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Chapter

The State-of-the-Art of Brillouin
Distributed Fiber Sensing
Cheng Feng, Jaffar Emad Kadum and Thomas Schneider

Abstract

The distributed Brillouin sensing technique has been developed rapidly since its
first demonstration three decades ago. Numerous investigations on the performance
enhancement of Brillouin sensors in respect to spatial resolution, sensing range, and
measurement time have paved the way to its industrial and commercial applica-
tions. This chapter provides an overview of different Brillouin sensing techniques
and mainly focuses on the most widely used one, the Brillouin optical time domain
analysis (BOTDA). The history and the development of Brillouin sensing regarding
the performance enhancement in various methods and their records will be
reviewed, commented, and compared with each other. As well, related sensing
errors and limitations will be discussed, together with the corresponding strategies
to avoid them.

Keywords: stimulated Brillouin scattering, distributed fiber sensing,
nonlocal effects, modulation instability, pump depletion, polarization fading,
spatial resolution, dynamic sensing

1. Introduction

Since optical fibers can be used to measure a variety of physical parameters
directly or indirectly, sensing in optical fibers has been intensively investigated in
the past few decades [1]. Fiber optic sensors can be split into two big categories, that
is, point and distributed sensors. The former type, such as the fiber Bragg grating
(FBG), measures the physical parameters only at a particular location but with
relative high resolution and sensitivity. The detectable range of the latter one, such
as optical time-domain reflectometry (OTDR) [2], is relatively large (usually the
fiber length itself) and continuous but with only moderate resolution and limited
sensitivity [3]. However, numerous investigations have been carried out to design a
novel sensor with the advantages of both types, but avoiding their disadvantages.

With a moderate spatial resolution in the range of 1 m, distributed Brillouin
sensing offers a more cost-effective solution than applying numerous point sensors
in long-range sensing and a more accurate result than traditional distributed sensing
methods such as OTDR [4]. Due to the recent success in breaking the limits of
numerous sensing parameters such as spatial resolution, sensing range, and
measurement time, the Brillouin sensing technique has proved its eligibility in a
variety of fields. Thus, it has aroused significant interest in many different applica-
tions like civil engineering, oil and gas pipelines leakage monitoring, and other
infrastructure surveillance tasks.
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2. Basics of SBS

2.1 Spontaneous and stimulated Brillouin scattering

Brillouin scattering, named after the French physicist Léon Brillouin, who theo-
retically predicted light scattering by a thermally excited acoustic wave (phonon) in
1922 [5], is one of the most prominent nonlinear effects in optical fibers [6]. For
spontaneous Brillouin scattering (SpBS), an incident photon (pump wave) is
transformed into a frequency-downshifted scattered photon (Stokes wave) and a
phonon (acoustic wave). The angular distribution of the Stokes wave is governed by
the laws of momentum and energy conservation, that is,

kA
!

¼ kp
!

� ks
!

ωB ¼ ωp � ωs (1)

where kA
!
, kp
!
, and ks

!
are the wave vector of acoustic, pump, and Stokes wave,

and ωB, ωp, and ωs are their corresponding angular frequencies. Considering the
fiber geometry and provided that the phonon frequency is much smaller than that
of both photons, an efficient Brillouin scattering only occurs in the backward
direction. The Brillouin frequency shift (BFS) νB ¼ ωB=2π is estimated to be
�11 GHz for typical single mode fibers (SMF) and a pump wavelength in the
C-Band of optical telecommunications (around 1550 nm) [7]. As has been shown
very recently, forward SBS [8] can be used for sensing applications as well [9, 10].
However, the interaction is governed by transverse acoustic modes, and compared
to backward SBS, the effect is rather weak. Since a description of this new field of
SBS in sensing would go far beyond the scope of this book chapter, hereafter only
backward SBS and its applications are discussed.

The basic origin of SBS is electrostriction, which tends to compress the material in
the presence of an electrical field [11]. The superposition of the pump and the
counterpropagating Stokes wave modulates the density and hence the refractive
index of the optical fiber through electrostriction. Thus, a moving grating (an acous-
tic wave) is formed. If the velocity of this moving grating coincides with the speed of
sound in the material, the effect is very efficient and it additionally reflects optical
power from the pump wave. Due to the Doppler effect, the reflected pump wave is
downshifted in frequency by the frequency difference between pump and probe and
thus adds power to the Stokes wave. Therefore, a positive feedback loop is
established. This transformation from SpBS to SBS can be quantitatively described by
the differential equation system (DES) in the propagation direction z as:

dIp
dz

¼ �gB ωð ÞIpIs � αIp

� dIs
dz

¼ gB ωð ÞIpIs � αIs

(2)

where Ip and Is are the intensity of pump and Stokes wave, α is the fiber attenua-
tion, and gB ωð Þ is the SBS gain.

The threshold of SBS is defined by the critical power that characterizes the
transformation from SpBS to SBS. However, its definition is rather controversial.
Smith et al. first defined it as the input pump power at which the backscattered
power equals to the transmitted power at the output [12] and Eq. (3) with the
critical gain factor Cth≈21 gives an estimation of this critical value:
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Pth � Cth

Aeff

gB ωBð ÞLeff
(3)

where gB ωBð Þ is the peak SBS gain, Leff ¼ 1� exp �αLð Þ½ �=α is the effective

length with L as the real fiber length, Aeff is the effective cross section of the fiber,

and Pth is the estimated SBS threshold. Later on, this estimation has been revised
with different theories and approximations, achieving also different Cth values
[13–15]. However, instead of a constant, Cth has been recently found to be depen-
dent on the fiber length and its parameters [16]. As a typical experimental example,
Figure 1(a) illustrates the transmitted and the reflected power as a function of the
incident power in a 20 km SMF. The dashed black line symbolizes the SBS thresh-
old, beyond which the backscattered power rapidly increases and the output pump
power stays almost constant.

