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Abstract
In the past two decades, Brillouin-based optical fiber sensors have gained significant ground
for distributed temperature and strain measurements in the real world. Among these sensors,
Brillouin optical time-domain analysis (BOTDA) and Brillouin optical correlation-domain
analysis (BOCDA) are good candidates to realize a high spatial resolution, which is of great
importance to distinguish small-size events in practical applications. In this paper, high-
spatial-resolution BOTDA and BOCDA are introduced and summarized. For the BOTDA,
simulation experiments are made for further comprehension of the dark-pulse technique,
pulse pre-pump (PPP) technique, differential pulse-width pair (DPP) technique and Brillouin
echo technique. The dark-pulse and PPP techniques utilize the DC portion of the pulse signal,
which brings the cross talk of the surrounding information. It is known as the non-local
information in the Brillouin spectrum, which limits the minimum temperature and strain
detection accuracy. The DPP and Brillouin echo techniques, utilizing differential measurement
with two pump pulses, are free from this problem. The Brillouin echo-based sensor has a
good signal-to-noise ratio, while the DPP-BOTDA owns the advantages of simple installation
and easy implementation. For the BOCDA, its operating principle allows it to circumvent the
pulse-based limit on the spatial resolution and two specific implementations are introduced,
which are enabled by the frequency and phase modulation techniques. A brief overview of
the developments and improvements on these two types of BOCDA sensor are introduced and
summarized.

Keywords: high spatial resolution, stimulated Brillouin scattering, distributed optical fiber
sensors
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1. Introduction

Stimulated Brillouin scattering (SBS)-based optical fiber sen-
sors have become proven and applicable sensing schemes for
temperature and strain measurements, due to the linear depen-
dence of the fiber Brillouin frequency shift (BFS) on the strain
and temperature variations [1]. The fiber works as a transmis-
sion and sensing element, providing a powerful mechanism
for truly distributed strain and temperature measurements.
After more than two decades of investigations and develop-
ments, the performance of the SBS-based sensors have been
greatly enhanced in the aspect of measurement time [2], spa-
tial resolution [3] and sensing range [4, 5]. Besides, the range
of applications includes the fire alarming, pipeline leakage
detection, structure health monitoring and so on [6]. Among
these applications, the spatial resolution is a key property to
distinguish the small-size events with distinct temperature/
strain state. Therefore, much effort is made to improve the
spatial resolution of the SBS-based sensors, especially for
the Brillouin optical time-domain analysis (BOTDA) [3] and
Brillouin optical correlation-domain analysis (BOCDA) [7].

In the BOTDA scheme, the pump wave is pulse modulated
for distributed sensing, so that the spatial resolution is deter-
mined by the pulse width. The acoustic wave lifetime of 10
ns has imposed the pulse width limit for the associated spatial
resolution to be 1 m [8]. The impacts of a short pulse (<10
ns) degrade the measurement accuracy, due to the broadened
Brillouin spectrum and drastically reduced Brillouin inter-
action [8]. The first sub-meter spatial resolution in BOTDA
has been demonstrated in 1998, where a spatial resolution of
50cm is realized, enabled by a compound spectrum analy-
sis method [9]. Otherwise, the detrimental effects induced
by a short pulse can be mitigated with the DC leakage of the
pulsed signal [10]. The DC portion acts as pre-pumping for
short pulse-based BOTDA, which forms the foundation for
the pre-pumping technique. Since then, more techniques have
been proposed to realize a sub-meter spatial resolution at an
acceptable measurement accuracy, including the dark-pulse
technique [11], pulse pre-pump (PPP) technique [12], differ-
ential pulse-width (DPP) technique [13-15], Brillouin echo
technique [16], Brillouin dynamic grating [17] and pulse sub-
division analysis method [18].

In the BOCDA scheme, the SBS is localized at a specific
position within the sensing fiber, due to the correlation between
two modulated counter-propagating optical waves. There are
several specific modulation methods to create the correlation
peak, which are the frequency modulation [7], phase modu-
lation [19], amplified spontaneous emission (ASE) [20] and
chaotic laser [21]. The principle of the BOCDA allows it to
circumvent the pulse-based spatial resolution limit, so that the
spatial resolution can be obtained at the order of centimeters
and even millimeters [22]. Moreover, further research is also
conducted to enhance the BOCDA-based sensor performance,
owning the capability of dynamic measurement [23], beyond
one million sensing points [24] and so on.

In this paper, the main key techniques for the high-spa-
tial-resolution BOTDA are introduced and summarized, and
moreover some simulation experiments are made for further

comprehension. Two main types of BOCDA (frequency mod-
ulation and phase modulation) are introduced and their devel-
opments are also summarized.

2. Operating principle

The SBS is a typical example of the stimulated light scattering
resulting from the electrostriction effect, which introduces the
refractive index variation (i.e. acoustic wave) by the action of
an optical wave [26]. The acoustic wave is forward propagat-
ing with the pump wave, adding a Doppler shift to its back-
scattered Stokes wave, and the frequency shift (vg) is known
as the BFS, given by [1, 2]:

_ 2nV,
DY

where n is the index of refraction, V, is the velocity of the
acoustic wave and A is the light wavelength. For the wave-
length of 1550nm, the BFS of a conventional single-mode
fiber is about 10.867 GHz [27]. When the counter-propagating
probe wave is around the BFS relative to the pump wave, it
will strengthen the acoustic wave by means of electrostriction.
With the grown intensity of the acoustic wave, more pump
wave is scattered and then the intensity of the probe wave is
increased, so that the acoustic and probe waves mutually rein-
force the intensity of each other. The above SBS process can
be expressed by the coupled three-wave equations [25]:
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where E,, E and p are defined to be the field amplitudes of the
pump wave, probe wave and the acoustic wave, respectively;
QB is the angular frequency of the BFS (2B = 2mvg); Q2
is the angular frequency offset between the pump and probe
waves; I'g is the linewidth of the Brillouin gain spectrum
(BGS); k and A denote the elasto-optic and electrostric-
tive coupling coefficients, respectively. The fiber attenuation
is ignored in the above equations for a short fiber length.
Therefore, the accurate and general solutions of the coupled
three-wave equations can be obtained by employing the
numerical method with an implicit finite differencing in time
and a down-winding or backward differencing in space [28].
The boundary conditions are known for the pump pulse at
the beginning (E,(z,1)l;— o) and the probe wave at the far end
(Es(z,0)l;=1).

