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ABSTRACT 

 

Theoretical and experimental studies of real-time interrogation of fiber Bragg 

grating (FBG) sensors based on chirped pulse compression with increased 

interrogation resolution and signal-to-noise ratio are presented. The sensing 

information encoded in the spectrum of an FBG is converted to the temporal 

domain as a chirped microwave waveform based on spectral-shaping and 

wavelength-to-time (SS-WTT) mapping. The sensing information is then decoded 

by correlation between the chirped microwave waveform and a reference 

waveform. Specifically, two interrogation systems are studied. 

 

In the first interrogation system, a linearly chirped FBG (LCFBG) is employed as 

the sensing element. By incorporating the LCFBG in an optical interferometer, a 

spectral response with an increasing free spectral range (FSR) is obtained and the 

sensing information is encoded in the spectral response as a change in the FSR. 

When an ultra-short pulse is applied to the interferometer, a shaped spectrum is 

obtained which is mapped to the temporal domain as a linearly chirped microwave 

waveform. The correlation of the linearly chirped microwave waveform with a 

chirped reference waveform would provide a sharp correlation peak with its 



xii 

 

position indicating the wavelength shift of the LCFBG. A theoretical analysis is 

carried out, which is validated by numerical simulations and an experiment. The 

experimental results show that the proposed system can provide an interrogation 

resolution as high as 0.25 μ at a speed of 48.6 MHz. 

 

The second interrogation system is designed to provide the ability to interrogate 

simultaneously strain and temperature. In the system, a high-birefringence 

LCFBG (Hi-Bi LCFBG) is employed as a sensing element. By employing the 

Hi-Bi LCFBG in a Mach-Zehnder interferometer (MZI), two spectral responses 

corresponding to the two orthogonal polarization axes are obtained and the 

sensing information is encoded in the spectral responses. When an ultra-short 

pulse is sent to the MZI, two shaped spectra are obtained which are mapped to 

two linearly chirped microwave waveforms in a dispersive fiber. By using chirped 

microwave pulse compression, two correlation peaks with the locations containing 

the strain and temperature information are generated. A theoretical model is 

developed, which is validated by an experiment. The experimental results show 

that the proposed system can provide a resolution better than ±1.2 ºC and ±13.3 

µ at an interrogation speed of 48.6 MHz. 
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Chapter 1 

Introduction 

 

1.1 Background review 

Fiber Bragg grating (FBG) sensors have been investigated extensively in the last 

few decades which could find numerous applications such as structural health 

monitoring [1-5], molecular dynamics sensing [6] [7] and aircraft engine 

diagnostics [8-12]. Compared with conventional electro-mechanical sensors, FBG 

sensors possess a number of distinguishing advantages, such as immunity to 

electromagnetic interference (EMI), high resistance to chemical corrosion, light 

weight, and ease in signal transmission. Most of the FBG sensors are interrogated 

by monitoring the wavelength shift. Technically, the wavelength-encoded 

characteristic of an FBG sensor presents high robustness to noise and power 

fluctuations, which also makes wavelength division multiplexing (WDM) [13] 

[14] in FBG sensor array systems achievable. Based on these essential attributes, 

numerous demodulation or interrogation techniques have been proposed and 

demonstrated in the last few years. 
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For an FBG sensor that is interrogated by monitoring the wavelength shift, an 

optical spectrum analyzer (OSA) is usually used. Conventional spectrometers 

have a typical resolution of 0.01 nm, hence they are normally used for evaluation 

of the optical properties of FBGs during the fabrication process rather than for 

high-precision wavelength-shift detection. Research on high-resolution 

interrogation has been a very active topic in recent years. These techniques can be 

implemented based on passive detection [15-21] or active detection [22-24].  

 

Passive detection is usually realized based on optical power monitoring using an 

optical edge filter which has a linear relationship between the wavelength shift 

and the change of the output intensity [15] [16], a tunable filter such as a 

Fabry-Pérot filter [17] [18], which can be used to measure the wavelength shift of 

the FBG and the output is a convolution between the spectrum of the tunable filter 

and that of the FBG, or a charge coupled device (CCD) spectrometer [19] [20]. 

Technically, an edge filter functions as a static frequency discriminator to convert 

the wavelength shift into an intensity change or an intensity spatial displacement. 

The advantage of passive detection is that the system is simple and less costly, but 

the power variations from the light source would be reflected as a change at the 

detector output, making the interrogation have poor accuracy.  
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The use of active detection could eliminate the impact of power fluctuations on 

the measurement accuracy. In general, an active detection scheme is implemented 

based on an interferometric scanner and the wavelengths shift in the FBG sensor 

is usually reflected as a change in an optical phase. Therefore, the measurement 

resolution is much improved compared with the passive detection schemes. In 

active detection schemes, the interference structure could be an unbalanced 

Mach-Zehnder interferometer (MZI) [22-25], a Michelson interferometer [26], or 

an interferometer based on a long-period fiber grating (LPG) pair [27].  

 

However, an active scheme based on an optical interferometer is sensitive to 

environmental changes, such as temperature change, subtle vibrations, or even air 

fluctuations, which would deteriorate significantly the system stability. In 

addition, a piezoelectric transducer (PZT) is usually employed as the scanning 

device [22][28][29]. The speed of a PZT is in the range of kilo Hertz. For 

applications where an ultra-fast interrogation is needed, the active schemes may 

not fulfill the task.  

 

To improve the interrogation speed, a technique was proposed and experimentally 

demonstrated to measure the wavelength shift in the temporal domain based on 

spectral-shaping and wavelength-to-time (SS-WTT) mapping [30]. It is known 

that an ultra-short pulsed source through a dispersive element would experience 
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pulse broadening. If the pulse is ultra-short, the output from the dispersive 

element would be a Fourier transformed version of the input pulse [31] [32]. The 

operation is called real-time Fourier transformation or wavelength-to-time (WTT) 

mapping [33]. Following this concept, Xia at al. [30] demonstrated an 

interrogation system at a high speed. In the system, the spectrum of an ultra-short 

pulse is shaped by an FBG or FBG array, and the shaped-spectrum is then mapped 

to the time domain in a dispersive element. The measurement is then done in the 

time domain using a high speed oscilloscope. The major limitation of using an 

FBG or FBG array in this technique is that the spectrum of an FBG is narrow; 

after WTT mapping, the temporal pulse has a low power level, leading to poor 

signal-to-noise ratio (SNR). The use of an FBG with a wider spectrum would 

increase the SNR, but the interrogation resolution would be poorer. Therefore, 

there is a trade-off between the SNR and the resolution [30]. 

 

In this thesis, we propose two novel techniques to interrogate an FBG sensor 

based on SS-WTT mapping using a linearly chirped FBG (LCFBG), with both 

improved SNR and resolution.  

 

In the first interrogation system, the LCFBG is incorporated in one arm of a 

Mach-Zehnder interferometer (MZI). Due to the wavelength dependent nature of 

the length of the arm with the incorporated LCFBG, the MZI would have a 
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spectral response with an increasing free spectral range (FSR). An optical pulse 

from a mode-locked laser source is spectrally shaped by the MZI and its spectrum 

is then mapped to the temporal domain by the dispersive element. Due to the 

linear WTT mapping, a chirped microwave waveform with its shape that is a 

scaled version of the shaped spectrum is generated. The chirped waveform is 

detected by a photodetector (PD) and sent to a digital processor to perform pulse 

compression.  

 

It is known that a chirped waveform can be compressed if it is sent to a correlator 

in which a reference waveform that is identical to the chirped pulse is correlated 

with the chirped waveform [34]. The key significance here is that the wavelength 

shift is estimated by measuring the location of the correlation peak, with both 

improved resolution and SNR. The correlation is done here by building a special 

reference waveform, which is linearly chirped with a chirp rate identical to that of 

the generated chirped microwave waveform, but with an instantaneous frequency 

extending from the smallest to the largest possible values corresponding to the 

generated chirped microwave waveform when the LCFBG is experiencing the 

largest and the smallest wavelength shift. Therefore, the location of the correlation 

peak would indicate the wavelength shift. In this way, the designed system could 

accomplish real-time interrogation with high resolution and improved SNR. The 
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technique is theoretically analyzed in Chapter 3 and experimentally demonstrated 

in Chapter 4. 

 

The second interrogation system is designed to provide the ability to interrogate 

simultaneously strain and temperature. In the system, the strain and temperature 

information is encoded in a high-birefringence LCFBG (Hi-Bi LCFBG) as Bragg 

wavelength shifts. The Hi-Bi LCFBG is incorporated in one arm of a MZI. Due to 

the birefringence in the Hi-Bi LCFBG, the MZI has two spectral responses along 

the fast and slow axes with each having an increasing FSR. If an ultra-short 

optical pulse is sent to the MZI, the spectrum of the ultra-short optical pulse is 

shaped. Two shaped spectra are obtained which are mapped to two chirped 

microwave waveforms in a dispersive fiber. By using chirped microwave pulse 

compression, two correlation peaks with the locations containing the strain and 

temperature information are obtained. Since the correlation operation is equivalent 

to matched filtering, the signal-to-noise ratio (SNR) is increased. A theoretical 

model is developed, which is validated by an experiment in Chapter 5. 
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1.2 Major contributions 

 

In this thesis, the chirped pulse compression technology in radar signal processing 

is first employed in an FBG sensor system to increase simultaneously the 

resolution and the SNR, as discussed in Chapter 1.1. The major contributions 

include 

 

(1) Chirped pulse compression technology is first employed in an FBG sensor 

interrogation system to improve both the SNR and resolution. The measurement 

information, such as strain or temperature, is encoded as a change of the central 

frequency in a chirped microwave waveform, which is obtained by shaping the 

spectrum of an ultra-short pulse using an MZI incorporating an LCFBG in one 

arm and wavelength-to-time mapping using an optical dispersive element. The 

correlation of the linearly chirped microwave waveform with a chirped reference 

waveform would provide a sharp correlation peak with its position indicating the 

wavelength shift of the LCFBG. The chirped pulse compression technique 

provides both an improved SNR and strain resolution. The proposed technique is 

investigated theoretically in Chapter 3 and demonstrated experimentally in 

Chapter 4. The measurement of a strain with a resolution of 0.25 µɛ is achieved. 

