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1. Introduction

Brillouin-scattering-based sensing [1] has been one of the 
most extensively studied topics in fiber-optic sensing commu-
nity. It enables us to diagnose damaged civil infrastructures 
exploiting its capability of distributed strain/temperature mea-
surement along fiber under tests (FUTs). Distributed Brillouin 
sensors are generally classified into two types: ‘analysis’ and 
‘reflectometry’. In the former, two lightwaves need to be 
injected into both ends of an FUT, while in the latter, light 
injection to one end of an FUT is sufficient for proper opera-
tion. For each type, different schemes for acquiring position 
information, namely, time-[2–9], frequency-[10–13], and cor-
relation-[5, 14–24] domain schemes, have been developed. 
Although different configurations have different merits and 
demerits, the target of this paper is Brillouin optical corre-
lation-domain reflectometry (BOCDR), which is the only 
scheme with advantages such as single-end accessibility, 
random accessibility to sensing positions, and relatively 
high spatial resolution. To date, a number of configurations 

of BOCDR have been implemented to achieve better sensing 
performance including spatial resolution [16–18], and mea-
surement range [21, 22]. BOCDR suffered from its relatively 
long measurement time, but recently this issue has been miti-
gated by two frequency-sweeping-free configurations, called 
phase-detected (PD-) BOCDR [25] and slope-assisted (SA-) 
BOCDR [26]. Although PD-BOCDR has a high sampling rate 
of hundreds of kilohertz, its strain dynamic range is limited 
to approximately 0.2%. Though some attempts to extend the 
strain dynamic range have been made [27], it is still one of the 
major drawbacks of PD-BOCDR. Here, we concentrate atten-
tion on SA-BOCDR.

SA-BOCDR enables high-speed operation by exploiting 
the slope of the Brillouin gain spectrum (BGS). After demon-
strating its basic operation [26], we have clarified its unique 
features such as beyond-nominal-resolution detectability [28] 
and adjustable sensitivity [29]. We have also shown its prac-
tical usefulness by providing a case example of distributed 
strain monitoring along an FUT embedded in a composite 
structure [30]. Remarkable progress has thus been made since 
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its first proposal, but one of the important problems unsolved 
yet is its strain (or temperature) dynamic range limited by 
the narrow linear range of the BGS slope. The linear range is 
generally reported to be several tens of megahertz [1], which 
corresponds to a relatively small strain of ~0.15% (or temper-
ature change of ~64 K). This value is even lower than that of 
PD-BOCDR and is far from being sufficient for some prac-
tical applications [31–33].

The simplest idea to improve the strain dynamic range 
is to exploit not only the linear range but also the nonlinear 
range of the BGS. However, this approach may not operate so 
effectively as expected, because the BGS observed in BOCDR 
involves a unique bell-shaped background noise floor [34, 35], 
which is not sensitive to the strain applied to the sensing posi-
tion. Thus, it is crucial to extend the upper limit of the measur-
able strain by another method.

In this work, to start with, we experimentally confirm that 
the aforementioned idea, i.e. additonal use of the nonlinear 
range of the BGS, is not effective. The maximal measurable 
strain obtained by this approach is found to be merely ~0.25%. 
Then, we clarify that SA-BOCDR has a trade-off relation 
between the strain dynamic range and the spatial resolution 
and that the former can be extended at the sacrifice of the 
latter. In the experiment, we achieve a strain dynamic range 
of  >0.6% when the spatial resolution is three times lower.

2. Principle

BOCDR operates based on correlation control of continuous 
lightwaves, which enables high spatial resolution and signal-
to-noise ratio (SNR). By modulating the driving current of a 
light source, the optical frequency of its output is sinusoidally 
modulated to generate a ‘correlation peak’ in the FUT, which 
enables position-selective detection of Brillouin signal. By 
sweeping the modulation frequency f m, the correlation peak 
can be scanned along the FUT for distributed measurement. 
Since multiple correlation peaks are generated periodically 
along the FUT, in a standard BOCDR configuration, the mea-
surement range dm is given by their interval as [36]

dm =
c

2nfm
, (1)

where c is the velocity of light in vacuum and n is the refractive 
index of the fiber core. The spatial resolution Δz is reported 
to be given by [36]

Δz =
cΔνB

2πnfmΔf
, (2)

where ΔνB is the Brillouin bandwidth and Δf  is the modula-
tion amplitude of the optical frequency.

Brillouin-based sensing generally exploits the strain (or 
temperature) dependence of the Brillouin frequency shift 
(BFS) [1]. In standard BOCDR, the BFS is derived after 
acquiring the whole BGS, which is relatively time-consuming 
because optical frequency needs to be swept. In contrast, 
SA-BOCDR enables frequency-sweeping-free higher-speed 
operation by using, instead of the BFS itself, a spectral power 
PB0 at a certain frequency νB0 on the BGS slope. If we desire 
to measure tensile strain (or heat) applied to the FUT, νB0 is 
set to lower frequency than the BFS.