After scanning the frequency offset between the pump
and probe waves, the BGSs along the sensing fiber are meas-
ured. Then, the BFS can be obtained through the curve fitting
method, the difference of which can be expressed by the fol-
lowing formula:

Avg = CsAe + CrAT 3)
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Figure 1. The influence of pulse width on the BGS profile.

where Avg is the BFS difference; Ac is the strain variation
and AT is the temperature variation; Cs and Cr denote the
strain and temperature coefficients, respectively.

With the help of the numerical simulation, the influence
of the pulse width on the BGS is investigated to verify the
infeasibility of a short pulse for a high-spatial resolution.
The Brillouin spectra of three different pulse widths (10 ns,
5 ns and 2 ns) are shown in figure 1, and the intrinsic BGS
with a 30 MHz spectral width is also provided. It can be seen
that the spectrum is broadened and the intensity is drastically
reduced when pulse width decreases. As analysed by Soto and
Thévenaz, the BFS accuracy can be expressed as follows [29]:

N 1 3.6- AUB
SNR (2) \/ 8v/2(1 — )*/?

where z denotes the location along the fiber under test (FUT);
¢ is the frequency sampling step, which is 2 MHz for all the
simulation experiments in this paper; Avg is the full width
at half maximum (FWHM) of the BGS and 7 is the fraction
of the peak level where a quadratic least-square fitting is
employed. Besides, the 2 ns BGS is also shown in detail in the
inset figure, which indicates that the measurement accuracy
will be seriously deteriorated due to the low signal-to-noise
ratio (SNR) and wide spectrum. Here, the value of main sim-
ulation parameters are listed: ¢ =3 x 10 m s~ is the light
velocity in vacuum; n = 1.5 is the refractive index of the fiber;
I's = 27 Avg = 2730 MHz is the linewidth of the intrinsic
BGS; L =10 m is the length of FUT; vg = 10.800 GHz is
the stress-free BES of the FUT at ambient temperature. In the
sections 3 and 4, the novel techniques for the high-spatial-res-
olution BOTDA and BOCDA are introduced and summarized.

o (2)

“

3. The developments of high-spatial-resolution
BOTDA

For the BOTDA sensors, it is unpractical to obtain a sub-meter
spatial resolution with an optical pulse of less than 5 ns. In

2 A g
E E
= =
g g
N v |(7 = At
0 > 0
Time Time
(a) (b)
At
é g :—0) &— nphase
E E -
: :
0
Time Time
(c) (d)

Figure 2. Four main techniques and the corresponding pulse
modulation methods: (a) dark-pulse technique; (b) PPP technique;
(c) DPP technique; and (d) Brillouin echo technique.

1999, a sub-meter spatial resolution was obtained by the pre-
excitation of the acoustic wave, while the width of the Brillouin
spectrum is maintained at its natural value, which offers a new
way to exploit the high-spatial-resolution BOTDA sensors [8].
Based on this powerful operating principle, several impres-
sive techniques have been developed, including the dark-pulse
technique, PPP technique, DPP technique and Brillouin echo
technique. In figure 2, the detailed pulse modulation on the
pump wave is shown for each technique. In the dark-pulse
and PPP schemes, the spatial resolution is determined by the
width of the short pulse (A?). In the other two schemes, a high
spatial resolution is enabled by using two pump pulses with a
slight difference (Af) on width or phase.

3.1. Dark-pulse-technique-based BOTDA

The dark-pulse technique has been proposed by Brown et al
in 2005 [11], which is able to achieve a high spatial resolution
and overcome the above two obstacles (i.e. broadened spec-
trum and reduced intensity). In the experiment, the system is
working in the Brillouin loss scheme. The anti-Stokes wave is
a continuous wave (CW), while the pump wave is dark pulse
modulated as a quasi-CW as shown in figure 2(a). Adjusting
the bias voltage of the Mach—Zehnder modulator (MZM) at
its maximum transmission, the dark pulse can be generated
with an electrical pulse. The CW component of pump and
anti-Stokes wave will excite the acoustic wave, and the power
is continuously transferred from the anti-Stokes wave to the
pump wave. When the dark pulse injecting into the fiber, the
interaction is switched off during the pulse width, resulting in
a power increasement on the anti-Stokes wave. Moreover, the
intensity of the acoustic wave will not be much changed, as
the pulse width is much shorter than the acoustic wave life-
time. So the linewidth of the measured BGS is equal to its
natural value, which is able to maintain a high measurement
accuracy. As a result, it is able to realize a 5 cm spatial resolu-
tion over a 100 m sensing fiber [11]. Furthermore, in 2007,
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Figure 3. (a) The 3D BGSs of the dark-pulse-based BOTDA along the FUT, and (b) the BGSs inside and outside the hotspot.

the spatial resolution is optimized to 2cm with a 200 ps dark
pulse [30].

Next, a simulation experiment is made to further investigate
the dark-pulse-technique-based BOTDA, which is operated in
the Brillouin gain scheme. The general simulation parameters
are the same as used in section 2, and the main difference is
the boundary condition of the pump wave:

0 T<t<T+ At

Ep (2.1) [;=0 = {\/ﬁ
Actt

where P, = 4 mW is the power of the pump wave; At =0.2 ns
is the width of dark pulse; Ac = 50 pm? is the effective core
area. Besides, the power of the CW Stokes is chosen to be 0.1
mW.

