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ABSTRACT The Brillouin optical time-domain reflectometer (BOTDR) system, which is based on the
Brillouin frequency shift (BFS) of the scattering spectrum, has been widely applied to monitor the
temperature and strain in many fields. The measurement accuracy of the BFS directly affects the monitoring
and location of the temperature change or strain events. In this study, the characteristics of the least-squares
fitting optimal solution of the Brillouin power spectrum are theoretically investigated, and a half-peak fitting
algorithm is proposed to measure the BFS with high accuracy and stability. In particular, it can precisely
determine the double-peak spectrum and detect the position in the transition section of a temperature change
or strain event. Furthermore, it can reduce calculation complexity and enhance measurement speed by
dropping most of the data. For the fiber under test (FUT) with a length of 12 km, 200 groups of time-
domain data were processed using a probe pulse of width 50 ns and sampling rate 1 GHz. The half-peak
fitting algorithm increased the temperature measurement accuracy by ~1 fold, with ~20% calculation of
full fitting. Meanwhile, it effectively eliminated the influence of minor peak in the double-peak spectrum,
and optimized the spatial resolution of the temperature change position to 0.1 m, which is the maximum
limitation by sampling rate.

INDEX TERMS Brillouin frequency shift, double-peak fitting, least squares, optical fiber sensors.

I. INTRODUCTION
Brillouin optical time-domain reflectors (BOTDR) are used

buildings [4], wells [5], marine structures [6], power cables,
and traffic facilities [7], [8].

to realize distributed optical fiber sensing by using the
linear relationship of the Brillouin frequency shift (BFS)
versus the change in temperature and strain [1]. It has
wide applications [2], [3], such as security monitoring of
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Spectrum analysis based on short-time Fourier transform
(STFT) is commonly used in BOTDR systems. It can obtain
all the Brillouin scattering spectra in one measurement [9],
and its speed is much faster than that of the frequency-
scanning method. A smaller STFT window is selected
to improve spatial resolution. However, this results in a
larger frequency interval. To achieve a high measurement
precision, it is important to locate the spectral peak and
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calculate the BFS based on data from a large interval.
Instantaneous frequency analysis can obtain a more accurate
BFS [10]; however, it must calculate the instantaneous phase
change between two adjacent samples in the time domain,
which is complicated and noise sensitive. The curve-fitting
algorithm can accurately estimate the peak position. The
Lewenberg—Marquardt algorithm used a step factor to reduce
dependence on the initial value [11], but it was easily
affected by noise. Using the particle swarm optimization
algorithm, the fitting outcomes obtained were in good
agreement with the real parameters, and the BFS error was
reduced [12], [13], whereas the operation time was greatly
increased. The artificial neural network model [14] and the
wavelet convolutional neural network [15] were suitable to
effectively extract the BFS distribution along the fiber, but
their calculation complexity and time cost are high.

Another important challenge for curve fitting is that the
double-peak Brillouin spectrum occurs over a temperature
change or strain event transition section [16], which induces
location errors in the BFS measurement. A zero-padded
STFT-BOTDR can restore the asymmetric and deforming
Brillouin scattering spectrum [17]; however, it caused
spectrum leakage and reduces accuracy. A 4th-order Hanning
self-convolution window can effectively suppress spectral
leakage [18], but the number of calculations required
increased significantly. A hybrid optimization algorithm
based on shuffled frog leaping and least-squares support
vector machine can precisely fit the multipeak spectrum [19];
however, its running efficiency was low.

In this study, a half-peak fitting algorithm based on the
least-squares fitting optimal solution of the Brillouin power
spectrum was proposed for high-precision measurements.
The accuracy and stability of BFS measurements can be
increased by selecting the upper half-peak data of the
Brillouin power spectrum. Meanwhile, by eliminating the
minor peak data, the detection accuracy of the BFS edge
was improved, and the spatial resolution of the temperature
change or strain event transition section was significantly
improved. Furthermore, it reduced computational complexity
and increased measurement speed.

