ﬂ SCNSors m\py

Article
Key Parameter Extraction for Fiber Brillouin
Distributed Sensors Based on the Exact Model

Zhiniu Xu and Lijuan Zhao *

School of Electrical and Electronic Engineering, North China Electric Power University, Baoding 071003, China;
wzcenjxx@sohu.com
* Correspondence: lijuan_zhao@ncepu.edu.cn; Tel. /Fax: +86-312-752-2371

check for
Received: 30 April 2018; Accepted: 20 July 2018; Published: 25 July 2018 updates

Abstract: Errors in the extracted key parameters directly influence the errors in the temperature and
strain measured by fiber Brillouin distributed sensors. Existing key parameter extraction algorithms
for Brillouin gain spectra are mainly based on simplified models, therefore, the extracted parameters
may have significant errors. To ensure high accuracy in the extracted key parameters in different cases,
and consequently to measure temperature and strain with high accuracy, a key parameter extraction
algorithm based on the exact Voigt profile is proposed. The objective function is proposed using
the least-squares method. The Levenberg-Marquardt algorithm is used to minimize the objective
function and consequently extract the key parameters. The optimization process is presented in
detail, at the same time the initial values obtainment method and the convergence criterion are
given. The influences of the number of sample points in Gauss-Hermite quadrature on the accuracy
and the computation time of the algorithm are investigated and a suggestion about the selection
of the number of sample points is given. The direct algorithm, the random algorithm and the
proposed algorithm are implemented in Matlab and are used to extract key parameters for abundant
numerically generated and measured Brillouin gain spectral signals. The results reveal that the
direct algorithm requires less computation time, but its errors are considerably larger than that of the
proposed algorithm. The convergence rate of the random algorithm is about 80~90%. The proposed
algorithm can converge in all cases. Even for the convergence cases, the computation time and the
fitting error of the random algorithm are 1~2 times larger than those of the proposed algorithm.

Keywords: fiber distributed sensors; Brillouin gain spectrum; key parameter extraction; Voigt profile;
Gauss-Hermite quadrature; convergence criteria

1. Introduction

Changes in fiber temperature or strain will alter the corresponding peak values of gain, frequency
shift and line width (full width at half maximum, FWHM) of Brillouin gain spectra. The temperature
or strain along the fiber can be measured by analysis of the Brillouin gain spectrum, therefore,
fiber distributed sensing based on Brillouin scattering is extensively used in diverse industrial and
scientific fields [1-6]. The most intensively investigated topics with regard to the fiber distributed
temperature and strain measurement based on Brillouin scattering include how to improve the accuracy,
spatial resolution and widen the measurement range. There are hardware-based methods [7-10] and
software-based methods [11-13]. This work is concerned with improvement of the sensing performance
by use of data processing. The accuracy in the extracted Brillouin frequency shift, line width and
peak value of gain directly influences the accuracy of the measured temperature and strain. Machine
learning techniques have been well demonstrated and have better performance [11,12]. Additionally,
the cross-correlation technique employs an elegant and exciting approach to extract the Brillouin
frequency shift [13]. Its accuracy is quite similar to that of the fitting algorithms. Its paramount
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advantage is its extremely low computational burden. However, the line width cannot be extracted by
this technique. In summary, the fitting algorithms are mainstream ones and the principal objective of
this work is to improve the performance of the fitting ones, therefore, fitting algorithms are mainly
reviewed below.

The parameters of the incident light have an important effect on the Brillouin gain spectrum.
If the pulse width of the incident light is significantly greater than 10 ns, the Brillouin gain spectrum
has a Lorentzian spectral shape [14,15]. To improve the spatial resolution, a narrower pulse will be
used and the spectrum will close to a Gaussian spectral shape [16] because of the Doppler broadening.
Generally, the Brillouin gain spectrum is considered as a Voigt spectral shape [17-19]. Because the
Lorentzian and Gaussian profiles are algebraic equations, key parameter extraction algorithms based
on the Lorentzian or Gaussian profiles are easy to implement and the relative algorithm studies
have now reached a certain maturity [20,21]. If the profiles are centered, the Voigt profile is a line
profile resulting from the convolution of a Gaussian profile and a Lorentzian profile [18]. It is not
an algebraic equation. The convolution operation is relatively slower to compute than the numerical
generation of the Gaussian and Lorentzian profiles, not to mention fitting a Voigt profile to the
measured Brillouin gain spectrum to extract key parameters. To avoid the computational expense of
the convolution operation, the Voigt profile is often approximated by a pseudo-Voigt profile which is
a linear combination of a Gaussian profile and a Lorentzian profile [22,23]. Similar to the Gaussian and
Lorentzian profiles, the pseudo-Voigt profile is an algebraic equation. Therefore, the key parameter
extraction algorithm based on the pseudo-Voigt profile is computationally easier to implement and
is nowadays the mainstream algorithm for key parameter extraction [22-24]. However, the above
Lorentzian, Gaussian and pseudo-Voigt profiles are all simplified models of the Brillouin gain spectrum,
therefore the algorithms based on them inevitably introduce errors. To improve the adaptability of the
key parameter extraction algorithm, in this work, the Voigt profile rather than the other simplified
one is used to approximate the Brillouin gain spectrum. Accordingly, the optimization algorithm,
the initial values obtainment method and the convergence criterion for the exact model must be
investigated. Related works are scarce. Reference [17] approximated the Brillouin gain spectrum along
a 36 km long-range optical fiber by use of the Voigt profile to extract the Brillouin frequency shift.
However, no technical details about the fitting algorithm were presented. According to the features
of the Voigt profile, the line width of the corresponding Lorentzian profile can be estimated from
the 20-dB spectrum width [19]. Then the line width of the corresponding Guassian profile is readily
estimated from the relationship among line widths of the Lorentzian, Guassian and Voigt profiles.
This algorithm may reduce the total computation time. However, many approximation formulas are
used in the algorithm, therefore, significant errors may be introduced in some situations. To sum up,
to date, there is still a lack of an effective algorithm to extract the key parameters from the Brillouin
gain spectrum. This topic needs to be studied further.

To fix the above problems, the errors in the key parameters extracted by the algorithms based on
different models are compared and the necessity to use the Voigt profile is confirmed. On the basis of
such analysis, the objective function of the key parameters extraction algorithm based on the Voigt
profile is determined by use of the least-squares method. The objective function is minimized using
the Levenberg-Marquardt algorithm and consequently the key parameters are extracted. The initial
values obtainment method and the convergence criterion are presented. The influence of the number
of sample points in Gauss-Hermite quadrature on the accuracy and computation time of the algorithm
is investigated and suggestions about the selection of the number of sample points are given. Based
on the abovementioned investigations, a key parameters extraction algorithm based on the exact
Voigt profile is proposed. The proposed algorithm is validated by extracting the key parameters for
numerous numerically generated and measured Brillouin gain spectra.



