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Abstract 

The present thesis work is focused on the design and analysis of novel fiber Bragg 

grating (FBG) structures for its efficient application in quasi-distributed sensing 

network (QDSN). Novel grating structures are designed to achieve widest possible 

dynamic range and to enhance the sensing capabilities manifold. A comprehensive 

theoretical study is carried out to achieve the objective of the research work. In order 

to devise an efficient WDM/QDSN for the given source-bandwidth, critically 

important characteristics, e.g., reflectivity/transmissivity, FWHM, side-lobe 

suppression ratio (SLSR), maximum side lobe (MSL) and delay need to be optimized 

w.r.t. the grating design parameters, such as, length (L), index-change (δn), 

apodization profile and loss (α). In the first part of the research, a novel apodization 

profile to device FBG that can efficiently resolve strain and temperature in QDSN is 

proposed. Optical characteristics of the grating employing novel apodization are 

optimized w.r.t. L and δn. For the optimum grating based five-stage QDSN, dynamic 

range for the temperature measurement as high as 131.6°C and for the strain 

measurement as high as 1450µε are obtained. Further, an isolation of 10.07 dB and 

the total isolation of 33.818 dB, highest among the other apodization profiles recently 

reported in the literature, are observed for the proposed FBG. In order to further 

enhance the sensing efficiency, slow-light π-FBG based QDSN is proposed. A novel 

π-FBG is designed by optimizing optical and sensing characteristics with respect to 

the parameters L, δn, α and employing the novel apodization profile proposed earlier 

in the research. Strain sensitivity as high as 8.380 (με)-1 and temperature sensitivity as 

high as 91.064°C-1, manifold higher than the maximum sensitivity reported in the 

literature, are achieved for the proposed slow-light π-FBG. Optimized slow-light π-
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FBG is employed in a five-stage QDSN. Dynamic range for the strain measurement as 

high as 1469µε and for the temperature measurement as high as 133°C are obtained. 

Finally, π-FBG based fiber Mach-Zehnder interferometer is proposed to develop 

ultrasonic acoustic sensor. With the optimized characteristics of π-FBG achieved at L 

= 5 mm, δn = 1.2×10-3 and employing the proposed novel apodization profile, strain 

sensitivity as high as 1.21321×108/ε and resolution as high as 4.1 fε/√Hz are achieved 

from the proposed sensing system. Observed strain sensitivity and resolution are 

much better than the best reported in the literature. 
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 : Introduction and Literature Review 

This chapter presents an introduction and literature review on optical fiber sensor 

(OFS) based structural health monitoring (SHM), its background and basic concepts. 

Sections 1.1 and 1.2 present an introduction of the thesis and evolution of optical fiber 

sensor (OFS), respectively. Section 1.3 discusses about various topologies used in the 

design of OFS. A short literature review on wavelength-division multiplexed fiber 

Bragg grating (WDM-FBG) sensing networks and the motivation to use it in the 

structural health monitoring is presented in section 1.4. Finally, section 1.5 elaborates 

organization of the thesis.  

 Introduction  

Advancements in science and technology in the last couple of decades have made 

our lives comfortable beyond imagination. Infrastructures provided for electronics and 

communication engineering, civil engineering, computation, healthcare, energy etc. 

computing have substantially improved to aid daily personal as well as professional 

chores. Advent of artificial intelligence and machine learning has further improvised 

systems to transform them from traditional to the smart ones. In this transformation, 

sensors and data analysis associated with a system play an important role. Efficiency 

of sensors impacts performance of the systems, which we design and develop.  

For a robust and reliable system, it is imperative to design a system in such a way 

that it can sustain for a prolonged duration. As we know, all types of engineering 

infrastructures, such as, railways, roads, bridges, tunnels, dams, wind, hydro or 

nuclear turbines, oil and gas wells, high power transportation lines to deliver 

electricity, aerospace, high-rise buildings, etc., deteriorate with time. This 
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deterioration occurs due to several reasons, for example overloading, error in design, 

environmental effects, and some unexpected events like earthquakes, Tsunami, etc. 

These factors change structures' health conditions in terms of several impairment 

parameters (measurands) such as, stress, strain, crack, tilt, deformation, displacement, 

corrosion, oxidation, etc. Therefore, for the safe and efficient exploitation of the 

structures, an inspection and maintenance are needed on a regular basis. The cost of 

personnel required to complete these processes in traditional manner is quite 

expensive. Alternatively, a smart and autonomous monitoring of structures' health 

condition is of prime importance in order to reduce inspection costs and to make the 

process more efficient. Thus, a robust, reliable, efficient, and intelligent system is the 

need of the hour. In this thesis, we propose to develop a solution for continuous 

structural health monitoring (SHM) for engineering infrastructures so that proper 

actions could be taken within a stipulated time frame, if the crisis arises.  

A structural health monitoring (SHM) system can be described as a combination 

of devices that gives information, which helps in the implementation of a damage 

detection and its curing strategy for engineering infrastructures. Sensor is an integral 

part of a SHM system. A sensor is a device that converts changes in the magnitude of 

one physical parameter into another parameter, which not only can be measured more 

conveniently but also more accurately [1].  

Various kinds of conventional sensors like anemometers, temperature sensors, 

servo type accelerometers, dynamic weigh-in-motion sensors, level sensing stations, 

displacement transducers, weldable strain gauges, piezoelectric sensor have been 

utilized for SHM of engineering infrastructures [2, 3]. Conventional sensors, however, 

have many limitations, such as, acceptable performance only under certain conditions 

and highly susceptible to (a) electromagnetic interferences (EMI), (b) radio frequency 
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interferences (RFI), and (c) turbulences provided by the nature. Moreover, these 

sensors hardly offer multiplexing and remote sensing capabilities. One of the possible 

ways to overcome these limitations is to device the system that exploits lightwave 

frequencies of the electromagnetic spectrum. As an example, a laser Doppler 

vibrometers (LDV) was demonstrated for an accurate displacement measurement of 

the bridges [4]. Although this sensor overcomes the limitations imposed by EM/RF 

interferences as the measurement is performed using light, but it does not offer 

multiplexing capabilities. Furthermore, the cost of sensing system is also very high, 

and the laser intensity may become dangerously strong in some situations [5]. Further, 

another key limitation of conventional as well as laser based traditional (holographic 

as an example) optical sensors is the fact that these sensors cannot be deployed in 

hazardous environment. A sensor having capabilities to operate in a hazardous 

environment, immunity to EMI and RFI, long-term performance, durability, and 

ability for multiplexing and remote-sensing is of great importance for many practical 

applications. In the next sections, a brief discussion on optical fiber sensors and their 

topologies are presented. 

 Optical Fiber Sensors (OFSs) 

The adoption and exploitation of optical fiber has drastically impacted sensing 

technology since the major breakthrough invention of fiber optics for 

telecommunication in the early seventies [6]. An optical fiber is a cylindrical 

dielectric waveguide having a high refractive-index core and low refractive-index 

cladding. Depending on the core diameter, core and cladding refractive indices as well 

as the operating wavelength, optical fiber can be classified as (a) single-mode fiber 

(SMF) that supports only the fundamental mode and (b) multi-mode fiber (MMF) that 

supports more than one (fundamental) modes. Apart from nonlinearity effects, two 
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fundamental characteristics that severely affect the transmission efficiency of optical 

fiber and restrict the information-carrying-capacity are loss and dispersion 

(intermodal as well as intramodal dispersion). Loss is minimized by operating optical 

fiber communication system at 1550 nm. Intermodal dispersion is a characteristic 

feature of MMF and is obviously zero for SMF. On the other hand, intramodal 

dispersion for standard SMF is observed to be zero at 1310 nm and in the range of 15-

19 ps/(km-nm) at around 1550 nm. It is for these reasons, SMF is used to design and 

develop optical fiber telecommunication systems and to design a sensing network that 

is capable of remote sensing applications.  

At the early stage when the fiber optics was still evolving, transmission efficiency 

of optical fiber was observed to be profoundly affected by various external 

parameters, such as, pressure, macrobends, microbends, etc. Enormous efforts were 

made to nullify the sensitivity of optical fiber to these external parameters. However, 

soon it was realized that the sensitivity of optical fiber to various external parameters 

could be utilized for sensing applications, which motivated scientific community to 

use optical fiber as a sensor.  

Any optical fiber sensor (OFS) system contains three main integrated parts – a 

sensor, a transmission medium, and an optoelectronics unit. The earliest “Fotonics” 

sensor was proposed to estimate location and spacing in the machine tool industry [7]. 

As OFS illustrated various advantages over traditional electronics and optical sensors, 

for example, reduced size and weight, immunity towards electromagnetic and radio 

interferences, ability to work in a harsh environment, reduced cost, versatility, 

reliability, compatibility to optical communication network, remote sensing, 

corrosion-free, and embedding capability [8, 9, 10].  
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The OFS can be broadly divided into two subcategories, extrinsic (hybrid) and 

intrinsic (all-fiber) sensors. In the extrinsic sensors, light emerges from an optical 

fiber to another medium, where it is modulated by measurand. The modulated light is 

again recollected by same or a different fiber, and is forwarded to a remote location 

for further processing. In the intrinsic sensors, external parameters modulate one or 

more physical properties of the propagating light e.g. phase, wavelength, polarization, 

and intensity within the fiber. As evident, an intrinsic fiber sensor can be further 

classified on the basis of the employed modulation scheme and can be termed, for 

example, as an intensity modulation based optical fiber sensor or a wavelength 

modulation based optical fiber sensor and so on. Most popular schemes among 

researchers in terms of ease of realization are intensity, phase and wavelength 

modulation. In general, extrinsic sensors are utilized for chemical and biomedical 

measurements [11, 12], while intrinsic sensors are primarily used for physical 

measurements and also utilized for SHM widely [13].  

Sensors based on intensity modulation have more practical importance due to their 

simplicity in fabrication and compatibility with multi-mode optical fiber. The most 

popular scheme to achieve intensity modulation in optical fiber is to exploit the 

evanescent wave in the cladding. On the other hand, invention of in-fiber grating has 

significantly revolutionized the field of optical fiber sensors that exploits wavelength 

modulation scheme. Fiber gratings consist of periodic perturbation of refractive index, 

generally over a small length, with in the core of a single-mode fiber (will be 

explained later). They fall into two general categories based on the period of grating – 

short period grating or fiber Bragg grating (FBG) and long period grating (LPG). In 

addition to intensity and wavelength modulation, controlling the light in an optical 
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fiber has started a new area of sensing. Sensors exploiting this mechanism are known 

as slow-light fiber sensors [14].  

 OFS Topologies for Sensing Applications 

OFSs that are deployed in various sensing applications, including structure health 

monitoring, can be developed in three different topologies [15, 16]: 

• Single point sensor,  

• Multipoint/quasi-distributed, and  

• Fully distributed sensing networks  

 Single Point Sensor 

1.3.1.1  Intensity/Wavelength modulation-based OFS 

Since the first optical fiber sensor was reported in mid 1960s for vibration 

measurement, extensive research began in late 1970s to develop OFS that can monitor 

other important parameters, e.g., pressure, strain, relative humidity (RH), curvature, 

displacement, rotation etc. These sensors were targeted to monitor localized 

perturbation/parameters of interest. Primarily, technologies such as, intensity 

modulation/phase modulation/wavelength modulation were exploited to develop these 

OFSs. For example, intensity modulation through evanescent wave absorption was 

exploited to monitor RH in [17]. Similarly, as an example, wavelength modulation 

mechanism was exploited to monitor tilt by designing FBG based all-optical sensor in 

[18]. To be very specific, in-fiber Bragg gratings (FBGs) have become synonym to 

the optical sensing technology as for as real-field applications are concerned. The 

reason is, apart from inheriting the advantages of fiber optics, FBG sensors are 

characterized with additional advantages, such as, (1) inherently self-referencing, (2) 

TH-2634_126102017



 

7 
 

ease of designing spectral and phase response as per the requirement, (3) capability of 

multiplexing a large number of FBGs on a single fiber line, (4) ease of employing 

DWDM, spatial-division-multiplexing, time-division-multiplexing (TDM) and quasi-

distributed sensing, (5) insensitive to the fluctuations in the irradiance of the 

illuminating source, (6) compatibility for the application in advance composite 

materials to name a few. A brief introduction on FBG is presented in next subsection. 

1.3.1.1.1 An overview of FBG and its Sensing Applications 

An FBG is a finite length permanent intra-core periodic perturbation of induced 

refractive index (RI) change along the fiber axis (Figure 1.1). This induced RI is due 

to the exposure of photosensitive fiber in an intense ultraviolet (UV) or excimer laser 

using phase mask or interferometric technique [19]. When a broadband light 

propagates through the grating, due to change in RI, multiple Fresnel reflection takes 

place along the grating length. The forward and backward propagating waves interfere 

constructively only when they satisfy phase matching (or the Bragg) condition. 

The phase-matching condition states as [20]: 

Figure 1.1: Schematic of FBG. 

TH-2634_126102017



 

8 
 

 
2

f b

π
β β− =

Λ
  (1.1) 

where, βf and βb are the forward and backward propagation constant, respectively, and 

Λ is the grating period. For an FBG, βb = - βf, hence, the phase-matching condition 

becomes 

 
2 2

2
B

nπ π
λ

 
=  Λ 

  (1.2) 

where, λB is Bragg wavelength, and n is the effective mode index in the fiber.  

Equation (1.2) may be simplified to the first-order Bragg condition as mentioned 

below. 

 2
B

nλ = Λ   (1.3) 

The light that does not follow Bragg condition transmitted through FBG. Both neff and 

Λ depend on the strain and temperature, therefore, Bragg wavelength also becomes 

sensitive to strain and temperature. The change in Bragg wavelength due to 

longitudinal strain, ε, is given by, 

 ( )1B B epελ λ ε∆ = −   (1.4) 

where, pe is the photo-elastic coefficient of the fiber and can be given as 

 ( )( )
2

12 11 122e

n
p p p pν= − +   (1.5) 

where, p11 and p12 are the components of a strain-optic tensor, and υ is Poisson’s ratio. 

A typical germanosilicate fiber exhibits wavelength–strain sensitivity of 1.2 pm/με at 

1550 nm wavelength [21]. The change in Bragg wavelength due to temperature 

change is given as: 

 ( )BT B Tλ λ α ζ∆ = + ∆  (1.6) 
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where, α = (1/Λ)(∂Λ/∂T) is a thermal expansion coefficient (≈0.55×10-6 for silica), 

and ζ = (1/n)(∂n/∂T) is a thermo-optic coefficient (≈8.6×10-6 for a germanium-doped 

silica-core fiber). The wavelength-temperature sensitivity of 1550 nm FBG sensor is 

approximately 14 pm/°C [21]. The overall shift in Bragg wavelength due to strain and 

temperature is given as: 

 ( ) ( )1B B e Bp Tλ λ ε λ α ζ∆ = − ∆ + + ∆   (1.7) 

As can be observed from Eq. (1.7), FBG is inherently sensitive to strain and 

temperature perturbations both. This makes FBG an intrinsic optical fiber sensor for 

these two parameters. However, FBG sensors can be used to monitor any other 

physical parameter if a suitable methodology can be developed to map this other 

parameter into strain or temperature. Numerous FBG sensors are successfully 

developed to monitor various parameters of interests such as tilt [22], displacement 

[23], strain [24], temperature [25], humidity [26], pressure [27], magnetic field [28], 

refractive index [29], ultrasound waves [30], corrosion [31], vibration [32], weight 

[33], chemicals [34], biomedical [35, 36] etc. which are critically important in 

different engineering applications/industrial processes. In all the examples mentioned 

above, parameters of interest are strategically mapped in the strain domain.  

One very important issue that arises and to be addressed for all such sensors is the 

cross-sensitivity of FBG towards temperature variations and resulted noise while 

deploying the FBG sensor in real-field applications. This issue is addressed by 

adopting a suitable temperature compensating mechanism [22]. Besides, there are 

various known techniques to modulate a grating to enhance sensing and optical 

characteristics of FBGs, such as tilting [37], phase-shifting [38], chirping [39], 

tapering [40], and apodization [41]. 
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One very important point needs to be highlighted here. Demodulation of the 

information about the applied perturbations (e.g., strain, tilt, pressure, torsion etc.) is 

generally done by monitoring the wavelength shift by employing optical spectrum 

analyzer (OSA) or the FBG interrogator. However, demodulations of FBG sensors for 

ultrasonic waves are different from the static strain. It requires an instrument having 

sub-micron strain resolution [42] and over kilo-Hertz bandwidth [43, 44]. The 

tracking of the shift in the Bragg wavelength of FBG under an ultrasonic strain wave 

is usually not possible with an optical spectrum analyzer (OSA) due to its limitation in 

terms of sensitivity/resolution and demodulation speed. Demodulation techniques that 

needs to be employed in this case depends on the light source (broadband 

source/laser/Erbium-doped fiber laser/modulated laser) employed in a sensing system 

[45].  

1.3.1.2  Interferometer based OFS 

Optical fiber based interferometric sensors, such as, Fabry-Perot, Mach-Zehnder, 

Michelson, and Sagnec interferometers are also heavily exploited for monitoring 

physical parameters at a localized point. The working principle of interferometric 

sensors is based on the change in the phase of two light waves with the same 

frequency due to the external perturbations [46]. The first Sagnec interferometer was 

developed in 1980s as a fiber optic strain sensor for SHM [47, 48] and, since then, it 

has been utilized in various practical applications. A white-light fiber optic Michelson 

interferometer was proposed for two-dimensional strain measurement inside a 

concrete structure [49]. Michelson and Mach-Zehnder interferometer sensors 

employing photonic crystal fibers and long period grating (LPG) have been primarily 

preferred for velocity [50], refractive index [51], and temperature [52] measurements. 
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Further, photonic crystal fiber based Sagnac interferometer was deployed to monitor 

pressure in a localized region in [53]. 

Fiber-optic Fabry-Perot interferometer (FPI) sensors are one of the best candidates 

for SHM [54, 55]. The typical strain resolution of FPI sensors is 0.01% of full scale, 

and measurement range can extend up to ±5000 µε [56]. A gold deposited extrinsic 

FPI sensor was developed for dynamic strain measurement [57]. Zhou et al. [58] 

proposed an extrinsic FPI strain sensor to investigate damage in the smart composite 

beam. An FPI fiber-optics sensor in [59] was used to monitor strain in concrete 

structures. A moderate multiplexed extrinsic FPI strain sensor was also proposed for 

the strain measurement of composite structures [60]. The major drawback of 

interferometric sensors is their weak multiplexing capability, which limits their 

application for large civil infrastructures as they can measure a relatively low number 

of points. 

1.3.1.3  Slow light based OFS 

Slow-light fiber sensors have evolved as a new class of OFS for various 

applications to monitor the localized parameter of interest. Initially slow-light in 

optical fibers was employed for various applications in optical communication 

systems, such as, tunable delay line for data synchronization, optical buffering, and 

optical signal processing [61]. Slow-light in a medium has a smaller group velocity of 

light than the velocity of light in a vacuum. Slow-light fiber sensors exhibit better 

sensitivity than conventional fiber sensors. Standard optical fibers show weak 

interaction between light and fiber material, and offer a very high group velocity of 

∼2×108 m/s. The group velocity, however, in fiber can be reduced by either using a 

high refractive index material [62] or periodic/aperiodic variation of induced index 

along the finite length of a fiber [61] Therefore, based on the interaction of light, 
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slow-light in the fiber can be broadly divided into two classes: material dispersion 

slow-light and structural dispersion slow-light [63].  

Slow-light based on material dispersion relies on the nonlinear gain and loss in 

stimulated Brillouin scattering (SBS) and stimulated Raman scattering (SRS) [64, 65], 

coherent population oscillation (CPO) in absorption and amplification media [66], and 

electromagnetically induced transparency (EIT) [67]. Generally, in an optical 

communication system, stimulated light scattering processes are harmful as they 

restrict upper power level or transmission distance of an optical signal. However, in a 

dedicated prototype, SBS and SRS can be harnessed to generate slow-light effect. The 

first slow-light based on SBS in a fiber was experimentally illustrated by Song et al. 

[68] and Okawachi et al. [69], whereas, Sharping et al. [70] demonstrated slow-light 

for SRS.  

In structural slow-light, propagating light interacts with a large number of periodic 

resonant structures. The period of resonant structures is of the order of a propagating 

light wavelength. The well-known examples of in this category are photonic crystals 

[71], Fabry-Perot etalon [72], fiber ring resonators [73], and fiber Bragg gratings 

(FBGs) [74, 75].  

