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In recent years, the infrastructure of countries around the world has developed very rapidly. For example, the Ministry of public works of Chile has launched the bidding for the new concession research project of Biobío Concepcion Northern Corridor. The project cost 2.1 billion Chilean pesos (US $2.5 million) and the technical and commercial bids will be opened on July 22 and August 14, 2020. According to the Polish Infrastructure Construction Association, the concession projects of highway 152 (75.1 km) and highway 15 (14.1 km) will be tendered in April 2022, with a project value of about US $380 million. Adani green energy of India plans to spend Indian rupees 80 billion (US $1.06 billion) to build a 1.1gw wind farm and Indian rupees 100 billion (US $1.32 billion) to build a 1.5gw solar power generation facility in 2021. Some parts of the infrastructure will change due to natural or man-made factors during operation. If these changes are not found, they may cause great harm to the infrastructure itself. For example, on March 31, 2015, the explosion in Manhattan, New York, USA, killed 2 people, injured 25 people and collapsed 3 residential buildings, which were caused by the failure of natural gas pipelines and obsolete supply systems. On December 18, 2017, an Amtrak passenger train derailed on the viaduct of Interstate 5 in Washington state, killing at least 6 people and wounding 77 others. It can be seen that the infrastructure also needs to be maintained all the time, and safety monitoring is essential. Railway derailment and gas pipeline leakage are usually caused by infrastructure problems that are not found in time. Therefore, the monitoring of various physical quantities of infrastructure is an important guarantee for the normal operation of infrastructure.
Since its appearance in the 1970s, optical fiber sensing has been widely used in safety monitoring, communication transmission, transportation, biomedicine, mechanical control and other fields, and has improved people's daily life. Optical fiber can not only transmit light wave signal, but also detect the external environment as a modulator when the characteristic parameters (such as wavelength, phase, frequency, polarization state, intensity, etc.) of optical signal are affected by the external environment. As a new sensing material, optical fiber has better anti electromagnetic interference, less corrosion and less loss than traditional sensing materials, which makes up for the shortcomings and hysteresis of traditional electrical sensors in materials. Therefore, it is widely used in some special environments and fields with high detection accuracy requirements, and has become a key pillar in the communication industry and sensing technology in the 21st century.
The research of fiber Bragg grating sensor has become the mainstream direction in the field of optical fiber sensing. Since it was used as strain and temperature sensing for the first time, it has always been the research trend in the field of sensing as a new optical sensor with small volume and strong anti-interference ability. Researchers have conducted extensive research on the of fiber Bragg grating. For the demodulation of fiber Bragg grating, the change to be measured is mainly obtained through the spectral information of reflected light, which essentially belongs to wavelength demodulation. The key point of the main problem in the application of demodulation is how to accurately measure the change of wavelength, At present, the main methods of fiber Bragg grating sensing demodulation include filtering method, scanning method, spectral method and interference method. The filtering method includes edge filtering method, matched filtering method, tunable filtering method and tunable light source scanning method.
Because the interferometric optical fiber sensing system is sensitive to the outside world and has high detection accuracy, it plays an important role in the measurement of parameters such as strain, temperature monitoring and gas and liquid concentration. It is the primary way in the field of high-precision optical fiber detection.
Most interferometric optical fiber sensing systems adopt phase modulation sensing mode. When external information acts on the optical fiber, the phase of the internal transmitted optical signal changes. At present, there is no optical detector that can directly detect the phase change of the optical signal, In the transmission process, the phase change of optical signal must be transformed into the change of optical signal intensity by means of interference, and finally the information to be measured can be demodulated after photoelectric conversion. Therefore, the research on interferometric optical fiber sensing system and related phase demodulation technology is of great significance to promote the practicability of optical fiber sensing devices. Most interferometric optical fiber sensing systems use phase modulation sensing. When the external information acts on the optical fiber, the phase of the internal transmission optical signal will change. At present, there is no detector that can directly detect the phase change of optical signal. The phase change of optical signal must be transformed into the change of optical signal intensity by interference. Finally, the measured information is demodulated by photoelectric conversion. Therefore, the research on interferometric optical fiber sensing system and related phase demodulation technology is of great significance to improve the practicability of optical fiber sensing devices. Optical interferometric sensing system based on phase modulation has the advantages of high sensitivity, high response frequency and anti electromagnetic interference. It is a typical and widely used sensing technology scheme, which is of great significance to promote the development and application of optical fiber sensing technology. In order to obtain accurate phase change information, using appropriate demodulation algorithm to demodulate the interference signal has become the key to affect the sensing accuracy. With the continuous improvement of optical fiber sensor, the measurement accuracy and range are continuously improved. While the demodulation system is improved, the phase demodulation algorithm of relevant interferometric sensor is also constantly updated. Since the emergence of optical fiber sensor, many demodulation algorithms have been proposed and many breakthroughs have been made. Demodulation algorithm is a key part of optical fiber sensing. The improvement and innovation of demodulation algorithm plays an important role in improving detection sensitivity and detection accuracy.
[bookmark: _Toc462812552][bookmark: _Toc56713267]1.1 Aim
[bookmark: _Toc462812553][bookmark: _Toc56713268]This project is mainly based on the orthogonal demodulation method of optical fiber frequency shift interference, and can realize high-precision phase demodulation by combining the orthogonal demodulation algorithm without reference optical signal and pulse light source, high-speed detection and allowing spectral overlap. Combined with the principle of digital mixing method in orthogonal demodulation, the demodulation formula of interference signal is derived. The quadrature demodulation algorithm is simulated by MATLAB, and the simulation results of phase demodulation are obtained by changing the wavelength information of the interference signal. In the direct digital mixing method, FFT is used to improve the frequency accuracy of local oscillator signal, so as to improve the phase accuracy of demodulation method in frequency shift interference system.
[bookmark: _Hlk87628931]1.2 Objectives
Read the literature and collected data related to this project, elaborate the research value of this project, and elaborate the structure of fiber Bragg grating sensing and interferometric sensing system and the development of phase demodulation algorithm.
1. Based on the analysis of two frequency shift interference systems, a new frequency shift interference system is constructed.
2.The quadrature demodulation algorithm is analyzed, and the signal demodulation formula is derived according to the principle of digital mixing method
3.The digital mixing method in interferometric phase quadrature demodulation algorithm is simulated
4.The direct digital mixing method is verified by experiments
[bookmark: _Toc56713269][bookmark: _Hlk87560783]1.3 Structure of the report
The project consists of three parts. The first part is literature review, which introduces the fiber Bragg grating sensing technology, the basis of frequency shift interference system and orthogonal demodulation algorithm, which provides a theoretical basis for the implementation of the project. The second part introduces how to simulate and verify the phase demodulation in detail. The third part is a detailed analysis and conclusion in the simulation and verification.
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2.1 Optical fiber sensing technology
Optical fiber sensing includes two functions: sensing and transmission of external signals. The so-called sensing means that the external signal changes the physical characteristic parameters of the light wave transmitted in the optical fiber according to its change law, such as intensity, wavelength, frequency, phase and polarization state. Measuring the change of the optical parameters is to "perceive" the change of the external signal. This "sensing" is the real-time modulation of the light wave propagating in the optical fiber by the external signal. The so-called transmission means that the optical fiber transmits the light wave modulated by the external signal to the optical detector for detection, extracts the external signal from the light wave and processes the data as needed, that is, demodulation. Therefore, optical fiber sensing technology includes two technologies: modulation and demodulation, that is, the modulation technology of how to modulate the optical wave parameters in the optical fiber and the demodulation technology of how to extract the external signal from the modulated optical wave.
The part where the external signal modulates the light wave parameters in the sensing fiber is called the modulation region. According to the relationship between modulation region and optical fiber, modulation can be divided into two categories. One is functional modulation, the modulation region is located in the optical fiber, and the external signal modulates the light wave by directly changing some transmission characteristic parameters of the optical fiber. This kind of optical fiber sensor is called functional fiber or intrinsic optical fiber sensor, also known as internal modulation sensor. Optical fiber has two functions of "transmission" and "sensing". The transmitting optical fiber coupled to the light source and the receiving optical fiber coupled to the optical detector are a continuous optical fiber, which is called the sensing optical fiber. Therefore, the functional optical fiber sensor is also called the all optical fiber sensor or the sensing optical fiber sensor. The other is non functional modulation. The modulation area is outside the optical fiber, and the external signal modulates the light wave entering the optical fiber through an external modulation device. This kind of optical fiber sensor is called non functional fiber or non intrinsic optical fiber sensor. The transmitting optical fiber and receiving optical fiber only play the role of transmitting light wave, which is called light transmitting optical fiber and has no continuity, Therefore, the non functional optical fiber sensor is also called light transmission optical fiber sensor or external modulation optical fiber sensor.
Because any existing optical detector can only respond to the amplitude of light, but can not directly respond to the frequency, wavelength, phase and polarization modulation of light, the signal must be converted into amplitude signal through some conversion technology before it can be received by the optical detector and realize the detection function.
2.2 Fiber Bragg grating sensing
2.2.1 Fiber Bragg grating sensing principle
As an optical fiber device, fiber Bragg grating is widely used. Its working principle is similar to that of filter. When light with a wide spectral range is incident on the grid area, a narrow-band reflection spectrum will be generated. Its specific structure and spectral transmission characteristics are shown in the figure1.
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Fig. 1 structural diagram of fiber Bragg grating

No matter whether the monitoring object takes wavelength or phase as the physical quantity to be measured, FBG sensor has very high sensing and monitoring accuracy. FBG transmission characteristics include effective refractive index, central wavelength, grid period, etc. the change of Bragg central wavelength is modulated through FBG transmission characteristics. After demodulation and calculation, the size of external parameters can be obtained to realize corresponding stress, temperature Monitoring of changes in physical quantities such as strain. From the mode coupling theory of fiber Bragg grating, the expression of FBG central wavelength can be obtained:







Where  is the length of the central wavelength,  is the effective refractive index, and  is the size of the grid period. Under the action of temperature and strain,  and  are affected by the change of external conditions, and the central wavelength of fiber Bragg grating changes. FBG is encapsulated with appropriate materials under different conditions to meet the sensing needs of various environmental changes. By differentiating the expression of FBG's central wavelength, the expression of the offset of FBG's reflected central wavelength can be obtained as follows:





Where  represents the change of grating period caused by thermal expansion effect, and  represents the change of effective refractive index of fiber core caused by thermal optical effect. As long as the central wavelength change  of the FBG reflection spectrum is calculated by the demodulation system, the change of the measured parameters can be obtained. When the ambient temperature and stress of FBG change, the effective refractive index and period of FBG change, and the central wavelength shifts. The wavelength offset has a stable linear relationship with the change of the physical quantity to be measured. Finally, the demodulation system demodulates the size of the parameters to be measured at the measurement point through the offset of the central wavelength of the reflection spectrum.
2.2.2 Fiber Bragg Grating Demodulation Technology
With the development and application of Fiber Bragg grating sensor, the demodulation technology of Fiber Bragg grating also needs to be improved. Demodulation technology is to convert the wavelength coded FBG sensing signal into electrical signal, and then convert it into digital signal that can be visually displayed and analyzed through analog-to-digital conversion, so as to finally obtain the data of physical quantity to be measured. In 1997, Dennis et al. Studied the demodulation method of demodulating grating sensor array using passive mode-locked fiber laser. The system can quickly sense large strain, the source bandwidth exceeds 85 nm, and multiple sensor arrays can be added. Arajo et al. Proposed a closed-loop technique for measuring the wavelength offset of fiber Bragg gratings by using a fused tapered wavelength division multiplexer in 1998. The spectral response of the wavelength division multiplexer can be actively adjusted by expanding the coupling region to maintain a fixed coupling ratio between the Bragg wavelength reflected by the fiber Bragg grating and the wavelength division multiplexer. The closed-loop operation can obtain high sensitivity without affecting the measurement range.


