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[bookmark: _Toc113141102]Abstract
Fiber Bragg grating (FBG) sensors has many advantages, such as high sensitivity, corrosion resistance, strong anti-electromagnetic interference ability, multi-point multiplexing, and easy networking. The accuracy and precision of fiber grating sensor sensing measurement data depends on the accuracy and precision of fiber grating demodulation equipment for wavelength demodulation of fiber grating sensor. Therefore, FBG demodulation equipment plays an important role in the whole FBG sensing system. In order to meet the application requirements of fiber grating sensing system in the field of intelligent engineering, the fiber grating micro-demodulator based on tunable laser demodulation is studied in this paper.
Firstly, the sensing principle of fiber Bragg grating and the demodulation principle of fiber Bragg grating demodulator based on tunable laser demodulation are introduced. According to the specific requirements, the software and hardware design and demodulation Fung Cham algorithm design are carried out, and the performance of the designed fiber grating demodulator is tested through experiments. The FBG micro demodulator designed in this paper reduces the size of the traditional demodulator to 68 * 58 * 38 mm, so as to meet the practical engineering needs and realize dual-channel demodulation in the frequency range of 1-50 HZ. In the design of peak searching algorithm, several common peak searching algorithms are compared, and the centroid peak searching algorithm is selected as the peak searching algorithm. Finally, the upper computer software is designed to realize the network transmission of output data, data display and recording.
The FBG micro-demodulator designed in this paper can keep stable output under long-time wavelength demodulation, and the demodulation accuracy is high. With the PC software, network transmission, graphic display, wavelength data interpretation, real-time spectrum reading and data local storage can be realized, which meets the actual needs of modern intelligent engineering.
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[bookmark: _Toc113141103]Chapter 1 Introduction
During the running process of modern intelligent engineering projects, due to the influence of working environment, working hours and other factors, the internal structure of the project may be structurally destroyed, resulting in performance degradation and even some unexpected accidents. Therefore, project monitoring and engineering protection have become the focus [1]. However, in a large-scale intelligent project, the number of sensors needed for internal structure monitoring is very large, so the requirements for the space occupied by sensors, the weight of sensors and the network composed of a large number of sensors will be higher and higher.
With the continuous development of science and technology, many new materials have entered the field of vision of scholars in the field of sensing with their unique advantages. For example, optical fiber materials are very sensitive to the changes of physical quantities such as temperature and strain in the environment, which has aroused widespread concern among scholars [2-3]. Therefore, optical fiber sensing technology has developed rapidly. The Fiber Bragg Grating Sensor System obtains the center wavelength of the FBG sensor through wavelength demodulation, and analyzes and processes the collected signals reflected by the FBG sensor to obtain the data of related parameters, thus realizing the monitoring of related parameters. It is widely used in the field of structural health monitoring [4-5]. Optical fiber sensing technology can accurately monitor the changes of parameters of various structures in large-scale engineering projects, timely judge and warn abnormal parameters, and effectively prevent large-scale engineering accidents. Therefore, optical fiber sensing technology has been widely used in modern monitoring engineering, and more and more research is focused on optical fiber sensing systems in extreme environment.
Fiber Bragg grating sensing technology, as a new sensing technology with rapid development, has the following advantages compared with common sensors：
(1) In some extreme environments, such as large oil depots, spacecraft, etc., traditional electrical sensors are susceptible to electromagnetic interference, and the monitoring data will become inaccurate, which will affect the effectiveness of structural health monitoring. Because the main component of the fiber grating is Shi Ying material, which has strong anti-electromagnetic interference ability and high measurement accuracy, the fiber sensing system has unique advantages in some extreme structural health monitoring.
(2) Multiple gratings can be written in an optical fiber at the same time, and these gratings can be connected in series to realize the measurement of multiple gratings at different points in an optical fiber. Therefore, the fiber grating sensing technology can effectively reduce the complexity of the sensing system, make the structure simpler, and make the measurement easier.
(3) FBG sensor has the advantages of light weight, obvious corrosion resistance, long service life, high reliability and so on.
Therefore, it is of great significance to study a low-cost, miniaturized and harsh environment-resistant fiber grating demodulation system suitable for modern engineering construction monitoring, so as to realize high-precision structural health monitoring. With the development of modern engineering technology, various advanced measuring instruments are applied to large-scale projects. For fiber grating demodulation system, the research direction of lighter weight, smaller size, higher accuracy and adaptability to harsh environment has become the main trend of the development of demodulation equipment in fiber sensing systems.
[bookmark: _Toc113141104]1.1 Aim
The main aim of this report is:
In the aspect of hardware, a miniature high-speed fiber grating demodulator is designed and implemented, which optimizes the peak search algorithm in the traditional demodulator and realizes the fast demodulation of fiber grating. In the aspect of software, the host computer software suitable for the demodulator in this paper is designed and implemented. It can realize data transmission, data analysis, data display, data storage and other practical functions.
[bookmark: _Toc113141105]1.2 Objectives
After the implementation of the system, the following objectives are expected to be achieved：
(1) The demodulation equipment has a light structure, which is convenient to be flexibly placed in different positions in engineering. The PC software is simple and easy to understand.
(2) In practical application, the user can transmit the real-time data analyzed by the demodulator to the host computer through network cable and USB cable, and can monitor the optical fiber wavelength data, environmental temperature and environmental strain in real. Secondly, the user can also check the spectrum of the current sensing fiber. Finally, the user can record the data on the PC through software, and they can choose to save the data as a local file or transmit it to the remote database.
(3) The user can use the demodulation equipment stably in different environments. The accuracy of fiber grating demodulation wavelength will not change with the change of the environment. 
[bookmark: _Toc113141106]1.3 Structure of the report
The main contents of this project are as follows: Firstly, in the second and third chapters, through literature analysis and theoretical analysis, the theoretical foundation for the implementation of the project is laid, and the defects of the existing system and the direction of system optimization are analyzed. Secondly, the requirements of fiber grating demodulation system are introduced in detail, and the system is designed and implemented according to the requirements. Finally, through a series of experiments and testing methods, the FBG demodulator and PC software implemented in this project are tested and analyzed, the experimental results are explained, and compared with the target in many aspects, and the improvement direction for the existing problems is put forward.
The first chapter introduces the research background of the project in detail, and defines the final goal, direction and structure of the project.
The second chapter is the literature review. Through the research of related literature, this chapter has a detailed understanding of the problems faced by fiber grating demodulation technology, analyzed the advantages and disadvantages of existing fiber grating demodulation systems, pointed out the research direction of this project in detail, and defined the technical route.
The third chapter describes the research methods of this project in detail, combining with the actual research process of fiber grating demodulation system.
The fourth chapter analyzes the requirements of FBG demodulation system in detail, including hardware functional requirements, software functional requirements and non-functional requirements. The functions of the whole system is displayed by some simple schematic diagrams. The feasibility of the implementation of the project is analyzed, including the technical feasibility of software and hardware.
The fifth chapter is the design process and experimental process of the system. The fifth chapter is divided into three parts: Firstly, the first part describes the hardware design of FBG demodulation system in detail, including the miniaturization design of FBG micro-demodulator, hardware circuit simulation, wavelength calibration feedback circuit and the design of dual-channel A/D acquisition circuit, etc. Secondly, the second part describes the peak detection algorithm in the principle of FBG demodulation in detail. By comparing the advantages and disadvantages of different Fung Cham algorithms, the centroid Fung Cham algorithm is selected and implemented, and the simulation analysis is carried out. Finally, in the third part, the software design of the upper computer in the fiber grating demodulation system is introduced in detail, and the functions of data transmission, data storage, data display, environmental monitoring and spectrum monitoring are realized.
The sixth chapter introduces the test methods of the project in detail, tests the system from two aspects of hardware and software, and analyzes and explains the test data in detail, so as to analyze whether the test results have reached the expected effect of the project.
The seventh chapter is a summary of the research process of this project.
The eighth chapter is the reflection on the research content of this project and puts forward the feasible research direction in the future.












