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Abstract—Using the same extremely noised data, two correlation methods for finding the maxima of Brill-
ouin spectra are compared. The first method is a well-known method of correlating the received signal with
the ideal Lorentzian function. In the second method, developed by the authors earlier, instead of the Lorent-
zian function, the same spectrum under study, but inverted along the frequency axis, is used (Backward cor-
relation method, BWC). In addition to evaluating the accuracy of both methods, they are compared with the
classical method of Lorentzian curve fitting. The accuracy of the considered methods is estimated depending
on the probability of artefacts appearing in the Brillouin scattering spectra. It is shown that when the 9%
probability of the artifact occurrence is exceeded, the BWC method shows better results than the other meth-
ods considered.
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INTRODUCTION

Distributed fiber-optic sensors have found their
application in solving a wide range of scientific and
technical problems. In general, their principle of oper-
ation is based on the registration of various compo-
nents of backscattering at each point of the optical
fiber and the study of its spectral, phase, polarization
and other properties using mathematical signal pro-
cessing. Recently, distributed sensors based on stimu-
lated and spontaneous Brillouin scattering, operating
on the principle of light scattering on an acoustic pho-
non present in the propagation medium, i.e. in an
optical fiber, have become widespread. Temperature
and deformation effects change the speed of sound in
the quartz glass, the material the fiber is made of,
which leads to a frequency shift of the ultra-weak spec-
tral components of backscattering. In this case, the
main desired value is the frequency of the spectral
component maximum (BFS—Brillouin Frequency
Shift). After the initial analog-to-digital conversion,
the registered spectra are discrete functions containing
digital electrical noise, in which the desired spectral
component, which is the Lorentzian function, is often
hard to be found. Simple finding a local maximum in

extremely noised signals leads to measurement errors
that are comparable in value to the signal under study.

The modern scientific “gold standard” for solving
this problem is Lorentzian Curve Fitting (LCF) [1, 2].
In the simplest case, this method is based on iterative
selection of the analytical Lorentzian function and its
quantitative comparison with the received signal. After
that, the maximum of the already perfectly scaled and
shifted function is found. Currently, this problem is
not solved so straightforwardly—LCF has many new
optimized calculation methods. The algorithms of
Lorentzian Curve Fitting include such methods as lin-
ear least squares method, described in detail in [3, 4],
as well as the nonlinear method based on the Leven-
berg–Markwardt algorithm [5, 6]. Many of these
methods have significantly increased the accuracy of
measurements, but they have some drawbacks. The
main one is rather high requirements for computing
resources.

In this regard, the correlation methods recently
presented in the literature, simple in software and
hardware implementation, and therefore operating
faster, have become a serious competitor to LCF. Sep-
arate attempts to compare the accuracy parameters of
different methods were made in [7, 8], but there is no
715
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Fig. 1. Generated Brillouin spectra.
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Fig. 2. The result of processing spectrum no. 1 by three
methods. X-axis—counts.
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comprehensive analysis of this problem at the
moment. In addition, experiments comparing the
methods were conducted for different signals, and this
is still unclear how the methods will behave in the
same not “comfortable” conditions. Thus, the aim of
this paper is to compare the accuracy of the backward
correlation method and its classical analog in the con-
ditions of extreme optoelectronic and digital noise.

SETTING UP A NUMERICAL EXPERIMENT
A set of spectra containing two types of defects was

generated for the experiment. The first ones simulate
the noise of the recorders and lead to a random varia-
tion from spectrum to spectrum of the signal-to-noise
ratio in range from 2 to 20 dB. The second ones are
digitization failures, which lead to the appearance of
random by location and duration zeroed values of the
discrete function. Such a discrete function can be
expressed as follows:

(1)

where μ is the frequency coordinate of the digital sig-
nal dip beginning; v is the frequency coordinate of the
digital signal dip end, and v is always greater than μ
and is set randomly within the useful signal of the
spectrum; W is the scale coefficient of the spectral
function responsible for the spectrum width and the
amplitude of the useful signal; PN is the noise compo-
nent amplitude of signal.

