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Recently, Rayleigh scattering-based distributed ﬁber sensors have been widely used for measurement of static and dynamic
phenomena such as temperature change, dynamic strain, and sound waves. In this review paper, several sensing systems
including traditional Rayleigh optical time domain reﬂectometry (OTDR), Φ-OTDR, chirped pulse Φ-OTDR, and optical
frequency domain reﬂectometry (OFDR) are introduced for their working principles and recent progress with diﬀerent
instrumentations for various applications. Beyond the sensing technology and instrumentation, we also discuss new types of
ﬁber sensors, such as ultraweak ﬁber Bragg gratings and random ﬁber gratings for distributed sensing and their interrogators.
Ultimately, the limitations of Rayleigh-based distributed sensing systems are discussed.

1. Introduction
Infrastructure, such as buildings, roads, and highways, are
critical to the day to day lives of people around the world.
These structures provide human beings with a better and
more convenient life. However, these structures have their
lifetimes and could deteriorate. The deterioration is commonly the result of aging of materials, overloading, and lack
of suﬃcient maintenance. To ensure structural safety and
prevent disasters in advance, civil structures have to be
equipped with structural health monitoring (SHM). SHM
provides an eﬀective tool to assess structural health conditions and helps to avoid losses for users due to structural
failure. An eﬀective SHM system should be real-time monitoring and be able to detect various locations at the same
time. Distributed ﬁber optic sensor technology is one of
the most promising candidates among the numerous sensor
technologies that are adopted for SHM [1]. Because it can
determine the value of an object variable in a continuous
way, distributed sensors allow evaluation of the system without causing damage, saving both money and time in product
evaluation and infrastructure monitoring, especially optical
ﬁbers, and have advantages of being lightweight and immune
to electromagnetic interference, which increase the distributed
sensing application areas for SHM.

The basic principle of distributed ﬁber optic sensors is
optical time domain reﬂectometry (OTDR) which was ﬁrstly
introduced to monitor ﬁber attenuation [2]. In the OTDR
technique, a narrow optical pulse is used as the probe signal
to interrogate the optical ﬁber under test, then a Rayleigh
backscattering signal from the ﬁber material is detected,
and the external perturbation-induced changes can be
detected due to the amplitude of Rayleigh patter changes.
The location is mapped through ﬂight time of a pulse of light
traveling to and from the pattern changed location. For this
reason, the spatial resolution is determined by the duration
of the optical pulse. The spatial resolution can be improved
as the pulses are shortened at the expense of the broadened
bandwidth, reduced interaction length, and increased noise
level and consequently in the reduction of dynamical range
(a well-known trade-oﬀ between dynamical range and spatial
resolution). As a result, the resolution of measured parameters, such as temperature, strain, vibration, and acoustic
wave, will be compromised. OTDR-based sensors often use
direct detection to measure local intensity changes. A few
techniques have been introduced to enhance the weak Rayleigh signal, such as ultraweak FBG arrays [3] and random
ﬁber grating arrays [4]; they have reﬂection of around
-30 dB which is stronger than the Rayleigh signal. The
enhanced period and irregular pattern can be deployed by
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Figure 1: The spectrum of backscattered light in the optical ﬁbers.

coherent phase OTDR to recover temperature-, strain-, or
vibration-induced phase changes at higher precision than
telecom ﬁber-based OTDR sensors [5].
Another Rayleigh scattering-based approach is the optical frequency-domain reﬂectometry (OFDR) with the frequency scanning, in which the probe signal is a continuous
frequency modulated optical wave instead of a pulsed signal
as in OTDR [6]. In contrast to OTDR, the OFDR systems
have relatively higher power per frequency components, so
a more dynamic range is then obtained. The spatial resolution is determined by the tuning range of the laser, which
can be one millimeter for sensing of temperature or strain;
the sensing length is limited by the coherent length of the
laser to tens of meters, typically for a commercial system.
The demodulation scheme of OFDR is interferometric, so
it measures relative phase diﬀerence associated with temperature or strain variations.
This paper reviews the recent advancement in Rayleigh
scattering-based OTDR, phase-sensitive OTDR using standard single mode ﬁber, ultraweak FBGs, and random ﬁber
grating array for distributed ﬁber sensors in temperature,
strain, and vibration measurements, as well as phase OTDR
application to measure laser linewidth and phase noises,
chirped pulse-based phase-sensitive OTDR technology, and
challenges for Rayleigh-based OTDR and OFDR sensors.
The layout of this paper is arranged as follows: the introduction to distributed sensing is presented in Section 1, the
theory and working principle of spontaneous Rayleigh scattering and their mechanisms for measuring strain and temperature are presented in Section 2, the Rayleigh scatteringbased OTDR and OFDR system performances are detailed
in Sections 3 and 4, Section 5 will summarize application
needs for distributed sensors, and Section 6 is the conclusion.

2. Spontaneous Scattering in Optical Fibers
When a light wave with wavelength of λ0 propagates in a
medium, it interacts with the atoms and molecules in that
medium. When λ0 is far from a medium resonance, the electric ﬁeld induces a time-dependent polarization dipole. The
induced dipole generates a secondary electromagnetic wave,
which is light scattering. Because the distances between scattering centers (particles) are smaller than the wavelength of

light in optical ﬁbers, the secondary light waves and original
waves are coherent. Hence, the resulting intensity is the
addition of the scattered ﬁelds.
When the medium is perfectly homogeneous, the phase
relationship of the emitted waves only allows the forward
scattered beam. The medium can then be considered as continuous, and the scattered lights are coherently added; there
is no backward scattering loss. However, optical ﬁber is an
inhomogeneous medium; scattering arises from microscopic
or macroscopic variations in density and composition. The
random order of the molecules and the presence of dopants
cause localized variations in density, and therefore, the
refractive index varies along the ﬁber. They are caused by
small particle sizes (≪λ), such as electrons, atoms, molecules,
or nanoparticles. The scattered light maintains the same
energy with the changed direction. Scattering from spherical
particles with dimension > λ/10 is called Mie scattering [7].
The strength of Mie scattering does not have strong dependence on the pump wavelength. Rayleigh scattering causes
attenuation of the forward-propagating signal (and creation
of a backward-propagating wave) that is proportional to
1/λ4 . Rayleigh scattering is a linear scattering process,
which means scattered power is proportional to the incident
power, and no energy is transferred to the glass in Rayleigh
scattering; therefore, there is no change in frequency of the
scattered light comparing with the wavelength of the incident
light, the so called elastic scattering.
In Figure 1, the backward scattering spectrum from
materials includes Rayleigh scattering at the incident frequency, and two lines appearing on red-shifted and blueshifted sidebands of the Rayleigh peak are the Brillouin lines.
These two peaks present the scattering of sound waves moving in opposite directions in the Brillouin scattering process.
The left peak with a downshifted frequency is called the
Stokes wave, while the right one with an upshifted frequency
is called the anti-Stokes wave. Raman lines are contributed
by the interaction of the incident photon with the molecular
vibration state. The optical ﬁber with broad vibrational spectrum gives broad Raman spectrum. Both Brillouin and
Raman scatterings are inelastic scatterings because they are
associated with certain frequency shifts. The last mechanism
that can be observed is the Rayleigh wing scattering attributed
to ﬂuctuations in the orientation of anisotropic molecules.
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Raman spectra in crystals usually contain many sharp bands
where separations between bands, corresponding to the electronic vibrations, and each bandwidth result from molecular
rotation or reorientation excitations. In optical ﬁbers, Raman
scattering is presented as a broadband spectrum.
2.1. Rayleigh Scattering in an Optical Fiber. Rayleigh scattering is caused by inhomogeneity of the ﬁber medium. The
random ordering of the molecules causes localized variations of density and therefore ﬂuctuations of the refractive
index. Rayleigh scattering is an elastic scattering, and the
frequency of scattered light is the same as the incident light.
Rayleigh scattering is the most important factor to determine the transmission loss of an optical ﬁber [8], and it is
caused by the density ﬂuctuations frozen into the fused silica during the manufacturing process. It results in the
refractive index change along the ﬁber. The intrinsic loss
coeﬃcient of the optical ﬁber due to Rayleigh scattering is
expressed as [9]
αR =

