fringe pattern of Rayleigh backscattered light was first pro-
posed in 1992 by Juskaitis et al. [131], and subsequently
applied to the measure of temperature [132]. A great impulse
to this approach was given however in 1998 by Froggatt and
Moore [85], who described the random fluctuation of the
index of refraction that causes Rayleigh scattering as an
equivalent random Bragg grating. According to this model,
the fiber is (ideally) divided in short sections in the orders of
centimeters, each of which is considered as a weak random
fiber Bragg grating (FBG). It has to be stressed that, despite
random, this equivalent weak FBG is stable in time, as long
as the fiber is not perturbed. The frequency scan performed
by the OFDR allows to retrieve the spectral response of each
of this equivalent FBG. As in standard FBG analysis, the
reflected spectrum shifts in response to temperature and
strain variations (see Fig. 8). Therefore, by monitoring this
shift (usually by means of correlation analysis) it is possible
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to measure the local change in temperature or strain. More
specifically, the spectral shift can be expressed as Al =
KAT+K €, where, for standard G.652 Ge-doped silica fibers,
the temperature coefficient Ky is about 10pm/°C, and the
strain coefficient K, is about 1.2um/e [134, 140, 141]. Sys-
tems based on this approach may reach temperature and
strain accuracy of about 0.1°C and 1pe, respectively, over
distances of few hundreds of meters and with spatial resolu-
tion around few centimeters. Note, however, that in general
there might be an ambiguity in interpreting whether the spec-
tral shift is due to temperature or strain variation, just as in
FBG.

The effectiveness of this approach, along with the avail-
ability of a commercial device implementing it, has given
rise to many works describing applications in various fields
[11, 26, 125, 126, 128-130, 132, 134, 136, 140, 141, 149,
150, 153, 154, 160, 165-168, 172-180]. Temperature sensi-
tivity, for example, has been tested down to 4K [149,153],
and has been exploited in a liquid level sensor, to be oper-
ated at cryogenic temperature [153]. The sensor is based on a
metal coated fiber that is partly dept in the liquid and electri-
cally heated. By measuring the distributed temperature along
the fiber is then possible to understand which is the portion
actually submerged, thus inferring the liquid level. The sen-
sor has been successfully tested on liquid helium at 4K. A
recent analysis has also suggested that this sensitivity to
cryogenic temperature may be used in the monitoring of su-
per conducting cables [149]. The viability of the technique to
monitor temperature in a radiation environment such as those
of a nuclear reactor has been verified, too [140].

Applications based on strain sensitivity are even more
various. Chen et al. implemented a distributed hydrogen sen-
sor by measuring the strain induced by hydrogen absorption
along a palladium-coated fiber [151]. Sensitivity of few mi-
cro strain per percent of hydrogen concentration, with re-
sponse time of few minutes, have been reported. SHM is
another large field of application. Detailed experiments
about monitoring of concrete structures have been reported
by Villalba and Casas [158] and by Henault et al. [156]. In
the frame work of a system to detect sinkholes and embed-
ded soil cavities, Lanticq et al. compared an OFDR-based
strain sensor with a Brillouin-based one [142]. Tests per-
formed on a railway tunnel suggested that the OFDR-based
system is more effective owing to its better spatial resolu-
tion.

Strain sensitivity has been used also to measure pressure
and lateral strain. In general, this specific sensitivity is
achieved by measuring the strain along the two polarization
axes of a polarization maintaining (PM) fiber [143, 145,
152]. A differential analysis allows then to detect not only
the magnitude of pressure, but also its direction with respect
to the fiber birefringence axis. Maier et al., for example,
have proposed a system in which the sensing PM fiber is
terminated with a Faraday rotating mirror. In this way, both
polarization axes are analyzed in a single frequency scan,
without the need of any polarization switching at the fiber
input [145]. An almost linear response up to load of 16N/mm
has been reported. Chen et al. employed a similar approach
to monitor pressure, by measuring the birefringence induced
in a twin air hole photonic crystal fiber [152].
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A last intriguing example of application is shape sensing
[135, 137, 157]. In this case one or more fibers are properly
arranged (either helically, or along the directrix) on a flexible
tubular structure. The strain is measured along each of these
fibers, so that, by means of a differential analysis, the path
along which the tubular structure is laid can be calculated.
Alternatively, the same goal can be reached by measuring
the strain along the cores of a multi core fiber. Resolution in
the order of 1% by length over fiber lengths of few tens of
meter scan be achieved.

