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ABSTRACT ARTICLE INFO

This paper presents a novel approach for tracking the peaks in the FBG Article history:
spectrum using the Gaussian polynomial method. The proposed
algorithm involves preprocessing the FBG signal, detecting the peaks,
and fitting the peaks with a Gaussian function. The performance of the
algorithm is evaluated using both simulated and experimental FBG
spectra. This method involves fitting a Gaussian function to the peak of Keywords:
interest and using the fitted parameters to estimate peak height, width,
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for tracking complex or overlapping peaks. However, the method can be . :
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computationally intensive and may require careful selection of initial
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parameters to ensure accurate results. Despite these limitations, the
Gaussian polynomial method is a powerful tool for peak tracking and This is an open access
analysis in various application. article under the CC BY
license.
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1. INTRODUCTION

The development of optical sensors including fiber Bragg grating (FBG) sensors is very
significant in various industrial fields because it has the ability to match electrical sensors such as
having high sensitivity, small size but has high resolution to measure wavelength shifts, is not affected
by magnetic field and radio frequency interference and has a high signal to noise ratio (SNR) [1-3]. As
one of the promising technologies, FBG sensors are commonly used as wavelength reflectors. This is
based on spectral filters as the principle of reflection. Light from a broadband source is passed through
the FBG, some light will usually reflect narrow wavelengths and other light will be transmitted [4-6].

When light passes through each refractive index region, it will reflect light in each region it
passes through. Parameters that can be affected by light reflection are coupling power, spectral angle
of reflection and transmission, fiber geometry and the refractive index used [7-10]. When light passes
through the fiber, several parameters can be indicated by the FBG spectral, namely the lattice period,
excitation conditions, temperature, refractive index changes and fiber length [11-14]. When light with
a certain wavelength spreads through the fiber, the Bragg wavelength resulting from the spread
depends on the effective refractive index in the core and the lattice period. Intrinsically, both of these
parameters depend on temperature and axial stress, so that any modification made to the stress and
temperature causes the Bragg wavelength to change. This makes these two parameters one of the
characteristics of the FBG [15-18]. There are several ways that can be used to see the results of the
FBG spectral monitoring produced. Generally, the system used has two methods, namely a system
based on the use of a spectrometer and a broadband source and a laser where the light passed through
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can be adjusted and the use of a photodetector [19-22]. The use of this method can generally collect
the FBG reflection spectrum so that the wavelength peak can be detected using the wavelength peak
tracking algorithm. The systems that can be used are the FBG interrogator system, optical spectrum
analyzer (OSA) and tunable laser source (TLS) [23-25].

The use of the FBG sensor multiplexing technique allows the interrogator to track hundreds of
signals at the same time, so that the use of algorithms to detect wavelength peaks is faster and more
efficient. Several algorithms have been used to detect wavelength peaks such as the spures fitting
method, but this algorithm still takes a long time to use, especially when using board processors such
as microcontrollers. In addition, the use of maximum algorithms, first order derivatives and the
holding method have many shortcomings such as weak anti-noise performance and low accuracy. This
study uses curve fitting such as Gaussian, polynomial and the use of centroid algorithms in
determining the peak wavelength because this method has high accuracy.

2. FABRICATION THEORY AND FACTORIAL DESIGN

FBG produces a resonance called Bragg wavelength when light is passed from a light source.
Optically, FBG acts as a reflective filter where the fiber produces a narrow spectrum while other light
is transmitted through the refractive index area. Viewed from the first-order grating diffraction, the
Bragg wavelength (1p) can be found by [26]:

where n.¢; is the effective refractive index of the fiber optic grating, A is the period of
refractive index change. The use of a wavelength center with a range of 1520 — 1600 nm, generally
uses an effective refractive index value of = 1.5, and the grating period is in the range of 505 — 535
nm. To obtain high accuracy, calibration needs to be done so that the shift in the peak wavelength
value does not change significantly. This can be overcome by estimating the use of the f function
when the experiment and fabrication are carried out. The use of temperature (T), humidity (H), and
strain (&) variations causes changes in the Bragg wavelength can be seen in:

