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ABSTRACT 

Theoretical and experimental studies of real-time interrogation of optical sensors based 

on wavelength-to-time (WTT) mapping are presented. The sensing information is encoded 

in the spectrum of an optical sensor, and transferred to the time domain by using WTT 

mapping. Utilizing digital electronics for post processing, the sensing information can be 

interrogated at an ultra-high speed and resolution. Two sensors based on WTT mapping are 

proposed and demonstrated. 

First, a random grating sensor for simultaneous measurement of the temperature and 

strain is investigated. An ultra-short pulse from a mode-lock laser is spectrum shaped by a 

high-birefringence random grating to generate two orthogonally polarized spectrums, which 

are then fed to an optical loop in which a linearly chirped fiber Bragg grating is incorporated. 

Linear WTT mapping is implemented, and two temporally separated optical pulses are 

generated, and then converted to two electrical waveforms at a photodetector. Pulse 

compression is then employed. By measuring the temporal intervals of the temporally 

compressed pulses, the strain and temperature information can be retrieved. 

Conventional fiber based sensors are not sensitive to the refractive index change of the 

environment. In the second sensor, a silicon photonic microdisk resonator (MDR) for 

temperature and liquid refractive index sensing is proposed and demonstrated. By using the 

notches in the spectrum of the MDR, a microwave photonic filter (MPF) is implemented. By 

feeding a linearly chirped microwave signal to the MPF, a filtered signal with its temporal 
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location representing the spectrum is generated. By monitoring the time location of the 

filtered signal, the temperature or the refractive index information is revealed.  
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CHAPTER 1  INTRODUCTION 

1.1 Background Review 

Optical sensing, based on fiber or other technologies, plays an important role in numerous 

applications, for its intrinsic advantages, such as no physic contact, immunity to electromagnetic 

interference, high sensitivity, light weight, small size, environmental ruggedness, multiplexing and 

distributed capacities [1]. In oil and gas industry, optical sensors help engineers monitor the 

pressure and temperatures of wells without the risk of explosion [2]. In the aviation industry, 

Airbus is investigating using optical fiber sensors in their A380 airplanes, to measure the actual 

loads experienced by the structures without having any adverse impact on the mechanical 

properties of the structure [3]. In the civil applications, optical fiber sensors are used to detect the 

pipeline buckling [4], wall-thinning defects [5] or pipeline leaks [6]. Optical biosensors are also 

attractive in medical applications [7]. Fiber pH sensors [8] and fiber oxygen sensors [9] have been 

reported, and even the DNA hybridization can be directly analyzed by using an optical fiber sensor 

[10]. To data, more than 70 different parameters can be detected by using optical fiber sensors, 

such as temperature, pressure, strain, acceleration, vibration and so on. With price getting lower 

and quality getting higher, the capability of optical sensors will be enhanced further. 

Various optical sensors have been designed and realized in the last 40 years. Most of the 

optical sensors are based on optical fibers. Using an interferometric system for the measurement 

can build an interferometric sensor with an ultrahigh sensitivity [11], [12], while the cross-

sensitivity problems often arise when the impact of other parameters, or noises, cannot be 

suppressed or calibrated. Taking advantage of the linear and non-linear effects in the fiber, such 
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as Rayleigh backscattering [13], Raman scattering [14], Brillouin scattering [15], and Kerr effect 

[16], in an optical fiber, distributed fiber sensors can be realized, with a high spatial resolution and 

a high sensitivity. However, due to the low non-linear coefficients of silica, the energy of an optical 

sensing signal is very low, leading to a long response time to integrate a small signal received over 

many pulses. Fiber gratings, such as fiber Bragg gratings (FBGs) [17], long period gratings (LPGs) 

[18], and random gratings [19] are also proved to be useful as fiber sensors for the detection of 

vibration and strains, with all the advantages attributed to fiber sensors [20]. By encoding the 

sensing parameters directly into wavelength, the influence of the light intensity or losses are muted. 

However, grating sensors show a high temperature dependence, while the temperature 

compensation mostly requires special arrangements and an FBG sensor as a reference sensor. 

Grating sensors also sensitive to pressures causing light birefringence, which causes two separate 

reflection pulses, leading to an ambiguous interrogation.  

On the other hand, all these fiber-based structures are based on bulk components, which 

limits the practicality in point of care testing and other medical biosensing applications, and the 

basic pure fiber is not sensitive to the refractive index change of the environment [21]. Integrated 

optical sensors, with a high sensitivity to the refractive index change, have been studied for over 

20 years. As the same as the optical fiber sensors, integrated optical sensors based on interferences 

[22] [23] [24], Raman scattering [25], Brillouin scattering [26], and resonances [27] [28] have been 

proposed and experimentally implemented.  

In order to further reduce the cost in fabrication, silicon photonics, with the compatibility of 

the current CMOS technology and the potential for seamless integration with electronics, is 

becoming attractive for the fabrication of optical devices with large-scale integration at a 
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reasonable cost. Due to the intrinsic feature of silicon, such as low absorption and low non-linear 

coefficients at the commonly used wavelength band, silicon photonic sensors are mainly based on 

the waveguide resonators. In the past few years, silicon photonic resonator sensors, such as 

waveguide Bragg gratings (WBGs) [29], phase shifted Bragg gratings [30], microring resonators 

(MRRs) [31] and microdisk resonators (MDRs) [32] have been proposed and developed using 

different materials and for different sensing applications. Compared with a basic straight 

waveguide, whose interaction is determined by the physical length, the interaction of the 

environment and the light field in a resonator is multiplicated by the number of roundtrips by the 

light inside the cavity, leading to a high detection sensitivity [33]. The number of roundtrips can 

be described by the quality factor (Q factor) of the resonator. Therefore, a resonator with a higher 

Q factor is always needed to get a higher sensitivity.  

For an optical resonator based sensor, the sensing parameters are encoded in the resonant 

wavelengths. For interrogating or demodulating the sensing information, a straightforward method 

is to use an optical spectrum analyzer (OSA) to monitor the resonant wavelength shifts. However, 

a commonly used OSA could only provide a wavelength resolution of 20 pm (YOKOGAWA, 

AQ6370D), while the 3-dB bandwidth of a silicon photonic microring resonator with a typical Q 

factor of 40000 is around 38.75 pm, and the 3-dB bandwidth of a typical phase-shifted FBG (PS-

FBG) is about 0.24 pm, which are close to or lower than the wavelength resolution of an OSA. 

Thus, the interrogation resolution of the approaches using an OSA is very limited. An alternative 

method is to use a tunable laser source (TLS) and an optical power meter. The wavelength 

resolution can be improved to around 1 pm (Keysight 81606A), but the tuning speed is still very 

low. 
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 To increase the interrogation speed and interrogation resolution, diverse techniques have 

been proposed. For example, using a bulky dispersive element to convert the wavelength 

information to its spatial light distribution and using a linear-array detector to detect the spatial 

light distribution, the wavelength information can be measured in real time [34]. Although the 

system in [34] is simple and stable, the free-space implementation makes the system relatively 

bulky. The use of an optical edge filter to convert the wavelength information to an intensity 

change is another approach which can provide real time interrogation [35] [36]. The major 

limitation of using an edge filter is the power variations from the light source, which would be 

translated to intensity change, making the interrogation accuracy reduced. To increase the accuracy, 

optical interferometer scanners can be used to convert the wavelength shift to a change in optical 

phase, and the phase shift is estimated by a lock-in amplifier [37]. The measurement resolution is 

significantly improved, but the stability is poor due to the use of an interferometer which is 

extremely sensitive to environmental changes. 

 Recently, optical sensors interrogated based on microwave photonics (MWP) techniques 

have been proposed. The key advantage of optical sensors using MWP techniques is the ultra-high 

interrogation speed and resolution, which is realized by translating the wavelength shift in the 

optical domain to the microwave frequency change in the electrical domain. The microwave 

frequency change can be measured using digital electronics with an ultra-high speed and resolution. 

For example, in [38], two FBGs with one serving as a sensor and the other as a reference are used 

to slice the spectrum of an ultrashort pulse, to generate two spectrums. By using dispersive 

elements to stretch the light pulse, the two spectrums are converted to the time domain, and two 

light pulses are generated. By beating the two optical pulses at a photodetector (PD), a temporal 

interference pattern is generated [39]. The sensing information is obtained by measuring the 



5 

 

frequency of the temporal interference pattern, with an improved interrogation resolution. In [40], 

an optical chirped pulse is sent two chirped FBGs, with one as a sensor and the other as a reference. 

Two time-delayed optical chirped pulses are obtained. By beating the two optical pulses at a PD, 

a de-chirped microwave signal with its frequency corresponding to the time delay difference 

between the two optical pulses is generated. Since the time delay difference is temperature or strain 

dependent, the frequency information reveals the sensing information. High precision 

interrogation can also be done by using an optoelectronic oscillator (OEO) [41]. For example, by 

using a PS-FBG in an OEO, a microwave signal with its frequency corresponding to the 

wavelength difference between the optical carrier wavelength and the notch wavelength can be 

generated. By monitoring the microwave frequency change, high speed and ultra-high resolution 

interrogation can be achieved. However, the interrogation speed is based on the frequency 

scanning speed of the spectrum analyser, which is still limited.  

To further increase the measurement speed and resolution, wavelength-to-time (WTT) 

mapping or time stretching technique can be used. A linearly chirped microwave waveform is 

generated and used in an interrogation system [42]. By performing pulse compression in the time 

domain, the interrogation speed and resolution can be significantly increased. A similar approach 

using pulse compression was recently reported in [43], where a linearly chirped microwave 

waveform was filtered by a microwave photonic filter (MPF) implemented using a PS-FBG. Again, 

by using pulse compression, the sensing resolution was improved. However, since interferometric 

structures are employed in these systems, the stability of the systems is poor.  

Apart from FBG sensors, a silicon photonic microring sensor based on an OEO was recently 

proposed, which provided a high detection sensitivity and measurement resolution [44]. However, 
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because of a large 3-dB bandwidth of the MRR, the OEO loop must be very short and the gain in 

the loop must be controlled very carefully, to avoid mode hopping. Furthermore, the proposed 

OEO sensor are not suitable for biosensing, since the 3-dB bandwidth of the microring would 

broaden significantly when the waveguides are cladded by water or blood. 

In this thesis, we propose two real-time interrogation systems for optical sensors based on 

WTT mapping with improved interrogation speed, resolution and stability.  

The first interrogation system is for random grating sensors for measuring the strain and 

temperature. The key component is a high-birefringence random grating (HBRG) sensor, which is 

fabricated in a polarization maintaining fiber (PMF) by pseudo-randomly varying the grating 

periods, providing a random reflection response. An ultra-short pulse from a mode-lock laser 

(MLL) is spectrum shaped by the HBRG to generate two random spectrums with the wavelength 

spacing determined by the birefringence of the HBRG, which are then fed to an optical loop in 

which a linearly chirped fiber Bragg grating (LCFBG) is incorporated. Linear WTT mapping is 

implemented at the LCFBG in a complementary manner to generate two temporally separated 

random waveforms, corresponding to the spectrums along two orthogonal polarization directions. 