Material dispersion based slow-light medium has the ability to produce very low 

group velocity. However, these systems need power supply to the fiber and long fiber 

lengths in the case of SBS [76], whereas, structural dispersion based slow-light 

medium is robust and passive, and can be used for developing functional applications. 

Therefore, slow-light based fiber optics can be used extensively in sensing 

applications. 
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A temperature sensor based on SBS slow-light in 2-m fiber was experimentally 

demonstrated in [77]. It shows a temperature dynamic range of 25°C and resolution 

better than 1.0°C. An enhanced sensitivity rotation sensor based on slow-light in gyro 

structure was experimentally presented by Y. Zhang et al. in [78]. The experimental 

result revealed that due to slow-light effect, sensitivity of the system is enhanced by 

2.5-fold. A high sensitive and large dynamic range fiber MZI demodulation system 

utilizing tunable slow-light in polymer-infiltrated PCW in one arm is experimentally 

demonstrated for fiber Bragg grating (FBG) displacement sensor in [79]. The 

proposed sensing system exhibits a displacement sensitivity of 1.035 rad/mm for wide 

measurement range of 35 mm. Q. Wang at el. [80] theoretically as well as 

experimentally demonstrated a micro-displacement sensing system based on slow-

light in fiber double-loop coupled resonator. The experimental results provide 10 με 

displacement resolutions over 0 – 350 μm displacement measurement range along 

with 32.0668 ns delay in the system. An angular velocity sensor based on optical 

gyroscope containing double-ring slow-light structure had shown two-fold higher 

sensitivity than the interference type sensors [81]. Recently, W. S. Pang et al. [82], 

experimentally demonstrated second order Brillouin slow-light in fiber for 

temperature sensing. The delay – temperature sensitivities of proposed first order and 

second order systems were obtained as 1.126 ns/°C and 1.917 ns/°C, respectively. The 

second order sensitivity is 1.7 times better as compared to the first order sensitivity. 

Further, the presence of a periodic variation of refractive index in FBG creates a 

band of finite reflections in the frequency space, where light is not allowed to 

propagate. In other words, FBG reflects light in the vicinity of Bragg wavelength, 

while the light sufficiently detuned from the Bragg wavelength is transmitted. 

However, on the edges of photonic bandgap, frequencies are propagated at a reduced 
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group velocity. Thus, FBG supports structural slow-light and, shows an enhanced 

sensitivity and resolution as compared to the conventional FBG [83]. Therefore, 

several slow-light FBG sensors have been proposed for highly sensitive and high-

resolution measurements.  

  Multi-Point/ Quasi-distributed OFS 

In many practical situations, requirement of the accurate assessment of the 

parameter of interest is not localized, but distributed over the entire structure/region of 

observation. In such cases, sensors should be capable of covering hundreds or 

thousands of sensing points spanning a large area of the structure/region. This is done 

by multiplexing large number of point sensors, in series, along a single optical fiber, 

that ways, building a multipoint/quasi-distributed OFS network. Grating based 

sensors, especially fiber Bragg grating (FBG) sensors are mostly utilized for quasi-

distributed sensing network applications [84].  

The distinct properties of an FBG sensor, which make it best optical sensing 

component among other OFSs, are its wavelength encoded measurement and ease of 

multiplexing. It is to mention that the wavelength encoded measurement is less prone 

to signal amplitude fluctuations and several FBG point sensors can be multiplexed on 

a single fiber. Mainly, two types of multiplexing techniques proposed for real field 

application in large engineering structures are wavelength-division multiplexing 

(WDM) and time-division multiplexing (TDM) [85].  

1.3.2.1 WDM-FBG Sensing Network  

The WDM technique is the most straightforward interrogating method, in which 

each FBG sensor is assigned a unique slice of wavelength in an available spectral 

width of broadband source without getting operational region of individual FBGs 
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overlapped. Figure 1.2 illustrates a WDM-FBG sensing network with scanning F-P 

filter. High reflective FBG sensors, which are not identical, are multiplexed along a 

single optical fiber to yield WDM sensing network. Typical wavelength measurement 

accuracy demonstrated by WDM interrogation systems is 1 pm. This is equivalent to 

temperature and strain measurement accuracies of 0.1°C and 1µε, respectively [86]. 

Furthermore, a WDM system can be utilized for long-distance quasi-distributed 

measurements [87]. The maximum number of FBG sensors along a single fiber in a 

WDM system depends on the optical bandwidth of a broadband light source, 

operation range and optical characteristics of each FBG sensor, and tuning range of a 

tunable filter. Typically 40 FBG sensors can be interrogated by a WDM system due to 

limitation imposed by optical bandwidth of a broadband light source [86]. However, 

the number of sensors can be increased by using hybrid multiplexing techniques, such 

as, WDM and TDM [88], WDM and spectral profile division multiplexing (SDM) 

[89], WDM and frequency-shifted interferometry (FSI) techniques [90]. It can also be 

augmented by optimizing inherent optical characteristics of FBG, such as, reflectivity, 

full-width at half maximum (FWHM), and side-lobes [91].  
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1.3.2.2 TDM-FBG Sensing Network 

TDM systems increases total number of FBG sensors to be used in the single 

fiber. In this system, multiple FBGs that are virtually identical and each characterized 

with week reflectivity (typically 4% reflectivity) are multiplexed along the fiber. 

Narrow optical pulses are launched into the single optical fiber that carries these 

multiple FBG sensors. The separation between two adjacent sensors depends on the 

width of the pulse launched in a fiber, as shown in Figure 1.3. If the pulse width is T 

and the mode effective index in the fiber is n, then the separation between two 

adjacent FBG sensors (d) needs to be maintained at d > cT/2n, where c is the velocity 

of light in the free space. Individual FBG sensors are distinguished by the 

measurement of the time-of-flight (TOF) of the launched signal upon returning to the 

photodetector. In comparison to the WDM technology, TDM technology provides 

large measurement range and does not require a coherent source [86].  
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Figure 1.2: WDM-FBG sensing network interrogation system. 

TH-2634_126102017



 

17 
 

However, this technology has some disadvantages, such as requirement of pulse 

modulation, optical amplification, high speed switching circuits and the low data 

acquisition rate of the system. Since it interrogates every individual FBG sensor, 

therefore, measurement time increases linearly with the number of sensors [92]. The 

narrow temporal pulses in TDM systems have wide-bandwidth in the frequency 

domain, which results in low reflected power from weak FBG sensors and, thus, 

reduces signal-to-noise ratio (SNR). Further, TDM technology exhibits a cross-talk 

and shadowing effect due to near-identical FBGs [93].  

The cross-talk can be minimized by utilizing ultra-weak fiber Bragg grating 

(uwFBG) sensors in the network. Recently, in-line identical uwFBGs with −37 dB to 

−50 dB reflectivity had been realized experimentally in [94]. These uwFBGs reduced 

the crosstalk between multiple gratings, and increased number of FBG sensors in a 

single fiber greatly. However, such large-scale grating cannot be interrogated by an 

ordinary TDM interrogator. To interrogate a large-scale uwFBG sensor array, various 

probing technologies, such as optical time-domain reflectometry (OTDR) [95], optical 
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Figure 1.3: TDM interrogation based FBG sensing network. EOM = Electo-optical modulator. 
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frequency domain reflectometry (OFDR) [96], and frequency-shifted interferometry 

(FSI) [97] have been proposed in the literature.  

1.3.2.3 Real-Field Application of WDM-FBG Sensing Networks 

During the past few years, FBG sensing networks have been heavily employed for 

the structure health monitoring (SHM) of almost all the major engineering structures, 

such as bridges, tunnels, highway and railways transports, high-rise towers, aviation 

transports, etc. [98]. A consolidated study on WDM-FBG sensing networks being 

conducted for analyzing health of the structures in real time is presented below for 

completeness. 

The performance evaluation of Mjosund bridge in Norway, which is 350 m long 

steel box road bridge with concrete decking, was carried out using a network of 32 

FBG sensors over 18 months long period. FBG sensors were divided into eight 

parallel fiber channels, and each channel contained a group of four serially 

multiplexed FBG sensors spaced at 5 nm across 20 nm spectral width of the source 

spectrum. The return signals from the array of sensors were interrogated using 

scanning Fabry–Perot based wavelength division multiplexing (WDM) technique. 

This system could interrogate up to eight sensors in each channel. The grating used in 

this system was 10 mm long and, had reflectivity more than 90% along with 0.2 nm 

bandwidth [99].  

The total 40 multiplexed FBG sensors divided into three arrays were installed in 

different locations (hanger cables, rocker bearing, and supporting structure) of Tsing 

Ma bridge (TMB), which is the longest (1377 m) bridge of the world carrying both 

road as well as railway traffic. A low cost and high-speed 

demultiplexing/interrogation system (DEMINSYS) was utilized for sensors array for 
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the structural health monitoring of Tsing Ma bridge. In this SHM system, all gratings 

were spaced 4 nm apart. For the temperature compensated measurement, addition 

strain-free FBG sensors were installed at different sensing points [86]. 

A two-channel WDM-FBG sensing network was utilized to measure loading 

capacity of an old railway bridge, which was being demolished in Örnsköldsvik, 

Sweden under European Union’s “Sustainable Bridges” project. First channel had six 

serially multiplexed FBG sensors and second channel contained four FBG sensors. 

One sensor in the first channel was used for temperature compensation. Further, all 

sensors were embedded into Carbon Fiber Reinforced Polymer (CFRP) rods, which 

made FBG sensing system installation easier and performs efficiently during 

maintenance of an existing bridge as well. Signals returned from the sensors of each 

array were interrogated by scanning Fabry-Perot demultiplexing technique. At shear 

failure loading of the bridge, strain induced in the sensor was found to be 4000 με 

[100].   

The structural health monitoring of 50 years old rail bridge situated in Frövi, 

Sweden in terms of strain, displacement, and crack opening size using the same 

sensing network was reported in [101] for a very moderate strain loading. During 

monitoring, the specimen was interrogated by eight parallel channels with eight 

sensors per channel. Further, FBG sensors were integrated into CFRP rods and tubes. 

The CRPF rods were installed in the lower part of the bottom slab using near surface 

mounted reinforcement (NSMR) technique, while tubes were placed in a hole in the 

upper part [101].   

A long-term monitoring system based on WDM-TDM-FBG sensing network had 

been developed for concrete bridges for measuring physical parameters, such as 

strain, temperature, and vertical displacement. In this system, 30 strain sensors were 
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placed in three parallel fiber channels containing 10 serially multiplexed FBG sensors 

in each channel [102]. 

G. Kister et al. [103] developed a network of 16 FBG sensors to measure strain at 

different sections of 50 m foundation concrete pile. The multiplexed FBG sensors 

were 10 mm long and were separated by 5 nm. The reflected Bragg wavelength from 

the sensors were interrogated by an optical spectrum analyzer (OSA) with the 

resolution of ± 5 pm.  

A wavelength multiplexed FBG sensor network was designed for the long-term 

measurement of operational load in a wind turbine blade. Bragg signals returned from 

five multiplexed FBG sensors were interrogated by a compact polychromator, which 

contained an imaging diffractive grating and 2048-pixel CCD photo-receiver line 

covering 720 nm – 890 nm wavelength ranges. The FBG sensors had grating length of 

5 mm, reflectivity varying from 30% - 90% and a spectral width of 0.1-0.3 nm. The 

maximum strain measured by this system was 2000 με. It is to mention that a separate 

sensor was used for temperature compensation [104].  

Dynamic strain and bending deflection of 70 m high wind turbine tower under 

feathering and blade starting conditions were measured using an array of ten WDM-

FBG sensors. Eight FBG sensors deployed at four different positions of this tower for 

measurement of dynamic strain and two FBG sensors were utilized for temperature 

compensation. A high-speed FBG interrogator was especially designed for this wind 

turbine structure [105]. 

K.-S. Choi et al. used a two-channel fiber optic sensing system to measure tip 

deflection due to static strain of an 11 m long turbine blade. Each channel contained 

ten serially multiplexed FBG sensors, out of which, six FBG sensors were employed 
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for strain measurement, one for temperature measurement, and remaining three 

sensors for the temperature compensation. Signals returned from these sensors were 

detected using a commercialized FBG interrogator [106]. 

WDM-FBG sensor network employing two FBG sensor arrays with five sensors 

in each array was used for measuring local as well as global responses of a maglev 

guideway such as local stains, curvatures, vertical deflections, and frequencies. A 

wavelength-swept fiber laser (WSFL) interrogator was utilized to detect shift in the 

Bragg wavelength of sensors [107].  

A two-array WDM-FBG sensing network was designed for impact location 

detection and energy in CRFP rods containing five FBG sensors in each array. In 

these sensors, one sensor was used for temperature compensation and remaining 

sensors were employed to calculate structural stain. The wavelength separation 

between two consecutive sensors was 10 nm [108].  

A WDM-FBG based acoustic sensing network was designed for the structural 

health monitoring of a marine structure [109]. This system used BLS and optical filter 

demodulation schemes. The experimental results of acoustic measurements on glass 

and plate specimens exhibited that the performance of FBG sensor was similar to 

commercially available PZT sensors.  

An adaptive wavelength demodulated four-channel WDM-FBG sensing network 

was designed to detect ultrasonic signals. The sensing system had four tunable 

distributed feedback (DFB) semiconductor lasers and, wavelength lock-in technology 

based on a self-scanning device and proportional-integral-derivative (PID) method. 

All FBG sensors were 5 mm long and their wavelengths were separated by 5 nm in 

the wavelength domain. The experimental results illustrated that the proposed system 
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could detect the maximum 1 MHz ultrasonic frequency. Further, the proposed system 

was able to detect acoustic emissions even in the presence of a quasi-static 

background having temperature and vibrations [110]. 

Most recently, W. Li et al. [111] experimentally demonstrated a novel water 

leakage detection method using a thermal sensing cable, which was formed by the 

coupling of heating cable and WDM-FBG quasi-distributed temperature sensing 

network. In this method, ten FBG sensors were serially multiplexed in a 2 m long 

fiber with an equal spacing of 0.18 m and had 3 nm differences in their central 

wavelengths.  

 Fully Distributed Sensing Network 

A distributed OFS network fully utilizes optical fiber as a sensor by detecting 

changes in the optical properties of light scattered all along the fiber length due to 

deviations in physical parameters locally. When a light is launched in an optical fiber, 

it interacts with the constituent atoms and molecules. This interaction gives rise to a 

time dependent polarization through induced dipole moment. An oscillating dipole 

gives rise to the secondary electromagnetic radiation. This process is known as the 

scattering of light [112]. Depending on the mechanisms, scattering of light can be 

elastic (Rayleigh scattering) or inelastic (Brillouin and Raman scatterings). Majority 

of the distributed optical sensing mechanisms deploy one or more among Rayleigh, 

Brillouin and Raman scatterings.   

Rayleigh scattering in the fiber is the scattering of light off random density 

fluctuations that exist in the dielectric material of the fiber. This scattering is a linear 

and elastic phenomenon. Therefore, wavelength of the scattered light is same as that 

of the incident light as illustrated in Figure 1.4 [64]. The Rayleigh scattered light 
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component is utilized for the measurement of attenuation profile of a long-haul optical 

fiber link using Optical Time Domain Reflectometry (OTDR). The measured 

attenuation profile using OTDR play a crucial role in localizing breaks, in the 

evaluation of splices and connectors, and in the assessment of overall quality of a 

fiber link [15].                  

Brillouin and Raman scatterings are inelastic physical phenomenon. Both of these 

scatterings generate two spectral components around an exciting (pump) wavelength 

by emitting low-energy photons (Stokes emissions) and high-energy photons (anti-

Stokes emissions) as shown in Figure 1.4. Brillouin scattering observed in a fiber is 

due to the interaction of incident light wave with acoustic phonons. Acoustic phonons 

consist of collective vibrations of the atoms and molecules. On the other hand, Raman 

scattering results due the interaction of incident light wave with optical phonons. A 

phonon is a quantum of vibrational energy in a lattice. Further, it is important to 

mention that anti-stokes amplitude emission of Raman scattering is temperature (T) 

dependent, whereas stokes amplitude emission is temperature independent. It is to 

state further that Brillouin Stokes and anti-Stokes drifts are both strain (ε) and 

temperature (T) dependent [113]. Therefore, Brillouin scattering based distributed 
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Figure 1.4: The Rayleigh, Raman, and Brillouin scattering effects in optical fibers [64]. 
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fiber optics sensing networks are exploited for both strain and temperature 

measurements [64], while Raman scattering is utilized for distributed temperature 

sensing [114].  

Brillouin and Rayleigh scatterings can be detected both in time and frequency 

domains using Optical Time Domain Reflectometry (OTDR) and Optical Frequency 

Domain Reflectometry (OFDR). It is found that Raman scattering can be interrogated 

using only OFDR [112]. 

In addition to sensing applications, stimulated Brillouin scattering (SBS) based 

slow-light has also been utilized for optical communication [115]. However, 

application of SBS based slow-light for distributed sensing is very limited. Slow-light 

based distributed strain and temperature sensing networks were demonstrated in [116] 

and [117], respectively. Strain resolutions of 13 με, spatial resolution of 15 m, and 

strain sensitivity of 0.3 ns/ με were achieved in [116] for strain in the range of 0-400 

με in a 100-m fiber specimen [116]. The temperature sensitivity of 0.90 ns/°C and the 

resolution of 0.7°C were reported in [117] for temperature sensing networks.  

Although distributed OFS networks have capability to monitor almost all 

engineering structures, they have limited spatial resolution, accuracy, and dynamic 

range. It is to mention that FBG based quasi-distributed OFS networks exhibit better 

resolution. Therefore, in SHM, quasi-distributed FBG optical sensing networks are 

primarily employed [118].  

Based on our detailed study, it has been established that FBG sensing networks 

have wide applicability in the area of structure health monitoring (SHM). Thus, in the 

next section, motivations behind the proposed work along with objectives are 

presented.  
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 Motivation  

In all the research work, reviewed in the present chapter, uniform FBG sensors 

were employed in the sensing network for multi-point/quasi-distributed sensing 

applications to perform structural health monitoring. In SHM systems, multi-point 

sensing with accurate sensing data is very crucial and any deviation in the sensing 

data from any of these multi-point sensors leads to false diagnosis. However, as 

mentioned in the section 1.3.2.1, number of sensors in the WDM sensor system is 

limited by the bandwidth of the light source, dynamic range of each FBG sensor and 

the optical characteristics of each FBG sensor. Bragg grating with narrow full-width-

at-half-maximum (FWHM) and greater degree of side-lobe suppression ratio (SLSR) 

are desirable and critically important in order to increase the number of FBGs and to 

devise efficient and optimized WDM/quasi-distributed sensing network for a given 

source-bandwidth. As an example, side-lobe suppression ratio (SLSR) is one of the 

key spectral indices for accuracy evaluation of demodulation results [119]. The SLSR 

can be enhanced by utilizing appropriate apodization scheme. Thus, advanced FBG 

sensors employing complex grating structures in order to realize desirable spectral 

characteristics are of tremendous importance for its applications not only in optical 

communication systems but also in all-optical WDM sensing systems. The main 

objective of the proposed research work is to device novel FBG structures for its 

efficient application in quasi-distributed sensing network and to enhance sensing 

capabilities. The following goals are set to achieve main objective of the proposed 

research work. 

• A novel apodized FBG is proposed for strain/temperature measurement for 

WDM quasi-distributed sensing network. This requires optimization of optical 
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characteristics of FBG that are critically important for optical communication 

and sensor applications, e.g., reflectivity, FWHM, side-lobe suppression ratio 

(SLSR), maximum side lobe (MSL).  

• Further, slow-light peaks in π-FBG are free from the side-lobes. Hence, slow-

light π-FBG based quasi-distributed sensing network is proposed to enhance 

sensing capability.  

• Finally, a combination of π-FBG sensor and fiber Mach-Zehnder 

interferometer (F-MZI) interrogation is proposed to develop a high sensitive 

ultrasonic acoustic sensing system.  

It is to mention that rigorous theoretical study and analysis for the optimization of 

FBG sensor’s characteristics and to simulate response-characteristics of quasi-

distributed sensing network are performed employing couple-mode-theory and 

transfer-matrix-method. The thesis organization is presented in the next section 

summarizing overall proposed research work.  

 Thesis Organization 

  The thesis is organized as follows: 

• Chapter 1: This chapter provides an extensive literature review in order to 

establish foundation of the research work presented in this thesis. It also 

lays down objectives of the proposed work and methodologies used to 

achieve these objectives. 

