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Abstract: In this paper, we demonstrate the application of deep neural networks (DNNs) for process-
ing the reflectance spectrum from a fiberoptic temperature sensor composed of densely inscribed
fiber bragg gratings (FBG). Such sensors are commonly avoided in practice since close arrangement
of short FBGs results in distortion of the spectrum caused by mutual interference between gratings.
In our work the temperature sensor contained 50 FBGs with the length of 0.95 mm, edge-to-edge
distance of 0.05 mm and arranged in the 1500-1600 nm spectral range. Instead of solving the direct
peak detection problem for distorted signal, we applied DNNs to predict temperature distribution
from entire reflectance spectrum registered by the sensor. We propose an experimental calibration
setup where the dense FBG sensor is located close to an array of sparse FBG sensors. The goal of
DNN:s is to predict the positions of the reflectance peaks of the reference sparse FBG sensors from the
reflectance spectrum of the dense FBG sensor. We show that a convolution neural network is able to
predict the positions of FBG reflectance peaks of sparse sensors with mean absolute error of 7.8 pm
that is slightly higher than the hardware reused interrogator equal to 5 pm. We believe that dense
FBG sensors assisted with DNNs have a high potential to increase spatial resolution and also extend
the length of a fiber optical sensors.

Keywords: fiber bragg grating; optical fiber sensor; distributed temperature sensor; deep learning
algorithms; fully connected neural network; convolutional neural network

1. Introduction

Fiber bragg grating sensors are widely used for distributed temperature and strain
sensing [1-3]. The performance of FBG-based sensors significantly depends on the accuracy
of the peak detection algorithms that provide the possibility of converting a registered
signal into temperature/strain values. Commonly, an array of FBGs is sparsely inscribed
on a stretch of fiber in spatial and spectral domains to avoid mutual interference between
neighboring FBGs. In this case, the peaks positions and their shapes are relatively simple
to distinguish and plenty of algorithms may be applied for processing [4-6].

However, there is always a trade-off between peak detection accuracy and the number
of FBG sensors in the sensing channel. The limited capacity of a sensing channel results
in the limited length and spatial resolution of an FBG sensor. Increasing the number of
sensing channels limits the sensor interrogation rate and increases the cost of a final device.

At the same time, FBG sensors with high spatial resolution are attractive for various
applications including damage processes monitoring [7], healthcare [8], and heat localiza-
tion [9]. The spatial resolution of a fiber optical sensor may be raised by implementation of
chirped FBGs [10] or the implementation more advanced interrogation technique [11].

Software solutions are mainly focused on the coupling of the reflectance spectra of
several FBG sensors into one sensing channel and processing the resulting signal for peaks
discrimination [12,13]. Today, the scientific community is paying significant attention
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to machine-learning (ML) algorithms, which have already shown good performance at
various fundamental levels and practical applications [14,15]. Particularly, data-driven
algorithms are capable of operating with large-scale high-dimensional data and finding
hidden intrinsic features and dependencies. There have already been successive attempts
to apply ML algorithms for interpretation the of overlapped reflectance spectra from
sparse FBG sensors including: extreme learning machines [12], least squares support
vector regression [16], convolutional neural networks [17], particle swarm optimization
algorithms, long short-term memory algorithms [18] and others [19,20].

However, in most of the presented works, the performances of the algorithms were
demonstrated on the model spectra of FBGs, where various additional spectrum distortions
associated, for example, with mutual interference between neighboring FBGs, are not
considered. Additionally, FBG arrays with a small number of gratings (up to 4 FBGs) were
used in experiments, while a real network of sensors can contain more than 50 individual
sensing points, for which the presented algorithms will have a significant root mean square
error and a significantly longer signal processing time (~s), which makes it difficult to use
these algorithms for real-time measurement applications. The possibility of interrogating
a sensors network containing 60 FBGs was recently demonstrated [20], but in this case
spectral bandwidth was divided into 30 independent regions without crosstalk containing
only two paired FBGs with spectral overlap. Each FBG has a bandwidth of ~0.25 nm to
ensure the absence of crosstalk between adjacent regions (1-3 nm), so a length of FBG was
~5 mm, which limits the spatial resolution of measurements. In the case of short FBGs
(<1 mm) used for high spatial resolution measurements, the spectral width is much higher
(~1.5 nm) and for this reason the spectra will significantly affect each other and therefore
these algorithms will give a large error.