[bookmark: _Toc113141107]Chapter 2 Literature review
[bookmark: _Toc113141108]2.1 Challenges of fiber grating sensing system
The structure of large-scale engineering projects is very complicated, and some projects are even in extremely harsh environments, such as oil depots, spacecraft, etc. During the implementation of large-scale engineering projects, it is inevitable that many structural damage and damage will occur. Therefore, it is very difficult to monitor the health of engineering structures. These influences will bring serious reliability and security risks to the project. According to research, an excellent health monitoring system can greatly prolong the life of large-scale engineering projects and effectively improve its stability [1-3].
The monitoring function of fiber Bragg grating sensing system is very powerful, but the demodulation equipment of fiber Bragg grating sensing system in practical engineering application has certain disadvantages, such as the demodulation equipment used in fiber Bragg grating wavelength demodulation is too expensive. Fiber Bragg grating demodulation equipment is too bulky and occupies too much space in engineering applications that require real-time monitoring, so it does not meet the specific requirements of practical applications. The internal demodulation algorithm of the existing fiber grating demodulator is low in precision, so it cannot achieve stable demodulation[6].
[bookmark: _Toc113141109]2.1.1 Deficiency of traditional demodulation algorithm
The traditional demodulation algorithms are mainly divided into spectrometer detection method, adjustable bandpass filter method, unbalanced Mach Zehnder interference demodulation method, edge filter method and matched grating demodulation method. Although these traditional demodulation algorithms have their own applications, they also have their own limitations[4].
Firstly, spectrometer detection is the simplest method in wavelength demodulation of fiber grating, and its frame diagram is shown in the following figure.
[image: ]
[bookmark: _Toc32265][bookmark: _Toc112705850][bookmark: _Toc5972][bookmark: _Toc19594][bookmark: _Toc24422][bookmark: _Toc13281]Diagram 1 Spectrometer Detection Method
The broadband light source emits a broadband light beam. This broadband light enters the fiber grating through the circulator. After passing through the grating, the light with the center wavelength of the fiber grating is reflected back. Other light that is inconsistent with the center wavelength of the FBG will be directly transmitted out of the FBG. The reflected light enters the spectrometer through the circulator, where the center wavelength of the reflected light is obtained. Although this method is very simple to implement, the equipment is expensive and bulky, so it is difficult to be applied in practical projects.
[bookmark: _Hlk112059347]Secondly, the adjustable band-pass filtering method is usually realized by Fabry Perot filter, and its frame diagram is shown in the following diagram.
[image: ]
[bookmark: _Toc112705851][bookmark: _Toc25725][bookmark: _Toc29218][bookmark: _Toc31419][bookmark: _Toc1436]Diagram 2 Adjustable Band-Pass Filtering Method
The broadband light source emits a beam of broadband light which enters the F-P filter. The cavity length of the F-P filter is controlled by the piezoelectric ceramics (PZT), which is controlled by the driving signal. When the light filtered by the F-P filter is consistent with the center wavelength of the fiber grating, the light intensity obtained in the photodetector is the maximum, so the center wavelength can be calculated. The tunable F-P filtering method has the advantages of wide detection range and high precision. At present, it is one of the most widely used demodulation methods. However, the nonlinear problem of the F-P filter is serious, the internal piezoelectric ceramic will have hysteresis, and it is easily influenced by the external environment. This is also the problem to be solved by the F-P filtering demodulation[5].
[bookmark: _Hlk112060168]Thirdly, the unbalanced Mach Zehnder interference demodulation method is to convert the wavelength offset into the phase offset measurement. This method was proposed by Kersey et al. In 1992, and its frame diagram is shown in the following figure.
[image: ]
[bookmark: _Toc112705852][bookmark: _Toc21016][bookmark: _Toc28042][bookmark: _Toc4120][bookmark: _Toc12722]Diagram 3 Unbalanced Mach Zehnder Interference Demodulation Method
The broadband light source emits a beam of broadband light, and enters the FBG through the circulator. The reflected light of the FBG is input into the unbalanced fiber Mach Zehnder interferometer with unequal arm lengths through the circulator. The phase change is obtained through the unbalanced fiber Mach Zehnder interferometer, and then the central wavelength of the FBG is obtained through the phase change. This method has high sensitivity, but it is easily affected by external environment changes, and can only be used for dynamic demodulation[7].
[bookmark: _Hlk112098979]Fourthly, the edge filtering method uses a linear filter to convert the shift of the central wavelength of the fiber grating into the change of the optical power, and demodulates the central wavelength of the FBG through the change of the optical power. The frame diagram is shown in the following diagram.
[image: ]
[bookmark: _Toc112705853][bookmark: _Toc18039][bookmark: _Toc18245][bookmark: _Toc4169][bookmark: _Toc31286]Diagram 4 Edge Filtering Method
The broadband light source sends a beam of broadband light into the fiber grating, and the reflected light enters the photodetector 1 after passing through the coupler, enters the edge filter, and passes through the photodetector 2 again. These two signals are processed to eliminate the influence of the change of optical power, and then the change of wavelength is calculated. This method is simple in structure and low in cost, but it has poor precision and low resolution[9].
[bookmark: _Hlk112099004]Fifthly, the principle of the matched grating demodulation is to add the same type of reference fiber grating as the measuring fiber grating into the demodulation system. When the center wavelength of the reference fiber grating is the same as that of the measuring fiber grating, it is the center wavelength of the measuring fiber grating. The frame diagram is shown in the diagram below.
[image: ]
[bookmark: _Toc112705854][bookmark: _Toc4908][bookmark: _Toc3751][bookmark: _Toc15090][bookmark: _Toc13027]Diagram 5 Matched Grating Demodulation
A beam of broadband light emitted by the broadband light source enters the sensor grating through the coupler 1, and the light reflected by the sensor grating enters the photodetector through the coupler 1 and the coupler 2. The reference grating is controlled by PZT, which is used for wavelength scanning and enters the photodetector through the coupler 2. When two beams of light enter the photodetector at the same time, the measured optical power of the photodetector will change with the output wavelength of the reference grating. When the center wavelength of the reference grating coincides with that of the sensing grating, the optical power of the photodetector is the highest, which can demodulate the center wavelength of the sensing grating. This method has the advantages of simple structure and low cost, but the demodulation effect is easily affected by the change of the external environment [10-13].
To sum up, although the traditional demodulation methods have their own advantages, the disadvantages are also very obvious, resulting in that they cannot be well applied in engineering projects. Therefore, it is very important to find a demodulation method suitable for engineering projects.
[bookmark: _Toc113141110]2.1.2 Challenges faced by traditional peak searching algorithm
When the FBG demodulator demodulates the center wavelength of the FBG sensor, the collected signal has noise and burr. If the maximum value of the spectral data is directly taken as the peak point, the demodulation will produce errors. Therefore, it is necessary to increase the Fung Cham fitting algorithm to obtain the peak value, so as to effectively improve the center wavelength demodulation precision of the FBG demodulator. Traditional Fung Cham algorithm includes direct Fung Cham algorithm, polynomial fitting algorithm and Gaussian fitting algorithm. These peak searching algorithms can only find the peak of FBG sensor wavelength under limited conditions. When the external environment is complex, the results of these peak search algorithms are unstable[14].
Firstly, the direct peak searching algorithm is to directly take the maximum value of the signal reflected by the collected fiber grating as the peak value of the reflection spectrum of the fiber grating, so as to obtain the center wavelength and the power of the center wavelength point of the fiber grating. The principle of the peak searching method is relatively simple, but the collected signal cannot be completely noise-free and ideal. If the maximum value is searched directly, the deviation between the obtained peak value and the true peak value may be large, so the direct peak value searching algorithm is not suitable for the application of FBG demodulator.
Secondly, the principle of polynomial fitting algorithm is to approximate the data and fit the reflection spectrum of the fiber grating through the obtained data constructor curve. Through the least square method, the sum of the squares of the distance between the collected signal points and the constructed fitting function curve is minimized, and the sampling points and the function curve achieve the best approximation. The polynomial fitting algorithm is computationally intensive in the peak searching process. If the shape of the reflection spectrum does not conform to the polynomial fitting function, this Fung Cham algorithm cannot accurately fit the peak value of the reflection spectrum of the fiber grating[17].
Thirdly, the Gaussian fitting algorithm is based on the principle that the Gaussian function is similar to the reflection spectrum model of the fiber grating. Gaussian function is used to fit the collected reflection signal of fiber grating, and the Gaussian function is used to approximate the waveform of sampling signal, and the peak value of the Gaussian function obtained by fitting can be searched to find the maximum value. Gauss fitting algorithm also approaches the sampled signal by function, and achieves the effect of peak searching[15-16]. However, in the process of peak searching, the amount of calculation is large, and if the shape of the reflection spectrum does not conform to the Gaussian function, this peak searching algorithm cannot accurately fit the peak of the fiber grating reflection spectrum.
To sum up, the traditional peak search algorithm has its own advantages, but its disadvantages are also very obvious, which leads to its poor application in engineering projects. Therefore, how to apply the peak search algorithm in engineering is facing a huge challenge.
[bookmark: _Toc113141111]2.2 Comparison with traditional method
[bookmark: _Hlk112100603]In the first and second parts of this section, a new demodulation algorithm and a new peak seeking algorithm will be introduced, and compared with the traditional demodulation algorithm and peak seeking algorithm to analyze their advantages and judge whether these methods can meet the needs of modern engineering. The third part summarizes the advantages of micro demodulator and traditional demodulator.
[bookmark: _Toc113141112]2.2.1 Demodulation algorithm of tunable laser
[bookmark: _Hlk112101080]The tunable laser demodulation method is a new demodulation method. Its principle is shown in the following figure.
[image: ]
[bookmark: _Toc112705855][bookmark: _Toc29246][bookmark: _Toc31318][bookmark: _Toc9256][bookmark: _Toc22869]Diagram 6 Tunable Laser Demodulation Method
The narrow-band light emitted by the tunable laser enters the coupler, and then enters the FBG. The reflected light of the FBG enters the photodetector through the coupler. When the wavelength of the narrow-band light entering the FBG coincides with the center wavelength of the FBG, the photodetector receives the maximum light intensity. At this time, the wavelength of the light emitted by the tunable laser is the center wavelength of the FBG.
Advantages:
The tunable laser has the advantages of narrow linewidth, high stability and high resolution, and the parameter setting is simple. Its output range can cover the whole C-band, and it has the advantages of simple structure, wide demodulation range, high precision and so on. In addition, the tunable laser can only occupy a small space [20].
[bookmark: _Toc113141113]2.2.2 Centroid peak searching algorithm
The peak centroid search algorithm is also called the power weighting algorithm. In the spectral data output by photodetector, the abscissa value (wavelength) is equal to the position of each particle in the non-uniform mass system, and the ordinate value (optical power) is equal to the mass of each particle. According to the signal strength, a suitable threshold can be set to intercept, and the intercepted data can be weighted and averaged. The centroid position obtained is the peak position. From the power weighting point of view, the reflected energy of FBG is basically concentrated in its reflection passband. Taking the amplitude of waveform signal (reflected light power) as the weighting coefficient, the weighted average value of the wavelength can be calculated, which reflects the power distribution on the whole reflected spectrum [19].
Advantages:
The centroid algorithm only needs a short time to find the peak wavelength. It has obvious advantages over the traditional algorithm in terms of operation time, and the error of the wavelength peak found is small. The peak value of the FBG sensor wavelength can be found stably.
[bookmark: _Toc113141114]2.2.3 Micro Demodulator ＆ Traditional Demodulator
Fiber Bragg grating sensing demodulation technology plays an important role in fiber Bragg grating sensing and its application. The demodulation effect directly affects the accuracy of the sensing system and the reliability of the whole fiber grating sensing system. In many large-scale projects, the space for monitoring equipment is limited, and the external environment is harsh. Therefore, it is of great significance to develop a fiber grating demodulator with high precision, high reliability, miniaturization and strong environmental adaptability for the application of fiber grating sensing system in large-scale engineering projects. At present, the traditional demodulators on the market are large in size and low in reliability, so they cannot be well used in some large-scale projects, and the miniaturized demodulators can avoid these problems [21].
[bookmark: _Toc113141115]2.3 The research direction of this system
According to the above analysis on the key technologies of fiber grating demodulation, the traditional demodulation algorithm, Fung Cham algorithm and the external structure of the demodulator all have their own defects, so they cannot be well applied in large-scale engineering projects. A fiber grating demodulation system is introduced in detail, which includes hardware (FBG demodulator) and the software (PC software). Compared with the demodulator on the market now, the hardware part is smaller and the demodulation stability is higher. The software part and the hardware matching can stably transfer the data to the PC and display it to the user conveniently. The user can choose to query the wavelength change and spectrogram of the physical quantity detected by the current FBG sensor, and data can also be saved in local folders. The system meets the needs of large-scale engineering projects. The whole project monitoring system is more flexible and stable, and the project cost is saved.
[bookmark: _Toc113141116]2.4 Technical introduction
[bookmark: _Toc113141117]2.4.1 Wavelength tunable lasers
Wavelength tunable laser is the key device to realize tunable laser demodulation method. The applicability of the device directly determines the working efficiency of the entire demodulation system. Take the ATLS7500 tunable laser of JABIL Company as an example. The device is shown in the figure below.
[image: ]
[bookmark: _Toc112706030][bookmark: _Toc5918][bookmark: _Toc2234][bookmark: _Toc20115][bookmark: _Toc27505][bookmark: _Toc7847][bookmark: _Toc21215]Figure 1 ATLS7500
The ATLS7500 tunable laser integrates a tunable Mg-Y laser with a semiconductor optical amplifier (SOA). The Mg-Y (modulation grating Y-branch) laser is an electronic tuning device. The wavelength scanning range is any wavelength of C-band. Its structure block diagram is shown in the figure below [22].
[image: ]
[bookmark: _Toc112705856][bookmark: _Toc19064][bookmark: _Toc27274][bookmark: _Toc29647][bookmark: _Toc24232]Diagram 7 Structure Diagram of ATLS7500 tunable laser
In the ATLS7500 tunable laser, the semiconductor optical amplifier (SOA) is integrated in a single row on the laser chip. By adjusting the current through the SOA, the output power can be adjusted independently of the transmission frequency. In addition, the reverse-biased SOA will block all light from the laser (>40 dB suppression), which is used when tuning from one channel to another to avoid stray emission at other wavelengths. The ATLS7500 tunable laser uses serial port communication to communicate with the outside. The parameters of ATLS7500 tunable laser are set through the application code of the single chip microcomputer system. The driving circuit of single chip microcomputer is controlled to output the driving current through digital-to-analog converter. The current modulation of the tunable laser output light can be divided into five parts, namely, left mirror, right mirror, phase, SOA and integrated reflector mirror.
The output current of the left mirror and the right mirror modulates the output wavelength of the ATLS7500 tunable laser. And SOA and integrated reflector mirror control the intensity of the output optical signal. These five driving circuits constitute the scanning optical signal output by the driving circuit to the ATLS7500 tunable laser. In which the operation of components controlled by the Mg-Y laser is based on the vernier effect. The reflection spectra of two modulated grating reflectors are comb-shaped, slightly different, and only one pair of peaks overlap at any time. A multimode interference (MMI) coupler is used. An obvious reflection peak only appears at the frequency where the reflection peak from the left reflector is aligned with that from the right reflector. Therefore, the laser will emit light at the frequency closest to the longitudinal cavity mode where the reflection peak is concentrated. By adjusting the parameters of the left reflector and the right reflector, the difference in peak spacing can be adjusted by adjusting the parameters of one reflector, so as to align a pair of adjacent peaks. For a relatively small tuning of a single reflector, a larger tuning of the transmission frequency (wavelength) can be achieved.
[bookmark: _Toc113141118]2.4.2 Wavelength calibration feedback circuit
As the output wavelength of the ATLS7500 tunable laser will be delayed by environmental impact and hysteresis effect, the emitted wavelength may be inaccurate, so it is necessary to add an F-P etalon in the light source module to calibrate the wavelength. The F-P etalon is added and processed by the MCU, that is, the wavelength calibration feedback circuit. The F-P etalon is less affected by the outside world, and has high stability. It's a great choice for reference. The built-in packaging structure based on the tunable laser is shown in the following diagram.
[image: ]
[bookmark: _Toc112705857][bookmark: _Toc30046][bookmark: _Toc7809][bookmark: _Toc28418][bookmark: _Toc26414]Diagram 8 Internal package structure of tunable laser
The output light beam from the laser chip is collimated by the first lens. Then, the light passes through an optical isolator and two beam splitters, and each beam splitter will polarize a small part of the light beam. One is to directly deflect light onto the PD. The other one transmits the light to PD λ through the F-P etalon. The second lens focuses the collimated light beam onto the SM fiber, and then enters the sensing channel. And PD λ, which cannot directly calibrate the output wavelength of the ATLS7500 tunable laser. Therefore, it is necessary to calibrate the output light of the ATLS7500 tunable laser based on the F-P etalon through external circuit and program design. Because STM32H743VIT6 microcontroller needs to receive digital signals and input voltage signal in the analog-to-digital conversion, an I-V (current-voltage) conversion circuit is used to convert the current signal output by the F-P etalon into a voltage signal. The diagram below shows the schematic circuit diagram [23].
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[bookmark: _Toc112705858][bookmark: _Toc18352][bookmark: _Toc14226][bookmark: _Toc24750][bookmark: _Toc30260]Diagram 9 I-V conversion circuit
[bookmark: _Toc113141119]2.4.3 QT
QT is a cross-platform C++ GUI library, which is produced by Trolltech, Norway. At present, it includes QT creator, Embedded, QT designer rapid development tool, QT linguist internationalization tool, etc. QT supports all Linux/Unix systems, as well as windows platform. QT application developers are provided with all the functions they need to build an artistic graphical user interface, which is easy to extend and allows real component programming.
There are many advantages in Qt development. First of all, it has excellent cross-platform characteristics. QT supports many operating systems, such as Microsoft's Windows, Linux, Solaris, SunOS, HP-UX, Digital UNIX (OSF/1, Tru64), Irix, FreeBSD, BSD/OS, SCO, AIX, OS390, QNX, etc. Secondly, the bottom layer of QT is implemented in C++, so QT has a good package. Moreover, QT provides a security type named signals/slots instead of callback, which makes it very simple for all components to cooperate with each other. Finally, QT has a wealth of APIs. Includes more than 250 C++ classes of QT, and also provides template-based collection, serialization, file, I/o device, directory management, date/time classes.
[bookmark: _Toc113141120]2.4.4 TCP/IP & UDP
UDP protocol is a connectionless transport layer protocol in the OSI reference model. It is mainly used for transmission that does not require the packets to arrive in sequence. The check and sequencing of the packet transmission sequence is completed by the application layer, providing simple and unreliable information transmission services oriented to transactions. UDP protocol is suitable for multiple applications running on the same device. UDP provides connectionless communication, and does not guarantee the reliability of data packets. It is suitable for transferring a small amount of data at a time. The application layer is responsible for the reliability of UDP transmission. The commonly used UDP port numbers are 53 (DNS), 69 (TFTP), and 161 (SNMP). UDP protocols used in include TFTP, SNMP, NFS, DNS and BOOTP. UDP messages have no reliability guarantee, sequence guarantee and flow control fields, so the reliability of UDP messages is poor. However, due to the few control options of the UDP protocol, the delay in the process of data transmission is small and the data transmission efficiency is high. It is suitable for applications with low reliability requirements, or applications that can guarantee reliability, such as DNS, TFTP, SNMP, etc.
TCP is a connection-oriented, reliable, byte-stream-based communication protocol in the transport layer. The goal of TCP is to adapt to the layered protocol system supporting multi-network applications. Paired processes in computers that are connected to different but interconnected computer communication networks rely on TCP to provide reliable communication services. TCP should be able to work on all kinds of communication systems connected to packet-switched or circuit-switched networks from hard lines. The purpose of applying TCP in the network is to provide two communication endpoints with the following communication modes when communicating across multiple networks: (1) flow-based mode; (2) connection oriented; (3) reliable communication methods; (4) in the case of poor network conditions, try to reduce the bandwidth cost caused by retransmission; (5) communication connection is maintained for two communication-oriented endpoints, regardless of the intermediate network segment and node.
[bookmark: _Toc113141121]2.4.5 I/O Multiplexing
I/O multiplexing technology is a common technology in the process of network communication. As the main process of most software need to execute a lot of logics, it is necessary to improve the efficiency of time-consuming IO operations and monitor whether several file descriptors can perform IO operations through a single thread (that is, time division multiplexing is performed on the CPU, and multiple event streams cut the CPU into multiple time slices, and different event streams are executed alternately).
There are three ways to realize IO multiplexing technology. The first method of implementation is Select. The Select call will be blocked until a file descriptor is available for IO operation, or it is interrupted by a signal or timeout. Select monitors file descriptors into three groups, each of which listens for different IO operations. Readers are the file descriptors read, writes are the file descriptors written, and exceptfds is the file descriptor for exception handling. These three parameters can be blank, indicating that the corresponding event do not need to be monitored. When select returns, each set of file descriptors will be filtered out by select, leaving only the file descriptors that can perform corresponding IO operations.
The second implementation is Poll. Unlike Select, which uses three sets of file descriptors, poll has only one polled array. Each element in the array represents a file descriptor which needs to listen for IO operation events. Parameters are events that we need to care about, and the events are all the events that the kernel monitors.
The third mode of implementation is Epoll. The triggering mode of Epoll events are divided into level-triggered mode and edge-triggered mode. Both of these concepts come from the circuit. Indicates the activation of the trigger circuit, that is, the program is notified of an event. Level-triggered means that as long as there is an IO operation, it can be carried out. For example, if a file descriptor has readable data, every call to poll _ Wait will return a notification program that it can perform IO operation. Edge triggered means that epoll_wait is called to return only when the file descriptor state changes. If the data of the file descriptor is not completely read, and new data is not written for the first time, then the call epoll_again will not be notified to the program, because the status of the file descriptor has not changed. And selection polling are continuous status notification mechanisms, which can not be changed. As long as there is an IO operation in the file descriptor, select and poll will return to the notifier. The two kinds of polling notification mechanisms are optional.
[bookmark: _Toc113141122]2.4.6 Skip List
Skip List is an advanced data structure, which is commonly used in non-relational databases. It can insert and delete data quickly. Different from common linked list, its search efficiency can reach O(logn), which greatly optimizes the query efficiency of linked list. In the upper computer software of this system, the data structure skip list is used to realize data storage and query, which improves the data storage efficiency of the software and user experience. The principle of the skip list of the data structure will be described in detail.
The skip list allows quick query, insertion and deletion of a data linked list of ordered continuous elements. For a single linked list, even if the data is ordered, you can only traverse the linked list from the beginning if you want to query one of the data. This is very inefficient and time complexity is very high. It is O(n). The average search and insertion time complexity of the skip list is O(logn). Quick query is to maintain a multi-level linked list, and the elements in each linked list are a subset of the elements in the previous linked list. At the beginning, the algorithm searches at the sparse level until the element to be searched is in the middle of two adjacent elements of the layer. At this time, the algorithm will jump to the next level and repeat the search until the element to be searched is found.
Although the query efficiency of the skip list is higher than that of the linked table, it needs more memory space because it needs to store additional multilevel indexes. It is not difficult to analyze the space complexity of the table. If there are n nodes in a linked list, if one node is selected from every two nodes to build an index, the number of nodes of the first-level index is about n/2, and the number of nodes of the second-level index is about n/4, and so on. The number of nodes of the m - level index is about n/(2m). It can be seen that this is a proportional sequence. The sum of these indexes is n/2+n/4+n/8 …+8+4+2 = n-2, so the space complexity of the jump table is O(n).
When you want to insert or delete data of the skip list, you need to first find the insertion or deletion position, and then perform the insertion or deletion operation. We know that the query time complexity of jump table is O(logn). Because the time complexity of the insertion and deletion after finding the location is very low, it is O (1), so the time complexity of the last insertion and deletion is O(logn). If the node also appears in the index during the deletion operation, the node in the original linked list and the node in the index need to be deleted. Because the delete operation in the single linked list needs to obtain the predecessor node of the node to be deleted, and then delete it by pointer operation. Therefore, when searching for the node to be deleted, the predecessor node must be obtained. If you keep inserting elements into the jump table, then there may be too many nodes between the two index points. If there are too many nodes, we will have no advantage in building index. Therefore, it is necessary to keep the size balance between the index and the original linked list, that is, when the number of nodes increases, the index will also increase accordingly, so as to avoid the situation that there are too many nodes between the two indexes, which will reduce the search efficiency. In practice, the jump table keeps this balance through a random function. This can effectively prevent the degradation of the meter jump, resulting in low efficiency.
[bookmark: _Toc113141123]2.5 Conclusion
This chapter mainly analyzes the problems existing in the practical application of modern fiber grating sensing system, and some key technologies used in the fiber grating demodulation system designed in this paper. This paper briefly introduces several common demodulation methods and peak finding algorithms, analyzes the shortcomings of these traditional algorithms, and introduces the tunable laser demodulation method and centroid peak finding algorithm in detail. The stability and precision of the two algorithms can meet the needs of practical engineering. Finally, the necessity of realizing the miniaturization of the instrument is discussed. Aiming at the problems existing in the above system, this paper puts forward a reasonable solution, and briefly introduces the effective development technology. In the next chapter, the research methods and design ideas of the project are introduced.