We conclude noting that the methods described above,
being based on OFDR, are limited to relatively short meas-
urement lengths. Some hundreds of meters have been re-
ported, but the best performance is achieved in the range of
few tens of meters. None the less, given the spatial resolution
of few centimeters or less, this method provides a high den-
sity of sensing points over short distances, filling a range of
application not easily covered neither by Brillouin nor by
Raman based DOFSs.

4.2. Time Domain

The same idea exploited in OFDR measurements de-
scribed above, can in principle be applied also in time do-
main, exploiting the phase interference created by the multi-
ple scattering points within the probing pulse (see Fig. 3). In
practice, this can be done by just using a ¢-OTDR [163].
Juskaitis et al. were the first to propose this solution in 1994,
although their first experiments were still made with an
OFDR [63].

The great advantage of this new approach is that it does
not need a local oscillator to perform the measurement, be-
cause the interference fringes are build “within” the probing
pulse. As a result, the measurement range of the system is no
longer constrained by the coherence length of the fiber.

This simplification, however, comes at a cost: actually, ¢
OTDR usually has lower spatial resolution compared with
OFDR and, consequently, the spectral response of the
equivalent weak FBGs cannot be measured with an accuracy
good enough to enable temperature or strain measurements.
A noticeable exception is represented by the work of Koya-
mada et al. [165-167], where source and receiver of the ¢-
OTDR have been optimize so to achieve the required sensi-
tivity and resolution. Temperature measurement with accu-
racy of 0.01°C and spatial resolution of 1 m over 8km have
been reported.

The main application of ¢-OTDR is, however, vibration
sensing, in particular for intrusion detection [63-73, 82, 181].
Indeed, if the constraint on spatial resolution is relaxed (and
it can be relaxed when the target is a several kilometer long
fiber), then long optical pulses can be used to probe the fiber,
so that the SNR of a single measure can be increased to a
level where aver aging is not required. As a result, ¢OTDR
can distributedly monitor vibrations along a fiber over a fre-
quency band that is limited only by the roundtrip time, i.e.
only by the fiber length. In fact, 1 km of fiber corresponds to
a roundtrip time of about 10us, which yields, by Nyquist
theorem, a maximum bandwidth of 50 kHz. This means that
this technology can be used to implement distributed acous-
tic sensors with spatial resolution in the order of meters and
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measurement range up to several kilometers—an idea that has
already found more than one commercial applications.

5. DOFS BASED ON POLARIZATION VARIATION

In principle, an ideal monomodal fiber preserve the po-
larization of light. This is a consequence of the perfect cylin-
drical symmetry of the ideal fiber, and is mathematically
represented by the two-fold degeneracy of the fundamental
mode of propagation [117]. Of course, real fibers do not
have a perfect symmetry and hence polarization varies as
light propagates in the fiber. The symmetry of the fiber can
be broken both because of production imperfections (so
called intrinsic causes) and as a consequence of external per-
turbations (extrinsic causes), that can introduce an asymme-
try either geometrical of electromagnetic. These perturbation
may be, for example, bending or twist, pressure or strain,
magnetic or electric field [182-184]. As a consequence, po-
larization of light in optical fiber is potentially sensitive to
many different external physical fields, and can be used to
convert a fiber into a sensor. This approach had been already
widely explored in transmission OFS when A.J. Rogers in
1980 proposed the idea of a polarization OTDR (P-OTDR),
basically a polarization sensitive OTDR to distributedly
measure polarization variation along the fiber for sensing
purpose [86,185].

Despite OTDR was proposed in 1976 by Barnosky and
Jensen [98,186], its first proposal as a distributed sensor was
made by Hartog et al. only in 1983 [128]. Raman-based
DOFSs have been publicly proposed not earlier than 1984 by
Rogers himself [187] and in 1985 by Dakin et al. [188] (Da-
kin, however, filed a patent in 1983 [189]), whereas Bril-
louin-based DOFSs were first proposed in 1989 [190, 191].
As a consequence, P-OTDR is actually the first DOFS ever
proposed. Paradoxically, it is the only one which has not yet
found a convincing commercial application. While Rogers’
original idea was sound and ushered in research activity on
DOFSs, it soon turned out that exploiting the full potential of
light polarization was not easy at all.