A
,
λ4

ð1Þ

where the constant A ≈ 0:7 − 0:9 (dB·km−1·μm−4).
Rayleigh scattering and material absorption are two mechanisms for the ﬁber loss. The total attenuation coeﬃcient is
denoted as α (with the units of km-1). In the wavelength of
1550 nm which is commonly used in the optical communication, the attenuation coeﬃcient is about 0.2 dB/km in the standard single mode ﬁber (SMF). Considering the scattering
coeﬃcient in the range 0.12-0.16 dB/km, Rayleigh scattering
is the dominant loss near that wavelength. This provides a
way to estimate the ﬁber attenuation by monitoring the
Rayleigh backscattering power.
Due to the attenuation loss, the input optical power will
decay exponentially as a function of the propagating distance
z as shown in the following equation:
Pðz Þ = P0 e−αz ,

3. Distributed Fiber Sensors Based on
Rayleigh Scattering
There are great eﬀorts in Rayleigh scattering-based distributed sensors in last decade, especially in enhanced scattering
by random ﬁber grating and weak FBGs. The applications of
the distributed sensors based on Rayleigh scattering have
been extended to sense laser dynamics, which includes the
laser noises and the laser linewidth measurement.
3.1. Rayleigh OTDR. When a light wave prorogues along an
optical ﬁber, the light power will decrease continuously
mostly due to Rayleigh scattering which results from the
inhomogeneity of the refractive index during the ﬁber fabrication process. The random localized ﬂuctuation of the molecule position in the optical ﬁber can be regarded as small
scattering centers with a dimension much smaller than the
optical wavelength.
If a laser pulse with peak power P0 and pulse duration T
is injected into one end of the ﬁber, the Rayleigh scattering
signal will drop by dPR over the ﬁber length d z [10]:
dPR
= Cb αR P0 e−2αz ,
dz

ð2Þ

where P0 is the power of the incident light. PðzÞ is the transmitted power at position z which is between z = 0 and total
length L. In Equation (2), the unit of α is km-1 and αdB ≈
4:34α. The attenuation coeﬃcient α can be expressed as
dB/km in the telecom industry and research ﬁeld. Then, the
transmitted power can be written as
Pðz Þ = P0 10−ðαdB z/10Þ :

tion P = ε0 χE, which is proportional to the external electric
ﬁeld E. The parameter χ is a randomly ﬂuctuating term in
the medium with Δεðt, zÞ, which is the fundamental reason
that Rayleigh scattering can be used to sense vibration,
temperature, and strain. This ﬂuctuating dielectric parameter
Δε gives a ﬂuctuating polarization-induced light emission in
all directions. Some of the scattered Rayleigh lights are recaptured by the single mode or multimode ﬁber in the backward
direction. This backward propagating Rayleigh scattered
light has a time delay that can be used to refer the spatial
location of the scattering. Hence, Rayleigh optical time
domain reﬂectometry (OTDR) can locate the ﬁber condition
with or without temperature or strain (static or dynamic)
disturbance.

ð3Þ

In summary, Rayleigh scattering is an elastic scattering
where the scattered light frequency is the same as that of
the incident light. In the small spatial scale (tens of molecular
sizes), one would observe ﬂuctuations in local temperature or
strain values under incident light on a material; this EM ﬁeld
E would reorient the originally incoherent random ﬂuctuating molecular clouds to have a tendency to respond collectively in the same way on a small spatial scale covering the
wavelength of the EM ﬁeld. Such collective tendency to
respond to an EM ﬁeld would result in macroscopic polariza-

ð4Þ

where α is the ﬁber attenuation and z = vg t/2n with
changes from 0 to L. Cb is the ratio of Rayleigh scattering
captured by optical ﬁbers in the backward direction, which
is expressed by


NA
Cb =
n1

2

1
=
×
m

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ!2
n21 − n22
1
× :
m
n1

ð5aÞ

NA is the numerical aperture and n1 and n2 are the
refractive indexes of the core and the cladding, respectively. Factor m varies with the refractive index proﬁle of
the ﬁber.
For a Gaussian beam waist of ϖðλ, ZÞ, the recapture
coeﬃcient is expressed by [10]

2
3
λ
C b ðλ, Z Þ =
:
2 2πn1 ϖðλ, z Þ

ð5bÞ
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Figure 2: (a) Experimental setup of typical OTDR system. (b) Reﬂected Rayleigh traces.

The Rayleigh signal power can be obtained from solving
Equation (4) and expressed as
P R ðz Þ =

1
α P V TC ðz Þe−2αz :
2 R 0 g b

ð6Þ

Rayleigh OTDR was developed for fault detection in the
telecommunication ﬁber. It is based on inhomogeneityinduced Rayleigh scattering loss at one participle wavelength
along the optical ﬁbers by measuring power change in Equation (4). A simpliﬁed OTDR setup is shown in Figure 2(a).
The laser source used in an OTDR system is a broadband
light source which is modulated by an EOM to generate optical pulses. Then, the optical pulses are sent into the sensing
ﬁber through a circulator, and the Rayleigh backscattered
light is detected by a photodetector (PD). The detected optical power decreases exponentially with respect to the distance
along the ﬁber and shows abrupt peaks and dips at the location of connectors and bends and breaks due to Fresnel
reﬂections, which is shown in Figure 2(b).
The vertical scale represents the reﬂected signal level on
a logarithmic scale, while the horizontal scale corresponds to
the distance along the ﬁber or device under test. Since
OTDR can only measure the time delay directly, such a
time delay can be converted to distance by z = V g ðzÞt/2.
VgðzÞ = c/ng ðzÞ is the group velocity of the light propagating in the optical ﬁber.
The spatial resolution Δz min of an OTDR distributed
sensor represents the ability to locate fault point or unusual
temperature or strain section. It can be expressed as
Δz min = cτ/2n. Here, τ is the pulse width of the incident
light, n is the refractive index of the ﬁber core, and c is the
speed of light in vacuum. The dynamic range is deﬁned as
the diﬀerence between the initial backscattered power level
and the noise level of a measurement time. The way to
increase the system’s dynamic range is either to enhance
the backscattered power or to decrease the noise level. From
Equation (6), the backscattered power is proportional to the
product of the pulse width and input power. However, in
the OTDR system, the pulse with high peak power is not
desired because it will cause the nonlinear eﬀects in the ﬁber.
So the dynamic range mainly depends on the pulse width.
Increasing the dynamic range requires the longer pulses
which would decrease the spatial resolution. This trade-oﬀ
between the dynamic range and spatial resolution represents

