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Abstract: We propose a peak-tracking BOTDA (PT-BOTDA) equipped with an efficient dynamic
Brillouin frequency shift (BFS) searching scheme based on ternary search. The proposed scheme
establishes a feedback loop between the selected frequency and the corresponding Brillouin
gain to reduce the required number of scanning frequencies in one measurement. We also
demonstrate the performance evaluation of the proposed scheme under scenarios with different
searching granularities and dynamic sensing ranges. Experimental results indicate that in all
situations, the proposed PT-BOTDA can achieve at least 85% and 97% reduction in the number
of scanning frequencies for 1-MHz and 0.1-MHz frequency steps, respectively, with a 3-meter
spatial resolution, while maintaining a convincing BFS searching accuracy under sufficient SNR
condition using a smaller searching interval.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

As one of the promising candidates of distributed optical fiber sensors, Brillouin optical time
domain analyzer (BOTDA) has drawn significant research interest due to its remarkable capability
of simultaneous temperature/strain monitoring [1] and long-haul distributed sensing [2]. The
Brillouin frequency shift (BFS), typically extracted from the Brillouin gain spectrum (BGS) as
the sensing target, changes linearly along the spectrum with the temperature/strain. However,
the construction of the whole BGS in conventional frequency-sweeping BOTDA (FS-BOTDA)
requires a frequency scanning process of hundreds of frequencies [3], which usually takes a
couple of minutes. This time requirement makes FS-BOTDA hard to meet the distributed
dynamic sensing requirements [4]. In [5], the author proposed a slope-assisted BOTDA which
determined the BFS by measuring the Brillouin gain change of one single frequency on the slope
of the BGS, thereby limiting the dynamic sensing range within the slope region. Although an
engineered BGS extended the original sensing range by 70% in [6], it still did not adequately meet
the requirement. In [7], the authors demonstrated a three-fold sensing range over the Brillouin
linewidth, however coming with an increased measuring time when dealing with a larger BFS
change. In [8] and [9], two single-shot BOTDA schemes were proposed to capture the whole
BGS through one measurement by replacing the RF probe with an orthogonal frequency division
multiplexing and optical chirp chain signal, respectively. Despite a faster measuring speed, these
two implementations compromise in frequency or spatial resolution, limiting their performance
compared to conventional FS-BOTDA [3]. In [10-12], compressed sensing was introduced
to accelerate the frequency-sweeping process while at least 30% of the total frequencies were
still needed for the BGS reconstruction in these schemes. In [13] and [14], BOTDA with a
close-loop configuration was proposed and investigated, featured by continuously tracking and
adjusting the Brillouin gain change of the target frequency using a proportional-integral-derivative
controller. Nevertheless, the trade-off between convergence speed and BFS tracking accuracy
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remains. Besides, although artificial neural network-based methods have demonstrated promising
BFS estimation performance with a larger frequency-sweeping interval therefore revealing the
potential of scanning frequency number reduction for conventional BOTDA [15-17], the network
training requires a large amount of data and time.

In this paper, we report a novel peak-tracking BOTDA (PT-BOTDA) equipped with ternary
search, an extremum-finding line-search algorithm for unimodal functions [18], to accelerate
the BFS searching process dynamically. PT-BOTDA relies on a feedback loop, like [13] and
[14]. However, the proposed method depends on the direct comparison result of the measured
Brillouin gain rather than the computed slope, for a lower computational complexity. PT-BOTDA
utilizes the conventional BOTDA setup, compromising no frequency/spatial resolution and being
applicable to other proposed high-spatial-resolution schemes [19-21]. In addition, no Lorentzian
curve fitting (LCF) operation is required. We have experimentally demonstrated that the proposed
scheme can reduce the number of scanning frequencies over 85% and 97% for the 1-MHz and
0.1-MHz frequency step case, respectively, compared with the conventional full-span scanning.