In 2000, song et al demodulated the fiber Bragg grating strain sensor by orthogonal sampling with Mach Zehnder interferometer. When the strain resolution is 3.5 and 6 respectively, the sampling rate of strain sensing is as high as 30kHz. Nunes et al. Analyzed the fiber Bragg grating demodulation system with two fixed filters in 2004. By adjusting the spectral position of filter in the filter and the optical power of the signal measured by the two photodetectors, different system configurations are adopted. When the working spectral range of the system is 7nm, the uncertainty of measurement accuracy is less than 2pm. Gatti David et al. Carried out demodulation experiments using a specially designed structured fiber Bragg grating composed of Fabry Perot coupling cavity in 2008. The experiments show that the demodulation effect of the device is the best when the differential phase shift keying signal rate is 10Gbit / s. The bit error rate measurement results show that the demodulator can improve the performance by about 2.8dB compared with the traditional Gaussian filter. Daniele et al. Used Karhunen Loeve transform (KLT) in spectral domain to accurately detect optical fiber sensors in 2015. In this method, the sensor spectrum is roughly sampled by KLT, and then the obtained spectral signal eigenvalues are processed to decode the results of multiple optical sensors. Experiments show that the return accuracy of KLT is higher than other demodulation technologies, and has higher anti noise ability. 2019, Sławomir Cięszczyk et al. Proposed a spectral demodulation method based on tilted fiber Bragg grating (TFBG). The method is based on calculating parameters related to the spectral difference between local averages within the occurrence range of cladding modes. The basic parameter used is the average absolute deviation from the local average, and the cumulative form of the calculated parameters can also be used to determine the cut-off wavelength.
2.2.3 Demodulation method of fiber Bragg grating sensor
Fiber Bragg grating sensor needs effective signal demodulation method to realize accurate measurement and demodulation of the sensor, obtain accurate measurement information from the spectral signal reflected by the sensor, and demodulate the measurement information. The demodulation system directly affects the demodulation accuracy of the sensor and is the main index to determine whether the sensor can be used.
Common demodulation methods of fiber Bragg grating sensing system include spectrometer detection method, unbalanced Mach Zehnder interferometer interference demodulation method, matched grating demodulation method, edge filter demodulation method, tunable F-P filter demodulation method, etc.
The first is the spectrometer detection method. The demodulation method using the spectrometer is very simple and easy to operate. Demodulation process of spectrometer demodulation method: the light wave is emitted from the broadband light source, transmitted to the FBG through the optical circulator, and the light wave meeting the coupling requirements is reflected to the spectrometer through the optical circulator. The spectrometer directly measures the spectral characteristics and demodulates the wavelength to obtain the offset of the central wavelength of the FBG. The structure of spectrometer demodulation method is shown in the figure below:
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Fig. 2 structure of spectrometer demodulation method

The sensing system adopts the demodulation method of spectrometer. Although the composition structure is simple and the measurement method is relatively simple, the system can be built anytime and anywhere, but the scope of application is limited and can only be measured in the laboratory. When the ordinary spectrometer with low resolution and low price is used, the demodulation accuracy is relatively low, which can not meet the accuracy requirements of current monitoring parameters; When a high-precision spectrometer with high resolution and high price is used, the sensing system is limited by the location and is not easy to move due to the large volume of the spectrometer. In the sensor demodulation system, the spectrometer can only display the wavelength value, and the spectrometer can not convert the optical signal containing the physical quantity to be measured into electrical signal, so it can not collect the corresponding data, and can not complete the functions of automatic information acquisition and intelligent system control, so the application feasibility is not high enough.
Another demodulation method is unbalanced Mach-Zehnder interference demodulation method. The core device of unbalanced Mach-Zehnder interference demodulation method is unbalanced M-Z interferometer. This method demodulates the corresponding change of FBG reflection center wavelength by detecting the phase change of optical signal. The demodulation process of this method is: when the light wave meeting the coupling conditions reflected from the FBG passes through the interferometer, the interferometer will output a phase difference inversely proportional to the just incident light. The output phase difference has a linear correlation with the central wavelength of the FBG, and the wavelength offset can be expressed by the magnitude of the phase difference, so as to realize the wavelength demodulation of the sensing signal. The structure diagram of unbalanced M-Z interference demodulation method is shown in the figure below.
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Fig. 3 detection structure diagram of unbalanced M-Z interference demodulation method

Although the sensitivity and measurement range of the sensing system using this demodulation method are not easy to adjust and unstable, and the FBG can not be reused in a large number, and its demodulation accuracy is limited by the phase change range, the sensing demodulation system can have relatively high resolution and can detect dynamic variables.
Matched grating demodulation method, demodulation process of matched grating demodulation method: when the physical value of the signal to be measured changes, the central wavelength of FBG reflected light also shifts to a certain extent. Under the action of piezoelectric ceramics (PZT), the reference grating scans continuously within the range set in advance, so that its reflected wavelength changes continuously, When the reflected wavelength of the shifted FBG coincides with the reflected wavelength of the reference grating, the photodetector converts the collected reflected light signal into a digital signal after a series of conversion, and then calculates and outputs the measured data after corresponding data processing. The detection structure diagram of matched grating demodulation method is shown below.
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Fig. 4 detection structure of matched grating demodulation method

Edge filter demodulation method. Edge filter demodulation method is a wavelength demodulation technology that converts wavelength change into optical power change. It uses the functional relationship between the change of FBG central wavelength and the power change of photosensitive signal according to the linear relationship, and calculates the change of sensing information detected by FBG by measuring the power fluctuation of light intensity. Demodulation process of edge filtering method: after the optical signal reflected by FBG passes through the second 3dB coupler, the optical wave is shunted to the edge filter and the photodetector with analog-to-electrical conversion function, and then reaches the signal processor for data processing and analysis. Finally, the FBG parameter change is output, showing the size of the physical change caused by external disturbance. The detection structure diagram of edge filter demodulation method is shown in the figure below.
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Fig. 5 detection structure diagram of edge filter demodulation method

2.3 Demodulation method of interferometric optical fiber sensing
Interferometric optical fiber sensing system is sensitive to the outside world and has high detection accuracy. It can play an important role in strain, temperature monitoring and gas and liquid concentration measurement. Therefore, it is one of the important methods in the field of high-precision optical fiber detection. The interferometric optical fiber sensing system adopts the sensing mode of phase modulation. When the external information acts on the optical fiber, the phase of the internal transmitted optical signal changes. Because there is no optical detector that can directly detect the phase change of the optical signal, the phase change of the optical signal must be transformed into the change of the optical signal strength by means of interference in the transmission process, Finally, the information to be measured is demodulated after photoelectric conversion.
2.3.1 Demodulation method of Fiber Bragg grating sensor
Due to various outstanding advantages of interferometric optical fiber sensing system in sensing measurement, it has been widely studied and developed. Among them, Mach-Zehnder interference structure, Michelson structure, Sagnac interference structure and Fabry-Perot interference structure are four kinds of interferometric sensing structures commonly used by people. The four main interference structures will be briefly introduced below.
2.3.1.1 Michelson interferometric optical fiber sensing structure
Michelson interferometer is a double beam interferometer based on the principle of separated amplitude, which affects the change of light intensity of interference signal through the amplitude of signal light and reference light. It is a precision optical measuring instrument designed and proposed by American scientist A.A. Michelson in the 1980s. Its system optical path is shown in the figure below. The light of the light source is equally divided through a 3dB coupler and sent to the measuring arm L1 and the reference arm L2. After being reflected by the end mirrors of the two arms, interference occurs at the right port of the coupler and the signal is received by the PD. When the change of the external environment acts on the measuring arm, the optical path difference between the measuring arm and the reference arm changes, resulting in the change of the spectrum after interference. The change of the intensity of the interference spectrum is collected by the photodetector, and the change of the environment can be obtained after demodulating the interference spectrum.
[image: ]
Fig. 6 structure diagram of Michelson interferometer

Michelson interferometric sensor can be used to measure many parameters such as stress, vibration and displacement. It has high detection accuracy. It is the most typical application in optical fiber hydrophone and accelerometer. In 1980, Ohashi et al. Of Japan completed the displacement measurement of micron scale using Michelson interference structure for the first time. In 1995, Wang et al. Of American scientists reported that they completed the high-precision measurement of spatial position using white light fiber interferometer. Stephanus and others in South Africa completed the detection experiment of optical fiber positioning disturbance using Michelson interference structure in 1997, and have more accurate  results in 200m distributed optical fiber sensing. In 2007, yam et al. Made two abrupt conical structures on a single-mode fiber and realized this interference structure on a single fiber, which improved the sensitivity and accuracy of Michelson interferometer in response to changes in the external environment.
2.3.1.2 Michelson interferometric optical fiber sensing structure
Mach Zehnder interferometer is also based on double beam interference, and its optical path structure is shown in the figure below. The light of the light source is divided into two beams through the 3dB coupler C1, which enter the reference arm and the measuring arm respectively. When reaching C2 at the ends of the two arms, the interference occurs, and the interference optical signal is received through two PDs. The collected optical signal intensity is affected by the phase difference between the measuring arm and the reference arm. When the external environment acts on the optical fiber, it affects the length and refractive index of the optical fiber on the measuring arm, resulting in the change of the phase information of the interference signal, that is, the change converted into the light intensity signal after being collected by the photodetector. Through the corresponding demodulation algorithm to demodulate the light intensity signal, the changes of detection physical quantities such as strain, temperature and magnetic field can be obtained.
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Fig. 7 structure diagram of Mach Zehnder interferometer

