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Abstract—We propose and investigate a method to esti-
mate Brillouin frequency shift (BFS) for Brillouin optical
time domain analysis (BOTDA) using Brillouin gain and loss
spectra (BGS and BLS) along with support vector machine
classifier (SVC) that is one of the typical machine learning
(ML) models. BGS and BLS are simultaneously swept by
dual-frequency probe light, where a curve with double peaks
is obtained as a function of sweep frequency. We call the
obtained curve the virtual gain spectrum (VGS), from which
BFS is estimated. We conducted simulation to investigate the effect of the signal-to-noise ratio (SNR) and the number of
sweep points in terms of BFS estimation. Besides, the accuracy of the proposed BFS estimation method was evaluated
by the experiments. Both simulation and experimental results showed that the proposed method using VGS exhibits
less error in BFS estimation compared to the conventional method using BGS. In the experiment, when the frequency of
probe light was swept with a step of 1 MHz, the average standard deviation of estimated BFS was 0.713 MHz in VGS SVC,
while it was 1.434 MHz in BGS SVC. Even when the frequency sweep step was 10 MHz, the average standard deviation
was 0.930 MHz in VGS SVC, whereas it was 3.301 MHz in BGS SVC.

Index Terms— Brillouin optical time domain analysis (BOTDA), Brillouin scattering, optical fiber sensor, support vector
machine classifier (SVC).

I. INTRODUCTION

D ISTRIBUTED Brillouin fiber optic sensors have been
intensively studied for the past decades because of their

potential applications to practical use in structural health
monitoring and other applications [1], [2]. They can measure
temperature or strain distributed along a single optical fiber
without being affected by electromagnetic noise and without
requiring electrical power supply for the sensing sections.
Since optical fibers are thin, flexible, and lightweight, they
can be installed in a variety of structures. There are several
ways to realize the distributed sensing based on Brillouin
scattering. One of the typical techniques is Brillouin optical
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time domain analysis (BOTDA), in which pulsed pump light
and continuous wave (CW) probe light are injected from the
opposite ends of an optical fiber to induce stimulated Brillouin
scattering (SBS) only at a position where the pump pulse
exists [3]. Another technique is Brillouin optical time domain
reflectometry (BOTDR), which uses spontaneous Brillouin
scattering induced by optical pump pulses injected from one
end of the optical fiber [4]. Brillouin optical coherence domain
analysis (BOCDA) [5] and reflectometry (BOCDR) [6] have
also been studied for decades as effective techniques to achieve
high spatial resolution. Among these methods, BOTDA can
realize relatively high optical signal-to-noise ratio (SNR) with
a simple setup. In common with all the other Brillouin sensing
techniques, BOTDA basically measures temperature or strain
from the frequency shift of the Brillouin gain spectrum (BGS),
or more precisely speaking, from the change in frequency
difference between BGS and pump light, known as Brillouin
frequency shift (BFS), where BFS has a linear dependence
on temperature or strain of an optical fiber. In conventional
BOTDA, the frequency of the probe light is scanned to monitor
the BGS and measure the BFS change, where a small scanning
step over a wide frequency range is required to achieve
high resolution of temperature or strain measurement with a
wide dynamic range. Furthermore, data averaging of up to
10 000 or more times is generally required to suppress the
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effect of noise, which is time-consuming. Various approaches
have been proposed to reduce the measurement time, such as
simultaneous measurement of BGS using optical frequency
comb [7], [8] and chirped probe light [9]. The slope-assisted
(SA) method [10], [11], [12] is also an effective approach,
which is attractive from the viewpoint of simplicity of the sys-
tem setup. SA method fixes the probe frequency and measures
BFS change from the probe power change based on one-to-
one relationship between Brillouin gain and BFS. While SA
method can reduce the measurement time, the conventional SA
techniques are suffering from a restricted BFS measurement
range due to limited slope area of BGS. Recently, we have
proposed SA-BOTDA using multifrequency pump and probe
light along with spectral shaping techniques [13], [14], [15],
[16], which has expanded a linear response region up to
100 MHz of BFS. However, there is still another problem
that SA-BOTDA is more susceptible to optical power fluc-
tuation than the conventional BOTDA with frequency sweep
because of the fixed probe frequency. This problem implies
that Brillouin gain measurement at multiple frequencies is
necessary for reducing the error. On the other hand, it is not
desirable to increase the number of measurement points in the
frequency domain, because it increases the measurement time.
Recently, it has been found that such a tradeoff problem can be
solved by introducing machine learning (ML). Among various
types of ML, support vector machine (SVM), a supervised ML
model applicable to classification and regression, has been
successfully used in Brillouin fiber optic sensors [17], [18],
[19]. Especially, SVM classifier (SVC) has been widely used
for data classification. Basically, SVC can be applied to any
kinds of fiber optic sensors. However, it is more desirable
to give some further characteristic patterns to the optical
signals, because such patterns make the signal classification
and estimation much easier.