• Chapter 2: In this chapter, important concepts, principles and techniques 

to analyze spectral characteristics of a fiber Bragg grating are presented. 

Coupled-mode theory (CMT) and transfer matrix method (TMM), the 

most powerful technique to understand the optical response characteristics 
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of uniform as well as nonuniform FBGs, are discussed. Some of the key 

parameters defining the optical characteristics of FBG that play crucial 

role in optical communication and WDM quasi-distributed sensing 

applications are highlighted at the end of the chapter. 

• Chapter 3: In this chapter, a novel (symmetrical) apodization profile is 

proposed for tailoring and controlling key optical characteristics of FBG 

for its efficient application in a quasi-distributed sensing network. 

Objective of designing FBG for quasi-distributed sensing is to achieve 

better efficiency, measurement accuracy, high SNR, minimum channel-

cross-talk and a large dynamic range. Optical characteristics, e.g., 

reflectivity, FWHM and the side-lobe suppression which are critically 

important for WDM sensing applications are optimized. While doing so, 

predominant focus is to achieve greater degree of side-lobe suppression 

without much compromise with reflectivity and FWHM. A rigorous and 

comparative analysis is carried out for the FBG employing proposed as 

well as the elite and the recently reported apodization profiles. Among all 

the apodization profiles included in the theoretical analysis, best side-lobe 

suppression characteristics, FWHM and reflectivity are observed for the 

proposed apodization profile at optimum grating parameters. These 

features establish that the proposed FBG is most suitable for quasi-

distributed sensing applications. The proposed FBG with optimized 

characteristics is then employed in a five-stage quasi-distributed 

temperature and strain sensing network to analyze its application 

efficiency. During the study, it is found that the proposed apodization 

profile for quasi distributed sensing networks is better than the apodization 
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profile proposed in literature with respect to guard band and isolation 

between adjacent sensors. 
• Chapter 4: In this chapter, optical (transmissivity and delay) and sensing 

characteristics of slow-light π-FBG are theoretically investigated. A π-

FBG exhibits single and high delay peak in the delay spectra, which can be 

used for multipoint/quasi-distributed sensing networks. The motivation 

behind the research investigation is to develop an efficient all-optical 

quasi-distributed sensing network based on slow-light π-FBG and to 

analyze its response characteristics. To do so, optical and sensing 

characteristics of slow-light π-FBG are optimized with respect to the 

grating parameters (δn, L, α and the apodization profile). Apodization 

profile proposed in Chapter 3 is employed to design π-FBG. In comparison 

to the reported highest sensitivities reported in the literature, strain 

sensitivity enhancement of more than two-fold and temperature sensitivity 

enhancement of more than four-fold are achieved by the proposed grating 

structure. Finally, the slow-light π-FBG with optimized optical and 

sensing characteristics is employed in a five-stage quasi-distributed strain 

and temperature sensing network to analyze its application efficiency. 

• Chapter 5: In this chapter, a combination of π-FBG and unbalanced fiber 

Mach-Zehnder interferometer (F-MZI) is theoretically analyzed and 

optimized for the highly sensitive ultrasonic acoustic sensing applications. 

Numerical investigations show that π-FBG ultrasonic sensor exhibits better 

sensitivity at high frequency as compared to the conventional FBGs 

ultrasonic sensors. This is because of the fact that light at the resonance 

frequencies of the strong ultra-narrow transmission peak within the stop 
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band of π-FBG undergoes strong localization resulting in a significantly 

higher group delay and hence, the sensitivity. Optical characteristics of π-

FBG are optimized for ultrasonic acoustic sensing application w.r.t. L and 

δn. Further the sensor characteristics is optimized w.r.t. the optical path 

difference (OPD) of F-MZI. Proposed sensing system shows the 

theoretical highest strain sensitivity of 1.21321×108/ε and a theoretical 

dynamic strain resolution of 4.1 fε/√Hz. The achieved strain resolution 

provides a theoretical wavelength shift resolution of 4.9×10-9 pm, which is 

much better than the reported values in the literature.  

• Chapter 6: In this chapter, summary of the proposed research work is 

presented. Future scope of the proposed research work is also outlined and 

a roadmap is drawn to extend the work proposed in this thesis. 
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 : Theory of Fiber Bragg Gratings 

In this chapter, a brief overview of the theory and simulation techniques for FBG 

is presented. Various theoretical techniques for developing mathematical model for 

understanding the physical mechanism of the interaction of guided modes inside the 

grating region of an optical fiber are briefly discussed in section 2.1. Coupled-Mode 

theory, the most popular and widely used theoretical technique among all is presented 

in section 2.2. Section 2.3 highlights key parameters defining the optical 

characteristics of FBG that play pivotal role in communication and sensing 

applications of FBG. Finally, summary of the chapter is presented in section 2.4.          

 Introduction 

FBG is a periodic refractive-index perturbation within the core and along a 

specified length of the optical fiber. Realization of permanent grating structure within 

the core of an optical fiber was first demonstrated by Hill et al. in 1978 at the 

Canadian Communications Research Centre (CRC), Ottawa, Ont., Canada [120]. 

They launched intense Argon-ion laser radiation at 488 nm into a germanium-doped 

optical fiber. Due to this internal exposure, a permanent and narrowband grating 

structure was formed over the entire length of the fiber. As a result, almost all the 

light launched into the fiber was reflected and the grating structure acted as the filter. 

Meltz et al. [121] demonstrated a more efficient formation of grating structure while 

exposing the optical fiber externally from the cladding side to a radiation at one-half 

of this wavelength, i.e. 244 nm, that falls in the ultraviolet region of the spectrum. It 

was a major breakthrough in the grating writing technology as it has enabled the 

fabrication of FBG that will reflect any desired wavelength as per the need of the 

application. Several other methods are proposed for the fabrication of grating [20]. 
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Out of these, phase mask technique is one of the most popular methods for the 

fabrication of FBG [122]. 

Wave propagation mechanism in an optical fiber can be analyzed by solving 

Maxwell’s equations. Under the weekly-guiding approximation, solution of 

Maxwell’s equations turns out to be a set of discrete, mutually orthogonal, 

transversely (linearly) polarized guided modes. Once excited, while propagating down 

the optical fiber, these distinct modes do not interact with each other and no coupling 

of power occurs between them if the fiber is in ideal condition (absence of any 

deviation from the cylindrical symmetry of the optical fiber structure, bending and 

any periodic phase/amplitude perturbation). However, in the presence of periodic 

perturbation such as Bragg grating structure within the fiber core, specific guided 

modes may get coupled. Various techniques have been developed for the analysis of 

field propagation and the coupling characteristics in the corrugated structure such as 

FBGs. These are coupled-mode theory, Rouard’s method, Blotch theory, etc. [20]. All 

these techniques have diverse degree of complexity and advantages. The most widely 

used technique among these is Coupled-mode theory. Using this technique, a set of 

first-order differential equations is obtained describing the change in the amplitude of 

the electric-fields along the fiber, which have analytical solutions for uniform periodic 

perturbations such as the grating structure. 

 Coupled-Mode Theory (CMT)   

In an optical fiber, if the dielectric constant varies periodically along the direction 

of wave-propagation (usually taken as the z-axis), total polarization is defined as: 

 ( ) ( )0 1 ,    0,lmr
P z E z Lε ε ε= − + ∆ ∈  
ur ur

  (2.1) 
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where ����� is the electric field associated with the guided mode of index lm, εr is the 

unperturbed relative permittivity (dielectric constant), Δε(z) is the perturbed 

permittivity along the fiber axis (z-axis) and L is the grating length. In the case when 

the modulating refractive index perturbation is small compared to the unperturbed 

refractive index (n) of the fiber core, applying constitutive relation between 

permittivity and the refractive index gives Δε(z) = 2nδn(z). Here, δn(z) is periodic 

refractive index modulation along the fiber core and can be described as: 

 ( ) ( ) ( ) ( )2
1 cos ,   0,n z n f z z z z L

π
δ δ ν φ

  = + + ∈  Λ  
  (2.2) 

where nδ  is the refractive index change spatially averaged over a grating period, 

( )f z  is the apodization profile function, ν  is the fringe visibility of the index 

change, Λ is the period of the grating, and ( )zφ is the grating chirp.  

While employing coupled-mode theory to analyze such structures, ideal-mode 

approximation is used. Under this approximation, the total transverse component of 

the electric field within the fiber carrying perturbation, Et (x, y, z, t), can be described 

as a superposition of j ideal modes (guided modes of an unperturbed, ideal optical 

fiber). Thus,  

 ( )
( ) ( )( )

( ) ( )( )
( ) ( )

exp
, , , , exp

exp

j j

t jt

j
j j

A z i i z
E x y z t x y i t

B z i i z

β α
ξ ω

β α

 +
 = −
 + − −
 

∑   (2.3)   

where ( )jA z  and ( )jB z  are slowly varying amplitudes of the jth guided mode of the 

unperturbed ideal optical fiber traveling in the +z and -z directions, respectively; 

( ),
jt

x yξ  is the transverse field distribution and j
β  is the propagation constant of the 

jth guided mode of the unperturbed ideal optical fiber, ω  is the angular frequency, and 
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α is the attenuation coefficient which is a measure of total fiber loss. Attenuation 

coefficient can be neglected for the conventional gratings owing to the weak 

modulation index and the short grating length. However, it cannot be ignored for the 

slow-light gratings, which are generally strong gratings or long length gratings. 

Transverse field distribution ( ),jt x yξ  obeys the following orthogonality condition:  

 ( ) ( )* 02
, ,  

jt kt jk

j

x y x y dxdy
ωµ

ξ ξ δ
β

=∫∫   (2.4) 

where μ0 is the magnetic permeability, and δjk is Kronecker’s delta which is unity for j 

= k and zero for j ≠ k.  

In order to study the effect of periodic perturbation such as Bragg reflection 

grating, scalar-wave-equation (which reduces to the scalar Helmholtz equation) is 

solved for the total transverse field within the fiber carrying the perturbation and 

defined in Eq. (2.3). For the case perturbation is small (δn ˂˂ n), this process is 

simplified by applying the slowing varying amplitude (SVA) approximation that 

requires 
2

2 j j j

d d
A A

dz dz
β�  [20]. Resulting coupled-mode differential equations 

(CMDEs) for the Bragg grating are obtained as:  

 ( ) ( )dR
i R z i S z

dz
σ κ= + ,  (2.5) 

 ( ) ( )*dS
i S z i R z

dz
σ κ= − − ,  (2.6) 

where ( ) ( ) ( )exp 2R z A z i zδ φ= −  and ( ) ( ) ( )exp 2S z B z i zδ φ= − + , κ is the AC 

coupling coefficient for the fundamental core mode, which is given as 

( )f z nκ πν δ λ=  for a single-mode Bragg reflection grating and σ  is the general 
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DC self-coupling coefficient. Using δ β π= − Λ  as detuning from the phase 

matching condition (β = π/Λ), σ  is defined as 

 

1
 =

2 2

1 1 2 1
= 2

2 2eff

B

d
i

dz

d
n n i

dz

φ α
σ δ σ

π φ α
π δ

λ λ λ

+ − +

 
− + − + 

 

  (2.7) 

where λB = 2neffΛ, which is the design peak-reflection-wavelength of a week grating 

having period Λ, and � =
	


�
�
����. neff is the effective mode index in the fiber. 

1

2

d

dz

φ
 in 

Eq. (2.7) describes a chirp in the grating period. If the grating is uniform along the z-

direction, then f(z) as well as 
d

dz

φ
 both are zero and κ, ��, � all are constant. This 

reduces CMDEs into coupled first-order ordinary differential equations with constant 

coefficients, whose solutions can be found analytically by applying appropriate 

boundary conditions. For a uniform grating of length L, boundary conditions are 

depicted in Figure 2.1. Here, amplitude of the forward-propagating wave incident 

from z = -∞ at the input end of the fiber grating (z = -L/2) is considered as R(-L/2) = 1. 

As there cannot be any backward-propagating (reflected) wave for z  ≥ L/2 where no 

perturbation exists, amplitude of the backward-propagating wave at z = L/2 is 

considered as S(L/2) = 0. Applying these conditions, the amplitude reflection 

z = 0 

R(-L/2) =1 

 S(L/2) =0 
-L/2 L/2 

Figure 2.1: Boundary condition for determining amplitude and power reflection coefficients. 
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coefficient, defined as ( ) ( )2 2S L R Lρ = − − , comes out to be [123]  

 

22

2 2 22 2 2

sinh

sinh cosh

L

L i L

κ κ σ
ρ

σ κ σ κ σ κ σ

 − − 
 =

   − + − −   
   

 (2.8) 

The power reflectivity r, calculated using � = |�|	, comes out to be  

 

22 2

2
22 2

2

sinh

cosh

L

r

L

κ σ

σ
κ σ

κ

 − 
 =

 − − 
 

 (2.9) 

Several practical applications of FBG require an adjustment of the optical 

characteristics of gratings, which is possible only by tailoring the grating parameters 

along the fiber axis. Such gratings are termed as nonuniform gratings. Some of the 

examples of nonuniform gratings are apodized gratings, chirped gratings, phase-

shifted gratings and superstructure gratings. It’s worth mentioning that a simple 

analytical solution does not exist for the nonuniform gratings, which are characterized 

by a complicated coupling constant κ(z) and chirp Λ(z). Several methods have been 

reported to investigate the reflection and transmission characteristics of such 

nonuniform gratings. Simplest method among all is the direct numerical integration of 

CMDEs. However, it is not the fastest method. Another method, known as Rouard’s 

method, works on the principle of treating each grating half-period as a layer in the 

thin-film stack. Standard thin-film techniques employing matrix for each 

subwavelength thin-film layer is used to calculate the reflection and the transmission 

spectra. This method has the capability of simulating the grating characteristics for 

any refractive index modulation; however, it quickly becomes laborious and 
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computationally intensive for the gratings having length of few centimeters and 105 or 

more periods.  

Most powerful, simple to implement, accurate and generally the fastest method is 

Transfer matrix method (TMM), which is based on the “piecewise-uniform 

approach”. In this approach, a complex grating of length L is divided into N number 

of uniform sections. Each section of short length Δz is characterized with constant σ, 

κ and 
1

2

d

dz

φ
. It’s important to mention that the value of N is restricted by the couple-

mode-theory approximations that requires Δz >> Λ, which gives 

 
2

eff

B

n L
N

λ
�   (2.10) 

In order to simulate the optical characteristics of these sections, 2 × 2 matrices 

(transfer or T-matrices) are established using CMDEs for each uniform section of the 

grating (Figure 2.2 (a)). These T-matrices represent amplitude and phase response of 

the particular segmented grating sections. Output of the T-matrix for the first section 

is used as the input to the second section. This process is continued until a single 2 × 2 

matrix is obtained that describes the optical characteristics of the whole grating. For a 

single grating section (say 1st) of length Δz, input and output fields are depicted in 

Figure 2.2 (b). Input fields correspond to the forward propagating wave and are 

defined as ( )2R z− ∆  and ( )2R z∆  at the beginning and the end of the section, 

respectively. Output fields correspond to the backward propagating wave and are 

defined as ( )2S z−∆  and ( )2S z∆  at the beginning and the end of the section, 

respectively. 
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Employing an appropriate 2 × 2 T-matrix, T1, fields at the output end (at Δz/2) of 

the first section of the grating are transformed into the fields at the input end (at 

−Δz/2) of the same section according to the following relation:  

 
( )
( )

( )
( )

12 2

2 2

R z R z
T

S z S z

− ∆ ∆   
 =    − ∆ ∆   

  (2.11) 

For a single grating section of length Δz, boundary conditions are depicted in Figure 

2.2 (b). Here, the input field amplitude ( )2R z− ∆  = 1 and reflected field amplitude at 

the output end of the grating ( )2S z∆ = 0. Applying the boundary conditions and 

explicitly showing the matrix elements for T1, Eq. (2.11) is rewritten as  

 
( )

( )11 12

21 22

1 2

2 0

T T R z

S z T T

   ∆  
=    − ∆     

 , (2.12) 

Figure 2.2: Concept of piece-wise uniform simulation. (a) Segmentation of a non-
uniform FBG, (b) Input and output fields across a single grating section. 

(a) 

(b) 

∆z 

ΛN ΛN-1 

Λ1 

TN TN-1 
T1 
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From this matrix equation, the transmitted and reflected amplitudes of the single 

grating section can be obtained as 

 ( )
11

1
2  R z

T
∆ = ,  (2.13) 

and  

 ( ) 21

11

2
T

S z
T

−∆ =  , (2.14) 

Four elements of the transfer matrix T1 can be calculated by solving the CMDEs. 

These are given as:  

 ( ) ( )1 1*
11 22 c h

 

osh sinT T z i z
σ

γ γ
γ

= = ∆ − ∆
 , (2.15) 

 
( )1 1*

12 21 s nh

 

iT T i z
κ

γ
γ

= = − ∆
  (2.16) 

where 
22γ κ σ= − .  

Fields on the LHS of T1 are the fields on the RHS of the transfer-matrix T2 of the 

section “2” and so on. Continuing in this fashion for the entire grating of length L that 

is divided into N sections, fields at the output end of the grating at L/2 and fields at the 

input end of the grating at −L/2 are related as following:  

 
( )
( )

( )
( )

1 2 12 2

2 2
N N

R L R L
T T T T

S L S L

−−   
       =          −   

LL   (2.17) 

Product of N 2×2 matrices result in a single equivalent 2×2 transfer matrix T for the 

whole grating:  
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( )
( )

( )
( ) [ ] ( )

( )1

2 2 2

2 2 2

N
j

j

R L R L R L
T T

S L S L S L=

−     
 = =      −     

∏  . (2.18) 

Applying the appropriate boundary conditions, the amplitude reflection coefficient 

(ρ) and the amplitude transmission coefficient (t) of the whole grating come out to be 

 
( )
( )

21

11

2

2

S L T

R L T
ρ

−
= =

−
 , (2.19) 

 ( ) ( )
( ) 11

2 1
1

2

R L
t

R L T
ρ= − = =

−
 . (2.20) 

Phase shifted gratings are one of the important class of the gratings that comprise 

a phase-step within its length. This phase-step introduces a single narrow pass-band 

within the transmission spectrum of the grating. The position of this phase-step 

decides the position of the narrow pass-band. In order to analyze the optical 

characteristics of such gratings, TMM is again employed. Here, for a phase-step after 

the ith section, a phase-shift matrix Tph is inserted between the T-matrix for ith and (i + 

1)th section in Eq. (2.17). This phase-shift matrix Tph is given as [123]  

 
2

2

0

0

i

ph

i

e
T

e

φ

φ

− 
=  
 

  (2.21) 

Here, φ is the shift in the phase of the grating itself that results from a change in the 

neff or a discontinuity in the grating. This shift in the phase is given as [20]: 

 
( )

0

2

2
eff

n n
z

π δφ
λ

+
= ∆   (2.22) 

where Δz0 is the separation between two grating sections and δn is the local phase 

change over Δz0.  
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 Properties of Uniform Bragg Grating     

Some of the important optical characteristics of FBG that play crucial role in 

optical communication and WDM quasi-distributed sensing applications are peak 

reflectivity, bandwidth, maximum side-lobe (MSL), side-lobe suppression ratio 

(SLSR), group delay and dispersion. Some of these characteristics are illustrated in 

Figure 2.3, which carries the simulated reflection spectrum and the delay of a uniform 

and weak fiber Bragg grating. 

1. Peak reflectivity: As can be observed from Eq. (2.9), maximum reflectivity 

for a Bragg grating occurs at a wavelength at which �� = 0 and is given by 

 ( ) ( )
2

2 2 21
max

11

max tanh max
T

r L
T

ρ κ
 
 = = =
 
 

  (2.23) 

Eq. (2.19) is used to evaluate rmax in Eq. (2.23). Peak reflectivity is depicted in 

Figure 2.3 (a). For a uniform and short grating, dφ/dz = 0 and α can be 

neglected. Using Eq. (2.7) and the condition �� = 0, it can be shown that this 

maximum reflectivity (peak of the Bragg reflection) occurs at a wavelength 

λmax, which is given by  

 max 1B

eff

n

n

δ
λ λ

 
= +  

 
 (2.24) 
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2. Bandwidth: There are several ways to define the bandwidth for a uniform 

grating. The easiest definition is the bandwidth between the first zeros on 

either side of the main reflection peak as depicted in Figure 2.3 (a). These first 

zeros occur when the numerator of Eq. (2.9) goes to zero. This happens for the 

argument of sinh to be equal to iπ. Using Eq. (2.7) and appropriate conditions, 

the bandwidth can be determined, which is given as [123]   

 
2

1 B

eff

n

n nL

λν δ λ
λ

ν δ
 ∆ = +  
 

  (2.25) 

(a) 

(b) 

 

 

Figure 2.3: Simulated (a) reflectivity and (b) group delay for a uniform and weak grating with designed 
wavelength of1550 nm and L = 10 mm. 