2. Dynamic BFS ternary search

The theoretical Lorentzian model of the BGS naturally aligns with the ternary search algorithm
[22]. The entire BGS is considered as a 1-D discrete unimodal array, whose dimension depends
on the sensing range as well as the frequency granularity, with the BES as the target peak. The
distributed searching process operates by dynamically generating the probe frequency sequence.
As depicted in Fig. 1, given the fiber length L and spatial resolution Az, the entire sensing fiber
can be divided into N consecutive sections, where N = L/Az, corresponding to N consecutive
frequency segments in the probe with the length of 2nsAz/c, where c/ny is the group velocity.
For each section, the principle of dynamic searching is illustrated as follows:

1. Initialize fqart, fond, Where the dynamic range D = f,n4 - firare, and frequency granualarity

fvtep 5

2. Calculate and scan the two trisection frequencies fi.z and fon: With:

* fleft = fstart + round[D/(3 sttep)] sttep
* fright = fena - round[D/(3 sttep)] sttep

3. Calculate the average measured Brillouin gain Gyefi/ Gright Of fiefi [frign: 0ver the correspond-
ing frequency segment length of 2nsAz/c and update the fyay/feng With the following
decisions:

o If Giepr > Grighr, 1€t fona = frighs;

* Else if Giopy < Grighr, 1€t fszars = flefts

* Else if Giepr = Grignr> 1€t fsrare = fiepr and fona = frighe-
4. Repeat 2-3 until fi.4 = frign:, then BES = fiop.

Since the tracking process for each section is carried out in parallel, the distributed measuring
time is approximately equivalent to that of a single section. The fact that G = Gyigy in
procedure 3) is rarely achieved, but this does not necessitate the introduction of a noise tolerance
for its functionality. Consider a pair of measured Gj.f; and G, Which are theoretically equal
but practically unequal due to the presence of additive white Gaussian noise. The satisfaction of
either condition Gy < Grigs OF Giefy > Grign: Would not affect the convergence result. However,
it would influence the convergence speed where only 1/3, instead of 2/3, of the current sensing
range is eliminated. Besides, since at least 1/3 of the current tracking range will be always
abandoned for each track, the tracking speed will be only determined by the required scanning
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Fig. 1. Dynamic BFS ternary search on BGS. a) Schematic of the fiber segmentation and
the corresponding probe frequency sequence; b) current searching and c¢) next searching on
each section.

frequency number under the frequency-sweeping process. With two frequencies selected per
measurement, the upper limit of the number of searched frequencies can be expressed as:

2
S(n):S(?n)+2z210g3n»%4.19lgn (1)

where n = R/f,, is the required number of scanning frequencies in FS-BOTDA and R is the total
sensing range. Eq. (1) implies higher reduction efficiency with an increasing n. This property can
also be illustrated that for a fixed sensing range R, the BFS searching efficiency can be enhanced
by a smaller fi,. Furthermore, it should be noted that the frequency resolution of the proposed
method is directly limited by the frequency granularity. In this case, a smaller fy,, can also serve
as a good compensation.

3. Numerical simulation

We conducted the frequency reduction efficiency test with 13 groups of different scanning range
L: 10, 50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, and 600 MHz. The frequency
granularity was 1 MHz so n = L. The BFS was set at 10.890 GHz and was maintained at the
center of the scanning range for each testing group. For example, the 600-MHz scanning range
spanned from 10.590 GHz to 11.189 GHz, and from 10.885 GHz to 10.894 GHz for the 10-MHz
group. The Brillouin linewidth was set at 35 MHz, compatible with the BGS generated by the
pump pulse width used in the experiment. The signal-to-noise ratio (SNR) was set to 20 dB, and
the average scanned frequency number (ASFN) was calculated from 500 repeated measurements.
Figure 2 shows the simulation result with the proposed peak-tracking (PT) scheme, benchmarked
by the conventional BOTDA case where the frequency-sweeping (FS) process was adopted. The
ASEFEN of the proposed scheme exhibited a logarithmic relationship with increasing n, fitting the
curve of 4.2lgn. This agreed with Eq. (1), while FS-BOTDA presented a linear one. The black
dashed line indicated that the ratio of the scanned frequency of the proposed scheme over that
of the FS scheme decreased inverse-proportionally with n as mentioned above, exceeding 96%
when the sensing range reached 600 MHz.

