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Introduction to Fiber Optic Sensors, 

Cholesterol and Chitosan  
 

Abstract 

This introductory chapter begins with a general description of fiber optic 

sensors. Common classifications of fiber optic sensors are also discussed 

in this section. It gives a brief description about the photosensitivity in 

optical fibers and various methods employed for the fabrication of optical 

fiber gratings. Subsequently, the importance of cholesterol detection is 

outlined, which is the main theme of this thesis. Different methods for the 

detection of cholesterol and their limitations are also briefed in this 

chapter. Chitosan, the biopolymer used in the experimental investigation 

for the enhancement of the cholesterol sensitivity of the sensor heads is 

also introduced in this chapter.  
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1.1 Introduction 

Charles K Kao and Hockham proposed the idea of optical fiber in 

1966 [1]. In this paper, they evaluated the materials and loss mechanisms 

in waveguides and concluded that a dielectric fiber “represents a possible 

medium for the guided transmission of energy at optical frequencies.” 

They also concluded that, “The required loss figure of around 20 dB/km is 

much higher than the lower limit of loss figure imposed by fundamental 

mechanisms.” Optical fibers have emerged as the most suitable medium 

for light delivery and have become an integral and indispensable part of 

the communication systems. Induction of optical fibers revolutionized the 

communication network in all aspects like speed, bandwidth, coverage 

area etc. and the world witnessed breath-taking changes in every walks of 

life. C K Kao was bestowed with the 2009 Nobel Prize in Physics for this 

ground breaking invention in the history of science.  

Even though optical fiber was proposed way back in 1966, the 

development of such a waveguide was limited by the huge transmission loss 

of the order of 10
3 

dB/km. The problem for this heavy attenuation was later 

identified as the impurities in silica which could not be removed with the then 

prevailing techniques. With the advancements in technologies in the area of 

material science, Kapron, Keck, and Maurer [2] came up with new optical 

fiber design in 1970 breaking the barrier of 20 dB/km suggested earlier by 

Kao et al. Since the development of the first low loss silica based optical fiber 

for communication systems, the optical fiber technology witnessed explosive 

developments and refinements and became the backbone of the 

communication networks of the modern world. 

As suggested by Kao and Hockham, optical fibers were employed as 

a light guiding waveguide during the early development stages. During 
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early seventies, when the optical fiber communication technology was in 

its budding stages, the sensitivity of optical fibers to certain external 

perturbations like bending, stress etc. became evident in the transmission 

characteristics of the fiber. A great deal of research was done at that time 

to reduce these effects through suitable fiber and cable designs. 

Capitalizing on these observations of exceptional sensitivity of optical 

fibers to external perturbations, an alternate school of thought began to 

emerge, exploiting this feature. This offshoot of optical fiber technology 

soon saw a flurry of research and development activities around the world, 

which led to the emergence of a new stream of research, namely: fiber 

optic sensor technology.  

As technology advanced, more and more applications for optical 

fibers evolved. Today, optical fibers are employed in numerous 

applications including communications, medicine, energy, manufacturing, 

sensing, transportation, entertainment etc. [3]. Fiber optic sensor 

technology became a full-fledged branch of research in the field of optical 

sensors with the nourishments provided by the developments in the field of 

optoelectronics and lasers.  

Modulation of the properties like intensity, phase, polarization, 

wavelength etc., of the light propagating through the fiber, and its 

measurement forms the basis of a fiber optic sensor [4-6]. In the current 

scenario, fiber optic devices play a leading part in optical sensing and 

optical communication systems. The versatility of optical fiber based 

devices found diverse applications in almost all fields like electrical, 

mechanical, civil, nuclear, aerospace, chemical and biomedical sensing [4-

6]. A brief introduction to various types of fiber optic sensors is provided 

in the succeeding section. 
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 1.2 Fiber Optic Sensors - An Overview 

In parallel with these developments in the field of communication, 

researchers also found applications for optical fibers in various field like 

optical sensors, lighting etc. Fiber optic sensor (FOS) can be simply described 

as an optical sensor system, which utilizes optical fiber as a part of it. Either 

the measurand or the perturbance interacts with the light being guided inside 

an optical fiber or the light is guided to an interaction region by an optical 

fiber, where it is modulated according to the parameter of interest. An 

illustration of a general fiber optic sensor is given in Fig. 1.1. The modulated 

light from the sensing site is coupled to a receiver where, it is detected and 

demodulated for the analysis. 

 

 Figure 1.1: Illustration - FOS system. 

Sooner, optical fiber based sensing systems replaced many electrical, 

electronic and mechanical sensors because of their inherent advantages. The 

main attractions of fiber optic sensors over the conventional electrical, 

electronic and mechanical sensors are listed below [3-9]. 
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(i) No EMI: The most important advantage of fiber optic sensor system is that, it 

is insensitive to electro-magnetic interference (EMI) and its dielectric 

characteristics. This makes the sensing mechanism tamper proof with lesser 

errors and can avoid accidents due the electric shocks and short circuits. 

(ii) Smaller and light weight: In this era of micro and nano scaling, smaller size 

and lighter weight of fiber optic sensors make it attractive in the development 

of compact systems suitable for reduced size device. 

(iii) Remote sensing: Remote sensing is another possibility of fiber optic sensors. It 

is possible to deploy a fiber optic sensor remotely, at one end of a long 

communication fiber, which can be used to convey the sensed parameters to 

the control room located miles away. Developments in the field of optical 

fiber technology led to the fabrication of transmission cables with significantly 

lower signal loss, maintaining higher values of signal-to-noise ratio (SNR). 

This also made sensing easier at locations, which are in accessible to human 

beings.  

(iv) Hazardous environmental operations: Owing to the ability of fiber optic 

sensors to perform well under extreme conditions such as, high toxicity, high 

temperatures and pressures, corrosive environments, high radiation levels, 

large electromagnetic fields etc., they are being deployed to operate in these 

hazardous environments. 

(v) Large bandwidth: The operating bandwidth of fiber optic systems is very huge 

and it is yet to be tapped fully, for want of the associated electronic devices at 

the transmitter and receiver sides, which can perform at par with the optic 

fiber cables.  

(vi) High sensitivity: Fiber optic sensors are highly sensitive to small 

perturbations.  

(vii) Distributed sensing: Being a part of an optical fiber, fiber optic sensors can be 

distributed along the cable to have localized measurements at different points 

along the transmission line without considerable loss. This provides a system 
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to monitor and investigate the parameter being measured over a stretched 

length like in the case of pipelines or an extended area. 

(viii) Low maintenance: Since the health of fiber optic sensors is not influenced 

much by the operating conditions, these systems do not require frequent 

maintenance and recalibration. This reduces the operating cost and time 

consumed for the patch ups. 

As mentioned earlier, FOSs have been used in diverse fields extending 

from monitoring of structures for the prediction of earthquakes and volcanic 

activity [10] to clinical diagnosis [11]. Fiber optic strain sensors are 

extensively used to monitor the health of buildings, other structures, bridges 

etc. [12-21]. FOS devices for sensing  temperature [21-26], vibration [27], 

biological parameters [28-36], gaseous species [37,38],   chemicals and pH 

[39-45], displacement [46], metrological parameters [47] etc., were also 

reported earlier. 

  1.2.1 Fiber Optic Sensors: Classifications 

Fiber optic sensors are generally classified based on (a) the function of 

the optical fiber used, (b) the scheme of modulation used and (c) the principle 

employed in realization of the sensor. A brief description of these 

classifications is presented below. 

  1.2.1.1 Based on the Function of the Fiber  

The very basic classification is based on the functionality of optical 

fiber in the sensing system as: (a) Intrinsic sensor and (b) Extrinsic sensor [4-

8, 42]. In an intrinsic FOS system, the sensor head or the sensing element is a 

part of the fiber and the light is modulated within the fiber itself [26, 42-47]. 

Hence, they are termed as all fiber sensors. 

In an extrinsic FOS system, the sensor head is not a part of the fiber, as 

shown in Fig 1.2. Optical fiber functions as an optical waveguide for the 
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transport of the light signals from the source to the sensing site and from there 

to the detector. At the sensing area, the light carried by the optical fiber is 

taken out of the fiber and is modulated by the measurand. This measured light 

is coupled to the detector for further analysis and recording.  

 

Figure 1.2: Intrinsic and extrinsic fiber optic sensor systems. 

  1.2.1.2 Based on the Scheme of Modulation   

As light traverses the sensing region, the external perturbances 

influence the light to alter some of its properties. The characteristic property of 

the light signal, which is modulated by the perturbation, forms the basis of 

another classification of FOS systems. Based on the type of modulation 

schemes employed, FOSs are classified as: (a) Intensity modulated sensors, 

(b) Phase modulated sensors, (c) Polarization modulated sensors and (d) 

Wavelength modulated sensors [4-8, 42]. The perturbations from the 

surrounding environment interact with the sensor head, to modulate or alter at 

least one of the above four factors. The success of the FOS depends on its 

ability to convert the measurands into these parameters reliably and correctly. 
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Measurement of these modulations imparted on the light signal forms the 

basis of these types of FOSs.  

(a) Intensity Modulated Sensors  

In intensity modulated fiber optic sensors, the amplitude of the light 

signal is altered or varied by the perturbations or the measurand [42, 46, 

48, 49]. The measurement of intensity or the signal strength is 

comparatively easier than the measurements associated with changes in phase 

or wavelength. This makes the entire system simpler and can be realized at a 

lower cost. The perturbation initiated mechanisms like reflection, 

transmission, bending or other optical phenomenon such as absorption, 

fluorescence, or scattering can be associated with the intensity modulation 

of the light delivered by the optical fiber.  

Several intrinsic and extrinsic configurations are proposed for the 

intensity modulated FOSs based on these mechanisms. The most primitive 

type of these employ the intensity based reflective sensors and are the most 

widely used sensors [4-8, 35, 36, 47-49]. Since these sensors rely on the 

intensity measurements, they make use of optical fibers with 

comparatively larger core dimensions or a bundle of fibers, so that more 

power can be delivered to the measurement site.  

The simple configuration, low fabrication cost, multiplexing 

possibilities, robustness and flexibility makes this scheme popular. In 

addition, the intensity modulated fiber optic sensors do not require any 

special components or fibers other than a stable optical source and a 

reliable photo-detector with a good signal processing unit. The major 

limitation of intensity based fiber optic sensors is the possibility of 

erroneous readings due to the influence of environmental factors other than 

the measurand, which can easily affect the intensity of the optical signal. 
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Major sources of errors include variable losses due to light sources and 

detectors, joints, misalignments and bends, wear and tear of optical fiber 

etc. Fluctuations at the source output can also lead to faulty readings, 

unless a referencing system is employed [48-50].  

(b) Phase Modulated Sensors 

The principle of operation of phase modulated sensors relies on the 

scrutiny of the alterations imposed on the phase of light coupled by the 

optical fiber. Optical phase modifications induced on the light passing 

through a fiber by the external perturbation of interest is decoded or 

demodulated, in comparison with the phase of the light passed through a 

reference optical fiber. Very high resolution measurements; feasible by 

virtue of its intrinsically high sensitivity to environmental fluctuations, 

make it very attractive. 

Interferometric detection schemes are utilized in general with phase 

modulated sensors. In this method, the light is split into two halves, where 

one of the beams coupled to an optical fiber, is exposed to the external 

perturbation and undergoes phase modifications. The other beam, 

coupled through another fiber which is used as a reference, is isolated 

from the sensing environment. These two signals from the two fibers are 

made to recombine at the detector end, to form interference patterns [4, 

5, 42-53]. These patterns are analyzed to measure the external perturbations 

like rotation, pressure, tilt, weight, magnetic field, etc. Various 

interferometers like Michelson, Sagnac, Fabry-Perot, Mach-Zehnder, etc. are 

the commonly used configurations. These interferometric sensors have wide 

applications in scientific, industrial and other technical fields [4, 5, 48-58]. 

In general, the phase modulated FOS is more sensitive than the intensity 

modulated sensors. 
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(c) Polarization Modulated Sensors 

Since the fabrication material of optical fiber, namely silica, exhibit 

the phenomenon of photo elastic effect, its RI characteristics varies under 

the influence of stress, strain or pressure. This induced RI changes with 

respect to the external effects will in turn alter the polarization state of the 

light carried by fiber. These changes in polarization can be monitored to 

sense the perturbation [6, 8, 42]. 

A variety of physical phenomena like, electro optic effect, Faraday 

rotation and photo elastic effect, influence the state of polarization of light. 

Application of stress and twisting of the fiber can also alter the polarization 

state of the light being guided. Magnetic fields, electric fields, temperature, 

chemical species etc. can be measured by these polarization modulated 

sensors [8, 42, 49, 51, 52].  

(d) Wavelength Modulated Sensors 

If any external perturbation can alter the wavelength of the 

transmitted or the reflected light signal guided through an optical fiber, it 

can perform well as a wavelength modulated sensor. Wavelength 

modulated devices use the alterations in the wavelength of coupled light 

for the detection of parameters. Basically, these sensors make use of 

optical fiber gratings written inside the optical fiber as the sensing tool. A 

grating is a periodic arrangement that alters the light signal, depending on 

the periodicity of the grating.  

  1.2.1.3 Based on the Principle of Operation  

Based on the operating principle, fiber optic sensors are classified as: 

(a) Evanescent Wave sensors (EWS), (b) Surface Plasmon Resonance (SPR) 

sensors and (c) Fiber Grating sensors. 
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(a) Evanescent Wave Sensors 

Light signals traveling through the optical fiber by total internal 

reflection (TIR). In the process of TIR, interface specific electromagnetic 

disturbances are generated along the core cladding boundary. The 

transverse component of the reflecting beam generates standing waves at 

every point of strike on the interface. A portion of this harmonic wave 

penetrating out of the fiber structure, spreads to the surrounding medium, 

and decays exponentially with distance from the interface [59]. Evanescent 

wave sensors make use of this exponentially decaying tail for sensing. The 

power carried by the evanescent wave is influenced by the external 

medium, altering the characteristics of the light coupled through the fiber 

and this forms the basis of the EWS. The power carried by the evanescent 

tail can be modulated by various properties of the external medium like, 

absorbance, reflectance, RI etc. EWS is one of the mostly researched fiber 

optic sensor [4-9, 11, 35-40, 45, 48, 49, 59-68], owing to its possibility of 

sensing versatile parameters and materials, simpler structure, cost 

effectiveness and ease of use. 

(b) Surface Plasmon Resonance (SPR) Sensors 

A surface Plasmon Polariton (SPP) is an electromagnetic excitation 

at a metal-dielectric interface, consisting of a surface charge density 

oscillation coupled to the electromagnetic fields [69, 70]. The SPP field 

components have their maxima at the interfaces and it decay exponentially 

in the metallic layer and the surrounding media just like the evanescent 

waves. In the case of a planar structure, the SPP can exist in the form of S 

or P polarized (TM) wave [71]. 

SPP is a promising tool for sensing applications to probe the 

medium adjacent the interface as it is a localised phenomenon at the metal-
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dielectric interface [72-77]. Many configurations of SPP sensors like bulk, 

planar, and fiber geometries are in practice today [69-83].  

Since the first report on fiber optic SPR sensors published in 1990 

[82], intense research brought about several modifications in the fiber 

structure and the geometry used. The simplest optical fiber SPR 

configuration makes use of a standard optical fiber to replace the coupling 

prism [82, 83]. A small portion of the fiber is uncladded and a metallic 

layer is coated in this region around the core. The guided optical wave 

traveling through the fiber hits the interface of core and the metallic 

coating to develop evanescent waves in this region. These evanescent 

waves in turn excite the surface plasmon waves. These resonating surface 

plasmon waves are highly susceptible to external perturbations like 

refractive index. This forms the basis of fiber optic SPR sensors. In order 

to enhance the sensitivity of the sensor head, several modifications such as, 

side polished fiber [83], tapered fiber [84], FBG [85-87], LPG [88], TFBG 

[89, 90], bend fiber geometry [91], sensitive coating over the metallic layer 

[92] etc. are being employed. 

(c) Fiber Grating Sensors 

As discussed earlier, the intensity based sensor systems are highly 

prone to errors arising from the variable losses due to light sources and 

detectors, joints, misalignments and bends, wear and tear of optical fiber 

etc. [48-50]. Light intensity fluctuations at the source output can also 

significantly influence the performance of these sensors. Phase and 

polarization measurements require sophisticated equipment and are also 

affected by minute vibrations and deviations in temperature of the 

operating environment. The solution for the above limitations is to use 

referenced measurements or change the geometry of the sensor such that, 



Chapter 1 

14 

the errors are minimized. Fiber gratings sensing systems turn out to be 

highly relevant in this context. 

An optic fiber grating is fabricated by making intermittent refractive 

index perturbations on an optical fiber [93-95]. An optical fiber grating 

works by the coupling of power from the fundamental core mode to forward 

or backward propagating modes, depending upon the type of the grating. 

This power coupling from the core mode is strongly influenced by external 

perturbations like stress, strain, pressure, temperature, refractive index of 

the medium around the grating, bend of the fiber etc. Measurement of 

these alterations is the foundation of sensing with optical fiber gratings. 

The fiber gratings are mainly classified into two depending on the grating 

periodicity and nature of mode coupling: 

  Fiber Bragg Gratings (FBGs) are also referred as reflection 

gratings or short period gratings. FBGs work by the coupling of power 

between two core modes travelling in opposite directions termed as 

contra-directional coupling [93-96]. 

  Long Period Gratings (LPGs) or transmission gratings work by the 

principle of co-directional coupling. Here, the coupling is from the core 

mode to the cladding modes that travel in the same direction as the core 

mode [96-99]. These cladding modes attenuate quickly on propagation, 

which results in loss bands at separate wavelengths in the transmission 

spectrum of the grating.  

Fiber gratings are being widely used as sensing element for physical, 

chemical, biochemical and biological species and various physical 

parameters. Numerous parameters like stress, strain, temperature, 

displacement, vibration, radiation dosage etc. are monitored with the help 

of fiber gratings. Generalized discussion on the fabrication of optical fiber 

gratings is presented in the next section. 
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1.3 Optical Fiber Gratings  

Photosensitivity in optical fibers was reported by Hill et al. in the 

year 1978 [100, 101]. They reported a permanent grating written in the 

core of germenosilicate fibers by the irradiation of an argon ion laser 

output. They were studying the nonlinear effects of germanium doped 

silica fiber by coupling the visible light from the argon ion laser into it. 

Prolonged coupling of the laser resulted in the reduction in the intensity of 

the transmitted signal and an enhancement in the reflected intensity. This 

grating written with a wavelength of 488 nm, resulted in a notch filter at 

this wavelength. These gratings were termed as self-organized or self-

induced gratings as they were developed naturally without any human 

interventions. After these reports, related researches were comparatively 

thin for want of a suitable grating writing method till, Meltz et al. 

demonstrated the side writing technique in 1989 [102]. Towards the end of 

the last century, many other techniques for the direct fabrication of 

gratings were proposed. Along with this, optical fiber grating technology 

became one of the most researched fields owing to its innumerable 

applications in the field of communication, lighting, sensing etc. 

  1.3.1 Photosensitivity in Optical Fibers 

The refractive index alterations induced on the core of the fiber 

resulting from the exposure to light radiations are termed as 

photosensitivity in optical fibers. In 1981, Lam and Garside [103] 

proposed a two-photon process as the probable mechanism for the induced 

RI modulation reported by Hill et al. But in 1987, J Stone established that, 

the mechanism behind the refractive index modulation is because of the 

photosensitivity of fibers due to the presence of higher concentrations of 

germanium [104]. He studied several fibers with germanium doped in the 
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core and observed similar phenomenon. As stated earlier, the work of 

Meltz et al. introduced a new technique for grating fabrication in optical 

fibers using 240-250 nm, UV wavelengths, close to the absorption peak of 

germanium related defects [102]. The peak of the absorption of the GeO 

defect was reported around 240 nm [105].  

Several theories have been proposed to explain these photo induced 

RI changes, such as colour-center model [106], electron charge migration 

model [107], compaction model [108], dipole model [109], stress relief 

model [110], ionic migration model [111] and Soret effect [112]. The 

common component in these models is the germanium-oxygen vacancy 

defects in the glass lattice structure. The colour-center model proposed by 

Hand and Russel [106] is the most commonly accepted model in 

explaining the refractive index modulation in optical fiber gratings 

especially in germanosilicate fibers. According to the colour-center model, 

the defects present in glass core of the fiber leads to its photosensitivity.  

Defects in optical fibers were subjected to strict scrutiny because of 

their unwanted strong absorption bands leading to attenuation of signals 

transmitted. These defects, which are often termed as colour centers, are the 

outcome of the fabrication method: The Modified Chemical Vapour 

Deposition (MCVD) process. During the high temperatures of MCVD process, 

GeO2 dissociates to form GeO. These GeO species are manifested as Ge-Si 

and Ge-Ge bonds, when incorporated into the glass lattice.  

It is proven that the Ge-Si and Ge-Ge bonds are responsible for the 

photosensitivity in germanosilicate fibers [113, 114]. The Ge-Si bond is the 

most efficient mechanism triggering the processes of refractive index changes 

through photoionization. Irradiation with wavelengths nearer to 240 nm 

ionizes these bonds releasing an electron to form paramagnetic GeE’ centers. 