TH-2634_126102017



 

43 
 

3. Side-lobes: For a uniform Bragg grating of a finite length, the main peak in 

the reflection/transmission spectrum is accompanied by a series of side-lobes 

as depicted in Figure 2.3 (a). Position of the peak reflectivity for these side-

lobes can be readily determined from Eq. (2.9) and given as [20] 

 
22 1

2
L i pκ σ π − = + 

 
  (2.26) 

where, p = 1, 2 ,3…… The reason for appearance of these side-lobes is the 

fact that a uniform grating begins abruptly and ends abruptly at z = ± L/2. 

These edges of the uniform grating structure act like abrupt interfaces and 

form Fabry-Perot cavity for the wavelengths that are outside the photonic 

bandgap of the FBG. The peak reflectivity of various side-lobs, calculated 

using Eqs. (2.9) and (2.26), is expressed as  

 
( )

( ) ( )

2

, 2 221 2
side lobe peak

L
r

p L

κ

π κ
− =

+ +
  (2.27) 

4. Time-delay: The time-delay for the light reflected from the grating is given by  

 
2

2

d d

d c d

ρ ρ
ρ

θ θλ
τ

ω π λ
= = −   (2.28) 

where, θρ  ≡ phase (ρ) and c is the speed of light in vacuum. Figure 2.3 (b) 

shows the typical delay characteristics of the grating whose reflection 

spectrum is depicted in Figure 2.3 (a).  

 Summary 

This chapter presents important concepts, principles and techniques to analyze the 

spectral characteristics of a fiber Bragg grating. Coupled-mode theory and transfer 

matrix method, the most powerful technique to understand the optical response 

TH-2634_126102017



 

44 
 

characteristics of uniform as well as nonuniform FBGs, are discussed. Some of the 

key parameters defining the optical characteristics of FBG that play crucial role in 

optical communication and WDM quasi-distributed sensing applications are 

highlighted at the end of the chapter. 
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 : Fiber Bragg Grating Employing Novel 

Apodization Profile: Performance Optimization for 

Quasi-Distributed Sensing Applications 

The focus of this chapter is to achieve greater efficiency of fiber Bragg grating 

(FBG) based all-optical quasi-distributed sensing network by suitably tailoring and 

controlling the key optical characteristics of the FBG. Apodization profile plays a 

critical role in order to achieve optimum optical characteristics for the FBG. Some of 

the recently proposed apodization profiles for the FBG and their impact on the sensor 

characteristics for single as well as multi-point quasi-distributed sensing applications 

are discussed in section 3.1. A novel apodization profile for achieving optimum 

optical characteristics for the FBG is proposed in section 3.2. In the context of the 

proposed apodization profile, grating length and the index-change (the key structural 

parameters) are optimized in order to achieve the optimum optical characteristics for 

the FBG. Resulting optical characteristics of the proposed FBG having novel 

apodization profile and optimized structural parameters are discussed in section 3.3. A 

comparative analysis of the optical characteristics is also presented in the same 

section for the proposed FBG and the other selected elite apodization profiles. Section 

3.4 describes the application efficiency of the proposed grating in a quasi-distributed 

sensing network. Finally, summary of the chapter is presented in section 3.5.  

 Introduction 

Fiber Bragg grating (FBG) offers excellent inherent advantages over the 

conventional optical fiber sensors (OFS), e. g., low insertion loss, high wavelength 

selectivity, polarization insensitivity, wavelength encoding nature, ability to be 

multiplexed and the inherent sensitivity towards strain/temperature perturbations. 
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Further, being in-fiber device, FBG inherits the remote-sensing capability of optical 

fiber sensors. Owing to these advantages, FBG is one of the dominant and widely 

used passive device in communication as well as in the real-field sensing applications. 

Many such applications, for example, optical add-drop multiplexers (OADMs), 

optical-cross-connect (OXC), DWDM systems and quasi-distributed sensing system 

require FBG network/multiplexing. As an example, quasi-distributed sensing systems 

are the integral part of structural health monitoring that demands simultaneous and 

multi-point monitoring of various physical parameters of interest. A single string of 

optical fiber can carry a large array of FBG sensors. These multiplexed FBG sensors 

may be interrogated by a single light source and detector employing one or a suitable 

combination of multiplexing techniques such as wavelength-division multiplexing 

(WDM), time-division multiplexing (TDM), spectral-profile-division multiplexing 

(SDM) and frequency-division multiplexing (FDM). Among these, WDM based 

multipoint/quasi-distributed sensing interrogation is the simplest and straightforward 

technique that exhibits high speed interrogation, better signal-to-noise ratio (SNR) 

and high measurement accuracy. The WDM interrogation requires FBG sensors in the 

network, each operating in its own distinct wavelength range, to be designed in such a 

way that their operational range do not overlap. Further, the number of FBG sensors 

that can be multiplexed in WDM based quasi-distributed sensing network is mainly 

dictated by the bandwidth of the light source [86]. High reflectivity, narrow full-

width-at-half-maximum (FWHM) and greater degree of side-lobe suppression (SLS) 

in the spectral characteristics of FBG are desirable and critically important in order to 

increase the number of FBGs and to devise an efficient and optimized WDM/quasi-

distributed sensing network for the given source-bandwidth. Reflectivity, bandwidth 

and the side-lobes can be controlled by suitably tailoring the FBG employing 
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appropriate apodization scheme. It’s important to mention that, in comparison to the 

high reflectivity and narrow FWHM, the side-lobe suppression finds the top place on 

the hierarchical ladder while designing a quasi-distributed sensing network. Recently, 

few new apodization profiles in [124, 125, 126] have been proposed to optimize 

optical characteristics of FBG in order to achieve greater efficiency, measurement 

accuracy and maximum dynamic range for the sensing network. These apodization 

profiles are very strong. A strong apodization reduces the side-lobes of FBG very 

efficiently, but at the same time, it truncates the grating length. Truncated grating 

length results in a reduced reflectivity. From the perspective of achieving a threshold 

reflectivity, longer grating length is recommended [126]. However, in order to 

achieve an optimum performance and a high wavelength measurement accuracy in 

decoding information from the FBG spectrum in a quasi-distributed sensing network, 

it’s not only the high reflectivity that matters, but it’s a high signal-to-noise ratio 

(SNR) that plays a critically important role [86, 124]. To achieve higher SNR, side-

lobe suppression ratio (SLSR) needs to be very high. Further, one of the proposed 

apodization profile in [125] is asymmetrical, which is derived from the Lanczos 

window. In the case of strong index change, such asymmetrical gratings are 

characterized with significantly asymmetrical reflection spectra that exhibit several 

intense side-lobes at the short wavelengths [127]. FBG with asymmetrical reflection 

spectrum having several intense side-lobes at the shorter wavelength edge is 

undesirable for quasi-distributed sensing network. Also, SLSR is observed to be less 

than 30 dB in [125]. Side-lobe suppression should be more than 30 dB for effectively 

minimizing cross talk between the adjacent channels [128]. All these facts highlight 

that finding an appropriate symmetrical apodization profile for tailoring FBG that 

predominantly focuses on to achieve higher degree of side-lobe suppression without 
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much compromise at the reflectivity and FWHM, thus facilitating high SNR and 

minimum channel-cross-talk, is quite important while designing an efficient quasi-

distributed sensing network. 

In this chapter, a novel symmetrical apodization profile is proposed for tailoring 

FBG. The motivation behind the proposed novel apodization profile is to optimize 

FBG characteristics in such a way that once deployed in the quasi-distributed sensing 

network, these novel FBGs would lead to a higher efficiency, measurement accuracy 

and the dynamic range. Coupled-mode theory (CMT) and Transfer-matrix method 

(TMM) are used for the theoretical modeling of the proposed FBG. All the 

simulations are performed in MATLAB. In order to achieve the best optical 

characteristics of the proposed FBG for quasi-distributed sensing applications, 

optimum values of the FBG’s structural parameters such as grating length (L) and the 

index-change (δn) are determined. At these optimum grating parameters, reflectivity, 

FWHM, MSL and the SLSR are observed to be 0.607, 0.14 nm, -35.99 dB and -

33.818 dB respectively. A comparative performance analysis of the proposed profile 

is carried out w.r.t. the other elite apodization profiles [91, 129]. The proposed FBG 

with optimized characteristics is then employed in a five-stage quasi-distributed 

temperature and strain sensing network to analyze its application efficiency. Dynamic 

range for the temperature measurement as high as 131.6°C and for the strain 

measurement as high as 1450µε are obtained. In order to increase the sensing 

accuracy towards the applied perturbation (temperature/strain), isolation between the 

adjacent FBG sensors in a network and the total isolation for individual FBG sensor 

need to be very high. An isolation of 10.07 dB and the total isolation of 33.818 dB, 

highest among the other apodization profiles recently reported in the literature, are 
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observed for the proposed grating. Thus, FBG with the proposed apodization profile is 

of greater importance for efficient quasi-distributed sensing applications.  

 Apodization Profiles 

As discussed in Chapter 2, the AC coupling coefficient for the fundamental core 

mode, κ , varies in accordance with the apodization profile f(z) through the relation 

( )f z nκ πν δ λ= . Hence, the apodization profile plays critically important role in 

controlling and suitably optimizing the overall optical performance characteristics of 

the FBG. A novel symmetrical apodization profile for tailoring FBG with an objective 

to achieve higher efficiency, measurement accuracy and the dynamic range, once the 

FBG is deployed in a quasi-distributed sensing network, is proposed and defined as 

  ( ) [ ]
8 4

0

3
cos cos 1 ,   0,

z z
f z J z L

L L
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  (3.1) 

where J0 is the ordinary Bessel function of first kind of order 0, L is the grating length 

and z is the distance along the fiber axis. In order to carry out comparative 

performance analysis of the proposed profile, elite apodization profiles from the 

literature are selected and simultaneously simulated. These selected elite profiles are: 

• Gaussian Profile [91] 
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• Positive Tanh profile [129]  
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where a is a real parameter that determines the slope of the Tanh apodization profile 

at z = 0 and, therefore, the degree of apodization. For the positive Tanh apodization 

profile, a is taken as 4 [129].  

These apodization profiles are illustrated in Figure 3.1 for the understanding and 

comparison. As can be observed from this figure, proposed as well as the selected 

elite apodization profiles are symmetrical at the center of the grating length and are 

normalized such that f(L/2) = 1. For each of the apodization profile, an apodization 

parameter, aeff, can be calculated using [129]: 

 

( )
0

0

L

eff

eff L

zf z dz
L

a
L

zdz

= =
∫

∫
  (3.4) 

where Leff is the effective length of the grating with apodization profile. The 

calculated values of aeff for the proposed apodization profile, the Gaussian profile and 

the positive Tanh (with a = 4) profile come out to be 0.574, 0.522 and 0.826, 

respectively. A smaller apodization parameter not only results in an enhanced side-

Figure 3.1: Apodization profile vs Grating length. 
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lobe suppression but leads to a tighter apodization profile and hence, a short effective 

grating length [129]. Apodization parameter is often used to define the degree of 

truncation. Reasons behind selecting the Gaussian and the positive Tanh profiles as 

the elite profiles are the facts that (a) these profiles are predominantly used in grating 

fabrication, (b) the apodization parameter is observed to be higher than a threshold 

value of 0.500, hence the effective grating length is not severely compromised, and 

(c) apodization parameters for these profiles provide upper bound as high as 0.826 

(for unapodized grating, aeff  = 1.000) and the lower bound as low as 0.522 (within the 

range of 1.000 – 0.500) that makes the comparative analysis for the proposed 

apodization profile in quasi-distributed network more effective. 

 Results and Discussion 

A detailed and comparative performance analysis of FBG that employs proposed 

apodization profile is carried out in this section. To do so, peak reflectivity, FWHM 

and side-lobe characteristics of the grating are chosen as the parameters of interest to 

be investigated. Effect of the grating controlling parameters, e.g., grating length (L), 

and index change (δn) on the optical characteristics of FBG is rigorously studied. For 

this, δn is varied in the range of 0.1×10-4 (weak grating) – 5.0×10-4 (strong grating), 

whereas L is varied in the range of 2 mm – 20 mm. Design (Bragg) wavelength is 

fixed at 1550 nm. Optical characteristics of FBG employing the selected elite 

apodization profiles (depicted in Equations (3.2) and (3.3)) are also simulated to carry 

out effective comparative analysis. CMT along with TMM is used for the theoretical 

modelling of the grating structures. All the simulations are performed in MATLAB. 

Optimum values of the grating structural parameters (L, and δn) are determined in 

order to achieve the best possible optical characteristics for the proposed FBG that 
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would lead to an efficient quasi-distributed FBG based sensing network. Optical 

characteristics of FBG employing the proposed apodization profile and the other 

selected elite apodization profiles are then simulated at the optimum values of L and 

δn for the comparative analysis. Finally, the application efficiency of the proposed 

FBG with optimized characteristics is investigated while deploying it in a five-stage 

quasi-distributed temperature and strain sensing network.  

Reflectivity of FBG plays an important role in quasi-distributed sensing 

applications as well as in WDM optical communication systems. A high reflectivity 

not only facilitates better measurement accuracy but also a better signal-to-noise ratio 

(SNR). In order to investigate the effect of index-change (δn) and to seek a 

comparatively optimum performance, maximum (peak) reflectivity of FBG 

employing the proposed as well as selected apodization profiles is plotted as function 

of δn in Figure 3.2 for a fixed grating length of 10 mm (reason for fixing L at 10 mm 

is explained in the discussion for Figure 3.3). As can be observed from this figure, 

peak reflectivity increases rapidly with increasing δn and then saturates for all the 

opted apodization profiles. Peak reflectivity reaches to the saturation at δn = ~2×10-4 

Figure 3.2: Reflectivity vs index change for the fixed L = 10 mm. 
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for the grating apodized with Tanh profile, and at δn = ~3×10-4 for the grating 

apodized with Gaussian as well as the proposed novel apodization profile. At very 

low value of δn, grating is very weak (no grating when δn = 0). Increasing δn 

strengthens the coupling coefficient (κ), and hence, increases the strength of the 

grating. Increasing strength of grating results in the increasing intensity of the 

backward propagating light (Eq. (2.23)) until it saturates near 100%. Further, at a fix 

value of δn, highest peak reflectivity is observed for the Tanh apodized grating among 

all the three profiles before saturation. However, proposed FBG with novel 

apodization profile exhibits better reflectivity than the Gaussian apodized grating. 

This shows that increasing the degree of grating truncation (Tanh → Proposed → 

Gaussian) results in a successively reduced reflectivity. Results also highlight that in 

order to achieve same reflectivity, larger δn is required for the tighter apodization 

profile.  

On the other hand, effect of grating length (L) is also investigated in order to seek 

a comparatively optimum performance. Maximum (peak) reflectivity of FBG 

employing the proposed as well as selected apodization profiles is plotted as a 

function of L in Figure 3.3 for a fixed index change of 4×10-4. Reason for choosing 

higher value of δn is to achieve higher reflectivity as per the observations from Figure 

3.2. As can be observed from Figure 3.3, peak reflectivity increases rapidly with 

increasing L and then saturates for all the opted apodization profiles. This is in 

accordance with Eq. (2.23). For a fixed κ, reflectivity increases with the grating 

length until it saturates near 100%. Peak reflectivity reaches to the saturation (~100%) 

at ~7 mm for the grating apodized with Tanh profile, and at ~10 mm for the grating 

apodized with Gaussian as well as the proposed novel apodization profile. Once 
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again, highest peak reflectivity is observed for the Tanh apodized grating among all 

the three profiles. However, proposed FBG with novel apodization profile exhibits 

better reflectivity than the Gaussian apodized grating. This shows that the degree of 

grating truncation not only affects the reflectivity but also the grating length at which 

reflectivity reaches to saturation. 

 

FWHM is another crucial parameter, which is important in achieving higher 

efficiency, measurement accuracy, dynamic range for the measurement and increasing 

the number of FBGs in a quasi-distributed WDM sensing network. In order to 

investigate the effect of index-change (δn) and to seek a comparatively optimum 

performance, FWHM of the FBG spectrum is plotted in Figure 3.4 against δn at a 

fixed grating length of 10 mm for all the three apodization profiles. As can be 

observed from this figure, FWHM increases with increasing δn. Tanh profile offers 

lowest (best) bandwidth only in the range from 0.1×10-4 to 0.85×10-4. Gaussian and 

the proposed novel profile offer almost the same FWHM in the range from 0.85×10-4 

Figure 3.3: Reflectivity vs Grating length for the fixed δn = 4×10-4. 
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to 3.80×10-4. However, proposed apodization profile offers minimum (best) FWHM 

among all the three profiles for 3.80×10-4 < δn < 5.00×10-4. In this range, the 

reflectivity of FBG employing the proposed apodization profile is nearly 100%. It’s 

important to highlight that lowest value of δn should be chosen within the optimum 

range in order to minimize the broadening of the FBG spectrum. Effect of grating 

length (L) is also investigated in order to seek a comparatively optimum performance. 

FWHM of FBG spectrum employing the proposed as well as selected apodization 

profiles is plotted as a function of L in Figure 3.5 for a fixed index change of 4×10-4. 

As can be observed from Figure 3.5, while increasing the grating length, FWHM first 

decreases nonlinearly and rapidly and then reaches to saturation for all the opted 

apodization profiles. This shows that at a fixed δn, narrower FWHM can be achieved 

by increasing the grating length. Further, FWHM of FBG spectrum effectively 

saturates at around 15 mm for all the three apodization profiles. For this configuration 

of the grating, δn × L comes out to be 6000 nm, which is very large w.r.t. the design 

wavelength of the grating (1550 nm) [123]. For such strong grating, light seizes to 

penetrate the full length of the grating and hence, bandwidth is independent of the 

Figure 3.4: FWHM vs index change for the fixed L = 10 mm. 
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grating length. Before the saturation point, FBG with Tanh profile offers highest 

bandwidth among all. Gaussian profile offers lowest (best) FWHM for 2.64 mm < L < 

8.50 mm, whereas, the proposed apodization profile offers lowest (best) FWHM for 

2.07 mm < L < 2.64 mm and then for 9.44 mm < L < 15.00 mm. The range for L (9.44 

mm – 15.00 mm) in which the proposed FBG offers best (lowest) FWHM when δn is 

fixed at 4×10-4, is benefitted with a high reflectivity peak (Figure 3.3). Similarly, the 

range for δn (3.80×10-4 – 5.00×10-4) in which the proposed FBG offers best (lowest) 

FWHM when L is fixed at 10 mm, is also benefitted with a high reflectivity peak 

(Figure 3.2). These ranges and combinations are mostly used while inscribing FBGs 

for almost all practical applications.  

As mentioned earlier, greater degree of side-lobe suppression (SLS) is 

prominently desirable and hence, decisive in optimizing the grating parameters while 

devising an efficient, highly accurate quasi-distributed WDM sensing network with 

high SNR, minimum channel-cross-talk and large dynamic range of measurement. 

SLS also plays a very critical role in increasing the number of FBGs in the WDM 

network. Apodization plays a very crucial role in effectively controlling not only the 

reflectivity and FWHM, but also in controlling side-lobe characteristics of FBG. 

Figure 3.5: FWHM vs Grating length for the fixed δn = 4×10-4. 
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Hence, side-lobe analysis is carried out in this part of the discussion. Maximum side-

lobe (MSL) and side-lobe suppression ratio (SLSR) are used as the side-lobe 

parameters for this analysis. Objective of the analysis is to optimize the grating in 

such a way that leads to the side-lobe suppression of more than 30 dB within the ±1 

nm bandwidth centered at the Bragg wavelength [128]. Also, for the better isolation 

between adjacent channels and reduction of cross-talk in DWDM quasi-distributed 

sensing systems, MSL must be as low as possible and SLSR must be as high as 

possible. MSL for FBG employing the proposed as well as selected apodization 

profiles is plotted as a function of δn in Figure 3.6 for a fixed grating length of 10 

mm. As can be observed from Figure 3.6, FBG with Tanh apodization profile is 

characterized with maximum (not promising) side-lobe strength among all the opted 

apodization profiles over the entire range of δn. Gaussian apodization profile offers 

lowest (best) side-lobe strength among all the opted apodization profiles in the range 

from 0.1×10-4 to 0.866×10-4 and from 0.904×10-4 to 2.495×10-4. However, proposed 

apodization profile offers lowest (best) side-lobe strength among all the three profiles 

for 0.866×10-4 < δn < 0.904×10-4 and 2.4955×10-4 < δn < 5.00×10-4. At 2.495×10-4, 

Figure 3.6: MSL vs index change for the fixed L = 10 mm. 
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MSL for proposed apodization profile reduces by roughly 30 dB in comparison to the 

Tanh profile. 