The performance against embedded noise is also investigated.  
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(2) A novel approach to real-time interrogation of a Hi-Bi LCFBG for 

simultaneous measurement of strain and temperature based on chirped microwave 

pulse compression with increased resolution and SNR is proposed and 

experimentally demonstrated. In the system, the sensing information is encoded as 

a change of the spectral responses of an MZI incorporating a Hi-Bi LCFBG in one 

arm. When an ultra-short pulse is sent to the MZI, due to the birefringence of the 

Hi-Bi LCFBG, two shaped spectra are obtained which are mapped to two 

temporal waveforms in a dispersive fiber. By using chirped microwave pulse 

compression, two correlation peaks with the locations containing the strain and 

temperature information are generated. The proposed system is investigated in 

Chapter 5. A temperature and strain resolution better than ±1.2 ºC and ±13.3 µ at 

an interrogation speed of 48.6 MHz is experimentally demonstrated. 
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1.3 Organization of this thesis 

The thesis consists of six chapters. In Chapter 1, a brief introduction to typical 

interrogation techniques of FBG sensors is presented. A review of the recently 

proposed approaches for real-time interrogation is also discussed. Then, the major 

contributions of this research are addressed. In Chapter 2, a review of FBG 

sensors and interrogation systems is given. In Chapter 3, the principle of chirped 

pulse compression for sensor interrogation is presented. The expression for the 

generated chirped microwave waveform is developed and the design of the special 

reference waveform is provided. The expression for the correlation between the 

generated chirped microwave waveform and the special reference waveform is 

also derived. In Chapter 4, the investigation of the proposed interrogation system 

based on a numerical simulation and an experiment is performed. An interrogation 

resolution as high as 0.25 μ at an interrogation speed of 48.6 MHz is 

experimentally demonstrated. In Chapter 5, an interrogation system for 

simultaneously measurement of strain and temperature based on chirped pulse 

compression using a Hi-Bi LCFBG is proposed. A temperature and strain 

resolution better than ±1.2 ºC and ±13.3 µ at an interrogation speed of 48.6 MHz 

is experimentally demonstrated. Finally, a conclusion is drawn in Chapter 6 with 

recommendations for future work.  
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Chapter 2  

Review of FBG sensor Interrogation 

 

2.1 FBG Sensor Structure 

An FBG is a fiber device in which the refractive index in the core of the fiber is 

periodically changed along the fiber length. An FBG is formed by exposure of the 

fiber core to an intense optical interference pattern at a wavelength in the 

ultra-violet (UV) region. Under the phase matching condition, an FBG couples the 

forward propagating core mode to the backward propagating core mode. In 1978, 

the formation of permanent gratings in an optical fiber was first demonstrated by 

Hill at the Communications Research Centre (CRC), Canada [35]. Intensive study 

on FBGs for applications such as optical communications and optical sensors 

began after this controllable and effective method for FBG fabrication. 
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

(a)  

(b)  

Long  Short 

(c)  


k

Main-mode

(d)  


Period

(e)  

Fig. 2.1. Different types of fiber gratings. (a) Uniform FBG, (b) long-period fiber 

grating, (c) chirped FBG, (d) tilted FBG, (e) sampled FBG.  
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Fig. 2.1 shows five different types of fiber gratings. A uniform FBG, Fig. 2.1(a), 

could couple the forward propagating core mode to the backward propagating 

core mode at its Bragg wavelength. A long-period fiber grating (LPG), shown Fig. 

2.1(b), could couple the forward propagating core mode to one or a few of the 

forward propagating cladding modes. A chirped FBG, shown Fig. 2.1(c), has a 

wider reflection spectrum and each wavelength component is reflected at different 

positions, which results in a time delay difference for different reflected 

wavelengths. A tilted FBG, shown Fig. 2.1(d), could couple the forward 

propagating core mode to the backward propagating core mode and a backward 

propagating cladding mode. A sampled FBG, Fig. 2.1(e), is produced by sampling 

a uniform FBG, which can reflect multiple wavelength components with identical 

wavelength spacing when the sampling function is uniform. The use of a 

nonuniform sampling function, such as a sampling function with increasing or 

decreasing spacing, a reflection spectrum arbitrary spectral response in the 1
st
 

order spectral channel can be generated. Different types of gratings have been 

employed for different applications, such as in sensing [18], spectral filtering [36], 

and dispersion compensation [37], according to their specific attributes. 

 

The basic principle of operation used in an FBG-based sensor system is to 

monitor the wavelength shift of the reflected “Bragg” signal in which the changes 
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in the measurands (e.g., strain, temperature) are encoded. The Bragg wavelength 

B , which is the wavelength of the reflected light in an FBG, is given by 

 

B 2 effn             (2-1) 

 

where is effn  the effective refractive index of the optical fiber core mode and   

is the grating period, as shown in Fig. 2.1(a) (d) and (e). From (2-1), it can be seen 

that the Bragg wavelength is determined by the effective refractive index and the 

grating period. In most FBG sensor applications, the major source leading to the 

change of the effective refractive index is the temperature. The typical response of 

an FBG to temperature is ~13 pm/
0
C near 1550 nm [38]. A strain applied along 

the fiber length would contribute to a change of grating period. The typical Bragg 

wavelength shift to a strain is ~1.2 pm/µɛ near 1550 nm [38].  
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2.2 Interrogation Techniques 

 

Demodulators or interrogators are employed for FBG sensors to extract 

measurement information, such as strain or temperature, from the light signals 

coming from the sensor heads. Basically, the measurement information is encoded 

in the form of a Bragg wavelength shift, which is caused by the effective 

refractive index change or grating period change or both as discussed in Chapter 

2.1. Therefore, a spectrum analyzer is required to demodulate the sensor signal. In 

real FBG sensor systems, optical spectrum analyzers (OSA) are not preferred 

because they are expensive and their wavelength scanning speed is too slow. The 

general requirements for an ideal interrogation method include 

 

1) High resolution and large measurement range: typically a wavelength-shift 

detection resolution ranging from sub-picometers to picometers is required for 

most applications; the ratio between the measurement range and the required 

resolution is from 10
3
:1 to 10

5
:1. 

 

2) Cost effective: the cost of an interrogation system should be competitive with 

conventional optical or electrical sensors. 
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3) Compatible with multiplexing: an interrogation scheme should be compatible 

with multiplexing topologies which can make the whole sensing system cost 

effective. 

 

According to the operation of the devices used for wavelength-shift detection, 

these techniques can be implemented based on passive detection, which is usually 

realized based on an edge filter or a tunable filter, and active detection, which is 

usually realized based on interferometric scanning and dual-cavity interferometric 

scanning. These interrogation schemes are described in the following sections. 

 

2.2.1 Edge filter  

 



FBG 

Signal

Edge 

Filter

Amp.

 

Fig. 2.2. Principle of the edge filter method.  
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This method is based on the use of an edge filter which has a linear relationship 

between the wavelength shifts and the change of the output intensity [17] [18] [39] 

[40]. Fig. 2.2 shows the interrogation operation using an edge filter. The intensity 

of the reflected light wave is a function of the wavelength change. By measuring 

the intensity change, the wavelength shift induced by the measurement 

information is obtained [41-45]. The advantage of this technique is its simplicity. 

However, the measurement range is inversely proportional to the detection 

resolution. 

 

Broadband or 

Tunable Source

Detection Electronics



FBG 

Signal

Edge 

Filter

0

Photodetector Linear edge filter

RI
FI

50/50 Fiber 

Coupler

50/50 Fiber 

Coupler

Fiber Link

FBG Sensor

 

Fig. 2.3. Block diagram of an interrogation system based on a linear edge filter 

[39]. 
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An interrogation system based on an edge filter is shown in Fig. 2.3. The light 

reflected back from a fiber Bragg grating sensor is split into two beams of equal 

intensity. The couplers in Fig. 2.3 are wavelength-independent over the 

wavelength range of interest, which means that the splitting ratio is constant in the 

required wavelength range. One of the beams is filtered by the linear edge filter 

before detected by a photodetector. The edge filter has a wavelength dependent 

transfer function which is linear over the wavelength range. This wavelength 

range determines the measurement scale of the system. The other beam, serving as 

a reference, is unfiltered and is detected by a similar photodetector. The output 

from each photodetector is amplified before fed to an analog divider. Thus, the 

ratio of the filtered beam over the reference beam provides the wavelength 

information on the reflected peak and serves to eliminate the effect of the intensity 

variations due to uneven power distributions of the source spectrum, alignment 

uncertainty of the connectors, microbend attenuation in the lead, and power 

fluctuations of the source. The ratio between the signal intensity, FI , and the 

reference intensity, RI , is given by [39] 

 

0
F

B

R

I
A

I


 



 
   

 
        (2-2) 
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where A and 0 are the gradient and the starting value of the edge filter, and B  

and   are the Bragg wavelength and the linewidth of the FBG, respectively. It 

can be seen that this system has several advantages, such as low cost, fast 

response, and ease of use. A resolution of a few tens of µɛ has been demonstrated 

with a measurement range of several mɛ [39].  