Sensors 2018, 18, 2419 3 0f 20

2. Adaptability of Different Models for Key Parameters Extraction

2.1. Voigt Profile

If the profiles are centered, the Voigt profile is a line profile resulting from the convolution of
a Gaussian profile and a Lorentzian profile [25] which can be expressed by:
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where gp is the Brillouin gain; v is the frequency; vg is the Brillouin frequency shift; Avg, and Avpg
respectively are the line widths of the Lorentzian and Gaussian profiles [17]. Assume that Avg is the
line width of Brillouin gain spectrum; ggy is the maximum value of Brillouin gain.

2.2. Adaptability of Different Models

Before development of the key parameter extraction algorithm based on the Voigt profile,
we should check the adaptability of the existing different models. Without loss of generality,
vp =107 GHz, A = 0.2, Avgy, = 0.01 GHz. Avpg ranges from 0.01 GHz to 0.15 GHz. Fifteen sets
of Brillouin gain spectra are numerically generated according to Equation (1). To avoid the errors
caused by not having enough sample points in Gauss-Hermite quadrature, the number of sample
points is set to 1000. Three key parameters extraction algorithms based on Lorentzian profile [14],
Gaussian profile [16] and pseudo-Voigt profile models [22], respectively, are implemented in Matlab,
and the statistical results of the relative errors in gy, vp and Avp extracted by the different model-based
algorithms are presented in Table 1. Epax means the maximum value of the error. Emean means the
mean value of the error magnitude. For example, the second column of Table 1 are the maximum
errors in gpm, vp and Avg extracted by the Lorentzian profile.

Table 1. Statistical results of relative errors in the key parameters extracted by different model-based

algorithms/%.
Models Lorentzian Gaussian Pseudo-Voigt
Errors Emax Emean Emax Emean Emax Emean
8BM 7.55 5.95 —4.33 1.03 1.51 0.3
vg/MHz 0 0 0 0 0 0
Avg/MHz —14.85 1293 1043 2.23 -1.76 031

From Table 1 it can be seen that vp extracted by the three models contains no error in different
cases. However, the three models introduce varying degrees of errors in the extracted ggy and
Avg. The maximum errors in gy extracted by the three models are up to 7.55%, —4.33% and 1.51%,
respectively. The maximum errors in the extracted Avg are —14.85%, 10.43% and —1.76%, respectively.
The above results reveal that the key parameters extracted by the extensively used three simplified
model (the Lorentzian profile, Gaussian profile and pseudo-Voigt profile)-based algorithms, in theory,
may contain significant errors. The exact model must be used. Therefore, the key parameter extraction
algorithm based on the exact model (Voigt profile) needs to be urgently studied, which is the core part
of this work.

3. Key Parameters Extraction Algorithm Based on Voigt Profile

3.1. Objective Function

Because Equation (1) does not have an analytical solution, it must be numerically solved.
Gauss-Hermite quadrature [26] is particularly suitable for approximating the value of integrals
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containing e, therefore, it is used to calculate Equation (1). The Gauss-Hermite quadrature with

number of sample points of M can be expressed as follows:

+oo o M
[ et o & Y waf (x,) @
- m=1
where x;, is the root of the physicists” version of the Hermite polynomial Hy(x) with an order of M,
(m=1,2,.., M) and the associated weight w;, is given by Equation (3) [27]:
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According to Equation (2), Equation (1) can be rearranged as:
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Assume that v; and gp; respectively are the i" scanning frequency and the corresponding Brillouin
gain, wherei=0,1,2,...,N — 1, N is the number of frequency scanning. Then the objective function
determined by use of the least-squares method as follows:

E= ) ¢ ®)

where E is the sum of the squared normal distances between the measured or numerically generated
profile coordinates and the expected profile:

ei= gg(Vi) — g = A2ln2 Avg, YM L wm 1 s—8py1 =012 ..., N—-1 (6)
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3.2. Optimization Algorithm

The above objective function belongs to a nonlinear least-squares problem.
The Levenberg-Marquardt algorithm is most appropriate for minimization of the nonlinear
least-squares problem. Therefore, it is chosen and the variables can be updated by:

W(I +1) = W(I) — ()T + AD) T e (1) %

where e =[e, e, ..., en_1]T is the error vector, and W = [Wy, W,, W3, W4T = [A, vg, Avgr, Avpg]! is
the variable vector. Iis a 4 x 4 unit matrix. / is the iteration number. Superscript T means transposition.
When a step increases E, A is multiplied by 10. At the same time, the change in W is disregarded,
and the previous values of W are retained. A is divided by 10 whenever a step would result in
a decreased E. The initial value of A is set to 1.

Jisa N x 4 Jacobian matrix, J;; = de;/dW;, 0 <i <N — 1,1 <j <4, is an element of the Jacobian
matrix which is represented as follows:

0 2In2Avg, < " 1
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3.3. Initial Values Obtainment

The initial guesses of A, v, Avgy, and Avpg have a big influence on the rate of the objective
function optimization. If the initial guesses are close to a local maxima, the Levenberg-Marquardt
algorithm may converge to the local maxima and significant errors will be introduced. Therefore, a fast
and accurate method of obtaining the initial values is needed.

For the Voigt profile, Avg can be found from the widths of the associated Gaussian and Lorentzian
widths. A better approximation [28] is given by:

Avg ~ 0.5346Avg; + \/ 0.2166Av3; + Avig (12)

Since we don’t know the values of Avg; and Avgg in advance, let us assume that Avg, = Avgg,
thus the initial guesses of Avgy, and Avpg can be calculated by Equation (13):

AZ)BL = AZJBG = AUB/16376 (13)

gB(v) reaches the maximum value at v = vg which can be calculated by Equation (14) [29]:

/ Ay \/KA;BL
gB( )_ZA lnzAJBG (FAygé) (1 _ 7/ Avpg efxzdx) (14)

Assume that the gain in the measured spectrum reaches the maximum value when v = vp and the
corresponding maximum gain is ggp. According to Equation (14), the initial guesses of vg and A can
be calculated by Equations (15) and (16), respectively:

Up = Up (15)
S (10
In2 v
2 1n72A1/113@e( ! AVBG) (1 - \/Ef G 7xzdx)

3.4. Convergence Criterion

Due to the computational expense of the convolution operation in Equation (1), the key
parameter extraction algorithm based on the Voigt profile requires more computation time than
that of the Lorentzian profile-based one. Therefore, the computation time is the key factor in the
algorithm. Although good initial guesses can reduce the computational burden, an appropriate
convergence criterion can further decrease the number of iterations and the computational expense,



Sensors 2018, 18, 2419 6 of 20

and consequently, it is needed. After repeated tries, the result indicates that if the variation among
successive iterations is less than a certain value, then the algorithm converges. Assume that
W) = [W1(i), Wa(i), W3(i), W4(@)]T, the stopping condition is defined as follows:

<107 i=1—-41-3---,1j=1,23,4 (17)

’wj(i)—wj(i -1)
Wi(i — 1)

The maximum iteration number In, is set to 500. Certainly Inax can be adjusted according to
the practical situations. Once Equation (17) is satisfied or the iteration number is not more than /yax,
the algorithm stops iterating. The iteration number is  and W(/) is taken as the final solution.