Here, we investigate alternative method to process experimental reflection spectra of
a highly dense FBG temperature sensor. Fifty closely inscribed FBGs allowed us to increase
the length and spatial resolution of the temperature sensor interrogated by using a single
optical channel of interrogator. To fabricate the sensor, we used the femtosecond point-
by-point inscription technique, allowing high-precision FBG positioning and wavelength
resonance specification. For adequate interpretation of a complex reflection signal we do
not solve the peak detection problem, but apply deep learning algorithms in order to match
the whole reflectance spectrum of the dense FBG sensor with temperature distribution.
We also propose an experimental setup based on optical interrogator and Peltier cells for
training procedures of deep learning algorithms. By applying the developed algorithms,
we show that the capacity of the optical channel of the interrogator can be increased without
significant loss of accuracy in the FBG peak detection.

2. Experimental Setup

In the following experiments we used two different types of FBG-based temperature
sensors inscribed in Fibercore SM1500(9/125)P polyimide-coated fiber by using femtosec-
ond IR laser pulses [21]. The first one was a highly dense sensor composed of 50 uniform
FBGs equidistantly arranged along 50 mm fiber segment. Each of the gratings had a length
of 0.95 mm and was separated from the neighboring by 0.05 mm, as shown in Figure 1. The
resonant wavelengths of the FBGs in the array were chosen to uniformly fill the spectral
range of the used 8-channels HBM FS22-SI interrogator (1500-1600 nm). The interrogator
operated in optical spectrum analyzer mode providing 1 Spectrum per second refresh rate,
20,001 points per spectrum, and 5 pm resolution. The second type of FBG array was an
array containing only intermediate elements of a highly dense array, as shown in Figure 1.
Due to the decrease in the FBG density, the reflection spectra the array possess a less noisy
shape, making it possible to use such a sensor as a reference when processing the data of a
highly dense sensor.
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Figure 1. Arrangement of FBGs in highly dense and sparse temperature sensors.

Figure 2a shows a fragment of a reflection spectrum of the highly dense FBG tem-
perature sensor and one of the sparse FBG temperature sensors measured by the optical
interrogator. The whole reflectance spectrums are depicted in Figure 2b. As can be seen
from the spectra, the close spectral arrangement of the FBGs in a highly dense array leads
to mutual interference between adjacent gratings, which consequently increases the noise
level of the resonance peaks compared to a sparse FBG array.
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Figure 2. Reflection spectra of a highly dense and one of the sparse FBG sensors: zoomed (a) and full
(b) spectral ranges.

We used five calibrated sparse temperature sensors and additional channels of the
interrogator to calibrate the dense FBG sensor. The general scheme of the experimental
setup is depicted in Figure 3.

FBG sensors were glued closely to each other (as shown at Figure 1) on an aluminum
plate with attached Peltier cells on the back surface. By controlling the current and polarity
of the electrical power supplies, as well as the positions of Peltier cells, we applied dif-
ferent temperature gradients to the plate, some of which are presented on Figure 4. The
temperature of the plate varied in the range from 10 to 80 °C with spatial gradients in the
range from —0.38 °C/mm to 0.44 °C/mm. The diversity of the temperature gradients was
exploited during the training procedure, thus improving the ability of the deep neural
network to generalize incoming data and improve the sensitivity of the dense FBG sensor.
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Figure 3. Principle scheme of the experimental setup.
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Figure 4. Examples of exploited temperature gradients during training procedure.