 

2.2.2 Tunable filter 

A tunable filter could be used to measure the wavelength shift of an FBG sensor, 

and the output is a convolution between the spectrum of the tunable filter and that 

of the FBG sensor [46-50]. Fig. 2.4 shows the interrogation of an FBG sensor 

using an tunable filter. The convolution reaches a maximum value when the 

spectrum of the tunable filter matches that of the FBG. By measuring this 

maximum point and the corresponding wavelength change of the tunable filter, 

the wavelength shift of the FBG sensor is obtained [51-55]. The measurement 

resolution is mainly determined by the signal-to-noise ratio of the return FBG 

signal and both the linewidths of the tunable filter and the FBG. Normally, such 

an approach has a relatively high resolution and a large measurement range. 
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Fig. 2.4. Principle of an FBG sensor interrogator based on a tunable filter.  
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Fig. 2.5. Schematic diagram of an FBG interrogator based on a tunable 

Fabry-Pérot filter [46]. 
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Fig. 2.5 shows an FBG interrogator based on a tunable Fabry-Pérot filter. A light 

from a broadband source is fed into the FBG, and the light reflected back from the 

FBG is directed to a tunable Fabry-Pérot filter. The Fabry-Pérot filter has a 

bandwidth comparable with that of the FBG sensor and a free spectral range 

larger than the operational wavelength range of the FBG sensor (typically less 

than ±5 nm). By using a simple feedback-loop circuit to tune the Fabry-Pérot filter 

(e.g., with piezoelectric adjustment of the cavity spacing), the narrow passband of 

the Fabry-Pérot filter could be locked to the narrowband FBG return signal. 

Consequently, the control voltage (feedback voltage) of the tunable Fabry-Pérot 

filter is a measurement of the strain or temperature of the FBG sensor. 

 

A resolution of ~1 pm over a working range of more than 40 nm has been 

demonstrated for a single FBG based on this scheme [46]. Also, this scheme has 

been extended to interrogate multiple distributed FBGs written on a fiber by 

scanning the Fabry-Pérot filter with a large scanning range [46]. The resolution of 

this scheme is mainly limited by the finesse of the Fabry-Pérot cavity. It is very 

difficult in a practical system to make a Fabry-Pérot filter with a finesse better 

than 400 owing to the extremely high requirements for both the optical coatings 

on the fiber end faces and the alignment precision between the two cavity 

surfaces. 
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2.2.3 Interferometric scanning 

The FBG wavelength shift induced by a strain or temperature could also be 

detected with a scanning interferometer, which has been demonstrated for 

high-resolution dynamic and quasi-static strain measurements [56-60], named as 

the interferometric scanning method. The normalized interference signal pattern 

of a scanning interferometer, as shown in Fig. 2.6, can be expressed as [56]: 

 


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Fig. 2.6. Principle of an FBG interrogator based on interferometric scanning.  

 

 0 1 cos BI I B t              (2-3) 

 

where 0I  is the intensity of the incident light wave and B  is defined as the 

visibility of the interference pattern,  t  is a bias phase offset of the 

Mach-Zehnder interferometer (which for an environmentally shielded fiber 

interferometer is a slowly varying random parameter). When the optical path of 
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the scanning interferometer is modulated (e.g., employing a piezoelectric element 

in one arm of the Mach-Zehnder interferometer), the scanning interferometer 

would perform as a wavelength scanner for the FBG sensor [61-64]. Therefore, 

the wavelength shift of the FBG sensor induced by a strain or temperature would 

produce a change in optical phase B  [56], given by 

 

2 2

2 2SI SI
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L L
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 
 

 

 
             (2-4) 

 

where Y  is the variation in strain or temperature applied to the FBG sensor and 

SIL  is the optical path difference between the two arms of the scanning 

interferometer, g  is the normalized FBG sensitivity for strain or temperature, 

which is given by [56] 

 

1 B
g

B Y




 
         (2-5) 

 

It can be seen from (2-4) and (2-5), the phase sensitivity in response to strain or 

temperature ( B Y  ) is directly proportional to the optical path difference 

( SIL ) in the scanning interferometer. Thus, by measuring B  with the 

pseudo-heterodyne processing scheme [56], the strain or temperature can be 

demodulated. 
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The operational range of the FBG sensor could be set by the free spectral range of 

the scanning interferometer, which is given by [56]: 

 

2

B

SI

FSR
L





        (2-6) 

 

It can be seen from (2-6) that the operational range is inversely proportional to the 

optical path difference in the scanning interferometer, while the sensitivity is 

proportional to the optical path difference from (2-4) and (2-5). Therefore, there is 

a trade-off between the sensitivity and operational range because in this method 

the unambiguous measurement range is equivalent to a 2π change in the scanning 

interferometer. In addition, the stability of the interrogation system for quasi-static 

and static measurement is limited by drift of the phase  t , but the thermal drift 

can be compensated by incorporating a local reference FBG by offsetting the 

phase difference between the sensing FBG and the reference FBG.  
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Fig. 2.7. Schematic diagram of an interferometric scanning scheme [56]. 0  is 

the initial phase difference between the signal and the modulation waveform; 

B  is the optical phase change induced by a strain or temperature change. 

 

An FBG interrogator based on an interferometric scanner is shown in Fig. 2.7 [56]. 

A light wave from a broadband source is directed to the FBG sensor. The 

wavelength component reflected back from the FBG sensor is fed to an 

unbalanced Mach-Zehnder interferometer. Strain- or temperature-induced 

perturbation to a sensing FBG in the system changes the Bragg wavelength, which 
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could be detected at the output of the phase meter, and then related to the 

corresponding strain or temperature information. By using this scheme, an 

interrogator with a strain resolution of ~6 nɛHz
-1/2

 at 1Hz and a temperature 

resolution of 0.05
0
C with good stability has been demonstrated [56]. 

 

2.2.4 Dual-cavity interferometric scanning 

In order to increase the unambiguous measurement range of the interferometric 

scanning scheme (normally equivalent to a 2π change in the scanning 

interferometer scheme), a novel method using two interferometric scanners 

equipment realized by stepping the scanning interferometer from a long cavity to 

a short cavity has been proposed, which is known as the dual-cavity 

interferometric scanning scheme [65][66]. The optical phase output from the 

cavity with a larger optical path difference, i.e., range 1, gives a high-resolution 

measurement while the output from the cavity with a shorter optical path 

difference, i.e., range 2, is used to determine the number of fringes for the longer 

cavity within one free spectral range corresponding to the shorter cavity. The 

operation of such a scheme is shown in Fig. 2.8. Therefore, the total absolute 

value of the phase change is thus given by ( 2B N  ) (here N is the number of 

the interferometric fringes within one free spectral range corresponding to the 

shorter cavity). The enhancement factor, M, in the unambiguous range is given by 
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the ratio of the dual-cavity lengths used in the stepped interferometer, which is 

given as, 

 

B

FSR(short)

π

-π

B Range 2

B

FSR(long)

π

-π

B
Range 1

 

Fig. 2.8. Principle of the dual-cavity interferometric scanning scheme. 

 

longshort

long short

LFSR
M

FSR L
          (2-7) 

 

where longL  and shortL  are the longer and shorter cavity lengths of the stepped 

interferometer, respectively. Theoretically, M could be very large as the cavity 

length of the stepped interferometer, which could be varied from a few hundred 

micrometers to a few hundred millimeters in a well collimated interferometer, 

although in practice the value of M is likely to be selected in the range of 10-100. 
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Fig. 2.9. An interrogator based on the dual-cavity interferometer scanning scheme 

[65]: SLED, superluminescent light-emitting diode; SIWS, stepped Michelson 

interferometric wavelength scanning; BPF, bandpass filter; A/D, 

analogue-to-digital convertor. 

 

An interrogator based on the dual-cavity interferometer scanning scheme is shown 

in Fig. 2.9. The reference FBG is located in a strain-free and 

temperature-stabilized environment, which is used to compensate the thermal drift 

of the scanning interferometer. The stepped interferometric wavelength scanner is 

a bulk Michelson interferometer with the reference and the sensing FBGs located 

in each of the two arms. This concept has been experimentally verified [65] and is 

proved of great importance when FBGs are used for static strain measurement as 

it would allow a working range to extend from submicrostrain to tens of 

millistrains, which is very difficult to achieve using a single interferometer 
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scheme. This system is very complicated and the wavelength scanning speed is 

still slow, although its range to resolution ratio could be 4×10
4
:1, which is 

potentially able to compete with any conventional fiber-optic interferometric 

sensors and traditional strain gauges. 

 

2.2.5 Direct spectrum analysis 

If an optical spectrometer is employed to analyze the output spectrum of an FBG 

sensor, the sensor resolution is basically determined by the resolution of the CCD 

spectrometer. A possible commercial model, for example, Agilent 83453B High 

Resolution Spectrometer 
a
, has a wavelength resolution of 0.008 pm over the 1440 

to 1640 nm communication wavelength range, but a single full wavelength scan 

needs over 5 minutes. Horiba 1000M (Series II) High Resolution Research 

Spectrometer 
b
 can provide a much higher scanning speed in the kilo Hz range, 

but the optical resolution is significantly reduced of about 8 pm. 