To verify the consistency of the tracing speed over the whole sensing range, we have simulated
another four test sets with the sensing range of 120, 300, 600, and 1200 MHz correspondingly, all
of which centered at 10.89 GHz with a frequency regularity of 1 MHz. The Brillouin linewidth
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was all set to 35 MHz. Each set contained five uniformly distributed tracing targets. For example,
in the 120-MHz sensing range, the BFS targets were 10.85, 10.87, 10.89, 10.91, and 10.93 GHz,
while in the 1200-MHz set, they were 10.49, 10.69, 10.89, 11.09, and 11.29 GHz. Figure 3 shows
the ASEN for every target BFS with 500 measurements, where the BFS portion is calculated by

BFS _fvtart
fEnd _.f:vmrt

where fyqr/fena s the start/end frequency for each set. As the total sensing range increased, the
ASFN presented a "W-shaped" tendency along the spectrum where smaller ASFNs were located
at the trisection points of the whole range owing to the nature of ternary search. Nevertheless,
the maximum ASFN difference was less than 1.5, indicating a consistent tracing speed over the
diverse range of BFS.
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Fig. 2. Simulation of the proposed PT scheme and the conventional FS scheme on the
number of scanned frequencies. The blue and red curves are on the left axis while the black
curve is on the right axis. The inlet is the partial enlargement where the sensing range L gets
larger than 500 MHz.
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Fig. 3. Simulation of ASFN of the proposed PT scheme on different BFS locations with
respect to different sensing ranges.



Research Article Vol. 31, No. 20/25 Sep 2023/ Optics Express 31950 |
Optics EXPRESS A N \

4. Experiment and discussion

Figure 4 shows the experimental setup. The light source was a 100-kHz-linewidth tunable
laser, operating at 1549.6 nm. The output beam was divided by a 50/50 coupler into two
branches. The probe (the upper branch) was modulated by an intensity modulator operating in
the carrier-suppression mode, driven by an electrical signal that mixed a continuous wave as
the frequency offset generated by an analog signal generator and a frequency-agile sequence
as the dynamic searching probe. The frequency-agile sequence was generated by an arbitrary
waveform generator (AWG) running at a sampling rate of 5 GS/s, to provide enough bandwidth.
The frequency offset and the searching sequence frequency could be adjusted according to the
sensing range and the frequency step. In practice, the generation of this probe frequency sequence
could be realized using a voltage-controlled oscillator for simplicity, which would significantly
reduce the receiver sampling rate. The pump (the lower branch) was firstly modulated by a
high extinction-ratio modulator (>30 dB) to generate a 30-ns pump pulse, whose peak power
was amplified to 20 dBm before being launched into the fiber under test (FUT). With the head
3-meter section heated by a water bath, the FUT was a 60-meter polarization-maintaining fiber
for polarization noise compression. The polarization noise could be dynamically addressed by
polarization multiplexing in the pump [23] if a single-mode fiber was adopted. Two polarization
beam splitters were deployed on both sides of the FUT to align the states of polarization with
two polarization controllers, and an optical isolator was placed on the probe side to block the
reflection and the counter-propagating high-power pump signal. After the band-pass filter and
pre-amplification, the Stokes part of the probe was selected and fed into a 40-GHz photodetector,
followed by a 210-MHz electronic filter. Finally, the Brillouin signal was collected by a digital
storage oscilloscope with a sampling rate of 20 GS/s before being processed in MATLAB. As
previously mentioned, the data samples within one probe frequency segment would be averaged
for the Brillouin gain calculation where a high sampling rate might enhance the SNR. However,
this would not affect the validation of our scheme, since the same operation was conducted for
the conventional setup.

