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Abstract

Brillouin optical correlation-domain reflectometry (BOCDR) is one of the fiber-optic Brillouin-based distributed sensing
techniques for strain and temperature with single-end accessibility. Since the first proposal of the basic concept in 2008, the
performance of BOCDR has been drastically improved from a variety of aspects including high-speed operation. Here, we
focus on one of the high-speed BOCDR configurations referred to as slope-assisted (SA-) BOCDR. In this configuration,
instead of observing the whole Brillouin gain spectrum, only the spectral power at a certain frequency on the spectrum is
detected, leading to frequency-sweep-free high-speed operation and some unique features. In this review paper, we describe
the recent advances of SA-BOCDR technology from its principle to characterization and applications. We also discuss the
current issues of SA-BOCDR and present a concluding remark. © 2020 Elsevier Science. All rights reserved
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1. Introduction

Distributed strain and temperature sensing based
on Brillouin scattering in optical fibers has been
gathering a lot of attention for several decades as a
promising technique for structural health monitoring
of civil infrastructures, such as buildings, bridges,
tunnels, dams, pipelines, railways, and many others.
To date, a variety of methods have been implemented
to acquire the information on Brillouin gain spectrum
(BGS) distributions, from which the magnitude and
position of strain or temperature change can be
derived [1]. One of the most widely used techniques
is a time-domain technique, which includes Brillouin
optical time-domain analysis (BOTDA) [2-17] and
Brillouin  optical  time-domain  reflectometry
(BOTDR) [18-25]. Their performance has been
dramatically enhanced, and even sub-centimeter
spatial resolution and real-time operation have been

achieved. Another Brillouin-based distributed sensing
technique is a correlation-domain technique, which
include Brillouin optical correlation-domain analysis
(BOCDA) [26—40] and Brillouin optical correlation-
domain reflectometry (BOCDR) [41-65]. These
techniques have not only sub-centimeter spatial
resolution but also a unique advantage of random
accessibility to measuring points. With this feature,
strain or temperature sensing at specific points along
a fiber under test (FUT) can be measured with an
extremely high sampling rate. BOCDA is based on
stimulated Brillouin scattering (SBS) and higher-
power Brillouin signal can be used in the system,
light needs to be injected into both ends of the FUT.
In contrast, BOCDR utilizes spontaneous Brillouin
signal with lower signal power, it operates by light
injection into only one end of the FUT. Then, even
when the FUT is broken during operation, distributed
measurement can be continued in the range from the
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proximal end of the FUT to the breakage point.
Hereafter, we focus on BOCDR technique.

BOCDR operates on the basis of a synthesized
optical coherence function (SOCF) [66]. In a
standard configuration, the optical frequency of a
laser output is modulated sinusoidally to generate a
so-called correlation peak (corresponding to a
sensing position) in the FUT. By scanning the
correlation peak along the FUT and observing the
BGS at every point, distributed measurement of
Brillouin frequency shift (BFS), which gives the
information of strain and temperature, can be
performed. To date, we have drastically improved the
performance of BOCDR, including enhancement of
spatial resolution [44—46], extension of measurement
range [47-49], improvement of measurement
stability [50-53], widening of the strain dynamic
range [54], simplification of the system setup [55-57],
reduction of implementation cost [58,59], and use of
polymer optical fibers (POFs) [52,53,57,60]. The
operation speed is also the target of performance
improvement. A conventional BOCDR configuration
required a longer measurement time because
frequency-sweeping-based BGS observation was
needed at every sensing point along the FUT, which
made it difficult to perform real-time distributed
measurement. To overcome this drawback, we have
recently developed two frequency-sweeping-free
configurations of BOCDR, called phase-detected
(PD-) BOCDR [61,62] and slope-assisted (SA-)
BOCDR [67]. Note that PD-BOCDR has been well
reviewed in our recent paper [62].

In this paper, we review SA-BOCDR from its
fundamental operating principle to its unique features
and application examples. We also discuss the
technical issues to be resolved in future.