Using pulse compression, the temporal shifts of the two random waveforms can be precisely 

measured, and thus the stain and temperature information can be retrieved. Because of the high 

randomness of the reflection spectral response of the HBRG, the compressed pulses are very 

narrow, leading to a high interrogation resolution. Furthermore, using the LCFBG in a 

complementary manner can provide complementary optical dispersion to the two orthogonally 

polarized spectrums. Thus, the two WTT mapped temporal waveforms would experience positive 

and negative time delays, which would make the two temporal waveforms shift in the opposite 
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directions. The complimentary dispersion coefficients help the two WTT mapped waveform 

different with each other, avoiding the ambiguity in the interrogation.  In addition, without using 

an interferometric structure, the system is ultra-stable. A theoretical model is developed, which is 

validated by an experiment in Chapter 3. 

The second real time interrogation system is based on a silicon photonic MDR sensor for the 

measurement of temperature and liquid refractive index. In the proposed system, the MDR is 

incorporated into a MPF consisting of a laser source, a phase modulator (PM), the MDR, and a 

PD, with the central frequency of the MPF being a function of the resonant wavelength of the 

MDR. A broadband linearly chirped microwave waveform (LCMW) is applied to the input of the 

MPF to generate a filtered microwave waveform. By measuring the temporal location of the 

filtered microwave waveform, the sensing information is revealed. The interrogation resolution is 

determined by the bandwidth of the MDR. In the design, to get a high Q factor, the MDR is 

designed by adding a slab waveguide surrounding the disk and the bus waveguide, then the 

interaction between the light field and the sidewalls of the disk is weakened, thus the loss due to 

scattering resulted from sidewall roughness is suppressed and a higher Q factor is archived, which 

leads to an improved sensing sensitivity and interrogation resolution. The central frequency of the 

MPF is a function of the resonant wavelength of the MDR, which is sensitive to the change of the 

temperature or the cladding refractive index. To improve the signal-to-noise ratio (SNR) of the 

filtered microwave waveform, the microwave waveform is first compressed by correlating it with 

a phase-only filter (POF) built from the LCMW, which is a reference waveform. Then, a Hamming 

window is applied to the compressed pulse to remove the noise. By re-correlating the compressed 

waveform with the POF, a noise-removed microwave waveform is obtained, which is used to 

accurately estimate its temporal location. The use of the proposed sensor and it interrogation 
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system for temperature and refractive index sensing is performed. A theoretical model is developed, 

which is validated by an experiment in Chapter 4. 
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1.2 Major Contributions of This Thesis 

In this thesis, two novel real-time interrogation systems based on WTT mapping with high 

interrogation speed, resolution and stability are proposed and experimentally demonstrated. The 

major contributions include: 

1) A HBRG sensor is proposed which is used for measuring the temperature and strain 

simultaneously. The random grating provides a random distribution in its reflection 

spectrum. Via WTT mapping, a random microwave waveform is generated in which 

the sensing information is encoded as a temporal waveform shift. By using pulse 

compression technique, the temporal waveform shift can be monitored with a highly 

improved resolution, while the SNR of the sensing signal is also improved significantly. 

A theoretical model is developed, which is validated by an experiment in Chapter 3. 

Experimental results show that the proposed sensor can provide a stain and temperature 

resolution better than 7.1  and 0.79°C at an ultra-high speed of 20 MHz. 

2) An LCFBG used in a complementary manner is designed and employed in a HBRG 

sensor, to provide complementary optical dispersion, to make two WTT mapped 

temporal pulses experience positive and negative time delays. By measuring the 

temporal waveform shifts of the two temporal pulses, the stain and temperature 

information can be retrieved simultaneously. Without using any interferometer 

structure, the system is ultra-stable. A theoretical model is developed, which is 

validated by an experiment in Chapter 3. 

3) A high Q factor microdisk resonator is designed and used as a silicon photonic 

refractive index sensor. By adding a slab waveguide surrounding the disk and the bus 



10 

 

waveguide, the interaction between the light field and the sidewalls of the disk is 

weakened, then the scattering introduced by the sidewall roughness is suppressed and 

a higher Q factor is archived, leading to an improved detection sensitivity. A theoretical 

model is developed, which is validated by an experiment in Chapter 4. The measured 

Q factor of a fabricated microdisk is 172400 (in air) and 40000 (in water). Experimental 

results show that the sensor has a sensitivity of 76.8 pm/℃ and a resolution of 0.234 ℃ 

as a temperature sensor, and a sensitivity of 33.28 nm/RIU and a resolution of 1.32×

10-3 RIU as an refractive index sensor. The interrogation speed is as high as 100 kHz. 

4) By using a POF, built using a reference signal, and a Hamming window, the SNR of 

the obtained filtered waveform can be improved significantly. Thus, the measuring 

accuracy of the interrogation system can be improved. A theoretical analysis is given, 

and experimentally approved in Chapter 4. 
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1.3 Organization of This Thesis  

The thesis consists of five chapters. In Chapter 1, a brief introduction to optical sensors 

including optical fiber sensors and integrated optical sensors is presented, and the recently 

proposed interrogation techniques are reviewed. The challenges in the current interrogation 

systems are outlined, and the motivation of the thesis to tackle these challenges is given. The major 

contributions of this research are then summarized. 

In Chapter 2, a technical overview for optical sensors including fiber grating sensors and 

silicon photonic sensors is presented, and different interrogation techniques are discussed. 

In Chapter 3, an approach to interrogate a strain and temperature random grating sensor with 

high speed and high resolution is proposed. Experimental results show the sensitivities of the 

random grating sensor are 31.48 ps/°C and 3.5 ps/the resolutions better than 7.1  and 0.79°C 

at a high speed of 20 MHz is experimentally demonstrated. 

In Chapter 4, an approach to interrogate MDR sensors for temperature and refractive index 

information with high speed and high resolution is proposed, and the algorithm for improving the 

SNR of the generated signal is investigated based on a numerical simulation and experiment results. 

The experimental results show that the sensor has a sensitivity of 76.8 pm/℃ and a resolution of 

0.234℃ as a temperature sensor, and a sensitivity of 33.28 nm/RIU and a resolution of 1.32×10-

3 RIU as an refractive index sensor. The interrogation speed is as high as 100 KHz. 

Finally, conclusions are drawn in Chapter 5, with some perspectives for the future work. 
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CHAPTER 2  TECHNICAL OVERVIEW 

 

Among different optical sensors, fiber grating sensors and silicon photonic resonator sensors 

are two important topics. In this chapter, we present a technical overview of the fiber grating 

sensors and silicon photonic resonator sensors, and introduce different interrogation techniques 

proposed for these optical sensors. 
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 2.1 Fiber Grating sensors 

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

periodically along the fiber, which is realized 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, the light with forward propagating mode can be coupled to the backward propagating 

mode by a FBG, and its wavelength is determined by its grating period. Since this period depends 

on environmental parameters such as temperature, applied strains or pressures, the wavelength of 

the reflected light is a function of the environmental parameters. By monitoring the wavelength 

shifts of the reflected light, the change of environment can be revealed. In 1978, the first in-fiber 

grating structures were first demonstrated by Dr. Hill at the Communications Research Centre (CRC), 

Canada [45]. After that, numerous researches on fiber gratings are implemented and FBG sensors 

become one of mainstream optical sensing technologies. 

In this section, different types of FBGs and their applications are introduced, whereas the 

sensing principles of FBG sensors are elaborated.  

 

2.1.1 Classification of fiber Bragg gratings 

After decades of research on the fiber gratings, many kinds of fiber gratings are proposed 

and implemented nowadays. In this section, we will give introductions for uniform FBG, tilted 

FBG, chirped FBG, sampled FBG, PS-FBG and random grating. 
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2.1.1.1 Uniform FBG 

P
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Fig. 2.1 Uniform fiber Bragg grating. The variation of the refractive index of the core is uniform 

along the axis, and the modulation depth is constant.  

An uniform FBG indicates that the periodicity of the grating is uniform along the axis, and 

the modulation depth of the refractive index is constant, shown in Fig. 2.1. An FBG can couple 

the light with forward propagating modes to the backward propagating modes at specific 

wavelength, or its Bragg wavelength. The Bragg wavelength of an FBG depends on the effective 

index of the fiber core mode and the grating period, and the wavelength bandwidth depends on 

several parameters, such as the modulation depth and the grating length.  

Apart from serving as sensing elements, FBGs are widely used as optical notch filters in 

optical add-drop multiplexers (OADMs) [46],  and used as reflectors and output couplers in fiber 

lasers [47], [48].  

Detailed sensing principles of FBG sensors are discussed in the next subsection. 
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2.1.1.2 Tilted Fiber Bragg Gratings 
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Fig. 2.2 Tilted fiber Bragg gratings. The variation of the refractive index of the core is uniform but 

has an angle to the axis of the fiber core, and the modulation depth is constant. 

Tilted FBGs have similar modulation distributions with the uniform FBGs. However, the 

variation direction of a tilted FBG has an angle to the axis of the fiber core, as shown in Fig. 2.2. 

With a part of light reflected in to the fiber cladding, a tilted FBG can couple the forward 

propagation core modes to backward propagation core modes and backpropagation cladding 

modes. The propagation losses for the cladding modes are very high, so these lights are noticeable 

in the transmission spectrum, but not in the reflection spectrum.  

Tilted FBGs can be used as photonic fractional temporal differentiators [49], in-fiber 

polarizers [50], side-tap modal channel monitor in mode division multiplexed systems [51], and 

various kinds of sensor for temperature [52], strain [53], bending [54], refractive index [55], 

vibration [56], and so on. 
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2.1.1.3 Chirped Fiber Bragg Gratings 
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Fig. 2.3 Chirped fiber Bragg gratings. The refractive index of the core has a linear increasing or 

decreasing variation of the grating period. 

As shown in Fig. 2.3, chirped FBGs are realized by varying the grating period linearly, or 

changing the average refractive index linearly along the length of the fibers [57]. Because of the 

varying grating periods, a chirped FBG can reflect lights with different wavelengths at different 

positions, which results in linearly time delays for different reflected wavelengths.  

