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(Abstract)
Fiber–optic Bragg grating (FBG) sensors are a very attractive technology for the
measurement of strain and temperature. They have many advantages over conventional
sensors in sensing applications such as sensitivity, immunity to electromagnetic
interferences, large bandwidths, capability of remote operation and the potential power to
sense micro strain at high temperature. They can be directly embedded into many
structures such as concrete to evaluate the material deformation.
FBGs are fabricated by photo-inscribing through a phase mask technology on a
photosensitive fiber. A periodic refractive index is formed in the fiber core, introducing a
reflection at the Bragg wavelength. Since the FBG is characterized by a low insertion loss
and controllable reflectance, it has the potential to be multiplexed in very large numbers.
The major purpose of this dissertation research is to develop an innovative, highresolution fiber Bragg grating sensing system using photon-counting optical time domain
reflectometry (pc-OTDR) based multiplexing technology. The system uses a Fresnel
reflection OTDR with a zero deadzone to detect FBG sensors, which improves both the
system detection ability and spatial resolution.
A low reflectance FBG with broad bandwidth has been developed that is appropriate for
the pc-OTDR measurement. Hundred of multiplexed sensors have been implemented in
this system. Two theoretical analyses and preliminary results are presented. The greatest
advantage of the system is to increase the maximum multiplexing sensor number to one
thousand within a short fiber range.
Self–referencing demodulation is necessary to eliminate multiplexed system noise caused
by the source power fluctuation and fiber bending effects. A referencing FBG with a
different wavelength from the sensing FBG has to be introduced to achieve compensation
of disturbances in the measurement. The spectral properties of the FBGs and the
combination of WDM/TDM are also discussed to evaluate multiplexing sensor

performance. The sensor crosstalk and other noise performances are assessed to evaluate
the possibility of large scale multiplexing.
Key word: Optical fiber, fiber Bragg grating (FBG), Multiplexing technology, optical
time domain reflectrometry (OTDR), fiber sensor

Acknowledge
I would like to express my sincere appreciation to my advisor, Dr. Anbo Wang, for his
invaluable inspiration, support and encouragement through my doctoral study. I am
grateful for all my committee members for their insightful technical guidance. Also,
acknowledge is due to CPT faculty and staff for offering all their assistances and
especially to Dr. Kristie for dissertation revisions. I am fortunate to be here to work with
my colleagues Dr. Yuwen Qi, Dr. Cerecedo Hector, Bing Qi, Fabing Shen, Dr. Weipeng,
Yibing Zhang, Ming Han, Yizheng Zhu, Bing Yu, Zhengyu Huang, Juncheng Xu, and
Xiaopei Chen for their great assistances and helpful suggestions. Meanwhile, I wish to
thank many other friends at CPT who make me an enjoyable experience in my Ph.D
study.
No words can express my deep appreciation and gratitude to my parent and parent-in-law
in China for their continuous encouragements and understandings in these years.
This work is dedicated to my love wife Fei, for her undying support, and to my wonderful
sons, George and Yi, for their bright smiles.

iv

Table of Contents

Chapter 1. Introduction

1

1.1 Research background

1

1.2 Multiplexing Bragg grating measurement technology

2

1.2.1 Review of multiplex Bragg grating

2

1.2.2 Multiplexing scheme for fiber Bragg gratings

3

1.2.3 Wavelength Division Multiplexing

4

1.2.4 Time Division Multiplexing

5

1.2.5 CDMA/FMCW

7

1.3 Opto-electronics millimeter resolution OTDR system

10

1.4 The research description

14

Chapter 2. Broadband fiber Bragg Grating Sensor fabrication

15

2.1 The special Bragg grating requirements for FBG configuration

16

2.2 Fiber Optical Grating Fabricating Techniques by Phase Mask

16

2.3 Tuning technique for inscribing Bragg gratings

19

2.4 Tuning FBG through parallel adjusting method

23

Chapter 3. Theoretical analysis of a large number of multiplexing Bragg grating sensors 25
3.1 Introduction

