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Abstract

:

Fiber optic sensing (FOS) has become a well-known technology in response to the rising demands of the railway transportation field despite the abundance of electronic sensing systems in the market. FOS application boasts an all-in-one solution that is both efficient and versatile. In order to enhance the understanding of the capabilities of FOS, this paper presents a hybrid fiber optic sensing system with an improved sensing ability to facilitate transportation applications for primary or secondary security interfaces. The hybrid sensing scheme incorporates two different sensing systems designed for long-distance applications. The first system employs a coding technique for the transmitted pulses, which provide information on train location through cross-correlation with the reflected pulses from fiber Bragg grating (FBG) sensors located along the railway. The proposed system can accurately predict the train’s location up to a precision of one cm. The second system examines the wavelength drift of the reflected signal from the FBG sensor affected by the train using a tunable optical filter and photodetector. It determines essential parameters such as the train’s location, speed, and direction by measuring the Bragg wavelength shift and its direction. The effect of the train movement and speed on the applied strain on the FBG sensor is calculated in this work and applied to the simulation to determine the train’s location, speed, and direction. A calibration table facilitates the correlation between the train speed and the shift in the FBG center wavelength, which helps ensure accurate results. The hybrid fiber optic sensing system is designed to facilitate railway transportation applications’ sustainability and security.
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1. Introduction


Traditional sensing methods such as track circuits or balises (trackside RF devices used as a reference point for localization) face many difficulties in the field. In some cases, conventional solutions may not produce the proper event condition due to interference with some external event occurrences or surrounding electromagnetic interference. Point-based sensor systems require excessive sensors and cables for long-range systems, resulting in increased project costs. However, fiber optic sensing (FOS) systems give more flexibility as they continuously detect and prevent fatal accidents with the help of sensing the location of moving objects’ speed and size over long distances. Also, FOS has significant immunity to electromagnetic interference (EMI). Thus, due to its nature, FOS systems bring continuous sensing ability with a single fiber optic line. Generally, in every existing metro system, like İstanbul, the fiber optic line is installed for backup purposes and ready for sensing. FOS systems find implementation in areas such as railways, highways, bridges, military, building securities, and border guards. Optical time-domain reflectometer (OTDR) systems are part of FOS systems. They were first demonstrated in 1976 and 1977 [1,2,3]. OTDRs were introduced initially to detect reflection errors or deficiencies in fiber links, then used to check latency [4,5,6,7,8,9]. The cost of this technology has become cheaper with time as the cost of photonics components dropped dramatically.



Five essential criteria are required for a remote fiber optic sensing system, including (i) sensor accuracy, (ii) range, (iii) spatial resolution, (iv) sampling resolution, and (v) detection time. The repetition rate of the transmitted pulses in a FOS system correlates directly to the range of the sensed fiber. Sending a second pulse without receiving the back reflection of the first pulse might lead to location suspense. Spatial resolution is related to the response of the sensor to the transmitted pulse width and the time it needs to create the proper response, which is associated with the time elapsed during the formation of 10 percent to 90 percent of the signal to be measured. For example, the response is not entirely generated, as shown in Figure 1. The sampling resolution is related to the time between two consecutive samples of the received pulse. The sampling resolution needs to be two times smaller than the spatial resolution [10]. The performance of the sensing system is limited to the transmitted pulse energy and receiver’s sensing capabilities. The receiver’s sensitivity can be improved using coherent detection or photon counting. On the other hand, the range of the sensing system can be enhanced significantly by using optical frequency domain reflectometry (OFDR) techniques or pulse compression coding [11,12,13,14].



The two primary sensing applications used in railway sensing are FBG-based and distributed acoustic sensing (DAS)-based systems. DAS systems are recommended for long-reach sensing. However, they suffer from localization accuracy issues. Errors of up to 2.1 to 10 m or more are frequently permitted for the spatial resolution of DAS systems in long distances [15,16,17]. In the proposed hybrid system, we showed that FBG sensors could be used for long-range railway lines with much lower localization error (1 cm). We expect this accuracy to be slightly higher in practice depending on the electronics used in data processing.