3. Architectures of Deep Neural Network

The task for deep neural networks was to predict the reflectance peak positions of
50 FBGs contained in 5 sparse sensors by the optical reflectance spectrum of the highly
dense sensor. We investigated the performances of full-connected and convolutional neural
networks, which were built using the TensorFlow software package [22]. A fully connected
neural network (FCNN) was selected as the most common and simple architecture. Our
FCNN consisted of input, hidden and output layers, as shown in Figure 5. The size of
the input layer was 20,001 neurons corresponding to the size of the signal array from
the interrogator, the output layer had 50 neurons corresponding to the number of the
FBGs of the dense sensor. The size of the hidden layer was optimized in order to reduce
computational time and maintain the precision of the algorithm. During the grid search
procedure of hyperparameters of FCNN we used Mean Squared Error as a loss function
and Adamax optimizer for neuron weights optimization. FCNN with 500 neurons at the
hidden layer with sigmoid activation function showed the best performance (Section 4).

We also chose a convolutional neural network (CNN) for the task, because of its
potential capability to reveal hidden features related to interference between reflectance
patterns of nearby FBGs (Figure 6). The input layer was a two-dimensional array of the
reflectance pattern, after which there was a layer with one convolutional filter of size 2 x 2
and Relu activation function. The 2-dimensional convoluted image was then flattened and
transferred to two fully connected layers. The size of the last output layer was 50 neurons.
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Figure 5. Feed forward neural network with three layers. The final architecture had 20,001 neurons

at the input layer, 500 neurons at the hidden layer, 50 neurons at the output layer.
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Figure 6. Convolutional neural network consisted of six layers.

Output layer

Unlike FCNN, where we have used a 1-dimensional array as an input, we transformed
the input signal array into a two-dimensional image. This was undertaken in order to
reduce the size of a convolutional filter. Our first attempt was to slice 1-dimensional into
50 windows with centered reflectance peaks of FBGs (Figure 7a). However, this approach
leads to greater challenges during signal processing due to the aperiodic arrangement of
the peaks. Instead, we sliced the input signal into 59 parts, since 59 is a prime factor for
20,001 (Figure 7b). Despite the image losing its physical meaning, such an approach is

more robust and straightforward.
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Figure 7. (a) 2D reflectance spectrum of FBG sensor with centered reflectance peaks; (b) 2D reflectance pattern of FBG
obtained by slicing the reflectance spectrum into 59 pieces.

The input data was scaled for both neural networks in following order: first, each
sample of a reflectance spectra was shifted by mean value of the intensity, then it was
normalized by standard deviation of the intensity. Sample size of training, validation and
testing datasets were 2000, 500 and 1000, respectively.

4. Results

The learning curve of the FCNN on a training dataset and prediction error on a
validation dataset are depicted at Figure 8a. We plotted the curves on a logarithmic scale
for the convenience of their analysis. During training epochs loss function (mean absolute
error) drops down and saturates after 100 epochs. The evolution of the prediction error
(orange line) shows that the neural network was not overfitted. Figure 8b shows mean
absolute error rates for different activation functions and number of nodes at the hidden
layer. Figure 8c demonstrates the predicted positions of the reflectance peaks for all 50 FBGs
of the sparse sensors against measured ones in scaled units. Figure 8c is the same curve for a
single FBG in nm units. The curves are in close proximity to the straight line corresponding
to the ideal case when predicted values are equal to measured values. We found out that
FCNN is able to predict the positions of the reflectance peak of the sparse FBG sensors with
a mean absolute error equal to 10.9 pm. The root mean square error (RMSE) was 18 pm
and the coefficient of determination (R2) was 0.9988.

In the same way we analyzed the performance of CNN (Figure 9). It can be seen
that neural networks have similar performance; however, CNN shows the lowest mean
absolute error, equal to 7.4 pm, RMSE equal to 14 pm and R2 equal to 0.9993.