This electron may recombine immediately with the formed GeE’ defect center 
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or it may diffuse through the lattice until it is trapped at a defect site, altering it 

to a paramagnetic defect center [115, 116]. Minimization of these defects has 

been a thrust area of research during the budding stages of optical fiber 

technology, in which the researchers have succeeded to a great extent. By the 

advent of optical fiber gratings, these defects turned out to be a blessing in 

disguise, changing their role in optical fiber radically. There are also published 

reports proposing that the refractive index modulation of UV exposed 

germanium doped silica fibers may be due to the structural rearrangement of 

glass matrix, like densification [117]. 

Silica fibers with doping materials other than germanium like, 

europium-alumina, erbium-germanium, cerium, antimony, germanium-

boron, germanium-tin, germanium-phosphorous etc. in the core also 

exhibited photosensitivity [118-124]. Other optical fibers like ZBLAN 

fluorozirconate glass fibers and cerium doped fibers were also reported to 

exhibit photosensitivity [125, 126]. The photosensitivity of all fibers with 

these dopants was comparatively very low except for the germanium-

boron co-doped fiber. Optical fibers also exhibited photosensitivity under 

the exposure to several other wavelengths of radiations (157 nm, 193 nm, 

248 nm, 325 nm, 351 nm etc.) [127-130]. 

1.3.1.1 Enhancement of Photosensitivity in Optical Fibers 

The process and physics of photosensitization in optical fibers under the 

irradiation of UV light has been studied very well since its discovery. A great 

amount of time and research has been spent on developing easier ways of 

grating fabrication. These thoughts led to the development of methodologies 

to improve the photosensitivity of germanosilicate optical fibers. The three 

mainly used methods are: (a) Hydrogen Loading, (b) Flame Brushing and (c) 

Boron Co-doping. 
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(a) Hydrogen Loading 

Hydrogenation or hydrogen loading of the optical fibers is the easiest 

method to enhance the UV sensitivity of germanosilicate fibers. This is carried 

out by exposing the fiber to hydrogen gas during which the hydrogen 

molecules diffuse into the fiber core [130-133]. It is believed that, these 

hydrogen molecules react with the normal     Si-O-Ge sites to form OH 

species, creating severe oxygen deficiency inside the fiber core leading to the 

development of defect centers with Ge-Si and Ge-Ge bonds. These bonds 

have strong absorption centered around 240 nm and can be easily altered by 

the UV exposure giving rise to the required refractive index changes [131-

133]. This forms the basis of the enhancement in the photosensitivity in 

hydrogen loaded optical fibers. At normal temperature and pressure, the 

hydrogenation process is quiet lengthy with duration of one to two weeks. 

This can be reduced largely by increasing the temperature or pressure or both, 

which is practiced usually [132].  

The most important advantage of hydrogen loading is that, it enhances 

the photosensitivity in germanosilicate fiber to a great extent, making the 

grating fabrication much easier in standard telecommunication optical fibers. 

Also, gratings with better characteristics like high reflectivity and smaller 

bandwidth can be fabricated at ease. Another advantage is that the grating is 

formed only in the regions exposed to UV. The unreacted hydrogen molecules 

inside the fiber core, after the grating fabrication, diffuse out of the fiber core 

gradually and will not contribute to the absorption losses of the fiber in the 

optical communication window. The requirement of using UV 

wavelengths, which coincides with defect absorption bands is also 

removed by the hydrogen loading process [133]. 

There are also several demerits for the hydrogenation process. The first 

and foremost disadvantage is the high pressure and temperature requirements. 
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Hydrogen is flammable and these elevated temperatures and pressures make 

the process more vulnerable to the risk of fire. Hence, extra care and 

precautions are to be taken during the process of hydrogen loading. The OH 

radicals developed in the process have a strong absorption at 1550 nm, which 

falls in the mostly used third window for optical communication. The 

impregnated hydrogen molecules slowly diffuse out of the core as time 

progress. This in turn leads to the gradual reduction in the enhanced 

photosensitivity of the fiber. 

As stated earlier, the excess unreacted hydrogen molecules retained 

inside the fiber core after the grating fabrication process diffuses out as time 

progress. This in turn leads to shifts in the wavelength characteristics of the 

grating. This shift in the resonant peaks of the grating spectrum is more 

pronounced when the gratings are operating at high temperatures. This largely 

affects the repeatability and stability of measurements. This can be reduced by 

thermally annealing the gratings prior to its deployment in sensing 

applications. In the process of thermal annealing, the gratings are heated to 

temperatures much higher than the operating temperature conditions of the 

sensor. This enables the removal of the excess hydrogen molecules, before the 

deployment of the gratings in sensing applications, and thus reduces the shifts 

in the wavelength characteristics. 

(b) Flame Brushing  

This is a rather simpler method to enhance the photosensitivity in 

germanium doped silica fibers following the same concept as in the case of 

hydrogen loading. Here also, hydrogen is made to chemically react with the 

silica core of the optical fiber. In the flame brushing method, the fiber is 

repeatedly brushed by flame fueled by hydrogen [134]. The flame of hydrogen 

burning in the presence of oxygen elevates the temperatures to very high 

values around 1700
0
C. At this temperature, hydrogen molecules diffuse inside 
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the core very quickly and react with the germanosilicate glass material 

developing the defect sites, which can be altered by the subsequent exposure 

to UV radiations. These modifications in the bonds lead to RI changes in the 

fiber core, resulting in the formation of a grating.  

The flame brushing technique can enhance the photosensitivity by a 

factor of more than 10 times that of the standard telecommunication fiber. 

This enables easier fabrication of gratings in standard optical fibers. Another 

advantage of this method is the permanency in the enhanced photosensitivity 

induced, as there is no retention of hydrogen molecules Also the process is 

much faster, as it takes only lesser time of around 20 minutes for the entire 

process. The photosensitized area can be controlled more precisely by 

adjusting the flame size. 

The disadvantage of flame brushing is the weakening of fiber at 

the flamed sites leading to breakage. The exposure to high temperature 

flames significantly decreases its physical strength and durability, which 

increases the chances of damage to the fiber. In addition, there are 

chances to alter the dimensions of the fiber in the flamed region. 

(c)   Boron Co-doping 

Researchers were working hard in developing a technique to enhance 

the photosensitivity, other than the processes involving hydrogen. In this 

quest, different research groups have tried various doping materials to improve 

the photosensitivity in optical fibers [118-124]. Silica fibers with various 

doping materials like, europium-alumina, erbium-germanium, cerium, 

antimony, germanium-boron, germanium-tin, germanium-phosphorous etc. 

were tried out. Out of these, the method of doping boron along with 

germanium into the silica fiber core during the time of preform fabrication 

was found to be the best for the enhancement in photosensitivity [122]. In 
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contrary to the increase in refractive index achieved through hydrogen loading 

and flame brushing, boron addition to the germanosilicate fiber core reduced 

its refractive index. This result was quiet expected, because of the fact that, 

addition of boron oxide to silica glass results in a low refractive index 

compound glass [135]. 

Boron co-doping results in large differences in the thermo-mechanical 

properties of the silica cladding and the doped core of the fiber. This 

difference arises because of the thermo-elastic stresses built up in the boron 

doped core. It is well known that tension lessens the RI through the stress-

optic effect. Absorption studies revealed that, the boron cooping did not affect 

the absorption band of the defect sites around 240 nm in magnitude and shape 

[122]. Hence, it is clear that the enhancement in the photosensitivity was not 

because of the creation of excess defect sites as in the case of flame brushing 

and hydrogen doping. It is believed that the enhancement in photosensitivity is 

due to the process of stress relaxation in the fiber core under the exposure to 

UV radiations. 

 1.3.2 Fabrication of Optical Fiber Gratings 

The discovery of photosensitivity in optical fibers revolutionized the 

research and developments in the area of optical fiber technology. Since the 

discovery, great amount work and money has been spent not only in 

developing newer applications for fiber gratings, but also in methodizing 

better ways to fabricate optical fiber gratings. The fabrication process is quiet 

tiresome for want of stable and reliable equipment to provide the required 

submicron periodic patterns. The fabrication methods are broadly classified 

as: (a) internal inscription methods and (b) external inscription or side writing 

method [94, 100, 101].  
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The internal inscription method was the formerly used version of the 

grating fabrication. In this method, the standing ways formed inside the fiber 

core imprints the grating on to the core by altering the refractive index pattern 

of the core [100, 101]. This method was quiet difficult, as its efficiency was 

very low. Researchers thought of better ways of grating fabrication and Meltz 

et al. in 1989 came up with the much easier side writing technique [102], 

which took over the internal inscription method naturally. The fiber to be 

inscribed with the grating is illuminated by the UV pattern from one side. 

These patterns create the needed refractive index variations in the fiber core to 

develop a grating inside. Only a few external inscription methods are devised, 

and are broadly classified as: (a) Holographic methods [93, 136] and (b) Non-

interferometric method [93, 137]. In the holographic techniques, a beam 

splitter is used to divide the incoming UV beam into two, which are later made 

to interfere at the core of the photosensitive fiber to develop the grating. In the 

non-interferometric methods, the fiber is exposed, periodically to pulsed 

sources or through a spatially periodic amplitude mask to create the grating 

pattern inside the fiber core.  

In general, the four mainly adopted methods for the fabrication of 

optical fiber gratings are: (a) Interferometric technique, (b) Phase mask 

method, (c) Amplitude mask method and (d) Point-by-point fabrication 

technique. The former two method are relatively tedious and are generally 

used to write the short period grating or fiber Bragg gratings (FBGs) and the 

latter two simpler methods are used for the fabrication of long period gratings 

(LPGs). 

(a) Interferometric Technique  

The very first grating fabrication method using the interferometric 

method was demonstrated by Meltz et al. in 1989 [102]. In this method of 

grating fabrication the UV light from a coherent source is split into two using 



Introduction to Fiber Optic Sensors, Cholesterol and Chitosan  

23 

an interferometer. These beams are then made to interfere to form alternate 

dark and white fringes. The photosensitive optical fiber is then exposed to this 

fringe pattern, so that the RI of the fiber core is modified accordingly to create 

the grating inside the core of the fiber. Interferometric methods are generally 

used for the fabrication of Bragg gratings. In interferometric methods, the 

incoming UV beam is split either by Amplitude spitting interferometers or by 

Wave-front splitting interferometers. Both these techniques have their own 

advantages and disadvantages. 

In amplitude splitting method, the UV light is divided into two equally 

intense beams. These beams traverse separate paths and are recombined to 

form the interference fringes at the fiber core later. Cylindrical lenses are 

normally used along with this setup, to focus the interfering UV beams to a 

fine line matching the dimensions of the fiber core. The formed grating pitch 

is exactly same as that of the interference pattern formed and is given by [93, 

94]: 

Λ =  
λuv

2 sin α
 …………………………………………..….……….. (1.1) 

where, λuv is the wavelength of the UV light, and α is the half angle between 

the interfering beams. It is clear from the above expression that, the pitch of 

the grating can be altered by changing the angle between the interfering beams 

or by tuning the wavelength of the light used. Since, the wavelength tuning is 

limited by the photosensitivity of the fiber core material, the angle α is always 

varied for the required grating pitch.  

Advantage of this method is its ability to inscribe the grating with any 

period. This method also allows the fabrication of gratings with variable 

length, which opens up the possibilities to tune the grating characteristics. 

Special gratings like chirped grating can also be fabricated with this method 

by using suitable optical components like lenses, reflectors etc., in the beam 

paths. The major drawback of this method is its susceptibility to vibrations. 
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The very fine vibrations acting on the optical components largely affect the 

fringe pattern and thereby the grating formation. Since, the beams traverse 

longer optical paths, the local drift in the air column in their path can also 

affect the system. In addition, the system rely heavily on the qualities of the 

UV source like, stability spatial coherence, temporal coherence etc.  

The wave front splitting interferometric method makes use of a prism 

interferometer [138, 139] or a Lloyd’s interferometer [140]. Compared to the 

amplitude splitting method, these are rarely used due to their complexity. The 

main benefit of wave front splitting method is that, only one optical element is 

employed in the fabrication setup. This reduces the susceptibility to 

mechanical vibrations and air current induced wave front distortions to some 

extent. Another advantage is that, angle of the interfering beam can be 

controlled easily by rotating the prism assembly. The major drawback of this 

method is that the length of the grating is restricted to half of the beam width. 

In addition, the beam coherence length limits the Bragg wavelength tunability. 

(b) Phase Mask Method  

Excimer laser sources like KrF (248 nm) are usually employed 

along with the phase mask method. At times cylindrical lenses are used to 

focus the incoming UV beam on to the phase mask. A schematic sketch of 

grating fabrication setup using phase mask method and 248 nm KrF excimer 

UV laser source (CGCRI, Kolkata) is given in Fig 1.3.  

The phase mask technique makes use of a diffractive optical element 

to modulate the incoming UV beam [93, 94, 141-146]. FBGs are fabricated 

usually with this most widely employed method for grating fabrication. The 

phase mask is a grating structure or corrugations developed on a UV 

transparent fused silica substrate, either by holographic imprinting or by 

electron beam lithography [144-146]. The phase mask is fabricated in such a 
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way that, the first order diffracted beams are maximized suppressing the zero 

order beam. 

 

Figure 1.3: Generalized grating fabrication setup using phase mask.           

(CGCRI, Kolkata) 

A schematic representation of the phase mask assembly for writing 

gratings on an optical fiber is given in in Fig 1.4. 

 

Figure 1.4: Phase mask assembly for optical fiber grating fabrication. 
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The suppression of the zero order diffraction is achieved by 

controlling the engraving depth (d) of the relief grating or corrugations in 

the phase mask. The depth of the corrugations on the phase mask is limited 

by [93]:  

  d =  
λuv

2
 ………………………………………..……………..… (1.2) 

where, λuv is the wavelength of UV irradiation. The first order diffracted 

beams (+1 and -1 orders) are made to interfere on the fiber core to form the 

required grating pattern with pitch half of that of the phase mask.  

Λ =  (
ΛPM

2
) .……………………………………..………....…...... (1.3) 

where, Λ  is the period of the grating formed (Also the period of the 

interference fringe pattern) and ΛPM is the period of the corrugations on the 

phase mask. This near field fringe pattern, photo imprints the RI modulation 

on to the fiber core placed in contact or in close proximity directly behind the 

phase mask.  

The separation from the fiber is a critical parameter in maintaining the 

quality of the grating fabricated. This dependence of the Bragg wavelength on 

the separation can be expressed as [94]: 

λB =  2nΛ√1 + (
r

𝑙
)2.………………………………………...….. (1.4) 

where, λB is the Bragg wavelength, Λ is the grating period, r is the distance 

between the fiber and the phase mask and l is the length of the phase mask.  

The advantage of using the phase mask method is that, it greatly reduces 

the complexity of the setup. Also, the effect of mechanical vibrations and 

the temporal coherence of the laser sources are reduced to a great extent. 

Another advantage of this method is the freedom to fabricate Tilted FBG 

(TFBG) or slanted gratings. Complex structures, such as chirped and 

apodized gratings can also be fabricated by the phase-mask method [146-

148]. 
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From equation 1.2, it is clear that, depth of the corrugations on the 

phase mask is dependent on the wavelength of the UV light used. 

Hence, for different UV laser sources operating at different 

wavelengths, separate phase masks are to be used for the fabrication of 

FBGs. i.e. For FBG fabrication, same phase mask cannot be used with 

different laser sources. This is the main limitation of the phase mask 

method of grating fabrication. 

(c) Amplitude Mask Method 

The amplitude mask method for the fabrication of LPG was first 

demonstrated by Vengsarkar et al. [97, 149-151]. An amplitude mask is a 

thin metallic or ceramic sheet, having adjacent slits or the grating pattern 

imprinted, with the required period of the grating. The UV laser beam is 

directed on to the amplitude mask through a cylindrical lens, which alters the 

beam shape and size, to suit the dimensions of the fiber core. A generalized 

grating fabrication set up can be realized by replacing the phase mask 

assembly shown in Fig. 1.3, with the amplitude mask of required pitch as 

shown in Fig. 1.5. 

 

Figure 1.5: Amplitude mask assembly for optical fiber grating fabrication. 
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The shadow of the amplitude mask formed by the incoming UV 

radiation is made to fall on the fiber. The UV light falling on the mask is 

transmitted at the slits and is blocked elsewhere. These transmitted wave 

fronts hit the fiber core (at the focus of the cylindrical lens) altering the RI at 

these irradiated points. The refractive index profile of the fiber core remain 

undisturbed at the points were the dark shadow is hitting. Thus, the grating 

pattern is inscribed on to the fiber core.  

The amplitude mask method is widely used for grating 

fabrication due to its fundamental reliability and simplicity. This 

technique permits the repeated use of amplitude masks to produce 

multiple long period gratings of same pitch, enabling batch production 

of LPGs. The alignment of the setup is much easier than that for the 

other interferometric techniques. In addition, the same amplitude mask 

can be used with any laser source for the fabrication of the gratings. 

The main drawback of this technique is that the amplitude mask is to be 

replaced with another one for gratings with other periodicities. i.e. 

Separate amplitude masks are to be used for gratings with different 

periods. This is expensive and realignment is necessary after every 

mask replacement. 

(d) Point-by-Point Fabrication 

The point-by-point technique for the fabrication of grating is done by 

inducing the refractive index variations in a step-by-step manner [93, 94, 152-

154]. The UV laser pulse is focused tightly on to the fiber core, whose 

transmission characteristics are being monitored. The fiber is then displaced 

by the required length depending on the period of the grating to be written so 

that, an adjacent new spot is illuminated by the next pulse to enhance the 



Introduction to Fiber Optic Sensors, Cholesterol and Chitosan  

29 

refractive index at this spot. This process of advancing the fiber and irradiating 

with the UV pulse is continued until the required characteristics are obtained.  

The simplest point-by-point set for the fabrication consists of an 

excimer laser whose pulses are focused on to the fiber core after passing 

through a slit. The fiber fixed on a translational stage is moved through a 

distance matching to the period of the grating, in a direction parallel to the 

fiber axis. This process is repeated to inscribe the entire grating pattern on the 

core of the fiber. A representation sketch of the setup is given in Fig. 1.6. The 

flexibility in the point-by-point writing setup to alter the grating parameters is 

its main advantage. Since no special optical components are used, it is easy to 

vary the pitch, length and characteristics of the grating. In addition, the RI 

profile of the grating can be customized by controlling the pulse energy and 

exposure time. It also provides options to fabricate gratings with periods 

ranging from micrometers to millimeters. 

 

Figure 1.6: Point-by-point method of optical fiber grating fabrication. 

This enables the easier development of rocking filters and mode 

converters [153,154]. The main disadvantage of this method is that the process 

is tedious. High performing translational stages with precise control and 
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accurate displacement is also a prerequisite for this method. Since the grating 

is developed in a step-by-step method, the process is time consuming. 

Chances for errors are more with point-by-point writing method due to the 

variations in the pitch of grating under the influence of sudden temperature 

and stress on the fiber.  

All the methods described above, exploit the photosensitivity of optical 

fibers and rely on the use of UV sources for the fabrication of gratings. Apart 

from these, several other methods were also reported in literature for the 

fabrication of gratings, generally LPGs. These non-UV methods include, CO2 

laser irradiation [155-158], electric arc discharge [159, 160], infrared 

femtosecond laser pulse exposure [146, 148, 161-164], mercury-arc lamp 

light focusing [165], ion implantation [166,167], and dopant diffusion in 

nitrogen-doped fibers [168]. In the first four methods, permanent physical 

alterations are induced on the fiber core using of the higher powers of the 

sources, to create the grating. The gratings fabricated by these technologies 

have found a variety of high temperature applications, as they have better 

and stable performance at these temperatures. The later techniques create 

the refractive index changes in the fiber by embedding selected dopants at 

specific points on the core. The possibility of writing gratings on almost 

any kind of fibers makes the ion implantation technique better over other 

methods. The major demerit of these methods is the increase of the 

average effective cladding RI, which in turn leads to losses in the 

spectrum. The necessity for specialized equipment to fabricate gratings is 

another drawback of these methods.  

Mechanical deformation of the fibers can also lead to periodic 

structures behaving like gratings [169-180]. The simplest form of physical 

deformation can be induced by pressing the fiber between periodically 

grooved metallic/ceramic blocks, which can change the RI profile of the 
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core of the fiber. Dynamic LPGs with tunable characteristics were also 

reported earlier [172, 175, 177-180]. Temporary LPGs developed by means 

of acoustic modulation of a small length of optical fiber is also available in 

literature [181, 182]. 

Excimer laser sources working in the emission range of 240-250 

nm are the popular sources for the grating fabrication. The basic reason 

for this is the photosensitivity of the fiber at these wavelengths. Even 

then, literature reports on the use of several other lasers sources and 

wavelengths, for the fabrication of gratings were published earlier. 

Apart from the femto second lasers and CO2 lasers mentioned earlier, 

these lasers include F2 lasers (157nm) [183-185], copper vapour lasers 

(211 and 255nm) [186] and argon lasers like, ArF lasers (193nm) [187], 

frequency doubled argon ion lasers (244 nm) [188] and 324/351 

nm output from an Ar ion laser [130, 189]. This list also include near UV 

lasers at 334nm [190] and Nd lasers like, frequency quadrupled diode 

pumped Nd
3+

:YLF laser (262 nm) [191], IV
th
 harmonic of Nd:YAG (266 

nm) [192], tripled Nd:YAG laser at 355nm [193] etc.   

Sensing with optical fiber gratings is the main theme of this thesis. 