 

 

 

 

a. Agilent Technologies: http://www.home.agilent.com 

b. HORIBA Scientific: http://www.horiba.com 

http://www.home.agilent.com/
http://www.horiba.com/
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2.3 Discrimination of strain and temperature 

 

Since an FBG sensor is sensitive to both strain and temperature, it is required that 

an interrogation system can discriminate strain and temperature. A considerable 

number of strain and temperature discrimination methods for FBG sensors have 

been proposed and demonstrated [67]. In general, techniques to provide 

interrogation of an FBG sensor that can discriminate strain and temperature can be 

classified into six categories 

 

(1) Reference FBG method [68-74] 

To eliminate the influence of temperature, the most straightforward way is to use 

an identical, but separated and strain-free FBG (or strain/temperature insensitive 

material in the sensor head) as a temperature (temperature/strain) sensor to 

compensate (avoid) the temperature-induced error. Technically, this reference 

FBG is located in the same thermal environment as the strain sensor but is 

strain-free. By subtracting the wavelength shift induced by the temperature 

variation from the total wavelength shift obtained with the strain sensor, the strain 

error could be compensated. The scheme using a reference FBG has the 

advantages, such as a simple structure and low cost of the sensor head, however, 

the measurement accuracy is limited due to the difficulty in fabricating two FBGs 

with exactly identical characteristics. 
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(2) Superimposed FBG method [75-78] 

Discrimination of strain and temperature can also be achieved using 

dual-wavelength superimposed FBGs written at the same location in the fiber, in 

which the wavelength shift data are obtained from the two superimposed FBGs. 

Because of the different strain and temperature responsivity in the two FBGs, the 

strain and temperature information could be obtained by using the two wavelength 

shift data. This concept has been demonstrated using two FBGs with central 

wavelengths of 850 and 1300nm [75]. The advantage of this approach is its high 

accuracy. However, this method needs two light sources and demodulation 

systems, making the system more costly. 

 

(3) Combined FBG and LPG method [79-84] 

It is different from the superimposed FBG method where two FBGs are employed, 

in this approach an FBG and an LPG are used in the sensor head. Generally, an 

LPG has much larger temperature responsivity than an FBG. Due to the different 

responsivities, the combination of the FBG and LPG would provide the ability to 

discriminate the strain and temperature, but with a better accuracy. Compared to 

the dual-wavelength superimposed FBG method, a broadband optical source and 

an OSA rather than two sets of independent detection systems are used. However, 

there are also several limitations. First, the physical length of the LPG is much 
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longer (typically a few centimeters) than the FBG, so it may experience a 

significant non-uniform strain field along a grating length. Second, the LPG’s 

sensitivity to bends in the fiber needs a separation of the wavelength changes 

caused by the bend and the longitudinal strain, which forms a new problem. 

Finally, the bandwidth of the LPG is relatively large, which would limit 

measurement accuracy of the interrogation system and also limit the total number 

of sensors based on WDM. 

 

(4) Different cladding-diameter FBG method [84-87] 

It is found that the strain/temperature responses of an FBG with different cladding 

diameters are not the same [84]. This attribute could be employed in an 

interrogation system to discriminate of strain and temperature. By fusion-splicing 

two FBGs with different cladding diameters, two sets of wavelength-shift data are 

obtained, which can be used to determine the strain and temperature. In the 

proposed approach [86], the Bragg wavelengths of the two FBGs may differ by a 

few nanometers, allowing them to be measured independently based on WDM. 

The advantage of this scheme is that the WDM capacity can be increased, but the 

problem of low strength and high loss due to splice may deteriorate the system 

performance.  

 

(5) FBG Fabry-Pérot cavity method [88-93] 
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In this method, two identical FBGs form a Fabry-Pérot cavity with a cavity length 

of 1 mm are used in the sensor. The sensor exhibits a few unique properties. First, 

it possesses two spectral peaks within its main reflection band, and the 

wavelength difference of the two peaks changes linearly with strain or 

temperature. Second, the normalized peak power difference, in addition to its peak 

wavelength shift, changes linearly with strain or temperature. As a result, the 

spectral peak power of the reflected light from the sensor, in addition to its 

wavelength shift, varies linearly with strain or temperature. Therefore, the 

measurement of the peak wavelength shifts as well as the change in the peak 

power permits simultaneous determination of strain and temperature. The main 

limitation of the technique is that the FBG based Fabry-Pérot cavity is quite 

difficult to fabricate. 

 

(6) Birefringence method [94-102] 

Generally, two schemes have been demonstrated for simultaneous measurement 

of strain and temperature based on birefringence. The first one is to use an optical 

Sagnac loop mirror incorporating a high birefringence fiber and an FBG as the 

sensor head [97] [102]. Because the sensing head presents different sensitivities 

for strain and temperature measurands, the physical parameters such as strain and 

temperature could be discriminated. The second one is to use a FBG written in a 

high birefringence fiber [101]. Therefore, two Bragg wavelengths corresponding 
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to the fast-axis and slow-axis mode could be observed. It is known that the 

wavelength space between the center wavelengths of the FBGs in the two axes 

would change linearly to the temperature, but remain unchanged to the strain. 

Therefore, the strain and temperature applied to the FBG sensor could be 

demodulated simultaneously.   
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2.4 Summary 

Compared with conventional fiber-optic sensors, FBG sensors have a number of 

distinguishing advantages and significant progress has been made in the last few 

years. In this chapter, a systematic overview of FBG sensors and the interrogation 

techniques was performed. The key limitations of the current interrogation 

systems are the slow interrogation speed or low interrogation resolution. For many 

applications, such as the monitoring of the operation of an airplane engine, an 

interrogator with a much higher speed is needed to detect the engine vibrations. A 

solution to achieve high speed interrogation is to transfer the spectral information 

to the time domain, which can be processed at a very high speed using 

state-of-the-art digital signal processing technology. 
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Chapter 3  

Theoretical Model: Chirped Pulse Generation with 

Encoded Measurement Information 

 

3.1 Basic Concepts 

(1) Linearly chirped pulse 

Mathematically, a linearly chirped waveform, namely a linearly frequency 

modulated waveform, is given by 

 

   2

0cos 2                  0 tx t kt f t              (3-1) 

 

where k  is the chirp rate, 0f  is the initial frequency, and  is the time duration. 

The instantaneous frequency of this waveform is the first-order derivative of the 

phase term, given by 
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The bandwidth of the waveform, B, can be found as B k . Clearly  if t  

sweeps linearly across a total bandwidth of B Hz during the τ–second pulse 
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duration. When k is positive, the pulse is an up chirped; if k  is negative, it is a 

down chirped. The bandwidth-time product (BWTP) of the chirped waveform is 

given by 2B k  . Since 1B ? , the employment of a chirped pulse could 

achieve pulse compression with a compression ratio being approximately the 

BWTP.  

 

(2) Pulse compression 

A chirped pulse (or a phase coded pulse with a Barker code) could be compressed 

by autocorrelation, which has been widely used in modern radar systems to 

increase the range resolution. The correlation of a chirped waveform has a shape 

of sinc-function which gives a narrow peak determined by the first zero points. 

For a linearly chirped pulse, the first zero point of its autocorrelation is at 

1 1
zerof

B k
  . If the chirp bandwidth increased the zero points would shift in a 

way that the mainlobe of the autocorrelation function would narrow and thus 

increase the resolution for pulse detection.  

 

(3) Wavelength-to-time mapping 

Wavelength-to-time mapping, or dispersive Fourier transformation, is a fast and 

effective way to measure optical spectrum in the time domain. In theory, the 

temporal waveform at the output of a dispersive element has a shape that is a 

scaled version of the spectrum of an ultra-short input pulse [31] [32]. Based on 
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this time-space duality, an equivalent time-domain Fraunhofer approximation 

could be used to carry out a real-time optical spectrum analysis. 
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3.2 Photonic Generation of a Linearly Chirped Pulse 

A typical chirped pulse generation system is shown in Fig. 3.1. It consists of a 

mode-locked laser source, a tunable optical filter, an MZI incorporating an 

LCFBG in one arm of the MZI, a dispersion compensating fiber (DCF) serving as 

a dispersive element for linear WTT mapping, and a PD. An ultra-short pulse 

generated by the mode-locked laser is sent to the MZI through a tunable optical 

filter. The tunable optical filter is employed to control the temporal width of the 

pulse to the MZI. The spectrum of the pulse from the tunable optical filter is then 

shaped by the MZI. At the output of the MZI, an optical spectrum with increasing 

FSR is generated. After WTT mapping in the DCF, a linearly chirped microwave 

waveform is obtained at the output of the PD. Note that an offset of the FSR 

profile would be resulted if the wavelength of the LCFBG is shifted. Thus, the 

information, such as a strain applied to the LCFBG, is coded in the shaped 

spectrum. After WTT mapping in the DCF, a linearly chirped microwave 

waveform is obtained at the output of the PD. The chirped microwave waveform 

is then sent to a digital processor to perform a correlation with a special reference 

waveform. The location of the correlation peak would indicate the wavelength 

shift of the LCFBG. Since the spectrum of the LCFBG is much wider than a 

uniform FBG, the proposed interrogation system would provide a better SNR, at 
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the same time with a high resolution. In the following, an analysis is provided to 

show the operation of the proposed technique. 
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Fig. 3.1. Schematic of a chirped pulse generation system based on SS-WTT 

mapping. MLL: Mode Lock Laser; LCFBG: linearly chirped fiber Bragg grating; 

IMG: index matching gel; DL: delay line; DCF: dispersion compensating fiber; 

PD: photodetector. 