the fundamental limit of the OTDR system. Thus, designing
the system needs to consider both parameters tailored to
diﬀerent applications.
One source of loss is microbending loss, and a distributed
sensor system to measure lateral pressure on a ﬁber has been
developed [11] that places a ﬁber inside a spiral sheath that
induces microbending in the ﬁber when a lateral force is
applied. The original idea was developed for mechanical
sensing based on microbending-induced loss from small
and sharp bends on ﬁbers [12], which increases local attenuation along the single mode ﬁber. The extra loss is detected
through standard OTDR techniques.
Distributed temperature sensing using the conventional
OTDR system has been investigated by monitoring the
temperature-induced amplitude changes of the Rayleigh
backscattering light. This kind of temperature sensor has
been accomplished in a special liquid-core ﬁber with an accuracy of ±1°C and a spatial resolution of a few meters [13]. The
liquid-core ﬁber is fabricated by a glass tube (the cladding)
ﬁlled with a liquid with higher refractive index to form the
ﬁber core. The temperature dependence of the scattering loss
due to thermal disturbance of the liquid has much stronger
temperature dependence than that in the telecom ﬁber. However, the requirement of the liquid core in the ﬁber has limitation in the ﬁeld, where large temperatures ranging from
-30°C to +40°C could occur. Another temperature sensor in
conventional OTDR is based on the temperature-dependent
attenuation coeﬃcient of doped glass ﬁbers. Since the
absorption bands of the dopant changes with temperature,
the temperature changes can be determined by measuring
the loss near the edge of an absorption band. Based on
this principle, distributed temperature measurement using
Nd-doped ﬁber shows 2°C temperature accuracy and 15 m
spatial resolution over 140 m sensing ﬁber length [14]. Using
Ho-doped ﬁber, these ﬁgures were improved to 1°C and
3.5 m [15].
3.2. Phase-Sensitive OTDR (Φ-OTDR)
3.2.1. Principle of Φ-OTDR. The Rayleigh OTDR in Section
3.1 used a broadband light source, so that the coherent length
is less than the pulse width, and the detected signal represents
intensity addition instead of ﬁeld addition with interference.
Φ-OTDR conﬁguration used a narrow linewidth laser whose
coherent length is much longer than the ﬁber length. The
detected signal represents ﬁeld addition, which is the
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Figure 3: (a) The schematic of simulation model of Φ-OTDR system. (b) Reﬂected Rayleigh traces.

summing up of Rayleigh scattering of many scattering centers within the pulse width. These scattering centers are
equivalent as multiple reﬂectors with weak reﬂectivity. When
the ﬁber is under the disturbance of the temperature, strain,
or vibration change, the optical path length between the scattering centers will change accordingly. This induced interference pattern changes locally with time, which can be
demodulated by phase or intensity. In order to understand
the principle of Φ-OTDR, a simpliﬁed simulation model
has been developed, and the schematic is shown in
Figure 3(a) [16].
The ﬁber can be divided into N small sections and the
length for each section is ΔL = L/N. ΔL is equivalent to the
same length as the pulse width in the simulation. In each
section of the ﬁber, there are M scattering centers which are
randomly located with uniform distribution. So the electric
ﬁeld of Rayleigh backscattered light can be written as
M

Eibs = E0 exp ð−2αLi Þ 〠 rik exp ð jφk Þ,

ð7Þ

k=1

where α is the attenuation coeﬃcient of the optical ﬁber, Li is
the length of the ith section of the ﬁber, and Li = iΔL. rk and
φk are the scattering coeﬃcient and phase of the kth scattering
center, respectively. In Φ-OTDR, backscattered light within
the pulse width interferes with each other and forms a random interference pattern. Here, we can assume the scattering coeﬃcient for every scattering center is the same,
denoted by r. Then, intensity of the detected signal can be
expressed as [17]
 2 M−1 M
I ibs = Eibs  = 〠 〠 E0 2 r exp ð−4αLi Þ
k=1 k ′ =k+1

M−1

+ 2E20 r2

M

ð8Þ

〠 〠 cosðφk ′ − φk Þ:

k=1 k ′ =k+1

The ﬁrst term in the detected signal is the DC component which can be removed by an AC coupled detection.
The second term is the sum of multiple interference signals,
and its intensity depends on the combination of the phase
diﬀerence within the pulse width. From Equation (8), the
intensity of the detected signal gives the relative phases of

reﬂected light from diﬀerent scattering centers within the
pulse width. Since the scattering centers are randomly distributed along the ﬁber, the Φ-OTDR traces typically have
random oscillating features as shown in Figure 3(b). This
random pattern remains the same over time if the scattering
centers do not suﬀer from any changes. If there is any disturbance at one certain location, the relative phases of backscattered light are changed, and Φ-OTDR traces will vary at that
disturbance location. Thus, the disturbance location can be
obtained by tracking the diﬀerence between unperturbed
and perturbed signals via trace subtraction or correlation.
In the case of vibrations, the Φ-OTDR traces can show local
variations synchronized with the vibration frequency. Trace
superposition of Φ-OTDR around the vibration location is
represented by Figure 4(a) (100 traces). The intensities at
other locations remained the same for every trace except
around 650 m where there is a vibration event. After subtracting adjacent traces, the vibration location is clearly
shown in Figure 4(b). The vibration frequency can be
obtained by performing the fast Fourier transform (FFT) at
the vibration location along the sequence traces.
3.2.2. Detection Methods and Noise in Φ-OTDR
(1) Noise Sources. There are several noise sources in the direct
detection: (i) laser phase noise, (ii) laser frequency drift, and
(iii) intraband noise caused by the ﬁnite extinction ratio of
the optical pulse. The laser phase noise is determined by
the linewidth of the laser which could aﬀect the performance
of Φ-OTDR for vibration sensing [18]. In order to reduce the
ﬂuctuation of phases, the coherence length of the laser should
be longer than the pulse width. The laser frequency drift
would also cause the ﬂuctuation of Φ-OTDR traces since
the interference patterns would change in diﬀerent laser
frequencies [19]. Therefore, in order to get stable traces in
Φ-OTDR, the system requires the low phase noise and small
frequency drift laser with stable frequency over the measurement time. The active compensation method that utilizes the
laser frequency sweeping and cross-correlation calculation
has been proposed to suppress the trace distortion [20]. In
addition, the ﬂuctuation of traces from the EOM bias drift
during the measurement can also be an issue, because it
induces distortion of the extinction ratio (ER) of the optical
pulse. This will result in a CW component between pulses
and then generate a CW backscattered light that would
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Figure 4: (a) Experimental Φ-OTDR traces with the vibration at 650 m; (b) the vibration location after trace subtraction.

decrease the SNR. The CW noises can accumulate with
the ﬁber length as a coherent Rayleigh signal; it could
limit Φ-OTDR in long range sensing and reduce spatial
resolution for diﬀerent applications. The EOM feedback
control in Φ-OTDR is introduced for solving the bias drift
problem [21].
(2) Direct Detection.The direct detection scheme presents the
low complexity for the signal being directly detected in the
time domain. It is suitable for the short range sensing measurements where the backscattering light is relatively strong.
(3) Coherent Detection. Due to the weak Rayleigh backscattering in the optical ﬁber, the use of coherent detection can
greatly increase the SNR and sensitivity of a detected signal.
The principle of coherent detection consists of mixing the
optical signal with a local oscillator (LO) before it reaches
the photodetector.
The light coming from a laser with a frequency f 0 is split
by an optical coupler into two arms. One arm is used as LO,
and the other is used for generating the backscattered signal
as shown in Figure 5. In coherent detection, the frequencies
of optical pulses are usually shifted Δf (usually few hundred
MHz) before sending into the ﬁber to overcome the low frequency noise from the environment. In this case, the detected
signal becomes the interference between the LO and the
Rayleigh backscattered light. Because the optical amplitude
of the LO signal is typically much higher than that of the
backscattered signal, the intensity of the interference signal
in this case will be higher than that in the direct detection.
If the optical amplitude of LO is high enough, the SNR of
coherent detection can be reached to the shot noise limit even
for weak signals, while the direct detection cannot achieve
this. Therefore, the coherent detection is more suitable for
weak signal detection compared to direct detection.
The main disadvantages of using coherent detection are
higher noises and instability of Φ-OTDR traces. Besides the
noise occurring in the direct detection, the coherent detec-