Three types of gratings (LPG, FBG and TFBG) were employed in the 

experimental investigations presented in the subsequent chapters. The 

LPGs and FBGs used for the measurement of cholesterol were fabricated 

at CGCRI-Central Glass and Ceramic Research Institute, a CSIR-Council 

of Scientific and Industrial Research  laboratory at Kolkata, India.  

A schematic sketch of the setup for the inscription of gratings at 

CGCRI, is given in Fig. 1.3. In the setup, the laser source is a KrF excimer 

laser (TeraXion: Bragg Star 500) with specifications: Wavelength: 248 nm, 

Pulse duration: 20 ns, Energy per pulse: 18 mJ and Maximum pulse 

repetition rate: 500 Hz. A shutter blocks the laser when not in use. For FBG 
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fabrication, phase mask method was employed. The UV laser beam is 

directed to the phase mask after many reflections at several mirrors and 

focused on to the fiber core at the final stage, with the help of a cylindrical 

lens. The cylindrical lens and preceding mirror was mounted on a motorized 

translational stage with precision controls. This was to enable the movement 

of the laser beam along the fiber (for point-by-point inscription). The fiber 

was mounted on another small translational stage for precise alignment and 

to adjust the separation between the fiber and the phase mask. The 

movement of the perfectly aligned fiber and phase mask was monitored 

using a camera. 

Standard single mode optical fibers (SMF-28e, Corning), with 

lengths about 1m were used for the fabrication of gratings. The fibers used 

had a core diameter of 8.2 micron and the cladding diameter was 125 micron. 

The numerical aperture value of the fiber was 0.14. The core and the cladding 

RIs were 1.461 and 1.456, respectively. The photosensitivity of the fibers 

was enriched by the method of hydrogen loading at 100
o
C and a pressure of 

1500 psi, for 24 hours before the fabrication process. The epoxy coating 

layers on the fiber were removed from the middle section, around 5-7 cm, 

using an automated thermo-mechanical stripper (TeraXion). The fiber was 

attached on the setup using magnetic clamps after thorough cleaning of the 

stripped section using isopropyl alcohol (IPA). Vertical and horizontal 

alignments of the fiber were done to focus the beam vertically on to the 

fiber. The ends of fiber were spliced to patch cords and were connected to 

a broadband white light source (Yokogawa – AQ 4305) and an Optical 

Spectrum Analyzer (OSA) (Ando – AQ 6317B) to monitor the 

characteristics continuously. A circulator was used during FBG 

fabrication, to monitor the transmission or the reflection spectra. A 

governing software run on a computer also records the spectrum for 
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analysis. The whole system was kept inside a UV protective enclosure on a 

vibration free laboratorial breadboard.   

For the point-by-point method employed for the fabrication of the 

LPGs, the final stages of the setup (cylindrical lens, slit and phase mask) 

shown in Fig. 1.3 was replaced with an arrangement similar to that shown 

in Fig. 1.6. The fiber was kept stationary while the focused UV beam was 

made traverse over the fiber by the movement of the lens and the mirror 

assembly as mentioned earlier. The spectrum was continuously recorded 

and monitored for the required characteristics of the grating. The residual 

molecular hydrogen that was not used in the photochemical reaction at the 

time of grating fabrication, was removed by the process of annealing at 

200
0
C for 7 hours, using a high temperature oven, before the deployment of 

gratings for the cholesterol sensing applications. 

As mentioned earlier, the last chapter of this thesis discusses the 

principle of operation of TFBG sensor and its application as a cholesterol 

sensor. TFBGs with a reflected Bragg wavelength of 1557 nm and a tilt angle 

of 15
0
 were fabricated at Polytechnique, Montréal, Canada, through phase 

mask method on standard telecommunication (SMF-28e, Corning) fiber 

[194,195].  

In general, TFBGs are written by tilting the fiber at an angle to 

phase mask. One end of the fiber being exposed, is placed very close to the 

mask while the other end is kept at a distance (suiting tilt angle 

requirements) from the phase mask as shown in Fig 1.7 (A). This enables 

the formation of slanted gratings on the fiber core. However, this method 

of fabrication requires larger beam cross sectional area so that, the beams 

may overlap [93]. The focusing done by the cylindrical lens makes this 

intangible under normal operating conditions. 
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A better configuration for the TFBG fabrication is given in Fig. 1.7 (B) 

[196]. In this setup the first order diffracted beams from the phase mask is 

guided by a pair of mirrors and made to interfere, inducing the required RI 

modulation on the core of the fiber. In this method, the coherence properties of 

the source and the depth of the fringe pattern determine the quality of the 

fringe pattern formed at the fiber core [93].  

 

Figure 1.7: Generalized TFBG fabrication setups using phase mask. 

The depth (D) of the fringe pattern formed by the interference of the 

diffracted beams can be expressed as [93]: 

D ≤
W

tan (
θ𝑚
2
)
 ………………………………….......…..………….. (1.5) 

where, W is the width of the diffracted beams and (θm ̸ 2) is the angle of 

diffraction, as shown in Fig. 1.8. The coherence (both temporal and spatial) of 

the laser beam used, limits the magnitude of the depth of overlap of the beams 

(D). 
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Since the fiber is placed at an angle to the fringes, gratings are formed with the 

tilt, to the direction of the propagating mode inside the fiber core. For small tilt 

angles α, the period of the tilted grating formed on the fiber core Λ is given by: 

Λ ≈  
Λ𝑔

cos α
 …………………………………………..…….…...…. (1.6) 

where, Λ is the pitch of the tilted grating in the fiber core and Λg is the period 

of the corrugations on the phase mask. 

 

Figure 1.8: Formation of fringe pattern - TFBG fabrication. 

The basic theory of operation of the gratings (LPG, FBG and TFBG) 

and their sensitivities to external perturbations are discussed in the subsequent 

chapters. Brief report on the sensing applications of these types of gratings is 

also presented.  
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1.4  Cholesterol  

François Poulletier de la Salle in 1769, was the first to identify 

cholesterol in solid form in gall stones. The name has its origin from the 

Greek chole - (bile) and stereos (solid), and the suffix – ol, for the 

chemically alcoholic nature. In 1815, Eugène Chevreul: a chemist, named 

the compound "cholesterine"[197, 198]. 

Cholesterol is a waxy organic compound with a whitish crystalline 

appearance, found in all animal tissues and blood. It is a cyclic 

hydrocarbon alcohol, with molecular formula C27H46O, having four carbon 

rings in the structure.  

The systematic name of this steroid is (3β)-cholest-5-en-3-ol. 

Cholesterol is commonly classified as a lipid, as it is insoluble in water but 

soluble in a number of organic solvents. The structure of cholesterol 

molecule is given in Fig. 1.9 and the important properties are tabulated in 

Table 1.1. 

 

Figure 1.9: Molecular structure of cholesterol. 
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Cholesterol is a combination of steroid and alcohol (sterol), and a 

fatty lipid found in the cell membranes of all body tissues. The body 

synthesizes most of the cholesterol and some are derived from food. 

Cholesterol is more abundant in tissues where it is synthesized more or has 

ample densely packed membranes for storage like, brain, liver, spinal cord 

etc. The liver is the most important site of cholesterol biosynthesis. By 

means of several enzymatic reactions, cholesterol can also be synthesized 

from acetic acid. It is transported along the blood plasma in all vertebrates 

and animals. Trace amounts of cholesterol are also found in the cell 

membranes of plants and fungi. 

Table.1.1: Properties of cholesterol. 

Cholesterol plays a vital role in many biochemical processes. The 

action of cholesterol is indispensable for the functioning of some 

glandules. It also work together with many compounds such as the lipids 

and other cell components. In addition, they are also the elementary 

constituents of nerve and brain cells [199]. They are also the precursors for 

Molecular Formula C27H46O 

Chemical Name Cholest-5-en-3b-ol 

Molar Mass 386.654 

Refractive Index 1.525 

Density 1.052 g/cm3 

Melting Point 146-147 °C 

Boiling Point 360°C (decomposes) 

Solubility in Water 0.095mg/l (30 °C) 

http://en.wikipedia.org/wiki/Water
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other biological materials, such as bile acid and steroid hormones [200, 

201]. Cholesterol is required to build and maintain cell membranes and it 

regulates membrane fluidity over a wider range of temperatures. 

Antioxidant action of cholesterol was also reported in 1991[202]. The 

cholesterol concentration in the blood of a healthy human adult is in the 

range of 140 to 200 mg/dL [203]. This corresponds to a range of 1400 to 

2000 ppm of cholesterol. Excess amount of cholesterol may lead to a 

number of health complications. 

Public became more concerned about the risks of high blood 

cholesterol levels by 1980s. Hypercholesterolemia was identified as one of 

the many independent risk factors that may lead to coronary heart diseases. 

This in turn made, the elevated levels of blood cholesterol and its transport 

mechanisms aided by various lipoprotein in association with 

cardiovascular ailments, as the most researched problem associated to 

cholesterol. The combination of protein carriers and cholesterol is termed 

as lipoproteins. In the last three decades, numerous investigations 

performed in this regard clearly established the relationship between 

increased cholesterol concentration and the occurrence of cardiovascular 

diseases like arteriosclerosis and hypertension [204-208]. The deposition 

of cholesterol and other fatty acids on the inner walls of major blood 

vessels is called arteriosclerosis, which is usually associated with coronary 

heart diseases. Another factor in the growth of atherosclerosis is the 

insolubility of cholesterol in water. This buildup of plaques in the blood 

vessels may constrict the channels significantly and obstruct the free flow 

of blood to and from the heart. Researches have brought out the attachment 

of cholesterol to relatively abundant protein complexes (lipoproteins) in 

blood, as the real reason for cholesterol accumulation in the blood vessels 

[209].  

http://encyclopedia2.thefreedictionary.com/coronary+artery+disease
http://encyclopedia2.thefreedictionary.com/coronary+artery+disease
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The total cholesterol contained in the blood plasma is a mixture of 

two basic components namely; Low Density Lipoprotein (LDL) and High 

Density Lipoprotein (HDL). The desired levels of these components in the 

blood of human beings is presented in Table. 1.2.  

Table 1.2: Cholesterol components in the blood of adult human beings and 

their indications. 

Nowadays, the term “bad cholesterol” has been used to refer to the 

LDL components, which is thought to have harmful actions and “good 

cholesterol” has been used to denote the HDL component, which is 

believed to be beneficial. HDL carries cholesterol out of the bloodstream 

into the liver where it is broken down for excretion. The LDL components 

carry it back into the blood stream for use by numerous body cells, which 

in turn leads to the deposition inside the blood vessels, when in excess. 

Category 
Range 

(mg/dL) 
Inference 

Total 

Cholesterol 

< 200 Desirable 

200-239 Borderline 

> 240 High, Risky 

HDL 

< 40 Major Risk 

40-59 
Desirable 

The higher the better 

> 60 Protective to Heart Diseases 

LDL 

< 100 Optimal 

100-129 Above optimal 

130-159 Borderline 

160-189 High, Risky 

> 190 Very High, Very Risky 
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The unit of parts per million (ppm), used for the measurement of 

cholesterol described in the subsequent chapters, is related to the clinically 

used unit of mg/dL as per the following expression. 

10ppm = 1mg/dL ……………………………………….... (1.7) 

Reduced consumption of foods having cholesterol and saturated fat has 

been found to be effective in lowering the blood cholesterol levels. 

Cholesterol levels can also be controlled by the administration of drugs. 

Hence, the measurement of blood cholesterol has gained much 

attention as it gives an indication on the chances of occurrence of 

cardiovascular disease. Also, estimation of cholesterol and its byproducts 

in food is important, as it may enhance the blood cholesterol levels. For 

these reasons, cholesterol has become one of the main factors to be 

analyzed in routine clinical, pharmaceutical, biomedical research and food 

processing laboratories. Consequently, an ever-increasing demand for 

cholesterol testing technology has been observed in the last few years. 

 1.4.1 Detection of Cholesterol 

Various methods for the detection and estimation of cholesterol 

were reported earlier in the literature. Fluorescence detection, 

electrophoresis method, amperometric detection, Raman spectroscopy, 

high performance liquid chromatography, fiber optic, gas-liquid 

chromatography etc. are a few of them [210-217]. Most of them rely on the 

chemical methods centered around the classical Libermann- Burchard 

reaction [218] which has been conventionally employed for total 

cholesterol measurements. These approaches do not assure any onsite 

checking of cholesterol and are time consuming. Besides the lack of 

specificity, these methods also require costlier equipment and trained 

personnel, which in turn increases the cost of the tests. Due to these 
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shortcomings, enzymatic techniques have virtually replaced the chemical 

methods, as enzymes guarantee the required specificity and selectivity for 

these kinds of tests. Other advantages of immobilized enzymes are their 

repetitive usage, easiness in the separation of enzyme and products, greater 

stability and considerable reduction in the operation cost.   

Several methods based on enzymatic reactions with cholesterol 

esterase, cholesterol oxidase [219], cytochrome P450scc [213] etc. were 

reported earlier. Of which, the mostly employed enzymatic method is 

based on the cholesterol oxidase based detection. Cholesterol oxidase 

(ChOx) is one of the technologically significant enzymes that catalyze the 

oxidation of cholesterol to form equimolar quantities of cholest-4-en-3-one 

and hydrogen peroxide. This enzymatic estimation of cholesterol monitors 

the oxygen consumption or the production of hydrogen peroxide during 

the enzymatic reaction given in equation 1.7. 

 Cholesterol + O2
ChOx
→    Cholest −  4 − en − 3 − one + H2O2... (1.8) 

The major drawback of the enzymatic methods is the difficulties in 

the fabrication and usage of the sensor head. Extra care should be taken at 

the time of measurements and afterwards to keep the enzymes intact so 

that it can be preserved for repeated uses. In addition, the use of these 

enzymes makes the sensor head costlier. 

An optical detection method for cholesterol was first proposed by 

Allain et al. [220]. In this 1974 paper, colorimetry was used for the first 

time for the enzymatic determination of total cholesterol. In 1986, 

Akiyoshi et al. developed a laboratory-built, chemi-luminescence system 

for cholesterol determination [221]. This was followed by several reports on 

photochemical methods for cholesterol measurements from various research 

groups [222, 223]. The photochemical biosensors exhibited more sensitivity 
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and stability over the enzymatic procedures. They were also easy to wash and 

have good optical biocompatibility, which is required for in vivo detection. A 

report on a voltammetric sensor for the detection of total cholesterol, 

fabricated by co-immobilization of two enzymes: cholesterol oxidase (ChOx) 

and horseradish peroxidase (HRP) on porous graphite was published in 2014 

[224]. G Kaur et al. developed a microfluidic biosensor based on surface 

plasmon resonance technique, for quantification of cholesterol using 

nanostructured ZnO thin film [225].  Cholesterol oxidase (ChOx) enzyme was 

immobilized on the ZnO coated Au prism for the detection of cholesterol. In 

2016, X Lin et al. proposed an enzymatic electrochemical cholesterol sensor 

[226]. Q Wu et al. demonstrated amperometric cholesterol sensor using silver 

nanowire and zinc oxide films on an indium tin oxide (ITO) electrode modified 

with graphene oxide and chitosan [227]. S Alexander et al. developed 

another non enzymatic electrochemical cholesterol sensor [228]. 

They developed a modified grapheme oxide based molecular 

imprinted polymer for cholesterol sensing. 

In the year 2000, Kim et al. demonstrated a fiber optic calorimetric 

spectrometer for the detection of cholesterol [229]. Concentration was 

measured based on changes in the absorbance of a cholesterol compound 

formed as a byproduct of a chemical reaction. In this paper, optical fiber was 

utilized merely as a light guiding waveguide. Fluorescence quenching 

technique clubbed with optical fiber for cholesterol determination was 

introduced by Yan et al. [230]. After the invention of carbon nanotubes, Tan et 

al. employed it in the detection of total cholesterol in the year 2005 [231]. D A 

R Medina et al. have reported the design and fabrication of optrodes using 

photonic crystal fiber and cholesterol enzyme to monitor cholesterol in 2015 

[232]. In 2017, Yunianto et al. came up with another fiber optic sensor for 

the estimation of cholesterol [233]. In this paper, the authors report the 
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usage of bent optical fiber with scratches on its surface, for the 

measurement of blood cholesterol. M Budiyanto et al. proposed an 

intensity modulated sensor employing an optical fiber bundle for the 

determination of cholesterol [234]. Recently, V Semwal and B D Gupta, 

proposed the development and characterization of highly sensitive fiber 

optic cholesterol sensor configurations [235]. These sensorheads 

employing the principle of surface plasmon and localized surface plasmon 

utilizes the enzyme cholesterol oxidase (ChOx) for the measurement of 

cholesterol. 

1.5  Chitosan 

 Chitosan is used as a bio polymeric coating to improve the sensitivity 

of the developed cholesterol sensor heads presented in this thesis. Chitosan is 

a polysaccharide prepared by the deacetylisation of chitin, which is the main 

constituent of the exoskeleton of crustaceous water creatures [236- 245]. 

Chitin is a nitrogenous polysaccharide, which is white in appearance, hard and 

inelastic in nature. It is considered as a major source of surface contamination 

in coastal areas [236]. Chitin, the second most abundant organic complex in 

nature after cellulose, is also present in aquatic invertebrates, insects, fungi, 

and yeast [237]. Chemically, chitin is β-(1→4)-linked N-acetyl-D-

glucosamine and its structure is given in Fig. 1.10.A. 

Chitin is made up of a linear chain of acetyl glucosamine groups while 

chitosan is obtained by removing enough acetyl groups (CH3-CO) from the 

molecular chain. This process is called deacetylation. The actual difference 

between chitin and chitosan is the acetyl content of the chitin polymer. The 

removal of acetyl groups makes the derivatives soluble in almost all diluted 

acids. Chitosan, with one free amino group in the molecular chain is the most 

useful derivative of chitin [245]. 
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Figure 1.10: Molecular structure - (A) Chitin and (B) Chitosan. 

Chitosan can selectively bind with materials, such as cholesterol, fat, 

metal ion and protein [246, 247]. The fat and cholesterol binding capabilities 

of chitosan is exploited to develop cholesterol lowering supplements. Chitosan 

attaches itself to fat in the stomach before it is broken down, forming a mass, 

which the body cannot absorb, and is excreted from the body. Thus the 

trapping of fat by chitosan, prevents its assimilation to the digestive system.  

Chitosan contains three types of reactive functional groups, which are 

an (a) amino/acetamido group, (b) a primary hydroxyl group and (c) a 

secondary hydroxyl groups as depicted in Fig. 1.10.B. These active sites in 

chitosan acts as the binding sites for cholesterol [247]. The combined effects 

of electrostatic attraction, embedding, adsorption and entrapment are the 

probable mechanisms for the cholesterol binding effects of chitosan [248]. 

Chitosan fiber having a positive ionic charge also gives the ability to 

chemically bond with the negatively charged lipids, fats and bile acids [249–

251]. 

This fat and protein binding characteristics of chitosan stimulated the 

research in studying the hypocholesterolaemic activity of chitosan in birds, 
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animals and human beings. Several studies have revealed that it is a potential 

candidate, which can reduce the cholesterol levels [247-263].  

This cholesterol binding effect of chitosan is exploited in enhancing the 

selectivity as well as the sensitivity of the cholesterol sensors presented in the 

succeeding chapters of this thesis. A layer of chitosan was coated over the 

optical fiber gratings for the development of cholesterol sensor heads. In our 

experiments, it was found that the grating based cholesterol sensor heads with 

chitosan coatings exhibited an enhancement in the sensitivity in the cholesterol 

measurements compared to the sensor heads without chitosan coating 

Sensing with optical fiber gratings is the focus of this thesis. The 

main objective of the research was to design and develop grating based 

fiber optic sensors for the measurement of cholesterol in the desired range 

with the required acuuracy and sensitivity, so that these studies can be 

extended to the real time measurements of cholesterol in blood. 

Approaches to improve the sensitivity and selectivity of the sensor heads 

also became an objective in the due course of the research activities. Long 

period gratings with pitches ranging from 435 µm to 550 µm were 

employed in the experimental analyses described this thesis.  This 

selection was random, keeping the ease of fabrication in mind. The Bragg 

grating pitches were selected such that reflected Bragg wavelengths lie in 

the commonly used communication bandwidth. 

Sensing capabilities and principle of operation of optical fiber 

grating based sensors are covered in detail in the subsequent chapters of 

this thesis. Chapter 2 outlines the principle of operation of LPG sensors, 

while the next chapter discusses the performance improvement of LPG 

sensors by the application of suitable coatings. Chapter 4 describes the 

principle of FBG based sensors and a typical application. TFBG based 
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refractive index sensor for the detection of cholesterol is presented in 

chapter 5 along with the supportive theory of operation.  

1.6 Summary 

Fiber optic devices have become an integral and indispensable part of 

the sensor industry. Right from the days of Kao, optical fiber has been 

employed in the sensing field for the detection of a variety of parameters and 

species including, physical, chemical and biological entities. This introductory 

chapter was intended to present a short technical insight into the major 

subjects dealt in this thesis.  

This chapter discussed the development of fiber optic sensors as a 

leading research area with vast possibilities. The basic classifications of fiber 

optic sensors were discussed with an emphasis to the fiber grating based 

sensors. A discussions on photosensitivity of the optical fibers and the 

methods of enhancing the photosensitivity was included. Discussion on the 

various fabrication methods of optical fiber gratings was presented in this 

chapter. The setup for fabricating the gratings used in the experimental 

sections was discussed in detail. 