The RMSE metric is more sensitive to large errors comparing to MAE. It is clearly seen
from Figures 8c and 9c that the mismatch between real, predicted and measured values is
not uniformly distributed along different FBGs. For some FBGs, the mean absolute error
does not exceed 5 pm; however, for one FBG the mean absolute error reaches 14 pm. We
attribute this to the violation of the uniformity of the temperature field across fiber sensors
during the mechanical translation of the Peltier cells. Indeed, CNN performed worse at
convex temperature distribution when only one Peltier cell was used. The RMSE was equal
to 14.48 pm and R2 was equal to 0.9967 for convex temperature distribution comparing to
8.48 pm and 0.9993 for raised gradient temperature distribution. The issue may be solved
by adding more Peltier cells with lower size or building more complicated heating/cooling
systems, for instance, using laser heating in combination with a spatial light modulator.
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Figure 8. Performance of the FCNN. (a) Learning curve of the model on training dataset and evolution of the loss function
of validation dataset. (b) Mean absolute error of FCNN for different activation functions and different number of nodes
of the hidden layer. (c) Predicted reflectance peak positions of the FBGs of the sparse sensors against measured values at
normalized scales. (d) Predicted positions of the reflectance peak for single FBG of sparse sensor against measured value.

Computational complexities of FCNN and CNN may be estimated as follows:
CreNN = Ninput * Nhidden + Nhiden * Noutput, 1

CeNN = Ninput - D* 4+ Ninput * Nfeir + Nyt - Nyewnz + Nfennz * Noutput, 2)

where Njyut, Noutput, Npidden—numbers of neurons of the input, output layers and hidden
layers in FCNN, D—dimension of the convolution filter, Ny;; and Ny ;—numbers of neu-
rons of the fully connected layers in CNN architecture. Calculation of FCNN output takes
around 10 million operations, while calculation of CNN output takes around 16 million
operations. Better performance of CNN may be related to increased complexity of the
architecture. At any case the computational time of the neural networks output is negligible
comparing to hardware acquisition time of reflectance spectrum. Computation time of the
CNN output from a single sample of the registered reflectance spectrum takes in average
37 milliseconds running on modest graphical processor unit NVIDEA GeForce GTX 950M.
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Figure 9. Performance of the CNN (a) Learning curve of the model on training dataset and evolution of the loss function of
validation dataset. (b) Mean absolute error of CNN for different activation functions and different number of nodes of the
fully connected layers. (c) Predicted reflectance peak positions of the FBGs of the sparse sensors against measured values at

normalized scales. (d) Predicted positions of the reflectance peak for single FBG of sparse sensor against measured value.

5. Conclusions

Thus, the calibration method of a highly dense FBG temperature sensor is proposed in
the paper. It provides a possibility for increasing the spatial resolution of a fiberoptic sensor,
avoiding the complications of FBG manufacturing or of an interrogation setup. The method
is an alternative to the more common approach, wherein several sparse FBGs sensors are
coupled into one optical channel. It was shown that deep learning algorithms are capable
of mapping the complex reflectance spectrum of the dense sensor with 50 peaks to position
of reflectance peaks of the sparse calibrated FBG temperature sensors. The relatively simple
architecture of convolutional neural network allowed us to increase the spatial resolution
of the dense FBG sensor by five times while maintaining a high temperature resolution
close to hardware resolution. Future improvements of the method may be associated with
complication of the architecture of the neural network and increasing the uniformity of the
temperature distribution across fiber sensors.

Author Contributions: Conceptualization, A.K. and A.W.; methodology, A.K. and A.W.; software,
N.S,; resources, A.D., AW., AK,; writing—original draft preparation, A.K., N.S., AW.; writing—
review and editing, A.K., AW, visualization, N.S.; supervision A.K. and A.W. All authors have read
and agreed to the published version of the manuscript.