Chirped FBGs are firstly designed for dispersion compensation in optical communication 

systems [58]. After several years of research, chirped FBGs can find applications in optical pulse 

generation [59] and processing [60], microwave waveform generation [61] and processing [62], 

and fiber laser systems [63].  In optical sensing systems, a chirped FBG can serve as a sensing 

element for measuring the strain and temperature simultaneously by carefully monitoring its 

reflection spectrum shift and broadening simultaneously. Chirped FBGs can also act as dispersion 

elements for the WTT mapping in the interrogation system for the optical sensors [64]. 
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2.1.1.5 Phase-Shifted Fiber Bragg Grating 
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Fig. 2.4 Phase-shifted fiber Bragg gratings. Phase shifts are introduced to refractive index 

modulation 

A PS-FBG is realized by introducing one or multiple phase shifts across the fiber grating, 

which break the phase matching states between the reflected light from the sub-gratings before 

and after the shift points. Thus, the sub-gratings form optical cavities, which some specific 

wavelengths with ultra-narrow bandwidth can go though. By adjusting the locations and 

magnitudes of the phase shifts, a PS-FBG with a specific transmission spectrum can be realized 

[65].  

PS-FBGs are firstly used as optical filters for wavelength demultiplexing for multichannel 

light wave systems [65], and then widely used to implement optical temporal differentiators [66], 

optical temporal integrators [67], Hilbert transformers [68], optical switches [69], and 

optoelectronic oscillators [70]. The ultra-narrow notch in the reflection spectrum also gives the 
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PS-FBG sensor an ultra-high sensing resolution. Thus, the PS-FBGs are used to the detection of 

vibration [71], ultrasound [72], and liquid refractive index [73]. 

2.1.1.6 Sampled Fiber Bragg Gratings 
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Fig. 2.5 Chirped fiber Bragg gratings. The variation of the refractive index of the core is modulated 

by a sampling function. 

A sampled FBG is realized based on a conventional grating at the appropriate wavelength 

multiplied by a sampling function, as shown in Fig. 2.5. Multiple frequency wavelengths can be 

reflected when a uniform sampling function is applied, with a free spectrum range (FSR) 

determined by the period of the sampling function [74]. Changing the profile of the sampling 

functions, equivalent chirped FBGs [75] and equivalent phase-shifted FBGs [76] can be realized, 

with a released requirement for the fabrication.   

Sampled FBGs are firstly reported and used in an integrated distributed Bragg reflector 

(DBR) laser by Larry Coldren [74], and then be used as multichannel filters in DFB lasers [77] 
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and wavelength division multiplexing (WDM) systems [78]. Because the transverse load on the 

fiber only has an influence on the grating but not on the sampling function, sampled FBGs can be 

used as a transverse load sensor which is independent to the environment noises such as 

temperature, strain and vibration [79]. 

2.1.1.6 Fiber Random Gratings 
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Fig. 2.6 Fiber random gratings. The refractive index of the core is modulated by a pseudo-random 

sequence. 

A random grating is fabricated by pseudo-randomly varying the grating period of a FBG. As 

shown in Fig 2.6, the reflection spectrum shows a totally random distribution, but the intensity is 

very small, leading to an almost flat top transmission spectrum. When the temperature and the 

applied strain is changed, the reflection spectrum of the random grating will shift. Cross-

correlation can be used to interrogate the spectrum shifts of the random grating [19], but the 

interrogation resolution is still limited by the used OSA and the interrogation speed is very low for 

sweeping such a large wavelength range (~100 nm). 
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For different applications, there are many other kinds of FBGs, such as writing gratings in 

multimode fibers [80], birefringent fibers [81] and so on. In Section 2.1.2, the basic principle of 

the FBG is introduced, so that the principles of other different kinds of FBG could be understood. 

 

2.1.2 Sensing Principles of Fiber Bragg Grating 

The basic operation principle of an FBG sensor system is to monitor the wavelength shift of 

the reflected signal where the sensing information is encoded. The resonant wavelength, or the 

Bragg wavelength B  of an FBG, is given as [82]: 

2B effn         (2-1) 

where effn  is the effective refractive index of the fiber core mode, and   is the grating period. When a 

broadband lightwave is fed into such an FBG device, a narrowband spectrum component at the Bragg 

wavelength is reflected by the FBG, resulting in a peak in the reflection spectrum and a notch in the 

transmission spectrum. From (2-1), it can be seen that the Bragg wavelength is determined by the effective 

refractive index and the length of grating period, which are sensitive to the environment. The perturbation 

of the FBG leads to a shift in the Bragg wavelength, which can be detected in the transmission spectrum 

and the reflection spectrum. 

Most of the work on FBG sensors are used for sensing of strain and temperature. The strain 

response arises because of both the physical elongation of the grating (corresponding to the change 

in grating period) and the change in effective refractive index due to photoelastic effects, whereas 

the temperature response arises for the inherent thermal expansion of the fiber and the temperature 
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dependence of the refractive index. Thus, the shift in Bragg wavelength with strain and temperature 

can be expressed with [21]: 
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    (2-2) 

Where   is the applied strain, ,i jP  coefficients are the Pockel’s coefficients of the stress-optic tensor, v  is 

Poisson’s ratio,   is the coefficient of thermal expansion (CTE) of the fiber material, and T  is the 

temperature change. For a normal silica fiber, the measured strain response at a constant temperature is 

found to be [21]: 
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and the thermal response at a constant stain is found to be [21]: 
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Thus, the typical strain response of an FBG near the wavelength of 1550 nm is ~ 1.2 pm/, and 

the typical temperature response of an FBG near the wavelength of 1550 nm is ~ 13 pm/℃ [83]. 
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2.2 Silicon Photonic Resonators 

Silicon photonic resonators are implemented by fabricating optical cavities on silicon-on-

insulator substrates. Different types of silicon photonic resonators have been proposed and 

demonstrated. A WBG is a fundamental component, which is usually implemented by varying the 

dimensions of the waveguide periodically to realize a periodic refractive index modulation as the 

same as in the FBG [84]. A ring/racetrack resonator is another commonly studied resonator, which 

couples the fed light wave from the bus waveguide to a ring via evanescent field coupling. When 

a broadband light is introduced to an MRR, the wavelength components under the phase matching 

condition can be totally coupled and held in the ring, leading to notches in the transmission 

spectrum [85]. Since the length and the effective refractive index of waveguides depend on 

environmental parameters such as temperature and cladding refractive index, the wavelength of 

the transmitted light is a function of the environmental parameters. Monitoring the wavelength 

shifts of the transmitted light, the change of environment can be revealed. Basing on the 

waveguides with dimensions smaller than the free-space wavelength of light, the evanescent field 

at the waveguide surface extends a few hundred nanometers into the surrounding [86][87]. The 

interactions with molecules in proximity or surface will change the effective refractive index of 

the propagation mode, and the interaction length can be multiplied by the number of roundtrips by 

the light in the resonator [87]. Therefore, with an enhanced refractive index sensitivity, silicon 

photonic resonators have great potential as biosensors for medical, point-of-care and home 

healthcare diagnostic applications.  

 In this section, different type of silicon photonic resonators and their applications are 

introduced, whereas the sensing principles of resonator sensors are elaborated. 
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2.2.1 Classification of Silicon Photonics Resonators 

After several years of research on the silicon photonics, numerous resonators have been 

proposed and implemented. In this section, we will give introductions to ring resonators, slot 

waveguide ring resonators, Bragg grating resonators and microdisk resonators. 

 

2.2.1.1 Micro-ring Resonators 

Bus waveguide

Ring waveguide P

λ λ

 

Input Pass

AddDrop

(a)

(b)

P

 

Fig. 2.7 (a)All-pass micro-ring resonator; (b) add-drop ring resonator. 
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A simplest form of an MRR is called all-pass MRR, which is constructed by a looped optical 

waveguide, known as a ring, and a bus waveguide to access the loop, as shown in Fig 2.7 (a). Via 

evanescent field coupling, the incident light wave propagating along the bus waveguide would be 

coupled into the ring waveguide. If the light wave in the ring experience a round trip phase shift 

that equals an integer times of 2π, the light waves in the ring and in the bus waveguide interfere 

with each other, leading to notches in the transmission spectrum. If the light wave does not match 

the phase condition, it would be transmitted through the bus waveguide. The resonant wavelengths 

are determined by the length of the ring and the refractive index of the guided modes.  

Another typical MRR is add-drop MRR, where the ring resonator is coupled to two 

waveguides, which is shown in Fig. 2.7 (b). Thus, the light wave at the resonant wavelength can 

be coupled partially at the drop port, which can be utilized in a WDM system [88]. In order to meet 

different requirements, devices with multiple coupled or cascaded MRRs have been proposed and 

implemented. Via tuning the configurations of the individual rings and the coupling coefficients 

between the rings with the bus waveguides, devices with tailored spectrums can be realized for 

specific applications, such as flat-top filters [89], multi-bit delay lines [90] or high sensitivity 

sensors [91].  

In sensing applications, the MRR is widely used for the detection of temperature [92] and 

refractive index [31] for its high sensitivity. With special designed mechanical systems, strain 

[93][95], and vibration [94] can also be measured by using MRRs.  
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2.2.1.2 Slot Waveguide Microring Resonators 

A slot waveguide MRR is implemented by forming an MRR with slot waveguides instead 

of strip waveguides, as shown in 2.8 (a). The mode profile is shown in 2.8 (b), from which it can 

be noted that the light wave is mainly confined in the cladding between the two waveguides. 

Therefore, any interaction with molecules in the cladding will change the effective refractive index 

of the guided mode significantly, leading to an extremely high sensitivity for refractive index 

sensing. However, the interactions in the cladding cause strong scatterings, leading to a high 

propagation loss.  
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Fig. 2.8 (a)All pass slot waveguide micro-ring resonator; (b) mode profile in slot waveguide. 

 

Various kinds of biosensors have been proposed using slot-waveguide microring resonators 

with enhanced sensitivity [95] [96]. But the high propagation loss leads to a low Q factor, which 

results in a low detection resolution. 
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2.2.1.3 Waveguide Bragg Gratings 

Grating structures are also accessible in silicon photonics. Fig 2.9 shows the structure of the 

simplest type of integrated Bragg grating: a uniform strip WBG. In the uniform strip WBG, the 

grating and the waveguide are defined in a single layer, and the refractive index modulation is 

realized by varying the width of the waveguide [97]. The modulation depth is determined by the 

width of corrugations ( W ), and the grating period is determined by the period of the corrugations 

( ). As a uniform FBG, the uniform WBG can couple the forward propagating mode to backward 

propagation mode at its Bragg wavelength. Other kinds of FBGs can also be implemented in silicon 

photonics. For example, a chirped WBG can be realized by changing the width or period of 

corrugations linearly, and a phase shifted WBG can be designed by adding phase shifts in the 

period of corrugations.  

W 

N   

 Fig. 2.9 Uniform strip waveguide Bragg grating. 
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WBGs are firstly demonstrated in 2001 by Murphy [84] and soon find applications in optical 

modulation [98], and microwave generation [99]. In the meantime, the WBGs are also used for the 

temperature sensing [100], chemical sensing [29] and biosensing [30].  