The gratings fabricated were employed for the development of sensor 

heads for the detection of cholesterol. The properties and functions of 

cholesterol were outlined in this chapter. The importance of the measurement 

of cholesterol was highlighted. Brief report on the various cholesterol 

detection mechanisms was also presented. 

Chitosan, the biopolymer employed as an overlay coating around the 

grating sensor heads used in the experiments was introduced in this chapter. 

The structure of chitosan was also discussed, bringing out its ability to bind 

with cholesterol. A literature report on the hypocholesterolaemic activity of 

chitosan was also presented here. 
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Chapter 2 
 

Long Period Grating: Basic Theory 
and its Application as a        

Cholesterol Sensor  

Abstract 

This chapter gives an overview of the basic principle of operation of fiber 

optic long period gratings. This chapter also deals with the sensitivities of 

LPGs to external perturbances namely, temperature, strain and refractive 

index. A review of LPG sensors, highlighting their applications as RI 

sensors for chemical as well as bio-sensing is presented. This chapter also 

provides the design and development of cholesterol sensors exploiting the 

refractive index sensitivity of LPG.  
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2.1 Introduction 

The invention of optical fiber has revolutionized the world of 

communication towards the end of last century. Optical fiber was also 

employed in various sensing applications due to its numerous advantages 

over the conventional electrical, mechanical and chemical sensors. The 

discovery of photosensitivity in optical fibers was a major lead in the 

development of fiber gratings. Nowadays fiber grating based sensors have 

replaced majority of the conventional sensors because of their flexibility, 

versatility and ease of use.  

This section introduces the sensing characteristics of long period 

gratings. The principle of operation of, LPG and LPG based sensors are 

discussed initially and then the application of LPG based refractive index 

sensor for the detection and estimation of cholesterol is presented. It is 

shown that for an LPG, the wavelength shifts are functions of external 

perturbations like temperature, strain and surrounding refractive index 

modulations. The strain and temperature responses of the LPGs along with 

their highly sensitive nature to the changes in refractive index of the 

medium around the grating are discussed in detail. 

2.2.  LPG for Sensing Applications 

LPGs were first demonstrated by Vensarakar et al. as a spectrally 

selective band rejection filter for telecommunication application in 1996 

[1, 2]. Followed by this, the very first LPG device for sensing application 

was developed by Vikram Bhatia in the same year [3]. The paper discusses 

the sensitivity of LPGs to strain, temperature and refractive index, opening 

up important new potential sensing applications. Since then, LPGs have 

been extensively deployed in optical communication systems and fiber 

optic sensor systems. In the field of sensing, they were employed as 
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temperature sensors, axial strain sensors, structural bend sensors etc. [3-

10]. They are used for structural health monitoring of buildings, dams and 

roads. In the field of automobiles, LPGs are used as sensing elements in 

spacecrafts, ships, trains and vehicles on road. These widespread 

applications make it one of the stable and versatile technologies in optical 

field.  

LPG is very beneficial as a refractometer when the RI of the 

medium surrounding the grating changes. The changes in ambient RI, alter 

the effective cladding mode index and will lead to shifts in both the 

amplitude and the wavelength of the resonant dips in the transmission 

spectrum. As the higher ordered cladding modes in LPGs are less bound to 

the waveguide structure of the fiber, they exhibit greater ambient refractive 

index sensitivity [3-5]. These spectral changes with respect to the 

surrounding medium RI are measured when LPGs are used as a transducer. 

These characteristics of LPG have been exploited in many sensors reported 

for the measurement of the RI of the external medium surrounding the 

grating [11-17]. RI sensing is very significant for applications in the fields 

of chemical, biological, biochemical sensing since a wide range of 

parameters can be detected and quantized through RI measurements. 

Several sensors exploiting the effect of the ambient refractive index 

on LPGs have been reported in literature [18-27]. Libish has employed 

LPGs for the measurement of glucose concentration and adulteration in 

edible oil utilising its refractive index sensitivity [18]. Shu et al. [19] 

proposed a concentration sensor for sugar solutions in 1999. Sensors for 

the detection and measurement of organic aromatic compounds [20] and 

for the measurement of concentrations of solutions of sodium chloride, 

calcium chloride, ethylene glycol [12, 21] were also reported earlier. 

Hydrogen sensors [22], liquid level sensor [23] and measurement of 
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chloride-ion concentration [24] with long period grating technology were 

also reported in literature. Chong et al. [25] demonstrated the 

discrimination of salt, sugar and ethylene glycol solutions and 

determination of the concentration of the analytes. Falate et al.[26] 

measured the concentration of turpentine, naphtha, paint thinner and 

anhydrous alcohol in fuel, water and air using a sensor based on LPGs. 

Determination of the quality of gasoline and its compliance with legal 

standards using long period gratings written on standard 

telecommunication fiber was presented by the same group [27].  

In the field of bio sensing Cheng et al. [28], proposed an LPG sensor 

for real time detection of DNA interaction. Bacterial detection schemes 

using LPGs were demonstrated by Brzozowska et al. [29], Tripathi et al. 

[30, 31] and Mateusz et al. [32]. Glucose detection accomplished using 

LPG was presented by Deep et al. [33]. LPG based sensor for the detection 

of triacylglycerides was reported by Anjali et al. [34] in 2016. Several 

other applications of LPG in the area of biosensing were also published 

earlier [35-37]. 

To enhance chemical selectivity, the long period gratings can be 

coated with different polymers having distinct affinities for selected 

analytes. This is covered in subsequent chapters.   

2.3  Long Period Grating – Basic Theory 

As explained earlier, long period gratings (LPGs) are prepared by 

inscribing periodic or quasi-periodic RI modulation inside the core of an 

optical fiber. The periodic modulation can be induced either by a 

permanent alteration of the RI of the fiber core or by physical 

deformation. The refractive index changes are normally imposed on the 

optical fiber core by exposing it to intense UV radiations through an 
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amplitude mask of specific period or by the point-by-point writing 

method. The UV illumination creates a permanent increase in the RI of 

the core of the fiber, creating a fixed RI modulation according to the 

exposed pattern. This fixed RI modulation developed on the fiber core is 

called a grating [38]. For LPGs, the period or the pitch of the RI 

modulation inscribed on the core of the optical fiber is higher than 100 

µm [4]. 

    2.3.1 Mode Coupling in LPG 

The working principle of LPGs can be described by the coupled 

mode theory of optical fiber gratings. In an optical fiber grating, the modes 

couple at discrete wavelengths, which can be derived from the phase 

matching equation given by [3]: 

 𝛽1 − 𝛽2 = 𝛥𝛽 =
2𝜋

Λ
  .................................................................... (2.1)               

where β1 and β2 are the propagation constants of the modes between which 

the power is coupled and Λ denotes the grating period [39, 40].  

In LPGs, the power from the forward propagating core mode is 

coupled to the co-propagating cladding modes of order m, as illustrated in 

Fig. 2.1. Then, 

 𝛽𝑐𝑜 − 𝛽𝑐𝑙,𝑚  = 𝛥𝛽 =
2𝜋

Λ
   ............................................................ (2.2) 

where, 𝛽𝑐𝑜  and 𝛽𝑐𝑙,𝑚  are the propagation constants of core and that of m
th
 

order cladding mode respectively. For normal LPGs, Δβ is small, making 

the grating pitch to be very large, in comparison with FBGs. Substituting 

the values of propagation constants, βco and βcl, m, the resonance 

wavelength condition can be simplified as [1, 3]: 

 𝜆𝑚 = [neff 
co − neff,m

cl ]Λ  ............................................................... (2.3) 

where λm is the resonant wavelength corresponding to coupling to the m
th
 

order cladding mode, Λ is the period of the grating, neff 
co  is the effective RI 
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of the fundamental core mode (LP01), neff,m
cl  is the effective RI of the m

th
 

order cladding mode (LP0m). Thus, LPG operates by the coupling of power 

from the fundamental core mode (i.e. the LP01 mode) to the co-propagating 

cladding modes (LP0m mode with m = 2, 3, 4 . . .).  

 

Figure 2.1: Illustration - Mode coupling in long period grating. 

For a typical long period grating, more than one cladding mode can 

satisfy the phase matching condition (equation (2.3)) at discrete 

wavelengths, and the guided mode will be coupled to all those cladding 

modes. Because of this, rejection bands around specific wavelengths 

(resonant wavelengths) are formed in the transmission spectrum of the 

LPG. A typical LPG transmission spectrum is given in Fig. 2.2. 

 

Figure 2.2: Typical LPG transmission spectrum (Λ=550µm) 
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Detailed descriptions and analysis of mode coupling mechanisms 

in gratings and the principle of operation of LPGs are available in books 

[41, 42]. Further references are also available in published literature [5, 39, 

43, 44, 45]. 

    2.3.2 Phase Matching Curve (PMC) 

The PMC is a plot of the grating period, Λ as a function of the 

resonant wavelength, λm for various modes propagating inside an optical 

fiber. The neff corresponding to the resonant wavelengths can be computed 

after identifying the modes. Using the calculated value of neff, of each 

cladding mode at different wavelengths, grating pitch against wavelength 

can be plotted using the equation (2.3), which can be rearranged as: 

  Λ =
λm

[neff 
co −neff,m

cl ]
     ...................................................................... (2.4) 

For various modes, periodicity versus resonant wavelength can be 

plotted and is referred to as the Phase Matching Curve. The PMC for LPGs 

written on SMF-28e fiber is shown in Fig. 2.3 [18].  

 

Figure 2.3:  Phase matching curve: SMF-28 fiber [18] 
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For an LPG, the resonant wavelengths correspond to the intersection 

points of the curve with the period of the grating. The reciprocal of the 

slope, dλ
dΛ⁄ from the PMC is an indication on the sensitivity of the 

cladding mode to exterior perturbations. The highest order cladding mode 

with the largest dλ
dΛ⁄   will exhibit maximum sensitivity [39, 40, 43]. 

For an LPG, the resonant wavelengths correspond to the intersection 

points of the curve with the period of the grating. The reciprocal of the 

slope, dλ
dΛ⁄ from the PMC is an indication on the sensitivity of the 

cladding mode to exterior perturbations. The highest order cladding mode 

with the largest dλ
dΛ⁄   will exhibit maximum sensitivity [39, 40, 43].  

For a grating with a specific period, the LPG the energy is coupled 

from the fundamental core mode to several cladding modes simultaneously 

at different wavelengths. Number of resonant wavelengths at which the 

coupling occurs depends on the grating period. The shorter the grating 

period, the higher the number of resonant bands or wavelengths at which 

coupling occurs. The resonant wavelength at which the coupling required 

can be designed by properly selecting the grating period. 

The slope, dΛ/dλ gradually increases from the higher order modes to 

the lower order modes. As a result, dλ/dΛ progressively decreases with the 

decrease in the order mode. ie. The shift in λ, due to the change in period 

(Λ) gets smaller as the order of the coupled mode decreases for the same 

LPG. The change in Λ can be a result of the change in strain, pressure, 

temperature etc. on the grating. Consequently, the sensitivity of the LPG to 

these external perturbations, decreases with decrease in the order of the 

cladding mode for the same LPG. 
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2.4   Principle of Operation of LPG Based Sensor 

The phase matching equation (equation (2.3)) governs the 

wavelengths at which the guided mode couples to the cladding modes [1, 

3]:   λm = [neff 
co − neff,m

cl ]Λ                                                      

The phase matching equation can also be rewritten as:  

    λm = (δneff) Λ  ........................................................................ (2.5)    

where, δneff  is the difference of the effective index of the guided mode 

and the cladding mode (neff 
co − neff,m

cl ) at the wavelength λm.  

The transmission strength of the coupled modes [4] can be written 

as:    Tm = 1 − sin
2 (kmL) ………………………………...………… (2.6)    

where, L represents the length of the grating and km denotes the coefficient 

of coupling to the m
th
 order cladding mode. Hence, it is clear that, the 

percentage of power coupled is related to L and km. The parameter km 

however depends on the specific cladding mode and the magnitude of the 

RI modulation inscribed in the core (Δnco) at the time of grating 

fabrication. 

In an LPG, the coupling between the core mode and cladding modes 

is strongly dependent on external influences like strain [43], temperature 

[3], bending [12] and surrounding refractive index (SRI) [21]. The strength 

of coupling is strongly influenced by these external perturbations. This 

influence in turn leads to shifts in both wavelength and amplitude of the 

resonant bands in the transmission spectrum of LPG [46, 47]. Measurement 

of these spectral parameters with respect to the environment, around the 

grating forms the basis of sensors based on LPGs. These shifts in the 

coupled wavelength and its amplitude can be interrogated with an optical 

spectrum analyzer (OSA) to develop simple LPG based sensors.  
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The shift in the resonant wavelength in the transmission spectrum of 

LPGs under the influence of strain, temperature and external RI variations, 

can be expressed as [47]:  

 ∆λm = (
dλm

dε
)∆ε + (

dλm

dT
) ∆T + (

dλm

dnsur
)∆nsur   ........................ (2.7)                  

where,(
dλm

dε
) , (

dλm

dT
)  and  (

dλm

dnsur
) are the strain, temperature and surrounding 

RI sensitivities of the LPG at the resonant wavelength, respectively. In the 

succeeding sections, a brief study about the sensitivity of LPG to these 

external perturbations is presented.  

   2.4.1 Strain Sensitivity of LPG 

Strain acting on an optical fiber, induces significant variations in the 

RI values of the core and the cladding as well as the physical dimensions 

of the fiber. This in turn alters the coupling conditions in an optical fiber 

resulting in the variations in the transmission spectrum.  

The strain response of a LPG arises due to two factors: 1) the 

physical elongation of the fiber, leading to a change in the grating 

periodicity and 2) the change in the effective RI of the core and cladding 

due to the elasto-optic effect [48]. Differentiating the phase matching, with 

respect to axial strain-ε, the shift in resonant wavelength with axial strain 

can be written as: [5, 49, 50]. 

 
dλm

dε
=

dλm

d(δneff)
[
dnco
eff

dε
−
dncl,m
eff ) 

dε
]+ Λ

dλm

dΛ
 …………………….…. (2.8) 

The terms on the right hand side of the above equation, which affect the 

axial strain sensitivity, are termed as the material effect and the waveguide 

effect. The change in the dimension of the fiber (Poisson’s effect) and the 

strain-optic effect (RI variations) are the factors contributing to the 

material effects. The waveguide effect is a function of the slope of the 

dispersion term, 
dλm

dΛ
 , for a specific cladding mode [43, 51, 52, 53]. In 
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short, resonant wavelength (λm) shift in of the LPG transmission spectrum 

is highly dependent on the order of the coupled cladding mode (m) and the 

grating pitch (Λ). 

The contributions of the material and waveguide effects to the strain 

induced wavelength shift are either “+” or “-”, depending on the pitch of 

the grating and the mode order (m). In general, LPGs having longer pitch 

(>100 μm) have negative material contribution and the contribution to the 

waveguide effect is positive. When the grating periodicity is small (<100 

μm), both the contributions of material and waveguide effects to the strain 

sensitivity are negative. Thus, the shift of the resonant wavelength to blue 

or red region is determined by the relative magnitudes of these 

contributions from the material and waveguide effects.  

   2.4.2 Temperature Sensitivity of LPG 

The major factors contributing to the temperature sensitivity of 

LPGs are: 1) changes in the difference in the RI of the core and the 

cladding due to thermo optic effects, and 2) variations in the periodicity of 

LPG with the temperature. The temperature sensitivity of an LPG can be 

described by taking the derivative of the phase matching condition, with 

respect to temperature [5, 52-55]. 

 
dλm

dT
=

dλm

d(δneff)
[
(dnco

eff )

dT
−
(dncl,m

eff ) 

dT
]+ Λ

dλm

dΛ

1

L

dL

dT
 ............................. (2.9)     

where, T denotes the temperature, L represents the length of LPG, and  

δneff = (nco
eff-ncl,m

eff ) is the effective RI difference between the coupled 

core mode and the cladding modes. Thus the wavelength shift due to 

temperature changes is mainly influenced by the grating pitch (Λ) [4], the 

order of the cladding mode (m) [5] and the composition of the fiber [52]. 
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Similar to the strain sensitivity of LPGs (equation (2.8)), there are 

two terms influencing the temperature sensitivity of LPGs. The 

composition of the fiber affects the wavelength shift and is defined as the 

material contribution, which is represented as the first term in equation 

(2.9). This material contribution arises from the change in the differential 

RI of the core and cladding due to the thermo optic effect, which varies 

with different dopants in the fiber. The direction of shift in the resonant 

wavelength depends on the value of the thermo optic coefficients of the 

core and cladding [52, 56]. GeO2 has a larger thermo optic coefficient 

compared to SiO2 whereas; B2O3 has a negative thermo optic coefficient. 

In the case of standard fiber, the core constituents are SiO2 and GeO2 and 

the cladding contains SiO2 only. Therefore, the thermo optic coefficient of 

the core will be greater than that of the cladding. This results in the red 

shift of the wavelength, when the temperature is increased [54, 56]. For 

boron co-doped fibers, the resonant wavelength shifts towards shorter 

wavelengths (blue shift) due to the negative thermo optic coefficient of the 

boron dopant [52, 56, 57]. 

The second term on the right hand side of equation (2.9) is termed as 

the waveguide contribution to the temperature dependence. This arises 

from changes in the grating pitch and can be either positive or negative 

depending on the cladding mode order [41]. Different temperature 

dependent spectral responses can be observed when coupling occurs at lower-

order cladding modes as opposed to modes with higher orders [5, 49, 50]. 

For coupling to cladding modes with lower orders, which are accessed 

using a large grating pitch (>100 μm), the material effect dominates. 

Instead, when coupling to higher ordered cladding modes occur in gratings 

with relatively shorter pitches (<100 μm); the material contribution can 

become negligible compared to the waveguide effect.  
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Thus, the thermal responses of LPGs vary depending upon the type 

of the fiber and the grating periodicity. The sensitivity of the LPGs to 

temperature changes can be enhanced by providing coating the LPGs with 

polymeric materials that have high thermo optic coefficients [58, 59] or by 

reducing the thickness of the fiber cladding [60]. LPGs written in micro 

structured fibers, with holes in the cladding filled with UV curable acrylate 

based polymer also demonstrated higher temperature sensitivity [48]. 

   2.4.3 Sensitivity to Surrounding Medium Refractive Index  

Conventional fiber optic RI sensors works on the principle of 

evanescent wave detection. These sensors make use of modifications on 

the cladding of the fiber to access the evanescent field of the guided mode. 

In surface plasmon sensors, the fiber cladding is removed partially or 

completely and a thin layer of appropriate metal is deposited on the 

polished fiber surface [61]. Limitations of these types of devices are non-

repeatability and lack of mechanical strength. In addition, the 

measurements with these devices are highly influenced by the external 

power fluctuations. In an LPG, the light guided within the fiber interacts 

with the surrounding medium without any modifications of the fiber.  

The transmitted signal from an LPG is highly sensitive to the RI of 

the medium around the LPG. The RI sensitivity of an LPG arises due to 

the dependence of the phase matching condition on ncl,m
eff  (effective RI of 

the cladding modes), which are depends on the RIs of the cladding 

material and the external medium around the cladding. LPG is highly 

useful as a SRI sensor when the RI of the medium around the grating 

varies. The alterations in the ambient refractive index changes the ncl,m
eff

 

and this in turn leads to shifts in both the amplitude and the wavelength of 

the resonant loss bands in the transmission spectrum of LPG. This feature 
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of LPGs can be utilized in the development of various sensors for the 

measurement of RI, biological parameters, liquid sensors, chemical 

concentration sensors etc. [3, 12, 52, 62-64].  

The effect of SRI on the resonant wavelengths can be expressed as 

[5]:    
dλm

dnsur
=

dλm

dneff,m
cl [

dneff,m
cl

dnsur
] ……………………………….….……. (2.10) 

where, nsur  denotes the RI of the medium around the grating. For each 

cladding mode, the term [
dneff,m

cl

dnsur
] is unique and hence for an LPG, the RI 

sensitivity is expected to depend strongly on the value of m (order of the 

coupled cladding mode). Higher order cladding modes are likely to exhibit 

greater sensitivity to SRI, as they extend further out into the area exterior 

to the fiber [5, 12, 52]. The RI sensitivity of the resonance wavelengths of 

LPGs can also be expressed as: [52, 53]  

 
dλm

dnsur
= λmγГsur

 
 ....................................................................... (2.11)    

where, γ =
dλm
dΛ

nco
eff−ncl,m

eff

 
is the general sensitivity factor related to the 

waveguide dispersion of the fiber and Гsur  is the specific sensitivity 

factor. The specific sensitivity factor, Гsur for surrounding RI is given 

by: 

 Гsur = −
um
2   λm

3  nsur

8 π rcl
3  ncl (nco

eff−ncl,   m
eff )(ncl 

2 −nsur
2 )

3
2⁄
................................ (2.12)    

where, um is the mth root of the zeroth-order Bessel function of the first 

kind, rcl and  ncl  are the radius and refractive index of the fiber 

cladding, respectively. From equation (2.12), it is clear that the 

sensitivity is lower for lower order cladding modes. Also, it can be 

enhanced by reducing the cladding thickness, as it is proportional to 

rcl
−3 [52, 64]. 
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The spectral variations of LPG sensors can be characterized in 

terms of the SRI. The experimental verification of these spectral 

variations of LPG sensors with respect to the RI changes of the 

surrounding medium is shown in Fig. 2.4 [18]. When the RI of the 

medium around the grating is lower than the RI of the cladding (nsur<ncl), 

mode guidance can be described using total internal reflection. Under 

this condition the resonant wavelengths in the transmission bands shift 

towards the lower wavelength region (blue shift), as the refractive index 

of the external medium is increased up to the refractive index of the 

cladding of the fiber [52, 63]. The closer the SRI to the cladding RI, the 

higher the sensitivity and exhibit larger wavelength shifts.  