2. Principle of SA-BOCDR

First of all, we describe the basic principle of
standard BOCDR. In BOCDR, the pump light and
the reference light are sinusoidally modulated, and
correlation peaks are generated in the FUT. In a
standard configuration, we adjust the modulation
parameters so that only one correlation peak is
located in the FUT. By sweeping the correlation peak
along the FUT, distributed BFS measurement is

feasible. The measurement range di, is determined by
the interval of the neighboring correlation peaks as
[41,43]
_ Ve
dm - 2 ﬁn ) (1)
where v, is the group velocity of light and fn is the
modulation frequency. The spatial resolution Az is
given by [41,43]
_ vedvs

Az = 2nfdlf 2)
where Avg is the Brillouin gain bandwidth (~ 30 MHz
in silica fibers) and A4fis the modulation amplitude of
the light source. It is clear from Egs. (1) and (2) that
the measurement range and the spatial resolution are
in a trade-off relation in terms of the modulation
frequency fi.

In standard BOCDR, the BFS at a single sensing
point is derived after acquiring the whole BGS. In
contrast, SA-BOCDR detects the BFS information
using the BGS slope [67]. Note that this idea itself
was not new; some examples of SA-BOTDA are
found [11-15]. As depicted in Fig. 1(a), the BFS is in
one-to-one correspondence with the spectral power
Ppo at a certain frequency vgo, which is set at the
high-frequency point in the linear region (lower-
frequency side) of the BGS slope. Then, when the
BEFS slightly shifts to higher frequency by strain and
temperature, Ppo decreases linearly; when the slight
loss occurs in the FUT, the spectral power of the
BGS entirely decreases, also leading to the reduction
of Pgo. This sensitivity to optical loss is sometimes an
advantage but sometimes a disadvantage (the
countermeasure in the latter case will be described in
Section 5). Figures 1(b) and 1(c) show the changes in
the Ppo distributions when strain (or heat) and loss
are locally applied, respectively. The strain and heat
effects cannot be separated in this method, but the
loss effect can be discriminated from the locally
applied strain (or heat) in some cases, because the
decreased Ppo value does not return to the initial
value. The Ppo change distributions, which are
calculated by substituting the resultant Pgo
distributions (solid curves) from their initial
distributions (dotted lines), are often used as final
measurement results. The optimal vgo value can be
calculated by differentiating the measured BGS. In a
standard silica single-mode fiber (SMF) with a BFS
of 10.89 GHz, the optimal vg value was 10.85 GHz.
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Fig. 1. Operating principle of SA-BOCDR. (a)
One-to-one correspondence between the BFS and
the spectral power Pgo at frequency veo. (b) Pgo
distributions along the FUT with (solid curve) and
without (dotted line) strain and heat. (c¢) Pgo
distributions along the FUT with (solid curve) and
without (dotted line) local loss.
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Fig. 2. Experimental setup of SA-BOCDR. AC,
alternating current; DC, direct current; EDFA,
erbium-doped fiber amplifier; ESA, -electrical
spectrum analyzer; FUT, fiber under test; OSC,
oscilloscope; PD, photodiode; PSCR, polarization
scrambler.

For more calculation details, refer to [67].

Figure 2 depicts the basic setup of SA-BOCDR,
which is identical to that of standard BOCDR except
for the final signal processing. The output light from
a laser is divided into two: pump and reference. The
pump light is amplified using an erbium-doped fiber
amplifier (EDFA) and injected into the FUT. After
propagating through a delay fiber (to control the
order of the correlation peak) and another EDFA, the

reference light is used for heterodyne detection with
the Stokes light, which is also amplified using still
another =~ EDFA. The  polarization-dependent
fluctuations are suppressed using a polarization
scrambler (PSCR). The heterodyned optical signal is
converted into an electrical signal using a photodiode
(PD) and guided to an electrical spectrum analyzer
(ESA). Using a narrowband-pass filtering function of
the ESA, the Pgo change at a fixed frequency vgo is
sequentially output to an oscilloscope (OSC).