II. PRINCIPLE

In BOTDR, the spontaneous acoustic field decays expo-
nentially; therefore, the Brillouin power spectrum naturally
broadens to a Lorentzian-curve [20], which can be expressed
as Eq. (1):

(5)°
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where g(v) is the Brillouin power spectrum, g, is the peak

power, Av is the spectrum width, and vp is the BFS.
According to Eq. (1), the fitting parameters of the Brillouin

spectrum can be obtained by least-squares fitting of the power

26844

data (vi g(v1)), (v2,8(12)),. .., (Vn,&(vy)), as shown in Eq. (2).
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where Cp, Cp, and C3 are least-squares optimal solutions,
as shown in Eq. (3).
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The matrix G of the least-squares optimal solution
comprises the reciprocal of the power value. If a value near
zero is selected, this will lead to infinity in the matrix G,
and the fitting will fail because the solution cannot converge.
Because the noise spectrum obeys a uniform distribution, the
smaller the power, the larger the proportion of noise, and the
lower the signal noise ratio (SNR) of power data. According
to Eq. (3), the smaller power data with low SNR will induce a
larger error of the least-squares optimal solution. Therefore,
to successfully fit the Brillouin power spectrum and enhance
measurement accuracy, the power data with smaller values
should be eliminated in advance.

Moreover, the measurement accuracy depends on the
fitting accuracy of the peak in the BOTDR. Therefore,
the purpose of the fitting is to locate the peak instead of
minimizing the fitting error on the entire curve. As shown in
Fig. 1(b), the tail of the power spectrum fluctuates. The better
the tail fit, the worse the peak fit. To locate the peak precisely,
only data with bigger values and high SNR are selected to be
fitted by Lorentzian-curve, and data with smaller values and
low SNR are dropped.

The starting and ending frequencies corresponding to the

width of the Brillouin power spectrum Av are vi{ = v — %

and v, = vg + %, and their power is g(vi) = g(v) = %.
By calculation, the band energy between v; and v, is half
of the total energy, as shown in Fig. 1(a). Therefore, in the
proposed algorithm, %p is used as the threshold to select the
data of the power spectrum for curve fitting, as shown in
Fig. 1(b). In addition, Using ‘22—" instead of a fixed value as the
threshold can also weaken the influence of power reduction,
which is induced by the dispersion and loss of fiber.

The phonon decay broadens the Brillouin power spectrum,
and the half-peak width is Av = 5—7‘;, where I'g is the
phonon linewidth, which is the reciprocal of phonon lifetime.
The phonon lifetime is usually ~10 ns; therefore, the Av is
10-30 MHz. When the frequency domain width of the STFT
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FIGURE 1. Schematic diagram of half-peak data filtering. (a) Lorentzian-curve and (b) data of Brillouin power spectrum.
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FIGURE 2. Comparison of results between full fitting and half-peak fitting. (a) main peak is on the left and (b) main peak is on

the right.

is 100 MHz, the selected data are 10%-30% of the total data.
According to Eq. (3), the time complexity of the optimal
solution calculation is O(n); therefore, the calculation cost of
curve fitting is reduced to 10%-30%.

A double peak exists in the case of a temperature change
or strain event transition section in the fiber. If the data of
the double-peak spectrum are fully fitted using a Lorentzian-
curve, the peak of the fitted curve is located between the
two peaks, resulting in a large error in the BFS, as shown in
Fig. 2. The proposed half-peak fitting algorithm effectively
shields the minor peak data. As shown in Fig. 2(a) and (b),
regardless of the side of the minor peak, the main peak
data can be selected exactly. The fitted curve is consistent
with the shape of a single peak, and the corresponding
BFS is accurate. Furthermore, in the case of a temperature
change or strain event, the position of the fitting curve jumps;
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accordingly, BFS also jumps. Combined with a single-step
sliding operation, half-peak fitting can determine the location
of the event more accurately. More details are presented
in Fig. 8 and its descriptions in Section III. Therefore, the
proposed algorithm can effectively eliminate the influence
of the minor peak and significantly improve the spatial
resolution of the temperature change or strain positions.