[bookmark: _Toc113141124]Chapter 3 Research methodology
[bookmark: _Toc113141125]3.1 Research overview 
[bookmark: _Toc113141126]3.1.1 Research approach
The research method used in this topic is induction, and inductive reasoning is a kind of reasoning from individual to general. From a certain point of view on individual things to a wider point of view, the general principles and principles of interpretation methods are all derived from specific cases. And what is common in nature and society exists in the individual and specialities and exists through the individual. Generally exist in specific objects and phenomena. Therefore, we can understand the general only by recognizing the individual. When people explain a bigger thing, they summarize and generalize all kinds of universal principles or principles from individual and special things, and then draw conclusions about individual things from these principles and principles. This cognitive order runs through people's explanatory activities, and constantly rising from the individual to the general, that is, from the understanding of individual things to the understanding of the universal laws of things [24].
In this project, through inductive reasoning, the fiber grating demodulation system is divided into software part and hardware part. The existing demodulator (hardware part) and demodulation software (software part) are studied in detail, and the existing problems of the fiber grating demodulation system are deduced.
[bookmark: _Toc113141127]3.1.2 Research Philosophy
The research concept of this project is qualitative research, which is the way for researchers to define or deal with problems. The purpose of specificity is to deeply study the specific characteristics or behaviors of the objects, and to further explore the causes of its occurrence. During the course of research, the project deeply observed a large number of fiber grating sensing systems and related technologies in the market and academic circles, and deeply understood the difficulties they faced.
[bookmark: _Toc113141128]3.1.3 Research strategy
The research strategy of this project are mainly divided into subject research and literature research. Based on various technologies of fiber grating demodulation system, this paper further analyzes the problems existing in fiber grating demodulation technology, and finds the solutions to these problems [25]. This project has read a large number of related academic papers, learned the research status of fiber grating sensing system and its application in modern intelligent engineering projects in detail, and analyzes the advantages and disadvantages of related technologies in depth. Aiming at these defects, a new design scheme of fiber Bragg grating demodulation system is proposed based on the existing research results. On the hardware side, the existing traditional demodulator is miniaturized to ensure its stability; On the software side, combining with the demodulator equipment designed in this project, software requirement and feasibility analysis are carried out to ensure that it can meet the requirements.
[bookmark: _Toc113141129]3.2 Research design
[image: ]The fiber grating demodulator OPM-T1620, developed by Gauss Company, is the research object. Below is a schematic diagram of the appearance of the demodulator.