3. Characterization

In this Section, we describe some features unique
to SA-BOCDR. A beyond-nominal-resolution effect
[68,69], which is the ability to detect hotspots shorter
than nominal spatial resolution, is one of the most
interesting features, but we have already reviewed
this effect in [42]. In this paper, we focus attention on
other unique features, such as the measurement
sensitivity dependencies on experimental conditions
[70] and the trade-off relationship between strain
dynamic range and spatial resolution [71].

3.1. Sensitivity dependencies on incident power and
spatial resolution

As explained in Section 2, the measurement
sensitivity of SA-BOCDR is determined by the slope
of the BGS, which depends on the change in incident
light power and spatial resolution. It is thus important
to clarify the sensitivity dependencies on these
experimental conditions. We analyzed the BGS shape
and measured the sensitivity dependencies on the
incident power and the spatial resolution [70].

Examples of the BGS measured at incident powers
of 15 and 24 dBm at various spatial resolutions are
shown in Figs. 3(a) and 3(b), respectively. The FUT
was a 3.0-m-long silica SMF. At both powers, the
BGS gradually grew weaker and broader as the
spatial resolution became higher, leading to the
reduced spectral slope. We then analyzed the spectral
slopes of each BGS and measured the sensitivity
dependence on spatial resolution. Figure 4 plots the
measurement sensitivities as functions of spatial
resolution at different incident powers. Irrespective of
the incident power, the measurement sensitivity was
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Fig. 3. BGS measured when the spatial resolution
was 1.65 (purple), 0.43 (aqua), 0.18 (green), 0.09
(yellow), and 0.03 m (red). The incident powers
were (a) 15 dBm and (b) 24 dBm.
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Fig. 4. Sensitivities plotted as functions of the
spatial resolution at incident powers from 9 to 27
dBm with a step of 3 dB.

reduced and converged to 0 dB/GHz as the spatial
resolution became higher.

This result was experimentally shown to be
applicable by performing distributed temperature
measurements, and higher-power light was confirmed
to be preferable for enhanced measurement
sensitivity as well as improved signal-to-noise ratio
(SNR). However, excessive high-power light
injection may cause what we call an optical fiber fuse
effect [72,73]. Therefore, the optimal incident power
will be ~25 dBm (for instance), depending on the
actual conditions.

3.2. Trade-off relation between strain dynamic range
and spatial resolution

One of the important issues unsolved yet is its
strain (or temperature) dynamic range limited by the
narrow linear range of the BGS slope. The linear
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Fig. 5. (a) BGSs measured at strains of 0, 0.1, 0.2,
0.25, 0.3% when the strained length L. was the
same as the nominal spatial resolution Az (= ~0.37
m). (b) Normalized power change plotted as a
function of applied strain. The dotted curve is an
exponential fit.

range is generally reported to be several tens of
megahertz, corresponding to a small strain of ~0.15%
(or temperature change of ~64 K). We need to admit
that this value is insufficient for many of practical
applications.

The strain dynamic range of SA-BOCDR is
generally determined by the linear range of the BGS
slope. Then, it may be feasible to widen the dynamic
range if the nonlinear range (foot of the BGS) is also
used to measure strain at the cost of the reduced
sensitivity. However, this method is not fully
effective because of the bell-shaped background
noise floor unique to the BGS in correlation-domain
sensors [38]. This noise structure is caused by the
Brillouin signals accumulated from non-correlated
sections along the FUT. As most of the nonlinear
range is composed of this noise, the strain dynamic
range cannot be largely improved by this method.

We focused our attention on the fact that the noise
structure mainly consists of the Brillouin signals from
the non-sensing—but close to the sensing—sections.
Therefore, by intentionally lowering the spatial
resolution and including initially non-sensing
sections into newly defined sensing sections, the
noise floor will be drastically suppressed.
Consequently, the strain dynamic range will be
largely extended. In this meaning, SA-BOCDR
possesses a trade-off relation between strain dynamic
range and spatial resolution.