 

Figure 2.4: LPG Transmission spectra for different SRI conditions [18]. 
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Once the SRI matches with refractive index of the cladding, the 

cladding along with the external medium acts as an infinitely extended 

layer and then no discrete cladding modes are supported. Under this 

condition, radiation mode coupling occurs without any distinct attenuation 

bands [16]. In short, when the SRI is equal to the RI of the cladding, the 

resonant loss bands disappear, making the transmission spectrum flat.  

When the ambient RI value is above the RI of the cladding (nsur>ncl), 

the cladding modes no longer experience total internal reflection and 

Fresnel reflection can be used to describe the mode structure [62]. For 

surrounding media with RI values greater than that of the cladding, a part 

of the transmitted energy is reflected at the interface of the cladding layer 

and the external medium. The streangth of the reflection will be determined 

by the Fresnel coefficients. 

For nsur>ncl, the resonant peaks get slightly red shifted compared to 

those measured with air as the surrounding medium [65, 66]. The 

amplitude of these attenuation peaks increases with further increase in SRI. 

This increase in amplitude is attributed to the larger Fresnel reflection 

coefficients at the interface that yield enhanced reflection [65-67].  

2.5   Cholesterol Sensor 

As explained earlier in chapter 1, cholesterol sensing has gained great 

attention, as excess cholesterol levels can lead to fatal cardiovascular diseases. 

Several methods including fiber optic techniques were reported earlier for the 

detection and measurement of cholesterol. Fiber optic sensors, especially LPG 

sensors offer greater ease of use and accurate, onsite measurements with 

instantaneous responses. In this context fiber optic long period gratings were 

employed in the detection and measurement of cholesterol levels.  
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Cholesterol sensors exploiting the LPG sensitivity to the concentration 

of the sample solution under test is presented in this section. As the cholesterol 

concentration levels are altered, a RI variation occurs, which in turn induce 

shifts in the resonant wavelength and change the depth (amplitude) of the 

resonant bands in the transmission spectrum of LPG. Cholesterol levels can be 

detected and estimated by analyzing these changes in the spectrum. The 

device performance is evaluated in terms of its sensitivity and resolution. 

  2.5.1 LPG Fabrication 

The LPGs used in these experiments were fabricated with a KrF-

Excimer laser source (248 nm), through point-by-point writing method at 

CGCRI, Kolkata. The standard single mode Fiber, SMF-28 (SMF-28e, 

Corning), used for the LPG fabrication had a core diameter of 8.2 micron and 

cladding diameter of 125 micron. The numerical aperture was 0.14 and the 

refractive index values were 1.461 and 1.456, for the core and the cladding 

respectively. Hydrogen loading was done at a temperature of 100
0
C and 1500 

psi pressure for 24 hours, prior to the fabrication of LPG to enhance the 

photosensitivity of the used fiber. The residual molecular Hydrogen, retained 

after the photochemical reactions, which occur during the process of grating 

fabrication, was removed by annealing the grating, at a temperature of 200
0
C 

for 7 hours, using a high temperature oven. LPGs with grating periods of 515 

μm (LPG-1) and 550 μm (LPG-2) were selected for the experimental 

investigations.  

  2.5.2 Experimental Setup 

An optical spectrum analyzer (OSA) (Yokogawa - AQ 6319) and a 

white-light source (Yokogawa - AQ 4305) were used to study the transmission 

characteristics of the sensor head. The OSA used, works in the range of 600 

nm to 1700 nm and has a resolution of 0.001 nm. The white light source 



Long Period Grating: Basic Theory and its Application as a Cholesterol Sensor  

87 

operates in the range of 400 nm to 1800 nm. The refractive index 

measurements were done using an Abbe refractometer with a measuring range 

of 1.3000 to 1.7000 and an accuracy of 0.001 by direct measurements and 

0.0001 by estimation.  

The LPG sensor head was fixed inside a specially designed glass cell. 

Provision for filling the sample and draining it out as and when desired was 

provided with in the cell. Fluctuations in the external parameters like 

temperature, strain, bending etc., can affect the characteristics of the LPG. 

Epoxy glue was used to fix the fiber in the glass cell to avoid the effect of 

strain and bending. In doing so, the grating section was aligned straight at the 

center of the cell. The fiber inscribed with LPG was connected to the light 

source on one end and to the OSA on the other side as shown in Fig. 2.5.  

 

Figure 2.5: Experimental setup 

The effect of temperature was taken care by maintaining the 

temperature of the experimental setup and sample solution at 25.0 ± 0.5°C. In 

addition, a volume of around 20 ml of the test sample was used throughout the 
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experiments in order to maintain uniformity of the measurements. The shifts 

in the resonant wavelength and changes in the amplitude of the attenuation 

dips were measured by immersing the fiber section containing the LPG 

completely in the sample solution. The cladding around the grating was 

exposed directly to the sample under test.  

  2.5.3 Materials and Methods   

The cholesterol level in the blood of a normal human being is in the 

range of 1400 ppm to 2000 ppm [68]. Hence, the measurements were 

restricted to a maximum cholesterol concentration of 5000 ppm, which covers 

the normal levels of cholesterol. Extra pure cholesterol (C27H46O), purchased 

from Merck was used for the studies. Cholesterol sensing experiments were 

carried out using two solvents, namely petroleum ether and coconut oil. 

Spectroscopic grade petroleum ether (purity > 99% ) with a RI of 1.341, 

purchased from Sigma Aldrich was used to prepare cholesterol sample 

solutions for the first set of experiments. The second set of experiments were 

conducted using coconut oil having a RI of 1.448, as the solvent for sample 

preparation. Samples with concentrations ranging from 0 ppm to 5000 ppm, 

prepared by dissolving cholesterol in the respective solvents, were subjected to 

analysis. The prepared solutions were stirred well for an hour at room 

temperature, so that the cholesterol powder is dissolved completely in the 

solvent. Spectral changes were detected as soon as the samples were 

introduced into the glass cell. A stabilization period of one minute was 

provided after the LPGs were immersed in the solution before recording the 

spectrum. Once the readings were taken, the sample solution was drained out 

and the glass cell along with the sensor head was washed repeatedly with 

distilled water and isopropyl alcohol. This is to ensure that the LPG 

attenuation dips return to the initial values in the spectrum observed in air, 

which is used as the primary reference spectrum for further analysis.  
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  2.5.4 Results and Discussion 

As mentioned earlier the first set of experiments were carried out with 

petroleum ether as the solvent for cholesterol. An LPG with a grating period 

of 515 μm (LPG-1) was used in this experiment. The transmission spectrum of 

the LPG fixed inside the glass cell without any sample is given in Fig. 2.6. The 

transmission spectrum had three resonant peaks corresponding to the LP0m 

modes, at 1445.73 nm (LP02) 1493.64 nm (LP03) and 1583.27 nm (LP04). 

Out of these modes the highest order mode, i.e, the LP04 mode at 1583.27 

nm, showed maximum sensitivity as expected. Hence further 

investigations were centered around this resonant wavelength of LP04 

mode 

 

Figure 2.6: Transmission spectrum of LPG-1 fixed inside the glass cell                

with air as the surrounding medium.  

The transmission spectra of LPG-1 for various concentrations of 

cholesterol dissolved in petroleum ether is given below. The RI of pure 

petroleum ether used as solvent was measured as 1.341 at room temperature. 

As pure solvent, i.e. petroleum ether was introduced, a blue shift was observed 

for the peak of LP04 mode along with a reduction in the amplitude. The LP04 

mode at 1583.27 nm shifted to1581.34 nm and the amplitude of the loss band 
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changed from -96.308 dB to -87.188 dB. This shift in wavelength and 

reduction in amplitude is as expected and is attributed to the increase in the 

SRI which changed from 1 (air) to 1.341 (petroleum ether). 

The refractive indices of the prepared test solutions of cholesterol were 

found to vary from 1.341 to 1.346. Even though there was an increase in the 

RI  of the sample solutions from 1.341 to 1.346 as the concentration of the 

cholesterol in the sample solution was varied from 0 ppm to 5000 ppm, the 

LP04 resonant peak did not exhibit any considerable shift in wavelength or 

reduction in amplitude. This is because of the reduced LPG sensitivity in this 

range of RI, which is well below the RI value of the cladding material (1.456) 

of the fiber. Hence, it was concluded that, in order to have good sensitivity for 

an LPG based RI sensor, it is better to have the test samples with RI values 

more closer to that of the cladding. 

 

Figure 2.7: Transmission spectra of LPG-1 for different concentrations  

of  cholesterol dissolved in petroleum ether 

In order to have higher sensitivity for LPG in these studies, it is 

necessary to choose a proper solvent for cholesterol such that, the RI of the 

test solution is nearer to that of the cladding. Literature suggests that, 

cholesterol is completely soluble in vegetable oils [69]. Therefore, it was 
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decided to take coconut oil, which can provide a RI near to that of the 

cladding, as the solvent. In addition, coconut oil is of low cost and easily 

available locally. 

Coconut oil purchased from the market was found to have a RI value of 

1.448, which is much closer to the LPG cladding RI value of 1.456. Test 

samples were prepared as described earlier. The refractive index values of the 

prepared test solutions were varying from 1.448 to 1.455. The experimental 

procedures adopted were the same as in the case of the experiments with 

petroleum ether as the solvent. The reference transmission spectra of LPG-2 

with a period of 550 μm, fixed inside the glass cell is given below. 

 

Figure 2.8: Transmission spectra of LPG-2 fixed in the cell with                           

air and coconut oil as the surrounding medium 

For the LPG-2 used in this experiment, the power coupled to the 

cladding modes led to the development of resonant loss bands centered around 

1445.83 nm (LP02), 1493.28 nm (LP03), and 1583.11 nm (LP04), when air was 

the medium around the grating. As shown in Fig.2.7, the resonant peak of LP04 

mode exhibited maximum blue shift from 1583.11 nm to 1561.72 nm when 

the surrounding medium was changed pure coconut oil instead of air. Along 

with the blue shift in the wavelength, the dip of the resonant peak decreased 



Chapter 2 

92 

from -85.59 dB to -79.54 dB. As in the case of previous experiment, the LP04 

mode exhibited maximum response to the test conditions, compared to other 

resonant modes. The spectra of LP04 mode at 1583.11 nm for various 

concentrations of cholesterol dissolved in coconut oil are given in Fig. 2.9. 

It is clear from the spectra that, as the concentration of the cholesterol 

was varied from 0 ppm (pure coconut oil) to 5000 ppm, the LP04 mode 

exhibited a blue shift in the wavelength. The shifts in the resonant peak was 

mainly due to the change in SRI and is a function of the  pitch of the grating. 

The resonant peak of LP04 mode shifted from 1561.72 nm to 1551.22 nm, to 

give a total blue shift was around 10.5 nm (± 0.01 nm), when the cholesterol 

level in the surrounding medium was increased up to 5000ppm. 

 

Figure 2.9: Transmission spectra of LP04 mode of LPG-2 for various  

concentrations of cholesterol dissolved in coconut oil  

The average resolution corresponding to this spectral shift of 10.5 nm, 

observed for a RI range of 1.448 to 1.455 of the sample cholesterol solutions, 

was 6.7×10
-4 

nm
-1
. The sensitivity of the LPG, when used as a sensor for 

various concentrations of cholesterol is shown in Fig. 2.10. The overall 

sensitivity in the measurement range of the sensor was around 2 pm/ppm of 
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cholesterol. The sensitivity curve clearly depicts a linear response in the range 

of 1000 ppm to 4000ppm of cholesterol. The normal cholesterol levels in the 

blood of human beings i.e. 1400 ppm to 2000 ppm, falls within this linear 

range. This linearity is highly desirable for a commercial sensor for accurate 

measurements. In the higher ranges of measurements, above 4000 ppm, the RI 

of the sample solution is very much closer to the cladding RI of the fiber and 

the sensor head exhibited an increased sensitivity. When the SRI value 

approaches the RI of the cladding material, the LPG is having maximum 

sensitivity and the increased slope of the curve is as expected.  

 

Figure 2.10: Resonant wavelength (LP04) peak positions as a function of       

different concentrations of cholesterol. 

Apart from the wavelength shift, the intensity of the resonant peak 

decreased with the increase in the cholesterol levels. The transmittance at the 

resonant wavelength (LP04) with respect to the different levels of cholesterol in 

the measured range is shown in Fig. 2.11.  

The resonant wavelength peak amplitude decreased from -79.54 dB to -

74.61 dB, when the cholesterol concentration was varied from 0 ppm to 5000 

ppm. A linear response of the transmittance was observed in the measured 

range of cholesterol levels. This amplitude modulation can also be employed 

along with the wavelength coded information for confirmatory results in a 



Chapter 2 

94 

commercial sensor. The marginal error of ± 0.01 nm in the total wavelength 

shift, obtained for repeated experiments over a time of three weeks confirms 

the repeatability and reusability of the sensor head. 

 

Figure 2.11: Transmittance at the resonant wavelength (LP04)                           

peak positions as a function of different concentrations of cholesterol. 

A comparison of the performance of the present sensor with that of 

other LPG based sensors and various types of cholesterol measuring sensors 

reported in literature can be analysed. The LPG based cadmium concentration 

probe had a limited measurement range of 0.01 to 0.04 ppm [70]. The 

intensity modulated plastic optic fiber cholesterol detection scheme proposed 

by M. Yunianto et al., had a linear response in the limited range of 140 mg/dL 

to 250 mg/dL [71]. The fiber bundle based intensity modulated cholesterol 

sensing probe had a very low sensitivity of 0.4 µV/ppm of cholesterol and a 

dynamic range of 0 ppm to 300 ppm [72]. The sensing probe also needs to be 

displaced during mesasurements, which may lead to misalignment and errors 

associated with it. An enzymatic fiber optic cholesterol sensor exhibited a 

linear response in a smaller range of 1700 ppm to 2000 ppm and had a large 

response time of 120s [73]. Another bifurcated fiber bundle based enzymatic 

cholesterol sensing probe exhibited a linear response in the range of 250 ppm 

to 2500 ppm, with a larger response time of 200s [74]. The method requires 
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heating of the sample, producing a pH dependent response and also was 

simple in terms of the components used. Apart from the fiber optic methods, 

other techniques like, voltametric [75, 76], and amperometric [77, 78] 

detection of cholesterol were also reported. These sensor heads are all, 

enzymatic and had a maximum linear range of measurements upto 500 ppm 

[75], 3000 ppm [76], and 4000 ppm [77].  

In contrast, the LPG sensor head described in this chapter had a linear 

response for a wider range of 1000 ppm to 4000 ppm, which is equivalent to a 

range of 100 mg/dL to 400 mg/dL. Moreover, the LPG sensor head rely on 

wavelength modulation rather than intensity modulation which are prone to 

errors due to power fluctuations. Also, the LPG sensor head do not require any 

heating, or other chemical preparations and uses easily available solvent for 

the measurements. It also gave instantaneous results, which were independent 

of the pH variations in the samples. 

  2.5.5 Conclusions 

A comparison of the performance of the LPG senor heads for the 

measurement of cholesterol dissolved in two solvents is given below. 

Parameter 
Solvent 

Petroleum Ether Coconut oil 

Grating Pitch (μm) 515  550 

Refractive Index Variation 1.31 – 1.346 1.448 – 1.455 

Wavelength Shift ( LP04, nm) < 1nm 10.5 nm 

Sensitivity (×10
-4

 nm
-1

) 
Too low to be 

measured 
6.7 

    Table 2.1: Performance of LPG sensor heads for different solvents. 
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The results presented describe the application of fiber optic LPG based 

sensor system for the detection and measurement of cholesterol 

concentrations. Both the wavelength and intensity modulation characteristics 

of the sensor head can be employed in the design of cholesterol sensors. The 

sensor presented provides a real time response and requires only a small 

volume of the sample for analysis. Simplicity and high sensitivity are other 

added features of the sensor, which make it recommendable for medical 

diagnosis and clinical applications for the determination of cholesterol levels 

in humans with suitable modifications. The instantaneous and repeatable 

results, along with the wide range of linearity in the response makes the sensor 

head design attractive for commercial applications. The system can also be 

effectively deployed in the areas of drug development, chemical and 

biomedical sensing etc. 

2.6   Summary 

This chapter discussed, the theory of long period gratings and their 

applications. The chapter also presented the characteristics and the mode 

coupling mechanism in LPGs. A detailed study on the phase matching curve is 

given. Sensitivity of LPGs to external perturbations such as strain, temperature 

and RI were presented in detail.  

A brief survey on the sensing applications of LPGs with an 

emphasis on RI sensing is presented in this chapter. Continuing with more 

practical aspects of RI sensing of LPG, design, development and 

demonstration of a cholesterol sensor is discussed. Cholesterol dissolved in 

two solvents namely, petroleum ether and coconut oil were subjected to 

investigations. LPG exhibited a higher sensitivity of 2 pm/ppm for test 

samples prepared in coconut oil. It is established that, the LPGs have 

higher RI sensitivity, when the RI of the test samples are closer to the 

cladding RI of the fiber. The results presented clearly establish the use of 
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LPGs for cholesterol sensing and measurements. It was also shown that the 

wavelength modulation as well as the intensity modulation of sensor 

output could be employed in realizing a RI sensor using LPGs.  

The sensitivity of LPG can be enhanced by applying proper coatings 

around the grating region. A study of such an enhancement in the RI 

sensitivity of LPG, and its application for the detection and measurement 

of cholesterol are presented in the succeeding chapter.  
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Chapter 3 
 

Fabrication of Chitosan Coated             
Long Period Grating Sensor  

Abstract 

This chapter gives a detailed discussion on chitosan coated fiber optic 

long period grating sensor for cholesterol measurements. The deposition 

of chitosan coating on the LPG sensor head by the method of dip coating 

is also discussed. The sensor head is employed for the detection and 

estimation of total cholesterol dissolved in coconut oil.  
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3.1 Introduction 

Long period gratings have good sensitivities to external 

perturbations like temperature, strain and SRI. A detailed discussion on the 

working principle and the sensitivity of LPG to SRI was given in chapter 

2. It was also shown that this RI sensitivity of LPG could be utilized to 

determine the total cholesterol concentration  

This section introduces the cholesterol sensing capabilities of 

chitosan coated long period gratings. Fabrication of the sensor head with 

chitosan coating is discussed initially. A brief description of the dip 

coating method used for the fabrication is described here. It is shown that 

chitosan has an affinity for cholesterol. It is also established that chitosan 

coating enhances the cholesterol sensitivity of the LPG sensor head.   

3.2  Coated LPG for Sensing Applications 

Several applications of LPGs in the field of sensing were discussed 

in chapter 2. For enhancing the sensitivity of the LPG in sensing 

applications, coatings with several materials are applied over the cladding 

around the LPG. 

The deposition of overlay coatings onto optical fiber long period 

gratings (LPGs) has been in the limelight of researchers since the 

beginning of this century [1-4]. Rees et al. investigated the performance of 

LPGs with overlay films deposited by Langmuir-Blodgett technique in 

2002 [1]. Electrostatic self-assembly method for the preparation of 

coatings on gratings was reported in 2005 [2]. In 2005, Cusano and team 

reported a LPG sensor head prepared by dip coating for chemical sensing 

[3]. A study on the modified RI response of LPGs when coated was 

presented by Ishaq et al. in the same year [5]. Optimization of the 
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sensitivities of LPG with overlay coatings was proposed by Lalanne et al. 

in 2005 [6]. Further, theoretical explanations for the overlay coated 

response of LPGs were developed by Villar et al. [7, 8] and Cusano et al. 

[9]. Influence of the SRI on the performance of the coated LPG sensor 

head was outlined in detail in the literature [5, 9, 10]. More on the 

application side, LPGs with coatings were demonstrated for physical 

parameter sensing like humidity [11-18], pH [19] etc. In the field of 

chemical sensing, LPG sensor heads with overlay coatings for ethylene 

glycol [5], copper ions [20], chloroform [21] etc., were also reported 

earlier. Overlay coatings with polystyrene and syndiotactic polystyrene on 

LPGs for chemical sensing was also demonstrated in 2005 [22]. 

LPG coated sensors were also employed in the field of biosensors. 

Kim et al. demonstrated a species-specific biosensor based on LPG with 

nanoscale, self-assembled polyelectrolyte layers and the immobilization of 

immunoglobulin G (IgG) in 2006 [23]. Wang et al. [24] and Helen et al. 

[25] have demonstrated ionic self-assembled multilayers (ISAMs) 

adsorbed on LPGs, functioning effectively as biosensors. Pierluigi et al. 

have reported research results relating to the development of a platform for 

label-free biosensing based on LPGs with overlay coatings [26-28]. 

In 2014, Chiavaioli et al. biofunctionalized LPG, to analyze antigen-

antibody interaction [29]. His team also demonstrated an LPG based 

biosensor with sol-gel based titania-silica thin film overlay [30]. 

Bacteriophage-adhesin was coated over LPG by Brzozowska et al. [31], 

Tripathi et al. [32, 33] and Mateusz et al. [34], for the detection of bacteria. 

