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Abstract: This research investigates the integration of free-space optics (FSO) with fiber Bragg grating
(FBG) sensors in self-healing ring architectures, aiming to improve reliability and signal-to-noise ratio
in temperature sensing within sensor systems. The combination of FSO’s wireless connectivity and
FBG sensors’ precision, known for their sensitivity and immunity to electromagnetic interference,
is particularly advantageous in demanding environments such as aerospace and structural health
monitoring. The self-healing architecture enhances system resilience, automatically compensating for
failures to maintain consistent monitoring capabilities. This study emphasizes the use of intensity
wavelength division multiplexing (IWDM) to manage the complexities of increasing the multiplexing
number of FBG sensors. Challenges arise with the overlapping spectra of FBGs when multiplexing
several sensors. To address this, a hybrid approach combining an unsupervised autoencoder (AE)
with a convolutional neural network (CNN) is proposed, significantly enhancing the accuracy and
efficiency of sensor signal detection. These advancements signify substantial progress in sensor
technology, validating the effectiveness of the AE-CNN hybrid model in refining FBG sensor systems
and underscoring its potential for robust and reliable applications in critical sectors.

Keywords: fiber Bragg grating sensors; free-space optics; self-healing ring architectures; intensity
and wavelength division multiplexing; temperature sensing

1. Introduction

Fiber Bragg grating (FBG) sensors have become a fundamental aspect of modern
sensor technology, celebrated for their exceptional sensitivity and immunity to electro-
magnetic interference. These features are particularly crucial in settings where operational
conditions are extreme, and the accuracy of measurements is non-negotiable [1–6]. Lever-
aging a distinct strain-sensing mechanism, FBG sensors are capable of measuring physical
parameters like temperature and strain with unparalleled precision, as demonstrated in
environments requiring high-temperature monitoring and structural health applications,
including aerospace and nuclear reactors [7,8]. This mechanism functions by monitoring
shifts in the peak wavelength of the FBG, which occur in response to variations in exter-
nal stimuli [9–11]. The wide applicability of these sensors spans across diverse sectors,
including structural health monitoring and aerospace engineering [12–15], extending to the
detection of vital parameters such as vibration and pressure [16–19].

In the rapidly evolving era of the Internet of Things (IoT), where the combination
of sensor systems with transmission technologies is essential for extracting valuable data
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from a multitude of objects worldwide, FBG sensors play a preferential role. A notable
example is discussed in references [20,21], where the combination of laser-driven optical
wireless communication (OWC) with fiber optic sensor systems is specifically tailored
for IoT applications. This integration harnesses the robustness of OWC in challenging
environments to enable the wireless transmission of sensor signals. At this juncture, it is
pertinent to introduce free-space optics (FSO), a technology that is rapidly gaining traction
in the field of optical communication [22]. FSO operates by transmitting light through the
air to deliver high-speed data connectivity [23]. This technology offers the advantages
of fiber optics, such as high bandwidth and speed, without the need for physical cables,
becoming particularly relevant in environments where laying physical cables is challenging
or impractical [24,25]. Despite its susceptibility to atmospheric conditions such as fog, rain,
and dust, which can attenuate the signal and the need for precise alignment between trans-
mitting and receiving units, FSO’s capability of rapid deployment and high-bandwidth
communication without physical infrastructure makes it invaluable. This is especially true
in remote or difficult-to-access areas, complementing the precision and reliability of FBG
sensors in comprehensive monitoring solutions, thus enhancing the overall performance
and applicability of sensor networks in a wide range of environments. The combination of
FSO with FBG sensors, as mentioned in references [26,27], highlights a novel approach in
communication technology. FSO’s ability to provide wireless connectivity complements
the precise sensing capabilities of FBG sensors [28,29], enabling more flexible and robust
communication systems, especially in areas where traditional wired connections are not
feasible. Coupled with the advantages of fiber sensors, such as real-time, precise, and intel-
ligent monitoring, this integration is particularly beneficial for IoT applications [20]. With
their high bandwidth, small size, and resistance to electromagnetic interference, optical
fiber sensors are becoming increasingly popular as cost-effective solutions that can sense
things in many places without the requirement for electronic components at certain sensor
locations [16–19]. A distinctive feature of FBG sensors is their capability in multiplexing
scenarios, especially within wavelength division multiplexing (WDM) systems. However,
a limitation arises in these systems due to the potential for interference when the reflection
spectra of sequential FBGs overlap, restricting the number of sensors that can be effec-
tively multiplexed. To address the multiplexing challenges in FBG sensors, intensity and
wavelength division multiplexing (IWDM) was proposed [30–32] as an advanced solution,
offering an enhanced approach for managing the intricacies associated with such challenges.
In the context of IWDM, the occurrence of overlap among cascading FBG sensors leads
to crosstalk. This issue poses a significant challenge in accurately discerning the specific
central wavelength associated with each sensor. To address the challenge of crosstalk and
the difficulty in discerning the central wavelength in cascading FBG sensors within IWDM
systems, the implementation of machine learning-based algorithms for central wavelength
interrogation has been proposed. This method is engineered to provide swift analytical
abilities, improving the efficiency and precision of sensor wavelength detection, while the
self-healing architecture further boosts system reliability by automatically correcting faults,
ensuring continuous, robust operation even in challenging environments.