 

Assume that the tunable optical filter has a transfer function with a Gaussian 

profile, given by 
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where 1A , 0F  and FB  are the amplitude, the central frequency and the 

bandwidth of the tunable optical filter, respectively. The pulse at the output of the 

tunable filter is given by 
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   (3-4) 

 

where  Q  and  G  are the Fourier transforms of  q t  and  p t , 

respectively. Considering that the input pulse to the tunable optical filter is 

ultra-short, then we can model, for simplicity, the input pulse as a unit impulse, 

that is,    q t t . 

 

To generate a frequency-chirped pulse, an unbalanced MZI incorporating an 

LCFBG in one arm is employed. Compared to a conventional MZI with a constant 

FSR, our MZI has a linearly increasing or decreasing FSR. Mathematically, the 

unbalanced MZI can be modeled as a two-tap delay-line filter with a transfer 

function given by 
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where 1t  and 2t  are the time delays in the two MZI arms, 

 
0

2 2

v d d
 

  


   (ps
2
) is the first-order dispersion coefficient of the 

LCFBG, and 2 1t t t    is the time delay difference between the two arms of the 

unbalanced MZI. Since the higher order dispersion is small, only the first-order 

dispersion of the LCFBG is considered.  

 

Assume that the length difference between the two arms without a strain applied 

to the LCFBG is L , the additional length difference caused by a strain is then 

given by 2 / C , where   is the wavelength shift of the LCFBG, which is 

also a function of the applied strain, and C  (nm/cm) is the chirp parameter of the 

LCFBG. Thus, the total time difference is given by 

 

 2 / /efft L C n c           (3-6) 

 

where effn is the effective refractive index of the optical fiber, and c  is the speed 

of light in vacuum.  

 

The magnitude response of the transfer function (3-5) could be simplified as 

2cos
4 2

v t
 

  
 

 
, which determines the interference fringe pattern of the MZI. 
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The first-order dispersion 
v  determines the frequency chirp rate, and the 

time-delay difference t  consists of two parts: the first one, /effLn c , is 

wavelength-independent, which determines an offset central frequency; the 

second part, 2 / /effCn c  , is wavelength-dependent, which determines the 

central frequency shift of the generated chirped pulse due to the sensing 

information change. Therefore, the MZI accomplishes two functions: spectral 

shaping for chirped pulse generation and sensing information encoding. 

 

The pulse at the output of the tunable optical filter is then sent to the MZI to 

perform spectral shaping. At the output of the MZI, we have 
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  (3-7) 

 

where  
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   (3-8) 

 

Since the effect of the first-order dispersion 
v  in (3-7) is large and cannot be 

ignored. In the following treatment, considering the system is linear and 

time-invariant, the dispersion from the LCFBG can be combined with the 

dispersion of the DCF, to perform jointly the WTT mapping. The total dispersion 

for the WTT mapping is 2v D   , where 
D  is the first-order dispersion 

of the DCF. The temporal waveform at the output of the DCF is given [32] 
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     (3-9) 

 

By applying the waveform at the output of the DCF to a PD, we have a 

photocurrent, given by  

 

   
2

ps t R y t          (3-10) 

 

where R is the responsivity of the PD. 
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For calculation convenience, (3-9) is re-written as a function of wavelength. 

Substituting (3-9) into (3-10) yields 
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   (3-11) 

 

where  T   is a window function determined by the transfer function of the 

tunable optical filter  1H  , 0  is the central wavelength corresponding to 0 , 

 ct z is the peak position of the correlation result, and the mapping relation is 

given /t     with 
2

2 c





     (ps/nm). Based on (3-11), the 

instantaneous frequency of the microwave waveform is given 
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

  


      

     (3-12) 

 

As can be seen from (3-12) the received signal at the output of the PD is a linearly 

chirped microwave waveform, and the measurand information is coded in 

 ct z . By correlating the linearly chirped microwave waveform with a special 

reference waveform, a correlation peak will be generated. The location of the peak 

will give the information of  ct z , and hence the wavelength shift. 
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3.3 Chirped Pulse Compression Technique 

The special reference waveform is a linearly chirped waveform with an 

instantaneous frequency extending from the smallest to the largest possible 

frequencies corresponding to the generated chirped waveform when the LCFBG is 

experiencing the largest and the smallest wavelength shift. Therefore, the 

correlation between the generated chirped waveform with the special reference 

waveform will generate a sharp correlation peak and the peak location would 

indicate the wavelength shift. In building the special reference waveform, the 

instantaneous frequency of the reference waveform should cover the entire 

frequency range of the received chirped microwave waveform for the LCFBG 

experiencing the largest and the smallest wavelength shift. Mathematically, the 

special reference waveform can be expressed 

 

 2

0

1

( ) cos 2r

t
s t rect f t kt

T
 

 
  

 
     (3-13) 

 

where 
1

t
rect

T

 
 
 

 is a rectangular window and the width of the window is 1T , 

 2

0 0efff n L     is the initial frequency of the chirped pulse, and 

 2 2

02 effk n C   is the chirp rate. The received linearly chirped microwave 

waveform in (3-11) can be simplified to have a similar expression, 
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where 2T  ( 2 1T T ) is the time duration of the received linearly chirped 

microwave waveform. Note that the envelope of the generated chirped waveform 

is Gaussian-shaped. In (3-12) we use a rectangular envelope to replace the 

Gaussian envelope, which will simplify the mathematical derivations.  

Rewrite (3-11) and (3-12), we have 
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where  
  2

2

2

cj k t z t t

T

t
s t rect e

T

   
 
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 . 

 

Hence, the correlation between the generated chirped microwave waveform and 

special reference is given, 
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(3-18) 

 

It is known that 

 

1 1

( ) ( )
t t

rect rect
T T
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        (3-19) 

 

Then, we define the corresponding limits of the intervals, as shown in Fig. 3.2. 
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Fig. 3.2. The definition of the rectangular functions. 

 

For further calculation, we have to consider the corresponding cases of the 

overlapping rectangular function: 

Case 1: 
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Case 2: 

 

2 1 2 1 2 1 2

2 2 2 2 2

T T T T T T T
  

 
            (3-22) 

 

2

2

T
   2

2

T
 

1

2

T
 1

2

T t

2

t
rect

T

 
 
  1

t
rect

T

 
 
 



49 

 

   

   

 
 

 

2

1

1

2

12

1 2

22

2

2

2

1
( ) ( ) ( )

2

1

2

1

2
2

2

c c

c c

c

c

j k t z j k t z t

T
j k t z j k t z t

T

j k t z t
j k t z

c

T

t t
R e rect rect e dt

T T

e e dt

e
e

t z
j k

    

    



 
  




 

            



            





     
     



 
    

  

  
 

    
 





 

 

   

   

 

 

2

2 1

1 2

1

2

2 2
2 2

2 2 2

2

1

2
2

2

1

2
2

2

c
c c

c c

c

T

Tj k t z Tj k t z j k t z

c

t z t zT T
j k t z T T

j k

c

e
e e

j t z
k

e
e

j t z
k

  
    


 

  

 

 

                     

     
          

          
 

 
     

       
 

   
 

   
 

 

   

 

 

2 1 2

1 2

2 2 2

2 2 21 2

1 2

1 2

1 2

2
sin

2 2
2

2 2

1

2 2

c

c c

t z T T
j k

t z t zT T
j k

c

c

e

T T
e

t z T T
k

t z T T
k

T T

  


 



  

  



      
        

    

     
      

   

 
 
 
 

 
                  

              
  


 



   
 1 2

2 2 2 1 2

2 2

c ct z t zT T
j k

ct z T T
e sinc k


 

  

     
      

   
      

          
     

 

(3-23) 
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Case 4: 

 

2 1 2

2 2 2

T T T
            (3-26a) 

 

1 2 1 2

2 2

T T T T


 
          (3-26b) 

 



52 

 

   

   

 
 

 

1

2

1

2

2

12

1 2

22

2

2

2

1
( ) ( ) ( )

2

1

2

1

2
2

2

c c

c c

c

c

j k t z j k t z t

T
j k t z j k t z t

T

T

j k t z t
j k t z

c

T

t t
R e rect rect e dt

T T

e e dt

e
e

t z
j k

    

    



 
  






 

            



            



     
     



 
    

  

  
 

    
 





 

 

   

 

 

   
 

21

1 2

2

22
22

2
2 2

1

2
2

2

1

2
2

2

c
cc

c c
c

Tj k t z T j k t zj k t z

c

t z t zj k t z j k T j k T

c

e
e e

j t z
k

e
e e

j t z
k

  
   

       

 

 

                      

                        
   

 
     

       
 


    

 
   

 

   

 

   

   

1 2

1 2 1 2

1 2

2 2 2

2 2 2 2

2 21 2

1

2
2

2

2

c c

c c

c c

t z t zT T
j k t z t zT T T T

j k j k

c

t z t zT T
j k

e
e e

j t z
k

T T
e


 

     


 

 



     
                                    

      

   
     

 