25

3.2 Description of OTDR system specifications

27

3.3 Analysis of intensity based multiplexing scheme with identical FBG reflectivity

28

3.3.1 Multiplexing reflection equation

28

3.3.2 Multiplexed FBG system evaluation

30

3.3.3 Best reflectance for maximum multiplexing reflected power

33

3.3.4 Best Reflectance from the analysis of multiplexed number versus R

34

3.4 Analysis for reflected power budget-identical power analysis

v

38

Chapter 4. OTDR theory to Interrogate Low-Reflectance Bragg grating sensor

44

4.1 Rayleigh reflection and Fresnel Reflections

44

4.2 Theoretical Analysis of low-reflectance measurement based on photon counting

46

4.2.1 Statistics for photon counting

46

4.2.2 Fresnel reflection in the evaluation of the reflectivity

48

4.3 Implementation of multiplexed fiber Bragg grating array

50

4.3.1 Demodulation for a single FBG

50

4.3.2 Multiplexed FBG demodulation

53

4.4 Simulating the convolution integral

55

4.5 Dual-wavelength Bragg grating-based reference for the intensity compensation

59

4.5.1 Referencing FBG selections

59

4.5.2 Referencing reflection test

62

4.5.3 Dual FBG spectrums

63

Chapter 5. Multiplexed Sensor Calibration and Performance Evaluation

66

5.1 FBG wavelength shift measurement and fundamental properties

67

5.1.1 Basic measurement

67

5.1.2 Basic theory of FBG wavelength measurement

68

5.2 Grating sensor spectra and reflectance evaluation using the pc-OTDR

70

5.3 Single Bragg grating sensor calibration in temperature

74

5.4 OTDR System Stability Tests

77

5.5 pc-OTDR strain tests

78

5.6 Analysis of pc-OTDR based multiplexed Bragg grating

81

5.6.1 Experimental multiplexing results

81

5.6.2 Multiplexed FBG reflectance distribution in a practical array

85

5.6.3 Simulating the configuration of multiplexing a large number of FBGs

87

5.6.4 Evaluation of the crosstalk

91

5.6.5 Combined wavelength and time-domain multiplexing

93

vi

Chapter 6. System Noise analysis

97

6.1 Optically induced noise associated with the multi-reflection lights

97

6.1.1 Reflection calculation between adjacent FBGs

98

6.1.2 the first-order FBG multiple reflection ghost

101

6.2 Discussion of the spectral overlap—spectral shadowing

104

6.3 Fiber bending introduced source spectrum distortion

108

6.4 OFM-130 SAPD (single photon avalanche photodetector) detector noise analysis 110
6.4.1 Single photons to macroscopic current pulse in OTDR

110

6.4.2 Gated passive quenching

111

6.4.3 Quantum efficiency and dark count

112

6.4.4 Photon counting receiver model and NEP analysis

113

6.5 K-Scale factor in the OTDR Detection

116

6.6 Wavelength sensitivity analysis in pc-OTDR

117

Chapter 7. Conclusion and Future Work

120

7.1 Conclusions

120

7.2 Improvements

123

7.2.1 Solving the temperature and strain measurement ambiguity

123

7.2.2 Increase of FBG multiplexing capacity and reducing their crosstalk

124

7.2.3 Improving real-time data processing

126

Appendix A.

127

References

128

Vita

135

vii

List of Figures
Chapter 1
Fig 1.1 Multiplexed FBG array with scanning FFP demodulation.....................................5
Fig 1.2 TDM system employing an unbalanced M-Z interferometer……………………..6
Fig.1.3 WDM/TDM addressing topology for fiber grating array (a) serial system with
low-reflectance, (b) branching network (c) parallel topology…………………………….7
Fig.1.4 Production of beat note…………………………………………………………...9
Fig 1.5 Schematic diagram of an FMCW multiplexed FBG sensor array in serial topology
…………………………………………………………………………………………….9
Fig.1.6 Schematic of the optical components and electrical connections in the OFM…..12
Chapter 2
Fig. 2.1 Bragg grating fabrication apparatus based on a zero-order diffraction phase mask
……………………………………………………………………………………………17
Fig. 2.2 Fiber Bragg grating fabrication setup on the optical table……………………...20
Fig. 2.3 Bragg grating central wavelength tuning as a function of distance r……………20
Fig. 2.4 Schematic of the FBG Fabrication………………………………………………21
Fig. 2.5 Multiple FBG Bragg peaks produced by the change in angle between the PM and
the fiber…………………………………………………………………………………..23
Fig.2.6 Wavelength shifts by changing angle of the cylindrical lens……………………24
Chapter 3
Fig. 3.1 Schematic diagram of multiplexing sensor system……………………………..28
Fig. 3.2 The power attenuation between the first and the last sensor……………………30
Fig.3.3 Multiplexed number changes with all three parameters…………………………32
Fig.3.4 The identical reflectance system evaluation……………………………………..34
Fig.3.5 Multiplexable sensor number n versus reflectance R in equal-reflectance scheme
……………………………………………………………………………………………35
Fig 3.6 Super low loss (0.001 dB) system analysis that the number of multiplexed sensors
can reach ten thousands, also the number multiplexable sensor n versus different
reflectance R in equal-reflectance scheme……………………………………………….36
Fig. 3.7 Big loss in multiplexing system (0.05 dB loss)………………………………….37
Fig. 3.8 The multiplexed numbers of grating array for different grating loss coefficients
under the condition of optimum reflectance……………………………………………..38
Fig.3.9 Reflectance distribution versus FBG index ID, until the reflectance Rn~1, (R1 =
0.05%; 0.015dB)…………………………………………………………………………41
Fig. 3.10 The first sensor reflectance versus maximum multiplexed number…………...41
Fig. 3.11 plot a possible 3700 multiplexed gratings, assuming a higher repetition of
OTDR pulse……………………………………………………………………………...42
Chapter 4
Fig 4.1. Schematic of the pc-OTDR trace (horizontal axis quantized 256 sections)…….48
Fig. 4.2.1 Typical OTDR light source spectrum (linear scale)…………………………..51