M-Z interferometric sensor has the advantages of high precision and wide detection range. It is widely used in vibration measurement and distributed sensing experiment. In 1979, Hocker of the United States first used M-Z interferometer for temperature measurement and pressure measurement. Kersey et al. Of the United States used the M-Z interferometer to demodulate the wavelength change of FBG in 1992 and completed the dynamic strain detection experiment. In 1996, E.M. Dianov et al realized an all fiber M-Z interferometer using two long-period fiber gratings. In 2000, Yin et al. Of the University of Pennsylvania completed the strain measurement based on M-Z interferometer, which improved the system resolution and acquisition speed. In 2009, Ping et al. Completed the experiment of simultaneous resolution of temperature and refractive index by M-Z interferometer in a conical single-mode fiber. In 2011, L. Liang et al. Used the latest femtosecond laser technology to fabricate micro pore structure in single-mode fiber, realized all fiber M-Z and completed high-precision temperature measurement experiment. At the same time, M-Z interferometer has also been widely used in temperature, strain, displacement, gas concentration and other sensors.
2.3.1.3 Michelson interferometric optical fiber sensing structure
The principle of Sagnac interferometer is different from the above two interferometers. It is a circular interference structure composed of a single optical fiber, and its system structure is shown in the figure below. When the optical signal emitted by the laser passes through the 3dB coupler and is divided into two beams, the light enters the annular Sagnac structure in clockwise and counterclockwise directions respectively, and finally returns to the coupler and interferes. The interference optical signal is converted into an electrical signal by PD acquisition. When the external environment changes, the ring structure rotates and generates the angular velocity perpendicular to the incident beam, the phase of the two beams will change, so as to change the light intensity information of the interference signal. The parameter information of the angular velocity to be measured can be obtained by demodulating the light intensity information.
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Fig. 8 structure diagram of Sagnac interferometer

Sagnac structure can reduce the impact of phase fluctuation on the signal, has good anti-interference ability, and has outstanding advantages in detecting angular velocity. Therefore, it has been widely used in fiber optic gyroscope. In 1913, French scientist Sagnac proposed a rotatable ring interferometer and discovered the Sagnac effect. In 1976, vali et al. First appeared and completed the measurement of diagonal velocity and angular phase by using Sagnac interferometry. Since then, the sensing research using Sagnac interferometer has been continuously reported. Among them, the most mature application is fiber optic gyroscope, which has achieved rapid development and become the mainstream in the field of aerospace. It is widely used in missile, rocket, aircraft and other fields. At the same time, optical fiber current transformer based on Sagnac interference principle is also widely used in power monitoring.
2.3.1.4 Fabry Perot interferometric optical fiber sensing structure
Fabry Perot sensor is an interferometer without reference light. The main part is a resonant cavity structure composed of a pair of relatively placed and adjustable high mirrors. The working principle is shown in the figure below. When the light emitted by the laser enters the Fabry Perot cavity, multiple reflection and transmission occur on the two reflecting surfaces composed of mirrors M1 and M2, forming multi beam interference, which is collected by the photodetector PD. F-P interferometer can be divided into two types: eigen type and non eigen type. When the F-P cavity length changes due to the influence of the external environment, the wavelength of the transmitted light also changes accordingly. The purpose of optical fiber sensing measurement can be achieved by wavelength demodulation of the collected signal.
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Fig. 9structure diagram of Fabry Perot interferometer

Because the F-P interferometer has the advantage of simple structure, its cavity length can be flexibly changed from several nanometers to several centimeters according to the demand, so it can make a variety of specifications and types of F-P optical fiber sensors, and has high spatial resolution. In 1988, American scientists Lee and Taylor disclosed the intrinsic F-P sensor. Three years later, they realized high-precision temperature sensing experiment by using F-P interferometer and low coherent LED light source. In 1998, kaddu and others in Australia used silica coating to form the resonator reflector of F-P interferometer, and completed the optical fiber sensing measurement experiment of simultaneous measurement of temperature and tension. In 2005, Xiao et al. Of the Metrology Institute of Canada completed the measurement of the refractive index change of ammonia through a simple F-P interference structure sensor. In the same year, Kim et al. In the United States made a single-mode fiber probe using an F-P interferometer and a long-period fiber grating to measure the ambient temperature and air refractive index at the same time. In 2007, Wang et al. In the United States used ultrashort fiber gratings to form an F-P interference sensing system, which reduced the insertion loss, increased the multiplexing number of fiber gratings, and completed the temperature and pressure experiments of 50 sensors. Through continuous development, the new F-P interferometer abandons the structure of two relatively demanding parallel reflection mirrors of the traditional F-P interferometer, reduces the system loss, reduces the volume of the interferometer, and makes it suitable for more application scenarios.
2.4 Demodulation algorithm of optical fiber sensor
The principle and method of demodulation system and demodulation algorithm will affect the accuracy of demodulation system. Fiber Bragg grating demodulation algorithm is mainly divided into two parts: filtering algorithm and peak seeking algorithm. Filtering algorithm is the first step of signal processing. Its main function is to smooth the signal and reduce noise. The peak seeking algorithm is to determine the final result. The purpose of filtering algorithm is to make the signal more smooth and continuous, and eliminate the influence of noise and irrelevant quantities in the signal. The filtering methods mainly include average filtering, limiting filtering and median filtering.
2.4.1 Common algorithms for fiber Bragg grating demodulation
Moving average filtering: this filtering algorithm regards the obtained n groups of data as a combination, and the length of the combination is set as n. each time a new group of data is collected, it is placed at the tail end, and the array at the head end is deleted. Therefore, n groups of dynamic newly collected data are maintained in the whole filtering process. The output of the nth sampling after filtering is:


This filtering method has a good suppression effect on the interference of small period high-frequency noise, and can increase the amount of data and improve the sensitivity through different weighting.



Amplitude limiting filtering: it is also called program judgment filtering. It is a relatively simple filtering algorithm. This method can effectively reduce impulse interference. The principle of this method is to determine a value  according to the experience of the current data, which represents the maximum error allowed between two adjacent sampling signals. If the interpolation of the two groups of sampling signals is greater than , it indicates that the signal is abnormal and can be determined as an interference signal, which shall be removed, and the previous sampling data shall be taken as the sampling value of this time; If less than , it indicates that the signal is normal, the sampling is valid, and continue. This sampling method is effective for pulse interference signals caused by external accidental factors, and depends on known normal signals.





[bookmark: _Hlk87636950][bookmark: _Hlk87637102]Median filtering: it is to take a fixed field for the value of a point in the sampled signal and replace it with the median of a point in the field. Suppose there are n equidistant sampling points in a series of data, which can be recorded as  respectively, and the corresponding sampling data is . Then take each sampling data as the midpoint, take m adjacent data before and after, and use  to represent the data after median filtering at this point.  represents the neighborhood with m numbers taken before and after the  data point, expressed as:


Peak seeking algorithm: the digital filtering algorithm can eliminate the noise in the collected reflected signal, but the final wavelength is determined by the peak seeking algorithm. Therefore, the demodulation essence of fiber Bragg grating sensing is wavelength demodulation, and the reflection spectrum is marked as a single peak signal similar to Gaussian distribution, so the determination of the peak determines the modulation accuracy. The first is the weighted power method, which is a simple and effective peak searching algorithm. The principle is to weight a series of data as abscissa and ordinate, and take the optical power as the weighted value of the coordinate system to weighted average all the collected data. In the fiber Bragg grating demodulation system, the center wavelength is expressed as:


Gaussian polynomial fitting method: the reflected spectral signal of fiber Bragg grating highlights a single peak, which is similar to Gaussian distribution, so the peak position of the returned peak spectrum corresponds to the central wavelength. Therefore, the reflected power density curve of fiber Bragg grating can be fitted by approximate Gaussian function. The curve expression is:





In the above formula,  represents the maximum light intensity of the fiber Bragg grating reflection spectrum, that is, the light intensity when the central wavelength is , and  is the half height and full width of the reflection spectrum. Gaussian fitting is to transform the above expression to obtain wavelength information. The specific steps are to properly transform the above formula and convert its nonlinear parameter into linear form. The natural logarithm on both sides of the formula can be obtained:


Let 


Then the formula:


It can be written as:


The sum of squared deviations s of the above formula is:


Let S be the minimum value, where:


Partial derivatives are obtained for a, b and c respectively：


The above formula is a ternary primary equation group. By bringing the collected FBG reflection spectrum digital signal into this ternary primary equation group, a, B and C can be obtained.





Another algorithm is cubic spline interpolation algorithm: interpolation algorithm is also very common in peak seeking algorithm. Cubic interpolation algorithm is more flexible and has good calculation speed and stability. The principle of the algorithm is to assume that the interval is  and there are  dielectrics, in the middle,  ,and the corresponding function value is:


If the function: 








[bookmark: _Hlk87638094][bookmark: _Hlk87638117][bookmark: _Hlk87638148][bookmark: _Hlk87638162]is satisfied, the cubic polynomial function is expressed on each sub interval , and the second derivative of  is continuous on . Then  is called cubic spline interpolation of  in . Set:


The solution can be obtained according to the following three types of boundary conditions:

(1) 

(2) 