The spectral component central frequency was also
randomly set in the range of 10.55–10.65 GHz. Figure 1
shows three random spectra from the resulting sample.
Mathematical processing was carried out further. The
LCF method is widely presented in the literature and
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is implemented using various algorithms described in
detail in [9]. The traditional correlation method has
also been well studied by various authors [10, 11]. Its
cross-correlation function in continuous form is pre-
sented below:

(2)

where P is a function describing a given spectrum; L is
a function describing an ideal Lorentzian spectrum; k
is the value of the spectrum shift.

The backward correlation method developed by
the authors earlier can be represented as:

(3)

where P' is the original spectrum inverted along the
frequency axis, shifted by k points.

It is obvious that the integration of functions (2)
and (3) using Residue theorem in both cases will also
give Lorentzian functions that have an identifiable and
uniquely associated maximum with the desired value.

Figure 2 shows the result of processing the spec-
trum no. 1. The resulting spectra are given for the
cross-correlation with the ideal Lorentzian curve
(CCM—Cross-Correlation Method), as well as for the
backward correlation (BWC—Backward Correlation)
and LCF. The maxima of BWC and CCM are shifted
to the right due to their algorithmic features.

As a result of processing the spectrum by the back-
ward correlation method, one can notice a defect that
occurs in the place where the original spectrum has a
drop in the function to zero. This spike is due to the
fact that when the spectra shift relative to each other at
the moment of superposition of dips, the number of
zero elements that sum up in the resulting function

= −( ) ( ) ( ) ,cR f P f L f k df

= −( ) ( ) '( ) ,bR f P f P f k df
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Fig. 3. The distribution of the Brillouin spectrum maxi-
mum finding errors for case no. 1; Δ is defined as ν – μ.
A and B are more and less “dense” regions, respectively.
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Fig. 4. The distribution of the Brillouin spectrum maxi-
mum finding errors for case no. 2; Δ is defined as ν – μ.
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decreases, which leads to a spike in the value of the
correlation function.

The artifact described in this paper and presented
as a local zeroing of the function under study can be
caused not only by digitization defects, but also by
incorrect operation of the spectrum scanning algo-
INSTRUMENTS AND EXPERIMENTAL TECHNIQUES 
rithm. Its length and location in the spectrum can be
completely different. Two cases are discussed below:
the first one describes the appearance of such a defect
in spectral regions that do not contain the desired
maximum; the second one, on the contrary, assumes
that the maximum frequency of the spectrum is always
within the boundaries of the dip.
 Vol. 64  No. 5  2021
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Table 1. Efficiency of finding the maximum of the Brillouin spectrum

Method SNR, dB
BFS standard deviation, MHz

No artifact Case 1 Case 2

LCF <5 1.12 10.68 7893.28
5–10 0.24 7.55 4076.74
>10 0.04 6.19 316.42

BWC <5 2.17 9.12 9.69
5–10 0.74 6.18 7.53
>10 0.14 5.83 7.68

CCM <5 0.46 7.61 20.39
5–10 0.19 6.54 19.51
>10 0.09 6.37 16.13
RESULTS AND DISCUSSION

For each case of artifacts occurrence in the spec-
trum, one thousand spectra were generated.

To assess the effect of the artifact on the spectrum
maximum finding error, three methods were used to
construct the dependence of the error in determining
the spectrum on the width of the artifact. Figure 3
shows the obtained dependencies for three methods:
LCF, BWC, and CCM.

Such a significant spread of data on the obtained
dependencies is due to variations in the signal-to-
noise ratio (SNR). With a large amount of experimen-
tal data, the graphs allow one to clearly distinguish the
area that characterizes the accuracy (here–the stan-
dard deviation) of determining the desired value from
the lowest signal-to-noise ratio to the highest.

For the Lorentzian curve fitting method (Fig. 3a),
these lines indicate a smooth increase in the detection
error with dip width increase in all cases. At the same
time, the difference of standard deviations increases
steadily in the entire studied area at extremely low sig-
nal-to-noise ratios and practically noiseless signals,
which looks quite logical and indicates the effective-
ness of the Lorentzian curve fitting method at high
signal-to-noise ratios and relatively small dip sizes.