2.2.1.4 Micro-disk resonator 

An MDR is realized by replacing the ring waveguide in the MRR by a small disk, which is 

still a looped waveguide, as shown in Fig. 2.10 (a). The mode profile of the fundamental guided 

mode is shown in Fig. 2.10 (b). As can be seen, only one sidewall exists along the propagating 

paths. Therefore, the scattering introduced by the sidewall roughness is reduced, resulting in a 

lower propagating loss [101]. The radius of the disk is commonly set as ~ 3 m to reduce the 

number of modes, which results from lacking one boundary.   
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Fig. 2.10 (a) Micro-disk resonator; (b) mode profile in microdisk. 

The first MDR was firstly proposed in 2005 [101]. Because of the ultra-compact size and 

the ultra-low power consumption, the MDRs are ideal for acting as modulators and switches [102]. 
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Meanwhile, the MDR with an ultra-high Q factor can offer a low detection resolution acting as an 

optical sensor [32].  

Although different types of silicon photonic resonators are proposed and demonstrated for 

various sensing applications, the basic principles are based on evanescent field sensing of silicon 

waveguides. In Section 2.2.2, the sensing principles of MRRs are introduced, so that the principles 

of other different kinds of MRR, slot waveguide MRR and MDR can be understood, and the 

principle of WBGs is similar to that of FBGs, which is introduced in Section 2.1.2.  

2.2.2 Sensing Principles of Microring Resonators 
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Fig. 2.11 Fundamental mode profile in a strip silicon waveguide at 1550 nm.  
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 The resonant wavelength of a MRR can be calculated as: 

 
2

res eff

R
n

m


      (2-5) 

where res is the resonate wavelength, R is the ring radius, m is the integer mode order and
effn is the 

effective index of the guided mode of the ring waveguide. From (2-5), it can be seen that the 

resonant wavelengths are determined by the length of ring and the effective refractive index of the 

waveguide. 

The refractive index sensing is based on evanescent field sensing of silicon waveguides. 

When light propagates into an optical waveguide, a large amount of optical power is coupled into 

the core, while the remainder is confined into the cladding and substrate regions, as shown in Fig. 

2.11. The effective refractive index of the propagating mode also depends on the concentration of 

the specific analyte localized near the sensor surface, because of the interaction between the 

evanescent tail of a guided mode and the analyte [86]. Thus, the magnitude of the effective 

refractive index change is related to the percentage of field interacting with the analyte [103]. For 

a slot waveguide, majority optical power is confined in the cladding between the two waveguides, 

leading to an enhanced sensitivity, as shown in Fig. 2.8 (b). For an MRR, the degree of interaction 

of the evanescent field and the analyte is the product of the length of the ring and the number of 

roundtrips by the light inside the ring. Thus, a high Q MRR comes to be a high sensitivity sensor.  

The change of the refractive index of the cladding ( cladn  ) is encoded in the shift of the 

resonant wavelength of the resonator, which is given by 
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where 
gn is the group index of the guided mode of the waveguide, cladn is the refractive index of 

the cladding. 

 The temperature variation also has an influence on the resonant wavelengths of an MRR. 

When temperature changes, the effective refractive index of the guided mode changes with the 

temperature due to the thermo-optic effect, and the radius of the ring waveguide also changes 

because of the thermal expansion effect. Therefore, the overall wavelength shift introduced by the 

temperature change is expressed as [104]: 
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where T is the temperature change, si is the thermal expansion coefficient and /effn T  is the 

thermo-optic coefficient. 

          For an MDR sensor, the principle is almost the same as that of the MRR sensor. 
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2.3 Interrogation techniques 

As stated in section 2.1 and 2.2, the sensing information is encoded in the wavelength shifts 

of the FBG sensors and silicon photonic resonator sensors. Therefore, a spectrum analysis is 

required to demodulate or interrogate the sensing signal. An OSA is the most straightforward 

device for the spectrum measurement, but the offered resolution is very limited. Meanwhile, the 

wavelength scanning speed of an OSA is too slow to interrogate the fast-changing sensing signal. 

Therefore, indirect measurements for the spectrum are needed for the high-speed and high-

resolution interrogation of optical sensors. 

To date, many interrogation systems for FBG sensors are proposed and experimentally 

demonstrated, and most of them can be used for the interrogation of silicon photonic sensors. These 

interrogation systems are based on converting the optical wavelength shifts to the changes of other 

parameters in optical domain or in electrical domain. In this section, several interrogation systems 

are reviewed. 

 

2.3.1 Interrogation in Optical Intensity Domain 

By utilizing optical edge filters, tunable filters or scanning devices incorporating with optical 

interference structures, the optical wavelength shift can be converted to the optical intensity change, 

which can be easily monitored with a high-speed PD.  
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2.3.1.1 Optical edge filter 
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Fig. 2.12 Principle of the edge filter method. 

The simplest way to translate the optical wavelength shifts to optical intensity changes is to 

use a linearly wavelength-dependent optical edge filter, whose transmission spectrum is shown in 

Fig. 2.12 [35] [36] [105] [106]. As can be seen, the intensity of the output light is a function of the 

wavelength. By measuring the intensity changes of the output, the wavelength shifts are revealed. 

This kind of systems is simple and stable, but the detection resolution is inversely proportional to 

the measuring range. 

Fig 2.13 shows an interrogation system for a FBG sensor based on an edge filter. A 

broadband light is fed to a FBG sensor, and the reflected light is split into two beams, with equal 

intensity. The 50:50 coupler are wavelength-independent on the required wavelength range, which 

indicates the splitting ratio is constant. One beam is fed to a PD directly, as a reference, whereas 

the other beam is filtered by the linear edge filter before the detection, as a signal. The transfer 

function of the edge filter is linear over a wavelength range, which decides the measuring range of 

the sensing system, and the slope of the filter determines the interrogation resolution. The ratio of 
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the intensities of the signal beam and the reference beam indicates the wavelength of the reflected 

light, meanwhile the noises introduced by power variation of the light source, the uncertain 

insertion loss of the connectors and other fluctuations can be eliminated. The ratio between the 

signal intensity, SI  , and the reference intensity, RI  , can be expressed as [105] 
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where A is the slope of the edge filter, 0  is the starting wavelength of the edge filter, B  is the 

Bragg wavelength of the FBG and   is the linewidth of the FBG. This system is simple and 

stable, and a resolution of 375 μɛ has been demonstrated with a measurement range of 11 mɛ [105]. 
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Fig. 2.13 Block diagram of an interrogation system based on a linear edge filter [105]. 
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2.3.1.2 Tunable optical filter 
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Fig. 2.14 Principle of the tunable optical filter method 

A tunable filter can be used to detect the wavelength of a FBG sensor. The basic principle is 

shown in Fig. 2.14. When the spectrum of the tunable filter matches that of the FBG, the intensity 

of the output reaches a peak value. By measuring the location of the peak and the corresponding 

wavelength shift of the tunable optical filter, the wavelength shift of the FBG sensor is revealed 

[17]. The interrogation resolution is determined by the SNR of the light reflected by the FBG 

sensor, and the linewidth of the tunable optical filter. The measuring range depends on the FSR of 

the tunable optical filter.  

Fig. 2.15 shows an interrogation system for a FBG sensor based on a tunable Fabry-Perot 

filter. A broadband light is fed to a FBG sensor, and the reflected light is directed to a tunable 

Fabry-Perot cavity.  By using a piezoelectric element to tune the length of the cavity, the passband 

of the Fabry-Perot filter can be locked to the spectrum of the FBG sensor. Then, the corresponding 

control voltage of the tunable Fabry-Perot filter indicates the wavelength of the FBG sensor. This 

system provides a resolution of ~1 pm over a detection range of 43 nm [17].  
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Fig. 2.15 Schematic diagram of an FBG interrogator based on a tunable Fabry-Pérot filter [17]. 

 

2.3.1.3 Unbalanced interferometer 

 An unbalanced optical interferometer can be used to convert the wavelength shift of the 

FBG sensor to the phase shift of the interference signal, which can be easily measured by a DSO 

or a phase meter with a significantly improved resolution [107] [108] [109]. The interference signal 

of an unbalanced optical interferometer, which is shown in Fig. 2.16, is given as [107]: 

   1 cosI B k            (2-9) 
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Fig. 2.16 Principle of an FBG interrogator based on unbalanced interferometers. 

where  =2 /eff Bn L     , B  is proportional to the intensity and system losses, L  is the 

length imbalance between the arms, B  is the wavelength of the reflected light and   is a bias 

phase offset of the unbalanced interferometer. From (2-9), it could be see that the wavelength shift 

of the FBG sensor would introduce a change in optical phase of the interference signal, which is 

expressed as [107]: 

   2

2
B

B

n L
  




        (2-10) 

Thus, driving the interferometer with 2 π phase shift by a piezoelectric element on one arm, the 

optical phase shift of the interference signal     can be measured, and then the wavelength 

shift of the FBG sensor can be obtained. 

Fig. 2.17 shows an interrogation system for a FBG sensor based on an unbalanced Mach-

Zehnder interferometer. A broadband light is fed to a FBG sensor, and the reflected light is directed 

to an unbalanced Mach-Zehnder interferometer. By using a piezoelectric element to 
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Fig. 2.17 Schematic diagram of an FBG interrogator based on an unbalanced interferometer [107]. 

a 2π phase shift to the interferometer, the output signal can be measured by a DSO, and its phase 

shifts indicate the wavelength shift of the FBG sensor. The system provides a strain resolution of 

~ 0.6 nɛHz-1/2 at a frequency of 100 Hz. 

Although the systems described above show an improved interrogation resolution, the 

interrogation accuracy is limited by the noises introduced by the system, especially when the SNR 

is low. 
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2.3.2 Interrogation in Electrical Frequency Domain 

Utilizing a MPF structure or optoelectronic resonance can convert the wavelength shift of 

the optical sensors to the frequency shift of an electrical signal in the electrical frequency domain, 

which can be interrogated by a spectrum analyzer with an ultra-high resolution.  

2.3.2.1 Microwave photonic filter 

An optical filter with a notch in the spectrum could be used to realize a microwave photonic 

bandpass filter, and the central frequency of the bandpass filter is a function of the central 

wavelength of the notch filter [110], [111]. As shown in Fig 2.18 (a), a light wave with a central 

frequency of 0f  from the TLS is sent to a PM. The PM is driven by a sinusoidal microwave signal 

with a tunable frequency by a vector network analyzer (VNA). Then, the modulated light wave is 

introduced to an optical notch filter, with a central wavelength of notchf .  By filtering out one 

sideband of the modulated signal (say, the lower sideband), phase modulation to intensity 

modulation (PM-IM) conversion is implemented. By feeding the signal to a PD, a microwave 

bandpass filter is realized, with a central wavelength which can be expressed as: 

 0 notchf f f       (2-11) 

 From (2-11) we can see that, the wavelength shift of the notch filter, which can be a FBG, 

a PSFBG or a MRR sensor, can be converted to the passband frequency change of the MPF. A 

VNA could be used to monitor the frequency response of the microwave photonic filter, with a 

resolution of 1 Hz (Keysight E8364A), which corresponding to a resolution of 8×10-12 nm at the 
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wavelength of 1550 nm. The interrogation range is limited by the bandwidth of the VNA, which 

is 50 GHz, corresponding to 0.04 nm at the wavelength of 1550 nm. 