(3) 
2.4.2 Quadrature demodulation algorithm
Orthogonal demodulation method was first applied in the field of radar communication. Due to its easy implementation in digital signal processing, it has achieved rapid development. Many algorithms using orthogonal demodulation based on fast Fourier transform, Hilbert transform, digital interpolation and direct digital mixing have been derived. The quadrature demodulation method is generally divided into three parts: mixing, filtering and demodulation. In the demodulation system, a group of quadrature modulation signals are obtained by multiplying the received digital signals with a group of quadrature local oscillator signals constructed by the computer, and then the phase information is solved after filtering. The arctangent demodulation method is often used in the demodulation process, The phase information is obtained by arctangent processing after division operation.
2.5 conclusion
This chapter first introduces the fiber sensing technology and the sensing principle of fiber Bragg grating sensor, and introduces in detail a variety of fiber Bragg grating demodulation technologies, such as spectrometer detection method, unbalanced Mach -Zehnder interferometer demodulation method, matched grating demodulation method, edge filter demodulation method, and tunable F-P demodulation method, and gives the structure block diagram. According to the research content of this project, the interferometric optical fiber sensing technology is introduced, and several commonly used interferometric sensing structures are introduced, such as Michelson interferometric optical fiber sensing structure, Mach Zehnder interferometric optical fiber sensing structure, Sagnac interferometric sensing structure and Fabry Perot interferometric sensing structure, which lays a knowledge foundation for subsequent research.
[bookmark: _Toc56713294][bookmark: _Hlk60597062]3 RESEARCH AND DEVELOPMENT METHODOLOGY
Through literature review, the purpose of this subject is clarified, and an algorithm which can improve the demodulation accuracy of frequency shift interferometry system is found. Because of this, we must understand the frequency shift interferometry system and the corresponding demodulation algorithm, and reserve the relevant knowledge needed to achieve this goal to study and design this topic. In the early stage, through literature review, I was familiar with the related concepts of optical fiber sensing, understood the working principle of frequency shift interferometry system and some common demodulation algorithms suitable for this system, and analyzed them according to the knowledge learned in the library or network; To study this project, firstly, on the basis of consulting a large number of data, we understand the definition and principle of frequency shift Interferometric Demodulation System and phase demodulation algorithm of frequency shift interferometric phase demodulation system in detail. Then, according to the characteristics of frequency shift interference system and quadrature demodulation algorithm, firstly, the digital mixing method, a mature quadrature demodulation algorithm, is simulated by MATLAB software to obtain the change of phase. Build the FSI phase demodulation system, collect the data through the data acquisition card, process the data, get the results, and compare them with the simulation results.
Software preparation: MATLAB 2016, LabVIEW2018, etc
Hardware preparation: personal computer using Windows 10 operating system, Ni data acquisition card, TLS laser, AOM, etc.
3.1 Detailed analysis of frequency shift interferometry
Frequency shift interferometry (FSI) is a new type of optical fiber sensing technology. Its main structure is a Sagnac ring. An acoustooptic modulator is added to its ring structure to produce a fixed difference in the phase of clockwise and counterclockwise optical signals, so as to interfere when they meet again. At present, there are mainly two frequency shift interference structures based on Sagnac ring and unbalanced mahzender interferometer, which have been applied in experiments. The emergence of FSI technology solves some shortcomings of the traditional interferometric sensing system, reduces the requirements for the detection system, and uses differential detection technology to improve the signal-to-noise ratio of the signal.
3.1.1 Principle of frequency shift interference Sagnac ring
The Sagnac ring interference structure was used when the frequency shift interference technology was first proposed. The frequency shifter AOM (acoustooptic modulator) was asymmetrically added to the original ring structure. Due to the inconsistent path length from AOM (acoustooptic modulator) to the two ports of the coupler, the two beams of light with opposite propagation directions produce a constant phase difference, so the interference phenomenon will occur when they reach the coupler again, See the figure below for details.
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Fig. 10 optical fiber Sagnac frequency shift interference structure









The light emitted by the light source with frequency is divided into two optical signals with the same intensity through the coupler, and then enters the Sagnac ring structure. A beam of light enters L1, enters AOM in a clockwise direction, changes the frequency  at AOM, and then returns to the coupler along L2; The other beam of light first reaches the AOM through L2, changes the frequency , and then returns to the coupler through L1. The two beams of light with frequency  interfere in the coupler. Let the incident light intensity be , where  is the incident light intensity and  is the frequency of the incident light, then the two optical signals propagating in the opposite direction will finally reach the electric field intensity  and  at the coupler 1 port after modulation, which are:





Where, the spectral coefficient of 3dB coupler is k, n is the refractive index of optical fiber, C is the speed of light propagation, and F is the frequency shift of AOM. In the experiment, since the value of F is far less than V, the refractive index change caused by light dispersion effect can be ignored, so the total field intensity  output at port 1 is as follows:


The expression formula for converting the electric field intensity into the corresponding light intensity is:


The light intensity formula of the two beams of light propagating in the opposite direction in the ring structure at the coupler port 2 is:



Therefore, the light intensity difference  between the two ports is finally obtained through the FSI system:




It can be seen from the above formula that the light intensity difference  is a standard cosine function. When the interference light is affected by the external environment, the phase change  is:






In the above formula,  is the frequency of the differential signal, which is determined by the fiber length difference from AOM to both ends of the coupler. At the same time, when using AOM frequency sweep, it can be obtained that frequency  is a function of time . the position information of AOM can be obtained by fast Fourier transform of the collected differential signal .
3.1.2 Principle of frequency shift M-Z interferometer
The frequency shift interference system based on unbalanced M-Z interference structure is to add a frequency shifter AOM to one arm of the traditional M-Z interference structure. The system structure diagram is shown as follows.
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Fig. 11 frequency shift interference structure of M-Z interferometer






The light emitted by the light source is first divided into two beams of uniform intensity through 3dB coupler C1. One beam of light wave enters AOM along La, and the other beam of light propagates counterclockwise along Lc and generates a frequency shift of  through AOM. Due to the different frequencies when the two beams enter C2, interference will not occur. The two beams of light are reflected back by the mirror r behind Lz and enter C2 for the second time. Each beam of light is divided equally again and enters the frequency shift structure from two directions. The frequency of light propagating counterclockwise through path La does not change, and the frequency shift of light passing clockwise through path Lb in AOM. Finally, four beams of light with the same intensity converged at C1, and the frequencies are ,  ,  . The optical signal frequency after only one AOM is the same as , which meets the interference principle and produces optical interference, and the remaining two beams become the system background noise. The photoelectric conversion is completed through the balance detector BD and the background noise is eliminated before processing.

The FSI system based on unbalanced M-Z interference structure is the same as the FSI system based on Sagnac in principle. Only the optical signal with primary frequency shift can interfere at C1, and the other optical signals will not interfere, thus becoming the system background noise. Assuming that the electric field intensity of the incident light at C1 is still , the electric field intensities of the two beams of reflected interference at the two ports of coupler C1 are respectively:


















Where  , , and  are the length of the transmission optical fiber in turn,  and are the spectral ratio coefficients of C1 and C2, R is the reflection coefficient of the mirror,  is the effective refractive index of the optical fiber, and ,  and  are the loss coefficients of the optical wave signal in the process of optical fiber transmission respectively.
The interference field intensity formula and light intensity formula of two beams of light interfering at port 1 of coupler C1 are as follows:





It can be seen from the above formula that the two interference optical signals obtained at Ports 1 and 2 of C1 have the same DC component, while the frequency shift interference technology adopts the method of differential detection. When the photoelectric conversion is carried out by using the balance detector, the differential interference signal  with DC component eliminated can be obtained by subtracting the two signals:







It can be seen from the above formula that the differential signal  finally obtained by the frequency shift interference system based on the unbalanced M-Z interferometer structure is also a cosine function of , and the frequency of the signal is a function of . Since the position of AOM in the system has been fixed,  is a fixed value, so the frequency is only affected by the distance  between the mirror and the coupler C2. Therefore, the output cosine formula can be simplified as follows:




Where. From this formula, when the FSI structure is composed of C1, C2, AOM and FBG in the system, the only difference is that l mentioned in the above formula is the additive value of multiple . The Fourier peak obtained by fast Fourier transformation of the light intensity difference formula is the same as the position of each reflection point, and then the position information of each FBG is obtained by windowing function method and inverse Fourier transform.
3.2 Detailed analysis of quadrature demodulation algorithm digital frequency hybrid method
3.2.1 Definition of digital frequency mixing method
Digital mixed frequency method is also a common demodulation method of orthogonal demodulation technology in digital signal processing. It realizes phase demodulation by converting the received digital signal into two orthogonal signals. Because of its advantages in digital signal processing, it has been widely used in the fields of communication and radar. Direct digital mixed frequency method is generally divided into three parts: mixing, filtering and demodulation. The purpose is to remove the carrier frequency in the signal and obtain the baseband signal. The key of demodulation is the generation of local oscillator signal. The principle of digital frequency mixing method is shown in the figure below.
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Fig. 11 principle of digital mixed frequency method


When using the digital mixed frequency method for phase demodulation, it is assumed that an IF signal  is as follows:





By multiplying  with the local oscillator signals and  constructed by the computer, a group of orthogonal frequency doubling modulation signals are obtained as follows:




3.2.2 method of obtaining phase by digital mixed frequency method
In the digital mixed frequency method, the quality of the local oscillator signal is the key to the signal processing accuracy. When the signal center frequency is known, the local oscillator signal can be constructed directly according to the known, but when the signal frequency is unknown, it is necessary to solve its center frequency first. In this system, firstly, the computer is used to read the interference signal collected by the data acquisition card, perform fast Fourier transform on it, obtain the corresponding position of the maximum amplitude after FFT, and obtain the frequency of the interference signal. Then, two local oscillator signals are generated by the computer to change the phase of one of them to obtain a group of orthogonal signals. Multiplying the constructed orthogonal local oscillator signal by the original interference signal, there are frequency doubling component and difference component in the phase of the orthogonal modulation signal, and the difference component is the initial phase we need to demodulate. The frequency doubling signal is eliminated by filtering the two orthogonal modulation signals to obtain the difference frequency signal with lower frequency, and then the phase information is demodulated by arctangent transform. The known signals are as follows:





[bookmark: _Hlk87646408][bookmark: _Hlk87646413][bookmark: _Hlk87646418]Let the initial phase to be , and the frequency of the signal to be . Therefore, we construct two orthogonal LO signals as follows:





In the above formula, let the initial phase  is  and the frequency of the signal is . Therefore, we construct two orthogonal LO signals as follows:




Then multiply the above two local oscillator signals with the known interference signals to obtain a group of modulated quadrature signals, as follows:










From the above orthogonal signals  and ,  and  are the initial phases we need to solve. Since the parameters in the function are known quantities, the two components in the  and  signals are specifically reflected as the DC component in the signal. Therefore, only the DC component needs to be solved to demodulate its phase information. The arctangent method is still used to solve the phase. The specific formula is as follows:


3.3 Simulation and experimental design of interference phase quadrature demodulation algorithm in FSI system
The accuracy of the phase demodulation algorithm is verified by simulation and experiment. In the simulation part, the phase demodulation is carried out by directly changing the wavelength of the interference formula. In the experimental part, the tunable laser is adjusted to output the optical signal of a specific wavelength. Through the phase demodulation results of the interference spectrum, the demodulation effect of the algorithm in the actual signal is obtained and verified by experiment.
3.3.1 Simulation demodulation design of digital mixed frequency method
When demodulating the phase through the digital mixed frequency method, first construct two orthogonal LO signals in MATLAB according to the frequency of the interference signal, so that the two orthogonal modulation signals obtained after modulating the original sampling signal and the LO signal, and then demodulate the modulated signal. The designed demodulation process is shown in the figure below:
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Fig. 12 block diagram of digital mixed frequency demodulation method