Figure 3.7 depicts the variation of MSL as a function of L for FBG employing the 

proposed as well as selected apodization profiles for a fixed index change of 4×10-4. 

Again, FBG with Tanh apodization profile exhibits maximum (not promising) side-

lobe strength among all the opted apodization profiles. Gaussian apodization profile 

offers lowest (best) side-lobe strength for 4.00 mm < L < 6.44 mm and then for 13.68 

mm < L < 16.88 mm. Proposed apodization profile offers lowest (best) side-lobe 

strength among all the three profiles for 6.44 mm < L < 13.68 mm and then for 16.88 

mm < L < 20.00 mm. 

Figure 3.7: MSL vs grating length for the fixed δn = 4×10-4. 
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Side-lobe analysis is further extended to SLSR in order to seek a comparatively 

optimum performance. Variation of SLSR as a function of δn is plotted in Figure 3.8 

at L equals to 10 mm, whereas, variation of SLSR as a function of L is plotted in 

Figure 3.9 at δn equals to 4×10-4. As can be observed, proposed apodization profile 

offers highest SLSR among all the three profiles for δn in the range of 0.843×10-4 – 

0.9095×10-4 as well as 2.495×10-4 – 5.00×10-4; and for L in the range of 6.44 mm – 

13.68 mm as well as 16.88 mm – 20.00 mm. There is a wide range for δn and L, over 

Figure 3.9: SLSR vs grating length for the fixed δn = 4×10-4. 

Figure 3.8: SLSR vs index change for the fixed L = 10 mm. 
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which FBG with proposed apodization profile remarkably suppresses the side-lobes 

with SLSR greater than 30 dB.  

The above-mentioned comparative analysis highlights the wide flexibility in 

designing and tailoring FBG with optical characteristics that can be tuned as per the 

specific requirement of the application. As stated earlier, while designing and 

tailoring FBG for realizing an efficient quasi-distributed FBG based sensing network, 

predominant focus should be on to achieve higher degree of side-lobe suppression, a 

decisive and highest priority factor, without much compromise at the reflectivity and 

FWHM. Of course, reflectivity and FWHM also affect performance of the quasi-

distributed WDM sensing network. These facts indicate that structural parameters (L 

and δn) of the FBG should be suitably, smartly and very carefully chosen in order to 

achieve optimum performance of the WDM sensing network. Addressing all the 

constraints highlighted here as well as in the beginning of this chapter, criterion (used 

in this study) for extracting the structural parameters to tailor FBG for quasi-

distributed sensing are: (a) reflectivity to be more than or equal to 0.5; (b) FWHM to 

be less than or equal to 0.20 nm [91]; and the magnitude of MSL and SLSR to be 

Figure 3.10: Reflectivity spectra of selected apodized FBGs for the optimum parameters 
of proposed profile L = 10 mm and δn = 0.9×10-4. 
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greater than 30 dB [128]. Values of the grating parameters for which observed 

characteristics for FBG not only satisfy the above mentioned criterion but are also 

optimum, are extracted as L = 10 mm and δn = 0.9×10-4. Optical characteristics of 

FBG employing all the selected apodization profiles are then simulated at these values 

of the grating parameters. These simulated characteristics are depicted in Figure 3.10. 

Key performance characteristics for FBG employing proposed as well as the elite 

apodization profiles are summarized in Table 3.1 for comparative analysis. This 

analysis is further extended by including another standard apodization profile, the 

“Sinc profile” [129] as well as some of the recently reported apodization profiles in 

[125] and [124]. Optical characteristics of FBG employing these additional 

apodization profiles are also simulated at the above-mentioned values of L and δn. It’s 

worth mentioning that the evaluated optical characteristics for the profile in [124] are 

excluded from the comparative analysis. Reason is the observed reflectivity of ~0.126 

(~12.6%) only, which is too low to be considered in devising an effective quasi-

distributed sensing network. As can be observed from Table 3.1, at L = 10 mm and δn 

= 0.9×10-4, same FWHM is obtained for all the selected profiles, which is within the 

threshold limit of 0.2 nm for all the selected profiles. Highest reflectivity is obtained 

for the Tanh profile, which is expected as the degree of grating truncation is lowest 

for this profile among all the considered profiles. As mentioned earlier, the focus of 

research in this study is to achieve optimum side-lobe suppression without much 

compromise at reflectivity and the FWHM. As can be observed from the results  

Table 3.1: Optical characteristics of the apodization profiles 

Profile Reflectivity FWHM (nm) MSL (dB) SLSR (dB) 

Tanh4z 0.821 0.14 -12.20 -11.345 
Gaussian 0.549 0.14 -35.77 -33.165 

Sinc 0.626 0.14 -27.16 -25.134 
Ali et.al. [125] 0.727 0.14 -25.14 -23.764 

Proposed  0.607 0.14 -35.99 -33.818 
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summarized in Table 3.1, only the Gaussian and the proposed apodization profile 

yield side-lobe suppression with a magnitude greater than 30 dB. However, the best 

side-lobe suppression characteristics are obtained for the proposed profile. In addition, 

a better reflectivity is obtained for the proposed profile in comparison to the Gaussian 

profile. These observations conclude that the proposed novel apodization profile with 

L = 10 mm and δn = 0.9×10-4 is the ideal choice for achieving greater degree of side-

lobe suppression with an acceptable FWHM of 0.14 nm (< 0.2 nm) and an acceptable 

reflectivity of 0.607 (> 0.5). These features establish that the proposed FBG is most 

suitable for employing in quasi-distributed WDM sensing systems. 

 Quasi-distributed Sensing Application 

FBGs with the proposed novel apodization profile, comprising the optimized 

grating parameters (L = 10 mm and δn = 0.9×10-4) are used in this part of the study. 

Before deploying in the sensing network, response of the proposed grating towards 

the applied temperature and strain perturbations is analyzed. Equations (1.4) and (1.6) 

are incorporated in the simulations. Optical fiber parameters, as specified in Chapter 

1, are used to simulate temperature and strain response characteristics. Temperature 

and strain sensing characteristics of the proposed grating are depicted in Figure 3.11 

and Figure 3.12 respectively. As expected, peak wavelength (λB) increases linearly 

with increasing temperature/strain perturbations. Temperature sensitivity of 13.32 

pm/°C and strain sensitivity of 1.21 pm/µε are obtained for the proposed FBG sensor, 

which are at par with the sensitivities reported for the other apodization profiles used 

in this study.  

With the promising charactersitics as depicted in the previous sections, proposed 

FBG is employed in a five-stage quasi-distributed temperature and strain sensing 
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network to analyze its application efficiency. The five-stage quasi-distributed network 

is constructed employing FBGs with λB1 = 1546.12 nm, λB2 = 1548.12 nm, λB3 = 

1550.12 nm, λB4 = 1552.12 nm and λB5 = 1554.12 nm. The spacing between adjacent 

wavelengths of 2 nm (250 GHz) is chosen as per the ITU-T C-band grid 

recommendations. Figure 3.13 shows the reflectivity spectrum of these five stages 

quasi-distributed sensing network without any external perturbation applied to any 

one of the grating. Now temperature/strain perturbations are applied only to the third 

Figure 3.12: Peak wavelength shift of the proposed FBG with applied temperature
perturbations. 

Figure 3.11: Peak wavelength shift of the proposed FBG with applied strain 
perturbations. 
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sensor (λB3 = 1550.12 nm) of this network, keeping other FBG sensors free from any 

external perturbations. Applied temperature/strain perturbations result in the red-shift 

for λB3. Maximum permitted red-shift and that ways, maximum applied and still 

measurable temperature/strain (dynamic range of the measurement) is dictated by the 

resolution of reflectivity spectra of the adjacent sensors (FBG3 and FBG4 in this 

case). Hence, the limit of maximum measurable perturbation is dictated by the limit of 

resolution or the main lobs of FBG3 and FBG4 in this case. Rayleigh’s criterion for 

the two peaks to be “just resolved” is used in the present study. In the absence of side-

lobes, Rayleigh’s criterion leads to a maximum permissible red shift for a given FBG 

to be equal to the difference of wavelength-spacing between the two successive 

gratings and the FWHM. However, in the presence of side-lobes (even though very 

weak), it’s quite important to include a “Guard band” in order to prevent any 

possibility of interference/modulation of the information and to achieve higher 

accuracy in decoding information from the FBG spectrum. Inclusion of “Guard band” 

truncates the maximum possible red-shift and hence the dynamic range. It is for this 

reason, FBG that facilitates the lowest “Guard band” will always be preferable. Figure 

Figure 3.13: Reflectivity spectra of the proposed FBGs (L = 10 mm and δn = 0.9×10-4) in 
a five-stage quasi-distributed sensing network without any external perturbation. 
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3.14 illustrates the resulting reflectivity spectrum of the quasi-distributed sensing 

network when the temperature/strain perturbations are applied to FBG3. A guard band 

as low as 0.115 nm is observed to be sufficient in order to maintain highest possible 

accuracy without any mixing of the information. With a guard band of 0.115 nm and 

the FWHM of 0.14 nm, maximum red shift for any FBG sensor is observed to be 

1.745 nm. For this wavelength shift, maximum applied temperature and strain that can 

be accurately measured are obtained as 131.6°C and 1450µε respectively, as depicted 

in Figure 3.14. Isolation (combined-peak to saddle-point) for 3rd and 4th FBG sensors 

under the “Rayleigh’s criterion” is observed to be 10.07 dB; whereas the total 

isolation is observed to be 33.818 dB. For the apodized grating with optimum 

characteristics proposed in [126], guard band as large as 0.2592 nm is required to 

prevent the cross talk between the adjacent sensors. The isolation between the two 

adjacent sensors and the total isolation are observed to be 4.83 dB and 91 dB, 

respectively. Similarly, for the apodized grating with optimum characteristics 

proposed in [125]; the isolation and the total isolation are observed to be 6.953 dB and 

25.30 dB, respectively. Further, the response characteristics of the five-stage quasi-

10.07 dB 

isolation 

0.255 nm 

 

1.745 nm red-sift for 

3rd sensor with applied 

temperature/ strain of 

131.6oC/1450 με 

33.818 dB total 

isolation 

4th sensor 5th sensor 3rd sensor 

(before applying 
perturbation) 

Figure 3.14: Response of the quasi-distributed sensing network employing FBG with the proposed 
apodization profile having L = 10 mm and δn = 0.9×10-4. Applied temperature/strain to only the third 
sensor is 131.6 oC/1450 με. 
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distributed temperature/strain sensing system is also simulated for FBGs employing 

Tanh and Sinc profiles at the optimum structural parameters (L = 10 mm and δn = 

0.9×10−4). As an example, total isolation for the Tanh and the Sinc profiles at the 

optimum guard band are observed to be 11.345 dB and 25.134 dB, respectively. This 

shows that the highest isolation and the total isolation are achieved for the proposed 

apodization profile among all the other considered in this study. An efficient 

apodization process leads to a high channel isolation, which increases the 

performance efficiency of FBG based quasi-distributed sensing system. High isolation 

ensures that the reflectivity peaks of the two adjacent FBGs are well resolved and 

highly distinguishable even after the maximum translation of the spectrum of one 

FBG towards the other under the influence of the applied external perturbations. 

Importantly, high isolation greatly minimizes the inter-channel cross talk, and hence, 

interference/modulation of the coded information onto the FBG spectrum in the FBG 

based WDM network. Further, the dynamic range of measurement is observed to be 

in the range of ~121oC – 127oC and ~1350µε – 1400µε for the FBG employing the 

elite apodization profiles. Analyzing the performance characteristics and the 

application efficiency in a quasi-distributed sensing network, narrow FWHM, 

superior side-lobes suppression capability, highest channel isolation in a multiplexed 

network, highest total isolation and the largest dynamic range of measurement are the 

distinguished features of the proposed FBG. These features make the proposed FBG 

most suitable for devising an efficient and optimized DWDM/quasi-distributed 

sensing network for a given source-bandwidth. 
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  Summary 

In this chapter, a novel apodization profile is proposed for tailoring and 

controlling key optical characteristics of FBG for its efficient application in a quasi-

distributed sensing network. Objective of designing FBG for quasi-distributed sensing 

is to achieve better efficiency, measurement accuracy, high SNR, minimum channel-

cross-talk and a large dynamic range. Optical characteristics, e.g., reflectivity, FWHM 

and the side-lobe suppression which are critically important for WDM sensing 

applications are optimized. While doing so, predominant focus is to achieve greater 

degree of side-lobe suppression without much compromise with reflectivity and 

FWHM. A rigorous and comparative analysis is carried out for the FBG employing 

proposed as well as the elite and the recently reported apodization profiles. Among all 

the apodization profiles included in the theoretical analysis, best side-lobe suppression 

characteristics along with a FWHM of 0.14 nm (< 0.2 nm) and reflectivity of 0.607 (> 

0.5) are observed for the proposed apodization profile with L = 10 mm and δn = 

0.9×10-4. These features establish that the proposed FBG is most suitable for quasi-

distributed sensing applications. The proposed FBG with optimized characteristics is 

then employed in a five-stage quasi-distributed temperature and strain sensing 

network to analyze its application efficiency. An isolation of 10.07 dB and the total 

isolation of 33.818 dB, highest among the other apodization profiles studied in this 

research, are observed for the proposed grating. Further, a large dynamic range for the 

temperature/strain measurement up to 131.6°C/1450µε is achieved. These facts 

establish that the FBG with proposed apodization profile is of greater importance as it 

is most suitable for efficient quasi-distributed sensing applications.   
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 : Study of Slow-Light in ππππ-Phase-Shifted 

FBG and its Application in WDM-Quasi-Distributed 

Sensing Network 

Slow-light FBG sensors are known for high sensitivity and better resolution as 

compared to the conventional FBG sensors. In this chapter, slow-light in π-phase-

shifted fiber Bragg grating (π-FBG) and its applications for single and 

multipoint/quasi-distributed sensing are theoretically analyzed. Section 4.1 presents 

general introduction and a review of slow-light FBG sensors for the detection of 

deferent physical parameters of interest. The concept of slow-light in π-FBG and its 

sensing characteristics are presented in section 4.2. Optical characteristics of slow-

light π-FBG are optimized with respect to the grating parameters, such as grating 

length (L), index change (δn), loss coefficient (α) and the apodization profile. 

Numerical results for the optimized slow-light π-FBG and its sensing characteristics 

are discussed in section 4.3. Section 4.4 describes the application efficiency of the 

proposed slow-light π-FBG in a quasi-distributed sensing network. Finally, the 

summary of the chapter is presented in section 4.5. 

 Introduction 

During past two decades, one of the areas that has generated lots of research 

interest is to achieve an active control on the velocity of the optical signal in material 

systems, which finds enormous applications in optical fiber communication systems, 

optical processing, quantum computing as well as in all-optical sensing. There are two 

possibilities – light being “slow” under the circumstances when group velocity is 

much smaller than the phase velocity of light and, light being “fast” under the 
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circumstances when group velocity exceeds the phase velocity of light in a dispersive 

medium. In particular, optical fiber based slow light technology is of great research 

interest as it has widespread applications, especially in optical fiber sensing. The 

increase in the delay time that leads to the slow light technology, improves the 

sensitivity and the resolution manifold. One way to achieve it is by exploiting the 

intrinsic optical properties of the fiber material, which is termed as material slow-light 

(discussed in Chapter 1). Other way to achieve it is by exploiting periodic structured 

optical material within the fiber where the propagation of the optical pulse is 

significantly controlled by the spatial modulation of the optical properties of the fiber 

material. This is termed as structural slow-light. Example of structures that are used 

to manipulate the group velocity of the propagating optical pulse are circled coupled 

resonator optical waveguides (CCROW), photonic crystal fiber and fiber-Bragg 

gratings (FBG). Material slow light cannot be exploited for sensing some of the key 

parameters required to be monitored in structural health monitoring, e.g., strain, 

rotation, torsion, tilt, micro displacement etc. [130]. Further, in comparison to the 

material slow-light, realization of structural slow-light is not only quite simple but 

leads to a genuine field enhancement [63] and can be used for sensing various 

parameters of interest. Among various structures, slow light in FBG has gained 

extensive research interest owing to its advantages of being a simple structure of 

small size, easy integration, relying on a passive resonant effect and an exceptional 

capability of controlling the slow light mechanism. It’s important to mention that 

FBG acts as a narrowband reflection filter centered at the Bragg wavelength (λB). 

Acting as a notch filter, it must strongly reflect frequencies within the bandwidth of 

FBG’s reflection peak (bandgap in transmission) and transmit all frequencies outside 

the peak. Strong reflection (high reflectivity) can be achieved, as an example, by 
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increasing the index modulation (δn) as large as possible (greater than ~ 0.001) and 

maintaining the loss coefficient (α) as low as possible. As explained in Chapter 2, this 

leads to the formation of pronounced narrow side-lobe resonances on both the sides of 

reflection peak (Figure 2.3) in the case of uniform FBG. In the vicinity of one of these 

resonances, light travels back and forth multiple times along the grating before 

making an exit from either side of the grating. This way, it experiences a longer group 

delay (equivalently, large effective group index ng and large apparent group velocity 

reduction) than light away from the resonance. A simple analogy can be drawn from 

the Fabry-Perot interferometer (FPI), which comprises two reflectors. FBG can be 

considered as a superposition of FPIs with distinguished pair of reflectors distributed 

across its length (consequence of a periodic structure). Thus, strong uniform FBG 

supports structural slow-light and these resonances are referred to as the slow light 

resonances. These narrow resonances (and hence, large group indices) are exploited in 

developing sensor with extraordinary sensitivity. In the structural slow-light based 

sensing mechanism, phase shift induced by the applied perturbation to the structure is 

inversely proportional to the group velocity. As the group velocity is reduced 

substantially, this phase shift increases manifold resulting in a greatly enhanced 

sensitivity. These side-lobe resonances exist in conventional uniform/apodized FBGs 

(FBGs with weak index modulation) too. However, such gratings are so weak that the 

offered group index ng is barely larger than neff. As an example, ng of 3.3 (as against 

neff of ~1.44 in conventional single-mode optical fiber) was observed at around 1550 

nm for FBG with L = 2.67 cm and δn = 1.0×10-4 [83]. Hence, slow-light mechanism is 

not observed in conventional FBGs. The standard way to classify FBG as a “slow-

light FBG” is to have at least one resonance that exhibits ng many times (>>~10) 

larger than neff [131]. Further, ng increases rapidly with δn; and for a fixed δn, ng 
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increases with L. Also, internal loss (α) not only reduces the transmission of FBG but 

also limits the maximum achievable ng. Thus, α must be as low as possible. Hence, 

slow-light can be induced in FBG with an optimum value of δn, L and α. In general, 

δn for slow-light FBG used to be 10 to 30 times stronger than the δn for conventional 

FBG.  

Apart from strong and uniform FBG, light can be further slowed down in a strong 

FBG with an appropriate apodization. In a strong and apodized FBG, side-lobes at the 

longer wavelength region around the bandgap are greatly reduced. Whereas, sharp 

side-lobe resonances (multiple slow-light peaks) are observed at the shorter 

wavelength region around the bandgap, leading to a much larger group delay/index 

(equivalently, much lower group velocities). As an example, ng as high as ~212 was 

observed around 1550 nm for apodized FBG with L = 1.65 mm, α = 3.7 m-1 and δn = 

4.5×10-3. Interestingly, an un-apodized FBG with the same value of L, α and δn is 

characterized with a much lower ng of 70.2 only [83]. The distinct advantages of 

strong apodized FBG over the strong uniform FBG are: (a) strong uniform FBG is 

characterized with higher apparent internal loss and, (b) resonances in strong apodized 

FBG have a much higher interference quality factor Q than in a uniform FBG. 