[bookmark: _Toc112706031][bookmark: _Toc372][bookmark: _Toc15038][bookmark: _Toc15480][bookmark: _Toc2349][bookmark: _Toc18567][bookmark: _Toc21075]Figure 2 OPM-T1620
OPM-T1620 is a high-speed optical performance monitoring module with high integration and good stability. It is applicable to the signal demodulation module for monitoring physical parameters such as temperature, dynamic stress and vibration in FBG sensing system. The wavelength ranges from 1529nm to 1569nm. The wavelength, spectrum and other data of the grating to be measured can be reported to the upper computer through the RJ45 network port. After the demodulation equipment is actually applied in the project, the following problems are found:
Firstly, the size of the demodulator is 50*80*10 cm. It is difficult to place the OPM-T1620 in a proper position in practical project, because the equipment will take up a lot of space. In addition, the weight of the demodulator is relatively large and it is not suitable for large-scale movement. Moreover, the equipment cost is very high, and it is easy to be damaged in the complex engineering environments.
Secondly, through the actual test in the project, it is found that although there are 16 channels in the demodulator, the coordination among the different channels is not good. After accessing multiple sensor networks on the same equipment, it is found that the accuracy of its demodulation data has decreased, and there are errors between the monitoring of temperature and strain values and the actual measured values.
Thirdly, the software matched with the demodulator is too simple and can only transmit data through UDP protocol. Therefore, this software cannot support the simultaneous connection of multiple devices and data transmission. Secondly, this software cannot specify data to save, which will bring a lot of inconvenience to users. Moreover, this software does not support the real-time conversion of wavelength quantity into physical quantity, which requires manual conversion of data.
[bookmark: _Toc113141130]3.3 Development methods
Based on the research of structural health monitoring of large-scale engineering projects, this paper designs a micro demodulator for demodulation of fiber Bragg grating signals. The research of this system is mainly divided into the miniaturization design and implementation of FBG demodulator, the software control and demodulation algorithm research of FBG micro-demodulator, the signal amplification processing and the solution research of making the demodulator work stably in complex environment. After the design, the performance of the FBG micro-demodulator was tested.
The hardware and software of the fiber grating demodulation system designed in this paper are as follows:
(1) The hardware design of the FBG micro-demodulator includes the miniaturization layout design of the demodulator, the design of the equipment initialization and temperature regulation module, the overall hardware structure design, the selection of the key components of the demodulator, the simulation of the signal transmission working principle of the whole FBG micro-demodulator, and the detailed introduction of key circuits. The initialization temperature regulating circuit is used to start the FBG micro demodulator at normal temperature. Comparing the shortcomings of traditional linear amplification and piecewise linear amplification, the signal processing method of logarithmic amplification is designed. Based on the application scenario of complex engineering environment, a PID temperature control circuit is designed and its dynamic performance is studied. The wavelength calibration is realized by the voltage conversion circuit of the output current signal of the F-P etalon and the microcontroller.
(2) The software design of FBG demodulator is as follows. The centroid peak searching algorithm suitable for low demodulation frequency FBG micro demodulator is selected as the peak searching algorithm. The embedded software of STM32H743HIT6 microcontroller is programmed by Keil uVision 5 development environment. The software work of FBG micro-demodulator is realized by the program written in C language.
(3)	From the user's point of view, the upper computer control software of the debugging system is designed. The software realizes the functions of data network transmission, data analysis, graphic data display and data storage, etc.
[bookmark: _Toc113141131]3.4 Conclusion
This chapter describes the research method and route of this topic in detail from three aspects: research methods, research ideas and research strategies. Taking the fiber grating demodulation system in a practical engineering project as an example, the application range of micro demodulator is studied in detail. At last, the hardware and software development methods of the micro demodulator are introduced in detail.
The next chapter will discuss the engineering requirements of the software and hardware, and analyze the feasibility of these requirements in detail.












[bookmark: _Toc113141132]Chapter 4 System Analysis
This chapter will analyze the system requirements and feasibility of the fiber Bragg grating demodulation system studied in this project, describe the specific functions and problems to be realized from the aspects of software and hardware, and define the development route in the process of system development. The analysis of system requirements and feasibility is a very important part of the system design. Only through detailed requirements and feasibility analysis, can we better realize the system. So the content of this part is very important and needs careful consideration.
[bookmark: _Toc113141133]4.1 Requirement analysis
[bookmark: _Toc113141134]4.1.1 Hardware requirement analysis
The hardware design of the fiber grating demodulation system should be divided into four parts, that is, the selection of key hardware, the design of temperature control circuit, the overall structure design of the hardware circuit and the miniaturization design of the demodulator. In terms of the miniaturization structure design of the demodulator, the design scheme needs to meet the requirements of the project, including the length, width, thickness and so on. It can accommodate all internal devices, and flexibly choose the location of the demodulator in the project. As for the selection of key hardware, it is necessary to strictly select the internal hardware inside the demodulator, so that the demodulator can stably perform demodulation tasks and reduce the equipment design cost. As for the overall structure design of the hardware circuit, it is necessary to ensure that the designed circuit can not only complete the demodulation task in a stable environment, but also perform the demodulation task stably in a complex engineering environment.
Firstly, the main function of the micro fiber grating demodulator is to read, calculate and output the signals (such as stress, temperature, pressure, etc.) of the fiber grating sensors connected to the two optical fibers at the same time. Each fiber can be connected in series with the temperature sensor and the stress sensor at the same time, and can output digital and analog signals at the same time [26]. Micro-FBG demodulator is a module that can work independently. When in use, the sensor and the demodulator will be connected by optical fiber, and the data will be received and stored on the personal computer.
Secondly, the hardware design of FBG micro demodulator based on tunable laser mainly includes optical part and circuit design. The optical part is mainly the light source module and the light path module, while the other modules are the circuit design parts. The design of the optical path is the first step in designing the hardware of the FBG demodulator. The reasonable optical path will make the FBG demodulator have good working flow and demodulation effect, and at the same time ensure the stability of the FBG demodulator. The design of optical path is mainly based on the basic theoretical model of the tunable laser method. Equipment, and choose the optical devices available in the market. Once the equipment problems occur, it is easy to communicate with the manufacturer and replace it, which lays a foundation for the later maintenance of the FBG demodulator.
Thirdly, aiming at the structural health monitoring system in large-scale projects, a FBG micro demodulator is designed. As FBG micro-demodulator will start working at the same time as the large-scale engineering projects, the internal temperature will generally be lower at the beginning and operation of engineering projects. In this case, if the FBG micro-demodulator is started directly, it is easy to damage the internal equipment or deteriorate the initial demodulation effect. Therefore, the disadvantage of starting the FBG micro demodulator at low temperature is very obvious. Therefore, if the external environment temperature is too low, it is necessary to warm up the FBG micro-demodulator before initialization, and then start the FBG micro-demodulator to make it work better. In this case, a temperature control switch and temperature feedback are needed to ensure that the FBG micro-demodulator starts up at normal temperature (25℃).
[bookmark: _Toc113141135]4.1.2 Software requirement analysis
The software design of FBG demodulation instrument should be divided into embedded software design and computer software design. The design of embedded software is the same as the hardware. It is mainly designed by the specific functions of the main modules, which effectively simplifies the design of the program, improves the speed of the program and ensures the stability of the FBG demodulator software. Include laser drive module, communication module, data processing module, ADC data acquisition module, etc [27]. For the PC upper computer software design, it is mainly designed according to users' specific needs, which effectively improves users' use experience, including data transmission module, data analysis and graphic display module, data storage module, etc.
Firstly, for the design of embedded software, the FBG demodulator needs embedded software to control the specific process of demodulation. The software needs to initialize all parts of the hardware, send instructions to the laser in the equipment, and output scanning laser to begin demodulation. In the demodulation process, it is necessary to find the peak value of the wavelength for the spectrum reflected by the FBG sensor through the peak searching algorithm and output it. In addition, the whole spectrum of the current scan needs to be saved for future data interaction.
Secondly, for the software design of the PC, the user want to monitor the real-time wavelength data of all sensors, and analyze the wavelength data and convert them into specific data, such as temperature and strain. And can receive all spectral data and display spectral data and the physical quantity using a curve. Finally, you need to be able to save the data specified by the user according to the format.
[bookmark: _Toc113141136]4.1.3 Non-functional requirements analysis
Some non-functional requirements of the system are described below.
(1) System accuracy requirements
The demodulation accuracy of the FBG micro-demodulator needs to be within 10 pm, which can accurately analyze the changes of external temperature and strain.
(2) Demodulation time requirement
In the monitoring system of this project, it is necessary to quickly realize the perception of the sensor wavelength change, so it is necessary to realize the data analysis within 1 s, including the wavelength and spectrum data.
(3) Flexibility analysis
Because the monitoring system of large-scale engineering projects is very huge, it is necessary to flexibly place demodulation equipment at various positions.
(4) Ease of use
For users, the fiber Bragg grating demodulation system is required to monitor the health of engineering structures, which requires the overall structure of the system to be clear, easy to operate, interactive and user-experienced. It should be easy to manage and maintain for developers.
[bookmark: _Toc113141137]4.2 Feasibility analysis
This section will make a feasibility analysis on the requirements in the previous section. The purpose of feasibility analysis is to analyze whether the design is feasible or not, whether the scheme is reasonable or not, and to judge whether there are certain risks in the design. Feasibility analysis is the work that must be done before the concrete implementation of the project. The quality of this work has a direct impact on the overall quality of the final system. The following section is the feasibility analysis and explanation of the hardware and software of the fiber grating sensing system.
[bookmark: _Toc113141138]4.2.1 Hardware requirement feasibility analysis
In the hardware part, Cadence Allegro is used to design the circuit, and HSPICE software is used to simulate the circuit, which ensures that there is no problem in the circuit design principle. The main control chip used in the whole circuit design is the STM32 series chip with ARM architecture. This series of chips is relatively low in price, which can reduce the hardware development cost. In addition, researchers of this system have rich experience in hardware circuit design, which can guarantee the completion of the project development.
[bookmark: _Toc113141139]4.2.2 Software requirement feasibility analysis
The software system includes embedded software and PC software. The embedded software is developed using Keil uVision 5 (C) and the PC upper computer software is developed using QT (C++). These technologies and platforms are very mature open source products at present. On the one hand, it can reduce the development cost and improve the stability of the software system. On the other hand, these mature platforms can search a large number of learning materials on the Internet, and can assist developers to develop project. The R&D staff of this system are all familiar with C/C++ language, so they can develop related content.
[bookmark: _Toc113141140]4.2.3 Economic feasibility
The fiber Bragg grating demodulation system is a part of the engineering project monitoring system. For modern large-scale projects, the monitoring system is often very large, requiring a large number of sensors to form a sensor network, and the cost of this part is relatively large. Therefore, the investment in the demodulation system should not be too high, otherwise it will not be able to invest enough funds into the sensor network. On the one hand, the software development of the fiber grating demodulation system does not need too much manpower and capital cost. On the other hand, the miniature fiber grating demodulator designed in this project is small in size, and the required investment cost is also reduced accordingly. Therefore, the system fully considers the economic cost, and will not cause excessive capital investment during the concrete implementation process.
[bookmark: _Toc113141141]4.3 Conclusion
The main content of this chapter is to analyze the hardware and software requirements of FBG demodulation system designed in this project, including functional requirements and non-functional requirements. Mainly through the actual application scenarios in the project, and the actual needs of users, the whole system is analyzed. At the end of this chapter, the feasibility of the previous requirements is analyzed. The results of this analysis will ensure that the system design can be carried out smoothly.