AB = f(T, H: 8) (2)

The experimental approach to making FBG and calibration can use a three-variable system,
namely:

y = f (x1,%2,x3) ()

where f is an unknown function used for calibration measurements. However, this equation is too
common, so the Taylor series expansion is used where:

Yy =@+ Y aix + X Yo axix + + Xy Yo Yo QXXX + - (4)

where y is the response result, x; is a factor i, a, (1 coefficient), a; (3 coefficients), a;; (9 coefficients
where 6 coefficients are free), and a;j, (27 coefficients with 10 free coefficients). All of these
coefficients represent the results of the polynomial response where:

a3 f

of 1 9%f 1
Ao = f(OFOFO)) a; =-—- aij =3 ai = aaxiax]'axk

. [Aet7 . . 4
dx; (0,0,0) J 2 0x;0x; (0,0,0)

(®)

(0,0,0)

This equation is used to monitor humidity using an FBG sensor using a range of temperature
and strain. This is a consideration to explain the first-order model by ignoring all parameters that have
a power greater than 1 from each variable x;. Then Equation (4) changes to:

Y =g+ Xizg @i + Xing a1 QijXiXj + 123X X2X3 (6)
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when a;; = a;;, then Equation (6) becomes:
y=ag+ Xz apx + X, Z}l=i+1 AijXiXj + A123X1X2X3 (7)

where ajj = azf/(axl'ax]')|(0'0'0), i <]

When the simulation is carried out and compared with the experiment, using the center point
and scale variation, the relationship between:

i

o= X 8

x; = ®)

where m; = (X max + Ximin)/2 is the center value and A;= (X; max — Ximin)/2 is the processing

step can be seen. The best point of experimental work is in the ventricle (minimum and maximum
values of X; = +1). These values can be seen in Figure 1.
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Figure 1. 3-factor design at two levels experimentally.

Figure 1 explains the range of parameters used. The best position is at points a, b, c, d, ¢, f, g,
and h. The mathematical model used is a linear model with first-order interaction. So the normalized
Bragg wavelength is:

Ap = ag + agxy + asxs + arxr + argXxrXy + ArsXrXs + AgsXyXs + ArpsXTXyXs 9
while the unnormalized Bragg wavelength is:

Ag = So+ Sydy + Sl + SpAr + SpylArAy + SrsArdlg + Syslyls + Spusdrdyds  (10)
where the coefficient value a is interpreted as normalized sensitivity and cross sensitivity. Equation
(9) is an important equation for calibrating the sensor, so that the required coefficients can be

generated and facilitate simulation. Equation (9) contains 8 unknown a coefficients, then simulated
using the matrix in Equation (11):

[4a] 41 —-1 —1—-1 +1+1 +1—1 - o 1
Ap $141 —1-1 —-1-1 +1+1 ar
;c +1-1 +1—-1 —1+4+1 —1+1 ay
d +1+1 +1-1 +1-1 -1-1 as
A= X7 4121 —141 41-1 —1411%7 | am (11)
Ay +1+1 —-1+1 -1+4+1 -1-1 ars
Ay $1-1 4141 —-1-1 +1—-1 ays
1, L4141 4141 +1+1 +1+1. larys]
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The cross sensitivity between two variables is marked with variables Sy, Sys, and Sy, while
the cross sensitivity for all variables is marked with Srys. This variable gives significant results when
the simulation is carried out, so that the points inside the cube can be found using Equation (10).

3. WAVE PEAK DETECTION ALGORITHM

The narrow peaks produced by the reflection filter on the uniform FBG make it possible to
fabricate FBGs with various identical FBGs. However, the use of optoelectronic devices such as
interrogators, OSA, TLS and InGaAs photodiodes to measure the spectrum of the fabricated FBG
produces different wave peaks. This is due to variations in strain and temperature that occur along the
lattice area. Several techniques are used to detect wave peaks, namely the direct method, fitting
method, and curve fitting.