It’s important to mention that the strain and temperature sensitivities of 

conventional FBGs are limited. As an example, typical strain and temperature 

sensitivity of the conventional FBG written in germanosilicate optical fiber are of the 

order of 1.2pm/µε and 13.7pm/oC respectively. In order to characterize conventional 

FBG sensors, the wavelength shift resulting from the applied perturbation is measured 

either by an optical spectrum analyzer or an imbalanced Mach-Zehnder interferometer 

(MZI). Using the latter scheme, a better strain response manifested by the minimum 
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strain sensitivity of 0.6nε/√Hz was achieved [132]. There have been attempts to 

increase the sensitivity of FBG by employing various other configurations. Over the 

past couple of years, exploitation of the slow-light mechanism for increasing the 

sensitivity of the FBG sensor has attracted considerable amount of research interest. 

In one of such slow-light based attempts, edge of the reflection peak of an FBG is 

interrogated with narrow-linewidth laser [133]. In another attempt, FBG is 

interrogated at the steepest slope of one of the multiple slow-light resonances (peaks) 

on the shorter wavelength region of the bandgap [14]. Observed sensitivity in such 

schemes can be remarkably high because the slope of the transmission resonances at 

shorter wavelength region of the bandgap is very steep, giving rise to a large ng. 

However, merely achieving maximum ng does not guarantee the maximum sensitivity. 

This is because the maximum achievable sensitivity of slow-light based sensors 

towards the applied perturbations (e.g., temperature and strain) is proportional to the 

product ngT0L, where T0 is the peak transmission of the resonance [14]. In order to 

achieve maximum sensitivity, it’s the product ngT0L that needs to be optimized. 

Resonance closest to the edge of the bandgap is characterized with highest ng but its 

power transmission is used to be too weak. Hence, maximum sensitivity may not be 

observed while interrogating the first slow-light resonance. As an example, maximum 

sensitivity is observed at the second slow-light peak for an apodized FBG (L = 1.2 

cm, α = 1.0 m-1, δn = 1.0×10-3 and FWHM = 0.98 cm), which was characterized with 

maximum ng equal to 127 [83]. Importantly, the requirement of large δn for realizing 

ultra-sensitive slow-light sensor generally results in an increased loss. Thus, δn and 

the loss should be controlled in such a way that leads to the maximum value of the 

product ngT0L. Further, the sensitivity enhancement is achieved by exploiting the 

slow-light mechanism at the cost of reduced bandwidth. This is because of the fact 
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that slow-light exists only over a limited range of frequencies. As the group delay 

increases, this range of frequencies becomes further narrower.  

Employing strong apodized slow-light FBG, the dynamic strain sensitivity is 

observed to be 0.314 (µε)-1 in [83]. Researchers in [134] exploited slow-light 

phenomenon employing strong apodized FBG that was fabricated using ultrafast 

pulses at 403 nm. This strong apodized FBG was characterized with considerably 

lower propagation loss (α was ~ 0.1 m-1 in comparison to usual 1.1–1.5 m-1 for the 

UV written FBGs). Transmission peak closest to the band edge was characterized 

with ng of 58.2. Observed maximum strain and temperature sensitivities were 2.15 

(µε)-1 and 22.1 oC-1 respectively. In [135], researchers exploited 25 mm long strongly 

apodized FBG. In order to achieve large δn and low α, FBG was fabricated using 

femtosecond laser (806 nm) in a deuterium-loaded optical fiber. The observed 

maximum strain sensitivity was ~4.0 (µε)-1 with a remarkable strain resolution of 30 

fε/√Hz at 30 kHz. As another example, a micro displacement sensor that exploits the 

strain sensitivity of slow-light (uniform) FBG was experimentally demonstrated in 

[136]. Results show that in comparison to the normal FBG, 13 times higher sensitivity 

and resolution are observed for the slow light FBG. The dynamic displacement range 

of the proposed system is limited to 0.06 mm. Arora et al. experimentally 

demonstrated a slow-light FBG based temperature sensor that employed 6.5 mm 

grating fabricated using femtosecond laser. The temperature resolution of 0.3 m°C 

/√Hz was observed, which is nearly 30 times lower than the resolution achieved by 

conventional FBG [137]. However, the theoretically calculated temperature sensitivity 

for this sensor is predicted to be very low at ~5.2 °C-1. Even with the substantial 

improvement of the resolution in this case, the internal loss was of the order of ~1.14 

m-1. In order of offset the internal loss of the slow-light FBG, Vigneron et al. 
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employed 6.5 mm slow-light apodized FBG written in Er-doped optical fiber using 

femtosecond laser [138]. This FBG was pumped at 1475 nm. At the highest pump 

power of 32.6 mW, used in this study, the narrowest resonance was observed with a 

FWHM of 8.5 fs, transmission of 95% and a record ng of 13,900. The theoretically 

calculated strain sensitivity for this sensor is predicted to be very high at 147.5 (µε)-1. 

Light can also be slowed down by employing phase-shifted FBG. When a 

discrete π phase-shift discontinuity is inserted into the middle of the FBG, the 

resulting structure is termed as π-phase-shifted FBG or π-FBG. The unique 

characteristic feature of π-FBG is the appearance of a single ultra-narrow 

transmission peak/pass band (strong resonance) within the band gap (stop band) of the 

FBG with nearly 100% reflectivity and much steeper slope than that of the side-lobe 

resonances of a strong uniform/apodized FBG. Light at these resonance frequencies 

undergoes strong localization centered on the phase shift, which allows to achieve 

very small sensing length. Importantly, the resonance frequencies exhibit slow-light 

effect arising from the significantly higher group delay. Further, the FWHM of the 

narrow pass band depends on the index modulation δn. Increasing δn (strong grating) 

decreases the FWHM of the pass band. In the case of π-FBG, apodization not only 

reduces the side lobe strengths outside the stop band but also affects the FWHM of 

the narrow pass band. Stronger apodization leads to a larger FWHM [20]. However, 

lowest FWHM of this pass band is desirable for multipoint/quasi-distributed sensing 

applications. If π-FBG is exploited for the sensing applications, much steeper slope of 

its single pass band will result in an extraordinary enhancement of the sensitivity. 

Interestingly, no side-lobes exist around this passband and hence, demodulation of the 

information about the applied perturbations is easier. However, the dynamic range of 

π-FBG is limited owing to the finite bandwidth of the stop band of the FBG. 
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Researchers in [139] exploited the steep edge of the transmission peak that exists 

inside the bandgap of π-FBG. Observed minimum strain sensitivity was 5pε/√Hz for 

frequencies greater than 100 kHz. Researchers in [140] proposed interferometric 

interrogation scheme for π-FBG and predicted a minimum strain sensitivity of 

~4pε/√Hz. It’s important to mention that the quasi-distributed sensing application of 

the π-FBG is not yet explored to the best of the author’s knowledge. 

This chapter presents detailed theoretical study of the optical (transmissivity and 

delay) and sensing characteristics of slow-light π-FBG. The main objective of the 

research carried out in this chapter is to develop slow-light π-FBG based all-optical 

quasi-distributed sensing network; and to analyze the response characteristics as well 

as the efficiency of this novel sensing network by suitably optimizing the key optical 

characteristics of the π-FBG. In the first step to achieve the objective, optical 

characteristics of slow-light π-FBG are optimized with respect to the grating 

parameters (δn, L, α and the apodization profile). In addition to the merits over the 

other apodization profiles analyzed in Chapter 3, proposed apodization profile 

depicted by Eq. (3.1) also qualifies the requirement (highlighted in the preceding 

discussion of this chapter) of achieving narrower FWHM of the characteristic pass 

band of π-FBG. Hence, apodization profile proposed in Chapter 3 is employed for π-

FBG. The optimum grating parameters for which the slow-light π-FBG shows 

maximum transmissivity and delay are obtained as L = 50 mm, δn = 1.5×10-4, and α = 

0.10 m-1. At these grating parameters, peak transmissivity of 0.424 and maximum 

delay of 31.95 ns are observed. Afterwards, strain and temperature characteristics of 

the optimized slow-light π-FBG are investigated. Strain sensitivity as high as 8.380 

(με)-1 and temperature sensitivity as high as 91.064°C-1 are achieved for the proposed 
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slow-light π-FBG. In comparison to the reported highest strain and temperature 

sensitivities (4.0 (με)-1 [135] and 22.1°C-1 [134] respectively), strain sensitivity 

enhancement of more than two-fold and temperature sensitivity enhancement of more 

than four-fold are achieved by the proposed slow-light π-FBG. Further, the FWHM of 

the characteristic’s transmission peak (pass band) of the proposed slow-light π-FBG is 

observed to be 0.0798 pm as against the overall FWHM of 0.2245 nm for its stop 

band. Finally, the slow-light π-FBG with optimized optical and sensing characteristics 

is employed in a five-stage quasi-distributed strain and temperature sensing network 

to analyze its application efficiency. Dynamic range for the strain measurement as 

high as 1469µε and for the temperature measurement as high as 133°C are obtained. 

 Numerical Model of the Slow-Light π-FBG 

 Concept of Slow-light 

An ideal monochromatic light wave propagates in a medium with the phase 

velocity vp = ω0/k = c/n; where c is the speed of light in vacuum, ω0 is the angular 

frequency of monochromatic light, k is the wavenumber, and n is the refractive index 

of the medium. However, it’s impossible to have a perfect monochromatic light 

source. A practical light source gives rise to a band of frequencies (termed as the 

source bandwidth ∆ω) around the central frequency ω0. A good quality source is 

characterized with an ultra-narrow spectral bandwidth (a very high spectral purity). 

As a consequence of this, light emanated by a source is composed of large number of 

component sinusoidal waves having slightly different frequencies. While travelling in 

a non-dispersive medium (perfect vacuum) in which phase velocities of individual 

components are equal, interference of these component waves gives rise to the 

formation of wave packet (light pulse) that travels in the medium without any 
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distortion. However, in a dispersive medium (n = n(ω)) each monochromatic 

components travels at its own phase velocity, which is slightly different from the 

other. Interference of the individual components gives rise to the pulse that gets 

distorted (pulse broadening) while advancing in the medium. For the pulse whose 

bandwidth is significantly smaller than the normal dispersion regime and for 

sufficiently short propagation distances (as in the case of FBG for an example), pulse 

distortion is not too severe. In such conditions, pulse propagation is described by the 

group velocity, which is given by 
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= =   (4.1) 

where ng denotes the group-index of the medium, and is given by 
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The term dn dω  at ω0 describes the dispersive contribution to the group index. In 

a non-dispersive medium ( 0dn dω = ), group velocity is equal to the phase velocity. 

However, in a medium, which is characterized with large normal dispersion (

0dn dω � ), ng is significantly large. This leads to a much smaller group velocity 

and, hence the slow-light.  

As discussed in the introduction section, light can also be slowed down by 

exploiting periodic structured optical material within the optical fiber. One of the 

simplest ways to achieve slow-light is by employing FBG, which is characterized by 

its stop band (centered at the Bragg wavelength) in the transmission. Owing to the 

inherent advantages, especially in multi-point/quasi-distributed sensing, it is desirable 
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to create a discrete localized phase-shift in an otherwise uniform periodic structure. In 

the simplest form, it is achieved by introducing a discrete phase-step of λ/4 

(equivalently, a phase-step of π/2) at the center of uniform FBG as shown in Figure 

4.1. Introduction of this discrete phase-step results in a single ultra-narrow 

transmission peak (strong resonance), having Lorentzian line shape, within the band 

gap (stop band) of the FBG. Such FBG structure can be easily visualized as a Fabry-

Perot cavity formed by two identical FBGs having cavity length of λB/4 and the length 

of each grating section equal to L/2, where L is the total length of the grating. Light 

trapped within the cavity accumulates π-phase shift per round trip. This is the reason, 

such structures are termed as π-phase-shifted FBG or simply, π-FBG. Light at the 

resonance frequencies undergoes strong localization, which results in the slow-light.  

A convenient parameter that describes the slow-light mechanism is slowing down 

factor (SDF), which is defined as the ratio of average group velocity to group velocity 

of light in the medium [141].  

The modelling of slow-light π-FBG can be easily performed by employing 

coupled-mode theory and transfer matrix method as discussed in Chapter 2. Figure 4.2 

shows the reflectivity spectra and slowing down factor of an apodized π-phase-shift 

FBG and a zero phase-shift (apodized & uniform) FBG (AFBG). These gratings are 

considered in a Germania doped silica optical fiber with the grating parameters L = 50 

L 

λB/4 

Figure 4.1: Schematic of π-FBG. 
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mm, δn = 1.5×10-4, λB = 1550 nm and neff = 1.464. Apodization profile proposed in 

Chapter 3 (Eq. (3.1)) is employed for slow-light π-FBG as well as AFBG. For slow-

light π-FBG, loss coefficient α is taken as 0.10 m-1. As can be observed, introducing a 

phase-step of λ/4 at the center of the FBG not only opens a single ultra-narrow 

transmission resonance at the center of the reflection spectra but also increases its 

bandwidth. Further, a very large slow-down effect is observed in the case of π-FBG. 

This is depicted from the fact that a maximum slow down factor (lowest minimum 

group velocity) of 317.84 is observed for the (apodized) π-FBG in comparison to a 

slow down factor of only 1.609 for the conventional (apodized) FBG. 

 Sensitivity Characteristics of Slow-light π-FBG 

Sensitivity of slow-light π-FBG is defined as [134] 

(a) 

(b) 

Figure 4.2: (a) Reflectivity spectra of slow-light apodized π-FBG (Aπ-FBG) and 
conventional apodized FBG (AFBG) (b) slowing down factor for slow-light apodized π-
FBG (Aπ-FBG) and conventional apodized FBG (AFBG). 
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where x is the applied external perturbation, T(λ) is the wavelength dependent 

transmissivity of the characteristics Lorentzian line shaped ultra-narrow transmission 

resonance of π-FBG. Slope of the slow-light grating’s Lorentzian transmission 

resonance, ( )dT dλ λ , is observed to be maximum at 3 6
B

λ λ λ= ± ∆  with a 

maximum value of 03 3 4T λ∆ . Here, T0 is the peak transmission at the resonance 

(Bragg) wavelength and Δλ is FWHM of the Lorentzian [134]. Δλ can be related to 

the group delay τg by 2
B g

cλ λ π τ∆ = . Thus, Eq. (4.3) can be rewritten as 
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FBG is inherently sensitive to the applied strain and temperature perturbations. 

FBG sensors are also deployed for the measurement of a range of other physical 

parameters that are smartly and successfully mapped on to the strain or the 

temperature domain. The basic operational principal of FBG sensor is to monitor the 

wavelength shift with the changes in the applied strain/temperature perturbations. The 

Bragg wavelength shift is defined in Eq. (1.7) and can be reformulated as 

 ( )T B
K K Tεδλ δε δ λ= +   (4.5) 

where Kε and KT are the strain and thermal sensitivity coefficients, respectively. For 

FBG in silica fiber with λB = 1550 nm, 6 10.78 10K ε ε− −≈ × and 6 18.6 10
T

K C
− −≈ × ° . 

Thus, at constant temperature (δT = 0) the slow-light strain sensitivity is obtained as:  

 ( ) 0 06 63.182 10 3.182 10g g

B B

c T n LT
Sε

τ
λ

λ λ
− −= × = ×   (4.6) 
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where Eq. (4.4) and Eq. (4.5) are used along with the definition of group-index, ng = 

cτg/L. 

Similarly, at constant strain (δε = 0), the slow-light temperature sensitivity is 

obtained as 

 ( ) 0 05 53.508 10 3.508 10g g

T

B B

c T n LT
S

τ
λ

λ λ
− −= × = ×   (4.7) 

where again Eq. (4.4) and Eq. (4.5) are used along with the relation for group-index. 

It can be seen from Eq. (4.6) and Eq. (4.7), that the slow-light sensitivity is 

proportional to the product τgT0 or equivalently the product ngLT0, where ng is the 

group-index at the resonance wavelength. Thus, the product ngLT0 (or, τgT0) needs to 

be maximized in order to achieve maximum slow-light sensitivity. This product is 

defined as the relevant “figure of merit (FoM)” of slow-light FBG sensors.  

 Results and Discussion 

A detailed performance analysis of π-FBG that employs apodization profile 

proposed in Chapter 3 (Eq. (3.1)) is carried out in this section. To do so, optical 

characteristics, e.g., peak transmissivity and the group delay along with the sensitivity 

of π-FBG are chosen as the parameters of interest to be investigated. It’s important to 

mention that peak transmissivity, delay, and sensitivity are evaluated at the Bragg 

wavelength, λB, for π-FBG. Effect of grating length (L), index change (δn) and the 

loss coefficient (α) on the optical and the sensing characteristics of slow-light π-FBG 

is rigorously studied. For this, L is varied in the range of 10 mm – 70 mm, whereas δn 

is varied in the range of 0.5×10-4 (weak grating) – 5.0×10-4 (strong grating). Design 

(Bragg) wavelength is fixed at 1550.12 nm. CMT along with TMM is used for the 
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theoretical modelling of the grating structures. All the simulations are performed in 

MATLAB. Optimum values of the grating parameters (L, δn and α) are determined in 

order to achieve the best possible response characteristics for the slow-light π-FBG 

that would lead to an efficient quasi-distributed π-FBG based sensing network. 

Optical and sensing characteristics of apodized π-FBG are then simulated at the 

optimum values of L, δn and α. Finally, the application efficiency of the proposed 

apodized π-FBG with optimized characteristics is investigated while deploying it in a 

five-stage quasi-distributed temperature and strain sensing network. 

In order to investigate the effect of grating length (L), peak transmissivity and the 

group delay corresponding to the characteristic ultra-narrow transmission peak within 

the stop band of π-FBG are plotted as a function of L in Figure 4.3 at δn equal to 

1.5×10-4 and α equal to zero. On the other hand, effect of index-change (δn) is also 

investigated in order to seek the optimum performance for π-FBG. Peak 

transmissivity and the group-delay of π-FBG are plotted as a function of δn in Figure 

4.4 for a fixed grating length equal to 50 mm and loss coefficient equal to zero. As 

can be observed from Figure 4.3, as L increases, peak transmissivity initially 

decreases gradually till L ~ 50 nm, and then onwards, decreases rapidly before 

trending to zero at L just above 70 mm. Similar behavior is observed in Figure 4.4.  
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While increasing δn, peak transmissivity initially decreases gradually till δn ~ 1.5×10-

4, and then onwards, decreases rapidly before trending to zero at δn ~ 2.25×10-4. The 

group delay time of slow-light π-FBG shows a different pattern from the 

transmissivity. As can be observed from Figure 4.3, delay increases gradually till L ~ 

45 nm, and then onwards increases continuously and rapidly till L = 70 nm. Slightly 

different behavior is observed while increasing δn at fixed L, which is depicted in 

Figure 4.4. While increasing δn, the group delay time initially increases very slowly 
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Figure 4.4: Transmissivity and group delay vs index change for fixed L = 50 mm and α = 0. 

Figure 4.3: Transmissivity and group delay vs. grating length for fixed δn = 1.5×10-4 and α = 0. 
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till δn ~ 1.0×10-4. Then onwards it increases rapidly till δn ~ 2.25×10-4. Further 

increment in δn results in a very slow increment in the delay till δn ~ 3.0×10-4, there 

after it decreases rapidly before trending to zero at δn ~ 3.5×10-4. The observed 

behavior of the optical characteristics (transmissivity and delay) of π-FBG can be 

explained as following. Increasing the grating length at fixed δn (i.e., at fixed 

reflectivity of the corresponding FP mirrors) increases the equivalent Fabry-Perot 

(FP) cavity length of the π-FBG. On the other hand, increasing δn at fixed L enhances 

the Fabry-Perot (FP) effect within the π-FBG by increasing the reflectivity of the 

corresponding FP mirrors. Both the effects independently culminate in increasing the 

strength of the grating. For example, grating is very weak when the value of δn is 

very low (no grating when δn = 0). Increasing strength of grating results in the 

increasing intensity of the backward propagating light until it saturates near 100%. In 

other words, increasing the equivalent Fabry-Perot cavity length owing to the increase 

of L (at fixed δn) or enhancement of the Fabry-Perot effect in π-FBG owing to the 

increase of δn (at fixed L), both, result in an increase in the optical path length as well 

as the reflectivity of π-FBG. This is equivalent to the reduction in the transmissivity 

of π-FBG. As the reflectivity reaches to the saturation, transmissivity reaches to zero, 

which is observed at δn = 1.5×10-4 for L ~ 70 mm (in Figure 4.3) and at L = 50 mm 

for δn ~ 2.25×10-4 (in Figure 4.4) when α = 0. Further, as the light is trapped within 

the cavity, increased optical path length owing to the increased cavity length (while 

increasing the grating length at fixed δn) increases the group delay time as observed 

in Figure 4.3. On the other hand, increased reflectivity of the corresponding FP 

mirrors of π-FBG owing to the increased δn (at fixed L) results in the increased 

number of reflections from the mirrors and the multiple travel of light signal back and 
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forth within the cavity (π-FBG). This results in an increasing optical path length and 

hence, increasing group delay time. However, maximum value to which the 

reflectivity of the FP mirrors can reach is 1. As δn increases beyond 2.25×10-4, 

reflectivity of the FP mirrors starts approaching towards its maximum value as 

depicted from the transmissivity behavior of the π-FBG in Figure 4.4. This leads to a 

very slow increment of the optical path length beyond this value of δn as observed 

during the variation of δn within the range of ~2.25×10-4–3.0×10-4. Beyond δn 

~3.0×10-4, π-FBG becomes too strong and light seizes to penetrate the full length of 

the grating. This results in a sharp and significant reduction of the light power within 

the equivalent FP cavity of π-FBG. Naturally, this is reflected in the sharp and 

significant reduction of the delay in Figure 4.4. 