2.2 The Brillouin gain

The transferred energy from the pump to the Stokes wave can be regarded as an
amplification when it is frequency downshifted to the pumpwave by BFS. For typical
SMF in the C-Band of optical telecommunications, the lifetime TB of the phonon
involved in the SBS interaction is usually in the magnitude of�10 ns, which leads to a
finite spectral distribution of the SBS gain. The complex SBS gain coefficient, which
depicts the evolution of the probe wave as a function of frequency detuning ω
between pump and probe wave, is approximated by a Lorentzian shape [17]:

g ωð Þ ¼ g0Pp

1� 2j ω� ωBð Þ=ΓB
(4)

where ΓB ¼ T�1
B , Pp is the pump power, g0 is related to the inherent material

Brillouin gain gp with g0 ¼ gp=Aeff and Aeff is the effective cross section of the fiber,

gp is in the range of 3� 10�11 m/W to approximately 5� 10�11 m/W at 1550 nm.

The real part of Eq. (4) represents the power amplification of the probe wave, also
known as the Brillouin gain spectrum (BGS), and can be expressed as:

gB ωð Þ ¼ g0Pp ΓB=2ð Þ2

ω� ωBð Þ2 þ ΓB=2ð Þ2
(5)
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Figure 1.
(a) The transition from SpBS to SBS in a 20 km SMF, from a distinct threshold (here Cth≈16), the reflected
stokes power drastically increases, whereas the transmitted pump power stays almost constant; (b) simulated
normalized Brillouin gain spectrum (BGS) and Brillouin phase spectrum (BPS) of a 20 km SMF.
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The full width at half maximum (FWHM) of the BGS ΔνB ¼ ΓB= 2πð Þ, also
known as the natural Brillouin linewidth, is estimated to be several tens of MHz for
SMF, as shown in Figure 1(b) for a 20 km SMF. The Brillouin linewidth can be
engineered to several GHz with a broadened pump for applications such as SBS-
based filters [18–20] and slow light [21–23] while it can also be narrowed to a record
of 3.4 MHz with specific techniques [24–28].

It is also worth to mention that the complex SBS gain changes not only the probe
wave in amplitude, but also in phase by its imaginary part. As shown in Figure 1(b),
the SBS phase shift has a linear dependence on the frequency detuning in the vicinity
of the BFS and zero-phase shift directly at the BFS, that is, the peak Brillouin gain.
These properties are important for applications such as SBS-based microwave
photonic filters [29] and distributed Brillouin dynamic sensing [30].

2.3 The polarization effect of SBS

Since the state of polarization (SOP) of the probe and pump waves hover
randomly in the fiber due to the weak birefringence of SMF and only an averaged
interaction can be detected at the output, the dependence of the SBS gain on the
SOP has been neglected for long. However, with the rise of the polarization
maintaining technique [31], the polarization effect of SBS has been investigated,
and it has been found that the SBS efficiency of the pump-probe interaction with
arbitrary polarization states is governed by [7]:

ηSBS ¼
1

2
1þ ŝ � p̂ð Þ ¼ 1

2
1þ s1p1 þ s2p2 � s3p3
� �

(6)

where ŝ ¼ s1; s2; s3ð Þ and p̂ ¼ p1; p2; p3
� �

represent the unit vectors of Stokes and
pump waves in the Poincaré sphere. As shown in Eq. (6), the SBS efficiencies of a
parallel and orthogonal SOP are 1� s23 and s23. The SBS efficiency reaches zero when
both of the pump and Stokes are orthogonally linear polarized (s3 ¼ 0). This behavior
can be used for many different applications from filters [19, 32, 33] via high-
resolution spectrum analyzers [34–36] to the generation of THz waves [37, 38].

3. Principle of distributed Brillouin sensing

According to the DES of SBS, the Brillouin gain in each fiber section is accumu-
lated in an SBS interaction between two continuous waves (CW). This accumula-
tion along the fiber leads to a relative high energy conversion at the detector but
makes it difficult to distinguish the information of local interactions. Therefore,
distributed Brillouin sensing uses other techniques.

3.1 Temperature and strain-dependent Brillouin frequency shift

According to the theory of material science, the velocity of the longitudinal
acoustic mode in the fiber depends on material properties such as Young’s moduli
and the density [39]. This high sensitivity to the temperature and tensile strain
makes the BFS also temperature [40] and strain [41] dependent. The linear depen-
dence has been proved and measured in several papers [40–42], as illustrated in
Figure 2 and can be expressed as:

νB T; εð Þ � νB T0; ε0ð Þ ¼ Cε � δεþ CT � δT (7)
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where νB T; εð Þ represents the BFS at a temperature T and strain ε, CT and Cε are
the temperature and strain coefficients. Although both temperature and strain
contribute to the BFS shift, the physical difficulty in discriminating the response
from these two factors can be solved with specific strategies [43]. For standard
SMF, CT and Cε are measured to be 1.081 MHz/°C and 42.93 kHz/με, respectively
[42]. The slope of the linearity has also been studied intensively and optimized with
different doping concentrations [44].

3.2 Overview of SBS sensing techniques

Since the first demonstration of the most widely used distributed Brillouin
sensing scheme in time domain [4], which is now called Brillouin optical time
domain analyzer (BOTDA), several different schemes have been proposed and
developed with their own advantages and disadvantages.