3.3.2 Simulation verification of digital mixed frequency method
In order to obtain the demodulation accuracy of the phase demodulation algorithm in the actual interference spectrum, the light source in the intermediate frequency shift interference structure of the system is replaced with a tunable laser, and the coupler C2 is connected with a Faraday rotating mirror. At this time, the wavelength of the optical signal in the system is mainly affected by the wavelength of the input light of the tunable laser.
According to the output optical band range of the tunable laser, the optical signal is output from 1548nm, the wavelength of the TLS is continuously changed to obtain the continuous interference spectrum, the normalized interference spectrum data is saved, and the phase demodulation results of the digital mixing demodulation algorithm in the actual system are obtained by MATLAB.
3.4 data acquisition
The tool used for spectrum data acquisition is NI acquisition card, and the data acquisition program of NI acquisition card is controlled by LabVIEW. In order to ensure that the sampling signal can contain complete original interference signal information, the sampling frequency needs to meet the requirements of Nyquist theorem. Because the interference signal in the system is a low-frequency signal, the sampling frequency of 100k set by the acquisition card is enough to be greater than twice the original signal frequency, and the system cost will not be increased because the sampling frequency of the acquisition card is too high. At the same time, in order to meet the requirements of real-time monitoring, the data acquisition card selects the real-time sampling mode, the acquisition card continuously collects data, and continuously reads and saves data through LabVIEW program.
[bookmark: _Toc56713305]4 DESIGN AND IMPLEMENTATION
4.1 Construction of frequency shift interference system
The FSI phase demodulation system in this project is composed of broadband light source, optical fiber circulator, polarization controller, coupler, unbalanced M-Z interferometer, AOM, data acquisition card, balanced detector, PC, etc. TLS laser can provide stable single wavelength signal. AOM frequency modulates the passing optical signal and sends out synchronization pulse signal to ensure the synchronization of hardware in the system in time. The balance detector performs photoelectric signal conversion and differential operation, so that the data acquisition card can receive the interference signal and send it to the PC. the PC controls the parameter setting of the above hardware and carries out data processing and display.
Tunable laser (TLS), which can be tuned in a wide wavelength range, has high power and high signal-to-noise ratio. It can output optical signals in the range of 1560-1680nm, with minimum accuracy of PM, wavelength stability of pm and output power of dBm. At the same time, the laser supports GPIB, USB serial communication and automatic measurement. It has the characteristics of coherent control. It is widely used in optical fiber sensing measurement and spectral analysis experiments. Spontaneous emission (ASE) light source is also used in the experiment. The output power is adjusted by controlling APC, and the optical signal of 1525-1610 nm is output, which can meet the wavelength conversion range of FBG.
Acoustooptic modulator (AOM) is an externally modulated optical product, which is composed of piezoelectric transducer and acoustooptic medium. When the driving power supply applies a fixed frequency driving signal, the transducer generates an ultrasonic signal of the same frequency, which makes the refractive index of the acoustooptic medium change periodically, so that the acoustooptic medium plays the function of phase grating. When the incident light passes through the AOM, it is affected by the ultrasonic signal in the acoustooptic medium, resulting in the change of its propagation direction and diffraction phenomenon. Because the AOM frequency shift adopts the Bragg first-order diffraction effect, and does not affect the polarization state of the optical signal. The driving power supply can act the external signal on the piezoelectric transducer to generate the ultrasonic signal that changes with the external signal, change the diffraction light intensity and realize intensity modulation; When the external signal is not affected by time, the diffracted light only changes frequency and realizes the function of frequency shift.
Balanced detector (BD) is an important device to realize coherent detection function. Its receiving sensitivity is 20dB higher than that of optical detector of direct detection technology. It can realize photoelectric conversion function and differential operation, and improve the effective utilization of optical signal. It contains an ultra-low noise impedance amplifier, a tunable filter and two photodiodes that can improve the common mode rejection ratio. The maximum gain of the BD to the optical signal can reach 10000, and the filtering within 10MHz can be realized. The balance detector also has two detection ports, which can realize the optical signal detection of a single port and the differential detection of two ports. The differential detection can make full use of the input signal, eliminate the DC component and system noise, and improve the signal-to-noise ratio of the system.
The data acquisition card is usb-6361 produced by NI company, and the acquisition rate is controlled by computer. In this experiment, the sampling rate is set to 100kHz. By connecting with BD, the signal after photoelectric conversion can be collected as discrete digital signal and transmitted to the computer. The acquisition card starts acquisition after receiving the pulse signal of AOM to ensure that the time between AOM, data acquisition card and TLS is consistent. The computer receives and processes the data collected by the data acquisition card in real time through LabVIEW program.
The FSI system of this project has made some changes on the FSI system based on unbalanced M-Z interference structure. The interference structure is as follows.
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Fig. 13 demodulation structure of FSI phase system
In the FSI system, the propagation path of the optical signal is basically similar to the unbalanced M-Z interference structure, but when passing through path A, the propagation direction is somewhat different due to the existence of the new ring structure. When the optical signal passes through the circulator Cir, it can only go from port 1 to 2 and from port 2 to 3. The propagation path of the optical signal is shown in the table below.
	Field component
	propagation path
	Reflected light to frequency at coupler C1

	EAA
	C1→La→Lb→C2→Ld→C3→Lz→R1→
Lz→ C3→Ld→ C2→Lc→La→ C1
	v

	EAB
	C1→La→Lb→C2→Ld→C3→Lz→ R1→
Lz→ C3→Le→AOM→Lf→C1
	v+ƒ

	EBA
	C1→Lf→AOM→Le→C3→Lz→R1→
Lz→C3→Ld→C2→Lc→La→ C1
	v+ƒ

	EBB
	C1→Lf→AOM→Le→C3→Lz→R1→
Lz→ C3→Le→AOM→Lf→ C1
	v+2ƒ


Table 1 optical signal propagation path of FSI system




Similarly, only after AOM once, the optical signal with frequency  can produce interference at C1, and the other two beams become system noise. When the incident photoelectric field intensity is , the field intensity formulas of two beams with frequency  at Ports 1 and 2 of C1 are as follows:








Then the interference light intensity formula occurring at two different ports of coupler C1 is as follows:





[bookmark: _Hlk63704268]The interference light at port 2 directly enters the balance detector, and the interference light at port 1 enters the balance detector after passing through the circulator cir. the difference operation is performed on the two interference signals, and the output is:










Where , ,  is the center wavelength of the transmitted optical signal. From the above formula, the output light intensity difference signal  is still a cosine function about the frequency shift, where the frequency of the cosine function is , and the latter term  is the initial phase of the cosine function. When the central wavelength  of the optical signal changes due to the change of the external environment, the phase of the interference signal moves. For the sinusoidal function, the phase change  corresponds to one cycle, as follows:






Where  is a fixed and the value is 0.2731mm. Let , the difference between optical wavelengths  and  is calculated to be 6nm, that is, it can be considered that the corresponding wavelength change is 6nm when the phase of the interference signal changes for one cycle. Therefore, when the phase demodulation of the interference signal is carried out through this correspondence in the experiment, the change of the central wavelength of the optical signal can be calculated from the demodulated initial phase information. It is a wavelength demodulation method that can know the change without knowing the wavelength of the light source.
4.2 digital mixed frequency demodulation simulation

According to the figure13, the differential signal and various equipment parameters are simulated in MATLAB.
The program code is as follows:
clc;clear all
L0=xlsread('data.xlsx');
n0=1.468;
L11=40;L12=2.3;l1 = -2.731144414168858e-04;
ac=10^(-0.5/10);% Circulator
a=0.2*10^(-3);% Loss coefficient of optical fiber
r1=0.5;r2=0.5;% Spectral ratio of two couplers
ka=10^(-0.0002/10);kb=10^(-0.5002/10);% Transmission coefficients of patha and patha
p=1;G=1000;%
R1=0.9;R2=0.06;% Reflectivity of two Fabry Perot sensors
TR1=1-R1;TR2=1-R2;
I0=2;
k11=10^(-2*L11*a/10); k12=10^(-2*(L11+L12)*a/10)*TR1^2;
A11=4*ac*ka*kb*r1*r2*(1-r1)*(1-r2)*I0*k11*R1*p*G;
delf=20*10^6;tsw=1;T=0.001;% AOM scanning frequency range, scanning time, step scanning time
N=20/0.02;n=0:N-1;t=n*T;
f=delf*t/tsw;               %20M
c=3*10^8;
wav2 = 1549*10^(-9);
wav1 = 1548*10^(-9);
wav4 = 1551*10^(-9);
wav3 = 1550*10^(-9);
wav5 = 1552*10^(-9);
wav6 = 1553*10^(-9);
wav8 = 1556*10^(-9);
wav7 = 1554*10^(-9);
wav9 = 1557*10^(-9);
Set the change of wavelength to obtain the phase demodulation data of 1548-1554nm wavelength with an interval of 1nm. As shown in the following table:
	wavelength（nm）
	phase（rad）
	phase（°）

	1548
	3.1356
	179.654

	1549
	2.0894
	119.712

	1550
	1.0434
	59.783

	1551
	3.12E-05
	0.0017

	1552
	-1.0502
	-60.172

	1553
	-2.1002
	-120.333

	1554
	    3.1356
	           179.654


Table 2 Simulation data full cycle phase demodulation results

The phase difference between adjacent wavelengths is calculated according to the above results, as shown in the table below:
	wavelength（nm）
	phase（rad）
	phase（°）

	1549-1548
	-1.0462
	59.947

	1550-1549
	-1.0460
	59.936

	1551-1550
	-1.0434
	59.787

	1552-1551
	-1.0501
	60.166

	1553-1552
	-1.050
	60.165

	1554-1553
	-1.0474
	60.016


Table 3 Phase difference between adjacent wavelengths of simulation data

Taking the wavelength of 1548nm as an example, the MATLAB simulation program is as follows:
%%%%%%%%%%%%%%%%%%%%%%%%%1548%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
It01=sin(4*pi*n0*L11*f/c-2*pi*n0*l1/wav1);
Qa1=sin(4*pi*n0*L11*f/c);
Qb1=cos(4*pi*n0*L11*f/c);
IQa1=It01.*Qa1;
IQb1=It01.*Qb1;
pskma1=-mean(IQa1);
pskmb1=mean(IQb1);
phaset1548=atan2(pskmb1,pskma1);





According to the above two tables, when the wavelength of the simulated interference signal changes by 1nm, the phase demodulation results of the adjacent wavelength signals are basically consistent with the theoretical change of 60 ° derived from the formula, and the maximum error is no more than 0.3%. We can think that when the arm length difference  is a fixed value, the wavelength change of 1 nm corresponds to the phase change of 60 °. In the simulation, because all parameters in the interference formula are set according to the actual ideal situation, it is easy to construct a pair of local oscillator signals according to the frequency of the interference signal, which makes the phase demodulation accuracy of the direct digital mixing method higher in the simulation experiment. In the actual demodulation process, the local oscillator signal construction has become the key to affect the demodulation accuracy. It is known that  is the frequency of the cosine function in the interference signal, in which  and  are known components. Only by obtaining the value of , the frequency of the output signal of the balance detector can be accurately obtained, and the ideal local oscillator signal can be constructed.