The primary thrust of this paper is the innovative integration of FBG sensors with FSO
in a self-healing ring architecture. This integration is designed to augment the flexibility
and resilience of the sensor system. An advanced technique for temperature sensing that
utilizes the capabilities of FSO in conjunction with the precision of FBG sensors in a self-
healing ring architecture is proposed. Furthermore, an unsupervised autoencoder (AE)
mechanism within a convolutional neural network (CNN) model is implemented. This AE-
CNN model specifically addresses the overlapping challenges of FBG sensors within IWDM
systems. The findings suggest that this integrated approach, which synergizes self-healing
architecture with cutting-edge machine learning techniques, represents a significant leap
forward in sensor technology. It offers a solution that is not only more accurate and efficient,
but also robust and adaptable for complex sensor system applications. The implications
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of this research are far-reaching, promising transformative advancements for industries
reliant on precise and reliable sensor technologies.

The remainder of this paper is structured as follows: Section 2 delves into the schematic
diagram of the ring-based self-healing multi-channel architecture. Section 3 outlines the
experimental setup, followed by Section 4, which describes the operational principle of the
proposed system as well as the data collection method. This is then followed by Section 5,
which introduces the proposed AE-CNN model. In Section 6, results and discussions are
explained, and finally, Section 7 concludes the paper.

2. Schematic Diagram of the Ring-Based Self-Healing Multi-Channel Architecture

The proposed system, the FSO with an FBG sensor system in a self-healing ring
architecture, is designed to enhance the precision and reliability of temperature sensing in
critical environments such as gasoline storage areas, chemical storage facilities, and cement
kilns. This integration is depicted in Figure 1, where the central office serves as the primary
hub for distributing optical signals across various segments of the network through the FSO
channel. The role of FSO is pivotal in ensuring high-speed data transmission and wireless
connectivity, particularly in regions where traditional cabling is impractical. This wireless
feature significantly enhances the system’s resilience, enabling continuous communication
even in the face of physical disruptions.
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Figure 1. The schematic diagram of the proposed ring-based self-healing multi-channel FBG array
architecture.

At each targeted location, the system utilizes a ring architecture composed of FBG
sensors, arranged as λxnm (where n represents the ring number and m represents the sensor
count within that ring). These sensors are specifically designed to detect temperature
changes by altering their reflection spectra in response to environmental variations. The
reflected spectral data from the FBGs are recorded through an optical spectrum analyzer
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(OSA) and subsequently processed for real-time monitoring. Furthermore, to address the
issue of spectral overlap in FBG sensors, a deep learning approach that is specific to the
AE-CNN model in the proposed system is proposed.

3. Experimental Setup

The experimental setup for the proposed study involves a self-healing architecture for
an FBG sensor system, aimed at reducing the likelihood of system failures and enhancing
robust connectivity. As illustrated in Figure 2, the system employs a ring-based self-healing
design in conjunction with FSO, facilitating a strong and resilient system that can overcome
physical obstacles. The incorporation of an optical switch within this architecture allows for
dynamic reconfiguration and rerouting of signals in the event of a link breakdown [33–40].
This design choice significantly decreases the likelihood of sensor system failures and
ensures continuous operation.

