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Distributed long-range Brillouin optical time domain
analysis (BOTDA) is an extremely time-consuming sensing
scheme, which requires frequency mapping of the Brillouin
spectrum and a large number of average times. Here, we
propose a fast long-range BOTDA based on the optical
chirp chain (OCC) probe wave and Brillouin loss scheme.
The OCC-modulated probe wave is enabled by cascading
fast-frequency-changing microwave chirp segments head-
to-tail, which covers a large frequency range around the
anti-Stokes frequency relative to the pump wave. The com-
bination of the OCC technique and Brillouin loss scheme
provides several advantages, i.e., fast measurement, a high
Brillouin threshold, no additional amplification scheme,
and freedom from the nonlocal effect. In the experiment,
6 m spatial resolution, 3.2 s measurement time, and 3 MHz
measurement precision were achieved over a 150 km single-
mode fiber. © 2018 Optical Society of America
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Brillouin optical fiber sensors have the capacity to resolve more
than one million points [1], obtain a high-speed strain sampling
rate [2], and achieve a long sensing distance [3]. In applications,
long-range distributed Brillouin optical fiber sensors are pro-
mising tools to monitor large-scale structures such as power
cables, railways, and oil and gas pipelines. BOTDA sensors fea-
ture high signal-to-noise ratios (SNRs), which will finally de-
termine the sensing distance. It is obvious that increasing the
pump and probe input power improves the SNR. However,
nonlinearities in the fiber are the main obstacles to inject high
pump and probe power. The pump pulse power should be
chosen appropriately in order to avoid modulation instability
[4] and self-phase modulation [5], while probe power is re-
stricted by the Brillouin threshold, which drops off with the

sensing distance [6]. In addition, the nonlocal effect is another
detrimental effect on the long-range performance of the sen-
sors. It is caused by the accumulated interaction between the
pump pulse and probe wave, which distorts the Brillouin spec-
trum and subsequently introduces fitting errors [7]. To extend
the sensing range of BOTDA sensors, several impressive tech-
nologies have been proposed [8–16]. A well-known technique
is to locate the optical repeaters constituted by the erbium-
doped fiber amplifiers (EDFA) at critical positions over the
sensing distance [8]. The EDFA can also be placed in front
of the detector to preamplify the Brillouin signal before detec-
tion [9]. Distributed Raman [10] and Brillouin amplifications
[11] are other powerful schemes enabling the compensation of
fiber loss. Moreover, optical pulse coding [12] and image signal
processing [3,13] are effective methods to increase the SNR and
extend the sensing distance to the order of 100 km. To achieve
long-range Brillouin sensing, the nonlocal effect should be mi-
tigated. The nonlocal effect is introduced during the frequency-
scanning process in the Brillouin gain or loss scheme. The
power transfer between the pump and probe is high near the
fiber Brillouin frequency shift (BFS), while it is low away from
the fiber BFS, and this may cause a fluctuation on the pump
pulse power that can distort the Brillouin spectrum, especially
in the far end of the sensing fiber. Time-division [14] and
frequency-division [8] BOTDA systems are able to reduce the
Brillouin interaction length, and consequently mitigate the non-
local effect. In 2016, a BOTDA scheme based on a frequency-
modulated probe wave was demonstrated to be free from the
Brillouin threshold limitation and detrimental nonlocal effect,
which achieved the 100 km sensing distance with 1 megahertz
(MHz) measurement accuracy [15]. In the same vein, the
frequency–comb modulated probe wave in the Brillouin loss
scheme also provides a flat gain, enabling the suppression of the
pulse distortion and nonlocal effect [16]. For long-range appli-
cations, the response time is also a key property to detect the
event and then take remedial actions. However, current long-
range BOTDA sensors require frequency mapping of the
Brillouin spectrum and a large number of average times, which
is a time-consuming process. Besides, some of the existing
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long-range BOTDA techniques are forced to sacrifice the mea-
surement time to strengthen the performance in the sensing
distance [8,12,14].