A hybrid fiber optic sensing system is proposed and investigated in this work using commercial software. The system ensures localization calculation with two different outputs to increase accuracy and provide redundancy for safety assurance. Although a single system is used to localize moving objects to cut costs, we think dual systems are better for sustainability and safety. The proposed work examined using coding and FBG shift detection techniques to determine the location of moving objects with high resolution. We have examined the effect of the air pressure created due to train movement and applied a mathematical model to calculate the strain on the FBG sensors. The system is used for train localization determination with sub-one-meter resolution over a 50 km fiber length. The hybrid FOS system uses uniform FBG sensors distributed along the fiber. The analytical models of the FBG sensor used in the simulation tool include temperature, stress, and strain effects which cause a change in the grating optical reflection and transmission spectra, specifically a drift in the Bragg center frequency. In this paper, we only consider the strain effect as it is caused by the air pressure created due to the train passing by the FBG sensor. The system also uses modulated encoded pulses transmitted over the same optical fiber. The reflected pulses by the FBG sensors are cross-correlated with the reference pulses to provide the localization of FBGs for the sustainability and security of the system. The train location, speed, and movement direction are determined by monitoring the shift of the FBG center wavelength. A tunable optical filter and pin photodetector determine the wavelength shift. The effect of the train’s speed on the FBG sensor is introduced in this work as strain is applied to it. The applied strain on the FBG is used in the simulation to monitor the shift of the FBG center wavelength. Thus, the FBG center wavelength shift determines the train speed and movement direction. This paper aims to provide a better, secure, and sustainable sensing system.




2. Investigated Sensing System


Figure 2 shows the general concept of FOS systems, which consists of different blocks. The first block is the transmitter subsystem, which incorporates the laser, electrical pulse source, encoder, and modulator to generate the optical pulse sequence launched into the fiber. The second part is the circulator that controls the direction of propagation of the launched optical pulses into the fiber and the backreflected signal from the FBG sensors for analysis. Groups of uniform FBG sensors at different center wavelengths are distributed along a 50 km fiber to generate the backreflected signal as the train passes them. The moving train causes air pressure at the location of the FBG sensor, which manifests as strain on the sensor. The last block in the FOS system is the receiver subsystem, which consists of the system’s photodiode, clock recovery, tunable optical filter, and data analysis. The receiver subsystem will determine the train speed, location, and direction of movement.




3. Train-Resistant Forces


The train resistance force is calculated based on the Davis equation suggested by the IEEE 1698 standard, which consists of static, kinetic, and air-resistant force [18]:


F(R) = (Krr × (M + Mload)) + (Fcoeff × (M + Mload) V) + ((Acoeff + Scoeff × (n − 1)) A × V2)



(1)




where F(R) is the train resistance force (N), Krr is the rolling resistance (N/kg), M + Mload is total train total mass (kg), Fcoeff is the flange coefficient (N/(kg km/h)), V is the train velocity (kmph), Acoeff is the frontal air drag coefficient (N/m2 kmph2), Scoeff is the skin effect air drag coefficient (N/m2 kmph2), n is the number of cars in the train set, and A is the frontal area of the train (m2). It should be noted that when a tunnel section is located along the train line, the last term of the equation is to be multiplied by the tunnel coefficient (kTunnel = 1.5 to 2), as typically used in metro applications. The last term represents the air-resistant force. The maximum air pressure is usually applied at the front side of the train. Air-resistant force calculation when a train passes through a tunnel at different train speeds is summarized in Table 1, where the force is given by


F(R_Air) = (Acoeff + Scoeff (n − 1)) A × V2 × kTunnel



(2)







Assuming Acoeff = 0.444829644, Scoeff = 0.12392, A = 8, n = 4 (total train length 125 m), and kTunnel = 1.75, the air pressure created by the train on the fiber cable with the FBG sensors with a diameter of 0.164 m and train speed of 80 km/h is given as


Train Air Resistant Force [N])/Cable Area [m2] = 5646/(12.5 × 0.164) = 2754 Pa



(3)







The pressure will cause a pull effect on the FBG sensor and strain it. The strain effect will cause a shift in the center wavelength of the FBG sensor.