In order to demonstrate the sensor capability of 2cm spa-
tial resolution, a 2cm hotspot with a BFS of 10.900 GHz is
centered at the location of 5 m. The simulated three-dimen-
sional (3D) BGSs are shown in figure 3(a), where the hotspot
is located in the middle with a 100 MHz frequency shift. The
detailed BGSs inside and outside the hotspot are shown in
figure 3(b), corresponding to the position of 5 m and 4.5 m,
respectively. The FWHM of the simulated BGS is about
30 MHz, which is equal to its natural value. Therefore, the
dark-pulse-technique-based BOTDA allows a high spatial
resolution with no spectral broadening. However, the residual
peak at 10.800 GHz is observed for the spectrum inside the
hotspot, which is also measured in the experiment by Brown
et al [30]. In their paper, it is explained as the relaxation of the
acoustic wave after the passage of the pulse. Here, we think it
is induced by the recovery of the acoustic wave where the dark
pulse has been passed by. It is similar to the unwanted pres-
ence of the second echo using the Brillouin echo technique
[16], which will also be introduced in the following part. Let
us analyze this process under the following condition that the
frequency offset between the pump and probe waves is near
the fiber BFS at the ambient temperature. When the dark pulse
enters into the FUT, it has a quenching influence on the acous-
tic wave, and then the subsequent pump wave and probe wave
will re-strengthen the acoustic wave. Next, the dark pulse
travels in the uniform fiber, and the energy transferred from
the pump wave to the probe wave is stable, because there is

&)

else

a dynamic balance between the growing and decaying of the
acoustic wave. When the dark pulse enters into the hotspot,
the quenching effect on the acoustic wave becomes weak and
even disappears as the resonance frequency is not satisfied
inside the hotspot. On the whole, the balance is broken and
the recovery of acoustic wave plays a dominant role, result-
ing in a slow increase on the probe intensity. Therefore, the
residual peak is measured inside the hotspot, and it will exist
for a while until the acoustic wave is returned to normal.

To exhibit the vanishing process of the residual peak, the
length of the hotspot is increased to 4 m, and the simulated
3D BGSs are shown in figure 4(a). At the position between
5 m and 6 m, the residual peak at 10.800 GHz is fading away
as a function of time. It can be regarded as a transient state
(the recovery of the acoustic wave) and three typical BGSs
in this case are shown in figure 4(b). In the steady state, the
residual peak at 10.800 GHz is almost vanished at the position
between 7 m and 9 m, as shown in figure 4(c). Due to the non-
local response of the sensor, it is hard to distinguish a small
BFS variation in a small-size hotspot.

Another simulation experiment is carried out to display
the influence of residual peak on the BFS extraction, which
is shown in figure 5. A 2 cm hotspot is measured with a 0.2 ns
dark pulse, and the BFS difference is selected in three differ-
ent values (30 MHz, 50 MHz and 100 MHz). It can be seen
that the two peaks are easy to distinguish under the condition
of 100 MHz, but they are very close under the condition of
30 MHz, bringing the difficulty to extract the BFS. As a result,
the dark-pulse-based Brillouin sensing can be only used for a
high-spatial-resolution measurement when the BFS difference
between the hotspot and rest fiber is bigger than the linewidth
of the intrinsic BGS. Moreover, the sensing length is also lim-
ited to kilometer scale, in case of the onset of the SBS [30].

3.2. Pulse pre-pump-technique-based BOTDA

The presence of a low-power DC leakage light is also able to
pre-excite the acoustic wave before the arrival of the bright
pulse [8, 31]. However, the measured BGS of a short fiber
section is distorted if the strain or temperature is small. The
underestimation of the strain or temperature caused by the
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Figure 4. The detailed BGSs of the dark-pulse-based BOTDA for a 4 m hotspot: (a) the 3D BGSs along the 10 m FUT; (b) the typical
BGSs in the transient state between 5 m and 6 m; and (c) the typical BGSs in the steady state between 7 m and 9 m.

pulse base is theoretically analyzed and experimentally dem-
onstrated [32]. The schematic diagrams of the BOTDA using
the pump pulse with DC leakage light is shown in figure 6(a),
where E,, C, and E., denotes the field amplitudes of the pump
pulse, DC leakage light and probe wave, respectively. In the
system of figure 6(a), the process of interaction between a
pump pulse with a DC leakage light (i.e. pulse base) and a
CW probe wave in the FUT can be divided into four parts
[33], as shown in table 1, according to which part of pump
wave (bright pulse or pulse base) interacts with the probe
wave through the acoustic wave excited by whichever part of
the pump wave. Besides, the characteristic of each part is also
summarized in table 1.

Part (1) is the traditional term in the BOTDA by using a
short pulse, which enables the distributed measurements with
a high spatial resolution and wide Brillouin spectrum (i.e.
poor BES resolution). Part (2) is the fundamental principle
to obtain a high spatial resolution by pre-exciting the acous-
tic wave, as proved in [8, 31]. However, part (4) is the main
reason for the underestimation of the strain and temperature,
which distorts the BGS by the non-local Brillouin interaction.
Moreover, the sensing range is also limited by part (4), due to
the pump depletion and the Brillouin threshold.