viii

Fig. 4.2.2 Average optical spectrum of a multi-longitude mode laser of OTDR………..52
Fig. 4.3 multiplexing attenuation factor versus to sensor number……………………....54
Fig. 4.4. OTDR spectrum measured 0.1 nm resolutions at high II sensitivity…………..55
Fig. 4.4.1 Simulated reflected signal output as FBG wavelength shifts near 1306nm…..56
Fig. 4.4.2 OTDR source spectrum data for different resolution detection………………57
Fig. 4.5 Simulation change of grating reflected intensity with the wavelength-shift……58
Fig.4.6 Comparison of Gaussian spectrum slope rate……………………………………59
Fig. 4.7.1 Reference sensor strain test for the evaluation of strain sensitivity…………..63
Fig.4.7.2 Temperature sensitivity for a core-etched fiber reflector with 0.7 dB excess loss
……………………………………………………………………………………………63
Fig. 4.8 Spectral profile for a Bragg grating pair with different wavelengths added on the
OTDR source spectrum…………………………………………………………………..64
Fig. 4.9 Experimental results based on the dual gratings based self-referencing scheme.65
Chapter 5
Fig. 5.1 Schematic for a single FBG measurement……………………………………...67
Fig. 5.2 One Bragg grating peak with low reflectance…………………………………..71
Fig. 5.3 (a) FBG reflectance calculation based on the photon counting theoretical analysis
……………………………………………………………………………………………73
Fig. 5.3 (b) a Fresnel pc-OTDR test system for detecting multiplexed Bragg grating array
with OSA spectral monitoring…………………………………………………………...74
Fig. 5.4.1 Fiber Bragg grating temperature curve measured by the pc-OTDR………….75
Fig. 5.4.2 various temperature curves in multiplexed sensors…………………………..76
Fig. 5.4.3 Temperature calibration curve H2 loading Bragg grating at 1311.98 nm…….77
Fig. 5.5 a, b. long-term measurement of grating sensor system…………………………78
Fig. 5.6 FBG strain experimental setup………………………………………………….79
Fig 5.7 FBG strain calibration examples applied a step tensile increment………………79
Fig 5.8 typical results of Fiber Bragg grating strain tested by pc-OTDR………………..80
Fig 5.9 Bragg grating repeatability test and hysteresis effect measurement……………..80
Fig.5.10 Calibration curve affected by adjacent FBGs close to OTDR spatial resolution
……………………………………………………………………………………………81
Fig. 5.11 Bragg grating reflected signal in the OTDR detection………………………...82
Fig. 5.12 Multiplexed gratings with about 45 cm spacing for equal power budget……..83
Fig. 5.13 45 sensors in the multiplexing on the LABVIEW window……………………84
Fig. 5.14 Diagram of the strain distribution in real time monitoring with FBG sensors...85
Fig.5.15 one 68-sensors multiplexing array for reflectance distribution measurement….86
Fig.5.16 Reflectance distribution in implementation of the equal reflection power scheme
…………………………………………………………………………………………...87
Fig.5.17 the pc-OTDR simulation result (19.96m window width) by adding a 20dB
attenuator between FBG groups to validate 560 multiplexing ability…………………...89
Fig. 5.18 simulating several hundred multiplexed gratings in the array…………………90

ix

Fig.5.19 Stress applied upstream S1 and S2, S3 and S4 have crosstalk outputs of about –18db
and –24dB………………………………………………………………………………..92
Fig 5.20 traces of multiplexed three sensors, red line (middle) undergoing increases with
temperature variations……………………………………………………………………92
Fig. 5.21 Wavelength distribution (WDM) in the OTDR-based multiplexed FBGs…….94
Fig. 5.22 OTDR trace for 6 groups of WDM/OTDR multiplexed sensors with various λ
……………………………………………………………………………………………95
Fig 5.23 Experimental strain results of sensor at a wavelength of 1314 nm in Group 4...95
Chapter 6
Fig.6.1 Model of reflected and transmitted light at the FBG sensor……………………..99
Fig. 6.2 Calculation result of the adjacent -reflection power increase………………….101
Fig. 6.3 FBG principal reflection and their first-order (the three reflections) light path
leading to output pulses in the third and fifth time slots………………………………..102
Fig. 6.4 Intensity s/n detection in FBGs’ multiplexing with (a) identical power and (b)
identical reflectance scheme…………………………………………………………….104
Fig. 6.5 Simulating result of spectral shadowing effect for probability output for different
reflectance systems and horizon axis represents the average relative deviation of
reflectance R……………………………………………………………………………………...107
Fig. 6.6.1 Bending induced spectrum and intensity change……………………………108
Fig.6.6.2 OTDR source intensity change with environmental temperature……………109
Fig.6.7 Schematic circuit diagram of a gate passive quenching circuit breakdown for
short time periods……………………………………………………………………….112
Fig. 6.8 photon counting received model……………………………………………….113
Fig. 6.9 Dependence of the normalized scale factor on the normalized wavelength
mismatch………………………………………………………………………………..117
Chapter 7
Fig. 7.1 FBG spectrum in WDM/OTDR……………………………………………….125
Fig. 7.2 optical switch used in multiplexing system……………………………………125

x