Deep et al. presented immobilization of enzymes on LPG in 2012, for the 

detection of glucose [35]. Anjali et al. in 2015 proposed, the detection of 

triacylglycerides using an LPG with immobilized enzymes [36]. DNA 

detection was reported using functionalised LPGs coated with peptide 
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nucleic acid [37]. Detection of DNA damaging agents was accomplished 

by Pacey and team using overlay coated LPG [38]. Several other 

applications of overlay coated LPGs in the area of biosensing were also 

published earlier [39, 40]. In the present studies, a cholesterol sensor 

exploiting the sensitivity of chitosan coated LPGs to the concentration of 

the sample solution under test is presented. 

3.3  Cholesterol Sensor 

An overlay coating of chitosan was made over the bare LPG in order to 

enhance the sensitivity of cholesterol sensing. As discussed in chapter 1, 

Chitosan is a polysaccharide, which can selectively bind with cholesterol [41]. 

The basic structure of chitosan coated LPG sensor head is shown in Fig.3.1. 

The three reactive functional groups, an amino/acetamido group as well as a 

primary and a secondary hydroxyl group present in chitosan, provide the 

necessary sites for the binding of cholesterol. The combined effects of 

electrostatic attraction, embedding, adsorption and entrapment are the 

probable mechanisms for the cholesterol binding effects of chitosan [42]. This 

binding of cholesterol in turn enhances the sensitivity of LPG to the SRI and 

this principle is used in the realization of the cholesterol sensor. 

 

Figure 3.1: Structure of chitosan coated LPG sensor head 
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As the cholesterol concentration level is increased, the amount of 

cholesterol getting attached to the chitosan layer increases. This increased 

binding of cholesterol on the surface of the LPG, enhances the effective RI of 

the cladding. This change in the effective index is manifested as shifts in the 

resonant wavelength and as changes in the depth (amplitude) of the loss bands 

in the LPG transmission spectrum. Cholesterol levels can be detected and 

measured by analyzing these spectral or amplitude changes. 

 3.3.1 LPG Fabrication 

LPG with a grating period of 435 μm was fabricated at CGCRI, 

Kolkata, with KrF - Excimer laser source (248 nm), through point-by-point 

writing method on standard telecommunication SMF-28 (SMF-28e, Corning) 

fiber. The fiber used in this experiment had a core diameter of 8.2 micron, 

cladding diameter of 125 micron and a numerical aperture of 0.14. The index 

of refraction were 1.461 and 1.456, for the core and the cladding respectively. 

The photosensitivity of the fiber was very low and was enhanced by the 

process of Hydrogen loading at a temperature of 100 
0
C and 1500 psi pressure 

for 24 hours, prior to the fabrication of LPG. During the grating fabrication 

using UV exposure, photochemical reaction takes place, leading to the release 

of some of the Hydrogen molecules. Some Hydrogen molecules are retained 

inside the fiber after these photochemical reactions. This residual molecular 

Hydrogen was removed by the method of annealing, at a temperature of 200 

0
C for 7 hours using a high temperature oven. 

 3.3.2 Sensor Head Fabrication  

The sensor head was prepared by coating a thin layer of chitosan over 

the cladding of the fabricated LPG. In order to provide a coating on the 

LPG, 0.25gm of high molecular weight chitosan powder with 98% degree of 

deacetylisation, purchased from Sigma Aldrich, was stirred well with one 
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molar acetic acid with RI of 1.346, at room temperature for 5 hours to get a 

clear solution. Dip coating technique was used to coat the LPG with 

chitosan. A schematic of the dip coating setup is given in Fig. 3.2. The 

coating setup consists of a stepper motor driven moving arm mounted on a 

stand and an electronic control unit with provisions to adjust the speed and 

direction of the moving arm. The optical fiber with the LPG section was 

cleaned using distilled water and isopropyl alcohol several times and was 

fixed on the moving arm of the coating unit as shown.  

 

Figure 3.2: Dip coating setup 

The prepared chitosan solution for coating was taken in a test tube, 

mounted on the stand under the fiber with grating. The fiber with LPG was 

dipped and pulled out of the chitosan solution at an optimized uniform speed 

of 400 µm/s. The process of dip coating was optimized by varying the 

concentration of the chitosan solution and the speed of coating. The coated 

fiber was dried in air at room temperature to avoid cracks. 

Scanning electron microscope (SEM) images were taken to confirm 

the presence of the chitosan coating and to determine the thickness of the 

layer coated. Fig. 3.3 shows the SEM images of the prepared chitosan coated 
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LPG sensor haed. Fig 3.3 (a) shows a portion of the cross-sectional view of 

the coated fiber tip, clearly showing a layer of chitosan over the fiber. The 

measured average thickness of the chitosan layer was found to be 1.461 µm. 

The image of the surface of the coating is presented in Fig. 3.3 (b). The 

image depicts the uniformity of the coating on the surface of the fiber. 

 

Figure 3.3: SEM images of the chitosan coated sensor head.  

a). Side view of the fiber tip showing chitosan coated over the cladding.  

b). Surface image of the fiber with a uniform layer of chitosan. 

When the sensor head was coated with more than one layer, the 

surface developed cracks and lost uniformity after the drying process. 

Hence, the number of chitosan layers coated on the LPG was restricted to 

one. 

The prepared chitosan solution, which had RI of 1.394, was coated 

over a microscopic glass slide, by the method of dip coating described 

earlier. The speed of coating was kept the same as earlier and was dried in 

air at room temperature. The RI of the chitosan layer coated on the glass 

slide was analyzed by the method of Brewster angle measurement, using a 

632 nm He-Ne laser and a silicon detector. The average of the measured RI 

of the chitosan film was found to be 1.446, which is very close to the 

reported value of 1.45 [43]. 
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  3.3.3  Experimental Setup 

The experimental setup given in Fig. 2.5 was used for the 

investigations, after replacing the bare LPG with the chitosan coated LPG. The 

transmission spectrum of the LPG was studied with an optical spectrum 

analyzer (OSA) (Yokogawa - AQ 6319) and a white-light source (Yokogawa -

AQ 4305) was used as the signal source. The procedure followed in setting 

up this experimental platform is same as that described in section 2.5.1.2 

of chapter 2 of this thesis. 

3.3.4 Materials and Methods   

As explained in previous chapters, the cholesterol level in the blood of a 

normal human being is in the range of 1400 ppm to 2000 ppm [44]. Hence, the 

measurements were restricted to a maximum cholesterol concentration of 

5000 ppm, which covers the normal levels of cholesterol in human blood. The 

procedures followed for the preparation of cholesterol samples with coconut 

oil as the solvent and the conduct of experiments are as described in section 

2.5.1.3 of the previous chapter. 

3.3.5 Results and Discussion 

An LPG with a grating period of 435 μm was used in this experiment. 

The transmission spectrum of the bare LPG (without any coating) in air is 

given in Fig. 3.4. The transmission spectrum had resonant peaks 

corresponding to the LP0m modes, at 1419.31 nm (LP03) 1473.12 nm (LP04) 

and 1568.93 nm (LP05).  

Out of these modes the highest order mode, i.e., the LP05 mode at 

1568.93 nm, showed maximum sensitivity as expected. Hence, further 

investigations were centered around this resonant wavelength of LP05 

mode.  
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Figure 3.4: Transmission spectrum of bare LPG in air.  

The transmission spectrum of the LPG after coating a layer of 

chitosan is given in Fig 3.5. It was found that the LP05 mode at 1568.93 nm 

of the bare LPG got blue shifted to 1565.37 nm with a reduction in the 

transmitted intensity, after the coating was given. This blue shift was 

expected, as the effective RI of the cladding was enhanced by the higher 

refractive index of the chitosan layer (1.446). 

  

Figure 3.5: Transmission spectrum of LPG in air with and without coating 

Coconut oil purchased from the market for preparing the cholesterol 

solution was found to have a RI value of 1.448, which is much closer to the 
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LPG cladding RI value of 1.456. Test samples were prepared as described 

earlier in chapter 2. The refractive indices of the prepared cholesterol sample 

solutions were found to vary from 1.448 to 1.455. The experimental 

procedures were also the same as described in chapter 2. The transmission 

spectra corresponding to LP05 mode of chitosan coated LPG for various 

concentrations of cholesterol dissolved in coconut oil is given in Fig. 3.6. 

As the sample solution without any cholesterol (pure solvent) was 

introduced, a blue shift was observed for the resonant peak along with a 

change in the amplitude of the peak. The LP05 mode at 1565.37 nm of the 

coated sensor head shifted to 1560.87 nm. This shift in wavelength is as 

expected and is attributed to the increase in the RI of the external environment. 

(SRI changed from 1 (air) to 1.448 (coconut oil)). It is clear from the spectra 

that, as the concentration of the cholesterol was varied from 0 ppm (pure 

coconut oil) to 5000 ppm, the LP05 exhibited a blue shift in the wavelength. 

The resonant peak of LP05 mode shifted from 1560.87 nm to 1535.75 nm, to 

give a total blue shift of approximately 25.12 nm (± 0.01 nm), when the 

cholesterol level in the surrounding medium was increased up to 5000ppm. 

  

Figure 3.6: Transmission spectra of chitosan coated LPG sensor head for 

different concentrations of cholesterol dissolved in coconut oil. 
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This spectral shift of 25.12 nm, noticed for a refractive index range of 

1.448 to 1.455 of the sample solutions, corresponds to an average resolution 

2.78×10
-4 

nm
-1

.  

The transmitted intensity and the wavelength of the  LP05 resonant peak  

of  the chitosan coated LPG sensor head, for various concentrations of 

cholesterol in the test sample, are tabulated in Table 3.1. 

 

 

 

 

 

 

 

 

Table 3.1: Response of the chitosan coated LPG sensor head for various 

concentrations of cholesterol 

The sensitivity of the LPG, when used as a sensor for various 

concentrations of cholesterol is shown in Fig. 3.7. The overall sensitivity in the 

measurement range of the sensor was around 5 pm/ppm of cholesterol.  

The sensitivity curve clearly depicts a linear response above 1000 

ppm of cholesterol dissolved in coconut oil. The normal cholesterol levels in 

the blood of human beings i.e. 1400 ppm to 2000 ppm falls well inside this 

linear range. This linearity is highly desirable for a commercial sensor for 

accurate measurements.  

 

Cholesterol 

Concentration 

(ppm) 

Refractive 

Index of 

Sample 

LP05 - Peak 

Wvelength 

(nm) 

LP05 

Transmitted 

Intensity  (-dB)

0 1.448 1560.87 86.38 

500 1.450 1558.44 81.48 

1000 1.452 1557.69 80.03 

2000 1.453 1547.49 77.54 

4000 1.454 1540.63 75.48 

5000 1.455 1535.75 74.61 
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Figure 3.7: Resonant wavelength (LP05) peak positions as a function of          

different concentrations of cholesterol. 

As given in Table 3.1, along with the wavelength shift, a reduction in 

the peak intensity of the resonance band was also observed with increasing 

cholesterol levels. The transmittance at the resonant wavelength (LP05) with 

respect to the different levels of cholesterol dissolved in coconut oil in the 

measured range is given in Fig. 3.8.  

 

Figure 3.8: Transmittance of the resonant wavelength (LP05)                             

peak positions as a function of different concentrations of cholesterol  
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The amplitude of the resonant wavelength peak shifted from -86.38 dB 

to -74.61 dB as the concentration of cholesterol was varied from 0 ppm to 

5000 ppm. A linear response of the transmittance was observed in the 

measured range of cholesterol levels. This intensity modulation can also be 

utilized along with the wavelength coded information for confirmatory results 

in a commercial sensor. 

The marginal error of ± 0.01 nm in the wavelength measurements, 

obtained for repeated experiments over a time of three weeks confirms the 

repeatability and reusability of the sensor head.  

     3.3.6 Comparison with Uncoated LPG Sensor 

A comparison of the performance of the LPG senor heads with and 

without chitosan coating for the detection of cholesterol is given in Table. 3.2. 

Form the values of the sensitivity, it is clear that the sensitivity of the chitosan 

coated sensor head has enhanced by 2.5 times approximately. This 

enhancement in the sensitivity of the chitosan coated sensor head compared to 

the uncoated LPG sensor is attributed to the alterations in the effective RI of 

the cladding of the LPG. 

 

 

 

 

 

 

Table 3.2: Performance of LPG sensor heads with and without coating 

Parameter 

Sensor Head 

Bare  LPG 
Chitosan 

 Coated LPG 

Wavelength Shift (nm) 10.5 25.12 

Amplitude Shift  (dB) -79.54 to -74.61 -86.38 to -74.61 

Sensitivity  (pm/ppm) 2 5 
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These alterations were introduced by the attachment of cholesterol to 

the coated chitosan polymer layer. This also clearly establishes the affinity of 

chitosan polymer coating for cholesterol.  

The LPG sensor head coated with an enzyme, namely lipase, for the 

detection of triacylglycerides,  displayed optimum response of one minute at a 

temperature of 37 °C and pH value of 7.4 [45]. Even though the sensor 

response was temperature and pH dependent, it had high sensitivity of 0.5 

nm/mM. A generalized study on the refractive index sensitivity of LPGs in 

integration with colloidal gold nanoparticles reported an enhanced RI 

sensitivity of 759 nm/RIU [46]. Another LPG coated with a transparent 

composition of polycarbonate/cryptophane A was demonstrated as a methane 

concentration sensor with a maximum RI sensitivity of 3560 nm/RIU [47].  

The reported intensity modulated cholesterol sensor using a bundle of 

optical fibers, requires displacement of the fiber bundle during the 

experimentation, and can lead to misalignment and errors associated with it 

[48]. Other characteristics of the senor were very low sensitivity of cholesterol 

detection (0.4 µV/ppm) and a limited range of 0 ppm to 300 ppm. A linear 

detection range of 180 mg/dL to 200 mg/dL of cholesterol was exhibited by 

the sol gel coated photonic crystal fiber employing, intensity modulated sensor 

head [49]. In spite of the pH dependent response, the voltametric non 

enzymatic cholesterol sensor proposed by S Alexander et al. had a wide linear 

measurement range of 0.01M to 0.1nM cholesterol [50]. 

The non enzymatic chitosan coated LPG sensor head described in this 

chapter had an instantaneous response and a sensitivity of 5nm/ppm 

(approximately 3590 nm/RIU); which is better than that reported in [46-48]. 

The response was repeatable and was also immune to pH in contrast with [45, 

50]. The linear range of detection was found to be within 500 ppm to 5000 
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ppm of cholesterol which is much higher than that reported in [48, 49] but 

lower than that in [50]. 

     3.3.7 Conclusions 

The results presented illustrate the application of fiber optic chitosan 

coated LPG based sensor system for the detection and measurement of 

cholesterol concentrations. Both the wavelength and intensity modulation 

characteristics of the sensor head can be utilized in designing cholesterol 

sensors. The simple sensor presented provides a real time response with high 

sensitivity and requires only a small volume of the sample for analysis. The 

proposed technique can be suitably modified for field applications in clinical 

laboratories for the estimation cholesterol in blood of human beings. The 

results  are instantaneous and repeatable, and cover a wide range of cholesterol 

levels. In addition, the linearity in the performance makes the sensor head 

design attractive for commercial applications like chemical and biomedical 

sensing, drug development, food processing etc. 

3.4 Summary 

This chapter discussed the fabrication of LPG sensor head with overlay 

coatings. The chapter also outlined the method of dip coating for the 

development of a polymer coated LPG sensor.  

A brief survey on the sensing applications of LPG with overlay 

coatings of polymers with an emphasis on biosensing is presented in the 

introductory part of this chapter. Chitosan, which was identified as a 

polymer with an affinity to cholesterol was employed as an overlay coating 

around fiber optic LPG to develop a sensor head for cholesterol sensing 

application. It was established that, an overlay coating of chitosan around 

the optical fiber with LPGs could be developed by dip coating. With the 

solution of chitosan used in these experiments, it was found that a coating 



Fabrication of Chitosan Coated Long Period Grating Sensor  

121 

layer of thickness 1.461 µm could be fabricated over an SMF 28 optical 

fiber at a coating speed of 400 µm/s. In our investigations, it was also 

found that, nonuniformities along with cracks were developed on the 

surface of the polymer coating around the LPG, when more than one layer 

was coated.  

Chitosan coated LPG sensor head exhibited a sensitivity of 5 

pm/ppm, for the test samples prepared by dissolving cholesterol in coconut 

oil. It was established that coating chitosan around LPG enhances the 

cholesterol sensitivity of the sensor head approximately by 2.5 times. It 

was also shown that, the wavelength modulation as well as the intensity 

modulation of sensor output could be employed in realizing a RI sensor 

using chitosan coated LPGs.  
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Chapter 4 
 

Development of Etched                        
Fiber Bragg Grating Sensor  

Abstract 

This chapter gives a detailed discussion on the principle of operation of 

Fiber Bragg gratings. It also deals with the sensitivities of FBGs to 

external perturbations like, temperature and strain. It includes a review of 

the sensing applications of FBGs with emphasis on refractive index 

sensors for various applications. A study on the etching of FBGs, as a 

method to make it sensitive to surrounding refractive index (SRI), is given. 

This chapter also provides the development of cholesterol sensors working 

on the basis of refractive index sensitivity of etched FBG.  
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4.1 Introduction 

Hill et al. discovered photosensitivity in optical fibers in 1978 [1]. His 

team created a spatially periodic refractive index perturbation in the fiber core 

and demonstrated the first application of optical fiber Bragg grating as a 

reflection filter. Since then, numerous applications of FBGs have been 

reported in literature. This section introduces the basic theory behind the 

working of FBGs. The sensitivities of FBGs to external perturbations are also 

covered. In order to make FBG sensitive to external RI variations, the section 

of the fiber containing the grating was chemically etched to reduce the 

cladding diameter. The process of FBG etching and its application for RI 

sensing are discussed in this chapter.  

4.2.  FBG: Basic Principle of Operation  

A Bragg grating is made up of alternate low and high RI regions in the 

core of the optical fiber. Several factors like the wavelength used for writing 

the grating, the magnitude of the RI change induced, the pitch or period of the 

grating written on the optical fiber, the RI pattern formed, length of the grating 

etc., determine the response characteristics of FBGs. The theory and working 

principle of FBGs with grating planes perpendicular to the axis of the fiber 

and uniform periodicity is discussed in this section. 

The RI modulation induced in the fiber core due to the exposure to UV 

radiations during the process of FBG fabrication can be expressed as: [2, 3]. 

 neff(x, y, z) =  no(x, y, z) + Δn(x, y, z) cos (
2πz

Λ
)……….…….. (4.1) 

where, n0  is the average RI of the fiber core, Δn is the amplitude of the 

induced refractive index perturbation, z is the distance along the fiber’s 

longitudinal axis and Λ is   the  grating period. Considering only one direction, 
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i.e. the direction of propagation of light inside the fiber, the above equation 

can be simplified as [3]:  

 neff(z) =  no + Δn cos (
2πz

Λ
) ………………………..…..…….. (4.2) 

As the light launched into the optical fiber travels through the induced 

RI perturbations (FBG), a small portion of the incident light is reflected 

backwards from the grating planes. Out of these reflections, the wavelength 

satisfying the Bragg condition adds up to form a strong reflected signal, as 

illustrated in Fig.4.1. This wavelength, reflected from the FBG, is termed as 

the Bragg wavelength (λB) [2-8]. 

 

Figure 4.1: Illustration - Light coupling in fiber Bragg grating. 

Typical transmission and reflection spectra of an FBG are given in Fig.4.2.

 

Figure 4.2: Typical spectra of fiber Bragg grating. 
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  4.2.1 FBG: Reflected Bragg Wavelength 

FBGs work by coupling the forward propagating core modes to the 

back propagating core modes whereas in LPGs, the coupling is between the 

forward propagating core modes and the co-propagating cladding modes. In 

an optical fiber grating, the phase matching condition is given by [4 - 8]: 

β1 − β2 = Δβ =
2π

Λ
 ……………………………….…………..… (4.3) 

where, β1and  β2  denotes the propagation constants of the coupled modes and 

Λ is the grating pitch. For an FBG, these propagation constants are of same 

magnitude, as the forward and backward propagating modes are travelling 

through the same medium, but are given opposite signs accounting the 

direction of their travel. 

Hence, β1 = − β2 = β………....……….…..………….………... (4.4) 

This leads the phase matching condition to: 

β − (−β) = Δβ =
2π

Λ
…………….….……...…….……….…..… (4.5) 

2β =
2π

Λ
………….………………………………….…………… (4.6) 

In FBG, the propagation constant (β)  of the reflected or the back 

propagating core mode is given by:    

β = (
2πneff

λB
) ……………...……………….…………..………… (4.7) 

Substituting the value of  β in equation 4.6 and rearranging yields the 

expression for the reflected Bragg wavelength as: 

λB = 2 neff Λ…………………………….……………….……… (4.8) 

where, λB  represents the Bragg wavelength and neff  is effective RI of the core 

and Λ is the grating period. The rest of the reflected wavelengths, which do 

not satisfy the above condition, are cancelled out eventually as these reflected 

wavelengths from each subsequent grating plane become out of phase 

gradually. All the other wavelengths except the λB, travel in the forward 
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direction through the grating and are received at the output end of the optical 

fiber, without much attenuation.  