This scheme was experimentally demonstrated
using a 7.5-m-long silica SMF. Refer to [71] for
detailed conditions. When the strained length was
identical to the spatial resolution, the strain dynamic
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Fig. 6. (a) BGSs measured at strains of 0 to 0.6%
(step: 0.1%) when the strained length was 3Az,
where Az is ~0.37 m. (b) Power changes plotted as
functions of strain when the strained length was Az,
1.5Az, 2Az, and 3Az. The dotted curves are
exponential fits. (c) Maximal measurable strain
plotted as a function of strained length. The dotted
line is a linear fit.

range was 0.25% (with sensitivity lowered at 0.15—
0.25%), as shown in Figs. 5(a) and 5(b). In contrast,
when the strained length was longer than the nominal
resolution, the strain dynamic range was much wider,
as shown in Figs. 6(a) and 6(b). Figure 6(c) plots the
measurable strain as a function of the strained length
(divided by the resolution), which clearly indicates
the trade-off relation between the strain dynamic
range and the spatial resolution.

4. Demonstrations and Applications

Toward practical applications of SA-BOCDR, we
conducted numerous demonstrations. First, we tested
whether a POF can be employed as the FUT [74]. We
then showed the usefulness of this system by a
pseudo-field test [75]. We also demonstrated
distributed temperature sensing with a long range of
>10 km [76] along with bending-loss-independent
operation [77] and stability/sensitivity-enhanced
operation [78]. In addition, we used this system to
measure the distribution of polarization beat length.
In this Section, these topics are described.
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Fig. 7. Power and power-change distributions along
(a) a low-loss fiber and (b) a high-loss POF; with
(solid curves) and without (dotted lines) strain and
heat.

4.1. POF-based operation

We made a trial to implement SA-BOCDR using a
high-loss POF. We showed that, unlike low-loss
silica fibers, the strain and temperature sensitivities
are dependent on sensing position because the
transmitted power gradually decreases in the POFs.
After analyzing this unique effect experimentally, we
showed that this effect can be compensated so that a
correct POF-based distributed measurement can be
performed using SA-BOCDR.

The  Brillouin  scattering  properties  in
perfluorinated POFs have been well summarized in
[79]. The optical propagation loss of this kind of POF
is ~250 dB/km at 1550 nm. The BFS is ~2.8 GHz,
and the strain and temperature coefficients of the
BFS are —-120 MHz/% and -3.2 MHz/K (which
depend on samples). Some interesting phenomena of
Brillouin scattering in POFs, such as a BFS hoping
effect, have been reported, and the operation of POF-
based BOCDR has been achieved [53,60].

The idea is presented in Fig. 7. When a silica SMF
with a low propagation loss is used as an FUT, unless
the FUT is extremely long, the Brillouin power
shows almost no change irrespective of the sensing
position. However, when a relatively high-loss fiber
including a POF is used, even when the FUT is short,
the Brillouin power decreases with increasing
distance from the proximal end of the FUT. The
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Fig. 9. (a) Structure of the POF under test. (b)
Power-change distribution along the POF. The
dotted line is a theoretical trend.

weakening of the BGS along the FUT leads to the
reduction in the spectral slope, finally resulting in the
gradual decrease in the strain and temperature
sensitivities.

In the demonstration, we employed a 15.0-m-long
POF. The measurement range was 18.1 m and the
theoretical spatial resolution was 0.96 m. Refer to
[74] for more detailed conditions. First, to derive the
theoretical strain and temperature sensitivities as
functions of sensing position, we measured the BGS
distribution along the POF with a constant interval of
1.0 m using standard BOCDR (Fig. 8). The peak
power of the BGS gradually decreased with light

propagation, which also induced the reduction in its
spectral slope. By analyzing this result carefully
(refer to [74] for details), the temperature sensitivity
was calculated as a function of sensing position, and
the dependence coefficient was —4.98x10# dB/°C/m
(corresponding to —2.10x1072 dB/%/m for strain).