Figure 3 illustrates the air pressure created in the front and back of the train during its movement in the tunnel. Compressive air pressure occurs in front of the train, and an expansion of air pressure is created in the back of the train. The maximum air pressure is created at the front of the train.



This work will focus on identifying and assessing the location of maximum strain in fiber Bragg gratings (FBGs). Our investigation will specifically concentrate on areas experiencing the highest air pressure. It is postulated that the highest pressure exerted on the train will be observed at both the anterior and posterior ends, covering a distance of roughly 10 to 15 m, in correlation with the train’s velocity and acceleration at 80 km per hour [19]. Our analysis adopted an estimation of 12.5 m as the average distance. Consequently, it becomes imperative to observe and analyze solely the FBGs situated in these particular regions. It is important to note that although the air pressure continues to exist and diminishes with increasing margin length, its influence on our calculations remains insignificant. Nonetheless, there is a possibility that it could serve as a factor for considering the presence of the train in future analyses.




4. General Setup and Base Design


In our work, we experimentally validated the models used in the simulation software in independent work. A governmentally funded project NSERC/Card1 538408-18 in 2019 was dedicated for that purpose [10]. A comparison between the experimental and simulated data obtained by the software for temperature and strain sensing is given in Table 2. The measurements were conducted over five different FBG sensor samples.



The sensing temperature was varied between 10 °C and 100 °C while the strain was varied from 0 to 0.012. The comparison of the results is shown in Figure 4 and Figure 5. The root mean square error (RMSE) is calculated for the measured data and summarized in Table 3. The error can be attributed to deviations from the actual central wavelength of the practical laser, the thermo-optic coefficient, and the photo-elastic coefficient from the ones used in the simulation. Figure 4 illustrates the Bragg wavelength shift for the transmission and reflection ports of the FBG sensor measured experimentally and simulated for different temperatures. On the other hand, Figure 5 shows the Bragg shift of the FBG sensor for different strain values measured and simulated using the OptiSystem software tool. It is clear that the simulation results are very close to the experimentally measured data, which provides credibility to the models used in the commercial software and assures that the simulations of the FOS systems are trustworthy.



Using FOS systems in train transportation is crucial for ensuring the safety and efficiency of train operations. The main objective of using these systems is to provide continuous monitoring and precise localization determination of trains. This is important because it allows for the real-time tracking of the train’s position, speed, and direction, which is essential for maintaining safety and efficient operations.



The coverage range and effectiveness of traditional sensing methods, which depend on sensors positioned at specific points, are limited. They can only provide information about the train’s location and speed within a limited area around the sensor [11]. However, hybrid FOS systems overcome these limitations by providing continuous and rapid monitoring of transportation operations. This is achieved using fiber optic sensors placed along the entire train track, allowing for real-time tracking of the train’s position and speed throughout the journey. Moreover, using hybrid FOS systems makes train transportation sustainable and safer. They can detect foreign objects, such as other vehicles, natural disasters, animals, or humans, which can cause fatal accidents. By detecting and alerting train operators to potential hazards in a timely manner, these systems help prevent accidents and ensure the safety of passengers and crew.



Figure 2 shows the block diagram of a moving object detection system with a fiber optic sensor exploiting the coded-pulse sequence transmission and groups of series of FBG sensors. Coding the generated pulses that propagate through the fiber link and are then backreflected at the FBG location improves the security and sustainability of the FOS system. Cross-correlation of the coded transmitted pulses with the backreflected pulses provides information on the location. The shift in the center wavelength of the FBG sensor at the train location provides information on the train’s speed and direction.



OptiSystem software is commercial software used to characterize the proposed hybrid sensing system. Table 4 shows the general parameters used to simulate the proposed hybrid sensing system. Choosing these parameters is significant for obtaining accurate results and avoiding misleading calculations, especially when choosing improperly sampled pulses or a time scale. The reference bit rate is set in this work to one-tenth of the transmitted pulse rate.



Figure 6 illustrates the transmitter (TX) section of the proposed system. It includes the laser, electrical pulse source, and modulator. The pulses are coded first using the 11101001 code and then modulated using a Mach–Zehnder modulator (MZM). The code indicates 62.5% of the pulses consist of ones. A 10 dBm laser source is used to carry the modulated pulses.