To validate the proposed convergence criterion, two other convergence criteria are introduced and
are used to validate the proposed one (Equation (18)). The stopping condition corresponding to the first
one can be expressed by Equation (18). In the second criterion, the iteration number is fixed at 500:

Wi(i) — Wi(i — 1
‘ i) i( ) <10%i=1-21-11Lj=1,2234 (18)

Wi(i — 1)

A large amount of noise-free Brillouin gain spectra are numerically generated. According to the
single-mode fiber properties, v is set to a random value from 10 GHz to 13 GHz and A is a random
value from 0 to 0.3. Both Avgp, and Avgg are random values from 0.01 GHz to 0.15 GHz. The number
of sample points in Gauss-Hermite quadrature is 1000 which is the same as in Section 2.2. 10,000 sets
of Brillouin gain spectra are numerically generated based on Equation (4). The frequency is scanned
in the range from v — (Avp, + Avpg) to v + (AvpL + Avpg) and the scanned frequency interval
is (Avpy, + Avpg)/20. In the key parameters extraction algorithm, the number of sample points is
set to 100 which is validated in Section 4.2. Egmean, Evmean and Eaymean are the mean values of the
error magnitude in the extracted gy, v and Avg, respectively. Eys is the mean value of the sum
of the squared normal distances between the profile coordinates and the expected profile. Ty and
Iy respectively are the mean values of the computation time and the iteration number. The key
parameters extraction algorithm based on the Voigt profile is used. If the iteration number is fixed at
500 (I = 500), the algorithm will converge in all cases. Therefore, the corresponding results are taken as
the exact values. The statistical results of errors in the extracted key parameters, the sum squared error,
the computation time and the iteration number corresponding to different convergence criterions are
summarized in Table 2. Note however that once the correction terms of the variables are NaN (not
a number), the algorithm will stop. Therefore, even the iteration number is set to 500, the real iteration
number is less than 500.

Table 2. Statistical results of errors in the extracted key parameters corresponding to different
convergence criterions and the corresponding computation times.

Convergence Criterions  Eymean/GHz  Epymean/GHz Egmean Em Tm/s Im
Equation (17) 0 8.08x107° 3.01x10"* 136x10~* 270 x 1072 9.74
Equation (18) 0 8.08 x 107>  3.01 x 107%* 136 x 107* 248 x 1072 7.74

1 =500 0 808x107° 301x10* 136x10*% 12x101 327 x102

As shown in Table 2, the extracted key parameters according to Equation (17) are the same as the
extracted parameters with the fixed iteration number of 500 (500 is large enough). The mean value of
iteration number corresponding to Equation (17) is 9.74 which is much less than 500 and 3.27 x 102.
At the same time, the corresponding computation time is only 2.70 x 1072 s and is considerably
less than 1.28 x 10! s corresponding to the fixed iteration number of 500. The mean values of the
iteration number and the computation time corresponding to Equation (18) are 7.74 and 2.48 x 102 s,
respectively. Although the errors in the extracted parameters and the sum squared error corresponding
to Equations (17) and (18) are the same, the iteration number and the computation time of Equation (18)
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respectively are less than those of Equation (17). According to Table 2, it seems that Equation (18)
rather than Equation (17) should be taken as the stopping condition.

Not only noise-free Brillouin gain spectra but also noisy ones need to be investigated. The noisy
Brillouin gain spectra along a single-mode 9/125 pm fiber are measured by a Brillouin optical
time-domain reflectometer (BOTDR, model AV6419, China Electronics Technology Instruments Co.,
Ltd., Tsingtao, China). The wavelength of the incident light is 1550 nm. The pulse width is 10 ns.
The average number of waveforms is 2!°. The mean SNR is 15.18 dB. For a typical case, change of the

extracted key parameters corresponding to different convergence criterions with iteration number is
shown in Figure 1.

0.039 10.7224
——1=500 ——1=500
Eq. (18) Eq. (18)
10.7223
QOB Eq(1m  UYhLAW Eq. (17)
10.7223}
0.037p\
< ‘\\ 2 10,7222}
0.036
\ 10.7222
e
0.035 "\ : : | 107221} , \/\
0.034 — 10.7221 ‘
10° 10" 10° 10° 10° 10" 10° 10°
Iteration number Iteration number
(a) (b)
0.045 I 0.095 :
— =500
0.04 Eq. (18)1 /
----- Eq. (17) 0.09
0.035
0.085
2 003 1 2
K o
4 <
0.025 0.08
0.02 1
0.075 —1=500
0.015F al Eq. (18)
----- Eq. (17)
0.01 : ‘ :
10° 10" 10° 10° 10° 10" 10° 10°
Iteration number Iteration number
(c) (d)

Figure 1. Change of the extracted key parameters corresponding to different convergence criterions
with the iteration number. (a) A, (b) vg, (c) Avgr, (d) Avgg.

From Figure 1 we discover that the extracted parameters remain constant in four successive
iterations even though the extracted key parameters are quite different from the optimal solution.
However, in Equation (18), whether or not the algorithm converges is determined according to
variation in the extracted parameters in successive four iterations. Therefore, Equation (18) is not
reliable. Therefore, if the inappropriate convergence criterion is used, such as Equation (18), significant
errors may be introduced. Generally, if the extracted parameters remain nearly constant in successive
six iterations, the algorithm has converged. Therefore, in the proposed convergence criterion (Equation
(17)), the variation in the extracted parameters in successive six iterations is used to judge convergence
or not. At the same time, according to the convergence criterion, the unnecessary iterations are avoided.
Therefore, the established convergence criterion can not only ensure converge but also corresponds to
less computational burden. Therefore, Equation (17) is reliable.
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3.5. Flowchart of the Proposed Algorithm

The flowchart of the proposed algorithm is illustrated in Figure 2.

{ Begin ;

|

Let 4=1, current itcration number /=1,
maximum iteration number /,,,,,=500

Obtain the initial variable values W(0) according to Eqs. (13), (15) and
(16); calculate the errors e(0) and £(0) according to Egs. (5)-(6)

Obtain the current variable values W(/) according to Lgs. (7)~(11);
calculate the errors e(/) and E(/) according to Egs. (5)-(6)

No
No—= If E([y<E({-1)7 Yes
W(y=W(l-1), E(l)=
£(I-1) and 4=4x10 A=A10 I=I+1
A
q (17) or =l nax satistn No—
Yes
v
i End ;

Figure 2. Flowchart of the proposed algorithm.