Two main problems hindered the development of polari-
zation-based DOFSs. First, intrinsic fiber asymmetries in-
duce polarization variation on a rather short scale (poten-
tially down to centimeters even for standard telecommunica-
tion fibers); therefore, spatial resolution in P-OTDR is con-
strained by fiber properties and spatial arrangement, rather
than by the targeted resolution on the physical field under
monitoring. This arises some technical difficulties. Second,
the measured quantity, i.e. the polarization of the backscat-
tered light, is not directly related to the local properties of the
fiber, but it is affected by the whole roundtrip propagation.
Consequently, an inverse scattering problem has to be
solved, and this requires an accurate theoretical model and
proper data analysis algorithms.

As a consequence, after few examples of P-OTDR as a
tool to implement a DOFS were made [192-194], most of the
attention turned to the use of P-OTDR (or more in general of
polarization sensitive reflectometry) to the characterization
of polarization properties of telecommunication fibers. Actu-
ally, in the 90s and early years of 2000, it was clear that the
so called polarization mode dispersion (PMD), a phenome-
non related to fiber asymmetries, was one of the main obsta-
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cles to the increase of transmission capacity [195]. In this
frame work, P-OTDR was used to analyze the quality of a
fiber link, eventually detecting the worst sections [196-205].
Since PMD is a random phenomenon, fibers were character-
ized in terms of statistical properties, and P-OTDR was used
to measure average quantities. This allowed to substantially
relax constraints on spatial resolution, and enabled the use of
simplified theoretical models and data analysis algorithms.

After some years of inactivity, however, the increasing
interest in DOFSs, the improvement of opto-electronic tech-
nology, and the development of novel data analysis algo-
rithms, revived attention on polarization-based DOFSs [177-
180, 206-224]. While a commercial solution is still not
available to date, polarization-based DOFSs have unique and
promising features (such as sensitivity to magnetic field) that
deserve consideration.

5.1. Practical Implementations

The aim of a polarization sensitive reflectometer (PSR) is
to measure the SOP variation of the backscattered light, as a
function of scattering position. The measurement may re-
trieve partial or complete information; correspondingly,
complexity of experimental setup and of measurement pro-
cedure increases. Fundamentally, there are two different ap-
proaches, shown in Fig. (9).

In the first case [see Fig. (9a)] a polarizer is interposed
between the reflectometer and the sensing fiber, so to polar-
ize both the probe light and the backscattered one. In this
way, variations of the backscattered SOP are converted in
power fluctuations, which are measured by the reflectometer.
As described below more in detail, the spatial frequency of
these fluctuations is related to local birefringence strength.
This approach, simple as it is, is not able however to retrieve
the complete information carried by the backscattered SOP.

The second approach consists in measuring the complete
SOP of backscattered light, possibly for more than one dif-
ferent input SOP. To perform this kind of measurement, it is
necessary to insert a polarization controller in the input path
and a polarization analyzer in the output one. A possible
implementation based on a standard reflectometer is shown
in Fig. (9b); if the reflectometer is custom built, the polariza-
tion controller and the polarization analyzer can be inserted
after the light source and before the photo-receiver, respec-
tively. The polarization analyzer can be implemented as a
cascade of a rotating quarter wave-plate followed by a fixed
polarizer [225]. Measurements are then repeated for at four
different orientations of the quarter wave-plate; this provides
enough information to calculate the SOP of the backscattered
light. When the reflectometer is an OFDR with a polarization
sensitive receiver, the polarization analyzer can be omitted,
because (in principle) the backscattered SOP can be meas-
ured by the OFDR receiver. Measuring the backscattered
SOP for more than one input SOP allows a complete charac-
terization of the polarization transformation induced by
roundtrip propagation (i.e. its Jones or Mueller matrices).
Nevertheless, it is worthwhile remarking that in order to take
the most out of this complete characterization it is necessary
to resort to a rather complex data analysis procedure, de-
scribed below. Actually, the raw information provided by the
backscattered SOP is related to the cumulative effect induced
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Fig. (9). Possible approaches to polarization-based DOFSs. (a) A polarizer is interposed between the reflectometer and the fiber to convert
SOP variations of the backscattered light in power fluctuations. (b) A polarization controller and a polarization analyzer are inserted in the
input and output paths, respectively; this allows a complete polarimetric characterization of roundtrip propagation.

by roundtrip propagation in the fiber, while its relationship
with fiber local properties is not trivial.