Though ignored in the case of uniform FBG, loss is another very important 

parameter that not only affects the transmission but also affects the maximum possible 

delay (slow-light effect) that can be achieved by π-FBG. The loss (manifested by the 

coefficient α) within the FBG depends upon many factors such as grating fabrication 

technique and the index change (δn). For example, loss coefficient for an apodized 

FBG written in the conventional SMF-28 fiber using femtosecond laser can be very 

low (within a range of 0.02 – 0.9 m-1) [142], whereas it can be as high as 5.8 m-1 for 

an FBG written in a H2 loaded SMF-28 fiber [83]. In order to investigate the effect of 

α, peak transmissivity and the group delay characteristic of π-FBG are plotted as a 

function of L in Figure 4.5. Here, δn is fixed at 1.5×10-4, whereas α is varied from 

0.10 m-1 to 5.80 m-1 as depicted in the figure.  Simulated results clearly depict that 

loss not only reduces the transmissivity but also induces a significant reduction in the 

achievable group delay. In addition, increasing α results in (a) the transmissivity 
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trending to zero at shorter grating lengths and (b) significant reduction in the 

incremental rate and then the saturation of the delay. However, increasing loss 

coefficient results in an increasing loss of the optical signal that shuttles back and 

forth within the grating. This weakens the optical power gradually and hence, the 

transmissivity as well as the group delay. Further, in the absence of loss, group-index 

(ng) increase with the grating length. Because of the influence of finite loss, group-

index seizes to increase indefinitely with the length. Rather, it reaches to maximum at 

an optimum grating length and then onwards decreases with the grating length [83]. 

Beyond a certain value of L, the product L×ng becomes invariant and hence, the group 

delay constant. Grating length at which saturation of the delay is observed varies with 

the loss coefficient as depicted in Figure 4.5.  

In the next part of the study, effect of grating length (L), index change (Δn) and 

loss coefficient (α) on the sensitivity of slow-light π-FBG are investigated. As 

explained in Section 4.2.2, sensitivity of slow-light π-FBG is directly proportional to 

the FoM (given by the product τgT0). In order to achieve maximum slow-light 

sensitivity, FoM needs to be optimized. In order to do so, simulated values of FoM are 

0

10

20

30

40

50

60

70

80

90

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

10 15 20 25 30 35 40 45 50 55 60 65 70

D
el

a
y
 (

n
s)

T
ra

n
sm

is
si

v
it

y

Grating Length (mm)

α = 0.10

α = 0.12

α = 0.40

α = 0.50

α = 1.0

α = 1.14

α = 3.70

α = 5.80

Figure 4.5: Transmissivity and delay vs grating length with different loss coefficients and fixed δn = 
1.5 ×10-4. 
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plotted as a function of L in Figure 4.6 for the constant values of δn (= 1.5×10-4) and 

α (= 0). On the other hand, Figure 4.8 illustrates simulated values of FoM as a 

function of δn for the constant values of L (= 50 mm) and α (= 0). As can be observed 

from Figure 4.6, while increasing L, FoM increases gradually, reaches its maximum at 

the grating length of 60 mm and then decreases. Similar behavior is observed in 

Figure 4.7. While increasing δn, FoM increases gradually, reaches its maximum at δn 

equal to 1.8×10-4 and then decreases. Behavior of FoM against increasing L and δn 

can be easily understood from the behavior of T0 and τg in Figure 4.3 and Figure 4.4. 

Product of T0 and τg is maximum at the grating length of 60 mm (while δn is fixed at 

1.5×10-4) (Figure 4.3); whereas, it is maximum at the index-change of 1.5×10-4 (while 

L is fixed at 50 mm) (Figure 4.4). 

 

In order to investigate the effect of α, first, FoM of π-FBG is plotted as a function 

of δn in Figure 4.8. Here, L is fixed at 50 mm, whereas α is varied from 0.10 m-1 to 

5.80 m-1. Comparing the results plotted in Figure 4.8 with the results plotted in Figure 

4.7 (α = 0), loss not only substantially reduces the maximum achievable FoM but 
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Figure 4.6: FoM vs grating length for δn = 1.5×10-4 and α = 0. 
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shifts the value of δn at which maximum FoM is obtained to the lower values. For 

maximum sensitivity, FoM must be highest. Most challenging aspect to attain this 

objective is to maintain the loss coefficient as low as possible while optimizing FBG 

as can be observed from Figure 4.8. The lowest loss coefficient, practically achieved 

and reported in the literature, is 0.10 m-1 [134]. Fixing the loss at this minimum value, 

δn at which FoM is maximum is observed to be 1.5×10-4 (Figure 4.8). This value of 

δn is used while optimizing the grating length in order to achieve maximum FoM. To 

0

10

20

30

40

50

60

70

80

90

100

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

F
o
M

 (
n

s)

Index Change (×10-4)

Figure 4.7: FoM vs index change for L = 50 mm and α = 0. 

Figure 4.8: FoM vs index change with different loss coefficients and L = 50 mm. 

0

2

4

6

8

10

12

14

16

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

F
o
M

 (
n

s)

Index Change (×10-4)

α=0.1

α=0.12

α=0.4

α=0.5

α=1

α=1.14

α=3.7

α=5.8

TH-2634_126102017



 

91 
 

do so, FoM of π-FBG is plotted as a function of L in Figure 4.9. Here, δn is fixed at 

1.5×10-4 whereas α is varied from 0.10 m-1 to 5.80 m-1. Comparing the results plotted 

in Figure 4.9 with the results plotted in Figure 4.6 (α = 0), once again loss not only 

reduces the maximum achievable FoM but shifts the optimum grating length towards 

the smaller value at which FoM is maximum. This is obvious in the light of results 

obtained in Figure 4.5. On the basis of observations made here, optimum grating 

parameters are fixed at grating length equal to 50 mm, index change equal to 1.5×10-4 

and α equal to 0.10 m-1. As can be observed from Figure 4.9, maximum FoM of 

13.5361 ns is obtained at these optimum grating parameters. 

Optical and sensing characteristics of π-FBG are then simulated at the optimum 

values of L (= 50 mm), δn (= 1.5×10-4), and α (= 0.10 m-1). Simulated characteristics 

are shown in Figure 4.10. Proposed slow-light π-FBG is characterized with the peak 

transmissivity of 0.424, maximum delay of 31.95 ns, the strain sensitivity of 8.380 με-

1, and the temperature sensitivity of 91.064°C-1. In comparison to the reported highest 

strain and temperature sensitivities (4.0 (με)-1 [135] and 22.1°C-1 [134] respectively), 

strain sensitivity enhancement of more than two-fold and temperature sensitivity 
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enhancement of more than four-fold are achieved by the proposed slow-light π-FBG. 

Further, the FWHM of the characteristic’s transmission peak (pass band) of the 

proposed slow-light π-FBG is observed to be 0.0798 pm as against the overall FWHM 

of 0.2245 nm for its stop band. 

 Quasi-distributed Sensing Application 

Slow-light π-FBG with novel apodization profile of Eq. (3.1) and the optimized 

grating parameters (L = 50 mm, and δn = 1.5×10-4 and α = 0.10 m-1) is used in this 

part of the study. With the promising charactersitics depicted in the previous sections, 

this slow-light π-FBG is employed in a five-stage quasi-distributed temperature and 

strain sensing network to analyze its application efficiency. The five-stage quasi-

distributed network is constructed employing five π-FBGs with distinct peak 

resonance wavelengths as λB1 = 1546.12 nm, λB2 = 1548.11 nm, λB3 = 1550.12 nm, 

λB4 = 1552.12 nm and λB5 = 1554.13 nm. Once again, the spacing of ~2 nm (250 

GHz) between the adjacent resonance wavelengths is chosen as per the ITU-T C-band 

grid recommendations. Figure 4.11 (a) shows the transmission spectrum of this five- 

Figure 4.10: Optical and sensing spectra of optimized slow-light π-FBG. 
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stage quasi-distributed sensing network without any external perturbation applied to 

any one of the grating. Figure 4.11(b) depicts the strain sensitivity spectrum 

calculated using Eq. (4.6). 

Now strain/temperature perturbations are applied only to the third sensor (λB3 = 

1550.12 nm) of this network, keeping other π-FBG sensors free from any external 

perturbations. Applied strain/temperature perturbations result in the red-shift for λB3. 

Maximum permitted red-shift and that ways, maximum applied and still measurable 

strain/temperature (dynamic range of the measurement) is dictated by the resolution 

of transmission spectra of the adjacent sensors (π-FBG3 and π-FBG4 in this case). As 

per the Rayleigh’s criterion, maximum permissible red shift for a given π-FBG will be 

dictated by the difference of wavelength-spacing between the two adjacent gratings 

and their individual FWHM. With the wavelength-spacing of 2 nm and the FWHM of 

0.2245 nm for each π-FBG, maximum allowable red shift is observed to be 1.7755 

nm. For this wavelength shift, maximum applied strain and temperature that can be 

accurately measured are obtained as 1469µε and 133°C respectively. This is 

illustrated in Figure 4.12 for applied strain perturbations. The transmissivity spectrum 

(a) 

(b) 

Figure 4.11: (a) Transmission and (b) strain- sensitivity spectra of the proposed slow-
light π-FBG in a five-stage quasi-distributed sensing network. 
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is very complicated, while the strain sensitivity spectrum shows two sharp and distinct 

sensitivity peaks. However, the two sensitivity peaks are not equal, as shown in 

Figure 4.12 (b). It’s important to highlight that the factor dλ/dε in sensitivity 

expression of show-light grating sensor (Eq. (4.3)) depends, in general, only on the 

fiber material and thus, is a constant. Hence, the transmission resonance 

characteristics (depicted by dT/dλ), which is proportional to the product τgT0, plays a 

critical role in defining the sensitivity of the sensor. Applied strain modulates L and 

δn of the π-FBG, which results in the modulation of transmission and the slow-light 

characteristics of the 3rd π-FBG sensor, yielding an enhanced value of τgT0 and hence, 

higher sensitivity peak.  

Moreover, the slow-light sensitivity peak is free from the side-lobes, which 

negates the requirement of the guard band while analyzing the response of the 

adjacent sensors in the network. This is an additional advantage of slow-light π-FBG 

based sensing network over the conventional apodized FBG based sensing networks. 

Furthermore, employing a measurement system having sufficiently wide spectral 

range will enable the broadening of the FBGs grid (inter-channel spacing) and hence a 

Figure 4.12: Quasi-distributed sensing of optimized slow-light π-FBG with applied strain
of 1469 με to the third sensor only. 

(a) 

(b) 
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larger dynamic range for the system. 

 Summary 

Phase-shifted gratings provide a greater active control on the velocity of the 

optical signal. This results in achieving a far better sensitivity and resolution while 

designing sensing applications. In this chapter, optical (transmissivity and delay) and 

sensing characteristics of slow-light π-FBG are theoretically investigated. The 

motivation behind the research investigation is to develop an efficient all-optical 

quasi-distributed sensing network based on slow-light π-FBG and to analyze its 

response characteristics. To do so, optical characteristics of slow-light π-FBG are 

optimized with respect to the grating parameters (δn, L, α and the apodization 

profile). Apodization profile proposed in Chapter 3 is employed to design π-FBG. 

Sensitivity of slow-light grating depends on the peak transmissivity and the group 

delay. The optimum grating parameters for which the slow-light π-FBG shows 

maximum transmissivity and delay are obtained as L= 50 mm, ∆n = 1.5×10-4, and α = 

0.10 m-1. At these parameters, proposed slow-light π-FBG is characterized with peak 

transmissivity of 0.424 and maximum delay of 31.95 ns. Further, strain sensitivity as 

high as 8.380 με-1 and temperature sensitivity as high as 91.064°C-1 are achieved for 

the optimized π-FBG. In comparison to the highest sensitivities reported in the 

literature, strain sensitivity enhancement of more than two-fold and temperature 

sensitivity enhancement of more than four-fold are achieved by the proposed 

optimized π-FBG. Further, the FWHM of the characteristic transmission peak is 

observed to be 0.0798 pm as against the overall FWHM of 0.2245 nm for its stop 

band. Finally, the slow-light π-FBG with optimized optical and sensing characteristics 

is employed in a five-stage quasi-distributed strain and temperature sensing network 
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to analyze its application efficiency. Dynamic range for the strain measurement as 

high as 1469µε and for the temperature measurement as high as 133°C are obtained. 
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 : Design and Analysis of Highly Sensitive 

Ultrasonic Acoustic Sensor based on π-FBG and 

Mach-Zehnder Interferometer 

A π-phase-shifted fiber Bragg grating (π-FBG) shows high sensitivity to the 

ultrasonic (US) wave as compared to the conventional FBG due to the strong slow-

light phenomenon at the resonance peak. However, its sensitivity is limited by the 

applied interrogation schemes. In this chapter, a combination of π-FBG and 

unbalanced fiber Mach-Zehnder interferometer (F-MZI) is theoretically analyzed and 

optimized for the highly sensitive acoustic sensing applications. Proposed sensing 

system strongly supports both time and wavelength division multiplexing techniques. 

Section 5.1 presents the general introduction and a review of the ultrasonic optical 

fiber sensors. Theoretical modelling of the highly sensitive acoustic sensing system is 

described in section 5.2. Section 5.3 present the result and discussion and finally 

summary of the chapter is presented in section 5.4. 

 Introduction 

Ultrasonic structural health monitoring (SHM) is an effective tool for inside 

damage of structure by analyzing the time of flight, attenuation, mode conversation, 

etc. It detects ultrasonic signals that propagate over a long distance within a structure. 

Over the past few decades, piezoelectric transducer (PZT) is heavily deployed as the 

most common device for ultrasonic generation as well as ultrasonic detection [143]. 

However, major limitation of this device is performance degradation in harsh 

environments, sensitivity to electromagnetic interferences, and incapability of remote 

sensing and multiplexing. Therefore, during the last few years, fiber-optic ultrasonic 

sensors have attracted massive attention in various real-field applications including, 
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but not limited to, structural health monitoring (SHM) of civil infrastructures, 

aerospace structures, medical diagnostic to name a few. Various fiber-optic ultrasonic 

sensors for localized applications as well as for quasi-distributed/distributed sensing 

applications have been reported in the literature [7, 112]. Among these, fiber Bragg 

grating (FBG) based ultrasonic sensors are mostly used to detect ultrasonic wave in 

SHM [143]. Reason for the preference of FBG sensor is its inherent features, such as, 

small size, durability, excellent multiplexing and embedding capabilities. 

The working principle of most of the FBG acoustic sensors is based on 

wavelength modulation in which the dynamic ultrasonic strain wave shifts the Bragg 

wavelength. However, it is established by theoretical and experimental studies that 

FBG is hardly sensitive to the ultrasonic (US) wave when the acoustic wavelength is 

smaller than the grating length [45]. The optimal grating length for the ultrasonic (US) 

wave detection must be shorter than 1/7 of the acoustic wavelength [144]. Therefore, 

for the high frequency acoustic ultrasonic wave detection, a short length FBG is 

needed. However, the short length gratings (weak gratings) suffer from low detection 

sensitivity due to their reduced peak reflectivity and very moderate reflectivity slope. 

Recently, Liang et al. proposed the novel side-lobe modulation for high frequencies of 

ultrasonic waves [145]. However, this method requires detection of very weak optical 

signal since the optical power of the side-lobe used to be much lower than the power 

at Bragg wavelength. This also limits the achievable sensitivity. A sensor having high 

sensitivity along with a broad bandwidth would be of extreme importance for 

ultrasonic detection. 

As discussed in Chapter 4, spectrum of π-FBG shows a characteristic single ultra-

narrow transmission peak (strong resonance) in the middle of the stop band, whose 

slope is much steeper than that of the spectrum of conventional FBG. Light at these 
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resonance frequencies undergoes strong localization centered on the phase shift, 

which allows to achieve very small sensing length. Additionally, the resonance 

frequencies exhibit slow-light effect arising from the significantly higher group delay. 

As already highlighted in the previous chapter, if π-FBG is exploited for the sensing 

applications, much steeper slope of its single pass band will result in an extraordinary 

enhancement of the sensitivity. Therefore, in recent years, several sensors based on π-

FBG have been proposed for ultrasonic detection [146, 147, 148, 149, 150]. Rosenthal 

et.al., achieved 10 MHz bandwidth of ultrasonic detection by tuning a CW laser to the 

maximum slope of the π-FBG resonance and monitoring the reflected intensity by a 

single photodetector [146]. To minimize the laser intensity noise and to further 

improve the sensitivity, π-FBG ultrasonic sensor based on Pound-Drever-Hall (PDH) 

technique was used in [147]. However, this technique requires a tight wavelength 

tracking for locking the tunable laser source (TLS) frequency to the resonance center 

or to the midpoint of the linear region in the π-FBG spectra, which makes it very 

expensive and complicated. A balanced photodetector-based interrogation technique, 

which is immune to the laser intensity noise was reported in [148]. However, 

sensitivity is limited by the laser frequency noise and photodetector noise in this 

technique. Hu et al. [149] presented a sensing scheme that employed π-FBG and an 

imbalanced fiber-optic Michelson interferometer as a reference channel. This scheme 

offered the potential of multiplexing acoustic sensor systems. A noise reduction ratio 

of more than 20 dB was achieved. An ultrasonic sensor employing two cascaded π-

FBGs and broadband source (BBS) that provided multiplexing capability was 

demonstrated in [150]. Proposed system offered high sensitivity and broad bandwidth 

for detecting weak high-frequency ultrasonic waves; however, noise of the system 

limited the performance. 
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Interferometric interrogation scheme that employs unbalanced fiber Mach-

Zehnder interferometer (F-MZI) offers high resolution, high sensitivity and broad 

bandwidth for dynamic measurement of strain modulations [140]. In this scheme, 

reflected signal from the grating structure which is modulated by the applied 

perturbation (and hence shifted from λB by Δλ) is sent through the path-imbalanced F-

MZI. F-MZI converts this shift in the wavelength into a change in the intensity, which 

is proportional to Δλ and path mismatch d. Therefore, the sensitivity of this scheme 

can be increased by increasing d. However, the maximum path-length mismatch 

cannot exceed the coherence length of the signal in the fiber. This coherence length is 

inversely proportional to the bandwidth of the reflected signal from the FBG [151]. 

An F-MZI shows the limited sensitivity with the conventional FBGs due to their 

broader bandwidth (>80 pm).  

In this chapter, an ultrasonic acoustic sensor based on π-FBG and F-MZI 

interrogation scheme is theoretically analyzed and optimized for ultrasonic acoustic 

sensing application. In order to do so, optical characteristics of π-FBG are optimized 

for ultrasonic acoustic sensing application w.r.t. grating parameters, grating length (L) 

and index change (δn). In most of the practical applications, the grating length of 5 

mm is used [148, 150]. On the other hand, optimization of index change is done while 

considering the optical path difference (OPD) of F-MZI, which is a product of the 

refractive index of fiber and path-length mismatch. The optimum index change is 

taken as 1.2×10-3 in the present study. For the optimum grating parameters (L = 5 mm 

and Δn = 1.2×10-3), π-FBG is characterized by the peak transmissivity of 0.985 and 

FWHM of 0.012 pm. The OPD of F-MZI is calculated as 76.1 m for the given 

FWHM. A high strain sensitivity of 1.2321×108/ε and a high strain resolution of 4.1 

fε/√Hz are achieved for the proposed sensing system. The achieved strain resolution 
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of the proposed sensing system is much better than 7.3 fε/√Hz of [152] and provides a 

wavelength shift resolution of 4.9×10-9 pm. Best wavelength shift resolution reported 

for the acoustic-emission sensor based on π-FBG and Michelson interferometer is 

3.7×10-3 pm [149]. Proposed sensing system shows a much better wavelength 

resolution than reported in [149]. Further, the intensity noise of BLS in the proposed 

sensing system can be easily eliminated by using a dual-channel F-MZI configuration 

[153]. 