 Although an extremely high interrogation resolution is provided by this system, the 

interrogation speed is limited by the scanning speed of the VNA, and the cost is also very high. 
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Fig. 2.18 (a) Schematic of a MPF based on phase modulation and optical notch filter; (b) 

illustration of the operation of the MPF.  
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2.3.2.2 Optoelectronic oscillator 

Using a MPF combining with electronic amplifiers could realize an optoelectronic oscillator 

to interrogate the optical sensor, which can generate a microwave signal with a frequency 

determined by the passband of the MPF. Using a microwave spectrum analyzer to monitor the 

generated signal, the central frequency of the MPF is obtained, and the central wavelength of the 

optical sensor is revealed, with a significantly increased interrogation speed [112].  
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Fig. 2.19 (a) Schematic of an OEO; (b) principle of an OEO. Dash line indicates the longitudinal 

modes of a ring resonator. Red line is the frequency response of a MPF. 
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Fig. 2.19 (a) shows a basic structure of an OEO based on phase modulation and optical notch 

filter. The optical path, consisting of a TLS, a PM, a notch filter and a PD, works as a tunable MPF. 

By feeding back the output microwave signal generated by the PD to the PM as the modulation 

signal, an optoelectronic resonance loop is constructed. The electronic amplifier (EA) is used to 

compensate the electrical loss in the resonance loop. Similar to ring architectures, this resonance 

loop can also perform a mode selection, which is shown in Fig 2.19 (b). The frequency response 

of the MPF in corporation with the gain profile of the total system is used to further select the 

resonance modes. By carefully control the loop gain, only one longitudinal mode can exist in the 

resonant loop. When the central frequency of the MPF changes, the frequency of the existing mode 

also changes, which can be monitored by a microwave spectrum analyzer in a short time. 

The resolution of the OEO interrogation system is determined by the FSR of the longitudinal 

modes, which is given as  

 
2

eff

c
FSR

l


     (2-12) 

where c is the velocity of light in vacuum, effl  is the effective length the resonator. Typically, the 

physical length of an OEO, including the optical and electrical paths, can be several kilometres, 

corresponding to an FSR about 100s KHz (10-6 nm). The interrogation range is limited by the 

working range of the MPF and the EA, which can reach up to 50 GHz in these days. The 

interrogation speed depends on the scanning speed of the spectrum analyzer. 

Fig. 2.20 shows a schematic diagram of an OEO for strain sensing [113].  A light from a 

laser source is fed to a PM. A two-port PM is used, which makes the MPF as a two-tap microwave 
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filter with a reduced bandwidth. The phase-modulated light is sent to a PS-FBG via an optical 

circulator (OC) and the reflected light is detected by a PD. The generated microwave signal is 

divided to two paths by an electrical coupler (EC1). One is amplified by an EA and fed to the PM 

as modulation signal. The other is sent to an electrical spectrum analyzer. 

 

Fig. 2.20 Schematic diagram of an OEO for strain sensing. LD: laser diode; PC: polarization 

controller; PM: phase modulator; OC: optical circulator; PD: photodetector; EC: electrical 

coupler; EA: electrical amplifier; DL: delay line; ESA: electrical spectrum analyzer [113].  

 

This OEO system provides an interrogation resolution of 450 KHz (3.60×10-6 nm), and a 

detection range of 10 GHz (0.08 nm) [113].  
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Although an OEO system provides a high speed and high resolution interrogation for optical 

sensors, it is only valid for the sensors as notch filters, such as PS-FBG. EAs with high 3-dB 

bandwidth are also very costly, which limits the detection range of the sensing system. 

On the other hand, the time for scanning a full range of 50 GHz for a spectrum analyzer 

(Agilent E4448A) will be from 1 ms to 2000s, which is still low for the vibration sensing. 

 

2.3.3 Interrogation in Time Domain  

Utilizing WTT mapping can convert the wavelength shift of the optical sensors to a temporal 

shift of an electrical signal in the time domain, which can be interrogated by an oscilloscope with 

a high speed and high resolution. 

Spectral shaping and wavelength-to-time (SS-WTT) mapping technique can be used for 

arbitrary microwave waveform generation, which can convert the spectrum of the spectral shaper 

to the profile of the generated waveform [39]. When the SS-WTT mapping technique is used to 

interrogate an FBG sensor, the wavelength shift of the FBG sensor can be converted to the time-

shift of the generated waveform, which can be easily monitored by an oscilloscope. The schematic 

of a microwave waveform generation system based on SS-WTT technique is shown in Fig. 2.21. 

An ultrashort optical pulse generated by a pulse laser source is firstly spectrally shaped by an 

optical filter sensor. Then, the filtered optical pulse is sent to a dispersive element, which  
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Fig. 2.21 Schematic of a microwave waveform generation based on spectral shaping and WTT 

mapping [39]. 

could be a length of dispersive fiber or a chirped FBG, to introduce a linear dispersion and perform 

linear WTT mapping. At the output of the PD, a microwave waveform with the shape identical to 

that of the filtered optical spectrum is generated. By monitoring the profile of the generated 

waveform, the transmission response of the optical filter sensor can be interrogated. 
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Fig. 2.22 Schematic diagram of a FBG sensor interrogation system based on SS-WTT mapping 

[114]. 

Fig. 2.22 shows a basic interrogation system of FBG sensors based on SS-WTT mapping 

technique [114]. In this system, an erbium-doped fiber amplified spontaneous emission (ASE) 
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source launches light into a FBG array via a circulator. The light, wavelength of which locates in 

the reflection spectrum of the FBG array, will be reflected and directed to an electro-optic 

modulator (EOM). The EOM is driven by a pulse generator. Then the pulsed signal is fed to a 

dispersion compensation module, where different wavelength components take different times to 

propagate. After that, a PD is used to get the optical signal. By measuring the time shift t , the 

wavelength shift B  is revealed by the relation [114]: 

 /B t D       (2-13) 

where D is the dispersion of the dispersion compensating module.  

This system is simple and stable, providing an interrogation resolution of 12 pm, a detection 

range of 37.65 nm and an interrogation speed of 2.44 MHz. However, the width of the generated 

pulse is very large, leading to a low accuracy. 
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Fig. 2.23 Schematic diagram of a LCFBG sensor interrogation system based on SS-WTT mapping 

[42]. 
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In order to reduce the generated electrical pulse, several structures have been proposed [42], 

[115]. Fig. 2.23 shows a LCFBG sensor interrogation system based on SS-WTT mapping [42]. 

Here, a MLL is used as a broadband light source. The light pulses are sent to a Mach-Zehnder 

interferometer (MZI) via a tunable optical filter, which is employed to control the temporal width 

of the pulse to the MZI. The MZI is constructed by a LCFBG sensor and a period of delay line, 

which acts as a spectrum shaper. At the output of the MZI, an optical spectrum with an increasing 

or decreasing FSR is generated, and the profile of the FSR would change if the wavelength of the 

LCFBG is shifted. A period of dispersion compensating fiber (DCF) is used to implement the WTT 

mapping. Then the light is fed to a PD, where a linearly chirped microwave waveform is obtained. 

A linearly chirped waveform is built as a reference, covering all possible bands of the generated 

microwave waveform. The correlation of the generated chirped microwave waveform with the 

reference waveform would provide a sharp correlation peak, and the peak position indicates the 

wavelength shift of the LCFBG. The experimental results show this system provides a resolution 

of 0.25 at a speed of 48.6 MHz [42]. 

Using a linearly chirped microwave waveform as a modulation signal could also realize a 

WTT mapping for the optical notch filters, which is implied by adding different delays among 

different components of the spectrum by modulation.  
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Fig. 2.24 Schematic diagram of a PSFBG sensor interrogation system based on WTT mapping [43]. 

Fig. 2.24 shows a PS-FBG sensor interrogation system based on WTT mapping [43]. In this 

system, a TLS, a PM, a PS-FBG and a PD construct a MPF, and an arbitrary waveform generator 

(AWG) is used to generate a broadband linearly chirped microwave waveform as a modulation 

signal. At the output of the PD, a filtered linearly chirped microwave waveform with a temporal 

profile identical to the shape of the frequency response of the MPF. When the wavelength of the 

PS-FBG shifts, the central frequency of the MPF would shift also, leading to a temporal and band 

shifts of the filtered linearly chirped waveform. By doing a cross-correlation between the filtered 

chirped microwave waveform with the AWG generated waveform, a sharp correlation peak would 

be obtained, and the peak position indicates the wavelength shift of the LCFBG. The system 

provides a resolution of 0.8 at a speed of 1 MHz [43]. 
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CHAPTER 3  INTERROGATION OF A STRAIN AND 

TEMPERATURE RANDOM GRATING 

SENSOR   

 

Since a fiber grating sensor is sensitive to both strain and temperature changes, it is required 

that an interrogation system could discriminate the applied strain and temperature. A considerable 

number of discrimination methods have been proposed and demonstrated, such as adding a 

reference FBG, combining a LPG or building a FBG Fabry-Perot cavity. However, the extra 

components at the sensing parts increase the cost and complexity of the system. 

In this chapter, we propose an approach to implement high-speed and high-resolution 

interrogation of a random grating sensor. The time domain interrogation leads to a high 

interrogation speed, while the pulse compression technique brings an improved interrogation 

resolution. Without using any interferometric structures, the system is simple and stable. 

Experimental results show that the proposed interrogation system can provide a stain and 

temperature resolution of 7.1  and 0.79°C at an ultra-high speed of 20 MHz. 
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3.1 Operation Principle 
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Fig. 3.1 (a) Schematic of the proposed HBRG sensor interrogation system; (b) the spectrums and 

temporal waveforms at different locations of the system. MLL: mode-locked laser; OF: optical 

filter; OC: optical circulator; PC: polarization controller; PBS: polarization beam splitter; EDFA: 

erbium-doped fiber amplifier; Hi-Bi random grating sensor: high-birefringence random grating 

sensor; PD: photo detector; DSP: digital signal processor. 