In this article, we propose and investigate a method to
estimate BFS for BOTDA, which uses both Brillouin loss
spectrum (BLS) and BGS along with SVC. A similar spectral
shape was also achieved by using BGS and BLS in [20].
However, the system configuration in our study is further
simplified by introducing serrodyne modulation for frequency
shifts. The proposed technique is also similar to [14]. However,
Saito and Tanaka [14] focus on realizing a linear relationship
between the output signal power and BFS change. The pro-
posed method generates a spectral shape that allows SVC to
work effectively, which does not necessarily achieve a linear
relationship.

II. VGS GENERATION BY BRILLOUIN GAIN
AND LOSS SPECTRA

Fig. 1 illustrates the relationship between BGS, BLS, pump,
and dual frequency probe in the proposed BOTDA. The profile
of BGS is expressed by a Lorentzian curve with a peak at the
frequency downshifted by BFS from the pump frequency and
is expressed as [21]

G(ν) =
g0

(
1νg/2

)2{
ν −

(
νp − 1νBFS

)}2
+

(
1νg/2

)2 , (1)

Fig. 1. Relationship between BGS, BLS, pump, and dual frequency
probe in the proposed BOTDA.

where 1νg is the BGS linewidth or full-width at half-
maximum (FWHM) and g0 is the peak gain of the spectrum.
BLS is generated at the frequency upshifted by 1νBFS from
the pump frequency and is expressed as

L(ν) =
−g0

(
1νg/2

)2{
ν −

(
νp + 1νBFS

)}2
+

(
1νg/2

)2 . (2)

In the proposed method, BGS and BLS are swept simulta-
neously by dual frequency probe with frequency components
at

νprobe1 = νp + 1ν − 1νm (3)

and

νprobe2 = νp + 1ν + 1νm (4)

where

1ν =
νprobe1 + νprobe2

2
− νp. (5)

In the measurement, the frequency spacing 21νm between
the two frequency components of the probe light is changed
step by step, while νp + 1ν is fixed. The total probe gain is
obtained by the process that the lower frequency component
of the probe light is amplified by BGS and that the higher one
is attenuated by BLS. We define the total Brillouin gain as

A(1νBFS) ∝
G
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)2 , (6)

where Iprobe1 and Iprobe2 are the intensities of probe frequency
components, which satisfy Iprobe1 = Iprobe2.

The proposed method changes 21νm in constant steps
to obtain the data required for SVC. Fig. 2 illustrates the
relationship between VGS and 1νm sweep points. VGS is
composed of discrete sweep points, and BFS is labeled using
this pattern in SVC. Compared to BGS with only a single peak,
VGS with two peaks is speculated to enhance the accuracy
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Fig. 2. Virtual gain spectrum (VGS) with different BFS changes. The
VGS curve shifts to the right for larger BFS and to the left for smaller
BFS.