Electronics 2024, 13, x FOR PEER REVIEW 4 of 15 
 

 

sensor count within that ring). These sensors are specifically designed to detect tempera-
ture changes by altering their reflection spectra in response to environmental variations. 
The reflected spectral data from the FBGs are recorded through an optical spectrum ana-
lyzer (OSA) and subsequently processed for real-time monitoring. Furthermore, to ad-
dress the issue of spectral overlap in FBG sensors, a deep learning approach that is specific 
to the AE-CNN model in the proposed system is proposed. 

3. Experimental Setup 
The experimental setup for the proposed study involves a self-healing architecture 

for an FBG sensor system, aimed at reducing the likelihood of system failures and enhanc-
ing robust connectivity. As illustrated in Figure 2, the system employs a ring-based self-
healing design in conjunction with FSO, facilitating a strong and resilient system that can 
overcome physical obstacles. The incorporation of an optical switch within this architec-
ture allows for dynamic reconfiguration and rerouting of signals in the event of a link 
breakdown [33–40]. This design choice significantly decreases the likelihood of sensor sys-
tem failures and ensures continuous operation. 

The proposed experimental setup includes a broadband light source from which the 
signal is generated and then channeled into an optical circulator. The signal is then trans-
mitted through the FSO channel to a 1 × 2 optical switch, directing it toward the FBG sen-
sors. The setup comprises two FBG sensors, labeled FBG11 and FBG12. FBG11 is placed 
inside a temperature controller, while FBG12 is maintained at room temperature. 

 
Figure 2. Experimental setup of proposed system with ring-based self-healing architecture FBG sen-
sors system. BLS: broadband light source; OSA: optical spectrum analyzer; PC: personal computer; 
FSO: free-space optics. 

In the proposed systems, a wavelength shift occurs when strain and temperature are 
applied to a specific FBG sensor, as demonstrated in the experiment. This phenomenon of 
wavelength shift can also be induced by vibrations, such as those caused by environmen-
tal vibration and wind. However, the proposed experimental setup is meticulously de-
signed and conducted in a controlled laboratory environment, thus mitigating external 
variables like wind-induced vibrations. This controlled environment allows for focused 
efforts on enhancing temperature measurement accuracy without external interference. 
Nonetheless, it is recognized that accounting for such factors in real-world applications is 
essential, with plans to address these challenges in future research. 
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FSO: free-space optics.

The proposed experimental setup includes a broadband light source from which
the signal is generated and then channeled into an optical circulator. The signal is then
transmitted through the FSO channel to a 1 × 2 optical switch, directing it toward the FBG
sensors. The setup comprises two FBG sensors, labeled FBG11 and FBG12. FBG11 is placed
inside a temperature controller, while FBG12 is maintained at room temperature.

In the proposed systems, a wavelength shift occurs when strain and temperature are
applied to a specific FBG sensor, as demonstrated in the experiment. This phenomenon of
wavelength shift can also be induced by vibrations, such as those caused by environmental
vibration and wind. However, the proposed experimental setup is meticulously designed
and conducted in a controlled laboratory environment, thus mitigating external variables
like wind-induced vibrations. This controlled environment allows for focused efforts on
enhancing temperature measurement accuracy without external interference. Nonetheless,
it is recognized that accounting for such factors in real-world applications is essential, with
plans to address these challenges in future research.
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4. Operational Principle of the Proposed System and Data Collection Method

In the proposed architecture devised for dataset collection, the design incorporates
two distinct scenarios to comprehensively explore the capabilities of the system. Initially, in
the first scenario, the dataset collection process is initiated with the deployment of two FBG
sensors, and this configuration is demonstrated above in the experimental setup. This initial
configuration serves as a foundational exploration, aiming to assess the basic functionality
and performance of the system under controlled conditions. Moreover, due to the need for
a more enhanced analysis and validation of the concept, a secondary scenario is introduced.
In this expanded setup, the system is simulated to include six FBG sensors, representing
a scenario with a more substantial sensor array. By augmenting the sensor count, the
objective is to delve deeper into the intricacies of the system’s behavior, capturing a richer
dataset that can offer insights into its robustness, scalability, and potential limitations. This
iterative approach enables a thorough investigation of the system’s capabilities across
varying sensor configurations, facilitating a more comprehensive understanding of its
potential applications and informing future development efforts.