A three-port circulator is used to direct the launched pulses into the fiber and the backreflected signal from the FBG sensor that represents the moving object to the receiver, as shown in Figure 6. The moving object creates a strain action on the uniform FBG sensors, generating backreflected pulses propagating through the same fiber link. It is worth mentioning here that it is possible to use other types of FBG sensors, like apodized FBG sensors; however, we chose to use a typical sensor in this paper because we had experimentally validated them. A MATLAB component is used in the setup for cross-correlation calculation.




5. Transmitted Pulse Coding


It is well known that a unique pseudo-noise (PN) code has been applied to transmitted pulses in GPS systems to improve localization accuracy via cross-correlation operation. Implementing the PN-Code helps sense signals even when they experience high noise levels. We have used 2, 4, 8, 16, 32, 64, 128, and 256 bits of the PN-Coding algorithm in the proposed sensing system. The coded transmitted pulses are cross-correlated with the backreflected pulses to determine the FBG location. Figure 7 shows a 16-bit coded pulse sequence in which the x-axis shows each coded bit (1 or 0) for 16-bits, while the y-axis shows the scaled output level. We could not try more than 256 bits for the PN-Code in this work because we have a computer with limited RAM. In this work, we have used PN-Code (similar to Golay code), which typically improves the SNR when the coding sequence size increases, offering better performance [12]. So, increasing the coding from 1 to 1024 bits or even more helps achieve more location accuracy, as shown later.



One of the FBG sensors is placed 50 km from the transmitter block. The transmitted pulses are initially coded and launched into the optical fiber. They reflect from the FBG sensor, propagate through the same fiber to the circulator, and arrive at the MATLAB component. We have examined the system’s performance with and without noise. The extremum points of the cross-correlation function for different datasets between 1 and 256 bits long are monitored. Gaussian noise is added to the backreflected signals using snr = −15, and kernel = awgn (kernel, snr, ’measured’) to make the system more realistic. The added Gaussian noise to the system has an amplitude of around ten times more than the backreflected signal level. Figure 8 shows the cross-correlation results with and without noise in the system. The results for a single-bit sequence pulse achieve around 118 m localization error resolution when the vibration event is 50 km away, as shown in Figure 8(A.2). If there is no noise in the system, the localization error is around 2.7 cm, as shown in Figure 8(A.1). However, a 256-bit pulse sequence offers a 1 cm localization error for an event 50 km away which is not affected by the noise as lower-bit-sequenced coding alternatives have shown in Figure 8(B.1,B.2). Using 256 bits coding helps avoid noise effects in the system. Hence, it helps in creating a more straightforward system with simple hardware. Figure 8(B.2) shows that the noise reduces the system lobe to around 0 dB, so the localization is much harder to achieve without coding. However, the calculated system lobe is around −25 dB without noise, as shown in Figure 8(B.1).



Figure 9 shows the transmitted (Tx) and backreflected (Rx) signals when applying Gaussian noise. The signal is attenuated around 105 times (−20 dB) compared to the Tx signal. Gaussian noise is added to the backreflected signal with an amplitude of about ten times (10 dB) more than the backreflected signal, which buries the backreflected signal in the noise. The mean power method will not work in this case. We have used the PN-Coding technique before the cross-correlation of the noise-added backreflected signal, which gives tremendously good results, as shown in the last trace of Figure 9. The result shows that the achieved localization error of the system is around 1 cm for a sensor 50 km away when a reflection event occurs with signal power so far below the noise level. Figure 10 illustrates the cross-correlation performances for 1-, 2-, 4-, 8-, 32-, 64-, 128-, and 256-bit coded pulse sequences. All sequences use the same timing frame; only the coding sequence length is changed.



The localization errors when using a PN-Coding-related cross-correlation scheme in a noisy environment are around 118.4, 68.1, 4.8, 0.4, 0.3, 0.3, 0.2, and 0.1 m for 1-, 2-, 4-, 8-, 16-, 32-, 64-, 128-, 256-bit pulse sequences, respectively, when the sensor is 50 km away, as summarized in Figure 11.