To reduce the pulse base contribution on the BGS and main-
tain the useful component of part (2), a novel PPP-BOTDA
has been proposed [12], and a schematic diagram is shown
in figure 6(b). A spatial resolution of 10cm is achieved with
a 13 ns pre-pump pulse and a 1 ns pump pulse [33]. In 2008,
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Figure 5. The influence of residual peak on BFS measurement in
the dark-pulse-based BOTDA.

a pump pulse of a finite extinction ratio followed by a dark
base of a finite length is also proposed to obtain a high spatial
and frequency resolution [34]. Both of the above methods are
proposed to reduce the intensity of part (4), so that the BFS
of a small stress or temperature section can be determined at
a lower peak value. Besides, the pump depletion is mitigated
and the Brillouin threshold is increased, so that the sensing
range can be extended.
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Table 1. The interaction and characteristic of the four parts between a pump pulse with a pulse base and a CW probe wave.

Part of the pump wave to

Part of the pump wave to

Characteristic

Part interact with the probe wave excite the acoustic wave

1 Bright pulse Bright pulse High spatial resolution and wide
Brillouin spectrum

2 Bright pulse Pulse base High spatial resolution and narrow
Brillouin spectrum

3 Pulse base Bright pulse Vibration noise and complicate contents

4 Pulse base Pulse base No spatial resolution and narrow

Brillouin spectrum
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Figure 7. (a) The 3D BGSs of the PPP-BOTDA along the FUT, and (b) the BGSs inside and outside the hotspot.

The PPP-BOTDA is taken as a typical example for fur-
ther investigation and the BGSs of the PPP-BOTDA are also
obtained using the numerical simulation. The initial condition
for pump pulse can be described as follows:

Cp Dprel << DpreZ
(Z, l) |Z:0 = Ep Dpre2 < t g DpreZ +D
0 else

Ep

(6)

where the peak power of the pump pulse is 100 mW;
Dyre = Dprer — Dpret = 12 ns is the width of the pre-pump

pulse; D = 0.5 ns is the pump pulse width and the extinction
ratio is about 13 dB, defined as E,/C,,. Note that the value of
the pre-pump pulse width and extinction ratio should be cho-
sen carefully to guarantee the pre-excitation of the acoustic
and avoid introducing excessive non-local information into
the BGS.

The simulation results of the 3D BGSs are shown in
figure 7(a), where a 5 cm hotspot is located in the middle with
100 MHz BFS difference. The power of the pump pulse is
100 mW (0.5 mW for the pre-pump pulse), while it is 0.1 mW
for the probe wave. In figure 7(b), the BGSs inside and outside
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the hotspot are presented, which proves that a spatial resolu-
tion of Scm is obtained by using the PPP technique. Besides,
the FWHM of the measured BGS is about 105 MHz, which
is narrowed by pre-exciting the acoustic wave. However, the
residual peak and some fluctuations are introduced to the BGS,
which can be explained by part (4) and part (1) in table 1. The
center frequency of the main peak is about 10.7998 GHz and
10.8991 GHz for the BGSs inside and outside the hotspot,
respectively. Compared with the true values (10.800 GHz and
10.900 GHz), a system measurement error about 0.9 MHz is
induced by the distorted BGS.

Furthermore, another simulation experiment is carried out
to display the influence of power extinction ratio ((Ep/Cp)z)
on the measurement, which is shown in figure 8. Note that the
peak power of the pump pulse is fixed at 100 mW, while the
peak power of the pre-pump pulse is about 1 mW, 0.25 mW
and 62.5 pW, so that power extinction ratio is computed to be
20 dB, 26 dB and 32 dB, respectively. A low power extinction
ratio means a strong pre-excited acoustic wave, resulting in a
high SNR, but it will introduce excessive non-local informa-
tion. As proved in the case of 20 dB, the intensity of the resid-
ual peak at 10.800 GHz is higher than that of the main peak
at 10.900 GHz. When the power extinction ratio is increased
to 32 dB, the intensity of the residual peak is lower than that
of the main peak, and meanwhile the intensity of the whole
signal is also reduced, degrading the sensor SNR. In the same
vein, the width of the pre-pump pulse should also be opti-
mized to introduce less non-local information at an accept-
able SNR. As a result, the PPP-BOTDA is able to realize a
sub-meter spatial resolution with a narrow Brillouin spec-
trum, but a system measurement error is also introduced by
the non-local response of the sensor. In order to eliminate the
detrimental effect induced by the pre-excitation pulse, the dif-
ferential process has been introduced by subtracting between
the BGSs with and without the main pulse (short pulse). This
technique is learned from the DPP-BOTDA, which will be
discussed in the next part [35].