Lately, we have introduced a novel single-shot BOTDA
sensor based on the OCC technique, which is able to realize
distributed strain measurement with a sampling rate up to
MHz [17]. The OCC is enabled by cascading the fast-
frequency-changing microwave short-chirp segments head-to-
tail. The frequency-sweeping span of the microwave short-chirp
segment covers several hundred MHz in a few tens of nano-
seconds, which can be regarded as the time compression of the
frequency-agile microwave signal in the dynamic BOTDA
system. The Brillouin gain profile of each fiber segment is
received and demodulated by one pump pulse interacting with
the corresponding optical chirp segment.

In this Letter, we propose a fast long-range BOTDA sensor
based on an OCC probe wave and Brillouin loss scheme, which
offers several advantages to achieve good long-range perfor-
mance. First, the Brillouin spectra can be recovered along the
short optical chirp segments in the time domain, so the mea-
surement time is only limited by the pulse repetition rate and
average times. Second, the OCC-modulated probe wave owns a
wide spectrum, which allows us to increase the SNR by inject-
ing a probe wave power beyond the fiber Brillouin threshold.
Next, it is able to compensate the attenuation of the whole
pump pulse spectrum along the fiber in the Brillouin loss
configuration with no additional amplification scheme. Last,
it also overcomes the detrimental nonlocal effect in long-range
Brillouin fiber sensing, due to the flat gain of the OCC probe
wave. In the experiment, we performed a fast long-range
BOTDA sensor capable of a 150 km sensing range, 3.2 s mea-
surement time, and 3 MHz measurement accuracy.

Figure 1 highlights the operation principle of the proposed
fast long-range BOTDA sensor based on the OCC technique
and Brillouin loss scheme. The OCC modulation is working in
the sawtooth mode, where the two adjacent optical short-chirp
segments are cascaded by head-to-tail cohesion. Similar to the
typical BOTDA system, the pump wave is pulse modulated,
and its width is narrower than the duration of the short optical
chirp segment (tchirp). The counterpropagating OCC probe
wave is injected into the fiber under test (FUT) in the opposite
direction. The center frequency difference between the probe
wave and pump wave is set near the fiber BFS, and the chirp
sweeping frequency span (f chirp) is wide enough to cover the
whole Brillouin spectrum. It offers the pump pulse a wide and
flat gain along the whole sensing fiber, and the pump power
fluctuation in one segment can be ignored. So the proposed
technique is free from the nonlocal effect in long-range

Brillouin sensing by avoiding the pump pulse distortion and
power fluctuation compared with the traditional frequency-
scanning process. In each OCC segment, the probe energy
is transferred to the pump pulse through Brillouin interaction,
so there will be a Brillouin loss spectrum in the time domain.
When one fiber segment is heated, the detected signal of that
fiber Brillouin loss spectrum peak will move from t1 to t2. The
BFS difference ΔνBFS is given by the time difference,

ΔνBFS � �t2 − t1� ×
f chirp

tchirp
: (1)

The spatial resolution of the OCC-BOTDA sensor is another
important parameter, which is limited by not only the pulse
time but also one optical chirp segment time tchirp. Here, the
tchirp dominates the system spatial resolution. Therefore, we
should choose the pulse width (40 ns) properly to make sure
that the time convolution of the pump pulse and the Brillouin
intrinsic spectrum occupied time (8 ns) are less than the tchirp
(60 ns), so the spatial resolution zSR of the OCC-modulated
BOTDA scheme is

zSR � c · tchirp
2n

: (2)

Figure 2 introduces the experimental setup, which employed
the dual-modulation method [18] to reduce the arbitrary wave-
form generator (AWG) bandwidth requirement. The light
source was an ultranarrow linewidth-distributed feedback
optical fiber laser, operating at a wavelength of 1550 nm.
The continuous wave (CW) light was divided by a 90:10 cou-
pler into two branches. In the upper branch, the pump pulse
with single-frequency modulation was injected into the FUT
from one end. First, the 90% CW light was double-sideband-
modulated by an electro-optic-modulator (EOM1), which was
driven by a microwave generator (MG) with a frequency of
8.335 GHz. Then the modulated light was intensity modulated
by EOM2 to form a 40 ns optical pulse, where the EOM2 was
driven by the channel 1 (CH1) of the AWG. Both EOM1 and
EOM2 were biased at the minimum transmission working
point. Next, the lower sideband of the optical pulse was selected
by a tunable fiber Bragg grating (TFBG) working as the pump
pulse, and its peak power was amplified to 20 dBm by EDFA1.
Finally, the pump pulse was injected into the 150 km fiber
through an optical circulator.