4. Influence of Number of Sample Points in Gauss-Hermite Quadrature

The number of sample points in Gauss-Hermite quadrature has an important effect on the accuracy
and computation time of the algorithm. These influences are investigated in this section.

4.1. Influence on Spectrum Approximation

In this section, the influence of the number of sample points on the error in the Voigt
profile numerically generated according to Equation (4) (Gauss-Hermite quadrature) is investigated.
The number of sample points ranges from 5 to 1000. Similar to Section 3.4, the Voigt profile with
number of sample points of 1000 is considered as the exact one. The other parameters are the same
as in Section 3.4. The statistical results of errors in the numerically generated Voigt waveshape with
different numbers of sample points are presented in Table 3.

Table 3. Statistical results of errors in the Voigt waveshape numerically generated by Gauss-Hermite
quadrature with different numbers of sample points.

M Elmin E1max Eimean Elstd EZmin Ezmax Ezmean EZstd

5 436 x1071  868x107!  130x107!  194x10"! 540x10712 120x10°! 264x1072 371 x 1072
10 1.01x1071%  516x1071  525x1072 990 x 1072 173x1071 893 x 1072 128x1072  235x 1072
30 1.00x107%%  262x107!  131x1072  365x1072 163x107® 536x1072 339x107° 927 x 1073
60 9.81x1071 151x107! 465x107% 165x1072 162x1071 357x1072 127 x107% 443 x 1073
100 9.81x10716 9.03x1072 195x1073 824x103 165x1071 241x102 551x107% 233x10°3
200 1.01x107%° 421 x1072 506x107*% 280x107% 1.69x1071° 117 x1072 147 x107* 812 x107*
600 1.38x 1071 789x1073 359x107° 322x107* 262x1071 199x10% 952x10°® 837x10°°

Assume that E; is the ratio of the maximum error magnitude in the Brillouin gain within the
whole frequency scanning range to the maximum value of the Brillouin gain. E1min, E1max, E1mean and
E1stq respectively are the minimum, maximum, mean values and the standard deviation of E;. Let E;
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is the ratio of the mean value of error magnitude in the Brillouin gain within the whole frequency
scanning range to the maximum value of the Brillouin gain. Epmin, Eomax, E2mean and Epgq respectively
are the minimum, maximum, mean values and the standard deviation of E;. To clearly demonstrate the
influence of the number of sample points on accuracy in numerically generated spectrum, four typical
cases are chosen. A and vp are set to 0.1 and 10.5 GHz, respectively. Avpy, and Avpg are respectively set
to 0.02 GHz and 0.02 GHz, 0.04 GHz and 0.08 GHz, 0.08 GHz and 0.04 GHz, 0.12 GHz and 0.12 GHz.
Four typical Voigt waveshapes are displayed in Figure 3. To present them clearly, the scanned frequency
interval in Figure 3 is set to (Avpr, + Avgg)/2000. Brillouin gain is a dimensionless parameter. The order
of magnitude of Brillouin gain is of little value to the fiber distributed sensing based on Brillouin gain.
Most of the related literature doesn’t care about the order of magnitude of Brillouin gain. Therefore, its
real magnitude is not presented in the paper. The unit for the vertical axes in the paper is a.u. which
means arbitrary unit [30,31].

2.5 ; 1 :
, —5 \ 5
10 AN 10
2 30 0.8 S =300
_ 60 -~ FANVAN 60
3 = / U
3 100 s J230 A 100
S5 / \ 200 =06 fof Vi 200
5“ 600 5’ 600
| y \ 1000 e 1000
g1 Bo4 .
m / m
0.5 0.2 1
O - L _ 0 1 i i L
10.45 10.5 10.55 1035 104 1045 105 1055 106  10.65
Frequency/GHz Frequency/GHz
(a) (b)
0.8 ‘ \ ‘ 0.4 : : ! :
5 5
0.7 10 0.35 10
30 =30
~06 60 ~ 03 \ 60 |
a 100 u ) 100
< <
£o05 200 1 0.25 200
< <
Eoa 600 8 oa 600
= 1000 g 1000
£03 £0.15 1
=1 =)
= 0.2 g M 0.1 1
0.1p e 005 e
0 — L i i L — i i 0 i Il i i L
1035 104 1045 105 1055 106  10.65 103 10.4 10.5 10.6 10.7
Frequency/GHz Frequency/GHz
(0) (d)

Figure 3. Four typical Voigt waveshapes numerically generated by Gauss-Hermite quadrature with
different numbers of sample points. (a) Avgy = 0.02 GHz, Avgg = 0.02 GHz; (b) Avpy, = 0.04 GHz,
Avgg = 0.08 GHz; (c) Avgr, = 0.08 GHz, Avgg = 0.04 GHz; (d) Avgy, = 0.12 GHz, Avgg = 0.12 GHz.

As seen in Table 3 the errors in the numerically generated Voigt profile decrease with increasing
number of sample points. At the same time, the decline rate also decreases with increasing number
of sample points. Finally, the errors will tend to zero. E1mean and Epmean corresponding to number of
sample points of 100 are 1.95 x 1073 and 5.51 x 10~*, respectively. The accuracy is acceptable. Note
however that the Voigt profile with number of sample points of 1000 is considered as the exact one.
Therefore, no corresponding errors data are presented in Table 3.
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4.2. Influence on the Computation Time and Accuracy of the Voigt Profile-Based Algorithm

The number of sample points is set to 1000 and the other parameters are the same as in Section 3.4.
A large number of Brillouin gain spectra are numerically generated based on Equation (4). For the
noise-free cases, the statistical results of errors in the key parameters extracted by the Voigt profile-based
algorithm with different numbers of sample points are included in Table 4. Egmean, Evmean and Eaymean
respectively are the mean value of the error magnitude in the extracted ggm, vp and Avg. Similarly, Eggq,
Eygtq and Eppgrq are the standard deviation of the error in the extracted ggm, v and Avg, respectively.

Table 4. Statistical results of errors in the key parameters extracted by the Voigt profile-based algorithm
with different numbers of sample points, noise-free.