3.2.1 BOTDA

The principle of BOTDA is based on the Brillouin interaction between a pulsed
pump (or probe) wave and a counterpropagating CW probe (or pump) wave. The
acoustic wave is generated locally at the point where the pump pulse and the probe
CW meet. The energy transfer via the acoustic wave at each position of the fiber
under test (FUT) is determined by the frequency detuning between the two signals
in comparison to the phonon frequency, that is, the probe wave is amplified when
νp � νs ¼ νa and depleted when νs � νp ¼ νa where νp, νs, and νa are the pump,
probe, and phonon frequency, respectively. As shown in Figure 3(a) as a typical
example, local Brillouin gain (or loss) can be translated from the time-dependent to
the distance-dependent information according to the round trip relation z ¼ ct= 2nð Þ
where z is the fiber position where pump and probe wave interact, t is the propa-
gation time of the pulse, c is the velocity of light in vacuum, and n is the refractive
index.

In order to derive the local BFS at each position of the fiber, the reconstruction
of the BGS, as illustrated in Figure 3(b), should be carried out by a frequency sweep
with every frequency detuning around the phonon frequency. The accurate BFS
at each fiber section can be achieved by fitting every measured BGS with the
theoretical profile (either Voigt [45] or Lorentzian, dependent on pulse width) as
illustrated in Figure 4(a).

10 20 30 40 50 60
-50

-40

-30

-20

-10

0

10

0 100 200 300

10.75

10.80

10.85

10.90

B
ri
ll
o
u
in
fr
e
q
u
e
n
c
y
s
h
if
t
(M
H
z
)

Temperature (°C)

(a) (b)

B
ri
ll
o
u
in
fr
e
q
u
e
n
c
y
s
h
if
t
(M
H
z
)

Microstrain ( )

Figure 2.
BFS dependence on (a) temperature and (b) strain in a SMF for a pump wavelength of 1550 nm [42].
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3.2.2 BOTDR

The principle of Brillouin optical time domain reflectometry (BOTDR) is a
Brillouin scattering-based OTDR [2]. Different from BOTDA, only a pulsed pump is
launched into the FUT from one side of the fiber. Since the time-resolved probe
signal is back reflected due to SpBS instead of SBS, the signal power is much weaker
than for BOTDA [4] and it is of great importance to apply a coherent detection
with a strong local oscillator simultaneously [46]. Since an access to the other fiber
end is not necessary, BOTDR is advantageous for some applications. However,
besides the weak received signal, it suffers from further disadvantages such as limited
spatial resolution of around 1 m, the distortion from Rayleigh backscattering, Fresnel
reflection from the connector, and a limited sensing range due to fiber attenuation.

3.2.3 BOCDA

The Brillouin optical correlation domain analyzer (BOCDA) is one of the most
recently demonstrated Brillouin sensing techniques. Compared to BOTDA and
BOTDR, much higher spatial resolutions down to several millimeters can be
achieved [47]. Its principle is based on the interaction of two identically frequency-
modulated (FM) counterpropagating CW waves. Similar to the principle of a
standing wave (see Figure 5), the frequency difference between the counterpro-
pagating pump and probe wave remains constant at specific positions of the fiber,
that is, correlation peaks called nodes. Brillouin interactions will take place at these
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(a) Evolution of the Brillouin gain for a given frequency detuning; (b) reconstructed 3D BGS along the fiber.
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nodes with the frequency difference properly set in the vicinity of the BFS of the
FUT [48]. Since the frequency difference varies much faster than the time to excite
an acoustic wave, only negligible Brillouin interactions will take place at the other
positions. Therefore, unlike a pulse-based scheme such as BOTDA, the spatial
resolution of a BOCDA system is usually high and determined by the modulation
parameters (amplitude and frequency) written as:

Δz ¼ vg � νB
2πfm � Δf (8)

where vg is the group velocity, νB is the Brillouin gain linewidth, fm and Δf are the
modulation frequency and amplitude of the FM. By sweeping the frequency differ-
ence between the pump and probe wave, the BGS of the measured fiber position is
scanned.

It is difficult to determine the contribution of the Brillouin interaction from
multiple points of the fiber simultaneously. Therefore, the modulation frequency of
both waves and the delay from one side should be carefully set, so that only a single
correlation peak along the fiber is measured at a time. Thus, the sensing range of a
BOCDA system is usually short and limited by the distance between adjacent cor-
relation peaks dm ¼ vg= 2fm

� �

. The location of the measured correlation peak can be
shifted by changing the modulation frequency.

In comparison with other Brillouin sensing techniques, BOCDA has an excellent
performance in achieving high spatial resolution, which depends on the FM modula-
tion amplitude and the natural Brillouin linewidth. Besides, since the acoustic wave is
excited by CWwaves, the BGS linewidth will not be broadened. However, since each
point along the fiber must be measured individually, the total measurement time will
be linearly proportional to the amount of resolved points, which makes the measure-
ment time also longer, compared to the other Brillouin sensing techniques.

3.2.4 BOFDA

The principle of the Brillouin optical frequency domain analyzer (BOFDA) [49]
is based on the measurement of the complex transfer function that relates the
amplitudes of the CW counterpropagating pump and probe wave with the FUT.
The probe wave is frequency downshifted to the pump by the BFS and amplitude
modulated with a sinusoidal function at a variable frequency. The modulated pump
and probe wave intensities are measured at the end of the FUT with two separate
photodiodes (PD) that fed to a network analyzer (NWA). By sweeping the modu-
lation frequency, the NWA measures the baseband transfer function of the FUT,

f

Pump(f1)

Probe(f2)

∆f

Position

f1 − f2

∆f

Position

Correlation peaks

Figure 5.
Schematic explanation of BOCDA [48]. The frequency difference between pump and probe wave is constant at
the correlation peaks.
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whose inverse fast Fourier transformation approximates the pulse response of the
FUT and represents the temperature and strain distribution. The high spatial reso-
lution that BOFDA could achieve depends on the frequency sweep range, though, at
the cost of the measurement time.