Without noise, the sensing system achieves 0.12 m localization error for 50 km when an 8-bit code stream length is used. However, when using PN-Code in a noisy system, the localization error is around 4.5 m, as shown in Figure 11. The localization performance improves when the code length increases. However, it increases computing power demands.




6. Train Speed Detection Mechanism Using Bragg Shifting


The sensing mechanism of the train speed and movement direction arises primarily from the change in the Bragg wavelength of the FBG due to the physical effect applied to it. The FBG center wavelength is affected by environmental temperature, stress, and strain, where the change in λB can be described by [20].


(∆λB)/λB = (1 − pe)ε + (αTE + αTO)∆T



(4)




where ε is the longitudinal strain, ΔT is the temperature change, pe is the photo-elastic coefficient, αTE is the thermal expansion coefficient, and αTO is the thermo-optic coefficient. Figure 12 depicts the system used to characterize the train’s movement described in Figure 3. The train creates compressive air pressure at the front end, around 10% of the train length, creating different strain effects on the FBG sensor. Figure 13 shows the transmitted and reflected spectra for different train speeds. When the train velocity increases, the applied strain on the FBG sensor increases, and the FBG center wavelength shifts further. The amount of shift in the FBG center wavelength determines the train speed. The direction of the FBG center wavelength shift identifies the train’s movement direction.



Table 5 summarizes the parameters related to the FBG sensing system for different train speeds for an FBG located 50 km from the transmitter block. These parameters include the related time to pass 125 m, applied air force, FBG strain over cable at the sensing location, FBG shifted center wavelength, and power of the reflected signal. The used FBG center wavelength is 1550 nm. The reflected signal’s center wavelength shifts about 3.33 nm for 80 km/h. This paperwork ignores external environmental effects such as wind gusts; however, if other effects temporarily create enough stress over the fiber cable, it can be easily differentiated in the hybrid monitoring system, and an alarm could be triggered. This is another positive advantage of this proposed hybrid sensing system.




7. FBG Sensing Design


Five FBG sensors are used in the proposed hybrid time and frequency sensing scheme. The group of five sensors will be repeated as many times as needed in the railway path. We have tested a single group of sensors system used with the coding-related sensing system mentioned above.



General Layout of the FBG Design


The proposed design of the FBG sensors system is shown in Figure 14, which consists of commercially available components, including a white light source that generates broadband noise centered at 193.1 THz and five uniform FBG sensors that operate at the wavelengths of 1525.66, 1538.19, 1550.92, 1563.86, and 1577.03 nm [21]. The closest FBG to the transmitter block is the 1525.66 nm FBG. A circulator directs the incident light into the FBG sensors and the reflected light to the receiver section. The detection system is designed to detect first the reflected light from all FBGs using a set of monitors that identify the peak power variation in the detected light for each FBG during the traveling of the train around the FBG sensor. Once the FBG with peak power variation is identified, a tunable filter is used to detect the wavelength shift of it caused by the strain applied on the FBG created by the air pressure of the train passing by the sensor.



Compressive air pressure exists in front of the train, and expansive air pressure exists at its back, which causes strain to the FBG sensors. The applied strain will shift the sensor’s Bragg wavelength, affecting the transmitted and reflected light. The maximum air pressure at the front of the train is around 2754 Pa. An equal negative air pressure exists at the back side of the train. The FBG Bragg wavelength shift would be to the right or the left side of its center wavelength, as shown in Figure 15. To avoid collision of backreflected signals, we have selected first the sensors’ Bragg wavelengths with margins to allow the system to operate safely at all train speeds up to 80 km/h. Then, we separated the location of the sensors by 500 m considering the length of the train, which is assumed to be 125 m. The relative frequencies and wavelengths for the used FBG sensors are described in Table 6.



Figure 15 illustrates the transmitted (red) and backreflected (blue) spectra for the FOS sensors, showing the fifth sensor under strain. Figure 16 shows the effect of moving the train on all FBG sensors due to strain effects for the designed FOS system. The first (1) and last (8) images show the initial state without strain. Other sub-images show the spectra during the train movement. We consider in these results a maximum pressure of 2754 Pa (positive in the front and negative in the back of the train) and a train speed of 80 km/h. Only two neighboring FBGs can be activated at any given time. The red arrows indicate the compressive air pressure effect on the Bragg wavelength. In contrast, the blue arrows indicate the negative air pressure. The initial and final states show no pressure effect.