3.1. Direct Method
This method is the simplest method for detecting reflection peaks without changing the shape.
This direct method consists of several methods, namely:

3.1.1. Maximum Value Method
This method is used by looking at the reflectivity peak obtained on the wave using the
equation:

AB,e = MR(A):Rmax (12)

where R4 1S the maximum reflectivity measured. However, this method is less efficient and less
accurate than other methods.

3.1.2. Bandwidth X-dB Method (X-BW)
This method is often implemented on interrogator devices because it has a technique that can
be used in the use of wavelengths (64 = 1 —5 pm) (see Figure 2).
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Figure 2. Bandwidth X-DB method image.

The equations used in this method are:

Rmax
Ren = 10l0g10X (13)

maxAgp)—mMind(p)
2

AB,e = minﬂ.(th) + (14)
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where R;;, is the threshold value that has a spectrum of X dB values at the maximum reflectivity value
measured R,y

3.1.3. Centroid Method
The peak of the wave determined from this method is seen from the center of the FBG

reflection spectrum. Mathematically, this method is explained by the Equation (15):

_ 28 An*R0n)
A5e == SERGin 1)

Empirically, the use of this method depends on the width of the spectral range, so that it can
show the estimated wavelength bias against the Bragg wavelength. However, because this method is
used to detect waves that match the reference wave, the use of this method is less suitable for use.
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Figure 3. Centroid method image.

3.2. Curve Fitting Method
This method uses a spectrum that is interpolated with several functions to produce the FBG

spectrum shape. The techniques used are:

3.2.1. Gaussian Polynomial Method
This technique uses mathematical equations to analyze the FBG reflection spectrum so that the

spectrum peak is produced. The functions produced using this method are the peak wavelength,
bandwidth and reflectivity. This function is stated in Equation (16):

) = A4 2RCE (16)
where u is the peak wave, o is the standard deviation and A is the amplitude. This function is in the
form of a symmetrical curve located at the center of the wavelength and its width is determined by the
bandwidth.

This method is very suitable for analyzing the spectrum because it can determine accurate
parameters such as peak wavelength, bandwidth and reflectivity. This is because the shape of the FBG
spectrum is similar to the Gaussian function. In addition, the use of this method is very suitable for use
on a lot of data, making it a useful method for characterizing FBG performance. This method is also
good for optimizing FBG design. So that it can modify the lattice parameters to achieve the desired
performance specifications.
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Figure 4. Gaussian method image, the FBG spectrum (left) and the results of using the Gaussian method (right).

4, RESULTS AND DISCUSSIONS
The peak value of the fabricated uniform FBG has a value that varies according to the

reflectivity value used. The following are the values and parameters obtained when the FBG was
fabricated as shown in Table 1.

Table 1. Reference parameters of uniform FBG values.
Ab (hm) Bandwidth (nm)  SLSR (dB)  Reflectivity (%)

1549.837 0.13 17.62 10
1549.974 0.147 18.48 30
1549.936 0.176 14.99 50
1549.895 0.216 14.18 70
1549.962 0.284 20.26 90

The peak wavelength values obtained from the FBG fabrication results with reflectivities of
10%, 30%, 50%, 70%, and 90% can be seen in Table 1. These values are then tested through
experimental measurements with several instruments such as interrogators and OSA. The
measurement results using the interrogator were tested using the Gaussian polynomial method which

can be seen in Figure 5. The results obtained can be seen in Table 2.
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Figure 5. Results of uniform wavelength measurement detection on the interrogator using Gaussian polynomial.
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Results of interrogator measurement using the Gaussian method.

Table 2.
UNI 30 UNI 50 UNI 70 UNI 90
w 0.43816 + 0.00868 0.43819 + 0.00865 0.43738 + 0.00861 0.28103 + 0.00425
R value
(Correlation coefficient) 0.9493 0.94969 0.95002 0.97025
A 22.0436 22.03015 21.97552 + 0.45092 15.54504
Sigma 0.21908 0.2191 0.21869 0.14051
FWHM 0.5159 0.51593 0.51498 0.33089
Peak 1549.8917 + 0.00382  1549.88847 +0.00381  1549.88593 + 0.00379  1549.86612 + 0.00199