[bookmark: _Toc113141142]Chapter 5 Design and implementation of system
This chapter is about the whole system development process of the fiber grating demodulation system. After the requirement analysis and the overall feasibility analysis of the project are completed, the actual design of the system can begin. Based on the analysis of the functional requirements in the previous chapter, this chapter will complete the hardware and software design of the system, and establish the implementation scheme of each module.
[bookmark: _Toc113141143]5.1 Micro design of demodulator
The task of the micro demodulator is to read and calculate all sensor signals on the two optical fiber lines simultaneously. Next, the hardware distribution of the demodulator micro design will be described in detail.
Firstly, the wavelength tunable laser is installed on the metal bottom cover of the module together with the drive control circuit, temperature control circuit and wavelength calibration circuit. The temperature control circuit adopts chip-based temperature control to save the space occupied by the whole light source module. The layout of the backplane is shown in the figure below.
[image: ]
[bookmark: _Toc112706032][bookmark: _Toc19296][bookmark: _Toc2155][bookmark: _Toc19879][bookmark: _Toc21682][bookmark: _Toc5069][bookmark: _Toc3950]Figure 3 Bottom plate layout
Secondly, control circuit board, data acquisition, processing and transmission. The middle layer of the whole box of the demodulator is provided with an upper circuit board and a lower one. The integrated multi-functional chip is used to achieve a good working effect in the case of small circuit board. The layout of the board is shown in the figure below.


[bookmark: _Toc112706033][bookmark: _Toc10674][bookmark: _Toc11884][bookmark: _Toc28411][bookmark: _Toc31415][bookmark: _Toc31169][bookmark: _Toc13065]Figure 4 Middle plate layout
Thirdly, all optical passive devices, such as couplers, are installed on the top cover plate. The layout of the upper board is shown in the figure below.


[bookmark: _Toc112706034][bookmark: _Toc15250][bookmark: _Toc25727][bookmark: _Toc18975][bookmark: _Toc8611][bookmark: _Toc9680][bookmark: _Toc27398]Figure 5 Upper plate layout
Fourthly, the shell of the demodulator is made of metal aluminum, which consists of an upper cover, the middle frame, and the bottom cover. The middle frame is integrally processed, which ensures its firmness, so the FBG micro demodulator will not be affected by violent vibration during the installation of the project. The size of the demodulator is 68 * 58 * 38 mm, and the three package covers are fixed with m 3 countersunk holes, which makes the demodulator miniaturized. The whole structure of micro fiber grating demodulator is shown in the following figure.

[image: ]
[bookmark: _Toc112706035][bookmark: _Toc10306][bookmark: _Toc19673][bookmark: _Toc15676][bookmark: _Toc12399][bookmark: _Toc7640][bookmark: _Toc12826]Figure 6 Structure diagram of micro demodulator
[bookmark: _Toc113141144]5.2 Design of demodulation method
[bookmark: _Toc113141145]5.2.1 Analysis of demodulation methods
In the second chapter of this paper, several existing demodulation methods are introduced in detail. As shown in the following table, each demodulation method has its advantages and disadvantages [28-30].
	Method
	Advantage
	Disadvantage

	Spectrometer demodulation method
	Simple structure, easy to use
	Only be used in the laboratory

	Tunable laser demodulation
	Wide range, high accuracy
	Affected by external environment

	Mach-Zehnder demodulation
	High sensitivity
	Affected by external environment

	Edge filtering method
	Simple structure, low cost
	Low accuracy

	Matching grating 
	Simple structure
	Low accuracy



[bookmark: _Toc112521900][bookmark: _Toc20008][bookmark: _Toc26445][bookmark: _Toc24767][bookmark: _Toc24615][bookmark: _Toc12049][bookmark: _Toc6482]Table 1 Comparison of various demodulation methods
It can be seen from the above table that among all the above demodulation methods, the tunable laser method has the most advantages, with wide demodulation range and high demodulation accuracy. The high-performance tunable laser can improve the accuracy of the whole system. Therefore, the tunable laser method is widely used. The miniature FBG demodulator designed in this paper also adopts this method as the demodulation method.
[bookmark: _Toc113141146]5.2.2 Design of tunable laser demodulation method
In this paper, the ATLS7500 tunable laser of JABIL Company is selected as the tunable laser of micro-FBG demodulator, and the coupler and FBG are connected. The photoelectric monitor ATS4725 of JABIL Company is used to monitor the intensity of the light reflected by FBG, so as to find the center wavelength of the fiber grating.
[bookmark: _Toc113141147]5.3 The design of hardware
This chapter will introduce the design ideas of the key circuits in micro-FBG demodulator, and elaborate the design principles of circuits.
[bookmark: _Toc113141148]5.3.1 Equipment initialization temperature regulating circuit
Micro-FBG demodulator is designed for structural health monitoring in large-scale engineering projects. As the FBG micro-demodulator will start working at the same time as the project, if the internal temperature of the project is low when it is started, in this case, if the FBG micro-demodulator is started directly, the internal components will be damaged or the initial demodulation effect will be deteriorated. The disadvantage of starting the FBG micro demodulator at low temperature is very obvious [31]. Therefore, if the external environment temperature is too low, it is necessary to warm up the FBG micro-demodulator before initialization, and then start the FBG micro-demodulator to make it work better. In this case, the temperature-controlled switch and temperature feedback are used to ensure that the FBG micro demodulator starts at room temperature (25℃). The logic NAND gate circuit is shown in the following figure.


[bookmark: _Toc112705859][bookmark: _Toc31726][bookmark: _Toc31643][bookmark: _Toc3783][bookmark: _Toc18166]Diagram 10 Device initialization temperature regulating logic gate circuit
In the figure, temp 1 is a device for the demodulator to monitor the ambient temperature and temp 2 is a device for the heater to detect the temperature. For the convenience of debugging and analysis, a high-level logic 1 is added to the gate circuit to ensure that the gate circuit can work normally according to its function. It is the initialization work of Sys demodulator, and heat is the heating work of the heating plate. The truth table of the logic gate is shown in table.
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[bookmark: _Toc112521901][bookmark: _Toc12060][bookmark: _Toc27067][bookmark: _Toc5932][bookmark: _Toc3521][bookmark: _Toc808][bookmark: _Toc20184]Table 2 Equipment initialization temperature regulation circuit truth table
When the monitored ambient temperature is greater than 25℃, the system will not work; When the ambient temperature is below 25℃ and the temperature of the heating plate is not too hot, the heating plate starts heating the demodulator; When the monitored ambient temperature is less than 25℃ and the heating plate is overheated, the demodulator will not work, and the heating plate will not work; When the demodulator works normally, the monitored ambient temperature suddenly drops below 25℃, and the heating plate starts to heat up when the demodulator works.
[bookmark: _Toc113141149]5.3.2 Logarithmic amplifier
In FBG demodulator, the classical current and voltage signal mode can be divided into linear amplification and piecewise linear amplification, but both of them have some shortcomings. As the dynamic range of the optical signal output by the tunable laser is usually very wide, the power of the optical signal will change greatly in a short time, from 9dbm to 13dbm, but the signal input to the ADC (analog-to-digital converter) should be kept within the range of 0.6mv to 2.5v. For example, the laser emitted by the laser with the optical power of 20 MW (13dbm) should pass through the fiber and coupler, and the optical power entering the fiber grating will be the optical power emitted by the laser minus the loss.
After being reflected by a strong grating with a reflectivity of 90%, the optical power is:

[bookmark: TEMPGOTO]	
After passing through the half optical coupler, the optical power is reduced.