Then, we demonstrated distributed measurement
of strain and temperature along the POF using SA-
BOCDR. The structure of the FUT is depicted in Fig.
9(a). A 1.0-m-long section was strained for 1 %, and
another 1.0-m-long section was heated to 60°C. The
measured power-change distribution is shown in Fig.
9(b). At the expected sections, the power changes
corresponding to the strain and the temperature
change were observed, which moderately agrees with
the theoretical dotted line considering the sensitivity
dependence on sensing position and the trapezoidal
effect of SA-BOCDR. Thus, the applied strain and
temperature change along the POF were correctly
detected.

4.2. Pseudo-field test

As a first step toward such practical applications,
we presented an example of SA-BOCDR-based
diagnosis using an optical fiber embedded in a
composite structure [75]. As a specimen to be
measured, we prepared a carbon fiber-reinforced
plastic (CFRP) strengthened steel plate, in which a
standard silica SMF was embedded. As load was
applied to the structure on its top or bottom, we
detected the induced compressive and tensile strain
distributions, respectively. We showed that the
breakage of the embedded fiber can also be detected
as an abrupt local power change in the SA-BOCDR
output.

Figure 10 shows the structure of the specimen. A
1.4-m-long silica SMF with BFS of 10.85 GHz was,
as an FUT, embedded between a steel plate and
CFREP strips. This structure was fabricated by placing
the SMF before the infusing liquid resin during the
vacuum-assisted resin transfer molding. The depth of
the structure was 39 mm, and the thickness of the
steel plate was 12 mm. The total thickness of the
CFRP strips composed of seven tapered layers was
~3 mm.

We performed two different types of experiments:
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Fig. 10. Specimen structure.

one for evaluating the magnitude of tensile and
compressive strains, and the other for detecting the
fiber breakage. First, using a three-point bending
device, tensile and compressive strains were applied
to the middle of the specimen by tightening the top
screw with a pitch of 2 mm. We measured the
distributed tensile and compressive strains from 0 to
1.5 and from 0 to 2.5 turns (of the top screw),
respectively. Measurements were performed every
0.5 turns. Finite-element analysis shows that the
strain increases by ~400 pe with each additional turn.

Similar experiments were performed by applying
larger compressive strains to the specimen until the
sensing fiber was broken. Using SA-BOCDR, the
power-change distributions were measured while the
top screw was tightened from 0 to 6.0 turns,
corresponding to strains of 0 to ~2400 pe. The room
temperature was 23 °C. The measurement range was
11.3 m and the spatial resolution was 71 mm.

First, we present the experimental results of
evaluating the magnitude of the applied tensile and
compressive strains. Figure 11(a) shows the
measured power-change distributions along the
whole sensing fiber when tensile strains of 0, 200,
400, and 600 pe and compressive strains of 0, 200,
400, 600, 800, and 1000 pe were applied to the
specimen. The vertical axis was converted into strain
using the known strain-dependence coefficient of a
power change of —1.59 dB/%. The horizontal axis
indicates the relative distance from the midpoint of
the embedded section of the sensing fiber. The power
changes were observed along a ~390-mm-long
section around the embedded section. With
increasing applied tensile and compressive strains,
the measured strains also increased moderately in
accordance with the theoretical values. In Fig. 11 (b),
the maximal strain obtained from each measured
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Fig. 11. (a) Strain distributions along the FUT
measured at tensile strains of 0, 200, 400, and 600
pe and compressive strains of 0, 200, 400, 600,
800, and 1000 pe. The dotted lines are the
theoretical trends. (b) Maximal tensile and
compressive strains plotted in terms of the
revolution numbers of the top screw.

distribution in Fig. 11(a) is plotted as a function of
the number of revolutions of the top screw.
Irrespective of tensile or compressive strains, the
maximal strain increased almost linearly with
increasing the number of revolutions of the screw.
The calculated slopes for tensile and compressive
strains were ~364 pe/turn and ~385 pe/turn,
respectively, in a moderate agreement with
theoretical values (~400 pe/turn).