tion is much more sensitive to the phase noise and strongly
dependent on the state of polarizations of two arms. In
the coherent detection, the polarization mismatch between
two arms can deteriorate the interference signal at some
positions. By using the polarization maintaining ﬁber
(PMF), as well as the polarization maintaining components, the polarization-dependent problem has been solved
[22]. But PMFs are expensive and have relatively high loss
which limits the sensing range when compared to the
usage of SMF. The polarization diversity detection could
also solve this problem [17].
(4) Polarization Diversity Detection. The Φ-OTDR system
operates based on coherent Rayleigh scattering light by utilizing a high-coherence laser with narrow linewidth. The
detected signals are induced by the interference between
multiple Rayleigh scattering centers within a pulse width.
External perturbations including acoustic waves or vibration
applied on the ﬁber would modulate the eﬀective refractive
index of the guided optical mode, causing a phase shift of
reﬂected light as well as the change in the intensity of
detected signals. The Φ-OTDR was ﬁrstly realized using a
direct detection scheme as an intrusion sensor with a simple
setup; however, a relatively low SNR was obtained [23, 24].
By using the postsignal processing methods such as moving
average and wavelet denoising, the Φ-OTDR with high sensitivity and SNR has been demonstrated, which allows the
acoustic wave and vibration spectrum to be measured in a
distributed fashion [22].
The performance improvement in an Φ-OTDR system
was achieved by using a heterodyne coherent detection
technique [25]. However, the coherent detection is susceptible to the polarization mismatch between the measured
and reference signals, and hence, the measurement accuracy
can be greatly aﬀected by the polarization-induced fading
phenomenon [26]. The polarization mismatch would
decrease the SNR of Φ-OTDR time-domain traces and cause
the low visibility of interference signals. Unreliable vibration
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measurement results may occur at polarization mismatched
locations because of these disturbance-insensitive regions.
For single-point sensing applications, a polarization
controller is introduced in the reference arm to align the
polarization at certain locations. For distributed sensing
applications, since the state of polarization of Rayleigh
backscattered light changes randomly along the lowbirefringence optical ﬁber, it is impossible for the PC to keep
polarization alignment for the backscattered signals at each
location along the sensing ﬁber. Thus, the probability of ﬁnding the useful polarization matched locations could be
signiﬁcantly reduced. This problem becomes even more serious in multiple vibration event detection. It could be a major
obstacle in the real ﬁeld such as intrusion detection, leakage
detection of pipeline monitoring, internal crack of the bridge,
and oil-well condition monitoring. To mitigate the polarization fading eﬀect, one approach is to utilize the highbirefringence polarization-maintaining ﬁber conﬁgurations
[27]. In addition, the polarization diversity (PD) method
[28] provides an alternative solution for Φ-OTDR to reduce
the polarization fading for the telecom ﬁber by separating
the backscattering signals into two orthogonal polarization
states through a polarization beam splitter (PBS) and then
combine the two separated signals so that the detected signals
are insensitive to the SOP in ﬁbers.
Φ-OTDRs based on the PD method compensate the
position-dependent polarization fading occurring in the
coherent detection. A real distributed vibration sensing for
multievent detections can thus be achieved at each position
along the sensing ﬁber with more reliable vibration measurement results. The experiment shows that the SNR of two
vibration signals are simultaneously enhanced by 10.9 dB
and 8.65 dB compared to the coherent detection scheme
[17]. This technique eliminates the polarization mismatch
between the sensing arm and the reference arm at any given
location of the sensing ﬁber, which makes it more suitable for
the multievent sensing applications.
3.3. Φ-OTDR for Quantitative Temperature and Strain
Measurement. Koyamada et al. [29] proposed and demonstrated the Rayleigh scattering-based OTDR for distributed
temperature and strain measurement. They used a laser with
precisely controlled optical frequency combining the coherent detection for Φ-OTDR trace collection. The Rayleigh
scattering is formed by many randomly spaced scattering
centers at nanometer separation, and the sum of the scatter-

ing centers can be added coherently as their spacing is much
smaller than the optical wavelength. This response is similar
to FBG, except FBG has equal spacing, while in Rayleigh scattering, the spacing varies randomly at a range of a few nm to
hundreds of nm in the spatial distance. Just like FBG has
spectral response with a proﬁle, the wavelength shift of the
Rayleigh scattering pattern is linearly proportional to the
temperature and strain with the following relation [29]:
Δν
≈ −0:78 × Δε,
ν0

ð9aÞ



Δν
≈ − 6:82 × 10−6 × ΔT,
ν0

ð9bÞ

where ʋ0 is the nominal laser frequency, Δʋ is the laser frequency change relative to reference temperature or strain
associated laser frequency, and Δε is the changed strain
relative to the reference strain ε0 . The same principle applies
to the temperature change ΔT.
The spectral pattern of the Rayleigh scattering also
changes with temperature or strain linearly. The slope of this
pattern is a constant for the telecom ﬁber. If one can record
the laser frequency (wavelength) at one temperature or strain
as reference and calibrate a range of the temperature and
strain for that type of the ﬁber, then the temperature and
strain can be measured in a distributed fashion, if a pulse
laser is used. The pulse width in the time domain can be
transferred to the spatial domain based on z = ct/2nðzÞ. If
the laser frequency can be measured accurately, the measured
temperature accuracy can be as high as 0.01°C for the longterm laser frequency stability < 5 MHz over the optical frequency of 1014 Hz with linewidth of 3 MHz, and the pulse
width is 10 ns, which is equivalent to 1 m spatial resolution.
Φ-OTDR detects the relative wavelength shifts for the
temperature or strain change over the reference temperature
or strain. This measurement allows high temperature resolution, because the optical frequency change can be converted
to a microwave regime which can be measured at much
higher accuracy than the optical frequency measurement,
which gives high temperature precision. Note the laser
frequency drift should be much smaller than the Rayleigh
pattern change due to the strain or temperature. The accuracy of microwave frequency measurement between reference and tested temperature and strain can be measured at
the MHz level, which is proportional to the strain and
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temperature accuracy according to Equation (3.5). The reference temperature and strain should be updated every time
before the real measurement to reduce the laser frequency
drift-induced error.
The principle for the Φ-OTDR to measure distributed
temperature or strain is to record Rayleigh pattern change
at one temperature or strain at one speciﬁc wavelength at
every ﬁber location using an optical pulse from a narrow linewidth laser, often the linewidth of kHz. When the temperature or strain is changed at certain ﬁber locations, then the
Rayleigh pattern in that location will be changed accordingly.
By scanning the laser wavelength until the same Rayleigh
pattern is recovered at every ﬁber location, one can get
temperature or strain information using Equation (3.5).
The spatial resolution is equivalent to the optical pulse
length, due to weak Rayleigh scattering in the optical ﬁber
within spatial resolution; the optical spatial resolution is
often limited to 1 m.
The same principle is applied to the phase recovered
based Φ-OTDR for strain measurement [30], based on interferometers for phase measurement rather than frequency
measurement. Phase measurement lowers the requirement
of the expansive frequency stabilized laser; any phase locked
laser can be used for dynamic strain measurement over the
short period of time of the strain cycle. The coherent detection is used to beat the Rayleigh signal with a local oscillator
at the microwave frequency for phase measurement, and the
recovered phase can be converted to strain at the accuracy of
submicrometers at a frequency of 500-5 kHz with multiple
scans of Φ-OTDR traces at ﬁxed laser frequency [31].
For scanned frequency OTDR trace via tuning laser frequency between two scans of reference and test value, one
can also send a chirped pulse which includes multiple frequency components in a single pulse over a pulse length
by Δʋ just liked Equation (3.5) at diﬀerent times of the same
frequency spectrum [32]. The Rayleigh pattern change due to
temperature or strain will be shifted due to the local refractive
index change Δn. If a Δn occurs at a certain location of the
ﬁber z, then the local Φ-OTDR pattern will be longitudinally
shifted by a Δt at that location, correspondent to the Δʋ
which compensates for the Δn. The local Δt changes among
two diﬀerent traces can be determined along the ﬁber by calculating a local cross-correlation of the trace segments
obtained for the two consecutive measurements.
3.4. Distributed Sensor Based on Rayleigh Scattering
Enhanced Fiber Devices
3.4.1. Weak FBGs. The weak Rayleigh scattering signal
(-100 dB/mm) in the optical ﬁber has limited the spatial resolution, as the ﬁber is designed for long haul communications with minimized scattering loss. However, Rayleigh
scattering can provide useful information in the sensing system; we can improve Rayleigh scattering by inscribing the
grating in the optical ﬁber to enhance the performance. The
strength of the scattering signal in the optical ﬁber can be
controlled by the grating length and the laser power in the
grating inscription. The ﬁber Bragg grating (FBG) has properties of high sensitivity (can be as high as 99%), compact
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structure, immunity to electromagnetic interference, and
narrow linewidth ranging from sub-nm to nm in wavelength,
which can be multiplexed in the wavelength domain to make
a quasidistributed ﬁber sensor in the wavelength domain
using a broadband source [33]. There is a trade-oﬀ between
grating reﬂection and total number of the gratings that can
be deployed which is limited by the power and bandwidth
of the light source. To solve this problem, weak FBGs have
been deployed which enable 1000s of identical weak FBGs
fabricated in an optical ﬁber with reﬂectivity between
-35 dB and -40 dB for each weak grating fabricated during
ﬁber drawing at one peak wavelength [34]. The reﬂectivity
of each FBG aﬀects the multiplexing capacity of a distributed
optical ﬁber sensing system. High reﬂectivity results in strong
spectral-shadowing crosstalk and multiple reﬂection crosstalks, which will aﬀect the strain or temperature resolution,
as well as set a limit for multiplexing capacity. It has been
proven that the reﬂection of -40 dB allows suppression of
the crosstalk and yet maintains the signal to noise ratio to
deploy temperature and strain resolution comparable to the
distributed sensor based on SMF [35]. The weak FBG-based
sensing system is quasidistributed, because the stress or temperature at optical ﬁbers between the weak FBGs cannot be
detected, as the sensing element is weak FBGs. Furthermore,
when the length of the grating is decreased, the width of the
grating spectrum will be increased. For the limited power
over the broad spectrum using optical frequency-domain
reﬂectometry (OFDR) technology [36], the multiplexing
grating number will be reduced due to broadband FBGs. In
order to solve quasidistributed FBG due to the spatial spacing
between weak FBGs, one approach is to use a microcavity
array [37]; each pair of adjacent FBGs can form a microcavity
to make a true distributed sensor.
Other than static temperature and strain measurement,
weak FBGs can also be used for distributed vibration and
acoustic sensing. This requires a high speed and high resolution distributed sensing, because the acoustic signal often
has a submicrostrain, which means the demodulation system
needs to detect nanostrain precision at a 100 kHz sampling
rate with 10 μs speed. One approach is to use a narrow bandwidth ﬁlter to translate the wavelength shift measurement to
a simple intensity measurement [3]. The system is realized by
introducing a reference channel into the demodulation system to compensate for the intensity ﬂuctuation from the light
source or optical ﬁber bending loss with a simple dual channel detection system.
Static and dynamic sensing can be realized by two sets of
laser pulses with wavelengths matching the two edges of the
FBG reﬂection spectrum. By using the spectral edges of the
gratings, the wavelength shift is converted to the change of
intensities at the two wavelengths. With spacing of hundreds
of micrometers in FBGs, weak FBGs have broad spectral
width of tens of nm, which enables a larger temperature
range and strain range. As shown in Figure 6, a dynamic
strain sensor is demonstrated by a narrow linewidth laser
giving a 3 nε accuracy at 50 kHz sampling rate [38].
3.4.2. Random Fiber Gratings. When a telecom ﬁber is used
for distributed ﬁber optical sensors, the low Rayleigh
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Figure 6: (a) Comparison between the variation sensing results of our static-dynamic system and a standard MZI. (b) The demodulated
results of 200 dynamic strain measurements in the same environment. An interval of 10 minutes is set between each result.