Funding: A. Dostovalov and A. Wolf acknowledge the support of the Ministry of Science and Higher
Education of the Russian Federation (14.Y26.31.0017). The work of A. Kokhanovskiy was supported
by the Russian Science Foundation (Grant No. 17-72-30006-IT).



Sensors 2021, 21, 6188 90f9

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study is available on request to the corre-
sponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Zaynetdinov, M.; See, E.M.; Geist, B.; Ciovati, G.; Robinson, H.D.; Kochergin, V. A fiber bragg grating temperature sensor for
2-400 K. IEEE Sens. J. 2015, 15, 1908-1912. [CrossRef]

2. Rao, YJ.; Webb, DJ.; Jackson, D.A.; Zhang, L.; Bennion, I. In-fiber bragg-grating temperature sensor system for medical
applications. . Light. Technol. 1997, 15, 779-784. [CrossRef]

3. Zhang, B.; Kahrizi, M. High-temperature resistance Fiber bragg grating temperature sensor fabrication. IEEE Sens. ]. 2007,
7,586-591. [CrossRef]

4. Zhang, W.; Zhang, M.; Wang, X.; Zhao, Y.; Jin, B.; Dai, W. The analysis of FBG central wavelength variation with crack propagation
based on a self-adaptive multi-peak detection algorithm. Sensors 2019, 19, 1056. [CrossRef] [PubMed]

5. Tosi, D. Review and analysis of peak tracking techniques for fiber bragg grating sensors. Sensors 2017, 17, 2368. [CrossRef]

6. Mohammed, N.A,; Ali, T.A.; Aly, M.H. Evaluation and performance enhancement for accurate FBG temperature sensor mea-
surement with different apodization profiles in single and quasi-distributed DWDM systems. Opt. Lasers Eng. 2014, 55, 22-34.
[CrossRef]

7. Yashiro, S.; Okabe, T.; Toyama, N.; Takeda, N. Monitoring damage in holed CFRP laminates using embedded chirped FBG
sensors. Int. |. Solids Struct. 2007, 44, 603-613. [CrossRef]

8. Saccomandi, P.; Varalda, A.; Gassino, R.; Tosi, D.; Massaroni, C.; Caponero, M.A.; Pop, R.; Korganbayev, S.; Perrone, G.; Diana,
M.; et al. Linearly chirped fiber bragg grating response to thermal gradient: From bench tests to the real-time assessment during
in vivo laser ablations of biological tissue. J. Biomed. Opt. 2017, 22, 097002. [CrossRef] [PubMed]

9. Nand, A;; Kitcher, D.J.; Wade, S.A.; Nguyen, T.B.; Baxter, G.W.; Jones, R.; Collins, S.F. Determination of the position of a localized
heat source within a chirped fibre bragg grating using a Fourier transform technique. Meas. Sci. Technol. 2006, 17, 1436-1445.
[CrossRef]

10. Tosi, D. Review of chirped fiber bragg grating (CFBG) fiber-optic sensors and their applications. Sensors 2018, 18, 2147. [CrossRef]

11.  Sancho, J.; Chin, S.; Barrera, D.; Sales, S.; Thévenaz, L. Time-frequency analysis of long fiber bragg gratings with low reflectivity.
Opt. Express 2013, 21, 7171. [CrossRef]

12.  Qi, Y;; Li, C; Jiang, P; Jia, C; Liu, Y.; Zhang, Q. Research on demodulation of FBGs sensor network based on PSO-SA algorithm.
Optik 2018, 164, 647-653. [CrossRef]

13. Jiang, H.; Chen, J.; Liu, T. Wavelength detection in spectrally overlapped fbg sensor network using extreme learning machine.
IEEE Photonics Technol. Lett. 2014, 26, 2031-2034. [CrossRef]

14. Genty, G.; Salmela, L.; Dudley, ].M.; Daniel, B.; Kokhanovskiy, A.; Sergei, K.; Turitsyn, S.K. Machine learning and applications in
ultrafast photonics. Nat. Photonics 2020, 15, 91-101. [CrossRef]

15. Zhang, W,; Li, H.; Li, Y; Liu, H.; Chen, Y.; Ding, X. Application of Deep Learning Algorithms in Geotechnical Engineering: A Short
Critical Review; Springer: Dordrecht, The Netherlands, 2021; ISBN 0123456789.