In both approaches the reflectometer can be of any type;
OTDR, v-OTDR and OFDR have been used, so far. In the
case of time domain techniques, however, the probe pulse
must be narrow-band, otherwise PMD may depolarize the
pulse and, consequently, the backscattered light. The per-
formance of PSR depends largely on the employed
reflectometer. OTDR-based PSR may interrogate kilometers-
long fibers, with spatial resolution hardly below half a meter
[201], where as v-OTDR-based PSR may achieve centime-
ter-scale resolution, but on much shorter distance [223]. Sub-
centimeter spatial resolution can be achieved with OFDR-
based PSR, but only on distance range of few tens of meters
[226-228]. P-OFDR measurements with spatial resolution in
the order of tens of centimeters over kilometers long fibers
have been reported, although not for sensing applications
[204].

One of the main issues of PSR is the rather long meas-
urement time, especially for the second approach [Fig. 9b)]
where the raw acquisition has to be repeated for different
orientations of the polarization analyzer and for different in
put SOPs. The complete measurement of the backscattered
SOP may take as long as few minutes, therefore polarization-
based DOFSs are most befitted for the sensing of static
physical fields.

5.2. Theoretical Model

As anticipated above, the correct interpretation of data
provided by polarization based DOFSs requires an accurate
theoretical modeling of roundtrip propagation.

Limiting the analysis to fiber not affected by polarization
dependent loss (which is by far the most common case), the
polarization of light propagating in a fiber can be conven-
iently represented in the 3-dimensional space of unit Stokes
vectors [225]. Let s, be the unit Stokes vector representing
input polarization; the polarization at a given position z
along the fiber then reads s (2)=F(z)so, where F(z) is the 3x 3
Mueller matrix representing forward propagation up to z.
Owing to the supposed absence of polarization dependent
loss, Mueller matrices are orthogonal and represent rotations

* According to the notation customarily accepted in optics, in this paper-right hand
circular polarization is represented by the third axis of the Stokes space.

in the Stokes space. Consequently, they have unitary deter-
mTinant and their inverse is equal to their transpose, i.e. F* =
F.

Neglecting issues related to phase interference, we as-
sume that Rayleigh scattering takes place continuously along
the fiber, so that backscattered light is originated at each z. In
general, the state of polarization (SOP) of the light that has
under gone a roundtrip (i.e. forward propagation up to z,
scattering and backpropagation to the fiber in put) can be
expressed as s$x(2)=B(z)SF(z)so, where B(z) is the Mueller
matrix representing backward propagation from z to the fiber
input, and S is the Mueller matrix representing Rayleigh
backscattering.

An important aspect of this analysis is the reference
frame. When describing polarization of light, it is custom to
express the SOP with respect to a reference frame in which
the third coordinate corresponds to the direction of propaga-
tion [117]. In the present case, however, since we consider
two opposite directions of propagation, it is much more con-
venient to express all the analysis with respect to a single
reference frame. Therefore, hereinafter, all the equations will
be referred to a right-hand reference frame, whose third axis,
z corresponds to the direction of forward propagation. With
respect to this frame, the Mueller matrix of Rayleigh back-
scattering, neglecting losses, is simply the identity; therefore

S, (z) = B(z)F(z)§0 = R(z)éo, 2

where R(z) is the Mueller matrix of roundtrip propagation. It
may be shown that if the fiber is reciprocal, i.e. if it is not
exposeq to magnetic field oriented with the fiber axis, then
B=MF M, where M = diag (1, 1, -1) is a diagonal matrix
[196]. This property is a direct consequence of Lorentz re-
ciprocity theorem [117, 229]; ho wever, as we will see, it is
not strictly needed.

The variation of light polarization along the fiber can be
described also by means of the differential equation

&= B(2)xs(2). )

here the real vector B(z)=(B,, B,, B.) is the birefrin-
gence vector, and is related to F(z) by the expression
— T

B x=(dF/dz)F ; thisyields also
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dF -
d—:ﬁ(z)x F(z). (4)
z
The birefringence vector summarizes all the effects that
perturbations acting in a given point of the fiber have on its
polarization properties. It can be decomposed in linear bire-
fringence, B =(B, B, 0)T and circular birefringence

Be :(o, 0, ﬁS)T. Linear birefringence is caused, for ex-

ample, by anisotropy, bending or geometrical asymmetries.
Differently, circular birefringence can be induced only by
twist or magnetic field [182]. 2

Whenever a fiber is twisted, two effects take place: (i) the
intrinsic linear birefringence is rotated (simply because the
fiber itself is rotated), (ii) a reciprocal circular birefringence
(optical activity) proportional to the twist rate is induced
[182, 212]. Specifically, the birefringence vector of a twisted
fiber can be written as:

CRCOETE NI ©

where b(z)=(b, b, 0)' is the intrinsic birefringence

vector of the untwisted fiber, z(z) is the angle by which the
fiber is rotated at z, and

cos@ -sing 0
u(e) =|sin6@ cos6® O (6)
0 0 1

represents rotation by an angle 6 around the third axis of
Stokes space,33, which corresponds to physical rotation by an
angle 6/2 around the axis Z .