3.3 Basic setup of BOTDA

As illustrated in Figure 6(a), a typical conventional BOTDA setup mainly com-
prises three parts. A highly coherent laser is split via a coupler into the probe
(upper) and pump (lower) branch. A microwave signal, which can be scanned over
the range of the BFS (�11 GHz � 150 MHz), is applied on a Mach-Zehnder modu-
lator (MZM 1) in the probe branch and biased in the carrier suppression regime.
The generated lower frequency sideband serves as the probe wave, while the upper
one is blocked by a narrow band-pass filter (FBG 1). The probe power is controlled
by an erbium-doped fiber amplifier (EDFA 1) and launched into one end of the
FUT. In the pump branch, the pump pulse with a required duration is formed by
another MZM, amplified by EDFA 2 and launched into the other end of the fiber
via a circulator (Cir 1). In order to mitigate the influence of the SBS polarization
effect [50], the polarization of either pump or probe wave is scrambled via a
polarization scrambler (Pol.S.) before launched into the fiber.

The Brillouin amplified probe wave is detected by a fast photodiode (PD) whose
minimum bandwidth should correspond to the inverse of the pump pulse duration,
to avoid any trace distortions. Another narrow band-pass filter (FBG 2) blocks the
residual reflected pump wave. The electrical signal from the PD, which represents
the evolution of the probe power, is processed digitally with a large number of
averaging by a signal processor, that is, an oscilloscope or a digitizer. The Brillouin
gain, which is essential for BFS estimation, can be derived by dividing the output of
the PD by the probe power before the pump pulse is launched into the fiber [51].

3.4 Evaluation of the BOTDA performance

The BOTDA sensing performance is highly dependent on the estimation accuracy
of the local BFS. According to recent investigations [52], system parameters such as
the FWHM of the BGS ΔνB, the scanning frequency step δ, and the system noise σ,
which is the inverse of the signal to noise ratio (SNR) of the normalized Brillouin
gain, contribute significantly to an accurate estimation of a local BFS, as presented by
the red curve in Figure 6(b). Provided that νB zð Þ is the estimated BFS at distance z
after a parabolic fitting of all experimental data above a given fraction η of the peak
value (see Figure 6(b) for η ¼ 0:5), the estimated error of the BFS is [52]:

Figure 6.
(a) Conventional BOTDA setup. RF, radio frequency; MZM, Mach-Zehnder modulator; EDFA, erbium-
doped fiber amplifier; Pol.S., polarization scrambler; FUT, fiber under test; PD, photodiode; Cir, circulator;
FBG, fiber Bragg grating; (b) typical measured local BGS (red) and BPS (black) with system parameters that
contribute to an uncertainty of the BFS estimation.
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σV zð Þ ¼ σ zð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3 � δ � ΔνB
8

ffiffiffi

2
p

1� ηð Þ3=2

s

!
η¼0:5

σ zð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3

4
δ � ΔνB

r

¼ 1

SNR zð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3

4
δ � ΔνB

r

(9)

As expected, a denser frequency sampling and a higher SNR value lead to a more
accurate BFS estimation. Taking the relation of the SNR and number of averaging

NAV into consideration, that is, SNR zð Þ∝
ffiffiffiffiffiffiffiffiffiffi

NAV

p
, the frequency error will also

decrease significantly after thousands of averages due to an enhanced SNR. Owing
to the linear dependence of the Brillouin phase response in the vicinity of the BFS,
the sensor performance can also be evaluated by the linear fitting of the BPS [53]
with a narrow frequency scanning and reduced measurement time (see black curve
and yellow line in Figure 6(b)).

3.5 Major issues and limitations of BOTDA

3.5.1 Polarization fading

As discussed in Section 2.3, the Brillouin gain is highly dependent on the SOP of
the pump and probe wave. Due to the weak birefringence of SMF, the SOP change
of pump and probe leads to a highly nonuniform Brillouin gain along the fiber and
consequently to a poor SNR for almost every fiber section, which is called polariza-
tion fading [50]. There are several solutions for polarization fading in a BOTDA
system. The first proposed idea was to sequentially launch two orthogonal SOPs of
the pump (or probe) wave and average the two measured results [4]. Another
option is polarization scrambling, where the SOP of the pump and probe is varied
rapidly so that the SOP is effectively randomized over time. It can be used in
various scientific setups to cancel the errors caused by polarization-dependent
effects. With a polarization scrambler and a digitizer, the traces can be averaged
over thousands of pump pulses until a required high enough SNR is reached,
though, at the cost of the BGS acquisition time.

3.5.2 Limitations on pump pulse width

According to the round-trip relation, the Brillouin interaction in a conventional
BOTDA system takes place in a fiber section with a length of cT= 2nð Þ, which can be
seen as the spatial resolution [54], where c is the light speed in vacuum, n is the fiber
refractive index and, T is the pulse duration. In principle, the spatial resolution
could be enhanced by using shorter pulses. However, two main factors limit the
spatial resolution to only 1 m.