Subsequently, we detected the fiber breakage by
applying larger compressive strains. The top screw
was tightened to 0, 1.5, 3.0, 4.5, 5.3, 5.5, and 6.0
turns. The measured distributions of the power
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Fig. 13. Photographs of the CFRP strips peeled off
from the steel; (a) top view and (b) side view.

change (output as voltage) are shown in Fig. 12. The
vertical axis was defined to be positive when the
strain was compressive. When the number of
revolutions was equal to or smaller than 4.5, the
power changes were observed along the correct
section. In this range of strains, the power change
was almost proportional to the number of revolutions.
However, when the number of revolutions was larger
than 5.3 (~2120 pe), the power change showed a
drastic increase along the distal side from the
midpoint of the specimen. This behavior implies that
considerable optical loss was induced. Figure 13
shows the photographs of the specimen after the
revolution number of 6.0 turns was applied. Part of

the CFRP strips were clearly peeled off from the steel.

By directly measuring the transmitted optical power,
we confirmed the breakage of the fiber itself. Thus,
we showed that SA-BOCDR has a capability to

indirectly predict the peeling of composite structures
via fiber breakage detection.

4.3. >10-km-range operation

Almost all the previously reported demonstrations
of BOCDR had measurement ranges shorter than
~1.5 km. If we exploit the beyond-nominal-resolution
effect [68], it is feasible to detect a meter-order-long
strained/heated section along a long FUT [76] even
without the use of special configurations for
extending measurement range, such as temporal
gating and double modulation schemes [47,48].

In general, we need to employ a delay line in a
reference path which should be at least 4 times longer
than the FUT. In this long-range configuration, the
use of such a long delay line inevitably accompanies
forward-propagating Brillouin-scattered light in the
reference path, which leads to a deteriorated SNR and
should be filtered out.

The structure of the FUT is depicted in Fig. 14(a).
A 13-km-long silica SMF with a BFS of 10.88 GHz
was employed as an FUT, and a considerable bending
loss was artificially applied near its end to suppress
the Fresnel reflection. A 3-m-long section (11 km far
from the proximal end) was heated from room
temperature (23°C) to 70°C. The modulation
amplitude was 5 GHz, and the modulation frequency
was swept from 4.51 kHz to 7.07 kHz, corresponding
to the measurement range of 14.5 km and the
nominal spatial resolution from 26.7 m to 41.9 m.

The normalized power-change distributions near
the heated section (23°C, 50°C, and 70°C) are shown
in Fig. 14(b). Clear peaks were observed at the heated
section. The shape of the waveforms at the heated
section is not rectangular, which is valid considering
the nature of SA-BOCDR. It is also valid that the
peaks were broadened because the nominal spatial
resolution at this position is 28.2 m. The SNR was
not high in this long-range measurement, because (1)
the incident power was much lower than those of
shorter-range measurement, (2) the weak incident
power was reduced further during propagation of the
long FUT, (3) the measurement position is far beyond
the coherence length of the laser (~100 m), and (4)
the aforementioned noise caused by the Brillouin
components in the reference path cannot be
completely suppressed. Subsequently, we plotted the
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power-change plotted as a function of temperature.
The dotted line is a linear fit.

maximal power-change at the heated section as a
function of temperature (Fig. 14(c)). The dependence
was almost linear, indicating that, although the SNR
was low, a 3-m-long heated section was properly
detected at a >10 km distant position. By additionally
employing the temporal gating scheme and/or the
double modulation scheme, we may be able to extend
the measurement range further while maintaining the
short-hot-spot detectability.

4.4. Bending-loss-independent operation

The loss-sensitive nature is a unique feature of
SA-BOCDR and can be exploited as described in
Section 4.2. However, from the viewpoint of stable
measurement of strain and temperature, the final
output of SA-BOCDR should not be influenced by
unintended loss applied to the FUT. One of our

solutions was simple; we employed a special silica
fiber with low bending loss [77].