Differently, when the fiber is exposed to a static mag-
netic field nonreciprocal circular birefringence is induced.
Actually, nonnegligible magnetic field parallel to the direc-
tion of propagation causes Faraday rotation of polarization
[182, 230]; hence, the birefringence vector reads [220]

=20 )] v

where again b(z) is the intrinsic birefringence, B(z) is the
amplitude of magnetic induction, y(z) is the angle subtended
by magnetic induction and direction of forward propagation,
and V is the Verdet constant. For Ge-doped silica fibers V is
about 0.6 rad T m™ at 1550 nm [231, 232]; therefore, rather
intense magnetic fields or large fiber lengths are needed to
observe nonnegligible polarization rotation.

The difference between reciprocal and nonreciprocal bi-
refringence manifests itself when considering backward
propagation. In fact, it can be shown that, similarly to Eq.
(4), the differential equation describing the Mueller matrix of
backward propagation reads [220]:

2 Given the expression @axb , simple algebraic considerations allow to consider the
quantity (ax) as a linear operator, whose expression is a 3 x 3 skew-symmetric matrix.
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L =7(2)x8(2). ®)

where, in the most general case,

y(z)=-U|27(z) [b(z)+ 8 - 8 . 9)
( ) [ ( )} ( ) [—g(dr/dz)] LV B(z)cosy/(z)]

Note that, with respect to Egs. (5) and (7), in this expres-
sion all terms have changed sign, except reciprocal twist-
induced circular birefringence.

Taking the z-derivative of (2), and exploiting Egs. (5), (7)
and (9), it can be showed that

Be =, (2) s, 2). (10)

dR -

= P2xR(2) &
z

where the roundtrip birefringence vector reads

BR(Z)ZZB(Z) bL(Z)+ Y B(z)(t):osy/(z) ' 4

B, being the linear component of forward birefringence.
Clearly roundtrip birefringence does not have any explicit
dependence on reciprocal circular birefringence. Note how-
ever, that the effects of this birefringence are still present in
B(z). According to Eq. (12), the roundtrip birefringence is
equal to twice the forward birefringence (excluded the recip-
rocal circular term) “seen through” the backpropagation ma-
trix.

Equations (10)-(12) show that the variation of the round-
trip birefringence, which is the quantity measured by polari-
zation-based DOFS, is profoundly different from that of
forward birefringence, which is the one we would actually
want to measure. To give an idea of how different this varia-
tions can be, Fig. (10a) shows the simulated variation of §(z)
along a reciprocal randomly birefringent fiber, whereas Fig.
(10b) shows the simulated variation of polarization of the
corresponding backscattered light. It can be proved that the
accumulation point is related to the input SOP. Proper analy-
ses are therefore, necessary to extract from sg(z) the sought
local information.

5.2.1. Extracting Local Information

The problem of extracting local information from the
measured backscattered SOP, sg(z) is due to the presence of
matrix B(z) in the expression f(z) . Actually, that matrix is

unknown, therefore linear birefringence and Faraday rotation
cannot be determined straightforwardly. Nonetheless, B(z) is
by definition orthogonal, thus it preserves the modulus of
vectors.

As a consequence

B.(2)=[B, (2 =2/ (2) *[2vB()eosw (2) . 9)
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Fig. (10). Simulated trajectories of SOP of light propagating in a randomly birefringent fiber. (a) SOP of forward propagating light. (b) SOP

of the corresponding roundtrip light.

and noting that the modulus of dsg/dz is proportional to the
modulus of B,(z), we may conclude that the frequency of

local variation of the backscattered SOP is proportional to
the local properties of the fiber. Particularly interesting are
the cases in which either linear birefringence or (more com-
monly) Faraday rotation is negligible, for in this case the
frequency of variation of sz(z) is proportional to only one of
the effects. This is the working principle of the first practical
approach described above and shown in Fig. (9a). Generally,
the analysis consists in a sliding FFT on the recorded power.
The simplicity of the approach comes at the cost of reduced
accuracy and partial lost of information. Actually, no infor-
mation about the direction of birefringence can be retrieved.
Furthermore, the frequency of variation of sg(z) depends not
only on fr(z), but also on the angle subtended by §r(z) and
Br(2). Depending on fiber type, this angle may vary quite
rapidly and in such case the simple relationship between
PBr(2) and the local frequency content of sg(z) may fade away.