First of all, decreasing the pulse duration will shorten the Brillouin interaction
length and hence lower the SBS gain and consequently the SNR. Furthermore, the
pump power spectrum for a shorter pulse will be severely broadened. Therefore,
the resulting effective BGS should be modified as the convolution of the pump
spectrum density and the natural Brillouin linewidth [21], that is,

g
eff
B νð Þ ¼ gB νð Þ⊗Ip νð Þ (10)

where Ip νð Þ is the pump pulse power spectrum, which is significantly broadened
to 1=T for pulses shorter than 20 ns [55]. The inherent broadening of the BGS leads
to a decrease of the peak gain, which makes the estimation of the BGS peak more
sensitive to the noise level. Moreover, it also indicates that the probe wave will be
amplified only after the acoustic field is excited by the pump-probe interaction,
which takes 10–30 ns. Due to the abovementioned reasons, the spatial resolution of
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a conventional BOTDA system is limited to around 1 m, which corresponds to a
pulse width of 10 ns.

3.5.3 Limitations on the pump wave power

In principle, the pump pulse power launched into the FUT should be high enough
to compensate the fiber attenuation and hence generate an efficient Brillouin inter-
action. However, modulation instability (MI) in the optical fiber appears when the
pulse power is beyond a certain threshold [56]. MI refers to the breakup of the
balance between the anomalous dispersion and the Kerr effect, so that a train of
soliton-like pulses rises from the noise as spectral sidebands symmetric to the pulse
frequency [57, 58]. Several theoretical as well as experimental investigations have also
demonstrated that there exists a periodical energy exchange between sidebands and
pulse power along the fiber, that is, after a certain length of propagation, the pulse
energy that has been spread to the sidebands will be transferred back to the pulse
frequency and thus forms the Fermi-Pasta-Ulam recurrence [59].

For a conventional BOTDA system, this periodical power exchange leads to the
fluctuation of the pump pulse power during the propagation and therefore distor-
tions of the traces. As illustrated in Figure 7(a), some of the fiber sections are not
correctly interrogated due to the limited SNR. Furthermore, the critical power of the
MI for a conventional BOTDA system with 25 km fiber is estimated to be as low as
135 mW [57]. Due to a rapid decrease of the Brillouin gain, MI severely limits the
sensing range.

3.5.4. Limitations on the probe wave power

In order to achieve a high SNR for a better BFS estimation, a high enough probe
wave power should be launched into the FUT. However, due to nonlocal effects
(NLEs), the probe wave power in a conventional BOTDA system, that is, single
probe sideband system, is usually limited to only �14 dBm [60]. The NLE generally
refers to the fact that the Brillouin interaction from a local fiber segment is
influenced by the interaction of other segments and hence leads to an error in the
BFS estimation of the local fiber segment. It should be noticed that not only a too
high probe power, but other factors, such as a limited pump pulse extinction ratio
(ER), would also lead to NLE.

The origin of the NLE due to the high probe wave can well be explained by
Figure 7(b) and the DES of SBS. As pointed out by Eq. (2) in Section 2.1, the
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Brillouin interaction at each fiber segment not only amplifies the probe wave but
also slightly depletes the pump power intensity. Since for each time-resolved inter-
val, the CW probe wave interacts with the pump pulse only once, and the impact of
the depletion becomes much higher on the pulse than on the probe wave. Therefore,
the pump spectrum density is no longer independent of the Brillouin interaction
that the pump pulse has experienced before reaching the distant fiber segment with
nonuniform BFS (see Figure 7(b)). NLE typically leads to an asymmetry of the BGS
and hence to an error in the BFS estimation. It should be noticed that, due to the
accumulative impact of the depletion on the pump pulse, the NLE is in general more
severe at the far end of the fiber (see Figure 8).

Another limitation on the probe power is the Brillouin threshold of the fiber. It is
theoretically the maximum power that the input probe wave can have with no
depletion and no thermally induced SpBS from the probe wave [61]. Since the
Brillouin threshold is usually higher than the probe power limit due to the NLE, a
series of techniques have to be applied to solve the NLE and then push the probe
power limit toward the threshold of SBS.

4. State-of-the-art of BOTDA

As discussed in Section 3, due to the limitations on the pump pulse and probe
power, the spatial resolution, and hence the sensing range and BFS measurement
accuracy, a conventional BOTDA system is far from achieving an ideal perfor-
mance. In order to compensate the SNR degradation, a higher averaging must be
applied at the cost of measurement time. In this section, methods to break these
limitations are reviewed.

The techniques introduced in this section are categorized according to their
enhanced sensor performances. It is worth to notice that the contribution of each
technique may lead to enhancements in several performances, for example, a tech-
nique that overcomes the MI enables a pump power higher than the limit and thus
also an extended sensing range due to the increased Brillouin gain.

4.1 Strategies to avoid modulation instability

4.1.1 Noise filtering

The origin of MI is system noise, in which especially the amplified spontaneous
emission (ASE) noise from the EDFA for pump pulse amplification plays an
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important factor. Therefore, a narrow band-pass optical filter after the pulse amplifi-
cation might mitigate the MI [62]. Conventionally, the Brillouin gain is proportional
to the input pump power, as indicated in Figure 9(a). However, this is not the case if
MI takes place. When the pump is depleted, the Brillouin gain decreases correspond-
ingly. As indicated by the red line in Figure 9(a), the application of the filter enables
a slight increase of the Brillouin gain when the pump power is beyond the MI
threshold, indicating a lower pump depletion in comparison to the case without the
1 GHz band-pass filter, and a mitigation of MI. Besides, the sensing range is also
extended due to the lower pump depletion. Figure 9(b) illustrates experimental
results for the distance that the pump pulse reaches when its amplitude is depleted by
50%. Since the MI extends over a band of �60 GHz [62], it is believed that a filter
wider than this bandwidth has a negligible contribution on the MI mitigation, while
an enhanced mitigation is expected with a much narrower filter.