3.3. Differential pulse-width-technique-based BOTDA

In 2008, the DPP technique has been proposed for a high-
spatial-resolution measurement, which is known as the DPP-
BOTDA. In the DPP-BOTDA scheme, two long duration
pulses are used for two separate measurements and the differ-
ential Brillouin signal is obtained by making a subtraction
between the two pulse-width signals [13]. The width of the
differential BGS is determined by the long duration pulses,
which can provide a good frequency resolution. The spatial
resolution is determined by the difference between two pulse
widths, and meanwhile the minimum effective spatial resolu-
tion is limited by the falling time of the optical pulse. The
subtraction process can be also made in the optical domain
before the photodetector, which utilizes the coherent interac-
tion of the Brillouin gain and loss via optical differential para-
metric amplification [36]. In 2012, an upgraded DPP-BOTDA
has been reported to work in the transient domain to decrease
the reduction of the SNR after the differential process. Using
the 8/8.2 ns pulse-width pair with a 150ps falling time, it is
able to achieve a 2cm spatial resolution over a 2 km sens-
ing fiber [14]. In 2017, the DPP-BOTDA is combined with
a novel scanning method [37], which is able to increase the
sensing range by avoiding the detrimental temporal dist-
ortion of the pump pulse. In the experiment, the performance
is further enhanced to resolve one million sensing points, i.e.
1 cm spatial resolution over a 10 km single-mode fiber [15].
Moreover, the double peak spectrum is used to enhance the
DPP-BOTDA capability of small event detection. A 5cm
hotspot at the far end of 24 km FUT has been measured by
employing a 50cm spatial resolution DPP-BOTDA, and the
sampling rate is only 1 GS/s (corresponding to 10 cm/point).
This technique is simple and cost-effective, which allows the
DPP-BOTDA for higher spatial resolution measurements [3].
A simulation experiment is made to investigate the DPP-
BOTDA performance on the high spatial resolution. A 1cm
hotspot is located in the middle of 10 m FUT, which is inter-
rogated with a 10/10.1 ns pulse-width pair. The power of the
pump pulse is 100 mW, while it is 0.1 mW for the probe wave.
The Brillouin time traces at the 10.800 GHz are shown in fig-
ure 9, where the black curve and red curve are corresponding
to the 10 ns and 10.1 ns signals, respectively. It can be seen
that the rising time of the two long pump pulses is equal to the
pulse width, resulting in a low spatial resolution. After sub-
tracting between the two pulse-width Brillouin signals, the dif-
ferential signal is obtained with a short rising time, as the same
part of the rising edge is eliminated. As a result, the hotspot of
1cm is clearly observed and located after the differential pro-
cess, and then the 3D BGSs of the DPP-BOTDA are shown in
figure 10(a). The BGSs inside and outside the hotspot are pre-
sented in figure 10(b), while the center frequency is the same
as the natural value (10.800 GHz and 10.900 GHz). Besides,
the FWHM of the measured BGS is about 95 MHz, which is
determined by the long duration pulses. Note that the side lobe
is attributed to the pump contribution on the Brillouin spec-
trum, i.e. the hidden peak of the 10 ns BGS in figure 1, which
becomes more obvious after the differential process [14].
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Figure 9. The Brillouin time traces of the 10 ns (black curve), 10.1 ns (red curve) and after the differential process (blue curve) at the
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Figure 10. (a) The 3D BGSs of the DPP-BOTDA along the FUT, and (b) the BGSs inside and outside the hotspot.

The differential process is also an effective tool to enhance
the measurement accuracy in the long-range Brillouin sens-
ing [38]. After a long-range SBS interaction, the rising edge
of output pulse is smoothed, due to the excitation time of the
acoustic wave [39]. Then, an asymmetrical broadening is
introduced to the pulse spectrum, resulting in a BFS meas-
urement error [40]. Nevertheless, this BFS measurement error
can be avoided by the DPP technique, as the measurement
result is just the differential part of the pulse pair. As a result,
the DPP-BOTDA is able to realize a high spatial and BFS
resolution, and moreover the DPP technique has also been
reported to reduce the pulse distortion induced measurement
error in the long-range Brillouin sensing.

3.4. Brillouin echo distributed sensing

The Brillouin echo distributed sensing (BEDS) has been pro-
posed for a high-spatial-resolution time-domain Brillouin
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Figure 11. Comparison of the BEDS with the dark-pulse and
DPP technique: (a) dark pulse and 7 phase pulse, and (b) DPP and
differential pulse-phase pair.
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Figure 12. The Brillouin time traces of the 10 ns (black curve), 9.9 ns with 0.1 ns 7 phase pulse (red curve) and after the differential

process (blue curve) at the frequency offset of 10.800 GHz.

measurement, which uses a 7 phase modulated pump pulse
[16, 41]. Compared with the dark-pulse technique, the pump
is m phase modulated, as shown in figure 11(a). Similarly, the
acoustic wave is pre-excited by the no-phase shift pump wave,
leading to a narrow Brillouin spectrum. When the 7 phase
pulse injects into the FUT, the intensity of the SBS interac-
tion is decreased by an out-of-phase quenching effect on the
acoustic wave. When the 7 phase pulse has been passed (i.e.
the phase shift returns to zero again), the acoustic wave will
gradually recover. Since this type of interaction is similar to
the ‘spin-echoes’ among the concepts of nuclear magnetic
resonance, it is called BEDS for the similarity [41]. The spa-
tial resolution is determined by the width of 7 phase pulse,
and the 7 phase pulse can be obtained with a phase modulator
[16, 41].

Due to the recovery of the acoustic wave, the non-local
information is also introduced as the residual peak inside
and after the hotspot, which is named the second echo in
their work. In order to overcome the detrimental effect of
the second echo, the pump wave after the phase pulse should
be extinguished, so that the recovery of the acoustic wave is
avoided. In practice, the pump wave is pulse modulated with
an intensity modulator as shown in figure 11(b). Then, a phase
modulator is followed for the 7 phase shift modulation. The
pulse width is recommended to be long enough (~30 ns) to
fully excite the acoustic wave. Ultimately, the most important
is how to extract the contribution of the short 7 phase pulse.
In 2008, for the first time, the differential pulse-phase pair
technique has been proposed to achieve this goal [41]. In the
other measurement, the pump wave is only pulse modulated
with no phase modulation, as the other pulse in figure 11(b).
In order to compare with the DPP-BOTDA, the response of
these two differential techniques is made, and the result shows
that the phase pulse optimizes the response by improving the
contrast by a factor of 2 [16]. It indicates that the BEDS owns
the capability of a higher SNR, which can provide a better

measurement accuracy under the same conditions. In terms of
the performance, it is able to achieve a 10 cm spatial resolution
in 2008 [41], and a better result of 5 cm spatial resolution over
5 km sensing fiber is obtained in 2010 [16]. The differential
phase-shift-keying technique is also introduced to the BEDS.
It is able to generate a normal pump pulse and a 7 phase shift
pump pulse with a single MZM, and the adjustment of the
phase delay is easy and accurate [43].