  4.2.2 FBG: Mode Coupling 

The working of FBG can be explained using the coupled mode theory 

proposed in 1981 by Lam and Garside [8]. Coupled mode theory was 

extensively used to explain the wave propagation in FBGs [2-8]. As 

mentioned earlier, the reflectivity of FBGs is an important parameter, which 

determines its quality. By using coupled mode theory, the reflectivity of a 

uniform FBG or the fraction of the reflected power from a uniform FBG can 

be expressed as:  

R(L, λ) =
Ω
2sinh2(sL)

∆k2 sinh2(sL)+s2 cosh2(sL)
…………….………..…….… (4.9) 

where, R(L, λ) is a function of the length of the grating L and wavelength λ, 

with values limited between 0 and 1. Ω is coupling coefficient, ∆k is the 

detuning factor given by ∆k = β − π/Λ, with β the propagation constant 

and s = √Ω2 − ∆k2. For a sinusoidal RI modulation in the core, the coupling 

coefficient is given by: 

Ω =
π ∆n η(V) 

λ
………….……………….……………..…..…..… (4.10) 

where, Δn denotes the magnitude of the induced RI variation at a particular 

wavelength (λ) and η (V) is a function of the normalized frequency (V) of the 

fiber. It is a measure of the mode power contained in the core, η(V) ≈ 1 −

1
V2⁄

. The normalized frequency, V of an optical fiber is given by the 

expression [9]:  

 V =
2π

λ
 a (nco

2 − ncl
2 )
1
2⁄   ………………………...……………. (4.11) 

where, a is the radius of the core of the fiber, nco and ncl are the refractive 

indices of the core and cladding respectively. For all wavelengths, if the value 

of V≤ 2.405, then the fiber is a single mode fiber [10]. In an FBG, at the Bragg 
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wavelength, there is no detuning and hence, Δk = 0 and s = Ω. The expression 

for the reflectivity therefore reduces to: 

R(L, λ) = tanh2(ΩL) ………….…………………………..…. (4.12) 

From equation 4.12, it is clear that the spectral reflectivity of an FBG can be 

related to two factors, Ω and L. Normally; gratings are fabricated with a 

typical length (L) of few centimeters. As given in equation 4.12, the spectral 

reflectivity (R) can be increased by increasing the length of the grating [3]. 

The equation also suggests that the reflectivity of FBGs can be enhanced by 

increasing the value of Ω, which is directly proportional to the magnitude of 

the induced refractive index variation (Δn). Hence, the reflectivity can be 

increased by enhancing the grating depth or strength [3]. In other words, FBGs 

with approximately 100% reflectivity can be fabricated by properly designing 

the grating length (L) and the grating strength or depth (Δn). 

Full width at half maximum (FWHM), is another parameter used to 

specify an FBG. The FWHM bandwidth of a grating [11, 12] is a measure of 

the selectivity of the FBG and is defined as the difference between 

wavelengths in the reflected spectra, where reflectivity drops to the half of its 

maximum value. An illustration showing how the FWHM is determined from 

the reflected spectrum of an FBG is given in Fig. 4.3. 

 

Figure 4.3: FWHM of fiber Bragg grating 
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An approximate mathematical expression for FWHM of FBGs is:  

∆λFWHM = λB α√(
1

2
 
∆n

n
)
2
+ (

1

N
)
2
……………….………..….. (4.13) 

where, N represents the number of grating planes present in grating 

structure, α ≈ 1 for strong gratings (for grating with reflectivity ≈ 100%) and α 

≈ 0.5 for weaker gratings [13]. Equation 4.13 suggests that, for an FBG, the 

bandwidth can be reduced by decreasing the grating strength or depth (Δn) 

and by increasing the value of N. 

The value of N can be enhanced by increasing the grating length (L), which in 

turn increases the reflectivity of an FBG. However, the dependence of 

reflectivity (R) and FWHM on the grating strength (Δn) is opposing. Hence, 

an optimum value of Δn is chosen to fabricate an FBG with the desired values 

of bandwidth and reflectivity.  

4.3.  FBG: Sensing Principle 

FBGs are widely used in various fields like communication, lasers and 

sensing applications. The narrow band operation of FBG, clubbed with the 

inherent advantages of fiber optic sensors made it a lead runner in the field of 

sensors. They are being employed as the sensing elements to monitor physical, 

chemical as well as biological parameters. 

The reflected Bragg wavelength of an FBG is a function of the grating 

pitch (Λ) and the effective refractive index (neff) of the fiber core and is given 

by equation (4.8). From this equation it is clear that, a shift in λB  can be 

induced by either a change in the neff or Λ or both these parameters. This shift 

in the reflected Bragg wavelength ( λB)  under the influence of external 

perturbations forms the basis of FBG sensors. Physical parameters like strain 

(ɛ), temperature (T) and SRI or surrounding RI (nsur) are the possible external 
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perturbations which can initiate changes in neff  or Λ  or both. This can be 

mathematically expressed as [1]:  

∆λB  =  
∂λB

∂ε
 ∆ε + 

∂λB

∂T
 ∆T +

∂λB

∂nsur
∆nsur …………...………… (4.14) 

Substituting  λB = 2 neff Λ  in equation 4.14 and expanding, the above 

expression can be written as:  

dλB  =  2 (Λ 
∂ neff 

∂ε
 +  neff

∂Λ 

∂ε
) dε  

           + 2 (Λ 
∂ neff 

∂T
 +  neff

∂Λ 

∂T
)dT  

           + 2 (Λ 
∂ neff 

∂nsur
 +  neff

∂Λ 

∂nsur
) dnsur ….…….……….……. (4.15) 

The three terms on the right hand side of the above equation represents 

the effect of strain, temperature and SRI respectively. Since, the grating pitch 

is not depending on SRI, the factor 
∂Λ 

∂nsur
  in the third term reduces to zero.  

Then, the above expression reduces to: 

dλB  =  2 (Λ 
∂ neff 

∂ε
 +  neff

∂Λ 

∂ε
) dε  

           + 2 (Λ 
∂ neff 

∂T
 +  neff

∂Λ 

∂T
) dT  

           + 2 (Λ 
∂ neff 

∂nsur
) dnsur ……………….…….….…….……. (4.16) 

Out of the three possible external perturbations, the basic factors that 

can directly tune the grating pitch are the strain and the temperature [3-5]. 

Strain and temperature are considered as the independent variables on which 

the Bragg wavelength depends [14, 15]. Then, equation 4.16 reduces to: 

dλB  =  2 (Λ 
∂ neff 

∂ε
 +  neff

∂Λ 

∂ε
) dε  

           + 2 (Λ 
∂ neff 

∂T
 +  neff

∂Λ 

∂T
)dT  ……….…….……….……. (4.17) 

Dividing equation 4.17 by λB = 2 neff Λ, it becomes, 

  
dλB 

λB 
 = (

1

 neff
 
∂ neff

∂ε
 + 

1

Λ

∂Λ

∂ε
 ) dε 

         + ( 
1

 neff
 
∂ neff

∂T
 +   

1

Λ
 
∂Λ

∂T
)dT ……………………...….…… (4.18) 
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Equation 4.18 explains the Bragg wavelength shift under the impact of strain 

and temperature.  

4.4   Sensitivities of FBG 

  4.4.1 Strain Sensitivity 

Betholds et al. derived the strain-optic coefficient and put forward the 

idea of strain measurements using FBGs [16]. Strain sensing with FBGs rely 

on the measurement of the Bragg wavelength shift due to the strain applied on 

the sensor head. Considering the effect of strain alone on the FBG, equation 

4.18 can be reduced to: 

dλB 

λB 
 = (

1

 neff
 
∂ neff

∂ε
 +  

1

Λ

∂Λ

∂ε
 ) dε ……..………….…….….……… (4.19) 

The first term on the right hand side of the above equation gives the 

changes in the effective RI of the core of the fiber due to the induced lattice 

stress. This is termed as the strain-optic effect or the photo elastic/Pockel’s 

effect [17-19]. Straining FBGs cause stress in the lattice both in line and in 

perpendicular to the direction of the applied strain. In addition to the strain-

optic effect, the periodicity of the grating also alters due to the change in the 

physical dimensions of the fiber. The second term represents the change in the 

grating pitch or lengthening of the fiber with respect to the applied strain. In 

other words, the induced strain stretches the fiber physically changing Λ or 

separation between the grating planes. Thus, the change in the Bragg 

wavelength (λB) is the sum of the shifts due to strain-optic effect and change in 

pitch. 

The strain induced shift in the Bragg wavelength of FBGs can also be 

expressed in terms of the photo elastic coefficient as given below [13, 16]. 

∆λB = (1 − р
e) λB  ……………………………..…...……….... (4.20) 

where, ε  denotes the axial strain experienced by the fiber, and р
e

 is the 

photoelastic coefficient (effective strain-optic constant). The strain-optic 
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tensor relates the RI shifts along different crystal directions under the impact 

of the strain in each or a combination of directions. For cylindrical fibers, the 

Pockel’s coefficients p11 and p12 are the only significant tensor components, 

describing the shift in RI of the two transverse polarizations for tension acting 

along the axis of the fiber. The photo elastic coefficient (effective strain-optic 

constant) р
e
 of the fiber is given by [2, 20]: 

 р
e
= (

neff
2

2
) [р12 −  υ(р11 + р

12)] …………...………………. (4.21) 

where,  р
11

 and р
12

 are the members of the strain-optic tensor, and υ  is 

Poisson’s ratio.  

  4.4.2 Temperature Sensitivity 

Considering the effect of temperature alone, the shift in Bragg 

wavelength (λB) can be derived from equation 4.18 as [2]: 

dλB 

λB 
 = ( 

1

 neff
 
∂ neff

∂T
 +   

1

Λ
 
∂Λ

∂T
)dT …………………….….……… (4.22) 

A closer look at the above equation reveals that, Bragg wavelength 

shifts in response to the temperature arises due to two factors, the change in 

the  neff  of the fiber due to the thermo optic effect and the change in the 

grating pitch due to thermal expansion of the fiber, represented as the two 

terms in the equation.  

The thermo optic constant(ξ), for the fiber can be positive or negative 

depending on the material composition. Silica, the basic constituent of the 

optical fibers exhibit both positive and negative thermo-optic constants 

depending on the type of dopant and their relative concentrations. The 

concentration of boron or germanium within the core, will determine its 

properties.  

Equation 4.22 can be rewritten as: [2] 

∆λB = (  
1

Λ
 
∂Λ

∂T
 + 

1

 neff
 
∂ neff

∂T
) λBΔT ……………………………. (4.23) 
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∆λB = (α + ξ) λB ΔT  …………………………………...…….. (4.24) 

where, α = (
1

Λ
) (
∂Λ

∂T
)  denotes the coefficient of thermal expansion, ξ =

(
1

neff
) (
∂neff

∂T
)    denotes the thermo optic coefficient of the fiber and ΔT 

represents the change in temperature. Both these parameters α and ξ  are 

temperature dependent and behave non-linearly at high temperatures [18, 21].  

  4.4.3 Cross Sensitivity to Strain and Temperature 

The independent sensitivities of FBGs to strain and temperature was 

discussed in sections 4.4.1 and 4.4.2. When FBGs are subjected to strain, the 

physical dimensions of the grating is altered which in turn changes the 

effective RI of the core of the fiber. The temperature sensitivity of an FBG 

results mainly due to the change in induced refractive index [2, 3]. One of the 

most important demerits of FBG sensor system is this dual sensitivity to 

temperature and strain. A sensor system designed to monitor strain, can lead to 

anomalous readings due to the temperature variations around the sensor head 

and vice versa. Hence, it is important to discriminate strain and temperature 

effects in order to determine the effect of individual parameter when they are 

acting simultaneously on an FBG.  

The combined effect of strain and temperature acting simultaneously on 

an FBG can be considered as the sum of their individual effects. Then, the 

combined Bragg wavelength shift can be deduced from equation 4.20 and 

equation 4.24 as: 

∆λB = [(1 − рe)ε + (α + ξ) ΔT ]λB ……………………….…. (4.25) 

The above equation can be expanded by substituting the values of pe, α 

and ξ to obtain the Bragg wavelength shift as: 

∆λB =

(

 
{1 − (

neff
2

2
) [р12 −  υ(р11 + р12)] } ε

+

{(
1

Λ
) (

∂Λ

∂T
) + (

1

 neff
) (
∂ neff

∂T
) } ΔT )

 λB……....… (4.26) 
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Several methods have been proposed to discriminate the cross 

sensitivity of FBG [22-28].  

4.4.4 Refractive Index Sensitivity 

In an FBG, the forward and backward propagating modes are strongly 

shielded by the cladding layer. This prevents the impact of the SRI on the 

guiding characteristics of the fiber. Since, the effective core refractive index of 

the fiber is not influenced by the SRI, there is no sensitivity to external 

medium refractive index. However, if cladding thickness around the grating is 

reduced partially or totally, the effective core refractive index can be 

influenced significantly by the surrounding medium [29-34]. Etching the 

cladding around the FBG, results in strong spectral changes in the response of 

the FBGs.  

4.5   Sensing Applications of FBG 

Fiber Bragg gratings are widely used in various applications. They are 

being employed in fiber optic communication systems [1], dispersion 

compensation [35-40], wavelength filtering devices [41-47], fiber amplifiers 

[48-54], laser systems [55-64], external cavity reflectors [65-67] and optical 

storage devices [68, 69]. 

In the field of sensors FBGs are employed for the measurement of 

various parameters like pressure [20, 70-81], strain [13, 15, 16-18, 21-24, 26-

28, 90, 91], temperature [18, 24, 26-28, 82-86, 90, 91], displacement [70], 

radiation dose [92], liquid level [93, 94], humidity [74, 95-98] etc. 

Multiparameter measurements using FBGs were also reported in literature 

[82-86]. Polymers were also coated on FBGs to improve the sensitivity of 

measurements [72, 74, 79, 95, 104]. 
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4.5.1 Etched FBG for RI Sensing 

As explained in section 4.4.4, the RI sensitivity is absent in bare FBGs. 

However, FBGs can be made sensitive to the variations in SRI by the 

reduction of the diameter of the cladding of the fiber around the grating region 

[29-34]. Under this condition, the principle of operation depends on the 

interaction of the evanescent wave of the fundamental guided mode with the 

surrounding medium. Due to the reduction in the cladding diameter of the 

fiber, the highly shielded core modes get exposed to the influence of the 

external medium. The change in the RI of the external medium in turn affects 

the effective indices of these core modes, which is manifested as the shift in 

Bragg wavelength. This wavelength shift is also accompanied by a modulation 

of the reflected intensity. The change in the reflected amplitude for different 

values of RI of the external medium is due to the numerical aperture 

difference between the thinned and un-etched optical fibers [30, 31].The 

simplest technique to reduce the cladding thickness is by the method of 

uniform etching. In this method, the section of the fiber with the Bragg grating 

is dipped in hydrofluoric acid (HF) which dissolves the silica cladding.  

Asseh et al. demonstrated the very first FBG refractometer based on 

chemically etched FBG for sensing applications in 1998 [99]. His team was 

successful in developing an etched FBG, protected by a thin Teflon tubing, for 

sucrose concentration measurements. Followed by this FBG based RI sensors 

were reported by several groups [100-107]. Schroeder et al. developed an 

FBG based RI sensor for online quality control of petrol products and in situ 

monitoring of salinity in bore holes [101]. Lu and team proposed a polyamide 

coated FBG sensor for the measurement of salinity [104]. Wei Liang et al. 

demonstrated the application of FBG for RI measurements of various liquids 

like, methanol, ethanol and isopropyl alcohol [106]. Several papers published 

earlier demonstrated the use of etched FBGs in sensing applications [29-34, 
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99]. Both etched and unetched FBGs were employed in varied applications in 

the field of bio sensing also [103, 108-113]. Chryssis et al. in 2005 

demonstrated the first bio sensing application of etched FBG, in which DNA 

hybridization was detected [108]. Detection of DNA hybridization was also 

demonstrated using etched FBGs by S S Saini and team in 2007 [109]. In 

2009, Ryu et al. functionalized FBG with a carbohydrate siloxane conjugate to 

realize a glucose biosensor with high specificity [110]. Simulated results of 

FBG based strain and temperature sensor for biomedical applications was 

reported in 2008 [111]. Mishra et al. reported a wide range of applications for 

FBG sensors in the field of medicine [112]. Protein concentration 

measurements, using DNA coated etched FBG sensor was reported by Libish 

et al. in 2015 [113]. 

4.6   Development of Etched / Thinned FBG Sensor Head 

An FBG with a Bragg wavelength of λB = 1561.616 nm was selected 

for the etching process. The FBG was fabricated at CGCRI, Kolkata, through 

phase mask method. The standard single mode optical fiber (SMF-28e) with a 

core diameter of 8.2 µm, cladding diameter of 125 µm and a numerical 

aperture value of 0.14 was used to fabricate the FBG. The fiber was hydrogen 

loaded for 24 hours at 100
0
C and 1500 psi pressure, prior to the fabrication. 

248 nm laser output from a KrF excimer laser source was focused on to the 

phase mask by a cylindrical lens after multiple reflections. The resulting 

interference pattern of the diffracted first order beams were allowed to fall on 

the fiber to write the grating. The fiber with the grating was annealed in a high 

temperature oven at 200
0
C for 7 hours to remove the residual hydrogen. More 

detailed description and a schematic of the FBG fabrication set up is presented 

in chapter 1. 

The need for the reduction of cladding radius for RI sensitivity of FBGs 

was discussed in the previous sections. The fabrication of etched FBG by the 
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process of chemical etching is discussed here. A schematic of the etched FBG 

is given in Fig. 4.4. 

 

Figure 4.4: Schematic sketch - Etched FBG. 

Various concentrations of HF solutions were tried for the chemical 

etching process. Even though with higher concentrations of HF (typically 

50%), the etching process was faster (around 22 minutes), it was difficult to 

control the process towards the end of the etching process. This led to the 

breakage of gratings towards the final stages of the process. The concentration 

of the HF solution was optimized at 30% and the entire process of etching 

took a time of 66.2 minutes.  

The experimental setup used for the etching process is given Fig. 4.5. 

The grating region of the optical fiber was cleaned properly by washing 

repeatedly with distilled water and iso propyl alcohol. The prepared grating 

was placed horizontally in a Teflon mount as shown in the experimental setup, 

such that the grating is completely immersed in the etching solution. The 

output signals from a white light source (Yokogawa - AQ 4305) was coupled 

to the grating through a 3dB coupler and the reflected spectrum was monitored 

continuously with an OSA (Yokogawa - AQ 6319). The temperature around 

the set up was maintained at room conditions (around 27
0
C) throughout the 

process of etching. 
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Figure 4.5: Experimental setup - FBG etching 

4.6.1 Evolution of the Reflected Spectrum 

The initial spectrum with Bragg wavelength of λB = 1561.616 nm was 

recorded after placing the grating in the Teflon mount. This was taken as the 

reference spectrum for the rest of the measurements taken during the etching 

process. Shift from this initial Bragg wavelength of λB = 1561.616 nm of the 

FBG as a function of the time elapsed for the etching process was monitored 

and recorded in real time in order to study the progression of the grating 

spectrum. The reference spectrum of the FBG, recorded at t = 0 minutes is 

given in Fig. 4.6. The time just before the introduction of etching HF solution 

into the Teflon mount is defined as t = 0 minute.  

 

Figure 4.6: Reference spectrum of the FBG at t = 0 minute 
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As mentioned earlier, the cladding over the FBG was etched in HF 

solution with a concentration of 30% for a time duration of 66.2 minutes. 

During the initial stages of the etching process, the spectrum gradually shifted 

towards higher wavelengths without any change in the intensity. This trend 

continued for a duration of 61 minutes after the introduction of the HF 

solution. The evolution of the reflected spectra of the FBG during the initial 

stages is shown in Fig. 4.7.  

 

Figure 4.7: Evolution of the spectra of the FBG for the first 61.5 minutes 

A red shift of 0.552 nm in the Bragg wavelength, from λB = 1561.616 

nm at t = 0 minute to λB = 1562.168 nm at t = 61 minutes, was noted during 

this stage. This increase in Bragg wavelength λB is attributed to the heat 

generated during the chemical reaction of HF with silica. Increase in the 

temperature was reflected as the red shift in the reflected grating spectra. The 

change in strain during the etching process also adds to this early red shift to 

some extent [5, 9, 114]. 
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After 61 minutes, the spectrum showed an abrupt change from the red 

shifting trend to gradual shifts towards shorter wavelengths. The progression 

of the reflected spectra of the FBG from 61 minutes to 66.2 minutes is shown 

in Fig. 4.8. The reflected Bragg wavelength of 1562.168 nm at t = 61 minutes, 

gets down shifted to 1561.568 nm at the end of etching after 66.2 minutes. 

This blue shift of 0.6 nm (t = 61 minutes to t = 66.2 minutes) in the reflected 

wavelength is attributed to the penetration of the optical core mode into the 

fiber cladding. This is due to the dominance of the effective RI change caused 

by reduction in the cladding diameter over the effect due to the variations in 

temperature produced during the reaction of silica cladding with HF [5, 9, 12, 

13]. 

 

Figure 4.8: Evolution of the spectra of the FBG after 61 minutes  

Until 65 minutes, there was no change in the reflectivity of the grating 

or the amplitude of the reflected wavelength. However, after t = 65 minutes, 

the reflectivity of the grating was found to decrease gradually from the initial 

value of -32.056 dB at t = 0 minute. This is due to the difference in numerical 

aperture between the unetched fiber portion and the thinned region, which is a 

function of the RIs of core, cladding and the surrounding medium [13, 114]. 
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This reduction in reflectivity is an indication that the etching has reached very 

close to the core cladding boundary or in other words, the fiber diameter 

around the grating approaches the fiber core diameter.  