4.1.2 Dispersion-shifted fiber

Since the origin of MI is the interplay between the Kerr effect and anomalous
dispersion, the MI can be eliminated in a dispersion-shifted fiber (DSF) with normal
dispersion D = �1.4 ps/(nm�km) at 1550 nm [63]. As discussed in Section 3.5.3, the
MI threshold in a 25 km SMF is estimated to be around 135 mW. However, as shown
in Figure 10(a), in DSF with the same length, no obvious trace distortion is observed
at a pump pulse power of 400 mW, indicating a much higher MI threshold. An
exponential fitting, which implies a pure fiber attenuation, further confirms the full
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mitigation of MI. In comparison with other techniques, this technique is simple and
requires no further change in the setup. However, DSFs of long length are muchmore
costly than SMFs of the same length and DSFs usually have a higher attenuation.

Though the successful mitigation, according to a recent investigation [64], there
are still pump power limitations. As shown in Figure 10(b), for a pump pulse with a
power of around 1 W, the traces are distorted mainly by forward Raman scattering.

4.1.3 Orthogonal polarized pump pulses

Since the single pump pulse power is limited by MI, a novel technique based
on multiwavelength pumps was proposed to break the power limitation [65].
However, it has soon been identified that four wave mixing (FWM) between
different spectral lines [65, 66] limits this approach. Thus, an orthogonal polarized
dual-pump technique was proposed [67]. In this technique, two pump pulses with
orthogonal SOP in different frequencies are launched into the FUT and interact
with their corresponding probe waves. As shown in Figure 11, the orthogonal
pumps effectively mitigate the MI in comparison with a single pump regime and
successfully avoid the FWM interaction in comparison with the parallel polarized
dual-pump regime both in time and frequency domain. It is worth to note that no
additional polarization scrambler is required for orthogonal pulses, since two
complementary Brillouin interactions are already ensured.

4.2 Strategies to avoid nonlocal effects

In an early proposal to avoid NLE, a general postprocessing algorithm was used
for the BFS profile reconstruction [45]. Based on the BFS distribution that matches
the measured data with a minimization algorithm in multidimensions, the parame-
ters of the unknown BFS profile can be derived. However, the experimental reali-
zation complicates the setup and increases the processing time [68]. Another idea
for the mitigation of NLE in general is to use pulses for both pump and probe wave
[69]. However, despite the effective mitigation of the NLE, the shortened interac-
tion length increases the measurement time significantly. In this subsection, other
effective solutions for the NLE are reviewed.

4.2.1 Dual probe

One of the origins of NLE is the pump pulse depletion, which can be further
separated in first- and second-order NLE. First-order NLEs are mainly caused by
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pump depletion due to a high probe power. Second-order NLEs are based on linear
distortions of the pump pulse spectrum. Second-order NLEs can even happen when
first-order NLEs are completely mitigated [70].

The most popular solution for first-order NLE mitigation is the dual-probe
sideband regime. In contrast to a conventional BOTDA system, both probe wave
sidebands generated by the MZM are involved in the SBS interaction. The pump
pulse depletion due to the energy transfer to the lower frequency sideband is
compensated by an energy transfer from the upper frequency sideband to the
pump. A theoretical analysis reveals that in the dual-probe sideband regime, the
probe power limit rises from �14 to �3 dBm [60, 71]. Furthermore, since the
energy transfer from the high power (pump) to the low power (probe) is more
efficient than the reverse process, slightly unbalanced dual-probe sidebands miti-
gate NLE better than balanced ones [60, 72].

Even with dual probe regime, second-order NLEs still exist [70]. This kind of
NLE has its origin not in the depleted pump, but in the frequency-dependent
distortion of the pump pulse spectrum that affects the interaction in the gain and
loss configuration differently (see Figure 12(a)). However, a total mitigation of
first- and second-order NLEs can be achieved with dual-probe sidebands [61] with
additional FM in saw-tooth shape [73]. A similar performance enhancement can
also be achieved with sinusoidal or a triangular shape [61, 74]. If the FM is syn-
chronized to the pump pulses (see Figure 12(b)), a series of pulses at a specific
fiber position interacts always with the same probe frequency. In turn, each single
pulse experiences SBS interactions with probe waves that have different frequency
detunings as it propagates along the fiber. Since the pulse depletion is accumulated
along the fiber, a decreased distortion upon the pulse spectrum can be achieved by
interacting with different frequencies within the BGS, indicating a mitigation of the
second-order NLE. Together with the mitigation of the first-order NLE by dual-
probe sidebands regime, the probe power limit has been successfully pushed to a
record of 8 dBm [61], reaching the Brillouin threshold of SMF in �20 km range.

4.2.2 Higher pulse extinction ratio

Another origin of NLE is the imperfect pulsing of the pump wave. Due to the
limited extinction ratio (ER) of common pulsing methods, there is a residual power
leakage. Since the pulse pedestals have the same frequency as the pump, SBS

Figure 12.
Schematic explanation of (a) the Second-order NLE due to the distortion of the pump spectrum [70] and (b)
the strategy to avoid it using an FM probe wave [73].
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interactions can take place between the probe wave and the leading as well as the
trailing pedestals [75], as schematically depicted in Figure 13(a). Therefore, the net
effect of the presence of the pulse pedestal is that the probe wave will be addition-
ally amplified. However, this amplification is not useful for sensing. In case of a
strong probe wave, not only the pulse but also the pedestals (especially the trailing
pedestal) will deplete, which lead to severe distortions on the BOTDA traces (see
Figure 13(b)) [75, 76].