When SA-BOCDR was first developed, we determined the 
strain dynamic range by the linear range of the BGS slope [26]. 
It may be feasible to extend the dynamic range if the nonlinear 
range (foot of the BGS) is additonally used to measure strain at 
the cost of the deteriorated sensitivity. However, the effect of 
this method is probably limited because the BGS observed in 
BOCDR inherently involves a bell-shaped background noise 

Figure 1. Experimental setup of SA-BOCDR. AC, alternating current; CW, continuous wave; DC, direct current; EDFA, erbium-doped 
fiber amplifier.

Figure 2. Structure of FUT.
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floor. This noise is caused by accumulation of the Brillouin 
signals from non-correlation (or non-sensing) sections along 
the FUT [34, 35]. As the nonlinear range of the BGS is mostly 
located on this noise floor, drastic improvement of the strain 
dynamic range cannot be expected by this method.

Here, we draw attention to the fact that the bell-shaped 
noise floor consists predominantly of the Brillouin signals 
from the non-sensing sections close to the sensing section (in 
other words, the closer the non-correlation sections are to the 
correlation peak, the greater their contributions to the noise 
floor become) [34, 35]. Therefore, if we intentionally lower 
the spatial resolution and include initially non-sensing sec-
tions into newly defined sensing section, the noise floor will 
be drastically diminished; as a result, the strain dynamic range 
will be greatly enhanced. Thus, SA-BOCDR has a trade-off 
relation between the strain dynamic range and the spatial reso-
lution. We give experimental analysis on this nature in this 
paper.

3. Experimental setup

The experimental setup of SA-BOCDR is depicted in figure 1, 
which is essentially the same as that previously reported [26]. 
A continuous lightwave from a laser with a center wavelength 

of 1.55 μm was divided into two light beams: pump and refer-
ence. After amplified to ~26 dBm using an erbium-doped fiber 
amplifier (EDFA), the pump light was injected into the FUT. 
The Brillouin-scattered Stokes light was then amplified to 
~2 dBm using another EDFA and coupled with the reference 
light for heterodyne detection. The reference light was ampli-
fied to ~1 dBm after passing through a ~1 km-long delay fiber. 
After converted into an electrical signal using a photodiode, 
the heterodyned signal was guided to an electrical spectrum 
analyzer (ESA; video bandwidth: 10 kHz, resolution band-
width: 10 MHz). Using the narrowband-pass filtering function 
of the ESA, the change in the spectral power at 10.80 GHz 
was transmitted to an oscilloscope (OSC). The repetition rate 
was 100 Hz, and averaging was performed 512 times on the 
OSC to achieve a higher SNR.

As shown in figure 2, we used a 7.5 m-long silica single-
mode fiber (SMF) with a BFS of 10.82 GHz at room temper-
ature (20 °C). A bending loss was applied near the open end to 
suppress the Fresnel reflection.

We performed two experiments: one was to measure the 
strain dynamic range of standard SA-BOCDR and to con-
firm the origin of its limitation, and the other was to investi-
gate the trade-off relation between the strain dynamic range 
and the spatial resolution. In the first experiment, we set the 

Figure 3. (a) Measured distribution of the normalized power change when the applied strain was 0.25%. (b) Normalized power change 
plotted as a function of applied strain. The dotted curve is an exponential fit. (c) BGSs measured at strains of 0, 0.1, 0.2, 0.25, 0.3% when 
the strained length Lε was the same as the nominal spatial resolution Δz (=~0.37 m).
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modulation frequency f m and modulation amplitude Δf  to 
9.80–9.97 MHz and 0.27 GHz, respectively, which correspond 
to the meausrement range dm of ~10.3 m and the theoretical 
spatial resolution Δz of ~0.37 m according to equations (1) 
and (2). Distributed strain measurements were performed 
when strains of 0%–0.7% were applied to a ~0.37 m-long sec-
tion (same as Δz). We simultaneously measured the BGSs in 
the strain range of 0%–0.3% when the correlation peak was 
located ~4.0 m away from the end of the second-port SMF 
of an optical circulator (see figure 2; f m was 9.89 MHz). In 
the second experiment, similar measurements of strain dis-
tributions and single-point BGSs were performed, but with 
elongated strained lengths Lε from Δz to 3Δz, which can be 
regarded as intentionally lowered spatial resolutions.