A flowchart of the proposed half-peak fitting algorithm is
shown in Fig. 3. First, the Brillouin scattering signal data
were transformed into power spectra using STFT, and the
spectra were cumulatively averaged to reduce noise. The data
were then selected as follows: find the maximum datum of
each power spectrum as the top of the main peak; search
towards each side to check whether the datum decreases
monotonously and is greater than half of the maximum
datum; determine the start and end of the half-peak data; and
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FIGURE 3. Flow chart of half-peak fitting algorithm.
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FIGURE 4. Configuration of the BOTDR system. EOM: electro-optic
modulator, PG: pulse generator, CIR: circulator, FUT: fiber under test,
EDFA: erbium doped fiber amplifier, FBG: fiber Bragg grating, PD: photo
detector, IFA: intermediate frequency amplifier, MG: microwave generator,
LFA: low frequency amplifier, DAQ: data acquisition card.

select the data between the start and end as the half-peak data.
Finally, the half-peak data were substituted into Eq. (3) to
calculate the least-squares optimal solutions and obtain the
BFS, according to Eq. (2).

It is worth noting that the half-peak fitting algorithm not
only selects half-peak data to enhance measurement accuracy
but also checks the monotonicity to select the main peak data
exactly in the structural geometry of the double-peak profile.

Ill. EXPERIMENTAL RESULTS AND DISCUSSION

The BOTDR system used in this experiment is illustrated in
Fig. 5. The length of the fiber under test (FUT) was 12 km,
where a 100 m segment at the 7 km point was heated to 80 °C,
while the others were in a room with 20°C temperatures.
A light pulse with a 125 us period and 50 ns width generated
by electro-optic modulator (EOM) was injected into the
FUT through a circulator to obtain Brillouin scattering
signals. The signals were amplified by erbium-doped fiber
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FIGURE 5. Results of Lorentzian-curve fitting. (a) full fitting and
(b) half-peak fitting.

amplifier (EDFA) and filtered by fiber Bragg grating (FBG)
and demodulated coherently through a coupler and detected
by photodetector (PD) as the Brillouin reflection signal. The
Brillouin reflection signal was amplified by an intermediate
frequency amplifier (IFA) and heterodyne detected with
an RF signal of 10.624 GHz generated by microwave
generator (MG). A low-frequency signal of approximately
100 MHz was obtained and amplified again by low frequency
amplifier (LFA). Finally, a 1 G/Sample data acquisition card
(DAQ) was used to capture the signal for data processing.

By performing STFT with the Brillouin signal data
collected in the experiment, the power spectra were obtained
and cumulatively averaged 200 times to analyze the effects of
Lorentzian-curve fitting. The curves obtained by full fitting
are shown in Fig. 6(a). With an increase in the distance, the
stability of the curve peak worsens, and some curves clearly
deform. The curves obtained by half-peak fitting are shown
in Fig. 6(b). The curve peak is steady, and the BFS in the
temperature-change section is clear at 7 km.

As shown in Fig. 7(a), there are many large jitters in
the BFS profile obtained by full fitting. The errors of
BFSs obviously increase with distance, and some errors
even exceed 10 MHz. As shown in Fig. 7(b), the jitters
are smaller in the BFS profile obtained by half-peak
fitting. BFSs stabilize at 10.72 GHz, and their errors are
almost less than 3 MHz. After calculation, the measurement
accuracy of BFS in full fitting is 3.76 MHz, and it is
1.56 MHz in half-peak fitting. As BES is linearly related to
both temperature and strain, the corresponding temperature

VOLUME 11, 2023
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FIGURE 6. Comparison of BFS profiles. (a) full fitting and (b) half-peak
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FIGURE 7. (a) Result of half-peak selecting and (b)Quantity statistics of
selected data.

measurement accuracy is changed from 3.2°C to 1.3°C, and
the corresponding strain measurement accuracy is changed
from 75.2 pe to 31.2 pe. Therefore, the half-peak algorithm
can reduce the error by more than half and effectively improve
the accuracy and stability of BFS measurements.
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TABLE 1. Measurement accuracy by various fitting algorithms.