 


 
     
  
    

 

 
  

  
 

 

   
 1 2

2

1 2

1 2

2 2 21 2 1 2

sin
2 2

2
2 2

1

2 2 2 2

c c

c

c

t z t zT T
j k

c

t z T T
k

t z T T
k

t zT T T T
e sinc k


 

  

  

   

  
 
  

     
      
   

    
                       

  

      
                    

 

(3-27) 

 

Case 5: 
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Summary of case 2, 3 and 4:  
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Case 4: 
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Equation (3-15) can be further written as 
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where  w  , ef  and   are respectively given by, 
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The correlation function in (3-34) establishes a straightforward mathematical 

relationship between the peak location and the time difference caused by the 

wavelength shift of the LCFBG. The correlation function is a Sinc function, and 

the first zero points are at   2 1c rt z B    , where 2rB kT  is the 

bandwidth of the received microwave signal. If the chirp bandwidth increases the 

first zero points would shift in a way such that the mainlobe of the correlation 

function would be narrow and thus increasing the resolution of the LCFBG 

sensor. For example, to obtain a compression ratio of 100 for a 400 ps pulse, the 

bandwidth of the microwave pulse should be 5 GHz, which means the chirp rate 

of the microwave pulse should be 0.0125 GHz/ps. In addition, the relationship 

between the applied strain and wavelength shift is given by [36] 

 

 0 1c                (3-38) 



56 

 

 

where  is the photoelastic coefficient of the LCFBG fiber. This coefficient is 

determined by the refractive index and the fiber-optic strain tensor. Considering 

(3-6), (3-12), (3-18), and (3-34), we have, 

 

 
 

0

1

2 1
ct z

 


 

   
 

       (3-39) 

 

From (3-39) we can see that the wavelength shift is a linear function of the peak 

location of the correlation. 
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3.4 Summary 

In this chapter, the principle of real-time interrogation of a LCFBG with chirped 

pulse compression to increase the resolution and signal to noise ratio was 

presented. The expression for the generated chirped microwave waveform was 

developed and the design of the special reference waveform was provided. The 

expression for the correlation between the generated chirped microwave 

waveform and the special reference waveform was also derived. 



58 

 

Chapter 4  

Real-Time Interrogation of an LCFBG Sensor 

 

4.1 Interrogation System Introduction 

In this chapter, a system model to interrogate in real time a linearly chirped fiber 

Bragg grating (LCFBG) sensor based on spectral-shaping and wavelength-to-time 

(SS-WTT) mapping with improved interrogation resolution is numerically 

simulated and experimentally demonstrated. The proposed system consists of a 

mode-locked laser (MLL), an optical interferometer incorporating an LCFBG, and 

a dispersive element. The optical interferometer has a spectral response with an 

increasing free spectral range (FSR). The incorporation of the LCFBG in the 

interferometer would encode the sensing information in the spectral response as a 

change in the FSR. After SS-WTT, a linearly chirped microwave waveform is 

obtained. The correlation of the linearly chirped microwave waveform with a 

reference waveform would provide a sharp correlation peak with its position 

indicating the wavelength shift of the LCFBG. A theoretical analysis is validated 

by numerical simulations and an experiment. The experimental results show that 

the proposed system can provide an interrogation resolution as high as 0.25 μ𝜀 at 

a speed of 48.6 MHz. 
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4.2 Numerical Simulation 

In the proposed real-time LCFBG sensor interrogation system, the correlation 

between the linearly chirped microwave waveform and the special reference 

would demodulate the measurement information in which the wavelength shift is 

obtained by measuring the location of the correlation peak. Since the correlation 

peak is narrow due to the pulse compression, the resolution is improved. In 

addition, it is well known for a waveform that is embedded in a stationary white 

noise, the correlation between the waveform and its reference would provide a 

maximum SNR. Therefore, the trade-off between the resolution and SNR existing 

in [30] will no longer exist here.  

 

In the following, a simulation is performed to demonstrate the operation of the 

proposed system for the LCFBG sensor interrogation with an improved resolution 

and SNR.  

 

First, we build a special reference waveform. The special reference waveform is a 

linearly chirped waveform with a chirp rate of -0.068 GHz/ps, which is identical 

to that of the generated chirped microwave waveform, but with an instantaneous 

frequency extending from the smallest to the largest possible values 
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corresponding to the generated chirped microwave waveform when the LCFBG is 

experiencing the largest and the smallest wavelength shift. Since the central 

frequency of the special reference waveform can be controlled by tuning the time 

delay in the lower arm of the MZI, to ease the need for high frequency 

components, the central frequency of the special reference waveform is controlled 

zero. Thus, the special reference waveform has a chirp rate that is -0.068 GHz/ps 

for 0t   and 0.068 GHz/ps for 0t  , as shown in Fig. 4.1. The time duration of 

the special reference waveform is 1400 ps, covering an instantaneous frequency 

from 47.6 GHz to 0 GHz for 0t   and 0 GHz to 47.6 GHz for 0t  . 
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Fig. 4.1. The reference microwave waveform which has an instantaneous 

frequency range from 0 GHz to 47.6 GHz. 

 



61 

 

Then, two linearly chirped microwave waveforms corresponding two wavelength 

shifts of 0.185 nm and 0.740 nm are generated. The two waveforms have a super 

Gaussian envelope with a time duration of 400 ps, as shown in Fig. 4.2 and Fig. 

4.3. The first waveform has a chirp rate of 0.068 GHz/ps, and the instantaneous 

frequency is from 6.8 to 34.0 GHz, corresponding to a wavelength shift of the 

LCFBG of 0.185 nm. The second waveform has a chirp rate of -0.068 GHz/ps, 

and the instantaneous frequency is from 40.8 to 13.6 GHz, corresponding to a 

wavelength shift of the LCFBG of 0.740 nm. 
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Fig. 4.2. A linear chirped microwave waveform with 300ct ps  . 
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Fig. 4.3. A linear chirped microwave waveform with 300ct ps   . 

 

The two generated linearly chirped microwave waveforms are then correlated 

with the special reference waveform. The results are shown in Fig. 4.4. As can be 

seen, two correlation peaks corresponding to the two linearly chirped microwave 

waveforms are observed. The locations of the two peaks reveal the wavelength 

shift information. Since the pulse is compressed by 133 times, the resolution is 

improved by 133 times. To evaluate the robustness of the interrogation system to 

noise, a stationary white noise is added to the waveform shown in Fig. 4.2, to 

make the linearly chirped microwave waveform have an SNR of 0 dB. The 

waveform with an added noise is shown in Fig. 4.5. The correlation of the noisy 

waveform with the special reference waveform is shown in Fig. 4.6. As expected, 
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a sharp and clear correlation is observed. Based on the correlation output, the 

wavelength shift can be accurately estimated. 
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Fig. 4.4. The correlation outputs. The red dashed curve shows the correlation with 

the waveform shown in Fig. 4.2, and the blue solid curve shows the correlation 

with the waveform shown in Fig. 4.3. 
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Fig. 4.5. The waveform in Fig. 4.2 with an added stationary white noise. 
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Fig. 4.6. The correlation with the noisy waveform shown in Fig. 4.5. 
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4.3 Experiment 

An experiment based on the setup shown in Fig. 4.1 is then implemented. A 

transform-limited ultra-short Gaussian pulse train at a repetition rate of 48.6 MHz 

from a passively mode-lock laser source is sent to an optical tunable filter. An 

individual pulse in the pulse train has a FWHM (full-width at half-maximum) of 

394 fs and center wavelength of 1558 nm. The optical tunable filter has a 

bandwidth of 0.3 nm and the central wavelength is tuned at 1559.59 nm. Then, the 

spectrally stretched ultra-short pulse is sent to the MZI. An LCFBG is 

incorporated in the upper arm of the MZI. The LCFBG is 11.5 cm long with a 

center Bragg wavelength of 1558.7 nm and a dispersion of -1347 ps/nm. The 

lower arm of the MZI has a tunable time delay line. With no strain, the time delay 

is tuned such that the MZI has a spectral response corresponding to a linearly 

chirped waveform with a central frequency of zero and a chirp rate of -0.068 

GHz/ps for 0t   and 0.068 GHz/ps for 0t  , as shown in Fig. 4.7. 
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Fig. 4.7. The special reference waveform. 

 

When a strain is applied, the FSR of the MZI is changed. The spectrally shaped 

waveform is then sent to a DCF. The total dispersion for WTT mapping is given 

by 2v D   , which is 1621.5 ps/nm. A high-speed photodetector (PD) is 

connected to the output of the DCF. A linearly chirped microwave waveform with 

its instantaneous frequency indicating the wavelength shift of the LCFBG is 

generated at the PD, which is sent to a digital signal processor for pulse 

compression.  
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Fig. 4.8. A linearly chirped microwave waveform when a strain of 71.5 μ is 

applied to the LCFBG.  
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Fig. 4.9. A linearly chirped microwave waveform when a strain of 406.9 μ is 

applied to the LCFBG. 
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Fig. 4.10. A linearly chirped microwave waveform when a strain of 484.2 μ is 

applied to the LCFBG. 

 

Fig. 4.8, Fig. 4.9 and Fig. 4.10 show three linearly chirped microwave waveforms 

corresponding to three strains of 71.5 μ, 406.9 μ, and 484.2 μ applied to the 

LCFBG, respectively. The correlation of the three linearly chirped microwave 

waveforms with the special reference waveform given in Fig. 4.7 is shown in Fig. 