The low-bending-loss silica fiber used in the
experiment was a 12.0-m-long trench-index-type
special SMF (FutureGuide-BIS-B, Fujikura) with a
low bending loss (e.g., 0.018 dB/turn at 1550 nm for
a bending radius of 7.5 mm). One end of this special
fiber was connected to the 1.0-m-long pigtail of the
second port of an optical circulator via an adaptor,
and the other end was cut with an angle and
immersed into index matching oil to suppress the
Fresnel-reflection-dependent signal fluctuations.

Fundamental characterization revealed that the
coefficients of the power-change dependencies on
strain and temperature are 1.42x10* dB/ue and
3.28x1073 dB/K, respectively (when the spatial
resolution is 144 mm and the measurement range is
14.7 m). As for the details, refer to [77]. The loss-
insensitive  operation of SA-BOCDR  was
demonstrated using the FUTs depicted in Fig. 15.
Two different types of 12.0-m-long silica SMFs (a
standard SMF (FPC-SM20, Alnair Labs) and the
low-bending-loss SMF) were employed. Heat (70°C)
and strain (400 pe) were applied to 0.15-m-long
sections, and bending losses were applied between
the heated and strained sections. The bending loss
was applied by winding the fibers around rods for
one turn without strain. The radii of the rods were 8
and 10 mm, which theoretically induce bending
losses of ~3.1 and ~0.8 dB for the standard SMF,
respectively. The bending losses induced to the
special SMF were relatively low (< 0.02 dB).

Figure 15(b) shows the  power-change
distributions measured along the standard SMF with
8- and 10-mm rod radii. The vertical axis was
normalized so that the maximal power change at the
heated section became 1 (when the rod radius was 10
mm). Note that the two distributions were displayed
with an artificial shift of 2 for clear comparison.
Regardless of the rod radii, the heated sections were
correctly detected, and the rough locations of the
applied bending losses were also detected. However,
when the rod radius was 10 mm, the location of the
strained section was correctly detected, but the strain
magnitude appeared to be much smaller than the
actual value (which is approximately 0.6). This is
because the BGS power reduced by bending loss lead
to the reduction in the spectral slope, resulting in the
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Fig. 15. (a) FUT structure, where heat, strain, and
bending loss were applied. Power-change
distributions with rod radii of 8 and 10 mm when
the FUT was (b) the standard silica SMF and (c) the
low-bending-loss silica SMF. Each distribution was
shifted by 2.

reduced sensitivity to strain. When the rod radius was
even smaller (8§ mm), the loss was so high that the
strained section was not detected at all. This is
because the considerable loss almost completely
diminished the BGS (i.e., the spectral slope became
almost flat), and consequently, the strain-induced
spectral shift posed only negligible influence on the
final output. In contrast, Fig. 15(c) shows the
normalized power-change distributions measured
along the low-bending-loss SMF with 8- and 10-mm
rod radii. The two distributions were similar to each
other irrespective of the rod radii, and the heated and
strained sections were correctly detected in both
measurements. The applied bending losses did not
affect the measured results, indicating that, by SA-

BOCDR using this special fiber, a stable distributed
measurement of strain and temperature can be
performed with no influence of unintended local loss.

4.5. Sensitivity/sensitivity-enhanced operation

One of the major drawbacks of power-based
operation of SA-BOCDR is the significant
polarization-dependent power fluctuations, which
lead to unstable operation of the system. To date, to
mitigate this noise, a PSCR has been employed in the
system, but the averaged state of polarization (SOP)
leads to non-ideal sensitivity, and in addition, the use
of the PSCR increases the cost and encumbers the
downsizing of the system. Polarization diversity has
also been employed in BOCDR, but the negative
situation cannot be remedied because of the use of a
polarization switch, and what is worse, the sampling
rate inevitably becomes less than half for data
processing. To resolve these shortcomings, we
develop polarization-scrambling-free SA-BOCDR
using a polarization-maintaining fiber (PMF) as an
FUT. A PSCR is not employed in this configuration,
leading to the cost reduction (when the FUT is
relatively short). In addition, what is more important,
the SOP can be optimized so that the sensitivity can
be higher, as a higher-power BGS has a larger slope,
resulting in a higher sensitivity. As for the details,
refer to [78], where the demonstration movie of real-
time distributed temperature sensing using a PMF is
also available.