Fig. 3. Example of (a) VGS distribution measured along an optical fiber
and (b) BFS distribution derived by applying SVC.

of BFS estimation by SVC due to its distinctive gain shape
pattern and the broader frequency range it covers.

In BOTDA, we first measure the VGS distribution along
an optical fiber. Fig. 3(a) shows an example of a real VGS
distribution. The BFS at each position is derived by applying
the SVC to the VGS at that position. Here, the SVC has
been pretrained by a large amount of computer-generated
pattern matching data relating VGS to BFS. Finally, the SVC
derives the BFS distribution from the VGS. Fig. 3(b) shows an
example of the derived BFS distribution. As will be shown in
Sections III and IV, the proposed method does not significantly

Fig. 4. Normalized VGS for ∆ν of 0, 20, 40, 60, 80, and 100 MHz with
a BGS bandwidth ∆νg of 50 MHz.

increase the error in BFS estimation, even when the probe
frequency scanning step is coarse.

III. SIMULATION ON BFS ESTIMATION
WITH VGS AND SVC

The error of BFS estimation in the proposed method using
VGS was investigated by simulation varying the SNR of BGS
and 1ν. Fig. 4 shows the normalized VGS with different
1ν values, where the peak gain of BGS is one. In this
simulation, we defined SNR of BGS as the ratio of the gain
peak to the noise amplitude. In addition, the SNRs of BGS and
BLS are assumed to be the same. The noise is assumed to be
randomly generated white noise. Table I shows the parameters
of the training data for the SVC model. The SVC model
was trained with 12 261 data (Nclass × NFWHMs = Ntrain) of
VGS generated by different BGS and BLS composed of pure
Lorentzian curves with different FWHMs of 20–80 MHz.
Nclass is the number of classes with 201 types, categoriz-
ing 10.780–10.880-GHz frequency range in 0.5-MHz steps.
NFWHMs is the number of FWHM types, and there are 61 types
of FWHMs, categorized by 1 MHz from 20 to 80 MHz.
After the training, the SVC model was evaluated by the test
dataset created under almost the same conditions except that
the noise was added to the data. The training and test data
were generated by a computer based on (6).

Table II shows the parameters of the test data for the SVC
model. First, we set 1ν at 20 MHz. We supposed that the
frequency 1νm was scanned from 10.7 to 11.0 GHz, which
covers the entire VGS spectrum. We evaluated the accuracy
of BFS estimation at different scanning steps by simulation.
The frequency scanning step was 1, 2, 5, or 10 MHz.

Fig. 5 shows the root mean square error (RMSE) of the esti-
mation results from the set BFS. Fig. 5 also shows the RMSE
of the estimation results based on curve fitting of the entire
VGS data for comparison.

As the sweep frequency step 1νm_step becomes coarser,
the RMSE becomes larger, which indicates that the BFS
estimation accuracy gets worse. For example, when 1νm_step
is 1 MHz [Fig. 5(a)], the RMSE is less than 5 MHz, whereas
when 1νm_step is 10 MHz [Fig. 5(d)], the RMSE can be up
to 20 MHz or more. However, there is not much difference
between BFS estimation by Lorentzian curve fitting (LCF) and
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Fig. 5. Relationship between RMSE of estimated BFS and set BFS in
VGS SVC and VGS LCF, where ∆ν is 20 MHz and ∆νm_step is (a) 1,
(b) 2, (c) 5, and (d) 10 MHz.

BFS estimation by SVC. We speculate that this is because the
SVC model assumes a pure Lorentzian curve without noise
based on mathematical equations, and the BFS estimation with
SVC may have worked similar to curve fitting.

Fig. 6. Relationship between RMSE of estimated BFS and set BFS
in BGS SVC and BGS LCF, where ∆νm_step is (a) 1, (b) 2, (c) 5, and
(d) 10 MHz.