4. Experimental results

First, we present the results of SA-BOCDR-based distrib-
uted strain measurements when relatively large strains were 
applied. Figure 3(a) shows an example of the measured dis-
tribution of the spectral power change along the whole FUT 
when a 0.25% strain was applied to a ~0.37 m-long sec-
tion. The vertical axis was normalized so that the maximal 
power change became 1. The power change at the strained 
section  was detected; a triangular shape (not rectangular) 

indicates the correct operation of SA-BOCDR when the 
strained length equals the sptatial resolution [28]. Similar 
measurements were performed at various strains in the range 
of 0%–0.7%. Figure 3(b) shows the measured dependence of 
the normalized power change (at the midpoint of the strained 
section) on applied strain. With increasing strain, the power 
change also increased, but the slope became gradually small 
(moderately fitted by an exponential curve). When strain 
was smaller than ~0.15%, the dependence was almost linear, 
which agrees well with previous reports [26, 28]. However, 
in the strain range of approximately 0.15%–0.25%, the slope 
became smaller, which can still be used to measure strain 
because the power change and strain are in one-to-one cor-
respondence. In contrast, once the strain exceeded ~0.25%, 
the power change showed no significant growth and became 
almost constant. These results indicate that the use of the 
nonlinear range of the BGS slope is not an effective method 
for improving the strain dynamic range, which was slightly 
extended from 0.15% to 0.25% in this experiment. We also 
measured the BGSs while applying strains of 0%–0.3% to the 
~0.37 m-long section in the FUT. As shown in figure 3(c), with 
increasing strain, the spectral power at 10.80 GHz decreased 
when the applied strain was smaller than ~0.25%, which cor-
responds to the trend in figure 3(b). However, it is clear that, 
when strain was larger, the spectral power stopped decreasing 

Figure 4. (a) BGSs measured at strains of 0–0.6% (step: 0.1%) when the strained length Lε was 3Δz, where Δz is ~0.37 m. (b) Normalized 
power changes plotted as functions of applied strain when the Lε values were Δz, 1.5Δz, 2Δz, and 3Δz. The dotted curves are exponential 
fits. (c) Maximal measurable strain plotted as a function of Lε. The dotted line is a linear fit.
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because of the aforementioned bell-shaped background noise 
floor. This observation confirms that the strain dynamic range 
of SA-BOCDR is, even when the nonlinear range of the spec-
tral slope is exploited, significantly restricted by this unique 
noise structure.

Subsequently, we show the results when the spatial reso-
lution was lowered. Figure  4(a) shows the BGSs measured 
when the strains of 0–0.6% were applied to a 1.1 m-long sec-
tion  (corre sponding to 3Δz) in the FUT. Unlike in the case 
where the strained length Lε was Δz, the spectral power at 10.80 
GHz decreased even when the applied strain was larger than 
0.25%. This is because part of the noise floor shifted to higher 
frequency owing to the lowered resolution. This trend was 
basically the same when Lε was 1.5Δz and 2Δz. Figure 4(b) 
shows the strain dependence of the normalized power change 
(at the midpoint of the strained section). Regardless of Lε, the 
power change increased with increasing applied strain. The 
slope became gradually small, and the power change finally 
became almost constant, in the same manner as in figure 3(b). 
However, is is notable that, with increasing Lε, the strain 
at which the power change became constant increased. In 
figure 4(c), as a function of Lε, we finally plotted the maximal 
measurable strain, which we defined as the strain at which 
the power change reaches ~86.5% of its saturated value. As 
Lε increased, the maximal measurable strain increased almost 
linearly with a coefficient of ~0.2% in this experiment. When 
the spatial resolution was three times lowered, the strain 
dynamic range was  >0.6%. Thus, we proved that the strain 
dynamic range can be improved at the cost of the spatial reso-
lution in SA-BOCDR.

5. Conclusion

We clarified that SA-BOCDR has a trade-off relation between 
the strain dynamic range and the spatial resolution. To start 
with, we measured the BGSs when applied strains were larger 
than the previously reported upper limit (~0.15%), and proved 
that the limited strain dynamic range is caused by the bell-
shaped noise floor peculiar to the correlation-domain tech-
niques. Then, by making use of the nature of this noise floor, 
we showed that the strain dynamic range can be improved at 
the cost of the spatial resolution. In the experiment, a strain 
dynamic range of  >0.6% was achieved with a spatial reso-
lution lowered by three times. Considering that the spatial 
resolution of BOCDR is relatively high even in its standard 
configuration, such a lowered spatial resolution should still 
be useful in some applications. We have some other ideas to 
improve the strain dynamic range; for instance, by low-pass 
filtering the BGS, the dynamic range will be improved, but 
at the sacrifice of the measurement sensitivity. Using mul-
tiple spectral powers will be another approach, but the signal 
processing will be more complicated. Thus, we believe that 
our simple approach to widening the strain dynamic range of 
SA-BOCDR will be of significant use for practical applica-
tions in structural health monitoring in the future.
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