All the information carried by sg(z) can be extracted by
solving the complete inverse scattering problem. The dem-
onstration of the procedure would be out of scope, therefore,
the interested reader is deferred to the literature [220]. Here
we just report the final result. In fact, the procedure is made
of the following steps:

(1) the roundtrip SOP, §r(z), is measured for at least two
different input SOPs;

(2)  from the information gathered at step 1, the roundtrip
birefringence vector, g, (z), can be calculate exploit-
ing procedures known in the literature [233, 234];

(3) the following differential equation is numerically
solve:

%_?:%BR(Z)XQ(Z), with Q(O):l, (14)

it may be shown that in a proper reference frame, rotating
along the fiber at a rate equal and opposite to the applied
twist, Q(z) is equal to the transpose of the backward matrix
B(2);

(4) the apparent birefringence vector is finally calculated
as:

_ 1 —
Bu(z)=5Q" (2)B.(2) (15)
the key point of this procedure is that it can be shown that
the apparent birefringence vector calculated as above reads
[220]

BA(Z):U[(Z—Q)T(Z)JB(Z)+ " B(Z)(_'(J:OSW(Z) . (16)

This expression has two important aspects that deserve
attention. First, since b(z) is linear by definition, the third

component of B,(z) depends exclusively on Faraday rota-

tion. Spoken in other words, the above procedure allows to
measure the magnetic field parallel to the fiber distributedly
as a function of z.

Second, the linear component of B, (z) allows to deter-

mine both modulus and direction variation of the fiber intrin-
sic birefringence. This enables, for example, the distributed
measurement of the angle by which the fiber is rotated as a
function of z, which yields a rather unique twist sensor.

The analysis reported above has neglected, for simplicity,
the effects of the output patch cord that is typically inter-
posed between the fiber input and the polarization analyzer
[see Fig. (9b)]. Owing to this patch cord, the reference frame
is rotated in an unknown way, shuffling components of
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Fig. (11). Path along which the three fibers of the magnetic field sensor are laid.

B.(2) so that the third one is no longer strictly related to

circular birefringence. This unknown rotation can be taken
into account by a proper calibration. Alternatively, it can be
compensated numerically, exploiting the fact that when there

is no Faraday rotation B,(z) lays on a plane. In this case,

however, the absolute direction of rotation and the absolute
direction of the tangent magnetic field cannot be determined
without a known reference. Nonetheless, relative variations
are still correctly tracked [212, 220].

5.3. Examples of Application

The application of polarization-based DOFSs to different
fields, ranging from temperature to magnetic fields, has been
explored in several research papers. Below were view the
main results.

5.3.1. Magnetic Field

The idea of using a P-OTDR to measure magnetic field
was first explored experimentally by Ross in 1981 [192].
That work is actually the first attempt to experimentally im-
plement a DOFS; however, the implemented set up was only
able to detect the point were the magnetic field was applied
along the fiber, assuming there were only one of such points.
After that experience, the idea has been abandoned for al-
most 30 years, and only recently it has been developed in to
a real distributed sensor [220-224]. The working principle,
based on Faraday rotation, has been described in Sec.5.2.1.

An example of application has been reported in Ref. [224].
The sensor consisted in 3 fibers laid on a wooden support
along the paths shown in Fig. (11). Faraday rotation has been
measured along each of these fibers using a P-OFDR similar
to that described in Fig. (9b); in this way, the magnetic field
in the area spanned by the sensor was sampled at different
points and along different directions. The sensor has been
tested in a magnetic resonance imaging (MRI) scanner for
medical applications. The scanner has a magnetic field of
1.5T, parallel to the bore axis and to the long side of the sen-
sor. Fig. (12) shows for example the apparent birefringence

vector, f3,(2), measured along the first fiber. We note that,

while the first two components vary almost randomly,
reflecting the random nature of linear birefringence, the third
component has a deterministic evolution exactly correspond-
ing to the fact that the fiber periodically changes direction
with respect to the magnetic field. 3

Exploiting the fact that the three fibers were laid one over
the other, it has been possible to use the measurements gath-
ered along each fiber to calculate a vector map of the mag-
netic field projection on the sensor plane. The result is
shown in Fig. (13). This preliminary test, performed on stan-
dard G.652 fibers, achieved a relative accuracy of about 7%,
with a spatial resolution of about 3cm; the noise floor was
around 100mT.