16. Chen, ] Jiang, H.; Liu, T.; Fu, X. Wavelength detection in FBG sensor networks using least squares support vector regression.
J. Opt. 2014, 16, 045402. [CrossRef]

17.  Melnikov, A.D.; Tsentalovich, Y.P,; Yanshole, V.V. Deep Learning for the Precise Peak Detection in High-Resolution LC-MS Data.
Anal. Chem. 2020, 92, 588-592. [CrossRef]

18. Manie, Y.C; Li, J.W,; Peng, P.C.; Shiu, RK.; Chen, Y.Y;; Hsu, Y.T. Using a machine learning algorithm integrated with data
de-noising techniques to optimize the multipoint sensor network. Sensors 2020, 20, 1070. [CrossRef]

19. Djurhuus, M.S.E.; Werzinger, S.; Schmauss, B.; Clausen, A.T.; Zibar, D. Machine learning assisted fiber bragg grating-based
temperature sensing. IEEE Photonics Technol. Lett. 2019, 31, 939-942. [CrossRef]

20. Jiang, H.; Zeng, Q.; Chen, J.; Qiu, X,; Liu, X,; Chen, Z.; Miao, X. Wavelength detection of model-sharing fiber bragg grating sensor
networks using long short-term memory neural network. Opt. Express 2019, 27, 20583. [CrossRef]

21. Dostovalov, A.V,; Wolf, A.A,; Parygin, A.V.; Zyubin, V.E.; Babin, S.A. Femtosecond point-by-point inscription of bragg gratings by
drawing a coated fiber through ferrule. Opt. Express 2016, 24, 16232. [CrossRef]

22.  Abadi, M.; Agarwal, A.; Barham, P,; Brevdo, E.; Chen, Z,; Citro, C.; Corrado, G.S.; Davis, A.; Dean, ].; Devin, M.; et al. TensorFlow:

Large-Scale Machine Learning on Heterogeneous Systems. arXiv 2016, arXiv:1603.04467.


http://doi.org/10.1109/JSEN.2014.2368457
http://doi.org/10.1109/50.580812
http://doi.org/10.1109/JSEN.2007.891941
http://doi.org/10.3390/s19051056
http://www.ncbi.nlm.nih.gov/pubmed/30832250
http://doi.org/10.3390/s17102368
http://doi.org/10.1016/j.optlaseng.2013.10.013
http://doi.org/10.1016/j.ijsolstr.2006.05.004
http://doi.org/10.1117/1.JBO.22.9.097002
http://www.ncbi.nlm.nih.gov/pubmed/28914008
http://doi.org/10.1088/0957-0233/17/6/023
http://doi.org/10.3390/s18072147
http://doi.org/10.1364/OE.21.007171
http://doi.org/10.1016/j.ijleo.2018.03.088
http://doi.org/10.1109/LPT.2014.2345062
http://doi.org/10.1038/s41566-020-00716-4
http://doi.org/10.1088/2040-8978/16/4/045402
http://doi.org/10.1021/acs.analchem.9b04811
http://doi.org/10.3390/s20041070
http://doi.org/10.1109/LPT.2019.2913992
http://doi.org/10.1364/OE.27.020583
http://doi.org/10.1364/OE.24.016232

	Introduction 
	Experimental Setup 
	Architectures of Deep Neural Network 
	Results 
	Conclusions 
	References