In the first scenario as shown in the proposed experimental setup, a controlled temper-
ature is applied to FBG11, causing a shift in its central wavelength. The initial temperature
of FBG11 is set at 25 ◦C and is gradually increased to 70 ◦C over 10 steps. On the other
hand, FBG12 remains at a stable ambient temperature of 23 ◦C. The central wavelengths of
FBG11 and FBG12 sensors are 1544.58 nm and 1544.59 nm, respectively. Each of the FBGs
possesses a full-width at half maximum measuring 0.2 nm. During the experiment, the
central wavelength of FBG11 changes from 1544.58 nm to 1545.05 nm over 10 temperature
steps. The reflected wavelengths, captured by the OSA through the optical circulator,
are then processed using a personal computer. The collected data exhibit an overlapping
problem, as illustrated in Figure 3a, b, which complicates the interpretation and analysis. To
effectively solve this issue, an AE-CNN deep learning approach is proposed to accurately
predict the central wavelengths of the FBGs, thereby resolving the issue of overlapping.
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In the second scenario depicted in the proposed schematic diagram, the focus is on
highlighting the structure’s versatility and adaptability for scaling up sensor integration
in real-world applications. This structure also deals with its scalability and self-healing
capabilities, emphasizing its ability to seamlessly integrate multiple sensors. By simulating
scenarios with increased sensor counts, practical deployment conditions can be replicated
to address diverse sensing needs efficiently. This examination assesses the structure’s
robustness in managing larger datasets and supporting various sensor types, validating
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its flexibility across industries and applications for complex monitoring and analysis
requirements. A crucial aspect of the FBG sensors is their reflection spectrum, which
is assumed to originate from a single FBG with a Gaussian profile. The mathematical
formulation [33] of the reflection spectrum is denoted by Equation (1):

R
(

λ, λb,j

)
= IP

[
−4 ln 2 ×

(
λ − λb,j

∆λB

)2
]

(1)

In this equation, λb,j is the central wavelength that depends on the measurement;
IP represents the intensity of the reflected peak; ∆λB symbolizes the full width at half
maximum (FWHM) of the FBG; λ is the wavelength range; and λb,j is the central wavelength
of jth FBGs. Both IP and ∆λB are crucial parameters in the designing of FBG sensor
systems. Moreover, to prove the concepts and to evaluate the performance of the proposed
model, even as the number of FBG sensors increases, simulation temperature data are
collected from six FBG sensors, with which the model is trained and tested. Figure 4
illustrates computer-simulated spectral data for six FBGs with uniformly distributed central
wavelengths ranging from 1542 nm to 1547 nm. When temperature is applied to FBG21,
its central wavelength shifts from 1542.9 nm to 1547.9 nm over 25 temperature increments.
The FBGs exhibit distinct peaks with varying power intensities, with FBG21 showing the
highest intensity at 1.0 a.u., FBG22 at 0.8 a.u., FBG23 at 0.7 a.u., FBG24 at 0.6 a.u., FBG25 at
0.5 a.u., and FBG26 at 0.4 a.u.
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To address the issue of spectral overlap in FBG sensors, the proposed system incorpo-
rates an AE-CNN model. This integration of the AE-CNN model is inspired by the need to
improve the system’s precision and effectiveness, especially in applications that demand
accurate temperature measurements. The proposed model simplifies data processing and
improves the accuracy of temperature sensing, thereby making the system more effective
for real-world applications.
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5. Proposed AE-CNN Model

The autoencoder convolutional neural network (AE-CNN) model, as depicted in
Figure 1, stands as a cornerstone of the proposed system, addressing nonlinear regres-
sion challenges, particularly in the context of wavelength demodulation within FBG sys-
tems. The AE component of the model functions by compressing the input into a lower-
dimensional latent space (encoding), acting as a form of dimensionality reduction. This
process distills the essence of the data into a more manageable form, simplifying the
regression task and making it more computationally efficient by focusing on the most
relevant features. Additionally, the autoencoder can be pre-trained in an unsupervised
manner, learning useful features before being fine-tuned for the specific regression task.
The CNN part of the model leverages 1D convolutional layers to extract features from
long-sequence spectral data. These layers use convolution kernels that travel through the
input data along one spatial or temporal dimension, producing a tensor output for complex
feature extraction. The AE-CNN’s architecture comprises four encoder and decoder layers.
The encoders include four sets of Conv1D operations paired with max-pooling, and the
decoders consist of four sets of Conv1D operations complemented by upsampling. Conv1D
excels in extracting features from the comprehensive time series of the sensor dataset. For
training purposes, the proposed model utilized 1000 samples derived from Equation (1),
with 1D spectral data, where wavelength ranges align with the array’s indices. The training
parameters included a batch size of 1000 and a learning rate set at 0.001. During the training,
the Adam optimization method is adopted to minimize the inconsistency between the true
central wavelength for each FBG and the model’s predicted wavelength.