Under a very low ER, the interactions between probe wave and pedestals may
dominate the final BGS detection due to a long interaction length and leads to an
error on the BFS estimation (see Figure 14(a) and (b)) [77]. For a conventional
MZM, the ER is only 20 dB but can be enhanced up to 30 dB with special designs.
Higher ERs of more than 40 dB can be achieved with switching type semiconductor
optical amplifiers (SOA) and a 60 dB ER with RF switches [75, 76].

4.3 Enhancement of the spatial resolution

4.3.1 Differential pulse width pair (DPP)

In a DPP-BOTDA system, two consecutive measurements are carried out with
the same pulse peak power but slightly different durations, T and T þ ΔT. Usually,
T is longer than the phonon excitation time, indicating a full excitation of the
acoustic wave in both measurements and ΔT is short so as to achieve a high spatial
resolution [78]. Since both pump pulses give the same amplification in the time slot
T and only the longer pulse contributes amplification in the extra time ΔT, the
subtraction of the two measured Brillouin amplified probe signals yields to the BGS
in the time slot ΔT.

Figure 13.
(a) The schematic description of the interaction between pulse and probe wave [75]; (b) the distorted BOTDA
traces under different pulse ER due to the pump pedestal depletion [76].
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Later on, the DPP-BOTDA technique has been developed into a simultaneous
measurement by launching two pump pulses with slightly different durations in
different frequencies [79]. Pump pulse 1 with duration T interacts with the probe
wave via SBS loss, while simultaneously pump pulse 2 with duration T þ ΔT inter-
acts with the probe wave via SBS gain (see Figure 15(a)). Therefore the subtraction
of the BGS is automatically achieved at the detector with no postprocessing
required. A 10 cm spatial resolution BOTDA system has been reported by using a
30 ns gain pump pulse and a 29 ns loss pump pulse (see Figure 15(b)) [79].
However, in comparison with the pre-excitation method, the subtraction of the
traces adds noise to the data. Therefore, in order to achieve the required SNR,
massive averaging must be applied.

4.3.2 Pre-excitation

The reason for the spatial resolution limit of around 1 m is the excitation time of
the phonon. A prepump excitation can solve this problem by shaping the pump
pulse into two parts, that is, a long pedestal with low power (prepump pulse (PPP),
part 1 in Figure 16(a)) for the phonon excitation, followed by a narrow high power
pulse (part 2 in Figure 16(a)) [80]. In order to excite the phonon, the PPP is usually
longer than 10 ns. To achieve high spatial resolutions, the high power pulse can be
very short (�1 ns). Figure 16(b) shows experimental results when the PPP (12 ns
duration), the high power pulse (1 ns duration), and the total pump pulse interro-
gate a 20 cm fiber section with strain individually. The resulting BGS of the total

Figure 15.
(a) Schematic description of the simultaneous DPP-BOTDA in the frequency domain and (b) Brillouin gain
profile in the experiment. Along the fifth meter of the fiber, two 20 cm fiber sections were located 65 cm apart
and manually stretched to have nonuniform strains [79].
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pulse is characterized by a broadened spectrum with low amplitude and a narrow
cap, whose width is determined by the high power pulse and PPP, respectively. A
clear BFS shift between the PPP and total pulse case indicates an enhancement of
the spatial resolution down to �10 cm. In comparison to DPP-BOTDA, the high
spatial resolution by pre-excitation does not come at the expense of a decreased
SNR and therefore, it is more favorable for commercial use.

4.4 Enhancement of the sensing range

Due to the fiber attenuation or other depletions, the sensing range of a conven-
tional BOTDA system is usually limited by the low SNR at the far end of the fiber to
only a few tens of kilometers [51]. Therefore, the key to extend the sensing range is
either to enhance the probe signal power or to eliminate the system noise.

4.4.1 Multi-frequency pump-probe interaction

In this technique, the total pump power is spread over multiple-pump waves in
different frequencies, with every single pump power still limited by MI [65]. The
theoretical enhancement of the SNR could reach the number of pumps N. However,
severe FWM occurs for too narrow pump frequency spacing, while the BGS linewidth
from each pump may differ when they are too widely separated apart [65]. The
solution for the latter is a postprocessing algorithm [81], while the solution to avoid
the FWM is to shift the pump pulse propagation in time domain with a frequency-
selective time shifter, which can be realized by N-consecutive FBGs separated by a
certain length of fiber in the experiment. The schematic description of the frequency-
selective time shifter is illustrated in Figure 17(a). After the time-shifted pump pulses
have interacted with their corresponding probe waves, another consecutive FBG with
a reversed sequence offers a reversed delay and combines the traces back in time
domain so that they can be simultaneously detected. For a three pump system, an
SNR improvement of 4.8 dB has been demonstrated (see Figure 17(b)) [65].