In order to verify the influence of the frequency of the LO signal on the phase demodulation results, in the simulation experiment, first set the value of the LO signal to be the same as the original interference signal, that is, 40m, to obtain the waveform of the ideal modulation signal. Then, by changing the value of  to 41, 42m and 43m respectively, the quadrature modulation signal in the non ideal modulation state is obtained. The waveform diagram is shown as follows.

（a）Modulated I signal                       （b）Modulated Q signal
Fig. 14 waveform of quadrature modulation signal



It can be clearly seen from the above two figures that when the frequency of the local oscillator signal is inconsistent with the frequency of the original interference signal, the modulation signal is distorted, and the waveform offset is affected by the frequency error. Therefore, in the phase demodulation process of direct digital mixing method, obtaining the correct  is very important for the demodulation accuracy. In the frequency shift interference system, the light from the TLS passes through two beams of light with the same intensity through the coupler C1, in which the light propagating clockwise is first reflected by the fiber grating or Faraday rotating mirror, and then reaches a port of C1 through the AOM; The light propagating counterclockwise first has a frequency shift through the AOM, and then reaches the other port of C1 after being reflected by the end fiber grating or Faraday rotating mirror. Therefore, the phase difference of the two optical signals transmitted in opposite directions is proportional to the optical path difference transmitted from the AOM to the coupler C1, and is proportional to the frequency shift  of the AOM. According to the theoretical knowledge of FSI system of unbalanced M-Z interferometer, the light intensity formula of differential interference signal is as follows:













Where  is the wavelength of optical signal,  is the frequency shift of AOM,  is the refractive index of optical fiber core,  is the speed of light in vacuum,  is a constant,  is the distance from grating to coupler , and then  is regarded as a whole .  is the reflection intensity of the grating, which is related to the output power of the light source, the coupling coefficient of the coupler and other parameters. When the system is followed by Faraday rotating mirror and other optical reflection devices,  can be replaced by its corresponding reflection coefficient.









According to the light intensity formula of the differential interference signal, the amplitude and phase of the differential interference signal  contain reflection intensity information and position information respectively. When the wavelength  output by the light source is a fixed value, the variation function  of the interference signal with  can be obtained by linear frequency shift of the optical signal through AOM, and then processed by fast Fourier transform, the spectrum of the interference optical signal with the wavelength  can be obtained, and the position information of FBG and other reflective elements can be obtained. When solving  in this system, according to the above theoretical knowledge, the position information of the reflection point is obtained by using Fourier transform on the differential interference signal, and then transformed into the frequency of the local oscillator signal. When calculating , we preset the length of ll in the interference signal, that is,  = 40m. A simulated interference signal is obtained, and then the position of the  is solved by Fourier transform.
Matlab simulation program is as follows:It011=sin(4*pi*n0*L11*f/c-2*pi*n0*l1/wav1);
It011c=It011.*hanning(N)';
M=2^20;
Iw10=fft(L0,M);
Iw20=fft(It011c,M);
mag10=abs(Iw10);
mag20=abs(Iw20);
k=0:M-1;fs0=100*1/T;Fi=fs0*k/M;
Li0=(c*tsw/(2*n0*delf))*Fi;
subplot(211)
plot(Li0(1:M/2),mag10(1:M/2),'b');
title(' Calculate the position of the grating from the experimental data ');
axis([0,1000,0,40000])
subplot(212)
fs1=1/T;Fi=fs1*k/M;
Li1=(c*tsw/(2*n0*delf))*Fi;
plot(Li1(1:M/2),mag20(1:M/2),'r');
title(' Calculate the position of the grating according to the simulation ');
axis([0,300,0,300])
plot(Li0(1:M/2),mag10(1:M/2),'b','linewidth',1.5);
xlabel(gca,'Location (m)','fontsize',15,'linewidth',5)
ylabel(gca,'Amplitude [a.u.]','fontsize',15,'linewidth',5)
set(gca,'linewidth',1.5);
set(gca,'FontSize',12); 
axis([0,600,0,40000])
The results are shown in the figure below:
[image: 光栅位置]
Fig. 15 FFT transformation diagram of interference signal



It can be seen from the above figure that the obtained by fast Fourier transform is consistent with the preset . therefore, using this method to calculate  can more accurately solve the position of reflection points such as fiber Bragg grating, construct an ideal local oscillator signal and obtain the correct modulation waveform.
5 RESULT AND DISCUSSION/EVALUATION
5.1 Verification of digital hybrid frequency demodulation algorithm
The center wavelength of the optical signal is changed by TLS, and the demodulation experiment of the phase change of the FSI system is carried out. Similarly, a Faraday rotating mirror is added behind the coupler C3 in the original system, so that the only factor affecting the change of the optical wavelength in the system is the artificially controlled TLS light source. In the experiment, first set the TLS wavelength to 1548nm, Fourier transform the interference signal received by the computer to obtain the length information, and then carry out signal modulation and phase demodulation through MATLAB. The reflection spectrum and modulation signal are shown in the figure below.

（a）Interference signal waveform     （b）Finding L position by Fourier transform
[image: ]
(c）Modulated I signal                         （d）Modulated Q signal
FIG. 16 digital mixed frequency phase demodulation
As can be seen from the above figure, the frequency of the modulated signal obtained by the digital mixed frequency method is twice that of the original interference signal.




We can know from the above formula that each modulation signal contains the initial phase we need, and the initial phase is included in the DC component of the modulation signal. After extracting the DC signal, a sine and a cosine function including the initial phase can be obtained, and then the formula is used:


The initial phase information can be obtained by arctangent operation. The spectral data collected by direct digital mixing method are processed in MATLAB, and the phase change information of the data can be obtained, as shown in the table below.
	Wavelength difference（nm）
	phase difference（rad）
	phase difference（°）

	1549.475-1548
	1.5363
	88.024

	1550.95-1549.475
	1.5575
	89.238

	1552.425-1550.95
	1.5578
	89.2553

	1553.9-1552.425
	1.5377
	88.104


Table 3 demodulation of adjacent phase difference by digital mixed frequency method
It can be seen that when the wavelength changes by 1nm, the maximum error between the phase results demodulated by digital mixing method and the theoretical value is no more than 0.97%, and the floating range of demodulation phase value is within 88.695 ° ± 0.6 °.
6 CONCLUSIONS AND RECOMMENDATAIONS
With the continuous development of optical fiber sensing technology, various forms of optical fiber sensing interference structures and phase demodulation algorithms have been proposed and improved, which makes the optimization and improvement of the algorithm to improve the demodulation accuracy of the signal become a research hotspot all the time. Because the traditional frequency shift interference structure has been widely used in single point measurement and large-scale optical fiber sensor multiplexing, and this technology has also been used to detect many parameters such as gas-liquid concentration, magnetic field and Doppler effect. Therefore, an FSI system with phase demodulation wavelength is built. In this project, according to the phase characteristics in the interference formula of FSI system, a method of solving the phase by using orthogonal demodulation is proposed. The demodulation method based on digital mixed frequency method is adopted, and good phase demodulation results are obtained. The summary is as follows:
By consulting the literature, the types and development status of interferometric sensing systems are summarized and introduced, and the research process of frequency shift interferometry is introduced. The advantages and disadvantages of the existing interferometric sensing system and its corresponding phase demodulation algorithm are analyzed, and the characteristics of FSI phase demodulation system are discussed.
The system structure and principle of frequency shift interference technology are introduced in detail. Two FSI system structures based on Sagnac interference and unbalanced M-Z interference and the formula derivation of differential interference signal are given. For the FSI phase demodulation system in this paper, the principle of quadrature demodulation algorithm of digital mixed frequency method is studied and its phase demodulation formula in this system is deduced, which provides a technical idea for practical phase demodulation.
The simulation and verification experiment of phase demodulation based on digital mixed frequency method of FSI phase demodulation system are completed by MATLAB and tunable laser. Using the digital mixing method, the maximum error of the theoretical demodulation result is 0.3%, the maximum error of the actual data demodulation result is less than 0.97%, and the overall phase demodulation result is very stable.
7 REFLECTION 
Based on the frequency shift interferometric phase demodulation system, the simulation of phase demodulation based on orthogonal demodulation algorithm is completed in this project, which verifies the feasibility of the system through the change of phase demodulation wavelength. However, due to the limitations of experimental conditions and time, there is still much room for improvement in the design of system structure and algorithm optimization. The main improvement points can be divided into the following aspects:
It can be seen from the simulation signal that the differential interference signal should have the same amplitude, but in the actual process, the interference signal will attenuate due to the loss of various components. In the later experiment, it is necessary to improve this phenomenon, which is very important to improve the progress of phase demodulation.