M 5 10 30 60 100 200 600 1000
Eymean/GHz 0 0 0 0 0 0 258 x 10717 0
Evsia/GHz 0 0 0 0 0 0 1.84 x 1015 0

Eppmean/GHz 247 x 1073 118 x 1073 353 x107* 1.62x107* 892x10° 364x107° 531x10° 176 x 101
Epostd/GHz 265 x 1073 175 x 1073 832x107%  492x107%* 327 x107% 180x107* 392x107° 331x10" 1

Egmean 753x107%  393x1073 127x1073 582 x107* 312x107* 1.18x107* 173 x107% 150 x 1071
Egsta 1201072 778 x 1073  354x107% 200x1073 126x1073 619x107% 203x107% 273 x10713
Tm/s 880 x 10 9.06x107% 134x1072 196 x1072 277 x1072 479 %1072 136x10"! 229 x 107!

According to Table 4, the errors in the extracted parameters decrease with increasing number
of sample points. Finally, it tends to zero for the noise-free cases. The noise-free case is to simulate
the case with large enough average number of waveforms. However, the noise is inevitable in the
measured Brillouin gain spectrum. The SNR should not be set to a too low value. Otherwise, a too
low value of the number of sample points will be selected. Then, for high SNR cases, significant
errors will be introduced. Therefore, the SNR is set to 40 dB and the other parameters are the same as
the noise-free cases. The statistical results of errors in the extracted key parameters are presented in
Table 5.

Table 5. Statistical results of errors in the key parameters extracted by the Voigt profile-based algorithm
with different numbers of sample points, SNR = 40 dB.

M 5 10 30 60 100 200 600 1000

Eomean/GHz 112x107%  111x107% 111x107% 111x10% 111x10% 111x10% 111x10*% 111x10°¢
Evgq/GHz 148 x 1074 147 x107% 147 x107* 147 x107% 147 x107% 147 x10* 146 x107% 146 x 1074
Epomean/GHz 2.63 x 1073 146 x 1073 740 x107* 578 x107* 518 x10°% 480x107* 463 x10°* 460 x 10°*
Epostd/GHz 293 x 1073 216 x 1073 152x107% 137x107% 132x10% 129x107% 129x107% 128 x 1073
Egmean 895x107% 563x1073 332x103 276x1073 256x1073 245x107% 270x10% 241x10°3
Egstd 176 x 1072 147 x 1072 128 x 1072  124x 1072 123 x1072 122x1072 142x1072 122x 1072
Tm/s 917 x 1073 926 x 1073  140x 1072 210x1072 3.08x1072 522x102 141x10"! 233x10°!

From Table 5 we discover that the errors in the extracted key parameters decrease with increasing
number of sample points. Because of noise, the rate of decrease is slower than that of the noise-free
spectra in Table 4. For the noisy spectra, the errors corresponding to the number of sample points of
100 are very close to the errors corresponding to the number of sample points of 1000. vg possesses
the highest accuracy among the three parameters and is less sensitive to the number of sample points.
This is beneficial for temperature and strain measurement based on Brillouin scattering. This is due
to the fact that temperature and strain are measured mainly according to vg. However, to achieve
simultaneous measurement of temperature and strain, Avg may be needed. Avg depends solely on
Avgp, and Avpg. The errors of Avgy, and Avpg decrease with increasing number of sample points.
This is the main reason why too low number of sample points is inappropriate. According to Tables 4
and 5, the proposed algorithm can converge in all cases independent of which number of sample points
is used and no matter on whether or not noise-free spectra are used. The errors in the extracted key
parameters are mainly caused by noise and are not large enough number of sample points. The above
results validate the proposed optimization algorithm, the initial values obtainment method and the
convergence criterion.
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To further present the relationship between the number of sample points and the computation time,
change of mean computation time of noisy and noise-free cases with the number of sample points are
shown in Figure 4. From Figure 4 it can be seen that the computation time increases linearly with the
number of sample points irrespective of noisy and noise-free cases. To improve the accuracy, more sample
points should be used. To improve real-time performance, less number of sample points should be used.
Selection of the number of sample points in Gauss-Hermite quadrature is thus a balance between the
accuracy and the computation time. At the same time, the error increases with decreasing SNR. Therefore,
less number of sample points should be selected for noisy spectra. To sum up, the number of sample points
in Gauss-Hermite quadrature is generally suggested to choose 100. In comparison with the number of
sample points of 1000, the selection of number of sample points of 100 can not only ensure high accuracy
but also decrease computation time to about one eighth of the original value. Of course, this number can
be adjusted according to the practical situations.

0.25
e Noise-free

e NOiSy

=
e — <
— n o
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=
=
I

0 i i
0 200 400 600 800 1000
Number of sample points in Gauss-Hermite quadrature

Figure 4. Change of the mean computation time with the number of sample points.

5. Validation

5.1. Numerically Generated Signals

To compare with the proposed algorithm, the algorithm proposed by [19] (called the direct algorithm
in the paper) and the random algorithm are also implemented in Matlab. In the random algorithm,
the initial guesses of the variables are set to some random values within a certain range. According to
single-mode fiber properties, the initial guesses of Avpy, and Avpg are random values from 0.01 GHz to
0.15 GHz. The initial guess of vp is a random value from 10 GHz to 13 GHz. The initial guess of A is
a random value from 0 to 0.3. The objective function, the optimization algorithm and the convergence
criterion are the same as the proposed algorithm. Equation (4) must be solved in both the numerical
generation of Voigt profiles and the Voigt-profile based key parameters extraction algorithm. It means that
the number of sample points in Gauss-Hermite quadrature must be determined. Similar to Section 4.2,
a large number of Brillouin gain spectra are numerically generated based on Equation (4) with the number
of sample points of 1000. According to Section 4.2, the number of sample points in the Voigt profile-based
parameters extraction algorithm is set to 100. For the noisy signals, the SNR is set to 20 dB and the other
parameters are the same as in Section 3.4. For a typical noisy and noise-free Brillouin gain spectra, change
of the sum of the squared normal distances with iteration number is displayed in Figure 5. In the direct
algorithm, no iteration process is needed. Therefore, no data about it is presented in Figure 5. From
Figure 5, the proposed algorithm not only can ensure convergence but also requires less computation
time. At the same time, the aforementioned results validate the proposed initial values obtainment
method (Equations (13), (15) and (16)), objective function (Equations (5) and (6)) and convergence criterion
(Equation (17)). The statistical results of errors in the key parameters extracted by different algorithms
are presented in Table 6 and at the same time the computation time is included. It is noted that the direct
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algorithm uses the 20-dB Brillouin gain to calculate Avgy, which imposes a very high requirement on its
frequency scanning range. Consequently, more frequency scans are needed.

0
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(a) (b)
Figure 5. Change of the sum of the squared normal distances with iteration number. (a) Noise-free;
(b) Noisy.

Table 6. Statistical results of errors in the key parameters extracted by different algorithms, numerically
generated signals.