Reduced Chi-Sgr

R square (COD)
(Determination coefficient)

Adj. R-square

19.05397 18.86921 18.71527 9.73961
0.90116 0.90191 0.90253 0.94138
0.90057 0.90132 0.90194 0.94102

Table 2 shows the peak wave value that is different from the reference wavelength caused by

the high spectral resolution so that measurements can be made more accurately than the reference
value. The peak value measured on a uniform FBG with a reflectivity of 30% is at 1549.8917 and has
a difference (AL) of about 0.0823 from the reference value of 1549.974. The peak value of a uniform
FBG with a reflectivity of 50% is at 1549.88847 and has a difference (AA) of about 0.04753 from the
reference value of 1549.936. The peak value of uniform FBG with 70% reflectivity is at 1549.88593
and has a difference (AL) of around 0.00907. The peak value of uniform FBG with 90% reflectivity is
at 1549.86612 and has a difference (AM) of around 0.09588 with the reference value of 1549.962.
From the results it can be seen that all measurements of FBG peak values experience a wavelength

shift due to the influence of the accuracy of the wavelength measurement equipment as the main
factor. This accuracy can affect the comparison of the Bragg wavelength with the fabrication results.

After using the interrogator, the wavelength detection is continued using OSA. The results were tested

using the Gaussian polynomial method which can be seen in Figure 6. The results obtained can be

seen in Table 3.
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Figure 6. Results of uniform wavelength measurement detection on OSA using Gaussian polynomial.

Table 3 shows the results of FBG characterization using OSA using the Gaussian polynomial
method. Table 3 shows that the use of different detectors also makes the peak reflectivity results
different. This is because the measurement principles and parameters obtained are different. The Bragg
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wavelength value of each FBG that has a variation in reflectivity experiences a difference in
wavelength. The peak value of the Bragg wave at a uniform reflectivity of 30% is 1550.00618 nm,
50% reflectivity is at 1549.96749 nm, 70% reflectivity is at 1549.8947 nm, 90% reflectivity is at
1549.9778 nm and reflectivity at a wavelength of 1560 is at 1560.41131 nm. The difference occurs
due to several factors such as errors in the fabrication process, environmental factors that affect the
grating response and inaccuracies in OSA calibration. Periodic disturbances in the refractive index of
the fiber during FBG fabrication will produce several Bragg reflections or gratings that interfere with
each other to form a grating spectral response. However, due to the imperfect fabrication process,
there is a slight deviation from the desired spectral response so that the fabrication value and the wave
value when detected are different.

Table 3. Results of OSA measurement using the Gaussian method.

UNI 30 UNI 50 UNI 70 UNI 90
w 0.13076 £5.62295E-4  0.16488 + 8.77768E-4 0.19498 + 0.00116 0.23169 + 0.00193
R value
(Correlation coefficient) 0.99505 0.99235 0.99045 0.98117
A 0.70261 + 0.00278 1.37833 £ 0.00688 1.85184 £+ 0.01045 2.55549 + 0.00193
Sigma 0.06538 0.08244 0.09749 0.11584
FWHM 0.15395 0.19413 0.22957 0.27279
Peak 1550.00618 + 2.72E-4  1549.96749 +4.20E-4  1549.8947 +5.466E-4 1549.9778 + 9.00E-4
Reduced Chi-Sqr 0.00941 0.04309 0.07978 0.24565
R square (COD)
(Determination coefficient) 0.99013 0.98476 0.98099 0.96269
Adj. R-square 0.9901 0.98471 0.98093 0.96258

5. CONCLUSION

This article describes the experimental detection of Bragg wave peaks. Peak detection is very
important to analyze and identify reflection peaks in various spectra. This method uses a Gaussian
function so that it can produce parameters such as peaks, spectrum widths and reflectivity. The use of
this method is an effective approach that has high accuracy so that peak changes can be monitored
significantly. This is useful for analyzing spectrum properties. The use of this method also gives good
results from several other techniques and can extract more detailed information about the position and
shape of the peak. Although effective for detecting complex peaks, this method has limitations such as
being less sensitive to noise and signal fluctuations.
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