The more the period of the interference differential signal collected in the experiment, the better the demodulation result. In the process of the experiment, the optical fiber ring structure affecting this factor is manually wound, and the length is short, which will have a certain impact on the demodulation accuracy. At the same time, the asymmetric ring structure in the system has a very important influence on the relationship between demodulation phase and wavelength. In the experiment, because the original  is changed when the structure is packaged, the corresponding relationship between phase and wavelength is changed, which affects the original demodulation results.
7 REFERENCES 


image3.wmf
B

l


image49.wmf
(0,1)

i

in

l

=

L


oleObject46.bin

image50.wmf
,,,

()(0,1,),()(0,1,)

iiii

sMinsMin

ll

====

LL


oleObject47.bin

image51.wmf
,,,,,,,

000

(),()

nnn

sfMsfM

ll

====


oleObject48.bin

image52.wmf
,,,,

000

(),()

nnn

sfmsfm

ll

====


oleObject49.bin

image53.wmf
,,,,,,

11

(0)(0),(0)(0)

nn

ssss

llll

+=++=+


oleObject50.bin

oleObject2.bin

image54.png
L1

coupler

AOM

Frequency shifter





image55.wmf
f


oleObject51.bin

oleObject52.bin

image56.wmf
f

n

+


oleObject53.bin

image57.wmf
i2t

i0

EEe

pw

=


oleObject54.bin

image58.wmf
0

E


oleObject55.bin

image4.wmf
eff

n


image59.wmf
n


oleObject56.bin

image60.wmf
1

cw

E


oleObject57.bin

image61.wmf
c1

cw

E


oleObject58.bin

image62.wmf
(

)

(

)

(

)

12

12

22

LL

2t

2

0

22

2LL

2

0

1

1

1

nn

iif

i

i

cc

nn

ivtif

cc

CW

EkkEeeee

kkEe

pp

p

nn

pn

ppp

pnn

+

éù

++++

êú

ëû

=-

=-


oleObject59.bin

image63.wmf
(

)

(

)

(

)

21

21

22

LL

2t

2

0

22

2LL

2

0

1

1

1

nn

iif

i

i

cc

nn

ivtif

cc

E

CCW

kkEeeee

kkEe

pp

p

nn

pn

ppp

pnn

+

éù

++++

êú

ëû

=-

=-


oleObject60.bin

oleObject3.bin

image64.wmf
1

E


oleObject61.bin

image65.wmf
(

)

(

)

(

)

12

12

1

22

LL

2t

2

0

22

2LL

2

0

1

1

CW

nn

iif

i

i

cc

nn

ivtif

cc

E

kkEeeee

kkEe

pp

p

nn

pn

ppp

pnn

+

++++

éù

êú

ëû

-

=-

=


oleObject62.bin

image66.wmf
(

)

2

21

2222

1100

2

=22cos

LLf

IEkEkE

c

p

éù

êú

êú

ëû

-

=+


oleObject63.bin

image67.wmf
(

)

21

2222

200

2

=22cos

LLf

IkEkE

c

p

éù

êú

êú

ëû

-

-


oleObject64.bin

image68.wmf
I

D


oleObject65.bin

image5.wmf
L


image69.wmf
(

)

21

12

=-cos2

II

nLL

If

c

p

éù

êú

êú

ëû

-

Dµ


oleObject66.bin

oleObject67.bin

image70.wmf
j

D


oleObject68.bin

image71.wmf
(

)

21

12

=-2

nLL

f

c

jjjp

-

Dµ


oleObject69.bin

image72.wmf
(

)

21

/

nLLc

-


oleObject70.bin

image73.wmf
f


oleObject4.bin

oleObject71.bin

image74.wmf
t


oleObject72.bin

oleObject73.bin

image75.png
AOM

Frequency shifter




image76.wmf
f


oleObject74.bin

image77.wmf
n


oleObject75.bin

oleObject76.bin

oleObject5.bin

image78.wmf
2

f

n

+


oleObject77.bin

oleObject78.bin

image79.wmf
i2

i0

t

EEe

pw

=


oleObject79.bin

image80.wmf
(

)

10

z

12120

2

2

cw1

221

2

42

22

2422

(2t())

11

(1)(1)

a

AzB

bc

ABz

azbc

nv

il

ivt

c

L

vf

nvv

ililil

ii

ccc

L

nnnn

illlfl

cccc

EkkRkkEee

eeeee

kkkkREe

p

p

p

pp

pp

pppp

pnnnnnp

aaa

aaa

+++

+

+++

=--

=--


oleObject80.bin

image81.wmf
(

)

1

0

221

22

z

10

2

2

cw2

2

42

2

2422

(2t())

2

111

(1)

(1)

AzB

L

AB

a

bc

z

azbc

nv

il

ivt

c

vf

nvv

ililil

i

ccc

L

nnnn

illlfl

cccc

kkRkk

kkR

Ee

Ee

eeee

kEe

p

p

p

pp

p

ppppp

pnnnnn

aaa

aa

a

+++

+

+++

---

-

=

=-


oleObject81.bin

image82.wmf
(

)

(

)

(

)

(

)

(

)

20

z

1120

2

2

2

2

ccw1

121

42

2

2

24

22()

(2t)

11

(1)(1)

cb

BzA

a

ABz

ba

z

b

nvf

nv

ilil

i

ivt

cc

L

nvfnvf

ilil

i

cc

L

nvfnvf

nnf

illll

cccc

EkkRkkEeeee

eee

kkkkREe

p

p

p

p

pp

p

pp

ppn

pnnp

aaa

aaa

+++

+

++

++

+

++

=--

=--


oleObject6.bin

oleObject82.bin

image83.wmf
(

)

(

)

(

)

(

)

(

)

20

z

120

2

2

2

2

ccw2

121

42

22

2

24

22()3

(2t)

2

1

(1)

cb

BzA

a

ABz

ba

z

b

nvf

nv

ilil

i

ivt

cc

L

nvfnvf

ilil

ii

cc

L

nvfnvf

nnf

illll

cccc

EkkRkkEeeee

eeee

kkkREe

p

p

p

p

pp

pp

pp

ppnp

pnn

aaa

aaa

+++

+

++

++

+

++

=-

=-


oleObject83.bin

image84.wmf
a

L


oleObject84.bin

image85.wmf
b

L


oleObject85.bin

image86.wmf
c

L


oleObject86.bin

image87.wmf
z

L


image6.wmf
22

Beffeff

nn

l

D=DL+DL


oleObject87.bin

image88.wmf
1

k


oleObject88.bin

image89.wmf
2

k


oleObject89.bin

image90.wmf
n


oleObject90.bin

image91.wmf
A

a


oleObject91.bin

image92.wmf
B

a


oleObject7.bin

oleObject92.bin

image93.wmf
C

a


oleObject93.bin

image94.wmf
(

)

(

)

out1

12120

1120

cw11

2

2422

(2t())

24

22()

(2t)

(1)(1)

(1)(1)

ABz

ABz

azbc

ba

z

b

ccw

L

L

nnnn

illlfl

cccc

nvfnvf

nnf

illll

cccc

EEE

kkkkREe

kkkkREe

pppp

pnnnnnp

pp

ppn

pnnp

aaa

aaa

+++

+++

+

+++

++

+

++

=

=--

+--


oleObject94.bin

image95.wmf
(

)

0

0

2

*

cw111c1

1

1

22

1122

22

1122

()()

2(1)(1)

42

2(1)(1)cos

ABZ

ABZ

ccwcwcw

out

out

zabc

IEEEE

E

kkkkRE

nfnf

kkkkRELLLL

cc

aaa

pp

aaa

==++

=--

æö

+--++-

ç÷

èø

（


oleObject95.bin

image96.wmf
I

D


oleObject96.bin

image97.wmf
(

)

0

12

abzc

22

112

2n2-

4(1)(1)2cos

ABL

Z

outout

III

fLLLL

kkkkRE

c

p

aaa

D=-

æö

++

=--

ç÷

ç÷

èø


image7.wmf
DL


oleObject97.bin

oleObject98.bin

oleObject99.bin

image98.wmf
(

)

abzc

2/  

nLLLLc

++-


oleObject100.bin

image99.wmf
abc

LLL

+-


oleObject101.bin

image100.wmf
z

L


oleObject102.bin

image101.wmf
2n

=

L

F

c


oleObject8.bin

oleObject103.bin

image102.wmf
abzc

=2

LLLLL

++-


oleObject104.bin

oleObject105.bin

image103.png
DLPF

S(n)

cos(Am, n)

sin(Am, n)

Demodulation

DLPF





image104.wmf
(

)

st


oleObject106.bin

image105.wmf
(

)

(

)

(

)

0

()=cos2

statftt

pj

+


oleObject107.bin

oleObject108.bin

image8.wmf
eff

n

D


image106.wmf
(

)

0

cos2

ft

p


oleObject109.bin

image107.wmf
(

)

0

sin2

ft

p


oleObject110.bin

image108.wmf
(

)

(

)

(

)

100

11

()()cos(2)=cos4cos()

22

ststftatfttatt

ppjj

=´++

éù

ëû


oleObject111.bin

image109.wmf
(

)

(

)

(

)

200

11

()()sin(2)=sin4sin()

22

ststftatfttatt

ppjj

=´++

éù

ëû


oleObject112.bin

image110.wmf
120

22

()==sin(2)

outoutz

nn

xfIIIKfLLL

c

pp

l

D=-+-D

（

）


oleObject113.bin

oleObject9.bin

image111.wmf
2/

nL

pl

-D


oleObject114.bin

image112.wmf
(

)

t

j


oleObject115.bin

image113.wmf
(

)

0

2/

z

nLLc

+


oleObject116.bin

oleObject117.bin

oleObject118.bin

oleObject119.bin

oleObject120.bin

image9.wmf
B

l

D


image114.wmf
(

)

10

2n

y()=sinL2

z

ffL

c

p

æö

+

ç÷

èø


oleObject121.bin

image115.wmf
(

)

20

2n

y()=cosL2

z

ffL

c

p

æö

+

ç÷

èø


oleObject122.bin

image116.wmf
(

)

(

)

(

)

00

0

222

sin2*sin2

1422

         =cos2cos

2

zz

z

nnn

IfKfLLLfLL

cc

nnn

KfLLLL

c

ppp

l

ppp

ll

æöæö

+-D+

ç÷ç÷

èøèø

éù

æöæö

+-D--D

ç÷ç÷

êú

èøèø

ëû

（

）

=


oleObject123.bin

image117.wmf
(

)

(

)

(

)

00

0

222

sin2*cos2

1422

          =sin2sin

2

zz

z

nnn

QfKfLLLfLL

cc

nnn

KfLLLL

c

ppp

l

ppp

ll

æöæö

+-D+

ç÷ç÷

èøèø

éù

æöæö

+-D+-D

ç÷ç÷

êú

èøèø

ëû

（

）

=


oleObject124.bin

image118.wmf
If

（

）


oleObject125.bin

oleObject10.bin

image119.wmf
Qf

（

）


oleObject126.bin

image120.wmf
(

)

/

cos2

L

n

l

p

D

-


oleObject127.bin

image121.wmf
(

)

/

sin2

L

n

l

p

D

-


oleObject128.bin

oleObject129.bin

oleObject130.bin

image122.wmf
2

sin()

()=acrtan

2

cos()

n

L

f

n

L

p

l

j

p

l

-D

--D


oleObject131.bin

image10.wmf
me


image123.png
2zn

ar=1_ -1 =Ksin(2Z f1, +20)- 22" o1
: 3
,@ —»| DLPF
> cos[ 2 r(ean))
\ . »
FFT
- \ arctan(Q. 1) ——  heee
e ) i |
e )
t
é » DLPF "





image124.png
Cir coupler3

couplerl coupler2

AOM

Frequency shifter




oleObject132.bin

image125.wmf
i2t

i0

EEe

pw

=


oleObject133.bin

oleObject134.bin

image126.wmf
2

1221

0

1

2n2n2n2n2n2n

i(2tLa2())