4.11. The waveforms are highly compressed. The locations of the three peaks 

indicate the wavelength shifts of the LCFBG are 0.087 nm, 0.495 nm, and 0.589 

nm, corresponding to three different strains of 71.5 μ, 406.9 μ, and 484.2 μ.  
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Fig. 4.11. Correlation outputs for the microwave waveforms shown in Fig. 4.8, 

Fig. 4.9 and Fig. 4.10.  
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experimental data, and the solid line shows the linear fitting of the experimental 

data. The fitting function is y 0.7925 316.3909x  . 

 

Since the highest temporal resolution of the oscilloscope is about 1 ps and the 

sensitivity is 1.262 ps/μ, and the compression ratio is calculated to be 50.2, the 

measurement resolution is 0.25 μ by (21). Compared with the results reported in 

[22], where the static resolution was 0.83 μ with a uniform FBG, the approach 

here clearly demonstrates an increased resolution. Fig. 4.12 shows the correlation 

peak position vs the applied strain. As can be seen the peak position is highly 

linear with the applied strain, which validates the theoretical conclusion given by 

(21). The sensitivity of the proposed system is also measured, which is 1.262 

ps/μ. The responsivity of the LCFBG is measured by an OSA, which is 0.001217 

nm/μ. According to (21), the sensitivity of our proposed system is determined by 

both the first-order dispersion coefficient   and the photoelastic coefficient   

of the LCFBG. In our proposed system, a practical way to increase the sensitivity 

is to increase the dispersion  . By increasing the dispersion value of the DCF in 

our system, the sensitivity would be improved. However, the temporal width of 

the stretched pulse will be increased by using a longer DCF. As a result, the 

compressed pulse would be broader, which would lead to a lower temporal 

resolution. Therefore, there is a trade-off between sensitivity and resolution.  
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4.4 Summary 

We have experimentally demonstrated a novel approach to interrogating an 

LCFBG sensor based on SS-WTT mapping with both increased resolution and 

SNR. In the proposed system, an LCFBG was incorporated in one arm of an MZI, 

making the MZI have a spectral response with increasing or decreasing FSR. 

When the LCFBG was experiencing a strain, the strain information was conveyed 

to a wavelength shift, which was further transferred to the change of the FSR. If 

an ultra-short pulse was spectrum shaped by the MZI, the shaped spectrum would 

contain the information of the wavelength shift. The demodulation was performed 

in the time domain by mapping the spectrally shaped waveform to the temporal 

domain using a dispersive element. The generated temporal waveform was then 

correlated with a special reference waveform, with the location of the correlation 

peak indicating the wavelength shift of the LCFBG. The key significance of the 

proposed technique is that the generated waveform is compressed, thus the 

interrogation resolution is greatly improved. In addition, since an LCFBG has a 

broader bandwidth, the use of the LCFBG as a sensing element would make the 

output waveform have a broader temporal duration, which again leads to an 

increased SNR. The proposed approach has the advantages of real-time 

interrogation, high resolution and improved SNR, which can find applications 

where high-speed and high precision sensing is required. 
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Chapter 5  

Simultaneously Measurement of Temperature and 

Strain 

 

5.1 Interrogation System Introduction 

In this chapter, a technique to real-time interrogation of a high-birefringence 

linearly chirped fiber Bragg grating (Hi-Bi LCFBG) for simultaneous 

measurement of strain and temperature is proposed. In the proposed system, the 

strain and temperature information is encoded in the Hi-Bi LCFBG as Bragg 

wavelength shifts. The Hi-Bi LCFBG is incorporated in one arm of a MZI. Due to 

the birefringence in the Hi-Bi LCFBG the MZI has two spectral responses along 

the fast and slow axes with each having an increasing FSR. If an ultra-short 

optical pulse is sent to the MZI, the spectrum of the ultra-short optical pulse is 

shaped. Two shaped spectra are obtained which are mapped to two chirped 

microwave waveforms in a dispersive fiber. By using chirped microwave pulse 

compression, two correlation peaks with the locations containing the strain and 

temperature information are obtained. In addition, since the correlation operation 

here is equivalent to matched filtering, the SNR is increased. A theoretical model 

is developed, which is validated by an experiment. 
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Fig. 5.1 shows the schematic of the proposed interrogation system. An ultra-short 

pulse train generated by an MLL source is sent to an MZI through a tunable 

optical filter (TOF). The TOF here is used to control the spectral width of the 

ultra-short pulse to the MZI. A Hi-Bi LCFBG is incorporated in the upper arm of 

the MZI. Due to the birefringence in the Hi-Bi LCFBG, two shaped spectra that 

are orthogonally polarized are obtained and are sent to a dispersion compensating 

fiber (DCF). The DCF is serving as a dispersive element to achieve linear WTT 

mapping [32]. The orthogonally polarized temporal waveforms obtained at the 

output of the DCF are separated by a polarization beam splitter (PBS), and then 

applied to two photodetectors (PDs). A polarization controller (PC1) before the 

MZI is adjusted such that the polarization direction of the light wave entering the 

Hi-Bi LCFBG is aligned at an angle of 45º with the fast axis. At the output of the 

MZI, two orthogonally polarized spectrum-shaped pulses are generated which are 

mapped to the temporal domain in the DCF, with both the strain and temperature 

information being encoded in the temporal waveforms. The two temporal 

waveforms are separated by the PBS and detected by the PDs. The microwave 

waveforms are then sent to a digital signal processor to perform correlation with a 

special reference waveform. The locations of the correlation peaks would reveal 

the strain and temperature information. 
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Fig. 5.1. Schematic of the proposed sensor interrogation system. DL: delay line, 

MLL: mode-locked laser, PC: polarization controller, PD: photodetector, DCF: 

dispersion compensating fiber, TOF: tunable optical filter. 

 

For the MZI, two transfer functions corresponding to the light wave traveling 

along the fast and slow axes of the Hi-Bi LCFBG are given (3-5), 
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where  
0

2 2

v d d
 

  


   (ps
2
) is the first-order dispersion coefficient of the 

LCFBG, 1t  is the time delay of the upper arm, and ft , st  are the time delay 

differences between the two arms of the unbalanced MZI with respect to the fast 

and slow axes of the Hi-Bi LCFBG. 
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In (5-1), the first-order dispersion coefficient 
v  determines the frequency chirp 

rate of the generated waveforms. A higher dispersion of the Hi-Bi LCFBG would 

give a higher chirp rate. It can be seen that the time delay differences ft  and 

st are resulted from two sources.  

 

1) The optical path difference of the single-mode fibers (SMFs) in the two arms 

contributes a constant time delay difference to ft  and st . The constant time 

delay difference is given as 0effn l  where effn  is the effective refractive index 

of the SMFs, and 0l  is the physical length difference between the SMFs in the 

two arms.  

 

2) The optical paths of the Hi-Bi LCFBG are strain- and temperature-dependent, 

which are given as 2 /fn C  and 2 /sn C , where fn  and sn  are 

respectively the refractive indices of the fast and slow axis , C  (nm/cm) is the 

chirp parameter of the Hi-Bi LCFBG, and 

    0 1 1f f fn dn dT T           
 

, 

    0 1 1s ss
n dn dT T             , where   is the strain 

difference applied to the Hi-Bi LCFBG,   and   are the photoelastic 

coefficient and the thermal expansion coefficient of the Hi-Bi LCFBG, fn  and 

sn  are the refractive indices of the fast and slow axes, and T  is the 

temperature change.  
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Therefore, ft  and st  can be written as 
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           (5-2) 

 

where c  is the speed of light in vacuum. It can be seen from (5-1) and (5-2), 

ft  and st  determine the FSRs of the MZI due to the sensing information 

change. Thus, the MZI would accomplish two functions: spectral shaping for 

chirped pulse generation and sensing information encoding. 

 

Since the first-order dispersion v  in (5-1) is large and cannot be ignored, the 

dispersion from the Hi-Bi LCFBG can be combined with the dispersion of the 

DCF, to perform jointly the WTT mapping [32]. The total dispersion for the WTT 

mapping is 2v D   , where D  is the first-order dispersion of the DCF. 

The temporal waveforms at the output of the PDs are given by [32] 
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where 22 c       (ps/nm),  T t   is a window function determined 

by the transfer function of the tunable optical filter,  2 2

02 effk n C   , 

0 0f C l   ,  02 1g      ,  1 02 1 f ff n dn dT    
 

, and 

 2 02 1 s sf n dn dT      . 