	
If the responsivity of the used photodiode is 0.9 ma/mw, the output current of the photodiode is:

	
Assuming that the current wavelength of the tunable laser does not reach the center wavelength of the fiber grating, and the output current through the photodiode is 0.01 times that of the reflected signal, the output current through the photodiode is 0.0051mA. If a common linear amplifier is used, the output voltage after conversion is assumed to be:

	
At this time, the output voltage of the signal reflected by the fiber grating through the linear amplifier is 5.1V, so the strong signal cannot be collected and the weak signal becomes useless. For the output current signal of the photoelectric converter, if the output voltage signal of the signal reflected by the fiber grating stays within the acquisition range of the ADC after linear amplification, there are two situations: in the first case, if the amplification factor of the linear amplifier is small, the amplification factor of the weak signal in the output signal of the photoelectric converter will also be low, and the whole voltage signal cannot cover the acquisition range of the ADC, thus affecting the acquisition accuracy. The strongest current signal is 0.51mA, and the weakest current signal is 0.0051mA. If the linear amplification ratio is 1000 mV/MA, the output voltage of the strongest signal is 0.51V, which is quite different from the maximum acquisition voltage of ADC of 2.5V. In the second case, the strong signal is within the acquisition range of ADC, but the weak signal is still weak due to the linear amplification ratio. The lowest voltage signal that ADC can recognize is 6 mV. If the strong voltage signal needs to approach 2.5V, the amplification factor is about 1000 mV/mA. At this time, the amplified weak voltage signal is 23.6 mV, which is within the recognition range of ADC. However, it is difficult to achieve the amplification ratio by using a single linear amplifier. If multiple amplifiers are used, the space occupied by the linear amplifier will become larger, which does not meet the requirements of miniaturization. The following figure shows three cases of using linear amplifiers.
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[bookmark: _Toc112706036][bookmark: _Toc26136][bookmark: _Toc9428][bookmark: _Toc18999][bookmark: _Toc15345][bookmark: _Toc9751][bookmark: _Toc26933]Figure 7 Three cases in which the use of linear amplifiers affects ADC
The principle of traditional piecewise linear amplifier is shown in the figure below.


[bookmark: _Toc112706037][bookmark: _Toc14665][bookmark: _Toc24500][bookmark: _Toc20234][bookmark: _Toc7716][bookmark: _Toc28146][bookmark: _Toc8276]Figure 8 Piecewise linear amplification principle
As can be seen, different current values correspond to different amplification factors. When it is used in FBG demodulator, there are also many problems. For example, too many components are used in the circuit, which influences the miniaturization design of FBG demodulator. It will waste the operation time of MCU in FBG demodulator to determine which amplification factor is used for linear amplification.
From the above analysis, it can be concluded that linear amplifier and piecewise linear amplifier have some limitations for the FBG micro demodulator developed in this paper. The logarithmic amplifier requires less board space, which can meet the sampling requirements of ADC. When the signal is weak, it will be amplified with high gain. When the signal is strong, the logarithmic amplifier can reduce the gain to avoid saturation. At this time, the amplification ratio of the signal can be adjusted to increase the amplification gain of the signal not reflected by the fiber grating, and decrease the amplification gain of the signal reflected by the fiber grating, so that the signal output from the whole tunable laser can be collected by the ADC. In addition, due to the weak signal caused by the amplification gain in linear amplification, the weak signal will not be detected. Therefore, the logarithmic amplifier is used in this paper. The following figure shows the principle of logarithmic amplification.


[bookmark: _Toc112706038][bookmark: _Toc24784][bookmark: _Toc21200][bookmark: _Toc11651][bookmark: _Toc23211][bookmark: _Toc29772][bookmark: _Toc31885]Figure 9 Principle of logarithmic method
When the light enters the photoelectric converter, it becomes a current signal. The logarithmic amplifier is used to convert the current signal input from the photoelectric converter into a voltage signal. The amplitude of the output logarithmic amplifier signal and the input logarithmic amplifier signal are logarithmic function. The logarithmic amplifier used in this paper is ADL5303 produced by Analog Devices. This is a single chip logarithmic amplifier. It is the best choice for power measurement of low-frequency signals in the optical fiber sensing system. The ADL5303 logarithmic amplifier has a relatively wide dynamic range, and the gain of logarithmic amplifier can be adjusted. ADL5303 has been specially designed and internally adjusted, and has the advantages of high precision and large measurement range. The ADL5303 is powered by a positive VPS 5V supply. When using a low power supply voltage, the logarithmic slope can be changed to suit the available range.
The working principle of ADL5303 logarithmic amplifier is the logarithmic relationship between the base-emitter voltage () and the collector current () of the bipolar transistor. Here, the relationship between the input current connected to the input pin () and the voltage on the intermediate output pin () can be represented as:

	
 is the voltage slope (for the logarithm with base 10, it is also equal to the voltage V value every 10 times).  is the fixed current in the logarithmic formula, called the cut-off point. In a pure linear circuit, there is no such direct ratio between current and power. When the current is applied to a resistive load, it will generate power proportional to the square of the current. The reason why photodiodes have different proportional relationships is that the flow rate in reverse-biased diodes mainly depends on the fixed internal voltage of the PN junction, which is relatively insensitive to the external bias voltage. In the detection diode, the power consumption is directly proportional to the current, and the relation of  with the optical power () can be expressed as:

	
There is the same relationship between the cut-off point current () and the equivalent cut-off point power ():

	
The internal structure of ADL5303 logarithmic amplifier chip is shown in the following figure.
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[bookmark: _Toc112706039][bookmark: _Toc13596][bookmark: _Toc3595][bookmark: _Toc55][bookmark: _Toc17815][bookmark: _Toc9258][bookmark: _Toc8846]Figure 10 Internal structure of ADL5303
The optical signal at the left input enters the logarithmic amplifier (triangle) for logarithmic amplification. It is the temperature compensation part of ADL5303 chip in the middle and the output part on the right. The capacitance between the right vlog pin and the ground forms an optional single pole low-pass filter for removing noise in the signal. There is a 2.5: 1 attenuator in the feedback path of the BFIN pin around the operational amplifier, which can increase the slope of Vlog pin from 10 mV/dB to 25 mV/dB at Vout pin. In the full dynamic range of 160 dB, the output swing is 4.0V. 
The schematic diagram of the circuit for voltage conversion of the current signal output by the photoelectric converter using ADL5303 logarithmic amplifier is shown in the following figure.
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[bookmark: _Toc112706040][bookmark: _Toc14676][bookmark: _Toc31351][bookmark: _Toc22596][bookmark: _Toc27560][bookmark: _Toc5239][bookmark: _Toc446]Figure 11 Schematic diagram of logarithmic amplifier
As can be seen from the figure above, the sum pin is connected to the capacitor and then to GND, which is used to shield the input current line. The VPDB pin is responsible for the output of the photodiode polarizer, the BFIN pin is the in-phase input terminal of the buffer amplifier, the bang is the inverting input terminal of the buffer amplifier, the input pin receives the photocurrent output from the photoelectric converter, the VSP1 and VSP2 pins are connected to the VCC 3.3 v voltage, the Vout pin is responsible for outputting the signal through the ADL 5303 logarithmic amplifier, and the C42 capacitor is added to the output terminal to prevent circuit oscillation. After this circuit, the current signal output from the photoelectric converter can be logarithmically amplified into a voltage signal, thus realizing the function of log amplifier.
[bookmark: _Toc113141150]5.3.3 Two channels A / D acquisition circuit
The data acquisition circuit mainly consists of an analog-to-digital converter. After the logarithmic amplifier outputs the voltage signal, the analog-to-digital converter converts the voltage signal into a digital signal, and then transmits the digital signal to the microcontroller for data processing. The performance of the data acquisition circuit directly determines the precision of data processing. Therefore, the data acquisition circuit plays an important role in the FBG micro demodulator. In this paper, AD7387 analog-to-digital converter is used to collect data. The AD7387 is a 14-bit dual-channel synchronous high-speed sampling device. It is powered by 3.0v to 3.6v power supply, and its throughput rate is up to 4 Maps. The analog input type is single-ended, and it is sampled and converted on the falling edge of CS. The standard control input is used in the process of conversion and data acquisition, which can be conveniently interfaced with microcontroller or digital signal controller. The AD7387 contains two SAR ADCs, both based on two capacitive DACs. The ADC is composed of control logic, an SAR and two capacitive DACs. In the signal sampling phase, SW 2 is closed, SW 1 is placed on A, the comparator is kept in a balanced state, and the sampling capacitor array collects the input signal.
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[bookmark: _Toc112705860][bookmark: _Toc28118][bookmark: _Toc21152][bookmark: _Toc23196][bookmark: _Toc22175]Diagram 11 ADC acquisition circuit
When the ADC starts switching, SW 2 is turned off and SW 1 is moved to position b, making the comparator unbalanced. The logic and the charge redistribution DAC may increase and subtract the fixed charge amount in the capacitor DAC, so that the comparator can return to the equilibrium state. When the comparator reaches the balance again, the conversion is completed. The control logic generates the output code of the ADC.
[image: ]
[bookmark: _Toc112705861]Diagram 12 ADC conversion circuit
The circuit schematic diagram of data acquisition using dual-channel synchronous sampling ADC of AD7387 is shown in the figure below.
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[bookmark: _Toc112705862][bookmark: _Toc23016][bookmark: _Toc16385][bookmark: _Toc25379][bookmark: _Toc8788]Diagram 13 consumer information management
[bookmark: _Toc113141151]5.4 Design of peak searching algorithm
[bookmark: _Toc113141152]5.4.1 Comparison of several peak searching algorithms
In chapter 2, the principles of several peak detection algorithms is introduced and analyzed in detail. In this section, the above-mentioned peak finding algorithms will be simulated and tested, and the peak finding effect will be compared to select the appropriate peak finding algorithm as the peak finding algorithm of the FBG micro demodulator [27-29].
The Gaussian function similar to the FBG reflection spectrum is introduced into the microcontroller and the noise data is added. The peak value is set to 1550 nm, the amplitude is set to 1 mV, and the wavelength resolution is set to 1 pm. The saved analog spectrum data. The direct peak searching algorithm is used to find the maximum value, and the centroid peak searching algorithm is included in the formula calculation. Because the standard Gaussian function is used to simulate the spectrum and the curve is symmetrical, the threshold is not selected. Polynomial fitting method and Gaussian fitting method are used to calculate the peak after fitting. And add a code to show the calculation time of each peak searching algorithm in the program, and run the four peak searching algorithms 10 times respectively. The following table shows the errors of the four peak search algorithms [32].
	Times
	Direct peak seeking error /nm
	Error of polynomial fitting /nm
	Error of Gaussian fitting /nm
	Error of centroid algorithm/nm