backscattering signal level limits (-100 dB/mm) the sensitivity and spatial resolution of distributed temperature or strain
measurements by OTDR or OFDR techniques. In recent
years, ultraviolet (UV) lasers have been used to increase the
backscattering in optical ﬁbers for distributed temperature
and strain measurements resulting in higher spatial resolution and high signal to noise ratio (SNR). Using 10.6 μm
absorption line in SMF-28, the Rayleigh scattering was
enhanced by random spaced index modulation using CO2
laser for inscription [39]. With 100 points of CO2-laserirradiation with randomly changed distance along the
SMF-28 over a 10 cm ﬁber, the random feedback ﬁber is
formed as Rayleigh scattering enhancement. The 10 cm
scattering strength is equivalent to a few km SMF lengths.
The enhancement of Rayleigh scattering is achieved by
simple UV exposure of optical ﬁber. In [40], they used
H2 loading on the SMF-28 ﬁber and specialty ﬁber with
high Ge-dopant to increase UV photosensitivity. Enhancement of Rayleigh scattering with ultralow loss in the SMF28 ﬁber was demonstrated using speciﬁc phase mask [41];
the wavelength range where the backscattering was enhanced
was restricted by the speciﬁc chirped phase mask used in the
experiment. When optical ﬁbers are exposed to high power
laser radiation, it would generate broadband loss due to the
formation of color centers and/or microvoids that are produced by laser radiation. A novel method to fabricate the random ﬁber grating by using fs laser is shown in Figure 7 [42].
Using Rayleigh scattering enhanced ﬁber, the distributed
temperature sensor is achieved at an accuracy of 0.00085°C
over 10 mm spatial resolution using optical frequency
domain reﬂectometry [42]. The random ﬁber grating spectrum has spike-like reﬂective spectra with high contrast that
can be attributed to enhanced inhomogeneity. The contrast
could be further enhanced when a random ﬁber grating array
is introduced due to the superposition of a few random grating of sub-cm in length. The resultant interference patterns
with multiple peaks ensure high accuracy in delay time mea-

surement. This outstanding feature resulting in high SNR of
Rayleigh traces could be used in the chirped pulse Φ-OTDR
system, which is based on the time delay measurement of
Rayleigh traces. Unlike a conventional Φ-OTDR sensing system which measures a distributed phase change along the
ﬁber using an ultranarrow linewidth laser, the distributed
temperature change-induced time delay is directly measured
in real time in chirped pulse Φ-OTDR. This allowed 0.028°C
accuracy for temperature measurement [4].
3.5. Rayleigh OTDR for Acoustic and Vibration Detection.
Section 3.2 provides the theoretical background of measuring
temperature and strain based on Φ-OTDR using telecom
ﬁber. The keys to the measurements are as follows: (1)
Rayleigh scattering pattern in telecom ﬁber changes with
temperature and strain; (2) Rayleigh pattern also has wavelength dependence; (3) measure the reference pattern at
known temperature and strain, sweep the laser wavelength,
and recover the Rayleigh pattern at a speciﬁc wavelength
and then link that wavelength shift to the temperature or
strain. Such a procedure is suitable for static measurement.
For dynamic measurement, the reference temperature or
strain changes with time; it will be diﬃcult to update the
associated wavelength change, unless laser wavelength drifting linearly with time is an assumption. Such a statement is
often not true, because laser frequency drift can also lead to
input polarization state change along the optical ﬁber and
the associated Rayleigh pattern change at a diﬀerent ﬁber
location, which introduced error [25] in the recovered temperature or strain which is diﬀerent from the simple calculation Equations (9a) and (9b), especially for vibration and
acoustic wave measurement, where the displacement is as
small as a few nm in the spatial domain [43]. According to
Equation (9a), for the strain of 5 nε, the associated laser frequency drift is 0.1 MHz at optical wavelength of 1550 nm.
The laser frequency stability over the vibration cycle must
be much smaller than 0.1 MHz, preferable in the range of
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Figure 7: The setup of fabricating random ﬁber gratings.