The configuration of the AE-CNN pre-trained system involves specifying the input
shape as a tuple of integers (1, 1000), catering to sequences of N instances, each compris-
ing a 1000-dimensional vector. The training process includes fine-tuning factors such as
the number of epochs and batch size. Post-training, the system evaluates the input data
spectrum and extracts the central wavelengths corresponding to each FBG. The extracted
wavelengths are compared against the actual measured spectra, enabling the identifica-
tion of discrepancies and facilitating continuous refinement in terms of accuracy through
iterative processes. This cycle of training and improvement ensures a robust system ca-
pable of accurately determining the central wavelengths of FBGs. The max-pooling layer
following each convolution operation reduces the data length: they are halved for the
initial three layers and cut by a factor of five in the last layer. Conversely, the layer for
increasing the sample resolution magnifies the input five-fold for the first layer and then
reduces it by half for the subsequent three layers. To counteract potential gradient issues in
deep architectures, an Exponential Linear Unit (ELU) activation function is incorporated
between each successive layer, yielding faster training periods and heightened model
accuracies compared to alternatives like the Rectified Linear Unit (ReLU). The architecture
concludes with three densely connected layers with units set at 50, 25, and 5, respectively,
all employing the ELU activation function.

After repetitively training the proposed model, the evaluation of its training perfor-
mance is conducted using the training loss metric. As depicted in Figure 5, insights into the
model’s effectiveness in terms of training duration and the train loss of the AE-CNN model
at different iterations are obtained. As depicted in the figure, the training loss gradually
decreases as the training iterations increase.

Figure 6 demonstrates the training accuracy of the proposed AE-CNN model. As
observed in Figures 5 and 6, the AE-CNN showcases commendable performance. The use
of a limited training dataset allows for an in-depth analysis of the model’s generalization
capabilities under various testing conditions and data points. After 750 computational
training cycles and weight initialization, the model is optimized.
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6. Results and Discussion

The results of the proposed system are evaluated using two distinct scenarios. Ini-
tially, two FBG sensors are employed, and for a more thorough analysis, a second setup
incorporating six FBG sensors is simulated. This approach guarantees a comprehensive
evaluation from basic to more complex scenarios. In the first scenario, a single simplified
ring subnetwork is used to demonstrate temperature measurement experimentally.
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In the proposed experimental setup, FBG sensors are placed within a temperature
controller. When temperature is applied to a specific FBG sensor, this causes a shift in its
central wavelength. These shifts in central wavelengths create signal overlaps, resulting
in crosstalk among the cascaded sensors. Particularly, Figure 3a displays the reflected
spectral data samples from two FBGs at varying temperature steps. Overlapping spectra in
FBGs lead to crosstalk, significantly reducing the sensor system’s efficiency. Consequently,
these issues make it difficult to differentiate each sensor’s response using traditional peak
wavelength detection methods. To tackle this overlap issue, the model is fed with the
comprehensive long sequence spectrum, enabling the extraction of Bragg wavelengths
from the intertwined FBG spectra. Therefore, the AE-CNN model has been proposed to
address these issues. By utilizing this model, the issue of overlapping spectra, including
the specific case of the unmeasurable gap highlighted in Figure 3a, is successfully resolved.
The AE-CNN model demonstrates the ability to efficiently identify and precisely predict
the peak wavelengths of overlapping FBG sensors. The proposed method’s results show
the detected Bragg wavelengths for each FBG across different temperatures and stages,
including scenarios with complete overlap, as seen in Figure 7. This capability ensures
that previously unmeasurable gaps can be accurately measured and analyzed with a high
degree of precision.
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To evaluate the accuracy of Bragg wavelength detection, the root-mean-squared error
(RMSE) method is employed [31]. The RMSE is defined in Equation (2):

RMSE =

√
∑n

i=1(yi − y)2

n
(2)

The count of forecasted values, the actual value, and the forecasted value are denoted
by the letters n, yi, and y, respectively. RMSE in the first scenario is noted to be 0.035.
The second scenario aims to verify the system’s effectiveness with an increased number
of sensors.