	1
	0.016
	0.009
	0.002
	0.005

	2
	0.021
	0.013
	0.001
	0.006

	3
	0.013
	0.012
	0001
	0.007

	4
	0.011
	0.006
	0.006
	0.011

	5
	0.014
	0.013
	0.001
	0.004

	6
	0.036
	0.008
	0.001
	0.006

	7
	0.029
	0.009
	0.001
	0.005

	8
	0.012
	0.011
	0.002
	0.003

	9
	0.025
	0.015
	0.001
	0.001

	10
	0.011
	0.008
	0.001
	0.005



[bookmark: _Toc112521902][bookmark: _Toc25168][bookmark: _Toc550][bookmark: _Toc15986][bookmark: _Toc8939][bookmark: _Toc28891][bookmark: _Toc28006][bookmark: _Hlk112705877]Table 3 Error of four peak searching algorithms
The average error of each algorithm are calculated in the table. The average error of the direct peak searching algorithm is 18.8 pm, the average error of the polynomial fitting method is 9.3 pm, the average error of the Gaussian fitting method is 1.8 pm, and the average error of the centroid peak searching algorithm is 5.3 pm. Draw the following two pictures.
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[bookmark: _Toc112706041][bookmark: _Toc28737][bookmark: _Toc12654][bookmark: _Toc23131][bookmark: _Toc32698][bookmark: _Toc7418][bookmark: _Toc14865]Figure 12 Error of peak searching algorithm
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[bookmark: _Toc112706042][bookmark: _Toc633][bookmark: _Toc16585][bookmark: _Toc24450][bookmark: _Toc12649][bookmark: _Toc6086][bookmark: _Toc19986]Figure 13 Operation time of peak searching algorithm
[bookmark: _Hlk112527674]It can be seen from the above figure that the direct peak searching algorithm has the largest error and large error fluctuation. Although the error of polynomial fitting algorithm is smaller than that of direct peak searching algorithm, it is still larger than that of the Gaussian fitting algorithm and centroid peak searching algorithm. Gaussian fitting method has the smallest error, and its error fluctuation is relatively stable. The error of peak searching centroid algorithm is higher than that of Gauss fitting method, but it is not much higher. It can also be seen in the figure that the program calculation time of the centroid peak searching algorithm and the direct peak searching algorithm has obvious advantages over the other two algorithms, and the error of the centroid peak searching algorithm is smaller than that of the direct peak searching algorithm.
[bookmark: _Toc113141153]5.4.2 Implementation of centroid algorithm
From the theoretical analysis and simulation results of several peak finding methods, it can be seen that the direct peak finding algorithm, polynomial fitting method and Gaussian fitting method have certain limitations in application. The direct peak searching method and polynomial fitting method have low accuracy and large error. Polynomial fitting algorithm and Gauss fitting algorithm have a large amount of calculation and a long time for peak searching. Although the error of centroid algorithm is slightly larger than that of Gaussian fitting method, it takes a short time to find the peak value, which has obvious advantages in operation time. Because the sampling frequency of this FBG demodulator is very low, only 1 Hz, and the amount of data is very small. The centroid peak searching algorithm is simple, fast and has little error. Therefore, this paper adopts the centroid peak searching algorithm as the peak searching algorithm of FBG micro demodulator.
[bookmark: _Hlk112528612]After selecting the centroid peak searching algorithm as the FBG micro demodulator, we need to implement the centroid peak searching algorithm in the STM32 microcontroller through Keil uVision5. First, we need to set the peak searching parameters, including the number of peak searching points, the minimum peak intensity, the peaks spacing, the threshold to be intercepted when calculating the centroid, etc., then we need to smooth the received spectral data, and start the peak searching after receiving the spectral data. First, we need to intercept the required spectral data through the threshold, and then calculate the centroid position, that is, the position of the measured FBG center wavelength, by power weighting. The software flow of the centroid peak finding algorithm is shown in the figure below.


[bookmark: _Toc112705863]Diagram 14 Flow chart of centroid algorithm
(1) Set the peak seeking parameters, including the number of peak seeking points, the minimum value of peak intensity, the maximum value minus the minimum value in the queue, the threshold value for centroid calculation, the number of points after a peak in the case of multi-sensor multiplexing, and the interval between peaks.
(2) The tunable laser emits scanning light, the ADC collects data and reads spectral data from the ADC.
(3) The spectral data is smoothed to reduce noise.
(4) It is determined whether the data is single peak or multi-peak.
(5) Find the peak searching area, and intercept the calculation area of the centroid peak searching algorithm through the threshold value set in the first step.
(6) Collect the points required for peak searching.
(7) Calculate the peak value at the position of the center of mass, that is, the center wavelength and power value of the FBG sensor.
(8) Save data.
[bookmark: _Toc113141154]5.5 Software design of demodulator
The software development language of the demodulator is C++, and the development platform used is QT. The software needs to transmit data in different forms, and the data transmission and data reception rate of demodulator equipment and software need to be coordinated. Therefore, using QT open source library for data transmission is more reliable. In addition, QT official also provides software packaging tools, which can directly package the software into executable files and run them directly on different computers. It is worth mentioning that QT supports cross-platform development. Software developed in QT can run on mainstream operating systems such as Windows and Linux across platforms. The software consists of three main functional modules. On both sides of the software, there are some buttons for switching plates, such as Mode1, Mode 2, Table and so on. Besides, there are some start and stop buttons. The software interface is shown in the figure below.
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[bookmark: _Toc112706043][bookmark: _Toc9265][bookmark: _Toc4188][bookmark: _Toc1597][bookmark: _Toc3194][bookmark: _Toc21309][bookmark: _Toc24147]Figure 14 Software FBG16CHtcp
The figure above shows the main interface under Mode1. The table at the bottom of this interface is mainly used to show the number and wavelength of fiber grating sensors connected to the current demodulator. The upper interface can choose a sensor to display the information of its wavelength and physical quantity. At present, the display of fiber Bragg grating temperature sensor and stress sensor is supported. The start, stop and refresh buttons on the right can be used to start, stop and refresh the dynamic graph of physical quantity.
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[bookmark: _Toc112706044][bookmark: _Toc14324][bookmark: _Toc20256][bookmark: _Toc20556][bookmark: _Toc29206][bookmark: _Toc7249][bookmark: _Toc26181]Figure 15 Temperature diagram
The picture above is a picture of the software for monitoring the temperature sensor. Since the fiber Bragg grating sensor is not inserted and the calculation factors k11 and b are not set, the displayed temperature is 0℃. In the dynamic diagram, the abscissa is time and the ordinate is the temperature. The graph dynamically increases the temperature value of one point every second, and the time can be set in the software.
[bookmark: _Toc113141155]5.5.1 Network data transmission
This section introduces the data transmission module of the FBG demodulation software, which is the most important module in the whole software. It is responsible for transmitting all the data between the software and the demodulator. The format of data transmission between the software and devices needs to be agreed in advance. The transmitted data are bytes, and the software needs to convert the byte data into actual data.
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[bookmark: _Toc112706045]Figure 16 Select communication method
The module supports serial data transmission and network data transmission (UDP, TCP/IP protocol). Different transmission modes are for different application scenarios. Among them, serial data transmission is suitable for small data transmission, and only one demodulator device can be used to transmit data. Because serial communication is simple, the serial communication will be used for data communication when debugging the equipment. The UDP protocol is a connectionless data transmission mode. UDP protocol has a simple data transmission format and is suitable for transmitting a large amount of data. However, the UDP protocol cannot ensure the safe transmission of data to the opposite end. Moreover, the UDP protocol is prone to data confusion for data interaction among multiple devices. Therefore, when a single device is connected and transmits over a short distance, the UDP protocol is usually used. The TCP protocol is very complex. It ensures the safe transmission of data, and supports data communication between multiple devices. Therefore, the TCP protocol is usually used for long distance transmission of multiple devices.
The following diagram shows some code to realize the serial communication.
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[bookmark: _Toc112705864][bookmark: _Toc5700][bookmark: _Toc28120][bookmark: _Toc13980][bookmark: _Toc4300]Diagram 15 Serial communication method
The communication mode using the serial port needs to be set by default. In this design software, the baud rate of the serial port is set to 115200, and the event trigger is used to inform the software to execute data processing logic. In the specific code implementation, this paper uses the SerialPort library provided by QT, calls the readAll() function in the official library, reads the transmitted data from the system buffer, and then can execute the data processing logic. It should be noted that serial communication is slow in data transmission, which may lead to incomplete data received by the receiving end. Therefore, in the implementation process, a 50ms timer is used to judge whether the data is received completely (if there is no new data within 50ms, the transmission is completed).
The UDP protocol is similar to serial port communication. The QUdpSocket library provided by QT is used to develop the UDP communication server. When using UDP communication, the fixed port number and IP address are bound. Call the hasPendingDatagrams () function to wait for the demodulator to send data. After the data arrives, execute the data analysis logic.
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[bookmark: _Toc112705865][bookmark: _Toc10462][bookmark: _Toc11100][bookmark: _Toc7695][bookmark: _Toc27973]Diagram 16 Implementation of TCP communication code
The use of TCP is very complicated. In this design, QTcpSocket and QTcpServer libraries provided by QT are used for software development. TCP first needs to bind a file descriptor to monitor. The file descriptors are used to monitor whether a client needs to establish a connection with the server. In order to distinguish the data sent by different demodulators to the software, this design uses multi-threads to communicate between the demodulator and the software, that is, when a demodulator sends a connection request to the upper software, the software creates a new thread to communicate the data, and binds the thread with the communication file descriptor. In this design, each demodulator has a separate device number, and the software can identify which demodulator is currently communicating through the device number.
[bookmark: _Toc113141156]5.5.2 Data display
The software can select a channel and read its spectral data. The horizontal axis of the spectrum is the wavelength, and the vertical axis is the light intensity.
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[bookmark: _Toc112705866]Diagram 17 Mode2 Spectral mode
In the spectral mode, you can set the range of abscissa and ordinate. Generally, the default value of abscissa is 1520-1570, and the default value of ordinate is 0-70000. In this mode, it is also possible to set the time interval for reading the spectrum. By default, the spectral value are read every 10 seconds. The spectral reading can be controlled by pressing the start and stop buttons.
[bookmark: _Toc113141157]5.5.3 Data saving
The software can also save the demodulated data. This design uses the high-level data structure to save the data by skip list. When the export is required, the data in the jump table will be exported to the local file. This data is stored as key-value pairs. Is the time of key data, and the value is the wavelength of the sensor.
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[bookmark: _Toc112705867][bookmark: _Toc11067][bookmark: _Toc29052][bookmark: _Toc22980][bookmark: _Toc12913]Diagram 18 Data table
[bookmark: _Toc113141158]5.6 Conclusion
This chapter is based on the analysis of system requirements in chapter 4, and combined with the design of fiber grating demodulation system, the design of appearance, hardware circuit, demodulation method, peak search algorithm and control software is carried out. According to the actual needs of the project, several key circuits are designed, such as dual-channel A/D acquisition circuit, device initialization temperature adjustment circuit, logarithmic amplifier circuit, etc. Tunable laser method is selected as the demodulation method, the centroid algorithm is selected as Fung Cham algorithm, and the key functions such as data storage, data analysis and data transmission are realized through control software. As a whole, the design of the fiber grating demodulation system is achieved.