1549.6nm FUT Water bath
)
Isolator Slow axis
Slow axis
AWG EDFA

I\ Circulator
+ Frequency L,' *I r\
i sequence — l/ O

L e I

EDFA

Fig. 4. Experimental setup. TL: tunable laser, AWG: arbitrary waveform generator, ASG:
analog signal generator, BS: beam splitter, MZM: Mach-Zehnder modulator (*: high
extinction ratio), EDFA: Erbium-doped fiber amplifier, PBS: polarization beam splitter, FUT:
fiber under test, BPF: bandpass filter, PD: photodetector, DSO: digital storage oscilloscope,
PC: personal computer. The polarization controllers used before modulators and the BPFs
after EDFAs are omitted.

We first validated the temperature sensing capability of the proposed scheme. Figure 5 shows
the searching results under different temperatures. The temperature was set from 30° to 50°
with an increment of 5°, and the frequency resolution was 1 MHz. The triangles represented
the BES searching results by PT, while the squares were obtained by LCF. A good consistency
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in the BFS-temperature fitting curves was observed between the proposed PT-BOTDA and
the conventional one. The linear fitting coefficient of the proposed scheme was 0.9971 with a
temperature sensitivity of 1 MHz/°. The temperature tracking accuracy can be further improved
by using a smaller tracing step, which will be discussed later.

o FS with LCF

10.895 1 |—-—Fs fitting

A PT
. 10.89 —PT fitting
N
=
S 10.885}
wn
=
A 1088+ y=0.0010%x+10.8434 -
R2=0.9971
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10.87 s s s s s
30 35 40 45 50

Temperature (°C)

Fig. 5. BFS-temperature curve of both conventional FS-BOTDA using LCF (blue) and
proposed PT-BOTDA (red).

Next, we conducted simulations and experiments to explore the influence of varying sensing
ranges on the BFS search accuracy. Figure 6 shows the search performance of the proposed
scheme at a temperature of 40°, with sensing ranges of 60, 100, 300, and 600 MHz centered
at 10.890 GHz, and a frequency step of 1 MHz. The simulated 35-MHz Brillouin linewidth
closely matched the measured result. The root mean square error (RMSE) was calculated based
on 50 measurements, each with 50-time averaging to ensure a 20-dB SNR condition. The
discrepancy of RMSE between the measurement and simulation was due to the non-unimodal
spectral response. Both solid curves showed that an increasing sensing range led to a decreasing
RMSE, providing strong evidence that the proposed scheme did not compromise tracing speed
and accuracy. This observation could be explained as follows: for a BGS with a certain Brillouin
linewidth, a larger sensing range reduces the likelihood of searching trials falling within the BGS
region, thereby minimizing searching errors induced by additive white Gaussian noise. The
dash lines below presented the scanned frequency number ratio of our scheme over FS-BOTDA.
When the sensing range increased to 600 MHz, the measured PT/FS ratio was only 0.0383, which
perfectly matched the result in Fig. 2.

We also investigated the search accuracy with different frequency steps. Figure 7 illustrates
the BFS searching accuracy comparison between PT-BOTDA and FS-BOTDA with 1-MHz and
0.1-MHz frequency steps under different noise levels. It should be noted that the 0.1-MHz step
size was selected as the representative of a smaller sweeping step for the demonstration purpose
without practical reference. When the SNR was relatively insufficient, it appeared that a smaller
frequency step size did not benefit the search accuracy as predicted. In fact, the 1-MHz case
even outperformed the 0.1-MHz case when the temperature exceeded 40°. This observation
could be attributed to more search trials falling into the BGS region with a smaller frequency
step. In such a case, the insufficient SNR caused a higher search error probability for each trial
and eventually the result. This explains the phenomenon that the 0.1-MHz case outperformed
the 1-MHz case with higher SNR, reducing the overall RMSE to 0.45 MHz. On the other hand,
under similar noise levels, the proposed method exhibited worse search accuracy compared to
the conventional LCF method due to the intrinsic frequency resolution limitation. However, this
was accomplished with less than 15% and 3% (for the 1-MHz and 0.1-MHz step, respectively)
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Fig. 6. RMSE of searched BFS under 40° and the scanned frequency ratio over conventional
setup with different sensing ranges. The solid curves are on the left axis while the dash
curves are on the right axis.