 

A special reference waveform with the same chirp rate but a frequency range 

corresponding to the Hi-Bi LCFBG experiencing the largest and smallest 

wavelength shift is built to perform the correlation , which is given by (3-13) 
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The correlation peak positions between the waveforms in (5-3) and the reference 

in (5-4) are f  and s , and the strain and temperature information can be 

calculated by (3-34) 
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5.2 Experiment 

An experiment based on the setup shown in Fig. 5.1 is implemented. Due to the 

lack of a Hi-Bi LCFBG, in the experiment, we use a regular LCFBG and a 

polarization maintaining fiber (PMF), which functions equivalently as a Hi-Bi 

LCFBG. In the experiment, a transform-limited ultra-short Gaussian pulse train at 

a repetition rate of 48.6 MHz from a mode-locked laser (MLL) source is sent to a 

tunable optical filter (TOF). A pulse in the pulse train has a full-width at 

half-maximum (FWHM) of 394 fs and a center wavelength of 1558.3 nm. The 

TOF has a bandwidth of 0.58 nm. The ultra-short pulse after the TOF is sent to the 

MZI. An LCFBG, which is 11.5 cm long with a center Bragg wavelength of 

1560.8 nm and a dispersion of -1347 ps/nm, is incorporated in the upper arm of 

the MZI. The lower arm of the MZI has a tunable time delay line and a length of 

PMF with a beat length of 3.75 mm. Before applying strain or heating the LCFBG, 

we tune PC1 to make the pulse polarization direction align at 45º with respect to 

the fast axis of the PMF to make the interference pattern have the highest 

visibility. At room temperature (25 ºC), the time delay in the lower arm is tuned 

such that the MZI has a spectral response corresponding to a linearly chirped 

waveform with a central frequency of zero and a chirp rate of -0.068 GHz/ps for 

0t   and 0.068 GHz/ps for 0t  , as shown in Fig. 5.2. 
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Fig. 5.2. The special reference waveform. 
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Fig. 5.3. A linearly chirped microwave waveform corresponding to the 

polarization direction of the ultrashort pulse aligned with the fast axis, when a 

strain of 50 μ is applied to the LCFBG at 25 ºC. 

 



80 

 

-400 0 400
0

1

Time (Ps)

N
o

rm
. A

m
p

. (
a.

u
.)

 

Fig. 5.4. A linearly chirped microwave waveform corresponding to the 

polarization direction of the ultrashort pulse aligned with the slow axis, when a 

strain of 50 μ is applied to the LCFBG at 25 ºC. 
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Fig. 5.5. Correlation of the waveforms shown in Fig. 5.3 and Fig. 5.4 with the 

special reference waveform. 

 

When a strain is applied or the temperature is changed, the FSRs of the MZI will 

change, and the shaped spectra will also change. Two linearly chirped microwave 
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waveforms with their instantaneous frequencies indicating the wavelength shift of 

the LCFBG and the phase difference induced by the PMF is generated at the 

output of the PDs, which are sent to a digital signal processor for pulse 

compression. The strain and temperature information are obtained by solving 

(5-5). 
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Fig. 5.6. Correlation peak position vs the temperature for a given strain of 50 µ. 

The triangular and circles indicate the experimental data corresponding to the 

polarization direction of the ultrashort pulse aligned with the fast axis and slow 

axis, respectively, and the solid line shows the linear fitting of the experimental 

data. The fitting function of the red-dash line is 7.4351 57.5700f T    , which 

has a slope of 7.4351 ps/ºC, and the fitting function of the blue-solid line is 

6.6747 57.5700f T    , which has a slope of 6.6747 ps/ ºC. 
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Fig. 5.7. Correlation peak position vs the applied strain for a temperature of 60 ºC. 

The triangular and circles indicate the experimental data corresponding to the 

polarization direction of the ultrashort pulse aligned with the fast axis and slow 

axis, respectively, and the solid line shows the linear fitting of the experimental 

data. The fitting function of the red-dash line is 1.1514 446.1060f     , 

which has a slope of -1.1514 ps/ºC, and the fitting function of the blue-solid line is 

1.1514 400.4820f     , which has a slope of -1.1514 ps/ ºC. 

 

Fig. 5.3 and Fig. 5.4 show two linearly chirped microwave waveforms 

corresponding to the polarization direction of the ultrashort pulse aligned with the 

fast axis and slow axis respectively when the strain is 50 μ and the temperature is 
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25 ºC. The correlation of the two linearly chirped microwave waveforms with the 

special reference waveform given in Fig. 5.2 is shown in Fig. 5.5. It can be seen 

that the waveforms are highly compressed. The locations of the two peaks 

indicate the wavelength shifts of the LCFBG and the phase difference due to the 

birefringence of the PMF. In our experiment, the relationship between the strain 

or temperature and correlation peak positions is measured, which is shown in Fig. 

3. The fitted curves are given by 

 

o o1.3152 C/ps  -1.3152 C/ps

7.6242 /ps  -8.4927 /ps

f

s

T 

  

     
     

    
        (5-6) 

 

Equation (6) is used to predict the strain and temperature simultaneously applied 

to the LCFBG and PMF. For a measurement range of 120 ºC and 400 μ, the 

maximum experimental errors obtained are ±1.2 ºC and ±13.3µ. Compared with 

the results reported in [103], where the experimental errors are ±2.2 ºC and 

±18.4µ, the approach here clearly demonstrates an increased accuracy. The 

sensitivities of the proposed system are also measured, which are 6.4 ps/ºC or 1.5 

ps/μ. Since the WTT mapping enables real-time sensing for a simultaneous 

measurement of strain and temperature, the interrogation speed is determined by 

the repetition rate of the MLL, which is 48.6 MHz. 
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5.3 Summary 

We have proposed and experimentally demonstrated a new approach to measuring 

strain and temperature simultaneously with an increased resolution and SNR. The 

key device in the system is the MZI that was designed to include a Hi-Bi LCFBG 

in one arm, which enables the encoding of both the strain and temperature 

information in the generated chirped microwave waveforms. By correlating the 

temporal waveforms with a special reference waveform, two correlation peaks 

with the locations indicating the strain and temperature induced wavelength shifts 

of the Hi-Bi LCFBG was obtained. 
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Chapter 6 

Conclusions and Future Work 

 

6.1 Conclusions 

The objectives of this work: 1) to interrogate a LCFBG with improved resolution 

and SNR by employing chirped pulse compression, and 2) to simultaneously 

measure the strain and temperature a LCFBG sensor with improved resolution and 

SNR by employing chirped pulse compression. The objectives have been met. 

 

In Chapter 2, a background review of FBG sensors and interrogation systems was 

presented. The advantages and limitations of the previous interrogation 

technologies were discussed. 

 

In Chapter 3, the theory model for real-time interrogation for an LCFBG sensor 

was presented. The expression for the generated chirped microwave waveform 

was developed and the design of the special reference waveform was provided. 

The expression for the correlation between the generated chirped microwave 

waveform and the special reference waveform was also derived. 
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In Chapter 4, an experimental demonstration of the prosed approach to 

interrogating an LCFBG sensor based on SS-WTT mapping with both increased 

resolution and SNR was performed. In the proposed system, an LCFBG was 

incorporated in one arm of an MZI, making the MZI have a spectral response with 

increasing or decreasing FSR. When the LCFBG was experiencing a strain, the 

strain information was conveyed to a wavelength shift, which was further 

transferred to the change of the FSR and reflected in the spectral of an ultra-short 

pulse. The demodulation was performed in the time domain by mapping the 

spectrally shaped waveform to the temporal domain using a dispersive element. 

The proposed approach has the advantages of real-time interrogation, high 

resolution and improved SNR, which can find applications where high-speed and 

high precision sensing is required. 

 

Finally, an approach to measuring strain and temperature simultaneously with an 

increased resolution and SNR based on the proposed interrogation system was 

proposed and experimentally demonstrated in Chapter 5. The key device in the 

system is the MZI that was designed to include a Hi-Bi LCFBG in one arm, which 

enables the encoding of both the strain and temperature information in the 

generated chirped microwave waveforms. By correlation the temporal waveforms 

with a special reference waveform, two correlation peaks with the locations 
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indicating the strain and temperature induced wavelength shifts of the Hi-Bi 

LCFBG was obtained. 
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6.2 Future work 

FBG sensor technology has been proven to be a powerful tool for 

quasi-distributed measurements of strain and temperature and has found a number 

of applications. In this thesis, a real-time interrogation scheme with improved 

resolution and SNR was proposed and demonstrated. The work can be further 

improved from the following three aspects. 

 

1) A further improvement of the resolution in the proposed interrogation system is 

limited due to the tradeoff between the sensor resolution and sensitivity. In our 

proposed system, a practical way to increase the sensitivity is to increase the 

dispersion  . By increasing the dispersion value of the DCF in our system, the 

sensitivity would be improved. However, the temporal width of the stretched 

pulse will be increased by using a longer DCF. As a result, the compressed pulse 

would be broader, which would lead to a lower temporal resolution. Therefore, 

there is a trade-off between sensitivity and resolution. Since the compression ratio 

could be improved by increasing the chirp rate of the chirped microwave 

waveform, an alternative way to improve the resolution is using an LCFBG with 

higher chirp rate. In this way, a super high-speed photodetector should be used to 

receive the chirped microwave waveform with higher frequency range, but the 
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resolution could be improved and the tradeoff between the sensitivity and 

resolution is avoided. 

 

2) The interrogation speed in the proposed system is determined by the repetition 

rate of mode-locked laser. A higher interrogation speed than 48.6 MHz is 

achievable by replacing an optical pulse source with higher repetition rate. 

However, the output pulse will be overlapped once the pulse repetition rate 

reaches its limitation. In the proposed system, the output pulse should have a 

duration of 1500ps, which promises the highest interrogation speed of 0.67 GHz.  

 

3) In order to make the proposed system more stable for practical applications, 

photonic integrated circuit (PIC) technique could be used to improve the system 

robustness and minimize the system size. In our proposed system, the optical 

source, tunable filter and dispersive element can be developed on a photonic s 

chip with improved stability and smaller size.  

 

4) Other applications based on the proposed interrogation could be investigated. 

Since the approach in this thesis presents a high sensing resolution and improved 

SNR, it could be used in other applications, such as real-time detection of 

multi-crack-position. 
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