As shown in Figure 7, the unmeasurable gap problem between two FBGs shown in
Figure 3b is solved after applying the proposed AE-CNN, which means that the proposed
model accurately detects the peak wavelength of each FBG even if the spectra of two FBGs
are fully overlapped. The AE-CNN model is not only a powerful tool for overcoming the
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overlapping problem in FBG sensors, as evidenced by the data in Figure 7, but also exem-
plifies state-of-the-art advancements in sensor technology. Its combination of autoencoder
capabilities for feature learning and dimensionality reduction, along with the convolutional
neural network’s proficiency in feature extraction and regression, makes it an ideal choice
for intricate tasks like wavelength demodulation in FBG systems. This model signifies a
remarkable advancement in the capacity to analyze and interpret complex sensor data.

From the experimental setup, it is reasonable to infer that the proposed solution can
handle the overlapping of sensors like FBG11, FBG12, and others, under various tempera-
ture conditions. This is evident from its ability to resolve overlaps when temperature is
applied to different sensors, as the overlapping spectra result from the combined output
intensities of each stressed FBG. In this paper, we specifically showcase the scenario where
temperature is applied to FBG11, demonstrating the effective measurement of the Bragg
wavelength for each FBG. The proposed system’s capability to discern each FBG’s Bragg
wavelength under temperature, as seen when applied to FBG11, assures its functionality
even when temperature is applied to FBG12 or other sensors. This research utilizes an AE-
CNN model, especially when working with a dataset comprising 30,000 training and 6000
testing data points. The AE-CNN model excels in processing complex datasets, efficiently
interpreting nonlinear relationships within the data.

In the proposed system, to demonstrate the concept, the initial temperature of a specific
FBG sensor is set within the range of 25 ◦C to 70 ◦C. In this context, FBG sensors designed
to operate across a wide temperature range exhibit versatility in their functionality [7,8].
FBG sensors are capable of measuring temperatures beyond the specified range in the
proposed systems, as demonstrated in numerous applications [7,8]. The proposed AE-
CNN model can also effectively determine the overlapping spectral data, and is capable of
accurate temperature detection across the entire operational range of FBG sensors, even
at temperatures lower than 45 ◦C. This solution ensures that the proposed system can
effectively influence the wide temperature range of FBG sensors, overcoming spectral
overlapping issues. This enhancement increases the system’s relevance and reliability in
real-world situations.

In many practical contexts, issues frequently intensify as the quantity of training
samples and the complexity of features both escalate simultaneously. Particularly in the
proposed system, as the number of connected sensors increases, there will be an increase
in spectral overlap and complexity. Within these dynamic conditions, deep learning
models frequently emerge as robust solutions, demonstrating their exceptional performance
capabilities. Deep learning algorithms excel with extensive and diverse training data,
proficiently interpreting complex patterns in real-world scenarios.

Hence, this paper proposes the integration of unsupervised autoencoders (AEs) with
convolutional neural networks (CNNs) to address the sequential problem in scenarios with
a significant amount of spectral overlapped data and complexity. This fusion results in
superior performance, establishing its essentiality across various domains. In this paper, a
simplified experiment was conducted using a small number of FBG sensors to demonstrate
the proof of concept. Consequently, an experimental evaluation was performed to verify
that the proposed system can measure a large number of overlapping spectra while strain is
applied to multiple sensors simultaneously. The autoencoder component efficiently reduces
dimensionality and extracts relevant features from complex and overlapping spectral data.
Subsequently, the CNN component refines these features to improve the prediction accuracy
of individual FBG sensor readings. As mentioned above, when strain is applied to certain
sensors, the proposed hybrid AE-CNN model can predict the central wavelength of each
FBG even when the spectra of two or three FBGs are overlapped simultaneously.