[bookmark: _Toc113141159]Chapter 6 Evaluation
[bookmark: _Toc113141160]6.1 Test content
Testing is a key step in the development of the FBG demodulator. According to the test results, we can get the performance of FBG demodulator. The demodulator experiment based on tunable laser method is divided into three parts: the first part is the stability experiment of demodulator; The second part is the repetitive experiment of FBG micro-demodulator; The third part is the experiment of demodulator temperature measurement. This chapter mainly tests the FBG demodulator designed in this paper, including its stability, repeatability and specific functions.
[bookmark: _Toc113141161]6.2 Stability experiment of FBG demodulator
The FBG demodulator developed in this paper needs to be loaded in a large-scale project to run for a long time. As airborne equipment that needs long-term stable operation, it is necessary to keep the wavelength demodulation effect stable in long-term operation, and there should be no big deviation in wavelength demodulation. Therefore, it is important to test the wavelength demodulation stability of the demodulator.
The process of stability testing is as follows:
(1) The FBG demodulator is placed in a constant external environment to ensure the stability of external parameters and prevent the external environment from influencing the stability of the demodulator.
(2) Two channels of the demodulator are connected to one FBG sensor, and the central wavelength of the two FBG sensors is 1539.102 nm, so that the environment in which the two FBG sensors are located can be kept stable, and the wavelength drift will not be caused by the change of the external environment.
(3) Make the demodulator work continuously for 24 hours, and record and store the demodulated center wavelength data of the two FBG sensor every 30 minutes.
(4) The center wavelength data recorded by FBG sensor within 24 hours were analyzed.
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[bookmark: _Toc112706046][bookmark: _Hlk112623486][bookmark: _Toc7906][bookmark: _Toc31834][bookmark: _Toc6729][bookmark: _Toc8308][bookmark: _Toc15902][bookmark: _Toc19356][bookmark: _Hlk113141250]Figure 17 Stability experiment
It can be seen from the figure that most of the wavelength measurement errors are within ±0.5pm, and a few of them are within 1 pm. The experiment shows that the demodulator has stable performance in de modulating the wavelength of FBG sensor under long-time working condition, and the error is within ± 1 pm.
[bookmark: _Toc113141162]6.3 Repeatability experiment of FBG demodulator
In order to measure the wavelength demodulation repeatability of the FBG demodulator, the FBG demodulator connected to the FBG temperature sensor is tested in this paper. Put the FBG temperature sensor into the temperature control box. The temperature control box is increased from 30 C to 55 C in 5 C steps. The demodulator records the wavelength value every 5 C and repeats it 3 times. At the same time, the central wavelength data of the three experiments of 30℃-50℃ heating experiment were linearly fitted.
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[bookmark: _Toc112706047][bookmark: _Hlk113141191]Figure 18 Fitting diagram of temperature measurement experiment data
From the fitting results, it can be seen that the linear fitting degree of the three experiments is good, with the fitting degree above 0.9990. The sensitivity of the FBG sensor in the first experiment is 10.07 pm/℃, the temperature sensitivity of the FBG sensor in the second experiment is 9.96 pm/℃, and the temperature sensitivity of the FBG sensor in the third experiment is 10.06 pm/℃. The results of the three experiments are similar to the temperature sensitivity of the FBG sensor. The FBG demodulator developed in this paper has a good performance in temperature demodulation.
[bookmark: _Toc113141163]6.4 Wavelength demodulation experiment of FBG demodulator under temperature changing environment
In order to test the influence of the temperature control circuit based on ADN8834 temperature control chip designed in this paper on the FBG demodulator, and to make the FBG demodulator work stably under the variable temperature environment, the stability experiment of the FBG demodulator under the variable temperature environment is carried out. Put the demodulator into the temperature control box. The FBG temperature sensor is connected to the demodulator and placed in an outdoor room temperature environment. The external environment of the FBG sensor is kept unchanged. Set the temperature of the temperature control box to -10℃ to 90℃, with a step of 10℃, record the center wavelength de modulated by the modem every 10℃, and record the center wavelength de modulated by the modem every 10℃. The center wavelength de of the FBG sensor modulated under the heating environment is shown in the figure below.
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[bookmark: _Toc112706048][bookmark: _Toc3199][bookmark: _Toc29275][bookmark: _Toc24717][bookmark: _Toc27369][bookmark: _Toc25949][bookmark: _Toc3996]Figure 19 Temperature rise demodulation FBG sensor wavelength
As can be seen from the figure, the wavelength demodulation error of FBG demodulator is very small in the range of 20℃ to 40℃ in the step-by-step heating environment. Although the demodulation error of wavelength from -10℃- 10℃ and from 50℃ to 90℃ increases obviously, this is because when the temperature is close to 25℃, the temperature has little influence on the tunable laser and the temperature control range is small. Tec has relatively high temperature control efficiency. However, in an extremely high or low temperature environment, the tunable laser itself is greatly affected, and the temperature rise process of Tec is slow. The influence of external temperature change on the tunable laser temperature is not a direct synchronous process. Therefore, in the process of data acquisition, the working temperature of the tunable laser may not completely reach the required temperature value, resulting in large demodulation errors. Although the demodulation error is obviously increased in the temperature changing environment, the demodulation effect is relatively stable, and the demodulation error is within ±10pm in the temperature changing environment.
[bookmark: _Toc113141164]6.5 Conclusion
In this chapter, the performance of the designed FBG micro demodulator is tested. The wavelength demodulation effect of FBG micro demodulator is stable in long-term operation, and the wavelength demodulation error is within ±1pm. The wavelength repeatability of the FBG micro-demodulator is good. The measurement results show that the linearity of temperature measurement is very high in the range of ±3pm. Finally, the FBG micro-demodulator was tested in the variable temperature environment. The results show that the temperature rises and falls within the range of -10℃ ~ 90℃, and the maximum error of wavelength demodulation is within ±10pm.













[bookmark: _Toc7519114][bookmark: _Toc113141165]Chapter 7	Conclusion and recommendation
[bookmark: _Toc113141166]7.1 Conclusion
In this paper, a FBG micro-demodulator is developed for structural health monitoring based on fiber Bragg grating sensing system in large-scale projects. Aiming at the problems of signal amplification, small installation space and complicated temperature environment in FBG demodulation, the miniaturization design and key technologies of FBG demodulator are studied. Design and package the software and hardware of the FBG micro-demodulator. This paper mainly introduces the miniaturization design scheme, key circuit and core algorithm of FBG demodulator.
The work done in this paper is summarized as follows:
1.	This paper summarizes the research background and development of fiber grating demodulation technology, probes into the specific requirements of modern engineering projects for FBG demodulators, analyzes the sensing principle of FBG, introduces various demodulation methods of FBG and their advantages and disadvantages, and focuses on the tunable laser demodulation method adopted in this paper.
2.	The overall scheme design and miniaturization design of the FBG demodulator developed in this paper are made. By shortening the tail fiber of the tunable laser, concentrating the design of circuit functions, reducing the volume in the form of integrated circuits, and packaging in a firm way, the miniaturization design of the demodulator with a volume of 68*58*38mm has been realized. Secondly, the key technology of FBG micro-demodulator is studied. Faced with the shortcomings of traditional linear amplification, logarithmic amplification is adopted to ensure the integrity of signal and reduce the volume of signal amplification circuit. According to the actual environment in the project, the initialization temperature control circuit is designed to ensure that the demodulator starts up at the normal working temperature. Then, the PID temperature control circuit is designed to act on the tunable laser to ensure its normal operation. Finally, wavelength calibration based on F-P etalon, I-V conversion circuit and single chip microcomputer is realized, which ensures the accuracy of output wavelength of tunable laser.
3.	The demodulation peak searching algorithm is analyzed and studied. The simulation analysis of four peak search algorithms is carried out. Aiming at the fact that the demodulation frequency of the FBG micro-demodulator is low within the acceptable error range, the centroid Fung Cham algorithm with relatively simple calculation and short calculation time is selected, which is written in C language and input into the single-chip microcomputer.
4.	Aiming at the FBG micro-demodulator designed in this paper, the upper computer software is designed to analyze the data analyzed by the demodulator, and the analyzed data is stored locally and displayed in the form of graphics and tables.
5.	The performance of the FBG micro demodulator developed in this paper is tested. The test results show that this demodulator has good stability and repeatability. When the fiber grating micro demodulator works for a long time, the maximum measurement error is 1pm, and the repeatability is 3pm. It can accurately demodulate the center wavelength of the fiber grating sensor in the temperature-varying environment. The maximum error of measurement is 10 points. It provides a good experimental foundation for the practical application of the demodulator.
[bookmark: _Toc113141167]7.2 Suggestions for further study
In this paper, the designed FBG micro demodulator is tested. The test results show that the performance of the demodulator meets the application requirements of large-scale projects, but there are still some shortcomings, which need to be improved.
1. At present, the FBG micro demodulator developed in this paper can only realize 
dual-channel wavelength demodulation. With the improvement of application requirements, the micro demodulators need to develop in the direction of multi-channel wavelength demodulation, so that a single demodulator can demodulate more FBG sensors through more channels.
2. At present, the demodulation rate of the FBG micro demodulator developed in 
this paper can only reach 20 Hz, which is designed for the special monitoring requirement that only one set of spectral data can be read in 0.05 seconds for a specific project. With the improvement of demodulation requirements, the design of high-speed demodulation technology is inevitable, including the improvement of demodulator hardware circuit and chip processing speed, and the optimization of embedded software algorithms to increase the calculation speed.
3. The FBG micro demodulator developed in this paper has designed the volume of 
the FBG demodulator to be a small 68 * 58 * 38 mm, but the size of the FBG demodulator needs to be developed in the direction of more miniaturization, which can be realized by means of photonic integration technology.
Monitoring the structural health of large-scale engineering projects through the fiber grating sensing system has become the main development trend. Therefore, it is very important to develop a high-precision, miniaturized fiber grating demodulator that is not affected by harsh environment.




[bookmark: _Toc113141168]Chapter 8 Reflection
The research of this project is difficult, but I learned a lot from it. During the whole research process of the project, I encountered many problems. With my own efforts and the help of classmates and teachers, I have tried my best to overcome these difficulties. At the last moment of the project investigation, I want to sum up the experience and feelings gained in the investigation.
My research topic comes from an actual large-scale project. The environment of this project is complicated, so it is necessary to monitor the structural health of the project structure. Therefore, it is very suitable to use the fiber grating sensor as the main sensing unit of the sensing system. However, the traditional fiber Bragg grating demodulation equipment in the market is too bulky to work in the engineering environment, so I began to study the fiber Bragg grating demodulation system. First of all, I had a discussion with my classmates and teachers, and deeply discussed the defects in the fiber grating demodulator. Then, I investigated the fiber grating demodulator on the market, and made clear the technical level and bottleneck of this equipment in today's society. After that, I made an in-depth study of the related literature of fiber grating demodulation system. Through reading these documents, I have made clear the components of the fiber grating demodulation system and the key technologies needed by each component. It is through a great deal of scientific research that I can clearly put forward my own research direction and methods.
I also encountered a lot of technical problems during the process of project implementation. First of all, when designing the appearance of the demodulator, I need to consider the actual application scenarios of the project, and design an appropriate appearance for these scenarios. In addition, the casing of the demodulator must be able to perfectly accommodate electronic and optical equipment. Then, in the process of hardware circuit and software development, I also met many problems. Fortunately, the software and hardware development platform I have chosen is very mature. There is a lot of related information available on the Internet. In this way, I learned to practice slowly, and completed each functional module.
Through the research of this project, I have an in-depth understanding of the composition and key technologies of the fiber grating demodulation system. During the process of development, I learned the techniques of hardware circuit design and simulation, software development, algorithm design, etc. And have a deeper understanding of the technologies of network communication and database. However, there are still many contents worthy of improvement in this project. I will improve these contents, improve my technical level and design a more complete system in the future.
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