. . Evmean E‘Usld EAvmean EAvmax
Algorithm _ Signal Type IGHz /GHz IGHz /GHz Egmean Egsta Tws
Direct Noise-free 200x 1073  246x107%  234x107% 157x107* 122x1072 112x10"!  746x1073
wree Noisy 816x 1073  107x 1072 761 x1073 884x1073 502x1072 655x 1072 634 x 1073
Noise-free 2.33 x 104 1.23 x 10° 1.90 x 10* 2.35 x 10° 503x 1072  238x10°1 107 x 107!
Random . 8 o s 9 -2 -1 -1
Noisy 421 x 10 3.55 x 10 2.26 x 10 2.00 x 10 9.04 x 10 473 x 10 1.24 x 10
Proposed  Noise-free 0 0 892x107° 327x107* 312x107% 126x107% 277 x 1072
P Noisy 112x 1073 149x 1073  390x 1073 530x103 188 x1072 322x1072 4.85x 1072

From Table 6, we can see that the mean values of the error magnitude of the random algorithm are
quite significant. For the noise-free cases, the errors of the random algorithm are about 106~10° times
larger than that of the proposed one. For the noisy cases, the errors of the random algorithm are about
10~10'2 times larger than that of the proposed one. The above results validate the proposed initial values
obtainment method (Equations (13), (15) and (16)). In practice, the parameters extracted by the random
algorithm do not have to contain such appreciable errors. Once converged, the parameters extracted by the
random algorithm may be the same as the proposed algorithm. For 10,000 sets of noise-free and noisy
Brillouin gain spectra, the convergence rates of the random algorithm are 88.16% and 77.95%, respectively.
The errors in the parameters extracted by the direct algorithm are considerably larger than that of the
proposed algorithm. For the noise-free cases, vp extracted by the proposed algorithm contains no error.
However, the error in v extracted by the direct algorithm is about 102 GHz. The errors in Avg and ggm
extracted by the direct algorithm are considerably larger than those of the proposed algorithm. The errors
in the parameters extracted by the three algorithms for the noisy cases are larger than that of the noise-free
cases. Anyhow, the accuracy of the proposed algorithm is significantly higher than that of the other
two algorithms.

Not only is the error in the extracted parameters but also the computation time of the random
algorithm is larger than that of the proposed algorithm. The computation times of the random
algorithm for the noise-free and noisy cases respectively are 3.86 and 2.56 times that of the proposed
algorithm. This is most likely because the initial guesses provided by the random algorithm are quite
different from the optimal solution. Generally, a greater number of iterations is needed. The direct
algorithm requires the least computational effort among the three algorithms and its computation time
is only one-third of that of the proposed algorithm. However, it has a high requirement on the scanned
frequency interval and the frequency scanning range which will increase the measurement time.
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5.2. Measured Signals

5.2.1. Adaptability of Different Models

The experimental setup is sketched in Figure 6. Brillouin gain spectra along a single-mode
9/125 pum fiber with a length of 1 km are measured by the model AV6419 BOTDR.

FC/APC ‘)))’) SM 9/125
BOTDR SM 9/125 pm

AV6419

Figure 6. The schematic diagram of Brillouin gain spectrum measurement for a single-mode fiber.

The sampling resolution and the frequency scanning interval are set to 0.1 m and 1 MHz, respectively.
The wavelength of the incident light is 1550 nm. The pulse width is set to a value ranging from 10 ns to
200 ns. The frequency scanning ranges from 10.52 GHz to 10.92 GHz. The average number of waveforms
is 218, The SNR of the measured spectra ranges from 32.76 dB to 35.84 dB. These signals are spectra
with high SNR. For any pulse width, a typical set of Brillouin gain spectrum is chosen. The fitting and
calculation results by the Lorentzian, Gaussian, pseudo-Voigt and Voigt profile-based algorithms are shown
diagrammatically in Figure 7. The extracted gpm, vB, Avg, and E are included in Table 7. ggyvv, vBM and
Avpy are the mean values of the extracted gpyv, vp and Aug, respectively. From Figure 7 it can be seen
that there is a considerable difference between the curves fitted by the Lorentzian, Gaussian profile-based
algorithms and the measured one whatever the pulse width is employed. Therefore, the parameters
extracted by the Lorentzian, Gaussian profile-based algorithms in Table 7 may contain errors. The difference
between the curves fitted by the Lorentzian increases with decreasing pulse width and at the same time,
the difference between the curves fitted by the Gaussian increases with increasing pulse width which is
consistent with [32].

0.4 1 ‘ .
Measured FA Measured
0.35- --—-Lorentzian - 3k W Lorentzian
oo Gaussian 0.8 s Gaussian
~ 03 2% ——Pscudo-Voigt —_ —Pseudo-Voigt
= # . = B
Soa2sl - Voigt & YOlgt
g =06
S 02 ]
g £
.‘_:3" 0.15F 3 0.4
E =
0.1 =
0.2r
0.05
0= rerurail L T [ EPRESEEEEECE -~ Bnes —=CCEN
10.5 10.6 10.7 10.8 10.9 10.5 10.6 10.7 10.8 10.9
Frequency/GHz Frequency/GHz
(a) (b)
2.5 4 r
Measured i) Measured
----- Lorentzian 3.5¢ ----Lorentzian-
20 By e Gaussian o Gaussian
—_ — Pscudo-Voigt - 3r —Pscudo-Voigt |
El Vit Pl Yot
E 1.5 E "
3 S
g g
5 1- 3
2 2 1.5
E &
1t
0.5-
0.5
AR - < A E— N,
10.5 10.6 10.7 10.8 10.9 10.5 10.6 10.7 10.8 10.9
Frequency/GHz Frequency/GHz

(9 (d)

Figure 7. Cont.
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Figure 7. Waveshapes fitted by different models for spectra with different pulse widths, measured
signals with average number of 218 (a) 10 ns; (b) 20 ns; (c) 50 ns; (d) 100 ns; (e) 200 ns.

Table 7. Mean value of the key parameters, E and T by different models for spectra with different pulse
widths, measured signals with average number of 2!8.