The proposed interrogation system is shown in Fig. 3.1. An ultrashort optical pulse generated 

by a MLL is sent through a bandpass optical filter and an optical circulator (OC1) to an HBRG 

serving as a sensor. A polarization controller (PC1) is used to control the polarization direction of 
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the ultrashort pulse to have an angle of 45° relative to one principle axis of the HBRG. Thus, the 

incident light pulse is projected equally to the two principle axes of the HBRG. Two orthogonally 

polarized spectrums with a wavelength spacing determined by the birefringence of the HBRG are 

generated and sent to an optical loop via a second OC (OC2) and a second PC (PC2). The optical 

loop consists of a polarization beam splitter (PBS), an LCFBG, and a delay line. PC2 is used to 

align the polarization directions of the optical pulses (horizontal and vertical) with the principle 

axes of the PBS, so that one optical pulse with its polarization aligned with one principle axis (say, 

horizontal) is directed to the left path, and the optical pulse with its polarization aligned with the 

vertical principle axis of the PBS (vertical) is directed to the right path. Then, the horizontally 

polarized light is reflected from the shorter wavelength end of the LCFBG, thus wavelength-to-

time mapping is implemented at the LCFBG with a positive dispersion coefficient. Meanwhile, 

the vertically polarized light is reflected from the longer wavelength end, and wavelength-to-time 

mapping with a negative dispersion coefficient is implemented. A section of single-mode fiber 

(SMF) is added to the left path to introduce an additional time delay, say 0  , thus the reflected 

horizontally polarized pulse would experience a 2 0 extra time delay, to make the two pulses 

further separated in the time domain to avoid overlap. The two mapped optical pulses are then 

amplified by an erbium-doped fiber amplifier (EDFA) before photodetection at a PD, and two 

electrical random waveforms are generated, corresponding to the two random spectrums of the 

HBRG sensor. By performing pulse compression using a DSP, the two pulses are significantly 

compressed, which leads to a precise measurement of the temporal shifts of the two random 

waveforms, leading to an accurate retrieval of the stain and temperature information. 
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A random grating is different from a regular Bragg grating. Instead of using a phase mask 

for a regular Bragg grating fabrication, a random grating is fabricated by using a femtosecond laser 

to spot-by-spot modify the refractive index of a fiber with the spot spacing randomly distributed 

[19]. The core-core mode Fabry-Pérot interferences and core-cladding mode Mach-Zehnder 

interferences existing in the fiber would generate irregular reflections. The superimposition of the 

irregular reflections would lead to a grating with random spectrum. The change of the 

environmental temperature and the applied strain will cause change in the interferometer length 

and effective refractive indices of the core mode and cladding modes, leading to a spectral shift in 

the corresponding reflection spectrum of the random grating. Mathematically, the wavelength shift 

can be expressed as 

    1 2g g T                       (3-1) 

where   is the strain change,  T is the temperature change and 1g  2g  are the corresponding 

coefficients, respectively. 

Because the random spectrum is broad, direct interrogation of the spectrum shift using an 

OSA will have poor accuracy and low resolution. To increase the resolution, pulse compression 

technique can be employed. A random waveform can be compressed significantly by correlation 

[19]. If a shifted spectrum is correlated with a reference spectrum (a spectrum without experiencing 

a temperature or strain change), the correlation peak will appear at a location representing the 

spectrum shift. Thus, the shift of the spectrum can be accurately measured. However, the 

measurement of the spectrums using an OSA has a low speed. In the proposed approach, we 
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convert the spectrums to the time domain based on wavelength to time mapping, and the 

measurement can be done using a high-speed DSP.  

As shown in Fig. 3.1, the LCFBG is employed to implement the WTT mapping. Assuming 

the value of the LCFBG introduced dispersion is  (ps/nm), for an input light pulse  g t  ,  the 

reflected light wave at the 3rd port of OC2 is given as [39]  

            
2

exp
2

v

t

v

t
y t j G







 
  

 
           (3-2) 

where  G   is the Fourier transform of  g t  and v  (ps2) is calculated by  
2

v
c


   .  

From (3-2), it can be seen that the envelope of the LCFBG reflected light wave is 

proportional to the Fourier transform of the input light wave, which is the spectrum of the random 

grating. By applying the reflected optical pulse to a PD, an electrical random waveform is obtained. 

When a strain or temperature change is applied to the random grating, the wavelength shift will be 

translated to a temporal shift, given by,   

              T                             (3-3) 

where   is the wavelength shift. 

For a HBRG, the refractive indices of the fast axis and slow axis are different because of the 

birefringence of the fiber. Then, the (3-1) can be rewritten as 
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where f , 1fg , 2fg  are the coefficients corresponding to   , 1g , 2g   for the fast axis and  s ,

1sg , 2sg   are the coefficients corresponding to  , 1g , 2g   for slow axis. 

The relationship between the wavelength shifts and the strain and temperature is given by       
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As shown in Fig. 3.1, an optical pulse entering the optical loop will be split into two 

orthogonally polarized pulses, and the two pulses will experience complementary dispersion 

introduced by the LCFBG. Thus, the (3-3) can be rewritten as 
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where ,x y    are the time shifts of the correlation peaks for the horizontally and vertically 

polarized pulses, respectively.  

Substitute (3-7) into (3-6), we finally get  
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3.2 Experimental Results 
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Fig. 3.2 (a)Reflection spectrums of the fabricated HBRG; (b) reflection spectrum and group delay 

responses of the LCFBG. 

An experiment based on the setup shown in the Fig. 3.1 is performed. An ultrashort light 

pulse train with a repetition rate of 20 MHz generated by a tunable MLL (PriTel FFL-1550-20) 

with a 3-dB bandwidth of 8 nm and a pulse width of less than 600 fs is applied to a HBRG via a 

programmable bandpass optical filter (Waveshaper 4000S) and OC1. The random grating is 

fabricated in a PMF with a length of 50 mm. The reflection spectrum of the random grating is 

measured by a joint use of a tunable laser source (Yokogawa AQ2201) and an optical spectrum 

analyzer (Yokogawa AQ2201), as shown in Fig. 3.2(a). As can be seen, the random reflection 

spectrum over 30 nm is obtained.  
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Then an optical pulse reflected from the HBRG is sent to the optical loop, where the 

horizontally polarized optical pulse is directed by the PBS to the left path, and the vertically 

polarized optical pulse is directed to the right path. The optical pulses are then experiencing WTT 

mapping at the LCFBG. The LCFBG used in the experiment is fabricated in a SMF with a length 

of 1 m. Its reflection spectrum is measured by an optical vector analyzer (OVA, Luna Technologies) 

and is shown in Fig. 3.2(b). As can be seen, the LCFBG has a bandwidth of 4 nm and a central 

wavelength of 1551.4 nm. The group delay responses measured from its short and long wavelength 

ends are also shown in Fig. 3.2(b). It can be seen that two group delay responses are 

complementary and the dispersion coefficients are +2500 ps/nm and -2500 ps/nm, respectively. 

The central wavelength of the ultrashort light pulse is tuned at 1551.4 nm, which is identical to the 

central wavelength of the LCFBG, and the bandwidth of the optical filter is set as 3 nm, to get a 

higher optical power density for effective photodetection. Thus, the pulse width of the generated 

waveform should be 7.5 ns. The repetition rate of the pulse train is 20 MHz. To avoid overlap 

between the two reflected pulses, the time delay 0  introduced by the delay line in the optical loop 

should be greater than 7.5 ns and smaller than 35 ns. After amplified by an EDFA, the optical 

pulses after WTT mapping are fed into a PD (Newport, model 1014, 45 GHz) and the generated 

electrical waveforms are monitored by a real-time oscilloscope (Keysight, DSOZ504A, 50 GHz 

bandwidth, 160 GSa/s).  Fig. 3.3(a) shows the generated electrical waveforms, from which we 

could see that the pulse widths are around 7.5 ns. Fig. 3.3(b), (c) and (d) shows the auto-correlation 

of the waveform from the horizontal polarization direction, cross-correlation between the 

waveforms from the two directions and the auto-correlation of the waveform from the vertical 

polarization direction, respectively. As can be seen, the pulses are significantly compressed for 

auto-correlation, and no correlation peak is observed for cross-correlation. The results confirm that 
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a random waveform can be significantly compressed for auto- correlation, and no compression is 

obtained for cross-correlation since the two waveforms used for cross-correlation are different due 

to the complementary wavelength-to-time mapping. 
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Fig. 3.3 (a) Generated random waveforms, (b) auto-correlation of the waveform from the horizontal 

direction, (c) cross-correlation between the waveforms from the two directions, and (d) auto-

correlation of the waveform from the vertical direction. 
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Fig. 3.4 Compressed pulses from x-axis when different temperature is applied to the random 
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grating sensor. The reference is the waveform generated at 82 °C. 

Fig. 3.4 shows the compressed pulses from the horizontal direction when a different 

temperature is applied to the HBRG sensor while maintaining the strain constant. The reference 

waveform is one generated at 82 °C. As can be seen the time shift is increasing when the 

temperature is reducing. This is because the reference waveform is taken at 82 °C. 
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Fig. 3.5 Experimental results. (a) Time shifts of the peaks versus the temperature with no strain 

applied; (b) time shifts of the peaks versus an applied strain at room temperature (23.2°C). The 

circles and diamond indicate the experimental data corresponding to time shifts of the correlation 

peaks. 

Fig. 3.5(a) shows the time shifts of the compressed pulses versus temperature change with 

no strain applied, and Fig. 3.5(b) shows the time shifts of the compressed peaks pulses versus strain 

change at a fixed room temperature (23.2 °C). Based on the measurements in Fig. 3.5, we get the 

relationship between the strain and temperature and the time shifts, which condition number is 212. 

0.3976 / ps 0.4217 / ps
=

3.2908 3.7932/ ps / ps

x

yC C

T  



      
           

    (3-9) 
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As can be seen, for this particular system, once the time intervals are measured, the strain 

and the temperate can be simultaneous estimated. 

Based on Fig. 3.5, the sensitivities are 31.48 ps/°C and 3.5 ps/, which can be further 

improved when an LCFBG with greater dispersion coefficient is used. The minimum width of the 

compressed pulses is 25 ps, corresponding to a temperature resolution of 0.79 °C and strain 

resolution of 7.1 which can be also improved when an LCFBG with greater dispersion is 

employed. The experimental errors are within ±0.8°C and ±9 . Comparing with the results 

reported in [9], this system shows a higher sensitivity and higher accuracy. Without using an 

interferometric structure, the system is ultra-stable. The interrogation speed is determined by the 

repetition rate of the MLL, which is 20 MHz. 
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3.3 Summary 

In this chapter, we have proposed and experimentally demonstrated an approach to 

implement high-speed and high-resolution interrogation of a HBRG sensor based on spectral 

shaping and wavelength-to-time mapping for simultaneous measurement of strain and temperature. 

The key contribution of the work was the use of a HBRG to generate a random spectrum, which 

was compressed in the time domain after wavelength-to-time mapping. Since the spectrums were 

converted to the time domain, high speed and high resolution integration using a DSP is possible. 