In the lower branch with 10% light, the OCC-modulated
probe wave was generated and injected into the FUT from the
other end. The microwave chirp chain signal was provided by

Fig. 1. Operation principle of proposed fast long-range BOTDA
sensing based on the OCC technique and Brillouin loss scheme. Fig. 2. Experimental setup and arrangement of the fiber under test.
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channel 2 (CH2) of the AWG, and the chirp span was from 2.4
to 2.695 GHz with a frequency step of 5 MHz. The duration of
one optical chirp segment was 60 ns, corresponding to 6 m
spatial resolution. CH1 and CH2 of the AWG were synchron-
ized to output the modulating signal, and there was a fixed time
delay between them. The EOM3 was also biased at its mini-
mum transmission for double-sideband modulation with the
carrier suppressed. The upper sideband of the modulated signal
was selected by the narrowband FBG forming the OCC probe
wave, and its power was amplified by EDFA2, and then the
polarization state was randomized by the polarization scrambler
(PS). A probe wave of 10 dBm was launched into the FUT
from the other end, whose power was much higher than the
Brillouin threshold (about 4 dBm) of the single-frequency
probe wave. It was effective to improve the detected SNR with
a high probe power and Brillouin amplification through the
Brillouin loss scheme, so there was no additional amplification
device in the experimental setup.

The 150 km sensing fiber contained six parts, where each
one was a 25-km-long single-mode fiber. In the far end, a 6 m
fiber segment in position B (shown in Fig. 2) was heated in
the oven, while the rest were placed at ambient temperature.
Finally, the OCC probe wave was received by a high-gain
photodetector with a bandwidth of 75 MHz and collected by
data acquisition (DAQ) with a sampling rate of 5 GSa/s. One
measurement time was about 3.2 s, while the pulse repetition
rate was 625 Hz and the average times were 2000.

The Brillouin trace is obtained in the time domain, and then
it can be converted to frequency and length information in the
optical chirp segment period. After signal processing, the fiber
3D Brillouin loss spectra over the whole 150 km sensing fiber,
which are similar to traditional 3D Brillouin gain spectra, are
exhibited as a function of frequency and length shown in Fig. 3(a).
Figure 3(b) displays the details of the measured Brillouin loss
spectra in three typical positions of 1, 75, and 150 km. It can be
seen that the Brillouin signal is observed clearly along the fiber,
and the SNR is improved obviously in the last tens of km due to
the distributed Brillouin amplification in Brillouin loss confi-
guration. The power is transferred from the OCC-modulated

probe wave to the pump pulse, so that the pump pulse is am-
plified along the fiber, and this can improve the SNR especially
in the far end, as shown in the Fig. 3(a). Figure 3(c) displays the
zoom-in of the last 100 m fiber Brillouin spectra to show the
detail of the Brillouin spectrum in the oven. As a result, it is
easy to find the heated fiber at the far end. Noteworthy, the
time delay between the pump pulse and the OCC-modulated
probe is controlled carefully to guarantee the pump interacts
with only one full probe segment in the heated fiber position.
Figure 3(d) displays the fiber Brillouin loss spectra in three suc-
cessive positions (A, B, and C, as shown in Fig. 2), while the
spectrum in the dotted red line corresponds to the fiber seg-
ment in the oven. We can see that the Brillouin loss spectra
before and after the oven overlap very well, while the heated
fiber Brillouin loss spectrum is moving right. Moreover, ghost
peaks can also be found in Fig. 3, as observed in our previous
work, due to the transient SBS interaction [17]. It introduces
an oscillation in the acoustic wave, which appears in the high
frequency part and fades away in the early part of the next chirp
segment. So it distorts the both ends of the Brillouin spectrum
pattern. We use the main peak of the Brillouin loss spectrum to
extract the BFS, which is able to reduce the fitting error. Next,
the fiber Brillouin temperature coefficient should be obtained
before we utilize the proposed OCC-BOTDA for quantitative
fiber temperature sensing.