 Theoretical Modelling 

 Acoustic-Ultrasonic Wave Modelling 

Acoustic emission is a transient ultrasonic wave with frequencies typically 

varying from 100 kHz to 1 MHz. Damage-related structural changes, such as, surface 

degradation, defect initiation, crack growth, etc. lead to the generation of acoustic 

emission [149]. A longitudinal ultrasonic (US) acoustic wave can be considered as a 

longitudinal strain wave propagating along the fiber axis z, whose sinusoidal time 

dependence can be given as [30]  

 ( ) 2
, cosm S

S

z t z t
π

ε ε ω
λ

 
= − 

 
  (5.1) 

where εm is the US acoustic strain field amplitude normalized to the US acoustic 

wavenumber 2π/λS. λS and ωS are wavelength and angular frequency of US acoustic 

wave, respectively.  

When longitudinal US acoustic wave, as described by Eq. (5.1), propagates 

through the FBG, it changes (a) the effective refractive index due to the elasto-optic 

effect, termed as optical contribution and (b) period of the grating due to the 

mechanical effect, termed as geometrical contribution. Due to the later contribution, a 
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given point (0, 0, z) within the grating is translated to a new position (0, 0, z’) along 

the grating. This new position is given by [30] 

 ( ) ( ) ( )'

0

2
, sin sin

2

z

s
m s s

s

z f z t z d z z t t
λ π

ε ξ ξ ε ω ω
π λ
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= = + = + − +  

  
∫   (5.2) 

On the other hand, the change in the optical indicatrix (1/n2) due to the elasto-optics 

effect while applying strain is given as [7]  
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Here, pij is the strain-optic tensor and Sj is the strain vector. For the optical fiber, 

which is homogeneous and isotropic, pij is given by 
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Whereas, for an applied longitudinal strain ε, strain vector Sj is given by 
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Here, ν  is the Poisson’s ratio. Further, change in the indicatrix can be related to a 

change in the refractive index δn by [7] 
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  (5.6) 

In the absence of shear strain, change in the refractive index can be obtained by 

solving above mentioned equations. This change in the refractive index is given as: 
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Thus, the effective refractive index modulation due to the action of US wave is 

rewritten as: 
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  (5.8) 

Once, the effective refractive index modulation is defined, the 

transmissivity/reflectivity characteristics of π-FBG under ultrasonic wave can be 

obtained by solving the CMT and TMM. 

 Sensor System Modelling 

The schematic diagram of the proposed sensing system is shown in Figure 5.1. 

The transmitted spectrum of π-FBG is shown in the inset at the left-bottom of Figure 

5.1. Proposed scheme exploits the characteristic single ultra-narrow transmission peak 

(strong resonance) in the middle of the stop band of π-FBG for sensing purpose. To 

apply the sensing mechanism, this ultra-narrow transmission peak needs to be filtered. 

Optical filtering of the ultra-narrow transmission peak in the transmitted spectrum of 

π-FBG is performed by suitably using an optimized apodized FBG (AFBG). 

Reflection spectrum of this AFBG filter is shown in the inset at the left-top of Figure 
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5.1. A chirped FBG can also be used as a filter owing to its top-hat reflection 

spectrum. However, the (relatively small) chirp rate and an appropriate grating length 

should be chosen to ensure high reflection coefficient and desired spectral width. 

Output of a broadband light source (BLS) is fed to the π-FBG sensor. Transmitted 

light signal from π-FBG sensor is then fed to an AFBG filter through a circulator. If 

the design parameters such as bandwidth, central wavelength and δn are suitably 

chosen, then the reflected light from the filter will retain only the central ultra-narrow 

transmission peak as depicted across the port “3” of the circulator in Figure 5.1. The 

filtered peak retains the entire characteristics of π-FBG and act as source input to the 

interferometer for high resolution measurement. 

When the ultrasonic wave is applied to the system, output filtered power at the 

port “3” of the circulator is given as: 

 ( ) ( ) ( )0filter out sensor AFBG
P P T R dπλ λ λ λ− −= ∫   (5.9) 

where P0 is the broadband light source (BLS) output optical power, Tπ-sensor denotes 

Figure 5.1: Schematic of π-FBG ultrasonic acoustic sensor using interferometric interrogation 
technique. 
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the transmissivity of the π-FBG sensor, and RAFBG is the reflectivity of AFBG filter. 

The F-MZI output power is the coherent sum of fields traveling in lower and upper 

arms. For the ideal 50% coupling at both F-MZI couplers, the output power is given 

by  

 ( )( )( )0.5 1 cosfilter outP P ψ λ φ−= + +   (5.10) 

where ( ) 2 ndψ λ π λ=  is the phase difference due to the path-length mismatch 

/imbalance of F-MZI; d is the path-length mismatch between the two fiber arms of F-

MZI; n is the effective mode index in the fiber; and ϕ is a bias phase offset of the F-

MZI. The F-MZI sensitivity is maximum for the phase bias of π/2. For the ultrasonic 

strain perturbation, it’s the second term of Eq. (5.10) that is detected at the output of 

the sensor. Thus, Eq. (5.10) under the small ψ(λ) approximation and ignoring the 

negative sign, becomes 

 ( )0.5
filter out

P P ψ λ−=   (5.11) 

Phase of the F-MZI changes due to the modulation of Bragg wavelength of π-FBG by 

ultrasonic strain wave. This change in the phase of F-MZI can be described as: 

 ( ) 2

2
B

ndπ
ψ λ λ

λ
∆ = ∆   (5.12) 

where ΔλB is the change in Bragg wavelength due to ultrasonic acoustic waves. The 

product nd is known as the optical path difference (OPD). For the maximum 

sensitivity, the optimum OPD satisfies the condition: 2.355OPD kδ× =  [151]. Here 

δk is the spectral bandwidth of optical signal fed to the F-MZI. 

Finally, the grating response to the longitudinal ultrasonic (US) perturbation needs 

to be quantified in terms of the sensitivity of the system. It has been shown that the 
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amplitude of Bragg wavelength modulation (δλUS) due to the US-induced strain wave 

depends on the ratio of US wavelength to the grating length (λS/L) and the strain wave 

amplitude (εm). Thus, Bragg wavelength shift sensitivity (Sλ) can be defined as [30]  

 ( ) ( )
0

,
, US S m

S m

B m

L
S Lλ

δλ λ ε
λ ε

λ ε
=   (5.13) 

On the other hand, normalized power sensitivity of the sensor system towards the 

ultrasonic acoustic strain field (Sε) can be derived as 
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dP dP d d nd
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P d P d d d
ε

ψ λ π
λ

ε ψ λ ε λ− −

= = =   (5.14) 

 Numerical Results and Discussion 

As the OPD plays a critically important role in the proposed sensing scheme, π-

FBG is optimized to achieve optimum OPD for the F-MZI. As already highlighted in 

the previous section of this chapter, proposed scheme converts the wavelength shift 

(Δλ) resulting from the applied perturbation into a relative intensity change, which is 

proportional to Δλ and path mismatch d within F-MZI. OPD of the F-MZI is a product 

of the refractive index of fiber and d. Therefore, the sensitivity of this scheme can be 

increased by increasing the OPD. However, the maximum path-length mismatch 

cannot exceed the coherence length of the signal in the fiber, which limits the 

maximum achievable OPD. This coherence length is inversely proportional to the 

bandwidth of the reflected signal from the FBG. Thus, wider the bandwidth of the 

reflected signal from the grating, the lower will be the coherence length and hence, 

the effective and achievable OPD. As the reflected signal is the central characteristic 

ultra-narrow transmission peak, π-FBG used in the present work is considered to be 

lossless in the light of the physics discussed in the previous chapter. 
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The typical length of grating is taken as 5 mm, which is commonly used in most 

of the studies reported in the literature. Figure 5.2 shows the change in the resonance 

peak transmissivity of π-FBG as a function of index change. As the index change 

increases, transmissivity decreases. As explained in the previous chapter, increasing 

δn at fixed L enhances the Fabry-Perot effect within π-FBG. These results in the 

increased strength of the grating, thereby, increased reflectivity and equivalently 

decreased transmissivity. For better detection or signal to noise ratio, the resonance 

peak transmissivity must be as high as possible [149]. 

Bandwidth of the signal reflected from the AFBG reflector of the F-MZI, that is 

FWHM of the transmission resonance peak, which plays a critical role in achieving 

higher sensitivity is plotted as a function of index change in Figure 5.3. As can be 

observed from the figure, FWHM decreases linearly on a logarithmic scale as δn 

increases.  

 

Figure 5.2: Transmissivity vs. index change for fixed L = 5 mm (inset figure shows the 
peak transmissivity of π-FBG at Bragg wavelength). 
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To investigate the effect δn, OPD is plotted as a function of index change in 

Figure 5.4. As can be observed from the figure, OPD increases linearly on the 

logarithmic scale as δn increases. To the best of author knowledge, a maximum OPD 

of 96 m was used in a fiber laser-based F-MZI sensor system [152]. Considering this 

as the maximum limit of OPD, corresponding index change of 1.2×10-3 is obtained 

from Figure 5.4. Considering the selected values of grating parameters L = 5 mm and 

Figure 5.3: FWHM of resonance peak of π-FBG vs. index change for fixed L = 5 mm (inset 
figure shows the FWHM of π-FBG at Bragg wavelength). 

Figure 5.4: OPD of F-MZI vs index change. 
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δn = 1.2×10-3 as the optimum grating parameters, peak transmissivity and FWHM for 

π-FBG are calculated as 0.985 and 0.012 pm, respectively. For this value of FWHM, 

OPD of F-MZI employing the optimized π-FBG is calculated as 76.1 m. 

Bragg wavelength shift sensitivity, Sλ, is plotted as a function of λS/L for the 

optimized π-FBG in Figure 5.5. In order to simulate the Bragg wavelength shift 

sensitivity characteristics, the amplitude of US-induced strain wave is taken as 100 

με. As can be observed from Figure 5.5, wavelength shift sensitivity for the optimized 

π-FBG approaches maximum and then attains a constant sensitivity for λS/L>2. The 

grating length (L) at which maximum sensitivity Sλ is observed in the present study is 

five times lower than the grating length at which maximum Sλ is achieved in [30] and 

3.5 times lower than the length reported in [144]. 

Next, the simulated strain sensitivity of F-MZI, Sε , is plotted in Figure 5.6. The 

strain sensitivity is evaluated for the optimized OPD of 76.1 m. As can be observed, 

the maximum strain sensitivity of 1.21321×108/ε is obtained for λS/L>2. The 

maximum phase sensitivity (δψ/δε) that corresponds to the maximum strain sensitivity 

Figure 5.5: Bragg wavelength shift sensitivity of π-FBG, Sλ vs. the US wavelength for the 
strain amplitude of 100 με. 
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is calculated as 240 rad/με. Considering the high-resolution dynamic phase shift of 1 

μrad/√Hz for F-MZI [151] and observed phase sensitivity, a high dynamic strain 

resolution of 4.1 fε/√Hz is observed for the present sensor system. The strain 

resolution of the proposed sensing system is nearly half as compared to the strain 

resolution of 7.3 fε/√Hz for the fiber laser sensor reported in [152]. Further, for the 

achieved strain resolution of 4.1 fε, a wavelength shift resolution of 4.92×10-9 pm is 

easily obtained. A wavelength shift resolution of 3.7×10-3 pm is reported in [149] for 

the acoustic-emission sensor based on π-FBG and Michelson interferometer. The 

proposed sensor shows a much better wavelength resolution than that presented in 

[149]. 

Finally, to depict the other aspects of the proposed sensing system, Bragg 

wavelength shift and the wavelength-shift sensitivity, Sλ, for the optimized π-FBG is 

plotted as a function of US acoustic strain amplitudes in Figure 5.7. The ratio λS/L is 

taken as 3. Bragg wavelength shifts linearly with the strain amplitude with a slope of 

1.2 pm/με. However, a constant value of 0.774 is obtained for Sλ. The result shows 

Figure 5.6: Strain sensitivity of π-FBG, Sε vs. the US wavelength for the strain amplitude 
of 100 με. 
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that for the ratio λS/L>2, the proposed π-FBG experiences uniform distribution of 

strain along the grating length. 

As previously discussed, to filter out the resonance peak of π-FBG, a suitable 

apodized FBG filter is required. Apodization profile proposed in Eq. (3.1) is used for 

designing the AFBG filter to be employed in the present sensor system. For this 

AFBG, the grating parameters are taken as L = 10 mm, and δn = 7×10-4. Simulated 

spectrum of the designed AFBG filter is depicted in the top-left corner of Figure 5.1. 

The flat-topped bandwidth of the AFBG filter is observed to be 0.51 nm, which is 

capable filtering the resonance peak for ±200 με US strain amplitudes. 

 Summary 

In this chapter, a combination of π-FBG and unbalanced fiber Mach-Zehnder 

interferometer (F-MZI) is theoretically analyzed and optimized for the highly 

sensitive ultrasonic acoustic sensing applications. Numerical investigations show that 

π-FBG ultrasonic sensor exhibits better sensitivity at high frequency as compared to 

the conventional FBGs ultrasonic sensors. This is because of the fact that light at the 

resonance frequencies of the strong ultra-narrow transmission peak within the stop 

Figure 5.7: The Bragg wavelength-shift and sensitivity of optimized π-FBG vs. strain. 
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band of π-FBG undergoes strong localization resulting in a significantly higher group 

delay and hence, the sensitivity. Optical characteristics of π-FBG are optimized for 

ultrasonic acoustic sensing application w.r.t. L and δn. Further the sensor 

characteristics are optimized w.r.t. the optical path difference (OPD) of F-MZI. 

Proposed sensing system shows the theoretical highest strain sensitivity of 

1.21321×108/ε and a theoretical dynamic strain resolution of 4.1 fε/√Hz. The achieved 

strain resolution provides a theoretical wavelength shift resolution of 4.9×10-9 pm, 

which is much better than the reported values in the literature. The achieved strain 

resolution provides a wavelength shift resolution of 4.9×10-9 pm, which is far better 

than reported in the literature. The strain sensitivity, resolution, and wavelength-shift 

sensitivity of the proposed sensing system can further be enhanced by increasing the 

path mismatch of F-MZI to the coherent length, 2
eff

nλ δλ , where δλ is spectral 

bandwidth of transmission resonance peak of π-FBG. Moreover, the proposed sensing 

system strongly supports both time and wavelength division multiplexing techniques. 

Therefore, the proposed sensing system shows extreme importance in single as well 

as quasi-distributed US acoustic wave sensing networks. 
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 : Conclusions and Scope for Future Work 

In this chapter, conclusions of the various studies and investigations that were 

carried out in the thesis are presented. Furthermore, possible works that can be carried 

out in the future as a contribution of the present work are highlighted.  

 Conclusion 

Fiber Bragg grating (FBG) based WDM sensing networks have become integral 

part of various engineering applications, including but not limited to civil, 

mechanical, aeronautical and environmental engineering. Multi-point sensing with 

accurate and reliable feedback is very crucial in all such applications, which is 

established in Chapter 1, which also presents in-depth review of the current state-of-

the-art research progress and issues to be addressed. As highlighted, number of 

sensors in the WDM sensing system is limited by the bandwidth of the light source, 

dynamic range and the optical characteristics of each FBG sensor, which heavily 

affects the design and implementation of quasi-distributed all-optical sensing network. 

Ultra-narrow FWHM and greater degree of SLSR are the two most critically 

important factors among the other that are key to realize an efficient and optimized 

WDM/quasi-distributed sensing network. In this thesis, novel FBG structures are 

proposed for its efficient application in quasi-distributed sensing network and to 

enhance the sensing capabilities. Primary focus of the research is to achieve higher 

sensing efficiency, sensitivity, measurement accuracy and the dynamic range of the 

measurement in individual/distributed sensing application. Rigorous theoretical study 

and analysis for (a) the optimization of optical and sensing characteristics of FBG 

sensor and (b) its response-characteristics in quasi-distributed sensing network are 

carried out. Foundation of the theoretical aspect and techniques require for 
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numerically analyze the response characteristics of grating structure is presented in 

Chapter 2.  

A novel symmetrical apodization profile for tailoring FBG that predominantly 

focuses on to achieve higher degree of SLSR without much compromise at the 

reflectivity and FWHM, thus facilitating high SNR and minimum channel-cross-talk 

is proposed to design FBG for efficient quasi-distributed sensing application in 

Chapter 3. A rigorous optimization and comparative analysis is carried out in order to 

investigate the merits of the proposed apodization profile over to the elite apodization 

profiles. Best side-lobe suppression characteristics along with a FWHM of 0.14 nm (< 

0.2 nm) and reflectivity of 0.607 (> 0.5) are observed for the proposed grating at 

optimized parameters (10 mm grating length and 0.9×10-4 index-change). While 

deploying the proposed grating in a five-stage quasi-distributed sensing network, 

dynamic range as high as 131.6°C for temperature and as high as 1450µε for strain 

measurement are obtained. Further, an isolation of 10.07 dB and the total isolation of 

33.818 dB, highest among the other apodization profiles recently reported in the 

literature, are observed for the proposed FBG. These results depict that the proposed 

apodized grating exhibits optimum optical characteristics of grating, and when 

deployed in a quasi-distributed sensing network it results in an optimum guard band 

requirement – leading to the highest possible isolation between the adjacent sensors as 

in comparison to the other apodization profiles proposed in the literature. 

Phase-shifted gratings provide a greater active control on the light confinement 

and the resulting group delay. This result in achieving a far better sensitivity and 

resolution while designing sensing applications based on such grating structures. In 

order to further enhance the sensing efficiency, slow-light π-FBG based quasi-

distributed sensing network is proposed in Chapter 4. A novel π-FBG is designed by 
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optimizing its optical (peak transmissivity and the group delay) and sensing 

characteristics with respect to the grating parameters (length, index-change, loss and 

apodization). Strain sensitivity as high as 8.380 (με)-1 and temperature sensitivity as 

high as 91.064°C-1 are achieved for the optimized π-FBG. Observed sensitivities are 

manifold higher than the maximum sensitivities reported in the literature. Optimized 

slow-light π-FBG is employed in a five-stage quasi-distributed sensing network. 

Dynamic range for the strain measurement as high as 1469µε and for the temperature 

measurement as high as 133°C are obtained.  

Finally, highly sensitive ultrasonic acoustic sensing system is developed in 

Chapter 5 by employing π-FBG and unbalanced fiber Mach-Zehnder interferometer. 

Characteristics of π-FBG are optimized for ultrasonic signal detection. At optimum 

grating parameters, peak transmissivity of 0.985 and FWHM of 0.012 pm are 

achieved for π-FBG. Further, strain sensitivity as high as 1.21321×108/ε and 

resolution as high as 4.1 fε/√Hz are achieved from the proposed sensor. Observed 

strain sensitivity and resolution are much better than the best reported in the literature.  

 Future Research Work 

Multi-point sensing in the form of quasi-distributed sensing network is realized 

and theoretically investigated with an objective to achieve higher sensing efficiency, 

sensitivity, measurement accuracy and the dynamic range of the measurement. 

Grating structure in the form of uniquely apodized FBG and π-FBG are designed for 

the theoretical investigation not only to achieve optimum individual optical 

characteristics but to achieve greater application efficiency in a quasi-distributed 

sensing network. Far better response characteristics are achieved in comparison to the 

reported response in the literature. However, there are further scopes of improvement 
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as for as real-field application is concerned. Based on the theoretical investigations 

carried out in the present thesis, the following recommendations are proposed as the 

future work in continuation: 

• Apodized FBG sensors are characterized with better resolution and 

performance as compared to the uniform gratings. However, these sensors are 

utilized as a point sensor. The analytical study of apodized gratings for quasi-

distributed sensing networks proposed in this thesis needs to be experimentally 

validated. 

• Slow-light in π-FBG for quasi-distributed static measurements is described in 

Chapter 4. Detection techniques of slow-light grating sensors are different 

from the conventional FBG sensors. The interrogation system for slow-light π-

FBG based quasi-distributed sensing networks enabling static measurements 

needs to be designed and experimentally characterized. 

• The experimental verification of acoustic sensing system based on π-FBG and 

unbalanced F-MZI presented in this thesis is to be conducted.  
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