The hybrid sensing system is designed to detect the presence of trains and to track their speed and position as they travel through a tunnel. Table 7 shows the effect of moving the train on the applied air pressure on the different FBG sensors in the group. Table 8. shows the receiver total power changes at photodiodes while the train passes by the FBGs. The designed system assumes the train applies maximum air pressure (compression) on the first sensor in the FBG group (marked with red arrow) and maximum air pressure (expansion) on the back of the group (marked with blue arrow). In a real-life application, this state might not happen; however, we simulate it to observe any possible collision of the extremum frequency shifting in the system. The air pressure experienced on the different FBGs is calculated when the train moves at its maximum speed, assuming the sensors’ separation is 500 m and the train length is 125 m.



Table 8 presents the measured light power of the different photodiodes placed after a DEMUX with wavelengths of 1525.66, 1538.19, 1550.92, 1563.86, and 1577.03 nm. When the train is away from the sensor, there is no air pressure effect on the FBG, and the detected power is about −2.2 dBm. However, when the train passes by an FBG, it causes a considerable reduction in the power level (about −24 dBm). When two FBG sensors are affected by the train passing through a specific location, both pin detectors will detect close to −24 dBm. However, the Bragg wavelength shift of these gratings will be in the opposite direction. One will be to the right and the other to the left due to experiencing opposite air pressure. The shift of the Bragg wavelength of the affected sensor(s) can be identified using an optical tunable filter.



The FBG center wavelength shift can be determined by identifying the affected sensor through the detected power after the DEMUX, and then scanning the tunable filter around the Bragg center wavelength of the affected sensor to find the maximum power, as shown in Figure 17. The bandwidth of the optical tunable filter used in the simulation is 10 GHz. Increasing the filter bandwidth will increase the detected power level. However, it does not affect the sensing capability because it detects variation in power versus wavelength. The affected FBG sensor shown in Figure 17 is FBG 1, centered at 1525.66 nm. Point B shows the measured power when no air pressure is applied to the sensor. Thus, it is centered at 1525.66 nm. Point C shows the results caused by compressive air pressure; the reflection is centered at 1522.66 nm. Point A illustrates the results caused by expansive air pressure and the reflection centered at 1527.66 nm. The center wavelengths of the FBG sensors are selected far from each other to avoid overlaps due to shifting when a train passes by the sensor at maximum speed. So, the selection must be adequately made considering the extremum shifts caused by the train speed. The system can detect speeds up to 80 km/h with safe margins; however, if the speed of the train increases over 80 km/h (like 120 km/h), then the center wavelength of the FBGs shown in Table 6 and their location needs to be reconsidered to prevent the collision of backscattered signals. The operation of the system stays as is.



The algorithm for operating the hybrid system is as follows. First, the broadband light source is used in the system and launched into the series of five FBGs sensors with the same wavelengths. At the same time, each set of FBGs has a reflection coefficient chosen such that the light reflected from the last set of FBGs sensors would have roughly the same power level. The first set is expected to have 1% reflectivity, while the last set would have 99% reflectivity because 20 sets of FBG sensors are in the 50 km railway line. When there is no train, the power level for all pin detectors shown in Figure 14 would always be the same. When the train is present at any location, a shift in the center wavelength of the relative FBG causes a variation in the received power level that can be monitored, and the shift can be identified using the same circuit shown in Figure 14. As the discussion explains, the shift provides information on the train’s speed and moving direction. A fast switch at the transmitter between the broadband source and a tunable CW laser modulated with coded pulses is crucial in determining the train locations. The CW laser is tuned to the shifted center wavelength obtained in the first step. The backreflected pulses are cross-correlated with the reference transmitted pulses to determine the train location, as described in Section 5. Switching the used light in the system must be much faster than the train moving across the FBG sensor. When the train speed is 22.22 m/s (80 km/h), it takes about 5.6 s to pass away from the FBG sensor. This time is sufficient to handle switching the light sources and processing information for each source. Optical switches and pin detectors operate at micro- or sub-microsecond speeds.