For a better comparison, a simulation experiment is also
made and the parameters are the same as those used in the
DPP-BOTDA. A 1cm hotspot is centered in 10 m FUT,
which is interrogated with a 10 ns differential pulse-phase
pair. Besides, the length of the 7 phase-shift is 0.1 ns, corre-
sponding to a spatial resolution of 1cm. The power of the
pump pulse is 100 mW, while it is 0.1 mW for the probe wave.
The Brillouin time traces of the 10 ns (black curve) and 9.9 ns
with 0.1 ns 7 phase pulse (red curve) are shown in figure 12,
while the frequency offset between the pump and probe waves
is 10.800 GHz. After the differential process, the information
of the 0.1 ns 7 phase pulse is obtained, which is also plotted
in figure 12. It can be seen that the 1cm hotspot is clearly
observed in the blue curve, and the power of the differential
Brillouin signal is about twice as much as that of the DPP-
BOTDA one in figure 9. Because the 7 phase pulse has an
out-of-phase quenching effect on the acoustic wave, which is
more effective than the absence of the pump wave. Therefore,
the SNR of BEDS is enhanced twice compared with the DPP
technique for the same spatial resolution, resulting in a better
measurement accuracy.

The 3D BGSs of the BEDS are shown in figure 13(a) and
the BGSs inside and outside the hotspot are presented in fig-
ure 13(b). It can be seen that the secondary echo (i.e. residual
peak) is eliminated by the differential pulse-phase pair tech-
nique. The BFS difference between the BGSs inside and out-
side the hotspot is exactly 100 MHz, which is 10.900 GHz
and 10.800 GHz, respectively. Besides, the FWHM of the



Meas. Sci. Technol. 31 (2020) 052001

Topical Review

11

10.95
= 109
&
>
5'10.85
S
o
2 108
(4

10.75

.

10.7

B 6
length(m)

10

—s— Outside the hotspot
Inside the hotspot

(b)

——

Intensity(a.u.)

10.8 10.9
Frequency(GHz)

11.0
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measured BGS is about 97 MHz, which is determined by
the long duration pulses. And the side lobe is also measured,
attributed to the pump contribution on the Brillouin spectrum.
As a result, the BEDS is also a promising tool for a high-spa-
tial-resolution Brillouin sensing, especially suitable in mid-to-
long distances.

4. The developments of high-spatial-resolution
BOCDA

In order to circumvent the spatial resolution limit of the pulse-
based scheme, a novel technique has been proposed by using
the correlation between the pump and probe waves. The SBS
interaction is generated at the position with a high correlation
(i.e. correlation peak), while it is suppressed outside the cor-
relation peak. The correlation peak can be obtained by several
specific modulation methods, which are the frequency mod-
ulation [7], phase modulation [19], amplified spontaneous
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emission [20] and chaotic laser [21]. Here, the main develop-
ments and breakthroughs are introduced about the frequency
modulation and phase modulation-based BOCDA.

4.1. The frequency modulation-based BOCDA

In 1999, the correlation-based technique has been proposed to
interrogate the Brillouin gain spectrum, which is enabled by the
frequency modulated pump and probe waves [44]. Besides, a
45 cm resolution is demonstrated, which overcomes the obsta-
cles for the conventional pulse-based technique. The operat-
ing principle of the frequency modulation-based BOCDA is
illustrated in figure 14. In order to obtain a high correlation,
the pump and probe waves are sinusoidal frequency modu-
lated at the frequency f;, with a modulation amplitude Af. The
pump and probe waves are counter-propagating, and the fre-
quency difference between these two waves is only fixed at
the correlation peaks. In this case, the Brillouin interaction is
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constant and steady, so that there is no broadening effect on
the BGS. Meanwhile, it is able to map the BGS by scanning
the frequency offset between the pump and probe waves. At
other positions, the frequency of the pump wave changes con-
tinuously relative to the probe wave, resulting in a suppression
of the Brillouin interaction.

For this technique, the spatial resolution (A7) is determined
by the width of the correlation peak, while the measurement
range (dy,) is limited by the interval of the correlation peaks
[45]:

_C AUB

I Ty, @
oL
m= o ®)

In general, the non-zero peak is utilized to interrogate the FUT,
the order of which is selected with a delay fiber. Therefore,
the distributed measurement is enabled by changing the fre-
quency fm, as the interval of the correlation peaks is dependent
on the frequency f;,. To obtain an ultra-high spatial resolution
(1.6mm) [22], the modulation frequency f;, is varying from
19.4 MHz to 19.5 MHz depending on the measurement posi-
tion, while the amount of Afis increased to 33 GHz. Here, the
amplitude of the frequency modulation is much larger than
the fiber BFS, resulting in a spectral overlapping between the
pump and probe waves. In order to remove the pump reflec-
tion on the probe wave, a well-designed beat lock-in detection
is introduced, where choppers are applied two times to pump

1

and probe waves at different frequencies, and only one lock-in
amplifier is used at the beat frequency of them.