kHz. As a result, only the narrow linewidth and stabilized
laser can be used for dynamic strain of vibration and acoustic
wave. However, the vibration frequency information can be
obtained with less stringent requirement on the linewidth,
because one can use diﬀerential Rayleigh scattering traces at
two closest times for fast Fourier transfer (FFT) to get the
vibration (low frequency) or acoustic wave spectrum [25].
To improve the signal noise ratio for weak Rayleigh scattering, one can use the wavelet denoising method to diﬀerentiate small diﬀerence between Rayleigh traces at diﬀerent
times, which allows higher frequency (8 kHz) and smaller
spatial resolution (40 cm) detection of vibration or acoustic
wave [22] over 1 km sensing length.
The distributed acoustic sensor was also demonstrated
with DFB laser though direct detection [44]; the cyclic pulse
coding was introduced to the laser current modulation to
enhance performance in order to release the stringent
requirement on laser linewidth. However, the laser linewidth
and stability must be optimized to simultaneously guarantee
intrapulse coherence and interpulse incoherence. The demonstrated frequency for this cost eﬀective laser with coded
pulse is 500 Hz over 5 m spatial resolution.
Polarization noise in optical ﬁber can limit distributed
acoustic wave detection in phase OTDR; this noise can be
mitigated by polarization diversity detection [45]; comparing
with coherent detection, polarization diversion detection can
bring 10 dB SNR improvement for the same power level and
spatial resolution. This technique mitigates the polarization
mismatch between the sensing arm and reference arm along
the sensing ﬁber, which is more suitable for the multievent
detection in distributed acoustic sensing.
3.6. Chirped Pulse-Based Φ-OTDR. Most recently, chirped
pulse phase OTDR is introduced for acoustic sensing; instead
of using transform limited pulse, it used a train of linearly
chirped optical pulses [32]. In this technique, the local strain
variation due to acoustic disturbance accumulated between
two temporal instants and is directly measured in each spatially resolved point. Hence, local strain transduces a local
ﬁber perturbation into a local disturbance of the optical trace
via refractive index change; such information can be recovered in time domain directly via time delay measurement
for strain change. The chirped pulse with spectral range Δ
υp and pulse width τp . The frequency-to-time mapping gives
a perturbation-induced spectral shift Δυ over the chirped

Chirped pulse can also be recovered by phase change,
which involves demodulation of the phase information
though ϕi = ð4πðnLi Þ/cÞυ = ð4πðn ′ Li′Þ/cÞυ ′ , where n ′ L ′ represents local optical path length change from nL at position
L ′ ; υ ′ is the changed optical frequency from υ. In chirped
pulse Φ-OTDR, or general Φ-OTDR, it allows faster sensitive
measurements by phase recovered information, which is a
relative measurement; when the temperature or strain of
the ﬁber is changed in one position, it will inevitably accumulate an error for long integration times.
In the conventional chirped pulse Φ-OTDR system, the
maximum measurable strain or temperature variation is limited by the large time delay estimation (TDE) error due to
the distortions of reﬂected traces from the sensing location.
In [47], a high performance distributed sensing system based
on random ﬁber grating array (RFGA) and multifrequency
database demodulation (MFDD) method for strain-induced
delay time measurement is demonstrated. The MFDD
method is proposed and operated as follows: Firstly, a database including several traces without perturbation is established. These traces are collected when chirped pulses with
diﬀerent initial optical frequency are used to interrogate the
whole RFGA. Secondly, coded traces are recorded using
chirped pulses with known ﬁxed initial optical frequencies
when dynamic strain is applied in a period of time. Thirdly,
in the demodulation process, the cross-correlation calculation between each encoded trace and each reference trace in
the database is employed. Finally, the cross-correlation calculation result of each coded trace which possesses the highest
coeﬃcient will be selected for relative strain change determination. The overall strain variation is reconstructed based on
the initial frequency diﬀerence and time delay without integral operation. It enables a wide measurement range for both
static and dynamic strain sensing, since the TDE accuracy is
maintained in high value in large strain variation by introducing initial frequency diﬀerence compensation. Because of the
requirement of high temporal stability and large optical frequency scanning range for data base establishment, a random
ﬁber grating array is used as the sensor part to provide stable
reﬂection with wide spectrum range. Finally, a dynamic strain
with peak-to-peak value of 12.5 με at vibration frequencies of
10 Hz and 50 Hz is accurately reconstructed as shown in
Figure 8 when the pulse repetition rate is 1 kHz, which was
not detected using a conventional chirped pulse Φ-OTDR.
The maximum measurable strain variation of about 12.5 με
represents a three-times improvement. This number is limited by prerecorded frequency scanning range of RFGA
response in the database.
3.7. Φ-OTDR for Laser Phase Noise Characterization. Narrow
linewidth laser is essential for high precision optical metrology and coherent communication. The characterization of
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the low phase noise, especially for linewidth ΔʋL of sub-kHz
ΔʋL < 1 kHz is often carried by heterodyne detection of
beating frequency of the test laser and a reference laser
with linewidth much smaller than test laser, for instance,
ΔʋL < 50 kHz. Such a super narrow linewidth reference
laser is not often available in normal labs. Alternatively,
one can use delayed self-heterodyne interferometer (DSHI)
method to decorrelate the laser beam over the delay length
longer than the laser coherent length and recombine them
[48]. For the laser linewidth of sub-kHz, say 500 Hz, the
coherent length will be 400 km, which gives 80 dB loss at
wavelength of 1550 nmb with minimum loss. The introduction of ﬁber ampliﬁer via loss-compensated recirculating
technique will give an extended long delay [49], and at the
same time, it will add the time-dependent noise to measured
linewidth; for the small phase noise laser, the added noise
could be comparable to the tested laser itself. Hence, the
DSHI method is inappropriate for sub-kHz linewidth laser.
Fortunately, coherent detection of Φ-OTDR itself can be
used to characterize the narrow linewidth laser [50]. The
pump laser is the tested laser for Φ-OTDR; the phase variance with time can be recovered as a function of the position
(time) via coherent detection. The phase jitter of the phase
variance can be improved by the multiple pulses to reduce
uncertainty for linewidth measurement. The delay time τ
and the measured phase jitter variance σ2τ of the test laser
linewidth Δʋc has linear slope of σ2τ = 2πΔυc τ. Note the time
interval Δt (in ms range) between two consecutive traces for
beating note traces should be longer than the coherent time
of the laser in order to mitigate any correlation between
them for independent statistical analysis of the phase jitter variance. The paper demonstrated the following laser linewidths:
554.0 (±10.0) Hz and 998.1 (±23.0) Hz using 1 km Rayleigh
scattering ﬁber, which demonstrated an intrinsic linewidth
measurement via statistical analysis of laser phase noise, as
shown in Figure 9.
3.8. Challenge in Rayleigh Scattering-Based OTDR Sensing.
The evaluation of the Rayleigh scattering-based Φ-OTDR

Phase jitter variance (rad2)

Figure 8: Demodulated dynamic strains of two diﬀerent methods (with and without database): (a) 10 Hz sinusoidal variation; (b) 50 Hz
sinusoidal variation.
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Figure 9: Investigation of BRFL pump laser impact on phase noise
statistics and intrinsic linewidth. The BRFL was pumped by three
diﬀerent pump lasers: (1) AOI laser with 50 kHz (DFB, AOI Inc.),
(2) RIO laser with 30 kHz (RIO009x, RIO Inc.), and (3) NP laser
with 3.4 kHz (Rock Module, NP Photonics Inc.). Accordingly, the
intrinsic linewidths of the BRFLs with three pump lasers were
mathematically obtained as 554.0 (±10.0) Hz, 998.1 (±23.0) Hz,
and 1600.0 (±30.2) Hz, respectively.