% Kim et al. explored the same concept in 1982 [194]. However, despite the title, their
work is based on the analysis of Frenel reflection from the fiber far end; the possibility
of using Rayleigh scattering is just mentioned in a marginal note.
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Fig. (13). Vector map of the projection of magnetic field on the sensor plane.

We remark that the ability of performing distributed
measurement of magnetic fields is very unique to polariza-
tion-based DOFSs, and so far has not been paralleled by
other distributed techniques.

5.3.2. Twist

Another unique ability of polarization-based DOFSs is
the possibility of measuring the twist applied to the fiber, i.e.
the angle by which the fiber is rotated at each point [216,
217]. This sensor is based on the fact that when the fiber is

twisted, its intrinsic linear birefringence undergoes the same
rotation; therefore, the twist angle can be measured by meas-
uring the direction of linear birefringence. As an example,
Fig. (14) shows the linear birefringence rotation measured
along a fiber that was laid straight on the laboratory floor,
fixed at one end and twisted at the other at known rates.
Clearly, the technique has been able to correctly measure the
effects of twist; the slow oscillations are due to the intrinsic
spin applied to the fiber during production. The accuracy of
the measured rotation has been estimated to be about 3°.
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Fig. (15). Example of temperature measurement. Reprinted with permission from Ref. [180].

5.3.3. Temperature

The most convincing example of temperature measure-
ment by means of a polarization-based DOFS has been re-
ported by Crunelle et al. [180]. The sensor exploits the setup
shown in Fig. (9a), and is based on the fact that fiber bire-
fringence is linearly dependent on temperature. An example
of result is shown in Fig. (15). The sensor is able to detect
temperature variation of 10°C with a spatial resolution of
1.5m; furthermore, hot spot of 120°C has been detected with
a resolution of 3cm. While Brillouin- and Raman-based sys-
tems achieve better resolution, the proposed polarization-
based DOFS is indeed simpler.

A different approach has been proposed by Donlagic and
Lesic [179]. The setup is again similar to that of Fig. (9a),
but now the sensing elements are short sections of polariza-
tion maintaining fiber inserted along the link. The sensor,
which is actually quasi-distributed, can interrogate 20 of
such sensors with a reported temperature accuracy of 0.1°C.

5.3.4. Others

Other fields of application have been proposed and mar-
ginally explored. The use of polarization-based DOFSs to
measure strain has been discussed by some authors [177,
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Fig. (16). Example of geometrical sensing. (a) Foldable structure over which the fiber is deployed. (b) Angle of rotation measured along the
fiber for different fold angles, y. Vertical values are the nominally expected ones.

178, 206-209]. However, results seem not to be up to the
performance of Brillouin or FBG-based systems.

Similarly, a few works have studied the use of polariza-
tion-based DOFSs for vibration monitoring. Zhang and Bao
proposed a sensor based on a P-OTDR. The device, how-
ever, is notable to distinguish two sources of vibration when
they act simultaneously, because the first one in space would
hide the following ones. This problem is solved, in principle,
in Ref. [211, 212], where it has been shown that, by using
the complete setup of Fig. (9b), it is possible to isolate in-
formation from each vibrating fiber section. The method is
however based on the complete polarimetric characterization
of the fiber, which is quite time demanding; therefore, the
method can be applied only to very low frequency vibra-
tions.

Rogers et al. explored also the possibility of using a po-
larization-based DOFS to measure pressure [210]. While in
principle a standard fiber could have been used, in order to
increase sensitivity, a special fiber with an air hole parallel to
the core was used in this application. This hole gives
flexibility to the fiber, which becomes much more sensitive
to pressure and lateral loads. The sensing was achieved by
measuring fiber birefringence.

Finally, it is worthwhile mentioning the use of a P-OFDR
to sense geometrical properties of the fiber path [218]. The
idea is that when the fiber is laid on a non co-planar path it
necessarily undergoes a twist. Measuring this twist allows to
infer information on the geometry of the path. This simple
explanation hides however some very subtle aspects. In fact,
the problem is determining the reference frame with respect
to which the birefringence orientation is measured.