In addition, numerous impressive techniques have been
introduced into the frequency modulation-based BOCDA
to enhance the sensing performance. In the conventional
scheme, the laser diode (LD) is direct current modulated
with a dozen megahertz sinusoidal-wave signal. Then, the
frequency offset between the pump wave and probe wave is
scanned with a sideband generation technique, which is real-
ized with an MZM and a microwave generator. In order to
reduce the cost and complexity, a simplified BOCDA has been
proposed to generate the pump and probe waves in a time-
division manner [46], where a sinusoidal-wave signal is mixed
with a rectangular-wave signal as shown in figure 15(a). For
measuring the BGS, the optical wave is divided into two, one
of which is delayed and operated as the probe wave. Besides,
the frequency offset between the pump wave and probe wave
is scanned by varying the amplitude of the rectangular wave.
The simplified BOCDA is a cost-effective scheme, and more-
over it owns a potential of a dynamic measurement by expe-
diting the frequency sweeping process. The sampling rate
of the conventional BOCDA and BOTDA is limited by the
maximum sweeping rate of a common microwave generator
(<100 Hz), while it is replaced by a direct frequency modula-
tion of the LD in the simplified BOCDA. The experiment setup
of the fast simplified BOCDA [47] is shown in figure 15(b),
where a waveform generator is used to generate the waveform
at 100kHz and the amplitude of the waveform is controlled
by an external AM source. The BGS is mapped with 100 data
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points, so that a sampling rate of 1kHz is obtained for inter-
rogating a single position. It can be seen that there still exists
a major challenge for the fast-distributed measurement, as the
modulation frequency needs to be swept. In order to solve this
problem, an upgraded simplified BOCDA has been proposed
based on the differential frequency modulation [48]. The sens-
ing position is automatically and periodically swept along the
FUT by applying the slightly different modulation frequencies
to the pump and probe waves, as shown in figure 15(c). In
the experiment, the distributed mapping of the BFS variations
along a 100 m FUT is obtained with 20 Hz sampling rate and
80cm spatial resolution. In 2018, an ultrahigh-speed BOCDA
has been demonstrated with a single position of 200kHz and a
spatial resolution of 8 cm [23]. In their scheme, a data subtrac-
tion scheme is used instead of the lock-in amplifier detection,
removing the measurement speed limitation of the lock-in
amplifier. Besides, a voltage-controlled oscillator is utilized to
fast sweep the frequency offset between the pump and probe,
and the correlation peaks is scanned during the frequency-
sweeping process. For a 200-position distributed measure-
ment, a sampling rate of 1kHz has been achieved [23].
Another main obstacle that limits the sensing performance
of the BOCDA is the trade-off between the spatial resolu-
tion and the measurement range. Maintaining a high spatial
resolution, the measurement range has been enlarged by
several effective methods, including the double modulation
[49], temporal gating [50], differential measurement [51] and
time-domain data processing (i.e. time-multiplexing tech-
nique) [52]. Furthermore, by applying the double modulation
and optical time gate based on the differential measurement
scheme [53], a distributed strain and temperature sensing
is realized with a spatial resolution of less than 1cm over
10.5 km FUT, which effectively resolves more than 1 mil-
lion sensing points. However, it will take more than 231 d to
interrogate all of the 1 million sensing points, which seriously
deteriorates the practicality of the sensor. One of the effective
solutions is the time-domain data processing, and its sche-
matic diagram is shown in figure 15(d), where the frequency-
modulated pump wave is simultaneously pulse modulated.
Therefore, it is capable of concurrently interrogating multiple
correlation peaks along the FUT. It should be noted that the
measurement range is enlarged with no sacrifice of the meas-
urement time. In the experiment, 148 correlation peaks are
simultaneously measured with a spatial resolution less than
3cm along 1530 m FUT. However, each correlation peak is
still required to interrogate hundreds of positions, which is
ultimately limited by the range between two adjacent corre-
lation peaks (dy,). Besides, it is impractical to reduce the dy,
drastically by increasing the f;. In summary, the frequency
modulation-based BOCDA can provide a cost-effective sens-
ing scheme, owning the capability of a high spatial resolution,
high speed and more than 1 million effective sensing points.

4.2. The phase modulation-based BOCDA

In 2012, another type of the CW-based BOCDA has been real-
ized with the optical phase modulation technique [19]. It is
able to decouple the connection between the spatial resolution
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and measurement range, which mainly limits the sensing per-
formance of the frequency modulation-based BOCDA. The
operating principle of the phase modulation-based BOCDA
is illustrated in figure 16, where the pump and probe waves
are simultaneously modulated by a high-rate pseudo random
bit sequence (PRBS). The modulation phase within each sym-
bol is a value of either O or 7 with equal probabilities, and
moreover the duration of each bit (z4) is much shorter than the
acoustic wave lifetime. Within the correlation peak, the phase
difference between the pump wave and probe wave is fixed,
so that the acoustic wave is built up and kept at a steady state.
In other positions, the acoustic wave is randomly alternating
between the state of being excited and quenched, resulting in
a zero expectation value. Similar to the frequency modulated
BOCDA, the SBS interaction is only generated at the correla-
tion peak.

In addition, the spatial resolution (Az) and the measure-
ment range (dy,) is also determined by the width of the correla-
tion peak and the interval of the correlation peaks, respectively.

(C))

2
where M is the number of codes and ¢4 is the duration of one
code. Meanwhile, the M should be sufficiently big to guaran-
tee only one correlation peak within the FUT. For a distributed
sensing, the high-order correlation peak is scanned along the
FUT through a slight change on the PRBS symbol duration.

However, two main issues need to be addressed, which
limit the sensing performance of this type of BOCDA. One
is the residual off-peak Brillouin interaction, the instantane-
ous value of which is nonzero and fluctuating. This interac-
tion accumulates over the entire length of the FUT, which is
regarded as the noise of the measurements. Therefore, a large
number of averaging is required to enhance the SNR. In 2013,
the off-peak interaction is significantly reduced by using an
intensity-modulated pump wave and time-gated detection
[54], as the noise is only introduced inside the time gate. The
other is that tens of thousands of positions need to be inter-
rogated for a distributed measurement, which is an extremely
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time-consuming process. In 2014, an important development
towards the high-resolution and long-range BOCDA has been
made by combining the time-domain and correlation-domain
analysis, known as the time-multiplexing BOCDA [55]. In
this scheme, the pump wave is also pulse modulated to reduce
the noise and, at the same time, a large number of correlation
peaks are generated in the FUT. The SBS interaction at differ-
ent peaks can be temporally resolved, resulting in a simultane-
ous measurement at multiple correlation peaks. In this case,
the BGS is mapped along a 400 m FUT with a spatial resolu-
tion of 2cm (i.e. 20000 effective sensing points), while the
measurement time is saved by a factor of over 150 as every
correlation peak only interrogates 127 positions. To excite the
acoustic wave to a steady state, the pulse width should be no
less than 30 ns, so that hundreds of interrogated positions is
still required in the measurement. In 2016, the DPP acquisi-
tion is combined with the time-multiplexing to further reduce
the necessary number of interrogated positions by an order of
magnitude [56]. Therefore, the minimum separation between
adjacent correlation peaks is equal to the difference of the
pulse-width pair, which is much shorter than the duration of a
single pulse and even shorter than the acoustic wave lifetime.
Compared with the frequency modulation-based BOCDA, the
DPP technique allows the phase modulation-based BOCDA
to further reduce the interrogated positions, resulting in a dras-
tically reduction on the measurement time. Besides, a short
perfect Golomb code can be used instead of the PRBS, which
is able to effectively reduce the coding noise [55, 56].