8. Conclusions


A hybrid fiber optic sensing system that utilizes FBG sensors positioned at various locations on a train track has been demonstrated in this work. The first system uses the transmitted pulses’ coding technique to guarantee the sensing system’s sustainability and security, which ensures around 1 cm resolution under high noise. Cross-correlation between the backreflected pulses from the FBG sensor with the reference transmitted coded pulses is used to accurately predict the train’s location with a higher degree of accuracy than traditional methods. The system detection accuracy was investigated in the presence of high noise levels. Additionally, the train’s speed and movement direction are detected by monitoring the shift of the center wavelength of the FBG sensors using the second system, which provides the train location related to the fixed-point FBG sensor. The air pressure created by the train movement causes strain on the fiber cable that hosts a group of FBGs sensors. The affected FBG will experience a shift in its center wavelength to the right or the left, depending on the train’s moving direction. The hybrid sensing system can correlate the results of both systems to avoid external effects such as wind gusts or other unpredictable effects. This feature provides extra safety and security to the railway system.
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Figure 1. Sensor resolution—distance, pulse generation progress. 
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Figure 2. General block diagram of FOS system. 
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Figure 3. Air-resistant force approximation model applied on a fiber cable. Side (left) and front view (right). 
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Figure 4. Experimental and simulated comparison for temperature sensing in FBG sensor. 
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Figure 5. Experimental and simulated comparison for strain sensing in FBG sensor. 
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Figure 6. The simulated sensor system in OptiSystem software. 
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Figure 7. A 16-bit PN-Coding of pulse series, 56.2% of ones. 
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Figure 8. Cross-correlation for single-bit pulse ((A.1): no noise, (A.2): Gaussian noise added) and 256-bit ((B.1): no noise, (B.2): Gaussian noise added) pulse sequence. 
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Figure 9. Detailed, transmitted, backreflected 256-bit pulse sequence and calculated localization, with and without noise. 
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Figure 10. Cross-correlation performance under Gaussian Noise for 100 km (50 km forward, 50 km backward). (A) 1-, (B) 2-, (C) 4-, (D) 8-, (E) 16-, (F) 32-, (G) 64-, (H) 128-, (I) 256-bit pulse sequence length. 
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Figure 11. Localization error under high noise for different code lengths for an event 50 km away. 
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Figure 12. FBG Sensor setup in OptiSystem software. 
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Figure 13. FBG sensor transmitted (*.1) and reflected spectra (*.2) for different train velocities: (1) velocity of train 0 km/h (no strain), (2) 50 km/h, (3) 80 km/h. 
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Figure 14. The general design of the FBG sensor system. 
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Figure 15. Transmitted and received spectra for the FBG sensors system. 
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Figure 16. The effect of moving the train on FBG spectra (initial states one through eight). 
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Figure 17. Center frequency shifting for different air pressures for the FBG 1 backreflected signal (A: expansion air pressure, B: no air pressure, and C: compressive air pressure). 
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Table 1. Train speed vs. air-resistant force values.






Table 1. Train speed vs. air-resistant force values.





	Tain Speed (km/h)
	Air Resistant Force (F(R_Air) (N))





	20
	353



	50
	2205



	80
	5646
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Table 2. Comparison summary of experimental and simulated data for temperature and strain sensing.
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	Parameter
	Set

Value
	Bragg

Wavelength

(nm)
	Set

Value
	Bragg

Wavelength

(nm)





	Experimental Temperature (Transmission)
	23
	1548.036
	93
	1548.74



	Simulated Temperature (Transmission)
	20
	1548.11494
	100
	1549.07486



	Simulated Proposed System Temperature (Transmission)
	23
	1548.33
	93
	1549.32



	Experimental Temperature (Reflection)
	22
	1548.055
	92
	1548.723



	Simulated Temperature (Transmission)
	20
	1548.000028
	100
	1549.154909



	Simulated Temperature Proposed System (Reflection)
	22
	1548.21
	92
	1549.131549



	Experimental Strain (Reflection)
	0.001176
	1548.62
	0.011765
	1560.262



	Simulated Strain (Reflection)
	0.002
	1550.5169
	0.012
	1563.291



	Simulated Strain Proposed System (Reflection)
	0.001176
	1548.41
	0.011765
	1562.19
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Table 3. FBG sensor accuracy for temperature and strain sensing.
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	Measurand
	Accuracy (RMSE)%