Measurement accuracy

Algorithms BFS Temperature Strain
(MHz) (°C) (pe)

Lewenberg—Marquardt 247 21 494
PSO-LCF [13] 238 2.0 47.6
ANN-model [14] 2.88 2.4 57.6
least-squares full fitting 3.76 3.2 75.2
half-peak fitting 1.56 1.3 312

Because only a small portion of the data from the upper half
of the main peak were selected for least-squares fitting, the
calculation was significantly reduced. The power spectrum
data at each position of the FUT in the experiment are shown
in Fig. 8(a), where the red points represent the data selected
for fitting. The number of half-peak data points is reduced
to the range of 4-10, as shown in Fig. 8(b), and the average
number is 5.16. Compared with the number of 32 used
in full fitting, the calculation of the half-peak algorithm
is reduced by ~80%. Therefore, the proposed algorithm
effectively reduces the computational complexity, saves
considerable computing time, and significantly improves
real-time performance.

In the experiment, the STFT of single-step sliding was used
to obtain the details of the power spectra in the temperature-
change section, where the profile of each power spectrum is a
double-peak curve because the Brillouin backscatter signals
before and after the temperature change are all contained in
the sliding window. As the window slides, the proportion
of signals after the temperature change increases and the
corresponding peak value increases, as shown in Fig. 8(a).
The power spectra, which were fully fitted by a Lorentzian-
curve, are shown in Fig. 8(b). Because the double-peak data
cannot be strictly fitted by the Lorentzian-curve, the peak
of the full fitting lies between the two peaks of the power
spectrum. The BFS gradually changes along the FUT in
the temperature-change section, as shown in Fig. 8(c). The
half-peak data are indicated by red points in Fig. 8(d). The
power spectra obtained via half-peak fitting are shown in
Fig. 8(e). The BFS jumps from one peak to another at the
edge of the temperature change, which accurately reflects
the spatial location of the event, as shown in Fig. 8(f). The
relationship between spatial resolution and sampling rate is
expressed as Eq. (4):

c

- 2nFg
where Az is spatial resolution, Fs is sampling rate, c is light
speed, n is refractive index of fiber. In the experiment, the
sampling rate is 1 GHz and n is 1.5, the spatial resolution
has a theorical value 0.1 m. If the change of BFS is detected
by single-step, the spatial resolution of the temperature
change position just is 0.1 m and reaches the maximum
limitation with this sampling rate. Therefore, this algorithm
can eliminate the influence of the minor peak and determine
the position of an event with a high spatial resolution.

Az

“
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FIGURE 8. Fitting effect of double-peak spectrum by two algorithms. (a) the data of double-peak spectrum, (b) full fitted by Lorentzian-curve,
(c) BFSs of full fitting, (d) result of half-peak selecting, (e) half-peak fitted by Lorentzian-curve, and (f) BFSs of half-peak fitting.

IV. CONCLUSION

We propose a half-peak fitting algorithm to precisely measure
the BFS in the BOTDR. In the verification experiment,
a probe light with 50 ns width was injected into the 12 km
FUT. After coherent demodulation and heterodyne detection,
low-frequency signals of ~100 MHz were acquired at a
sampling rate of 1 GHz, and the data of the Brillouin
power spectrum were obtained by STFT and cumulatively
averaged 200 times. The experimental results show that the
measurement accuracy of BFS is reduced from 3.76 MHz to
1.56 MHz by the half-peak fitting method, which improves
the measurement accuracy by ~100% and significantly
enhances the stability. Simultaneously, this algorithm can
effectively shield the interference of the minor peak data and
the spatial resolution of the edge of BFS jumping; that is, the
temperature change position can reach 0.1 m, which is the
maximum limit of the sampling rate. Moreover, this algorithm
is intuitive, easy to implement with a small amount of
computation, reduces the fitting calculation by approximately
80%, significantly increases measurement speed, and is
highly practical.
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