The approach was verified experimentally. simultaneous measurements of stain and temperature 

with a resolution of 7.1  and 0.79°C at an ultra-high speed of 20 MHz was demonstrated.  
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CHAPTER 4  TEMPERATURE AND REFRACTIVE 

INDEX SILICON PHOTONIC MICRODISK 

SENSOR  

 

Reflective index sensing is another attracting area in civil engineering. Traditional optical 

fiber sensors are insensitive to the environmental refractive index. Coating metal or other materials 

over the fiber cladding or fiber core could be a solution, but the cost and complexity of the system 

are increased significantly, while the provided sensitivity is still limited. Silicon photonic resonator 

sensors, which has a high sensitivity to the reflective index changing, shows a promising future. 

In this chapter, an interrogation system for a MDR sensor is proposed and experimentally 

demonstrated, with a high speed and high resolution. The sensing information is converted to time 

domain, which ensure the high interrogation speed. By using two phase-only matched filters with 

windowing technique, the noises can be attenuated significantly. Thus, the sensing information 

can be revealed with a high resolution. Again, without using any optical interferometer structure, 

the system is ultra stable. The experimental results show that the sensor has a sensitivity of 3.07 

s/℃ and a resolution of 0.234℃ as a temperature sensor, and a sensitivity of 1.3 ms/RIU and a 

resolution of 1.32×10-3 RIU as an refractive index sensor. The interrogation speed is as high as 

100 kHz 
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4.1 Operation Principle 
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Fig. 4.1 (a) The configuration of the proposed interrogation system; (b) An MPF based on phase 

modulation to intensity modulation conversion. LD: laser diode; PC: polarization controller; PM: 

phase modulator; PD: photo detector; AWG: arbitrary waveform generator; DSP: digital signal 

processor. 
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Fig. 4.1(a) shows the configuration of the proposed interrogation system for temperature and 

RI sensing using a silicon photonic MDR sensor. It consists of a laser diode (LD), two PCs (PC1 

and PC2), a PM, an MDR, and a PD. A light wave generated by the LD is sent to the PM. The 

polarization direction of the incident light wave is aligned with the principle axis of the PM by 

PC1. The phase-modulated signal at the output of the PM is introduced to the on-chip MDR via 

PC2, which is used to ensure only the TE mode is excited in the waveguide. By filtering out one 

sideband of the phase-modulated signal by the notch of the MDR, PM-IM conversion is performed, 

and a microwave signal is recovered at the PD. The overall operation is equivalent to an MPF with 

the center frequency of the passband equal to the wavelength difference between the optical carrier 

and the resonant wavelength of the MDR, as shown in Fig. 4.1(b). A broadband LCMW generated 

by an AWG is fed to the MPF. At the output of the MPF, a filtered microwave waveform with the 

central frequency determined by the passband of the MPF is obtained. The location of the filtered 

microwave waveform is determined by the central frequency of the MPF, thus by estimating the 

temporal location of the filtered microwave waveform, the wavelength shift of the MDR is 

obtained, which is an indicator of the temperature or RI change.   

The resonant wavelength of a MDR is calculated by (2-5), and the wavelength responses for 

cladding refractive index and temperature are shown in (2-6) and (2-7) respectively. Assuming the 

wavelength of the optical carrier is c , the central frequency of the MPF, which is given by (2-11),  

could be rewritten as  

 2

c res
MPF

avg c

c
f

n

 



  
   
 

   (4-1) 
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where c is the velocity of light in vacuum, avgn  is the average refractive index for the optical path 

consisting of fibers and the silicon waveguides When the resonate wavelength of the MDR shifts, 

the central frequency of the MPF will change.  The frequency change can be expressed as 

 MPF resf K        (4-2) 

where  2/ cK c n   and res  is the wavelength shift ( Temp or RI ). 

 Mathematically, for a LCMW, the instantaneous frequency of the waveform is given by 

   0f t f Ct      (4-3) 

where C is the chirp rate,  0f  is the initial frequency, and t is the time. When a LCMW is fed to an 

MPF, the temporal location of the output waveform is calculated by  0 /MPFt f f C   . The 

relationship between the wavelength shift of the MDR and the temporal location is given by 

 res

K
T

C
       (4-4) 

When the temporal location is measured, using (4-4) with (2-6) or (2-7), the temperature change 

or refractive index change can be revealed.  

The interrogation resolution is limited by the 3-dB bandwidth of the MPF, which determines 

the spectral width of the filtered microwave waveform. To reduce the bandwidth of the MFP, the 

Q factor of the MDR should be increased. To do so, we add a slab waveguide surrounding the disk 

and the bus waveguide, to reduce the loss due to sidewall roughness. The 3D view and the cross-
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sectional view of the MDR are shown in Fig. 4.2(a). The radius of the microdisk is 3.7 m, and 

the width of the bus waveguide is 520 nm. A slab waveguide with a height of 60 nm is added 

surrounding the disk and the bus waveguides. To increase the sensitivity, a direct contact between 

the MDR sensor and a solution for which its refractive index is to be measured is needed. To do 

so, the silica cladding is removed. Fig. 4.2(b) shows the simulated fundamental mode profile in a 

conventional MDR, and Fig. 4.2(c) shows the fundamental mode profile in the proposed MDR. 

Comparing the two mode profiles, it can be clearly seen that the interaction between the light field 

and the sidewalls of the proposed MDR is weakened. Thus, the scattering due to sidewall 

roughness is reduced and a higher Q factor is ensured. 
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Fig. 4.2 (a) 3-D view and cross-sectional view of the proposed MDR; (b) simulated fundamental 

TE0 profile of a conventional MDR; (c) simulated fundamental TE0 profile of the proposed MDR. 
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Fig. 4.3 DSP process for improving the SNR of the generated signal. 

The detection accuracy is affected by the noise of the filtered microwave waveform [33]. 

Due to a high insertion loss of the system, the filtered microwave waveform is weak with a poor 

SNR. To increase the SNR to ensure an accurate measurement of the time shift, the filtered 

microwave waveform is filtered using a DSP. The signal processing procedure is shown in Fig. 

4.3. A POF based on the reference LCMW is built which is correlated with the filtered microwave 

waveform, thus the microwave waveform is compressed. On the other hand, since the noise is not 

correlated with the LCMW, its distribution after phase-only filtering is not changed. Thus, by 

applying a windowing function to select the compressed pulse, the noise is significantly suppressed. 

Finally, by re-correlating the noise-suppressed compressed pulse with the POF, a microwave 

waveform with an increased SNR is obtained.  

Mathematically, the filtered microwave waveform at the output of the PD can be expressed as

      x t s t n t      (4-5) 

where  s t  is the filtered microwave waveform and  n t  is the noise. 
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We use the LCWM, denoted as   r t , generated by the AWG as a reference to build a POF. 

Considering the spectrum of the reference is  R j , the spectrum response of the POF is  

 

 

R j

R j




. So, the compressed pulse is given by 

   
 
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 

  (4-6)  

where  R j
  is the complex conjugate of  R j ,  X j ,  S j  and  N j  are the 

Fourier transforms of  x t ,  s t  and  n t , respectively, and   s j  ,  n j   and  R j   are 

the phase terms of  S j ,  N j and  R j , respectively.  

Because the filtered microwave waveform is from the reference LCMW and the MPF has a 

linear phase response, we have     s Rj j    . Thus, (4-6) is simplified to be 

             

       

1

1

1

s R n R

n R

j j j j j j j j

j j j j

Y t F S j e e N j e e

F S j N j e e

       

   

 

 

 



   
 

  
 

 (4-7) 

From (4-7), we can see that the filtered microwave waveform is compressed. Since the phase 

of the noise is randomly distributed and it is not cancelled by the phase term from the POF during 

the correlation process, the noise is not compressed. By applying a windowing function to select 

the compressed pulse, the noise would be significantly suppressed. Then, by re-correlating the 
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compressed pulse with the POF, the microwave waveform is recovered, but with significantly 

increased SNR. 

          
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   (4-8) 

where  'N  is the spectrum of the filtered noise after windowing. 

 From (4-8), it can be seen that the microwave waveform after signal processing is a time 

reversed version of the microwave waveform at the output of the PD, but the noise is significantly 

suppressed. Thus, the filtered microwave waveform is rebuilt with an improved SNR. 

 The bandwidth of the filtered microwave waveform is determined by the bandwidth of the 

MDR, given by 

 resB K
Q


           (4-9) 

where Q is the quality factor and  2/ cK c n . The time bandwidth product (TBWP) of the 

filtered microwave waveform is 

 
2 2

2

resK
TBWP

Q C


       (4-10) 

At the output of the first POF, the temporal duration of the filtered microwave waveform is 

compressed by TBWP times. Since the noise after the POF is still uniformly distributed, if a 

Hamming window with a 3-dB bandwidth equal to the width of the compressed waveform is 
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applied, the microwave waveform is not affected, but the noise is significantly reduced by TBWP 

times. Thus, the SNR of the filtered microwave waveform is increased by  1010log TBWP  dB. For 

example, if the TBWP is 1000, the SNR is increased by 30 dB. 

A numerical simulation using Matlab is implemented, as shown in Fig. 4.4. A perfect 

broadband LCWM is generated, shown in Fig. 4.4(a), and two parts of it are selected out, shown 

in Fig. 4.4(b). Doing the data processing described above, the result is shown in Fig. 4.4(c), from 

which we can see that the selected LCMWs is recovered with a windowing response. Adding a 

Gaussian random noise on the previous selected LCMWs, which maximum amplitude is 10 times 

higher than the signal, as shown in Fig. 4.4(d), and doing the processing again, the result is shown 

in Fig. 4.3(e), with a significantly improved SNR. Comparing Fig. 4.4(e) with Fig. 4.4(c), we could 

see that the selected signal is slightly degenerated, while the central time locations are maintained. 

By using this method, the filtered LCMW can be recovered and the noises is significantly 

suppressed, leading to a highly improved SNR. Working with digital electronics with an ultra-high 

speed and resolution for the measurement, the resolution of the interrogation system is highly 

elevated. 
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Fig. 4.4 (a) Generated perfect LCMW; (b) filtered LCMW; (c) processed LCMW based on (b); (d) 

filtered LCMW with a strong noise; (e) processed LCMW based on (d). 



70 

 

4.2 Experimental Results 

An experiment based on the setup shown in Fig. 41(a) is performed. A CW light from a TLS 

(Anritsu, MG9638A) is sent to the PM (Thorlabs, 40 GHz) via PC1, and phase modulated by a 

broadband LCMW, which is generated by an AWG (Keysight M8195A). Then, the modulated 

light wave is introduced to the MDR, where the 1st order sideband is eliminated and PM-IM 

conversion is performed. At the output of the MDR, the optical carrier and the other 1st order 

sideband are sent to the PD (Newport, model 1014, 45 GHz). A filtered microwave waveform is 

generated at the output of the PD, which is sent to a DSP for signal processing. 