of the scanned frequency number. In addition, with 500-time averaging, the mean temperature
searching uncertainty of the proposed method was only 0.15° larger than that of the conventional
LCF method for the 0.1-MHz case. This verified that, with a smaller frequency step, the proposed
PT-BOTDA could achieve competitive BFS searching accuracy to FS-BOTDA under sufficient
SNR conditions. able 1 presents the ASFN of 50 measurements under different temperatures with
1-MHz and 0.1-MHz frequency steps. Given the whole sensing range was 100 MHz, it could be
found that even the average count slightly differed among temperatures, the reduction efficiency
was at least 85% for 1-MHz cases and 97% for 0.1-MHz cases compared with the FS-BOTDA.
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Fig. 7. RMSE of searched BFS comparison between the proposed PT method and the

conventional LCF under different temperatures with different frequency step size and
averaging times, where “1-50” means 1-MHz step with 50-time averaging.

Finally, we carried out the distributed sensing experiment. Figure 8 shows the distributed BFS
measured along the 60-meter FUT at different heating temperatures with a frequency resolution
of 1 MHz. For the first 3-meter heating part under different heating temperatures of 30°, 40°
and 50°, the corresponding BFS search results were 10.876 GHz, 10.885 GHz, and 10.894 GHz,
showing a great agreement with the theoretical values derived in Fig. 5. For the unheated part,
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Table 1. Measured Average scanned frequency humber under
various temperatures

1-MHz Step 0.1-MHz Step
Temperature (°) Frequency Reduction Frequency Reduction
Count Ratio Count Ratio
30 12.64 87.36% 24.28 97.57%
35 14.10 85.90% 24.48 97.55%
40 14.42 85.58% 24.14 97.59%
45 13.24 86.76% 24.40 97.56%
50 13.74 86.26% 24.66 97.53%

the BFS discontinuity for three measurements was due to the tracking error which was at least
equal to the frequency resolution. The maximum BFS searching disagreement was found to be 4
MHz in the near-heating section. This discrepancy might be due to the ghost peak generated by
the sharp frequency change within the BGS region in the continuous frequency chain [9]. This
issue could be addressed by conducting the second measurement with a pump-probe delay shift,
as in [24]. With a 100-MHz sensing range and a 1-MHz step, PT-BOTDA only took 6.1 seconds
for one distributed measurement (mainly limited by the AWG data upload speed), showing a
33.1-fold acceleration compared to the 201.9 seconds required for FS-BOTDA. Specially, this
acceleration could be further improved with an extension of the sensing distance, due to the
parallel BFS peak-tracking nature of PT-BOTDA, which significantly saves time compared to the
distributed LCF operation.
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Fig. 8. Distributed BFS under different temperatures along the FUT. The inlet is the partial
enlargement at the heating part.

5. Conclusion

In this paper, we have proposed a PT-BOTDA scheme to efficiently reduce the scanned frequency
number in BOTDA frequency retrieval. The proposed method offers low computational
complexity and achieves an unlimited sensing range without any trade-off between tracking speed
and accuracy, where it outperforms the close-loop BOTDA in [13,14] and the slope-assisted
BOTDA in [5]. Experimental results have demonstrated that our scheme can reduce the required
scanned frequency number by more than 85% and achieve a measuring time that is only 3%
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of that of conventional BOTDA while maintaining comparable BFS searching accuracy under
sufficient SNR. These results highlight the significant application potential of the proposed
PT-BOTDA in scenarios with large sensing ranges.
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