Models Pulse Widths 10 ns 20 ns 50 ns 100 ns 200 ns
SBMM 295 x 1071 942 x 107! 2.23 3.66 5.06
vgm/GHz 1.07 x 101 1.07 x 101 1.07 x 101 1.07 x 10! 1.07 x 10!
Lorentzian Avgyi/GHz 822 x 1072 497 x1072 3.69x102 355x1072 3.60 x 1072
Em 1.03 x 1071 472 x 107! 1.03 2.44 457
Tm/s 241 %1073 219%x1073 197 x1073 193x1073 1.89 x 1073
SBMM 273 x 1071 8.64 x 107! 2.02 3.32 4.59
vgm/GHz 1.07 x 101 1.07 x 101 1.07 x 101 1.07 x 10! 1.07 x 10!
Gaussian Avgyi/GHz 1.02x 1071 622%x1072 466 x 1072 448 x 1072 454 x 1072
Em 823 x 1073 1.14 x 1071 1.1 3.1 6.3
Tm/s 1.74x 1073 183 x1073 222x107% 224x10"3 223x1073
SBMM 275 x 1071 8.81 x 107! 213 35 4.84
vgm/GHz 1.07 x 101 1.07 x 101 1.07 x 101 1.07 x 10! 1.07 x 10!
Pseudo-Voigt  Awvgy;/GHz 999 x 1072 596 x 1072 423 x 1072 4.04x1072 4.09 x 1072
Em 1.61 x 1073 656 x 1073 448 x 1072 125x10°1 266 x 10°!
Tm/s 983 x 1073 634x103 348x103 359x103 357x1073
SBMM 274 x 1071 8.82 x 107! 2.11 3.46 4.79
vgm/GHz 1.07 x 101 1.07 x 101 1.07 x 101 1.07 x 10! 1.07 x 10!
Voigt Avgyi/GHz 986 x 1072 593 x 1072 426 x1072 4.07x1072 4.12 x 1072
Em 309 x 1073 566x103 336x1072 955x102 193 x 10!
Tm/s 133 x 1071 724 %1072 654x1072 646 x 1072 627 x 1072

According to Table 7, the values of vg extracted by different models are quite similar. If the pulse
width is 10 ns, the mean values of the differences in the extracted Brillouin frequency shift between the
Lorentzian, Gaussian, pseudo-Voigt profile-based algorithms and the Voigt profile-based algorithm are
only 0.07 MHz, 0.02 MHz and 0.01 MHz, respectively.

The other cases have similar results. However, the differences in the extracted Avg between the
Lorentzian, Gaussian profiles and the pseudo-Voigt, Voigt profiles are remarkable. There is a very
good agreement between the curves fitted by the pseudo-Voigt, Voigt profile-based algorithms and the
measured ones. Therefore, Avg extracted by the Lorentzian and Gaussian profile-based algorithms has
significant errors. The sum squared errors E of the Lorentzian and Gaussian profile-based algorithms
are much larger than that of the pseudo-Voigt and Voigt profile-based algorithms. However, in theory,
the parameters extracted by the pseudo-Voigt profile-based algorithm may contain errors (Table 1).
From the accuracy point of view, the Voigt model is the best one. However, the computation time of the
Voigt profile-based algorithm is much more than that of the Lorentzian, Gaussian and pseudo-Voigt
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profile-based algorithms. The Voigt profile-based algorithm suffers from the weakness of low arithmetic
efficiency. Therefore, the computation time is the key factor of the algorithm.

In addition to the spectra with high SNR, the key parameters in the spectra with low SNR also
need to be extracted. The average number of waveforms is set to 2!° and the pulse width is set to
10 ns. The other parameters are the same as the high SNR ones. 8501 sets of Brillouin gain spectra are
acquired by AV6419. The mean SNR of the measured spectra is 15.18 dB. The fitting and calculation
results by the four models are shown in Figure 8. The statistical results of ¢gp, v, Avp and E extracted
by different models are summarized in Table 8 and the statistical results of the extracted model
parameters [14,17,22,33] are presented in Table 9.
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Figure 8. Waveshapes fitted by different models, measured signals with average number of 21°.
(a) Pseudo-Voigt model converges to an erroneous solution; (b) Pseudo-Voigt model converges to
a correct solution.

Table 8. Statistical results of ggv, vB, Avp, E and T extracted by different models, measured signals

with average number of 210,
Models Parameters Max Min Mean Std
SBM 359 x 1071 282 x 107! 319 x 107! 123 x 1072

vg/GHz 1.07 x 10! 1.07 x 10? 1.07 x 101 1.76 x 1073
Lorentzian Avg/GHz 898 x 1072 750x 1072 830x 1072 1.67 x 1073

E 446 x 1071 216x 1071 312x107! 320 x 1072
T/s 137 x 1072 146 x 1073 207 x10"3 2.81x10~*
IBM 331 x1071  262x107!  295x 1071 111 x 102

vg/GHz 1.07 x 10! 1.07 x 10* 1.07 x 101 1.66 x 1073
Gaussian  Avg/GHz 109 x 107! 955x 1072 1.02x10°! 1.61 x 1073

E 306 x 1071 143 x 1071 214 x10°! 242 x 1072
T/s 791 x 1073  141x107% 191 x10° 218 x10°*
SBM 1.76 153 x 1071 298 x 107!  1.99 x 102

vg/GHz 1.07 x 10* 1.07 x 10 1.07 x 100 1.67 x 1073
Pseudo-Voigt Avg/GHz ~ 1.08 x 1071 739 x 1072 998 x 1072 252 x 1073

E 362x1071  132x1071  203x10°! 252 %1072
T/s 887 x1072 298x107% 851x10° 357x103
SBM 334 x 1071 250x107!  295x 1071 1.23 x 1072

vg/GHz 1.07 x 10* 1.07 x 10* 1.07 x 100 1.70 x 1073

Voigt Avg/GHz 106 x 107! 897 x1072 985x10"2 1.95x 1073
E 297 x1071 134 %1071  203x10°! 239 x 1072

T/s 3.82 379 x 1072 252 x10°! 3.83x 107!




Sensors 2018, 18, 2419 16 of 20

Table 9. Statistical results of model parameters extracted by different models, measured signals with
average number of 210

Models Parameters Max Min Mean Std
SBM 359 x 1071 282 %1071 319x 107! 123 x 1072
Lorentzian vg/GHz 1.07 x 10* 1.07 x 101 1.07 x 108 1.76 x 1073
Avg/GHz 898 x 1072 750x 1072 830x 1072 1.67 x 1073
IBM 331 x 1071 2.62x107!  295x 1071 111 x 1072
Gaussian vg/GHz 1.07 x 10! 1.07 x 101 1.07 x 100 1.66 x 1073
Avg/GHz 1.09 x 1071 955x1072  1.02x10°! 1.61 x10°3
SBL 1.12 ~137x 1071 359 x 1072 1.22 x 107!
vg/GHz 1.07 x 101 1.07 x 10? 1.07 x 100 1.67 x 1073
Pseudo-Voigt Avg; /GHz 2.23 x 107 1.46 x 1074 5.36 x 10° 1.19 x 10°
$BG 1.44 ~7.96 x 1071 262 x 1071 1.22 x 107!
Avgg/GHz 270 x 1071 2.04 x 107 972 x 1072  1.44 x 1072
A 386 x 1072  3.09x 1072 346x1072 133x 1073
Voigt vg/GHz 1.07 x 101 1.07 x 10? 1.07 x 100 1.70 x 1073

Avpp /GHz 358 x 1072 127 x1072 223 x 1072 3.79 x 1073
Avgg/GHz 992 x 1072 7.04x1072 868 x 1072 3.66 x 1073