	Temperature (Transmission)
	0.429



	Temperature (Reflection)
	0.28



	Strain (Reflection)
	1.39
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Table 4. OptiSystem simulation environment global parameters.
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	Name
	Value
	Units





	Bit rate
	1.00 × 104
	bit/s



	Time window
	0.0008
	s



	Sample rate
	1.31 × 109
	Hz



	Sequence length
	8
	bits



	Samples per bit
	131,072
	



	Guard Bits
	0
	



	Symbol rate
	2000
	symbols/s



	Number of samples
	1,048,576
	



	Refractive Index
	1.467
	



	Speed of Light in Space
	299,792
	m/µs



	Fiber length
	50
	km



	Laser Power
	10
	dBm



	Laser wavelength
	1550
	nm
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Table 5. Reflected signal parameters.
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	Train Velocity (km/h)
	Duration to Pass 12.5 m (s)
	Air Force (N)
	Strain Over Cable (Pa)
	Shifted Center Wavelength (nm)
	Reflected Power (dBm)





	80
	0.56
	5646
	2754
	3.33
	−66.2



	70
	0.64
	4322
	2108
	2.56
	−66.2



	60
	0.75
	3176
	1549
	1.88
	−66.37



	50
	0.90
	2205
	1076
	1.3
	−66.21



	40
	1.13
	1411
	688
	0.84
	−66.38



	30
	1.50
	794
	387
	0.46
	−66.35



	20
	2.25
	353
	172
	0.21
	−66.38



	10
	4.50
	88
	43
	0.05
	−66.16



	0
	NA
	0
	0
	0
	−66.44
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Table 6. FBG working frequency/wavelength.
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Frequency

	
Wavelength




	
GHz

	
nm






	
190.1

	
1577.03




	
191.7

	
1563.86




	
193.3

	
1550.92




	
194.9

	
1538.19




	
196.5

	
1525.66
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Table 7. The first to sixth steps simulate the train movement over the FBGs.
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	Iteration
	Air Pressure (Mpa), 1525.66 nm
	Air Pressure (Mpa), 1538.19 nm
	Air Pressure (Mpa), 1550.92 nm
	Air Pressure (Mpa), 1563.86 nm
	Air Pressure (Mpa), 1577.03 nm





	1
	0.002754
	0
	0
	0
	0



	2
	−0.002754
	0.002754
	0
	0
	0



	3
	0
	−0.002754
	0.002754
	0
	0



	4
	0
	0
	−0.002754
	0.002754
	0



	5
	0
	0
	0
	−0.002754
	0.002754



	6
	0
	0
	0
	0
	−0.002754
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Table 8. Train movement effect on the PIN photodiode detection system for white light source output.
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Total Power of Photodiodes




	
Iteration

	
PIN

1525.66 nm

	
PIN

1538.19 nm

	
PIN

1550.92 nm

	
PIN

1563.86 nm

	
PIN

1577.03 nm






	
1

	
−2.2272

	
−2.2345

	
−2.2039

	
−2.1348

	
−2.1332




	
2

	
−24.963

	
−2.2364

	
−2.2054

	
−2.1359

	
−2.1316




	
3

	
−24.953

	
−24.653

	
−2.2046

	
−2.1341

	
−2.1335




	
4

	
−2.2256

	
−24.811

	
−24.436

	
−2.1267

	
−2.1323




	
5

	
−2.2276

	
−2.2343

	
−24.442

	
−24.005

	
−2.127




	
6

	
−2.2288

	
−2.2342

	
−2.2024

	
−24.528

	
−24.391




	
7

	
−2.2275

	
−2.2347

	
−2.2043

	
−2.1364

	
−24.417




	
8

	
−2.2272

	
−2.2345

	
−2.2039

	
−2.1348

	
−2.1332
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