(1)(1)

e

ALzB

AB

LbLdLzLefLf

cccccc

kkkkaaaR

E

E

pppppp

pnnnnnnnp

=

++++++++

--

´


oleObject135.bin

image127.wmf
11

22

0

2

(1)(1)

2n2n2n2n2n2n

i(2tLa2())

2

e

ABLzLz

AB

kkkkaaRaa

LbLdLzLefLf

cccccc

E

E

ppppppp

pnnnnnnn

=

--

++++++++

´


oleObject136.bin

oleObject11.bin

image128.wmf
2

122

0

1

1

a

2n2n2n2n2n2n3

i2t+L2

2

(1)(1)

e

LzAB

BA

z

ce

df

vfvfLvfLvfLvfLvL

cccccc

EkkkkaaaR

E

ppppppp

pn

æö

æöæöæöæöæö

ç÷

ç÷ç÷ç÷ç÷ç÷

ç÷

èøèøèøèøèø

èø

+++++++++++

=--


oleObject137.bin

image129.wmf
(

)

(

)

(

)

(

)

(

)

2

1221

0

2

a

2n2n2n2n2n2n

i2t+L22

(1)(1)

e

ABLz

BA

cze

df

vfvfLvfLvfLvfLvL

cccccc

E

kkkkaaaR

E

pppppp

pnp

æö

ç÷

ç÷

èø

+++++++++++

=

--

´


oleObject138.bin

image130.wmf
(

)

(

)

0

z0

22

11111

11

22

1221

22

1221

22

cos2

2

2(1)(1)

2(1)(1)

acdzbc

ABLz

ABL

outABBABAAB

ABBA

nn

fLLLLeLfLvLL

cc

IEEEE

EE

kkkkRE

kkkkRE

ppp

aaa

aaa

**

++++-+--+

=+++

=--

æö

--

ç÷

èø


oleObject139.bin

image131.wmf
(

)

(

)

0

z0

22

22222

22

22

1221

22

1221

223

cos2

2

2(1)(1)

2(1)(1)

acdzbc

ABLz

ABL

outABBABAAB

ABBA

nn

fLLLLeLfLvLL

cc

IEEEE

EE

kkkkRE

kkkkRE

ppp

aaa

aaa

**

++++-+--+

=+++

=--

æö

--

ç÷

èø


oleObject140.bin

image132.wmf
I

D


oleObject141.bin

image11.wmf
/

nHz

e


image133.wmf
22

12122100

22

122100

2n2n

4(1)(1)cos(L2L)

2

2n2n

                       =4(1)(1)sin(L2L)

z

BLz

outoutA

z

BLz

A

IIIkkkkaaaREfL

cc

kkkkaaaREfL

c

ppp

n

pp

l

D=-=--+-D+

---+-D

（

）

（

）


oleObject142.bin

image134.wmf
0acde

f

LLLLLL

=+++-


oleObject143.bin

image135.wmf
bc

LLL

D=-


oleObject144.bin

image136.wmf
l


oleObject145.bin

image137.wmf
L

D


oleObject146.bin

oleObject12.bin

image138.wmf
(

)

0z

2/  

nLLc

+


oleObject147.bin

image139.wmf
-2n/

L

pl

D


oleObject148.bin

oleObject149.bin

image140.wmf
2

p


oleObject150.bin

image141.wmf
12

21

21

11

=2

22

=

n

nn

LL

L

p

ll

pp

jjj

ll

æö

ç÷

èø

-

-

D=D-D

D


oleObject151.bin

image142.wmf
L

D


image12.png
Broadband
light source

optical circulator

spectrometer

FBG




oleObject152.bin

image143.wmf
=2

jp

D


oleObject153.bin

image144.wmf
2

l


oleObject154.bin

image145.wmf
1

l


oleObject155.bin

image146.wmf
I

D


oleObject156.bin

image147.wmf
L

D


image13.png
3dB coupler FBG

Broadband light 11

source 1M1
3dB coupler
PZT
Phase compensation Unbalanced M-Z
feedback interferometer
3dB coupler
L' '] Photodetector

Phase demodulation PC





oleObject157.bin

oleObject158.bin

image148.wmf
n


oleObject159.bin

image149.wmf
c


oleObject160.bin

image150.wmf
0

2

z

LL

+


oleObject161.bin

oleObject162.bin

image151.png
Amplitude[a.u.]

&6 6 5 o
© o B N

o
o

o
o

o
>

o
N

=)

—L
—L
— L
L

-40m
41m
-42m
43m

o

1
Frequency(Hz)

15





image14.png
coupler FBG
Broadband light 1HH HH
source LLLLI T
Photodetector
PZT v

Reference grating /

Data acquisition and
control center





image152.png
Amplitude[a.u.]

6 6 6 S
© @ B N

o o
o o =

o o
N

o

Frequency(Hz) ’ 7




image153.png
Amplitude[a.u.]

&6 6 5 o
© o B N

o
o

o
o

o
>

o
N

=)

—L
—L
— L
L

-40m
41m
-42m
43m

o

1
Frequency(Hz)

15





image154.png
Amplitude[a.u.]

6 6 6 S
© @ B N

o o
o o =

o o
N

o

Frequency(Hz) ’ 7




oleObject163.bin

image155.wmf
f


oleObject164.bin

image156.wmf
(

)

(

)

0

2n2n

sin(2)

z

IfIfLLL

c

ll

pp

l

D=+-D

，

（

）


oleObject165.bin

image157.wmf
l


oleObject166.bin

image15.png
3dB coupler FBG

Broadband light

1l
source | |

3dB coupler

Edge filter —_— Photodetector

processor





image158.wmf
f


oleObject167.bin

image159.wmf
n


oleObject168.bin

image160.wmf
c


oleObject169.bin

image161.wmf
0

L


oleObject170.bin

image162.wmf
z

L


oleObject171.bin

image16.png
Laser

isolator

PD

2+2
coupler

L2

L1




oleObject172.bin

image163.wmf
0

2

z

LL

+


oleObject173.bin

image164.wmf
'

L


oleObject174.bin

image165.wmf
(

)

I

l


oleObject175.bin

image166.wmf
(

)

I

l


oleObject176.bin

image167.wmf
(

)

If

l

D

，


image17.png
Laser

isolator

2x2
coupler

C1

2x2
coupler

c2

PD1

PD2





oleObject177.bin

oleObject178.bin

image168.wmf
(

)

If

D


oleObject179.bin

oleObject180.bin

oleObject181.bin

oleObject182.bin

oleObject183.bin

oleObject184.bin

image169.wmf
''

L


image18.png
Laser

isolator

PD

2x2
coupler




oleObject185.bin

image170.png
300

B

23

150 200 250
Location (m)

100

50

300

250

o
©

_ ne] mnE__a

200

=)
e
wy

o
o

0




image171.wmf
''

L


oleObject186.bin

oleObject187.bin

oleObject188.bin

image172.png
Amplitude [a.u.]

25

N

o

X 44.83
Y:3.867e+04

100

200 300 400 500 600
Location (m)




image173.png
Amplitude[a.u.]

&6 6 6 S
© @ B N

o o
o 0 =

o o
N

o

o

4 [}
Frequency(Hz)




image174.png
Amplitude [a.u.]

25

N

o

X 44.83
Y:3.867e+04

100

200 300 400 500 600
Location (m)




image175.png
Amplitude[a.u.]

&6 6 6 S
© @ B N

o o
o 0 =

o o
N

o

o

4 [}
Frequency(Hz)




image19.png
Laser

PD





image176.png
Amplitudefa.u]

08, 12,
04 1
02 08

0 08
02 04
04 02
08 o
% 4 6 0 o025 n -

Frequency(tz) x10° Frequency(Hz) 1




oleObject189.bin

oleObject190.bin

oleObject191.bin

image177.wmf
L

D


oleObject192.bin

image20.wmf
1

0

1

N

nni

i

XX

N

-

-

=

=

å


oleObject13.bin

image21.wmf
Y

D


oleObject14.bin

oleObject15.bin

oleObject16.bin

image22.wmf
121

nn

llll

-

<<<<

L


oleObject17.bin

image23.wmf
121

,,,

nn

yyyy

-

L


oleObject18.bin

image24.wmf
()

ii

yMedianJ

=


oleObject19.bin

image25.wmf
i

J


oleObject20.bin

image26.wmf
i


oleObject21.bin

image27.wmf
{

}

11

,,,

iimimiim

Jyyyyy

--++

=

L


oleObject22.bin

image28.wmf
1

1

n

ii

i

C

n

i

i

I

I

l

l

=

=

=

å

å


oleObject23.bin

image29.wmf
2

0

()exp[4ln2()]

c

II

ll

l

l

-

=-

D


oleObject24.bin

image30.wmf
0

I


oleObject25.bin

image31.wmf
c

l


oleObject26.bin

image32.wmf
l

D


oleObject27.bin

image33.wmf
2

2

0

222

8ln24ln2

4ln2

ln[()](ln)

cc

II

ll

lll

lll

-

-

=++-

DDD


oleObject28.bin

image34.wmf
2

2

2

0

2

ln

4ln2

8ln2

4ln

ln

c

c

yI

a

b

cI

l

l

l

l

l

=

-

=

D

=

D

=-

D


oleObject29.bin

image1.png
Incident
spectrum Transmission

1 spectrum
!

L= 1
L.

Reflection
spectrum




image35.wmf
2

2

0

222

8ln24ln2

4ln2

ln[()](ln)

cc

II

ll

lll

lll

-

-

=++-

DDD


oleObject30.bin

image36.wmf
2

yabc

ll

=++


oleObject31.bin

image37.wmf
2

2

1

()

n

ii

i

Syac

l

=

=-+

å


oleObject32.bin

oleObject33.bin

image38.wmf
22

1

2

1

2

1

()0

()0

()0

n

iiii

i

n

iiii

i

n

iii

i

yabc

yabc

yabc

lll

lll

ll

=

=

=

-++=

-++=

-++=

å

å

å


oleObject34.bin

image39.wmf
2

c

b

a

l

=-


image2.wmf
2

Beff

n

l

=L


oleObject35.bin

image40.wmf
[,]

ab


oleObject36.bin

image41.wmf
1

n

+


oleObject37.bin

image42.wmf
121

nn

ab

llll

-

=<<=

L


oleObject38.bin

image43.wmf
()(0,1,)

ii

ffin

l

==

L


oleObject39.bin

image44.wmf
()(0,1,)

ii

sfin

l

==

L


oleObject1.bin

oleObject40.bin

image45.wmf
1

[,]

ii

ll

-


oleObject41.bin

image46.wmf
()

s

l


oleObject42.bin

image47.wmf
[,]

ab


oleObject43.bin

oleObject44.bin

image48.wmf
()

f

l


oleObject45.bin