as distributed ﬁber sensors for structural health monitoring
(SHM) includes the following factors.
3.8.1. Sensing Length and Spatial Resolution. Sensing range is
directly linked to the area of the sensing coverage in SHM,
while spatial resolution determines the accuracy of the locating abnormal frequency spot, for instance, deformation of
the oil pipeline has a leaky point or internal crack location.
There is a trade-oﬀ between the sensing length and the spatial
resolution, simply because the increased sensing length leads
to the high noise accumulated over the sensing length and
ﬁber attenuation, although the ﬁber ampliﬁer, such as EDFA,
can bring the overall signal level; however, EDFA itself also
introduces noise and it does not improve the signal to noise
ratio.
Under the smallest spatial resolution, the disturbance of
the dynamic strain could be combined with the coherent
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3.8.2. Acoustic or Vibration Frequency Range. The acoustic
frequency spectra can be linked to the condition of the
internal crack or deformation in the pipeline, bridge, power
generator, airplane, rail, etc.; the size of the crack or deformation can be related to the measured acoustic or vibration frequency; and the smallest dimension corresponds to the
highest frequency. The structural health monitoring of civil
structures and damage detection in mechanical processes
require frequency detection from a few Hz to hundreds of
kHz, even MHz [43].
The maximum measurable acoustic frequency f max in the
OTDR sensor system is limited by the repetition rate of the
pulse signal. This limit is set to avoid overlapping of the optical traces by consecutive optical pulses, i.e., at any given time,
there will be one optical pulse traveling in an optical ﬁber at
the speed of light as c/ng from one end to the other end as a
probe signal and return to the starting point as a backscattering Rayleigh signal. This gives twice of the ﬁber
length L for f max :

f max =

1
c
×
:
2 2ng L

ð11Þ

T
f0
Frequency

Rayleigh signal from the entire ﬁber length as a noise ﬂoor. In
this situation, one can use the Kerr nonlinear eﬀect to magnify the changed signal (sensing element) and remove the
large DC background signal [51]. The mechanism is a parametric ampliﬁcation via the signal and the pump, creating
two sidebands at higher orders for ampliﬁcation.
The noise ﬂoor contribution from coherent Rayleigh
scattering along the entire optical ﬁber is due to the ﬁnite
extinction ratio of the EOM (<25 dB) with high extinction
ratio EOM (<40 dB); the noise ﬂoor can be removed by high
extinction ratio optical pulse generation (>60 dB) by adding
to the high extinction ratio EOM together for optical pulse
generation [52]. The highest ER pulses in the report are over
100 dB [53]. The low noise ﬂoor from high ER pulse enables
a 26.5 km sensing length to detect 2 m vibration signals without optical ampliﬁcation. The shortest spatial resolution by
phase-sensitive OTDR is 50 cm [22], which was achieved
by continuous wavelet transform for nonstationary vibration
measurement.
Using Raman optical ampliﬁer for both of pump power
ampliﬁcation and backscattering Rayleigh signal ampliﬁcation, the longer sensing length with Rayleigh OTDR has been
demonstrated with 50 km sensing length, where a 60 m long
PZT stretched ﬁber is used to provide a sinusoidal strain at
2 Hz for the strain of the 80 nε peak to peak value [46].
100 km sensing range is possible with 20 averages of the optical trace and bidirectional Raman ampliﬁcation (copropagating Raman pump at 300 mW, counterpropagating Raman
pump at 380 mW). Although increasing the pump power
for the Raman signal in the bidirectional direction may allow
longer sensing length. However, the signal to noise ratio is
not inﬁnitive for a given pump power, and hence, a longer
ﬁber length can be achieved at the cost of the spatial
resolution.

fn
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Figure 10: Frequency coding of the test pulse sequence.

The factor 1/2 is introduced by the Nyquist theorem.
The high frequency detection may be available by
frequency-multiplexed OTDR, which allows detection of
the entire distribution of a high-frequency vibration [54].
They used dense frequency division multiplexed OTDR
(FDM-OTDR) with one modulator to enhance the sensitivity of coherent OTDR. The technique is to modify the
frequency encoding for high-speed phase monitoring with
control software parameters as shown in Figure 10. It
includes multiple frequency components f i (i = 1, ⋯, n)
with a duration W and frequency spacing Δf which is
separated by T/n in the time domain, which is also the
sampling rate for vibration detection in FUT between the
frequency components in the pulse sequence. T is the total
duration of the pulse sequence, which is designed to be
larger than the round trip time in FUT for 1/T, so that
the same frequency components would not occur in
FUT. The integral number n is a multiplexing number
which is limited by the detection bandwidth for single
round trip time system design. The frequency demultiplexing and signal processing can be realized by software processing via short-time Fourier transformation (STFT) to
separate multiple frequency components into multiple
OTDR traces. The sampled data for STFT corresponds to
the duration W, which means distance in OTDR traces.
3.8.3. Smallest Measurable Temperature and Strain. The
highest sensitivity for stress measurement is associated with
the depth of the crack or deformation. For 3D mapping of
the deformation, the information of the displacement of
dynamic strain and frequency spectrum could work together
to provide conditional monitoring for a structure using ﬁnite
element analysis.
The smallest measurable displacement is also called
dynamic strain, which is limited by minimum distributed
phase information. Such a measurement is limited by noises
from the laser noises including laser frequency drift and relative intensity noise (RIN), which can be minimized by using
a narrow linewidth and stabilized laser source. However, it
will increase the overall budget for a phase OTDR-based distributed sensor system. Secondly, the smallest measurable
value is also limited by the ﬁber polarization noises, which
can be minimized by using a polarization marinating ﬁber
(PMF) conﬁguration [27], which can be expansive if large
structural monitoring is needed, i.e., a few km PMF. Alternatively, one can use the telecom ﬁber with polarization diversity detection scheme [17].
To correct overall noise from laser and telecom ﬁbers,
one can use homodyne phase demodulation scheme, which
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is based on selective phase demodulation of one of the double
pulse probe and a direct detection for dynamic phase
demodulation [55]. The continuous wavelet transformation
is also introduced to the recovered time-dependent frequency spectrum [22].
The minimum detectable dynamic strain with Rayleigh
OTDR can be as small as pε [56] for the noise ﬂoor of
100 pε/√Hz with repletion rate of kHz. Such a small strain
measurement is enabled by wavelength scanning coherent
OTDR. The minimum detectable strain for single wavelength
Rayleigh OTDR is 80 nε [31], which is 1000 times larger than
the wavelength scanning OTDR result. The reason for such a
diﬀerence is that the phase recovery signal for a single wavelength source is strongly aﬀected for the laser wavelength
drift and phase noise, while in the large wavelength range,
phase demodulation is an enveloped change, which has little
dependence on individual wavelength stability. The crosscorrelation over a wavelength range takes large average eﬀect;
depending on the wavelength range, the equivalent single
wavelength traces have an average of 104-106. Hence, it is
not surprising to see much smaller strain accuracy in chirped
pulse OTDR comparing with single wavelength pulse OTDR.
The advantage of the single wavelength OTDR for strain or
temperature measurement is the signiﬁcantly large range.
While in chirped pulse OTDR, when the strain or temperature is changed relative to the reference values, the correlation calculation between two large strains or temperatures
can lead to two diﬀerently shaped spectrums, which makes
them decorrelated. This will be the range for the maximum
range.

4. Optical Frequency Domain
Reflectometry (OFDR)
The basic of the OFDR sensor can be found in two review
papers [5, 43]. In this section, we will add some new development in recent years. OFDR utilizes a tunable laser and an
interferometer to superpose a swept-laser signal with a
time-delayed version of the same signal leading to a beat.
The demodulation of the OFDR sensor includes two functions: (1) wavelength detection to compensate nonlinearity
in laser wavelength tuning and (2) Mach-Zehnder interferometer for heterodyne detection of the laser tuning frequency
and delayed Rayleigh signal at diﬀerent wavelengths; the
Rayleigh signal as a function of the beat signal changes with
temperature and strain due to optical path length change.
To record this beat signal change as a function of time,
the laser coherence length should be comparable to the sensing ﬁber length [57]. Beyond of the coherence length, there
are many random noises in various positions along the sensing length, which sets the sensing length limitation for
OFDR sensors. Such a problem can be resolved by introducing
phase compensation by software processing, which allows
the sensing range to enlarge from 50 m to 350 m for static
strain or temperature measurement [58]; beyond software
processing to improve the OFDR sensing range, hardware
signal processing has been proposed, such as self-induced
phase modulation by the nonlinear Kerr eﬀect over long
range reﬂectometers [59]. This enables overcoming the laser