We also investigated by simulation the dependence of BFS
estimation accuracy on the sweep step in the case of BGS in
Fig. 6. The RMSE of BGS becomes larger for the coarser
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TABLE I
PARAMETERS OF TRAINING DATASETS FOR THE SIMULATION OF BFS

ESTIMATION AT DIFFERENT SCANNING STEPS BY SIMULATION

TABLE II
PARAMETERS OF TEST DATASETS FOR THE SIMULATION OF BFS

ESTIMATION AT DIFFERENT SCANNING STEPS BY SIMULATION

sweep step. Comparing under the same sweep range, the
deterioration of RMSE is larger in BGS than in VGS. The
RMSE in VGS is lower because VGS has a wider nonzero
spectral range than BGS, which makes the amount of infor-
mation contributing to SVC relatively larger when the sweep
step is coarser. To further discuss the simulation results in
Figs. 5 and 6, we calculated the average value in the RMSE
from set BFS which ranged from 10.780 to 10.880. We then
compared BFS estimation accuracy per SNR for each method
in Fig. 7. As previously observed, VGS has higher BFS
estimation accuracy than BGS for both LCF and SVC at low
SNR. Additionally, the coarser sweep step results in lower BFS
estimation accuracy. No significant differences were observed
for LCF and SVC.

Fig. 8 shows the RMSE of BFS estimation as a function of
1ν for different SNRs. The results are also compared with
each method at different sweep steps, as shown in Fig. 7.
This simulation was used to determine the optimal 1ν for the
experiments in Section IV. The parameters for both training
and test data were the same as in Tables I and II, except for
1ν (as shown in Tables III and IV).

In Fig. 8(a)–(d), the error in BFS estimation is large for
the case of 1ν of less than 20 MHz. This can be explained
from the fact that the decrease in 1ν makes the amplitude
of VGS smaller (Fig. 3) and less informative both for the

Fig. 7. RMSE of BFS estimation as a function of SNR for ∆ν of 20 MHz
and ∆νm_step of (a) 1, (b) 2, (c) 5, and (d) 10 MHz.

curve fitting and the proposed methods. Furthermore, setting
1ν to around 80 MHz or higher also results in an increase in
RMSE. Based on these results, we set 1ν at 20 MHz in the
experiments that will be shown in Section IV.
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Fig. 8. RMSE of BFS estimation as a function is ∆ν, where ∆νm_step
is (a) 1, (b) 2, (c) 5, and (d) 10 MHz.

IV. EXPERIMENTAL EVALUATION OF BFS ESTIMATION
ACCURACY OF DISTRIBUTED FIBER OPTIC SENSING

USING VGS WITH SVC
In this section, the accuracy of BFS estimation by the

proposed method is evaluated by calculating the standard

TABLE III
PARAMETERS OF TRAINING DATASETS FOR THE SIMULATION OF BFS

ESTIMATION AT DIFFERENT ∆ν VALUES

TABLE IV
PARAMETERS OF TEST DATASETS FOR THE SIMULATION OF BFS

ESTIMATION AT DIFFERENT ∆ν VALUES

deviation of the BFS obtained from the distributed measure-
ments along the FUT. As this experiment aimed to confirm
the simulation results in Section III, the learning model used
was identical to that in Table I, generated by a computer based
on (6).

Fig. 9 shows the experimental setup. The laser beam with
a wavelength of 1.55 µm from a laser diode (LD) was split
by a 3-dB coupler. One beam was used as a pump light and
the other as a probe light. In the pump arm, the light was
modulated with pulses at the repetition rate of 2.5 MHz by an
intensity modulator (IM1). The pulsewidth was set to 25 ns,
which corresponds to a spatial resolution of 2.5 m. The pump
pulse was amplified by an EDFA and then injected into a fiber
under test (FUT). In the probe arm, a saw-wave modulation
called serrodyne modulation was applied to the light by a
phase modulator (PM), which shifted the optical frequency by
1ν. Then, the light was deeply modulated with a frequency
1νm by an intensity modulator (IM2) to generate sidebands
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Fig. 9. Experimental setup for fiber optic sensing using Brillouin
loss and gain spectra. LD: laser diode. PM: phase modulator. IM:
intensity modulator. PS: polarization scrambler. FUT: fiber under test.
PD: photodiode. OSC: oscilloscope. PC: personal computer.