According to Tables 8 and 9, the values of v extracted by different models are quite similar.
The mean values of the differences in the extracted Brillouin frequency shift between the Lorentzian,
Gaussian, pseudo-Voigt profile-based algorithms and the Voigt profile-based algorithm are only
0.32 MHz, 0.17 MHz and 0.17 MHz, respectively. However, there is varying degrees difference in E and
the extracted gpv, Avp between different models. From Section 5.1, the Voigt profile-based algorithm
can extract parameters with the highest accuracy. Therefore, the other profile-based algorithms will
introduce more significant errors. In Figure 8a, the pseudo-Voigt profile-based algorithm converges
to an erroneous solution. Therefore, the significant errors are inevitable in the extracted parameters.
The results for the noisy measured spectra (Figure 8 and Tables 8 and 9) are similar to the results for the
measured spectra with high SNR (Figure 7 and Table 7). The results further validate the high accuracy
of the Voigt profile-based algorithm. The errors in ggy extracted by the pseudo-Voigt profile-based
algorithm in Table 8 are significant. However, the corresponding sum of the squared normal distances
E is not so large. This is due to the fact that E is calculated based on discrete spectra signal. Significant
errors in ggg and gpr, do not necessarily correspond to significant error in E. gpy is calculated by:

8BM = &BG t §BL (19)

It means that the error in ggy depends solely on the errors in gpg and gpy..
The above results for measured spectra are consistent with the results for numerically generated
spectra in Section 5.1.

5.2.2. Comparison of different algorithms based on Voigt profile

The same 8501 sets of Brillouin gain spectra with low SNR are used in this part. The statistical
results of errors in the extracted key parameters, the computation time, the iteration number and the
sum of the squared normal distances corresponding to the direct algorithm, the random algorithm and
the proposed algorithm are presented in Table 10. The measured spectra and the waveshapes fitted by
the three Voigt profile-based algorithms are shown in Figure 9.
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Table 10. Statistical results of errors in the extracted key parameters, computation time, iteration
number and sum of the squared normal distances corresponding to three Voigt profile-based algorithms,
measured signals with average number of 210.

Algorithms Egmean Egmax Eymean/GHZ  Eymax/GHz  Eppmean/GHz Epapmax/GHz Im Twmls Em
Direct 431x1072 1.02x 107! 848x 1073 348x 1072 262x 1072 838x 1072 - 6.36 x 1073 237 x 107!

Random, g7 103 1281071 891x 107 825x 101 607 x 102 45 155 %102 812x 1071 125 x 1071

convergence

Proposed - - - - - - 406 x 100 277 x 1071 5.09 x 1072
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Figure 9. The measured spectra and the waveshapes fitted by three Voigt profile-based algorithms,

measured signals with average number of 2!, (a) Random algorithm converges; (b) Random

algorithm diverges.

The proposed algorithm can converge in all cases and the convergence rate of the random
algorithm is 84.08%. Once diverged, the error in the parameters extracted by the random algorithm
is quite large, which will hide the accuracy of the converged cases. Therefore, for the random
algorithm, only the errors corresponding to the convergence cases are included in Table 10. For the
direct algorithm, the extracted parameters for six sets of spectra are complex numbers and they are
excluded in Table 10. According to the previous investigations, the proposed algorithm can converge
to the optimal solution in all cases. Therefore, the extracted parameters can be taken as the exact
values. The corresponding maximum differences in the extracted parameters g\, vg and Avg between
the proposed algorithm and the other two algorithms are represented by Egmax, Evmax and Eapmax.
respectively. It is noted in Table 10 that the parameters extracted by the random algorithm and the
direct algorithm have significant errors even if the divergence cases have been eliminated. If the
temperature coefficient is 1.29 MHz/°C, the mean errors in the temperature measured by the two
algorithms are 6.57 °C and 6.91 °C, respectively. The maximum errors in the temperature measurement
respectively are 26.95 °C and 639.78 °C. Not only the accuracy, but the computation time of the random
algorithm is also more than that of the proposed algorithm. The computation time and the sum
squared error of the random algorithm are about one and two times larger than that of the proposed
algorithm even for the converged cases.

To sum up, the proposed algorithm can converge to the optimal solution in all cases, regardless
of the numerically generated or measured signals, the values of pulse width and SNR used.
The parameters can be extracted by the proposed algorithm with the highest accuracy. The proposed
algorithm is a little hard to program. At the same time, the computation time is more than those of
the Lorentzian, Gaussian and pseudo-Voigt profile-based algorithms. Certainly, we can reduce the
computation time by use of a high-performance computer.

Although the fiber is not deployed in real equipment or the real civil infrastructure and at the
same time, the spectra are measured at ambient temperature, the wrapped fiber is subject to strain.
Changes of the extracted Brillouin frequency shift with fiber position for the measured spectra in
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Figures 7a and 8 are provided in Figure 10. The Brillouin frequency shift varies significantly with
fiber position. Additionally, the pulse width and SNR are different for the different measured spectra.
In fact, the variation of Brillouin frequency shift along the fiber may be a little more complex than that
of real conditions. Therefore, it can simulate well the influence caused by the temperature and strain in
practical cases. The proposed algorithm has been fully validated by a large number of representative
and typical numerically generated spectra and measured spectra. Therefore, it can effectively extract
key parameters from measured spectra in practical cases.
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Figure 10. Changes of the extracted Brillouin frequency shift with fiber position. (a) Pulse width =

10 ns, average number = 218, (b) Pulse width = 10 ns, average number = 210,

6. Conclusions

Existing key parameters extraction algorithms for Brillouin gain spectra are mainly based on
simplified models, and the extracted parameters may have significant errors. Based on the exact model
(Voigt profile), the key parameters extraction for fiber Brillouin distributed sensors is systematically
investigated in the paper. The conclusions are as follows:

(1) The parameters extracted by the Lorentzian, Gaussian profile-based algorithms easily contain
significant errors at different values of pulse width. The existing pseudo-Voigt profile-based
algorithm may introduce significant error for the case with low SNR. The proposed Voigt
profile-based algorithm is the most accurate one among all four tested profile-based algorithms.

(2) To improve the real-time performance of fiber Brillouin distributed sensing, a key parameter
extraction algorithm for Brillouin gain spectrum based on the exact Voigt profile is proposed.
The objective function is presented using the least-squares method. The Levenberg-Marquardt
algorithm is used to minimize the objective function and consequently extract the key parameters.
The initial values obtainment method and the convergence criterion are simultaneously given.
The number of sample points in Gauss-Hermite quadrature is suggested to choose 100.
The proposed Voigt profile-based algorithm can converge in all cases. It is more accurate than
that of the random algorithm and the direct algorithm. It also requires less computational effort
than the direct algorithm.
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