The key device in the system is the silicon photonic MDR, which is fabricated using CMOS-

compatible technology with 193-nm optical projection lithography. Fig. 4.5(a) shows the SEM 

micrographs of the fabricated MDR. An OVA (LUNA OVA 5000) is used to evaluate the optical 

performance of the fabricated MDR. Fig. 4.5(b) shows the spectrum of the MDR. Fig. 4.5(c) gives 

a zoom-in view of a TE0 mode resonance. As can be seen, the free spectral range (FSR) of the 

MDR is 30.05 nm, and the 3-dB bandwidth is around 9 pm. The Q factor of the fabricated MDR 

is calculated to be 172,400, which is much higher than a conventional MDR [31], ensuring an 

improved interrogation resolution. 
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Fig. 4.5 (a) SEM micrographs of the fabricated microdisk; (b) normalized transmission spectrum of 

the fabricated microdisk with air cladding; (c) zoom-in view of the TE0 mode resonance of the 

fabricated microdisk with air cladding. 



72 

 

Time (s)

0 1 2 3 4 5 6 7 8 9 10

-4

-2

0

2

4

2 2.1

-2

0

2

8 8.1

-2

0

2

Time (s)Time (s)

A
m

p
li

tu
d

e 
(V

)
A

m
p

li
tu

d
e 

(V
)

A
m

p
li

tu
d

e 
(V

)

 

Fig. 4.6 Broadband LCMW generated by an AWG 

Firstly, the resonant wavelength shift with the temperature change is investigated. The 

wavelength of the optical carrier is set as 1552.27 nm, and an LCMW with a temporal duration of 

10 s and a chirp rate of 3.2 GHz/s is generated by the AWG as the modulation signal, as shown 

in Fig. 4.6. Fig. 4.7(a) and 4.7(b) shows two filtered microwave waveforms at two different 

temperatures at the output of the PD. As can be seen, the filtered microwave waveforms are 

separated in the time domain, with the temporal separation corresponding to the wavelength 

change of the MDR. The time width of a filtered microwave waveform is around 700 ns. Since the 

microwave waveforms are very noisy, an accurate estimation of the temporal location of the 
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filtered microwave waveform is difficult. A solution is to remove the noise, which can be 

performed by matched filtering in a DSP. Fig. 4.7(c) shows a compressed microwave pulse which 

is done by correlating the filtered microwave waveform with a POF built from the LCMW. Thanks 

to the large TBWP of the filtered microwave waveform, the width of the compressed pulse after 

the POF is around only 0.4 ns, with a compression ratio of 1758. Applying a Hamming window to 

the compressed pulse with a width of 0.7 ns and feeding it to the POF again, the microwave 

waveform is recovered and the noise is significantly attenuated. 

Fig. 4.7(d) and (e) show the processed waveforms corresponding to those shown in Fig. 4.7(a) 

and (b), respectively. Since the noise is significantly suppressed, the temporal location of the 

microwave waveform can be easily estimated. Fig. 4.8(a) shows estimated temporal locations vs. 

temperature change. As can be seen the sensitivity for temperature measurement is 3.07 s/℃, 

corresponding to 76.8 pm/℃. Because of the imperfect optical phase response of the MDR, the 

measured 3-dB bandwidth of the MPF is larger than the bandwidth of the MDR, which is 2.25 

GHz. Thus, the corresponding sensing resolution is 0.234℃. 

Then, the resonant wavelength shift with the refractive index change is investigated. Setting 

a temperature at 23.4 ℃ and the wavelength of the light carrier at 1558.35 nm, and change in the 

cladding with different NaCl solutions is measured. Fig. 4.8(b) shows the estimated temporal 

locations vs. cladding refractive index change by change the NaCl solutions with different 

refractive indexes. From the fitted line, it can be seen that the sensitivity for cladding RI 

measurement is 1.3 ms/RIU, corresponding to 33.28 nm/RIU. The measured 3-dB bandwidth of 

the MPF is 5.5 GHz, thus the corresponding sensing resolution is 1.32×10-3 RIU. 
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Note that the change of the cladding refractive index of the cladding is significant, the 

resonant wavelength has a large shift. As shown in Fig. 4.9(a), when the MDR is with water 

cladding, the resonant wavelength is shifted to 1558.59 nm, a net shift of 6.99 nm. From the zoom-

in view shown in Fig. 4.9(b), it can be noticed that the 3-dB bandwidth is increased to around 39 

pm and the Q factor is reduced to 40000, which is due to the change in coupling coefficient 

between the bus and the microdisk. 
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Fig. 4.7 (a) Generated filtered LCMW at 22.82 ℃; (b) generated filtered LCMW at 23.03 ℃; (c) 

the normalized cross-correlation results. The red dash line in the zoom-in figure is the applied 

Hamming window; (d) the recovered signal corresponding to the filtered LCMW at 22.82 ℃ shown 

in (a); (e)the recovered signal corresponding to the filtered LCMW at 23.03 ℃ shown in (b). 



76 

 

22.8 23.2 23.6 24 24.4
2.5

3.5

4.5

5.5

6.5

7.5

T
im

e 
(

s)

Temperature (℃ )

(a) (b)

1.333 1.334 1.335
4

5

6

7

8

T
im

e 
(

s)

 Refractive index (RIU)
22.8 23.2 23.6 24 24.4

2.5

3.5

4.5

5.5

6.5

7.5

T
im

e 
(

s)

Temperature (℃ )

(a) (b)

1.333 1.334 1.335
4

5

6

7

8

T
im

e 
(

s)

 Refractive index (RIU)

 
Fig. 4.8 Experimental results. (a) Time locations vs. temperature; (b) time locations vs. refractive 

index of the cladding. The circles are the experimental data, and the red dash lines show the linear 

fitting of the experimental data. 
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Fig. 4.9 (a) Normalized transmission spectrum of the fabricated microdisk with water cladding; (b) 

zoom-in view of the TE0 mode resonance of the fabricated microdisk with water cladding. 
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4.3 Summary 

High-speed and high-resolution interrogation of a silicon photonic MDR sensor based on 

microwave photonic filtering with improved sensing resolution and speed was proposed and 

experimentally demonstrated. To get a high sensing resolution, a high Q factor MDR by adding a 

slab waveguide surrounding the waveguide bus and the microdisk was designed and fabricated 

and its use for temperature and refractive index sensing was performed. To increase interrogation 

speed, the wavelength change of the MDR was converted to the temporal location change of a 

microwave waveform, which was generated by filtering a broadband LCMW by an MPF. Since 

the interrogation can be performed in the electrical domain using a DSP, the speed was 

significantly increased. To increase interrogation accuracy, the noise of the filtered microwave 

waveform was removed by a novel algorithm in which two phase-only filtering operations were 

performed. By using a Hamming window to select the compressed waveform after the first POF, 

the noise was significantly reduced. The interrogation speed of this system was determined by the 

temporal duration of the LCMW, which was 10 s, corresponding an interrogation speed of 100 

kHz. The proposed sensor system was experimentally demonstrated. As a temperature sensor, a 

sensitivity of 76.8 pm/℃ and a resolution of 0.234℃ were achieved. As an refractive index sensor, 

a sensitivity of 33.28 nm/RIU and a resolution of 1.32×10-3 RIU were achieved. 
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CHAPTER 5  CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

In this thesis, two real-time interrogation systems for a random grating sensor and a MDR 

sensor were proposed and experimentally demonstrated. By using a high speed oscilloscope to 

monitor the demodulated sensing information in time domain, high speed and high resolution 

interrogations were ensured. Furthermore, without any optical interferometer structures, these 

interrogation systems were ultra stable.  

Specifically, in Chapter 2, a background review of FBG sensors and silicon photonic 

resonator sensors was presented. The advantages and limitations of the previous interrogation 

systems were discussed.  

In Chapter 3, an experimental demonstration of the proposed interrogation system for an 

HBRG based on WTT mapping was implemented. In the proposed random grating sensor, an 

ultrashort light pulse form MLL was spectrum sliced by an HBRG to generate two orthogonally 

polarized spectrums. A LCFBG was used in used in a complementary manner to realise a WTT 

mapping, and two temporally separated optical pulses were generated with orthogonal polarization. 

By monitoring the waveform shifts of the two random waveforms using pulse compression 

technique, the stain and temperature information could be retrieved. Experimental results showed 

that the proposed interrogation system could provide a stain and temperature resolution better than 

7.1  and 0.79°C at an ultra-high speed of 20 MHz, which could find applications where high 

speed and high resolution sensing was required. 
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In Chapter 4, an experimental demonstration of the proposed interrogation system for an 

MDR sensor based on microwave photonic filtering and WTT mapping was implemented. Because 

of the instinct feature of integrated optics, silicon photonic resonator sensors enjoyed a high 

sensitivity for the refractive index changing. In order to get a high detection resolution, a special 

MDR was designed and fabricated. The MDR was used to implement a microwave photonic 

bandpass filter with a TLS and PM. By feeding a broadband LCMW to the MPF, a filtered chirped 

waveform with the central frequency corresponding to the resonant wavelength was obtained. The 

chirp rate of the LCMW implemented a MTT mapping, and the temporal location of the filtered 

chirp waveform indicated its central wavelength. By measuring the temporal location of the 

filtered microwave waveform, the sensing information could be revealed. The experimental results 

showed that the sensor provided a sensitivity of 76.8 pm/℃ and a resolution of 0.234℃ as a 

temperature sensor, and a sensitivity of 33.28 nm/RIU and a resolution of 1.32×10-3 RIU as an 

refractive index sensor. The interrogation speed was 100 kHz. Furthermore, the interrogation 

system provided a wavelength resolution of 1.6 ×10-4 pm at 1550 nm, which was much higher than 

a commonly used OSA or OVA. 
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5.2 Future work 

 Optical sensor technology has been proven to be a powerful tool in numerous applications. 

In this thesis, two real-time interrogation systems with improved speed and resolution were 

proposed and demonstrated. The work can be further improved from the following aspects. 

1) The limitation of the interrogation resolution of the random grating sensor is the 

sampling rate of the oscilloscope and the dispersion coefficient of the LCFBG. If a higher 

sampling rate and a higher dispersion coefficient were available, the sensing sensitivity 

and the interrogation resolution would be improved. 

2) The interrogation speed of the random grating sensor system is determined by the 

repetition rate of the used MLL. A higher interrogation speed than 20 MHz is achievable 

by replacing the pulse source with a higher repetition rate. However, the pulse width of 

the generated pulses limits the maximum repetition rate. In the proposed system, the 

width of the two output pulses are 20 ns, which promises the highest interrogation speed 

of 50 MHz. 

3) For the MDR sensor, the detection limit depends on the Q factor of the used MDR. The 

Q factor could be improved by increasing the diameter of the disk. However, the number 

of existed modes would increase at the same time. A larger MDR sensor could find 

applications which needs high detection resolution but low dynamic range.  

4) The MDR sensor are sensitive to the changing of both temperature and refractive index. 

A MDR array could be used to discriminate the influence of the temperature changing 

and the refractive index changing. By setting a MDR reference, the sensing information 

of temperature and refractive index can be revealed simultaneously.  
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