Considerations about parallel transport of light polariza-
tion [235-237], which is intimately related to Berry’s phase
[238], allows to conclude that the reference frame is that
defined by the polarization analyzer parallel transported
along the fiber [218]. The idea has been tested with the struc-
ture shown in Fig. (16a), made of two flat panels connected
by a flexible surface, so that it can be folded much like a

book. A fiber is laid on the structure in such a way that it
crosses the flexible surface at an angle with respect to the
fold axis. As a result, when the structure is folded, those fi-
ber portions undergo a rotation related to the fold angle. Re-
sults of the measurements performed for different angles are
shown in Fig. (16b) and are in good agreement with the ex-
pected nominal values.

CONCLUSIONS

The idea that Rogers put forth in 1980, of using polariza-
tion of Rayleigh backscattered light to implement a fiber
optic sensor able to distributedly measure various physical
fields along the fiber, opened the way to the development of
DOFSs. Since then, more than 200 papers have been pub-
lished on international journals and conferences proceedings
about Rayleigh-based DOFSs, and the rate of publications
per year has a tendency to grow [see Fig. 1]. For complete-
ness, we have tried to include an exhaustive list in the bibli-
ography, and to facilitate its use we have classified contribu-
tions with respect to their field of application. Results are
shown in Table 1.

During the three decades elapsed since the first proposal,
Rayleigh scattering has been exploited in different solutions
to sense quantities as diverse as temperature and chemicals
concentration, vibration and magnetic field. Among the ex-
plored approaches, the most successful has been that based
on the analysis of interference fringes created by the discrete
nature of Rayleigh scattering centers. These fringes can be
measured either in time- or in frequency-domain, yielding to
two different classes of DOFSs.

In the first case, measurement speed and long range en-
able to attain effective vibration sensors, that have applica-
tion mainly in intrusion and leak age detection. Frequency-
domain approach, in contrast, has a shorter range (below
hundreds of meters), but achieves extremely high resolution
and sensitivity, enabling temperature and strain measurement
with a very high number of equivalent sensing points. Both
the two approaches have found commercial applications.
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Tablel. Classification of Bibliographical References with Respect to their Field of Application and Sensing Mechanism

Mechanism
Applications
Attenuation Interference Polarization
Temperature [26, 125, 126, 128, [132, 134, 136, 140, [177-180]
129,172,173, 175, 141, 149-151, 154,
176, 179] 160, 165-168]
Strain [26, 48-58] [85, 133, 138, 141, [177, 178, 206-209]
142,144,147, 148,
155, 160, 164-168]
Pressure [26, 59] [143, 145, 151] [207, 210]
SHM [118, 119, 122-124] [75, 146, 156, 158]
Vibration [75-81, 83, 84] [211-215]
Intrusion [63-74, 82] [207]
Chemicals [19, 22, 24, 26-30, 33- 47] [151]
Humidity [17-25, 28]
Leakage [31, 32]
Liquid level [150, 151]
Magnetic [192, 194, 220-224]
Rotation [169-171]
Shape [135, 137, 157] [218]
Twist [216, 217]

Systems based on attenuation have been studied for
rather long time. Their main advantage is, in most cases,
simplicity, as they just measure the intensity of the backscat-
tered light. Optical losses are induced by the external physi-
cal field by means of proper transducing mechanism, mainly
based on micro-bending or interaction through evanescent
light. This approach has been successfully exploited to im-
plement DOFSs for various parameters, including different
chemicals, humidity and temperature. Owing to their relative
simplicity and consequent cheapness, these kind of sensors
have found some commercial interest.

The original idea of exploiting polarization of backscat-
tered light turned out to be a rather complex task, to the ex-
tent that, a few preliminary tests apart, it took almost 20
years before the technique found application as distributed
sensor. Recent developments in opto-electronic equipments
and in theoretical modeling of the problem allowed to revive
the interest around polarization-based DOFSs. Actually, this
class of sensors offers unique properties, unparalleled even
by DOFSs not based on Rayleigh scattering. Probably, the
most promising of these properties is the recently demon-
strated ability of mapping magnetic fields in the area
spanned by the fiber.

The first attempt ever made to experimentally implement
a DOFS was made by Ross in 1981, and, paradoxically, it
was just a magnetic field sensor based on polarization of

Rayleigh-backscattered light. The proposal was quite crude
indeed, yet it confirmed that distributed sensors could be
made out of optical fibers and that polarization of light could
play an important role.
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