Both correlation methods (Fig. 3b, 3c), as it is easy
to see, produce data that resembles the form of hyster-
esis. At the same time, in the case of the backward cor-
relation method (Fig. 3b), the object formed by this
hysteresis can be conditionally divided into two parts:
more and less “dense.”

In the more “dense” part, designated by the letter
A, more points are concentrated, which means more
measurements with corresponding higher accuracy.
Region B has single but larger f luctuations, which are
not typical for the classical cross-correlation method.
Based on this, we can conclude that the backward cor-
relation method is preferable here, provided that addi-
tional means of insurance against large deviations,
INSTRUMENTS AND EX
which can be cut off by the threshold algorithm, are
used.

The data obtained for the second case (Fig. 4), when
the dip is located in the region of the desired maximum,
is largely similar to the situation described above, with
the exception of some bends and local fluctuations. The
backward correlation method revealed the following
interesting features (Fig. 4b). First, there is a decrease
in the standard deviation that is proportional to the
previous growth, starting after the width of the spectral
dip of 60 MHz. This feature suggests the possibility of
using the method for processing spectra that are
almost completely distorted by both noise and partial
loss of information. Secondly, the lower part of the
hysteresis in Fig. 4b practically “lies” on the frequency
axis, which indicates a higher probability of obtaining
an accurate result in the entire studied area.

Table 1 provides information on the effectiveness of
all three methods at different signal-to-noise ratios.
In each case, the spectra were divided into three
groups according to the signal-to-noise ratio (SNR).
The first group included spectra with low SNR (up to
5 dB), the second group with medium SNR (5–10 dB),
and the third group with high SNR (>10 dB).

As noted above, the traditional method of approx-
imation by the Lorentzian function is relatively effec-
tive at high signal-to-noise ratios if the dip does not
fall on the desired central region of the spectrum. In
other cases, correlation methods are more effective. At
the same time, when the dip is in the peak region, the
backward correlation method becomes the most effec-
tive; the classical correlation method shows slightly
less accuracy; while the method of approximation by
the Lorentzian function completely loses its relevance
in such extreme conditions.

It is worth noting that in real monitoring systems
based on the use of Brillouin scattering, the artifacts
mentioned above are quite rare in commercial equip-
ment, but can be detected during studies using the
experimental set-ups. Undoubtedly, it is worth con-
sidering cases where the artifact appears in the spec-
PERIMENTAL TECHNIQUES  Vol. 64  No. 5  2021
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Fig. 5. The standard deviation of determining the BFS,
depending on the probability of the artifact occurrence.
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trum with some degree of probability. The predicted
standard deviation E of the BFS measurement under
conditions of artifact occurrence with probability P
can be estimated approximately as follows:

(4)
where E0 is the standard deviation in the absence of
artifacts; Ea is the standard deviation in the presence of
an artifact.

As a result of calculating the system accuracy, the
graphs presented in Fig. 5. According to these graphs,
starting from the 9% probability of artefact occurrence
(the area marked with a circle), the BWC method
shows better results in the accuracy of determining the
Brillouin spectrum maximum in comparison with the
CCM method. Also, for a qualitative assessment of the
efficiency of determining the Brillouin spectrum max-
imum, Fig. 5 shows a similar dependence for the LCF
method.

CONCLUSIONS
The accuracy parameters of modern methods for

detecting the Brillouin scattering peak in optical fibers
are compared. For all existing signal-to-noise ratios,
the LCF method demonstrates lower accuracy than
both correlation methods. It is shown that the back-
ward correlation method is more precise than the clas-
sical correlation method in the vast majority of cases.

The accuracy of the considered methods is esti-
mated depending on the probability of artifacts
appearing in the Brillouin scattering spectra. It is
shown that when the 9% probability of artifact occur-
rence is exceeded, the BWC method shows better
results than the other methods considered.

The BWC method can be potentially applied in
applications such as temperature and strain discrimi-

= − +0(1 /100) ( /100),aE E P E P
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nation in polarization maintaining fibers [12], where it
is required to accurately separate the Brillouin spectra
of two polarization axes of an optical fiber; distributed
birefringence measurement in polarization maintain-
ing fibers [7]. In addition, this method may have
potential advantages in reflectometric study of non-
standard optical fibers with high losses (i.e., active
optical fibers [13]).
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