The test fiber segment is placed in the oven, and then the
temperature is changed from 10°C to 60°C with a temperature
step of 10°C. The measured Brillouin loss spectra in every tem-
perature are shown in the inset figure of Fig. 4. It only displays
part of the Brillouin loss spectrum about 60 MHz around the
main peak, which is used for BFS fitting. The quadratic least
squares fitting is employed to give the BFS of each measured
Brillouin spectrum. Figure 4 provides the linear fitting result of
the fiber BFS variation in different temperatures. The square
points in Fig. 4 are the data of the Brillouin loss spectra fitting
results subtracting the reference BFS in room temperature.
Employing the linear fitting to analyze the relationship between
the fiber BFS variation and temperature difference, the fiber
temperature coefficient is acquired about 1.06 MHz/°C, which
agrees well with the temperature coefficient measured by tradi-
tional BOTDA.

Figure 5 depicts the temperature and BFS difference of the
last 1 km FUT. It contains three continuous measurement

Fig. 3. Measured Brillouin loss spectra utilizing the OCC technique
and Brillouin loss scheme. (a) The top view of the measured 3D
Brillouin loss spectra over the whole 150 km sensing fiber. (b) The
Brillouin loss spectra in the position of 1, 75, and 150 km. (c) A zoom-
in of the last 100 m fiber of (a) to show the detail of the 3D Brillouin
loss spectra in the oven. (d) The measured Brillouin loss spectra in
position A, B, and C.

Fig. 4. Fiber BFS variation in different temperatures and the linear
fitting result.
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results at two different temperatures, while one measurement is
set as a reference data. First, the temperature in the oven is set at
40°C, and then two continuous measurements are made. The
BFSs of the heated fiber are 10.895 and 10.893 GHz with a
measurement uncertainty of 2 MHz. The two measurement
results have a good repeatability at the same temperature as
the subtracted result is given by the blue curve. Then the tem-
perature of the oven is increased to 60°C. The BFS of the
heated fiber becomes 10.916 GHz. The BFS change is about
21 MHz for 20°C temperature vibration. It agrees well with the
fiber temperature coefficient 1.06 MHz/°C. The temperature
difference is also provided by the same reference and drawn in
the pink curve. Here we need to state that the reference data
can be obtained before the sensing, so the conclusion of mea-
surement time as 3.2 s can be drawn.

Figure 6 shows the precision of the measured BFS along
the 150 km fiber, given by standard deviation of the three con-
tinuous measurement results. The measurement precision is
high at both ends, while it is poor in the middle. It can be
explained that the measurement precision is a function of
the Brillouin signal intensity, through Fig. 3(a). The measure-
ment precision is improved at the far end due to the pump

pulse amplified by the OCC-modulated probe wave in
Brillouin loss configuration. Moreover, the spatial resolution
is not high enough to avoid the fitting error at the spliced fiber
positions (51 and 100 km) or some nonuniform positions (80,
122, and 133 km) with two different BFS. In Fig. 6, the typical
fitting error at spliced positions is marked as “a,” while that at
the nonuniform positions is marked as “b.” As a result, we
can draw a conclusion that the measurement precision of
the proposed fast long-range OCC-BOTDA is about 3 MHz.

In conclusion, we have demonstrated a fast long-range
BOTDA sensor by using the OCC technique and Brillouin
loss scheme. The OCC-modulated probe wave with a broad-
band spectrum has been proved capable of increasing the
Brillouin threshold, avoiding the nonlocal effect, and amplify-
ing the pump pulse. A sensing range of 150 km has been real-
ized without any other amplification scheme, obtaining a
spatial resolution of 6 m, 3 MHz measurement precision, and
3.2 s measurement time with 2000 averaging. The AWG is the
key equipment to perform the proposed technique, and the
demand of AWG on bandwidth and memory is comparative
to fast BOTDA based on frequency-agile techniques [17,18].
So it is easy to achieve the proposed fast long-range technique
by a commercial AWG.
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