Based on a detailed theoretical analysis of the system limita-
tions and an optimization process with the best SNR, a record-
high number of 2 100000 has been achieved with the temporal
gating technique and time-domain acquisition [24]. In addi-
tion, another source of noise induced by the non-instantaneous
phase transitions has been reported, which is introduced by
the device bandwidth limitation in the phase modulation. This
noise has a negative effect on the sensor performance, espe-
cially detrimental to obtain an ultra-high spatial resolution.

Recently, we have made some work to eliminate the bit
transition edge induced noise by using the phase-shift-keying
technique, which only generates two phase shifts (0 and 7) for
phase coding using an MZM [57]. This phase coding technique
is not sensitive to the bandwidth of the related equipment. A
PRBS phase coding with 20 ps bit duration without transition
edge is realized with a 50 GS/s AWG in the proposed BOCDA
based on the phase-shift-keying technique. In order to verify
its spatial resolution, two fiber segments with different BFS
are spliced together for test. For a distributed measurement, the
correlation peak is scanned with a moving step of 0.4mm. A
2mm transition region with two Brillouin peaks is measured,
which is caused by the finite spatial resolution of the proposed
sensor. In turn, the 2 mm spatial resolution of the proposed sen-
sor is validated by the length of the transition region.

5. Discussions and conclusions

The Brillouin-based optical fiber sensors have been extensively
studied in the last two decades, and they are good solutions
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to the structure health monitoring and intelligent urban data
collecting. In this paper, a brief overview of the developments
on the high-spatial resolution BOTDA and BOCDA is made.
In the BOTDA scheme, several impresssive techniques have
been proposed for a centimeter spatial resolution, includ-
ing the dark-pulse technique, PPP technique, DPP technique
and Brillouin echo technique. For the dark-pulse and PPP
techniques, the non-local information is introduced into the
Brillouin spectrum, which is distorted at small temperature
and strain variations, resulting in a system error. The DPP and
Brillouin echo techniques utilize the differential measurements
with two pump pulses, and these two types of sensors are free
from this problem. Besides, the intensity of BEDS differential
signal is twice as much as that of the DPP one, when using
the same experimental parameters. Therefore, the BEDS owns
a better SNR and measurement accuracy, which manifests
itself as a promising tool to achieve a high spatial resolution in
mid-to-long distances. Meanwhile, the DPP-BOTDA has also
been widely used in the laboratory investigations and practi-
cal applications, as the implementation is simple and easy. The
best spatial resolution of the DPP-BOTDA and BEDS is ulti-
mately limited by the bandwidth of the pulse generator and the
detection system. Aiming at a high spatial resolution, the other
improvements of the BOTDA sensors are also pursued, such as
the sensing range and measurement accuracy. In the BOCDA
scheme, it is able to circumvent the pulse-based spatial resolu-
tion limit and spatial resolution is determined by the width of
the correlation peak. For the frequency modulation BOCDA,
an ultra-high spatial resolution of 1.6mm is achieved with a
dozen megahertz sinusoidal-wave signal, while it requires tens
of gigahertz random modulation in the frequency modulation-
based BOCDA sensors. Moreover, the sensor performance is
also enhanced in the aspect of system simplification, fast mea-
surement, enlarging the sensing range and so on. The phase
modulation based BOCDA is able to decouple the connec-
tion between the spatial resolution and measurement range.
By combining with the time-multiplexing technique, it is able
to realize the simultaneous measurement at multiple corre-
lation peaks, so that the time-multiplexing BOCDA offers a
promising solution to a high-spatial-resolution and long-range
Brillouin sensing. After an optimization process, a spatial reso-
lution of 8.3 mm is realized over 17.5 km sensing fiber, result-
ing in a record-high number of 2100000 resolving points.
Recently, the bit transition edge induced noise has been elim-
inated by using the phase-shift-keying technique, so that an
ultra-high spatial resolution of 2mm is obtained. Furthermore,
a spatial resolution of 0.5 mm has been reported using an ASE
light source in the BOCDA scheme, which can detect feature
sizes down to 0.2mm on a silicon-chalcogenide photonics
waveguide [58]. In conclusion, the BOTDA and BOCDA sen-
sors are able to realize a high spatial resolution of centimeters
and even millimeters, which have broad prospects in the practi-
cal applications.

The main challenges and improvements remain as follows:

(1) Introduce the advanced algorithms to break the device
bandwidth limitation, and then further improve the spatial
resolution of the BOTDA and BOCDA sensors.
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(2) In the phase modulation-based BOCDA, the bit trans-
ition-edge-induced noise has been eliminated by using
the phase-shift-keying technique, and therefore, more
research work is expected to comprehensively upgrade
the sensing performance.

(3) To obtain a high-spatial resolution, the cost, stability and
simplicity of the system should be also considered, which
is equally important in the practical applications.
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