without a carrier component. The modulation frequency was
10.700–11.000 GHz that covered the entire VGS. The probe
light passed through a polarization scrambler (PS), before
injected into the FUT, where the one frequency component
was amplified by BGS and the other was attenuated by BLS.
The optical signal detected by a photodiode (PD) was averaged
over 5000 times and monitored by an oscilloscope (OSC).
The FUT was a 30-m-long single-mode fiber, where the whole
fiber length was set in an incubator. The temperature inside
the incubator was set to 50.0 ◦C. Measurement data for 30 m
were obtained in 0.1 m increments by acquiring 300 points
with an oscilloscope at 1 GSa/s. An experiment of BOTDA
using BGS was also conducted for comparison with a similar
setup except that PM was not used and the upper frequency
component after IM was cut by a filter in the probe branch.
We only compared the accuracy of BFS measurements, which
depends on the difference between VGS and BGS gain types.
We kept other conditions, such as pump power, the same
as much as possible in the BFS measurement. SNR was
also standardized to a constant value to ensure the equivalent
conditions.

The BFS distribution was derived from the VGS distribution
obtained by setting 1νm_step to 1, 2, 5, or 10 MHz in the
same way as in the simulations. Since the temperature in the
incubator was kept constant, the BFS was expected to have a
constant value along FUT except for the effect of pretension
and a spatial distribution of temperature within 1 ◦C in the
incubator. Fig. 10 shows the estimated BFS distributions for
different sweep steps.

The coarser sweep step made the variation in BFS larger in
all the cases. However, the variation was larger in BGS SVC
than in VGS SVC. Significant difference was not observed in
LCF for both VGS and BGS. These were consistent with the
simulation results and their interpretation in Section III.

The same experiments were conducted five times for each
condition, and the standard deviation of the BFS for each
distance was calculated (Fig. 11). The average standard devi-
ation was calculated at distances from 5 to 25 m from the
starting point of the FUT as a function of sweep step (Fig. 12).
As the sweep step becomes coarser from 1 to 10 MHz,
the average standard deviation in VGS SVC changed from
0.713 to 0.930 MHz, which is an increase by 30.4%, whereas

Fig. 10. Estimated BFS obtained by distributed measurement, where
∆νm_step is (a) 1, (b) 2, (c) 5, and (d) 10 MHz.

it changed from 1.454 to 3.301 MHz in BGS SVC, which
is an increase by 127%. The accuracy of BFS estimation by
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Fig. 11. Standard deviations of estimated BFS obtained by distributed
measurement, where ∆νm_step is (a) 1, (b) 2, (c) 5, and (d) 10 MHz.

VGS LCF and VGS SVC was found to be almost equal, which
agrees with the simulation results.

Fig. 12. Average standard deviation calculated at distances from 5 to
25 m from the starting point of the FUT.

V. CONCLUSION

We have proposed a method to estimate BFS in BOTDA by
using VGS, which is a virtually synthesized spectrum based
on BGS and BLS, with the help of SVC. Simulations and
experiments have confirmed that the proposed method based
on VGS has less degradation in BFS estimation accuracy due
to coarse sweep step of probe light frequency compared with
conventional BOTDA using BGS. On the other hand, there
was no significant difference in the standard deviation between
the VGS LCF and the VGS SVC. This may be because we
used pure Lorentzian curve both for curve fitting and for
generating training data for SVC. A major difference between
them is the prospect that SVC can estimate BFS without
using mathematical expressions, such as Lorentzian, Voigt, and
others for VGS. A large amount of experimentally obtained
data of VGS and BFS can also be related and classified by
SVC, which is a next step of this study.
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