4.6. Polarization beat length measurement

Distributed measurement of polarization beat
length (birefringence) along an optical fiber is of
great interest in the recent high-speed fiber-optic
communication with a transmission rate of >100
Gbps. Polarization-sensitive optical time-domain
reflectometry (POTDR) [80] is a simple technique
based on Rayleigh-scattered polarized light, but it has
lower spatial resolution and longer measurement time.
Polarization-sensitive  optical  frequency-domain
reflectometry (POFDR) [81] is also a technique for
measuring the beat length distributions with
extremely high resolution, but the measurement range
was strictly limited. As another approach, the
polarization dependence of Brillouin scattering has
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also been used to measure the beat length
distributions along optical fibers. Using BOCDA, a
high spatial resolution of 2.7 cm was achieved.
However, light injection to both ends of the FUT is
not convenient in long-range applications. Single-
end-access distributed beat length measurement was
demonstrated on the basis of BOCDR [63], and a
spatial resolution of 25 cm and a sampling rate of 20
Hz were obtained. However, it was time-consuming
to switch the system from beat length sensing mode
to strain/temperature sensing mode, and vice versa.
To overcome this issue, we have recently
demonstrated distributed beat length measurement
based on SA-BOCDR. In addition to the advantages
of single-end accessibility, high spatial resolution,
high speed measurement, and cost efficiency, the SA-
BOCDR-based method has a unique advantage that
the measurands can be easily changed from beat
length to strain/temperature by switching on a PSCR
used in the system. The experimental results will be
soon published.

5. Discussion and Conclusion

We presented a review on the recent progress in
the SA-BOCDR technology. Since the first proposal
in 2016 [67], its unique features have been
characterized, and some  applications and
demonstrations have been provided. The basic
motivation of this technique was to boost the
operating speed of a standard BOCDR system, but a
number of other aspects have also been improved or
discovered somewhat accidentally. However, SA-
BOCDR still suffers from two major technical issues.

One is the inherently low stability of the system
caused by the direct use of optical spectral power.
For instance, if the output power of the light source
fluctuates, or if unexpected loss is applied to the fiber
before the proximal end of the FUT, the system
output is inevitably influenced, leading to erroneous
strain and temperature measurement. One solution
may be to utilize two or more frequency components
simultaneously [15]. For instance, if we employ the
power ratio of the two frequency components, it will
be free from the aforementioned errors. These
frequency components could be either in the same
slope or in different slopes. The lowered strain (or

temperature) dynamic range will be its trade-off, but
it might be mitigated by a peak-tracing technique, etc.

The other problem is the possible measurement
error caused by the BGS shape modified by the
irregular strain (or temperature) distribution in the
vicinity of the sensing point. The BGS observed by
correlation-domain techniques is generally composed
of two spectral contributions, i.e., the sharp signal
peak corresponding to the measured strain and the
noise structure caused by scattering from all the other
positions. Consequently, even if the peak frequency
is maintained, the BGS shape may be modified by the
strain distribution at the positions near the correlation
peak [38]. This neighborhood effect has been well
clarified in the case of PD-BOCDR [61], in which the
measurement can be correctly performed if some
deterioration of spatial resolution is permitted (for
instance, ~3 times). This discussion should hold true
in SA-BOCDR, but the quantitative evaluation needs
to be independently conducted and is one of the
important future tasks.

Despite these issues to be solved, they never
change the fact that SA-BOCDR is the useful
technology with unique advantages of operation by
single-end light injection, random accessibility to
measuring points, and real-time operation. A special
configuration that possesses the advantages of both
SA-BOCDR and standard BOCDR will be feasible,
considering the similarity of their setups. Thus, we
anticipate that SA-BOCDR will be one of the
promising key techniques for Brillouin-based
distributed sensing in the future.
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