4.4.2 Self-heterodyne detection

Another possibility to amplify the signal amplitude is the heterodyne detection.
Provided that the Brillouin amplified probe wave at frequency νs beats with an local
oscillator at frequency νLO, the total electrical field can be expressed as [30]:

Figure 17.
(a) Schematic explanation of the time shifter and recombiner; (b) SNR measured in the experiment for
standard BOTDA (single pulse), three pulses with and without time delay [65].
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ET t; νð Þ ¼ ES0 gSBS νs; zð Þ exp j � 2πνstþ ϕSBS νs; zð Þ½ �f g þ ELO exp j � 2πνLOtð Þ (11)

where Es0 and ELO are the complex amplitude of the probe wave and local oscillator,
gSBS and ϕSBS are the SBS gain and phase shift. Hence, the detected current at the PD
can be written as:

Ic tð Þ ¼ RcPT ¼ 2RC

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ps0 1þ gSBS νs; zð Þ
� �2

PLO

q

� cos 2πf IFtþ ϕ0 � ϕSBS νs; zð Þ
� �

(12)

where ϕ0 and f IF are the phase and frequency difference between the probe wave
and local oscillator, PLO and PS0 are the optical power of the local oscillator and probe
wave, Rc is the PD responsivity. As the detected current is dependent on the power of
the local oscillator, the wholemechanism could be regarded as a signal amplification
with a strong oscillator.As shown inFigure 18(a), the trace detected by self-heterodyne
is cleaner and has an SNR enhancement of 10 dB [30]. Further investigations with five
consecutive distributedmeasurements show that the self-heterodyne detection
decreases also the BFS standard deviation (see Figure 18(b)), indicating amore accu-
rate BFS estimation. In comparisonwith other techniques, self-heterodyne detection
provides themost simple and feasible scheme for sensing range enhancement.

4.5 Enhancement on measurement time

For a conventional BOTDA, it usually takes several minutes to finish a single
measurement, which is impractical for dynamic strain sensing. One of the main
factors that limit the measurement time is the sweeping of the probe frequency to
scan the total BGS. Therefore, several techniques have been applied to solve this
problem.

4.5.1 Slope-assisted BOTDA

One of the techniques for dynamic sensing is based on partially scanning the
BGS [82]. In order to achieve the BGS profile in general, the technique requires a
preliminary frequency scan without vibration. The probe scanning frequency is
then set at half of the BGS linewidth, as shown in Figure 19(a). This 3 dB point has
the steepest slope and widest linear range and is the most sensitive working point
for tiny frequency shifts. The BGS is reconstructed according to the measured signal
amplitude, and the strain values are obtained by the strain coefficient Cε mentioned
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in Section 3.1. In Figure 19(b), the proposed technique is demonstrated with a
perturbation frequency of 12.3 Hz. Obviously, this technique can only detect small
temperature or strain distributions and is not applicable for a BFS nonuniformity
that exceeds half of the BGS linewidth.

4.5.2 Sweep-free multi-tones

Another idea to speed up the measurement time is to utilize multitone pumps
[66]. As shown in Figure 20(a), multiple pumps with multiple frequencies are
launched into the fiber aligning at different frequency detunings of the BGSs. Since
the multi-SBS interactions happen simultaneously, the necessary frequency sweep-
ing can be done in a single shot. Thus, the total measurement time including extra
averaging measurements for SNR improvement lasts only several seconds.

However, there are still trade-offs and limitations in this technique. Undesired
FWM occurs when the pump pulses are simultaneously launched. This can be solved
by unequal spacing or a sequential launch of the pumps. The total number of pump
tones, which determines the accuracy of the BGS reconstruction, is restricted by the
intertone spacing Δf and the total tone span f total. The intertone spacing is usually
larger than the total BGS width so as to avoid BGS overlaps. The total tone span
should not exceed the BFS so that no pump lines are within the BGS of other pumps.

Recently, a new improved method has been proposed to avoid these limitations
by utilizing digital optical frequency combs (DOFC) as probe signals [83]. Since the
probe wave power in the BOTDA system is usually low, multiple-probe waves
suffer less from FWM than multiple pumps. The DOFC owns narrow frequency
spacing, wide flat top, and total bandwidth, as depicted in Figure 20(b). According
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Figure 20.
(a) Schematic explanation of the principle of the sweep-free multitone BOTDA [81]; (b) spectrum of
DOFC [83].
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to the frequency difference between each line and the pump frequency, the pump
pulse shapes the amplitude of each spectral comb line via the SBS interaction
simultaneously. The total measurement time, including the necessary 100 acquisi-
tions for the SNR improvement, results in only 10 ms [83]. Furthermore, the
experimental results in Figure 21 confirm its equivalence to a conventional BOTDA
regarding the temperature and strain measurement. However, the main disadvan-
tage of this technique is the special requirement of the DOFC, which is generally not
so simple to achieve.

5. Summary

In this chapter, the basics of SBS and its application for distributed sensing have
been reviewed. The overview has started with an introduction of SBS together with
its physical origin and applications due to inherent, striking advantages in a variety
of fields such as slow light, optical and microwave photonic filters, and many more.
Among all these exciting applications, distributed temperature and strain sensing is
one of the most prominent.

The enhanced SNR and the moderate resolution are the superiority of distrib-
uted Brillouin sensors to the traditional distributed and point sensors in long-range
sensing. However, conventional BOTDA sensors are limited by MI and NLE. The
origins, as well as methods for the mitigation of MI and NLE, have been presented
and discussed in detail. Thus, with these new methods, much longer sensing ranges
became possible.

Besides the sensing range, methods to enhance the spatial resolution and the
speed of the measurement have also been reviewed and discussed. Nowadays,
distributed Brillouin fiber sensors can have a resolution in the centimeter range, or
even below and act like thousands or millions of point sensors. At the same time,
novel ideas such as multi-tone pumps have successfully shortened the measurement
time in distributed SBS sensors from several minutes down to �10 ms. Due to the
fruitful proof-of-concept results, some of the state-of-the-art techniques discussed
in this chapter have already been applied in some BOTDA prototypes.
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