Figure 8 highlights the output of the second scenario, emphasizing that the system’s
assessment of each FBG’s central wavelength remains precise even with an increased sensor
count or in a complex FBG sensor system. The RMSE for this scenario is 0.124.
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Its sophisticated architecture, merging CNNs’ pattern recognition with autoencoders’
processing efficiency, significantly enhances its performance. Additionally, the model’s
training time efficiency, as detailed in Figure 8, is complemented by the computer-simulated
spectrum shown in Figure 8, while Figure 9 displays the results of the simulation, showing
detected wavelengths when temperature is applied to FBG21. These results further validate
the effectiveness of the proposed system in accurately determining wavelengths under
varying conditions, demonstrating its robustness and reliability in practical applications.
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Generally, in the proposed system, an initial experimental setup with two FBG sensors
is followed by a demonstration of the system’s scalability in practical applications through
a simulation involving six FBG sensors to prove the concept. In both scenarios, the pro-
posed AE-CNN model is capable of detecting spectral overlap and improving temperature
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measurement accuracy. The design of the AE-CNN model inherently facilitates scalability,
allowing for efficient handling of large spectral datasets and analysis from numerous FBG
sensors. This scalability is crucial for real-world applications involving extensive sensor
networks. The findings of the proposed system indicate that the model maintains its per-
formance in terms of accuracy and reliability even with an increasing number of sensors,
highlighting its suitability for large-scale deployments.

In the examination of the AE-CNN model’s performance, particularly in its application
to FBG sensor systems, a nuanced comparison with preceding methodologies reveals its
distinctive advantages. This work, through the deployment of AE-CNN, manifests a pivotal
improvement in the precision of Bragg wavelength detection under varied temperature
conditions, as evidenced by the root-mean-squared error (RMSE) metric. The AE-CNN
model’s RMSE signifies not only a leap in accuracy, but also underscores the model’s
effectiveness in interpreting complex spectral data.

Further, when delving into the attributes beyond RMSE, this work differentiates itself
with the integration of full-spectrum optimization FSO and self-healing capabilities. These
features are particularly salient when juxtaposed with other referenced methods such as
the neural networks (NNs) and sparse autoencoders (SAEs) from [20], extreme learning
machines (ELMs) from [31], and differential evolution (DE) from [41]. The inclusion of FSO
in this work allows for a more comprehensive analysis of the spectral data, ensuring that
no significant information is lost during the process. This is in contrast to the methods that
may not fully exploit the entirety of the available data spectrum, potentially overlooking
critical insights.

Moreover, the self-healing capability embedded within the AE-CNN framework marks
a significant advancement in the resilience of sensor systems. This attribute ensures that
the system can maintain operational efficacy and quickly recover from any disruptions, a
feature not explicitly afforded by the methodologies in [20,30,31,41]. This work’s emphasis
on self-healing is indicative of an understanding of the dynamic challenges faced in practical
applications, where sensor systems must be robust against a variety of unpredictable
conditions.

This discussion, by focusing on the specific achievements and the unique features of
the AE-CNN model, provides a clear perspective on its standing in the context of FBG
sensor analysis. Without making overarching statements or promises, it can be observed
that the specific advancements introduced in this work, particularly in terms of RMSE
performance, FSO, and self-healing capabilities, present a meaningful contribution to the
field. These enhancements not only improve the accuracy and reliability of temperature and
spectral analyses, but also augment the resilience and adaptability of the sensor systems,
marking a significant stride in the domain.

7. Conclusions

In summary, the fusion of FBG sensors with FSO within ring-based self-healing ar-
chitectures presents a promising horizon for sensor technology. FBG sensors, renowned
for their sensitivity and durability, are invaluable in challenging environments such as
aerospace and structural health monitoring. Their synergy with FSO elevates signal quality,
bolsters reliability, and reduces latency in expansive sensor systems, while the self-healing
feature enhances system resilience, enabling automatic adjustments to maintain optimal
performance. Addressing the intricacies of multiplexing FBG sensors, this study introduced
a groundbreaking intensity and wavelength division multiplexing (IWDM) approach.
To alleviate the issue of overlapping FBG spectra, innovative unsupervised autoencoder
convolutional neural network (AE-CNN) mechanisms are implemented, resulting in sig-
nificant enhancements in system accuracy, computational efficiency, and setup simplicity.
In essence, this research signifies a substantial stride toward seamlessly integrating FBG
sensors with FSO technology, ushering in the potential for more robust and efficient sensor
systems. These advancements hold the promise of transforming data acquisition and
analysis in demanding environments, particularly benefiting sectors such as aerospace,
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structural health monitoring, and various scientific and industrial fields. This study unveils
a promising and dependable future for sensor technology.
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