13
coherence length to detect a PMF circulator with a connector
end at 201 km sensing length for the spatial resolution of
13 cm without any ﬁber ampliﬁer being introduced. The conﬁrmed laser coherence length is 10 km [60]. Clearly, the
detection is far beyond that of the laser coherence length.
Another approach to increase the sensing length limit
due to interferometry fading from the ﬁnite laser coherence
length is to use time-gated digital OFDR; it used a narrow
linewidth laser, followed by an AOM to create a long pulse;
within the long pulse, there is a SAW wave to provide frequency sweeping [61]. The detection is coherence detection
with a 90-degree optical hybrid to extract phase information
to recover vibration signal at 3.5 m spatial resolution over
40 km ﬁber length. With further improvement in phase
detection and fading noise compensation of this proposed
technique, 110 km sensing length with 1.6 m spatial resolution was demonstrated [62].
The ﬁrst dynamic strain measurement using OFDR was
proposed and demonstrated by time-resolved OFDR [63],
which is based on a diﬀerent time segment of wavelength
range to recover beat frequency as a function of time and
location. Because of the smaller wavelength range, the spatial
resolution was compromised of a few cm with frequency
range of less than 50 Hz. Using PMF, one can use relative
change of fast and slow axis to remove the need of reference
trace for real-time dynamic strain measurement using OFDR
[64], which allows 200 nε being detected. The maximum
detectable dynamic strain is limited by the positiondependent Rayleigh scattering pattern correlation in OFDR
traces, i.e., backscattered traces depend on the spatial distribution of the inhomogeneity in the sensing ﬁber [65]. To
overcome this limit, the position calibration is for spectrum
registration was proposed to reduce the deterioration
induced by the position segment mismatch in the spatial
domain; this allowed the 7000 με range [66].
The OFDR sensor can only measure either temperature
or strain for the Rayleigh pattern shift. To separate temperature and strain, one can use PMF to measure birefringenceinduced wavelength shift in fast and slow axes, which allows
simultaneous temperature and strain measurements with
0.8°C temperature resolution and 7 με strain accuracy for
spatial resolution of 6 mm [67]. Alternatively, one can also
use two types of the ﬁbers, such as a standard single mode
ﬁber (SMF) and a reduced-cladding SMF by Rayleigh backscattering spectra shifts in OFDR; it allows 18 cm spatial resolution for temperature resolution of 0.3°C and strain
resolution of 8 με [68].

5. Challenges and Limitations in Distributed
Fiber Optic Sensors
Scattering-based OTDR sensor is capable for long sensing
length, because of low scattering loss; the pulsed signal can
be transmitted over tens of kilometers or up to 200 km in
length. However, the returned backscattering signal can be
very weak depending on the spatial resolution of the Rayleigh, Brillouin, or Raman scattering; the scattering signal
level can be in the range of -40 dB to -80 dB plus ﬁber attenuation which is a function of total sensing length.
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Figure 11: Dynamic strain measurement with ultralow vibration frequency of (a) 1 Hz and (c) 0.01 Hz and its FFT spectra (b, d).

The sensing range limitation due to a weak signal at the
end of the ﬁber in principle can be boosted by optical ampliﬁers, for instance, EDFA or Raman ampliﬁers; however,
those ampliﬁers also amplify noise at the same time in addition to adding 4-6 dB noise, which reduces the signal to noise
ratio. In this situation, one can use the Kerr eﬀect to magnify
the small signal before the detection system [51]; this method
can bring the weak signal to the detectable level, which can be
helpful in improving the spatial resolution, as it allows a
smaller pulse with shorter spatial resolution for distributed
sensors, so that the eﬀective signal to noise ratio will be
improved with the same DC oﬀset signal. In [69], to achieve
long-haul measurement without distributed ampliﬁcation,
the distortion of the ampliﬁed pulse is rectiﬁed by using iterative predistortion method to boost the pulse energy and
suppress the self-phase modulation; besides, a three-carrier
pulse is employed to mitigate the inﬂuence of the interference
fading and the stimulated Brillouin backscattering.
Another limitation is the maximum detectable frequency
range which is limited by the ﬁber length. A higher frequency
response of up to 3 MHz is achieved in [70]. The proposed
system-combined beneﬁts of MZI and Φ-OTDR allow it for
high-frequency responses with satisﬁed spatial resolution.

In addition, by impressing vibration signals on a set of backscattering signals that are carried by diﬀerent wavelengths
within one measurement interval, the detectable frequency
response range also could be enhanced [71]. Another method
to break the limitation of the roundtrip time of the light pulse
is that the pulse interval is randomly modulated so that an
equivalent sub-Nyquist additive random sampling (sNARS)
is realized for every sensing point of the long interrogation
ﬁber [72].
In the Φ-OTDR system, signiﬁcant laser frequency drifting (LFD) has limited the detection in the low frequency
range (0.01 Hz-20 Hz), where the LFD will introduce a
time-dependent noise destroying the dynamic strain reconstruction. In [73], a simple and eﬀective method that utilizes
the referenced random ﬁber grating to monitor the variation
of laser frequency is proposed. As shown in Figure 11(c), during the total measurement time of 200 s, the laser frequency
drifting-induced time delays are accurately monitored by
the random ﬁber grating array. And then the reconstructed
dynamic strain proﬁle without the laser frequency drifting
noise is obtained.
The structural health monitoring in ﬁeld request multiparameter sensing in a distributed way, for instance,
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temperature, strain, vibration, and acoustic wave should be
measured simultaneously. The key challenge is to ﬁnd a system that will enable the physical parameters to be determined at any point along the sensing ﬁber with high
sensitivity and spatial resolution, yet within acceptable frequency range for dynamic vibration, strain, and temperature
detection. There are many applications, especially in geophysical and mining engineering, where simultaneous measurement of vibration and temperature is essential [74].
One example is the time-lapse measurements of temperature, vibration, and strain in and around the wellbore,
which provides critical reservoir information, and they can
be used for production and recovery optimization. To get
that information, the end users may have to use three sensor
systems based on Rayleigh scattering and Brillouin scattering, as well as pressure sensor. The individual distributed
systems require additional ﬁber-optic cables, equipment,
installations, and acquisition of three diﬀerent large data sets.
This adds unnecessary tasks to the overall reservoir management work ﬂows, increases cost, and ultimately limits applications of the technology in the future well and reservoir
surveillance. In today’s technology, using a weak FBG
array-based distributed sensor, one can get a single sensor
system to realize dynamic and static measurements [38];
the multiplexing technique will allow thousands of the distributed sensors to be deployed inside of the ﬁber [37].
The new development of ultraweak FBGs and random
grating array sensors has enabled the tens of meters to a
few kilometers of the sensors to be detected for simultaneous
multiparameter sensing with spatial resolution of mm to cm.
The strain accuracy can have sub-μm level, which is certainly
in the level of the acoustic wave detection range. They can be
used for mine safety and operations, leak detection in the
pipeline and abandoned gas wells, induced microseismic
monitoring, and bridges.

6. Conclusion
Distributed ﬁber sensor research has achieved a lot of exciting developments over the last 10 years, especially in the ﬁeld
application for health monitoring of civil and geoengineering
structures. As they oﬀer a number of distinguishing advantages, great advancements have been achieved in recent years
in terms of long sensing length (200 km), high spatial resolution (mm to 1 cm) and high strain, temperature, and acoustic
and vibration resolution (nanostrain resolution, less than
0.01°C temperature resolution, sub-Hz to MHz acoustic wave
detection). This has proven them to be one of the most promising candidates for ﬁber-optic smart structures.
This review presents a comprehensive and systematic
overview of the history of distributed sensor technology
regarding many aspects including sensing principles, properties, and their performance, system limitations, and applications. It is anticipated that many more distributed sensor
systems will be commercialized and widely applied in practice in the near future due to the maturity of many new technologies and the availability of cost eﬀective instrumentation
techniques.
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