At this point, the etching process was interrupted by emptying the HF 

solution from the Teflon mount. Continued etching beyond this point will lead 

to the removal of core material and breakage of the fiber eventually. The FBG 

and the fiber was washed repeatedly 3 or 4 times with distilled water to ensure 

that, no residual HF is sticking on to the fiber. 

The summary of the evolution of the reflected spectra of the FBG 

during the etching process is given in Fig 4.9. The Bragg wavelength of the 

bare FBG at 1561.616 nm, exhibited a red shift of 0.552 nm during the first 61 

minutes of etching.  

 

Figure 4.9: Bragg wavelength shifts during etching - Summary.  

Then, the peak wavelength blue shifted to 1561.568 nm at the end of 

the etching process after 66.2 minutes. The reflected intensity of -32.056 dB of 

the unetched FBG was reduced to a value of -32.624 dB after etching. Thus, 

the etching of the fiber led to a net blue shift of 0.048 nm in the reflected 

Bragg wavelength and a reduction of 0.568 dB in the reflected intensity. 
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4.7   Cholesterol Sensor 

A cholesterol sensor exploiting the RI sensitivity of etched FBG to the 

concentration of the sample solution under test is presented in this section. 

 4.7.1 Experimental Setup 

A schematic sketch of the setup for experimental analysis is given in 

Fig 4.10. The reflected FBG spectrum was analyzed with an optical spectrum 

analyzer (OSA) (Yokogawa - AQ 6319) and a white-light source (Yokogawa -

AQ 4305) as the signal source.  

 

Figure 4.10: Etched FBG cholesterol sensor - Experimental set up. 

After the etching process, the etched FBG was coupled to the white 

light source through a 3 dB coupler. Without disturbing the etched grating, the 

other end of the fiber was properly cut at a length of 1 cm from the grating, 

using a cleaver. The prepared sensor head was fixed on a stand as shown 

above. The sample solution prepared was taken in a glass beaker for the 

experimental studies. Sufficient quantity, around 25 ml, of the test solution 

was used in all measurements so that the etched FBG section was completely 

immersed in the sample solution during the experimentation. 
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  4.7.2 Materials and Methods   

The cholesterol level in the blood of a normal human being is in the 

range of 1400 ppm to 2000 ppm [115]. Hence, the measurements were limited 

to a maximum of 5000 ppm of cholesterol in coconut oil, which covers the 

normal levels of cholesterol in human blood. The procedures followed for the 

preparation of cholesterol samples with coconut oil as the solvent is as 

described in section 2.5.1.3 of the chapter 2 of this thesis. After each 

measurement, the cholesterol test samples were removed from the beaker. The 

sensor head and the beaker were washed repeatedly 3 or 4 times with distilled 

water and iso propyl alcohol to remove any trace of residue left behind. This is 

to ensure that the initial spectrum of the etched FBG without any test sample 

in the beaker was reproduced. 

4.7.3 Results and Discussion 

The initial reflected spectrum of the etched FBG with air as the SRI, 

recorded after fixing it on the stand, is shown in Fig 4.11.  

 

Figure 4.11: Reflected spectrum of etched FBG with air as the SRI. 

When coconut oil (solvent) was introduced into the beaker, the reflected 

Bragg wavelength got red shifted to 1561.584 nm along with a reduction in 

the reflected intensity. As soon as the test samples with increasing 
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concentrations of cholesterol dissolved in coconut oil were introduced into the 

beaker, more shifts towards higher wavelengths were observed in the reflected 

Bragg wavelength. 

The reflected spectra of the sensor head for various cholesterol 

concentrations are given in Fig. 4.12. The peak of the reflected spectrum 

changed from 1561.584 nm to 1561.728 nm, when the concentration of 

cholesterol was varied from 0 ppm to 5000 ppm. The red shift in the Bragg 

wavelength is attributed to an increase in the effective index of the core under 

the influence of the SRI. As explained earlier, the principle of operation of 

etched FBG depends on the interaction between the evanescent wave of the 

fundamental guided mode and the medium around the grating. Hence, it is 

obvious that the reflected Bragg wavelength to shift according to the effective 

refractive index variations. As the cholesterol concentration was increased in 

the test sample, the SRI was increased, which in turn increased the effective 

RI of the grating. The red shift observed in the Bragg wavelength is attributed 

to this increased effective RI, as given by equation 4.16.  

 

Figure 4.12: Reflected spectra of etched FBG sensor head for various 

concentrations of cholesterol dissolved in coconut oil. 
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Along with this red shift of the Bragg wavelength, a reduction in the 

reflected intensity was also observed on increasing the concentration of 

cholesterol dissolved in coconut oil. In the measured range of concentrations, 

the reflected power from the sensor head reduced from a value of -34.635 dB 

to -36.926 dB, with increase in cholesterol concentration. This reduction in the 

transmitted intensity is due to the difference in the numerical aperture between 

the unetched and thinned sections of the optical fiber for different values of 

SRI [13, 114]. 

As the concentration of the cholesterol dissolved in coconut oil was 

varied from 0 ppm to 5000 ppm, the reflected Bragg wavelength was found to 

have a redshift of 144 pm. The wavelength sensitivity was calculated as the 

ratio of the shift in the reflected Bragg wavelength to the corresponding 

change in the concentration of cholesterol in the test samples. The shift of 144 

pm corresponds to a wavelength sensitivity value of 0.028 pm/ppm of 

cholesterol dissolved in coconut oil. 

4.8    Chitosan Coated Etched FBG Cholesterol sensor  

The affinity of chitosan for cholesterol was established earlier in 

chapter 3. A cholesterol sensor employing a layer of chitosan coated around 

LPG was also discussed in chapter 3. Even though the etched FBG sensor 

head described in the last section exhibited good sensitivity to cholesterol, it is 

better to attempt for greater sensitivity. Development of an etched FBG sensor 

head with chitosan coating for enhanced cholesterol sensitivity is discussed 

below.  

4.8.1 Sensor Head Fabrication 

The etched FBG used in the earlier section for cholesterol measurement 

was used to fabricate the chitosan coated sensor head. The sensor head was 

fabricated by depositing a layer of chitosan biopolymer around the etched 
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FBG section. Dip coating method, as described in the section 3.3.1.2 of 

chapter 3 of this thesis, was employed in the fabrication process. The 

procedures and materials used for the dip coating were the same as explained 

in chapter 3. A schematic sketch of the etched FBG sensor head coated with 

chitosan is given in Fig. 4.13. The Bragg reflected wavelength of the etched 

FBG was at 1561.568 nm with a reflected intensity of -32.624 dB. 

 

Figure 4.13: Schematic sketch - Chitosan coated etched FBG sensor head. 

After providing the overlay coating of chitosan biopolymer, the Bragg 

reflected wavelength shifted to 1561.848 nm with air as the SRI. The reflected 

spectrum of the fabricated chitosan coated etched FBG sensor head is given in 

Fig. 4.14.  

This shift in the Bragg wavelength was along the expected lines, as the 

effective core refractive index of the FBG was enhanced due to the chitosan 

overlay coating. In addition, the amplitude of the reflected Bragg wavelength 

decreased to -34.287 dB. 
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Figure 4.14: Reflected spectra of etched FBG sensor head  

in air before and after the coating  

4.8.2 Experimental Setup 

The same experimental setup used in the cholesterol sensing 

experiments with etched FBG, discussed in section 4.7.1 was used for these 

experiments. The only difference is that, the etched FBG was replaced with 

the chitosan coated etched FBG as the sensor head. 

4.8.3 Materials and Methods 

The test samples for the experiments were prepared by dissolving 

definite amount of pure cholesterol in coconut oil. The method of preparation 

of samples and the procedures followed for the conduct of the experiments 

were the same as discussed in the previous sections. 

4.8.4 Results and Discussion 

The Bragg wavelength at 1561.848 nm showed a shift to 1561.904 nm, 

when pure coconut oil was introduced into the sample cell. As explained 

earlier, this red shift in the reflected Bragg wavelength is attributed to the 
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enhancement of the effective core refractive index of the fiber. A very small 

amount of strain induced by the coated layer also adds to this red shift. Along 

with this red shift in wavelength the peak intensity also reduced to a value of -

34.913 dB. 

Successive measurements were taken with different test samples of 

varying cholesterol concentration. The reflected spectra of the etched FBG 

sensor head with chitosan coating for various concentrations of cholesterol 

dissolved in coconut oil are presented in Fig. 4.15. When the concentration of 

the cholesterol in the test samples was increased, more and more cholesterol 

got attached to the coated chitosan layer. This attachment of cholesterol 

enhanced the RI of the coating, which in turn increased the effective RI of the 

core and was manifested as the red shift in the reflected Bragg wavelength. 

The strain exerted on the sensor head by the attachment of cholesterol on to 

the chitosan layer also contributes to the red shift to a small extent.  

 

Figure 4.15: Reflected spectra of chitosan coated etched FBG sensor head 

for various concentrations of cholesterol dissolved in coconut oil. 

The reflected Bragg wavelength gradually shifted to 1562.220 nm for 

the maximum concentration of 5000 ppm used in this experiment. Along with 
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the red shift in the wavelength, the reflected intensity decreased to a value of   

-37.514 dB. A table showing the response of the chitosan coated etched FBG 

sensor head for various concentrations of cholesterol dissolved in coconut oil 

is given below. 

Table 4.1: Response of the chitosan coated etched FBG sensor heads for 

various concentrations of cholesterol 

Plots of the reflected wavelength peak with respect to the concentration 

of cholesterol dissolved in coconut oil for the etched FBG sensor head with 

and without chitosan coating are given in Fig 4.16.  

The chitosan coated etched FBG sensor heads showed a sensitivity of 

approximately 0.063 pm/ppm of cholesterol dissolved in coconut oil, for the 

net red shift of 0.316 nm in the reflected Bragg wavelength. This is more than 

two times higher compared to that of the uncoated sensor head described 

earlier. This enhanced sensitivity compared to the uncoated sensor head is 

attributed to the affinity of the coated layer of chitosan biopolymer to 

cholesterol. The sensitivity curve also shows linearity in the measurements. 

The uncoated sensor exhibited linearity in the range of 1000 ppm to 4000 ppm 

whereas, the coated sensor showed linearity in an extended range of 0 ppm to 

Cholesterol 

Concentration 

(ppm) 

Refractive 

Index of 

Sample 

Reflected Bragg 

Wavelength (nm) 

Reflected Intensity 

(- dB) 

Uncoated Coated Uncoated Coated 

0 1.448 1561.584 1561.904 34.635 34.913 

500 1.450 1561.602 1561.928 35.128 35.655 

1000 1.452 1561.624 1561.950 35.623 35.995 

2000 1.453 1561.648 1562.004 36.066 36.604 

4000 1.454 1561.682 1562.118 36.423 36.915 

5000 1.455 1561.728 1562.220 36.926 37.514 
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4000 ppm of cholesterol dissolved in coconut oil. As explained in the previous 

chapters these linear responses of the sensor heads cover the range of 

1400 ppm to 2000 ppm cholesterol, which is the level of cholesterol in the 

blood of a normal human being. 

 

 Figure 4.16: Reflected Bragg wavelength peak of the etched FBG sensor 

heads with and without chitosan coating  

At higher concentration levels of cholesterol, both the sensor heads 

showed a slightly increased sensitivity. At  higher concentrations, the RI of the 

solution and hence the SRI is higher which in turn enhances the effective 

index of the fiber to a value nearer to the cladding refractive index thereby 

enhancing the sensitivity. Under these conditions, etched FBG sensor heads 

are expected to have higher sensitivities compared to the measurements with 

lower SRI values. 

As mentioned earlier along with the red shift in the wavelength, the 

reflected intensity decreased to a value of -37.514 dB from the initial value      

-34.913 dB at 0 ppm of cholesterol. This reduction in amplitude is as expected 

and is attributed to the reduction in the reflectivity due to the difference in 

numerical apertures between the etched and unetched portions of the fiber [13, 

114]. A plot of the reflected Bragg intensity of the chitosan coated sensor head 
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in comparison with that of the uncoated sensor head, for different 

concentrations of cholesterol is given in Fig. 4.17. 

 

Figure 4.17: Reflected Bragg intensity of the etched FBG sensor heads 

with and without chitosan coating  

From the intensity plots, it is clear that the chitosan coated sensor head 

shows better performance when compared to the uncoated sensor. Both the 

sensor heads show increased reflectivity at lower concentration ranges, where 

the SRI values are low. This is also attributed to the difference in the 

numerical aperture values of the etched and unetched regions of the fiber, 

which leads to higher reflectivity at low values of SRI. A comparison of the 

performance of the etched FBG sensor heads with and without chitosan 

coating is given in Table 4.2. 

  

 

 

 

 

 

Table 4.2: Performance of FBG sensor heads with and without coating 

Parameter 

Etched FBG Sensor Head 

Uncoated Coated 

Wavelength Shift for 

0 – 5000ppm (pm) 
144 316 

Amplitude Shift  (-dB) 34.635 – 36.924 34.913 - 37.514 

Sensitivity  (pm/ppm) 0.028 0.063 
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We have also demonstrated a DNA coated etched FBG based sensor for 

the estimation of protein concentrations [113]. The measurements were 

performed in a range of 50 μg/mL (ppm) to 300 μg/mL (ppm), which showed 

a maximum sensitivity of 0.820 pm/ppm. A sensitivity of 0.004 nm/ppm, for 

fluoride ions in a concentration range of 0.05 to 8 ppm [116] and 0.003 

nm/ppm, for zinc ions upto a concentration of 4 ppm [117], have been 

reported for etched FBGs.  

A sensitivity of 5.14 nm/ mM (13.2 pm/ppm), in the measurement 

range of 0 to 10 mM (0 – 3870 ppm) of cholesterol was reported by V Semwal 

et al. for a fiber optic cholesterol sensor based on surface plasmon resonance 

sensor head [118]. The sensing probe with enzyme, named cholesterol 

oxidase, bound over a layer of graphene oxide coated around optical fiber, 

exhibited pH dependent response and heating of the prepared sample was 

necessary for the measurements. Another fiber optic surface plasmon sensor 

for the detection of low density lipoprotein, a component of the total 

cholesterol, had a response time of 2 m and a sensitivity of 0.18 nm/ppm over 

a measurement range of 0 to 2000 ppm of cholesterol [119]. An enzymatic 

surface plasmon resonance sensor for the detection of cholesterol in a limited 

range of 0.12 to 10.23 mM (< 4000ppm) cholesterol has also been reported 

[120]. The sensors described above [118, 119] make use of metallic coatings 

around optical fiber for the detection of cholesterol. The sensors presented in 

[118, 120] were enzymatic. This makes the sensor head fabrication and 

handling complex and requires costlier equipment. Also, the measurement 

range is less than 4000 ppm. The sensor head described in this chapter makes 

use of a chitosan coating, and the range was also wider (0 to 5000 ppm). The 

response of the sensor head described in this chapter was found to be much 

more linear than that presented in [113].   
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4.9   Conclusions 

The results presented illustrate the application of etched FBG based 

sensor systems for the detection and measurement of cholesterol 

concentrations. Both the chitosan coated and uncoated sensor heads can be 

utilized in designing cholesterol sensors. The simplicity of the sensors clubbed 

with its real time response and high sensitivity make them very attractive. The 

proposed techniques require only a small quantity of the test sample and can 

be suitably modified for field applications in clinical laboratories for the 

estimation of cholesterol in blood of human beings. The results  are 

instantaneous and repeatable, and cover a wide range of cholesterol levels. In 

addition, the linearity in the performance makes the sensor head designs 

attractive for commercial applications in chemical, biomedical, drug 

development, food processing laboratories etc. 

4.10  Summary 

This chapter discussed, the fabrication of etched FBG based sensors. A 

detailed discussion on the principle of operation of FBG was provided. The 

response of FBGs to external perturbations like strain and temperature was 

discussed. The reason for the inherent low sensitivity of FBGs to SRI was 

outlined. A brief survey on the sensing applications of FBG, with an 

emphasis on bio sensing was also presented in the introductory part of this 

chapter.  

The chapter also outlined the method of chemical etching to make the 

FBGs sensitive to RI variations. Evolution of the reflected spectra during the 

etching process was studied in detail. It was found that the RI sensitivity of 

FBGs written on SMF-28e fibers could be enhanced to a reasonably good 

level by the process of etching with 30% HF solution for a time duration of 
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approximately 66 minutes. It was shown that etched FBG can be employed as 

a RI sensor, specifically a cholesterol sensor.  

For further enhancement of the RI sensitivity of the etched FBG, 

chitosan, which was identified as a biopolymer with an affinity to 

cholesterol, was employed as an overlay coating around the etched FBG to 

develop a sensor head for cholesterol sensing application. An overlay 

coating was prepared over the etched FBG by the process of dip coating. 

Etched FBG sensor head with chitosan coating exhibited more than two 

times higher sensitivity compared to the uncoated sensor for the test 

samples of cholesterol dissolved in coconut oil.  
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Chapter 5 
 

Tilted Fiber Bragg Grating Sensor  

Abstract 

This chapter discusses Tilted Fiber Bragg Grating sensors for cholesterol 

measurements. The TFBG sensors have the benefit of intensity 

measurements, unlike wavelength measurements in the case of LPGs and 

FBGs. This makes the experimental procedures and analysis simpler at a 

lower cost. The sensor head with and without chitosan coating, employed 

for the detection and estimation of total cholesterol dissolved in coconut 

oil is detailed in this chapter. 
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5.1  Introduction 

Optical fiber gratings are sensitive to external perturbations like 

temperature, strain and SRI. Several applications of fiber gratings were 

reported earlier employing their sensitivities to these parameters. Detailed 

discussion on the working principle and the sensitivities of LPG and FBG 

were presented in previous chapters. Total cholesterol concentration 

measurement techniques were presented in chapters 2, 3 and 4, exploiting 

the RI sensitivity of these optical fiber gratings. It was also demonstrated 

that the sensitivity of the grating sensor heads could be enhanced by the 

use of chitosan coating. 

Since the invention of photosensitivity in optical fibers and 

demonstration of fiber grating by Hill et al. in 1978 [1], the discussions were 

centered around FBG and its applications in various fields. In 1990, the mode 

coupling model of tilted fiber Bragg grating (TFBG) was presented of for the 

first time  by Meltz et al., at the Optical Society of America (OSA) conference 

on Optical Fiber Communication (OFC’90) [2]. In this paper, they discussed 

the radiation mode coupling. They also demonstrated the enhancement of 

mode coupling in phase gratings by the introduction of some tilt angle 

between the wave vector and fiber axis.  

Unlike FBGs, the grating planes of TFBG are having a certain angle 

with respect to the fiber axis, making its structural properties different. These 

characteristics made TFBG a promising contender as fiber optic components 

with new functionalities and usages. Hence, TFBGs have been subjected to 

various studies right from its birth. 

This section introduces the principle of operation of fiber optic tilted 

fiber Bragg grating. Subsequently total cholesterol concentration 

measurement using TFBG is detailed here. In order to improve the 



Chapter 5 

172 

sensitivity of cholesterol measurements, chitosan was coated around the 

TFBG. The results of cholesterol measurements with these sensor heads 

are described in this chapter. TFBG sensors have the advantage of 

amplitude or intensity measurements, rather than the wavelength 

modulation techniques used along with LPGs and FBGs. The costlier 

wavelength interrogators can be replaced with simpler power meters. This 

reduces the cost of the appliances required to a great extent and also makes 

the analysis of the experimental results easier. 

5.2  TFBG: Basic principle of operation 

A tilted Bragg grating is made up of alternate low and high RI bands in 

the core of the optical fiber just like an FBG. The only difference is that the 

grating planes are tilted at an angle to the axis of the fiber whereas in FBGs, 

the grating planes are perpendicular to the axis of the fiber. 

All factors like the wavelength used for writing the grating, the 

magnitude of the RI change induced, the pitch or period of the optical fiber, 

the RI pattern formed, length of the grating etc., which determine the response 

characteristics of FBGs, also influence the characteristics of the TFBG. Along 

with these factors, the orientation or the tilt angle of the grating planes, also 

influence the response of a TFBG. The theory and working principle of 

TFBGs with uniform periodicity is discussed in this section. 

Considering the cylindrical symmetry of the optical fiber, the RI 

modulation induced in the fiber core due to the exposure to UV radiations 

during the process of TFBG fabrication can be expressed as [3]: 

 neff
co (x, y, z) =  no(x, y, z) 

                       + Δn(x, y, z) cos [(
4π

Λg
) (z cos α) + (y sin α)] …... (5.1) 

where, n0 is the average RI of the fiber core, z represents the distance along the 

fiber axis, y is the radial distance from the axis, Δn denotes the amplitude of 
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the induced RI perturbation, Λg is the period along the plane of the grating or 

the period of the UV pattern used for the fabrication of the grating and α is the 

tilt angle.  

Considering only one direction, i.e. the direction of propagation of light 

inside the fiber, the above equation can be simplified as:  

neff
co (z) =  no + Δn cos (

4πz

Λ𝑔
cos α) ……………....…..…..…….. (5.2) 

As the light launched into the optical fiber travels through the induced 

RI perturbations (TFBG), a small portion of the incident light is reflected or 

coupled backwards inside the core of the fiber, from the grating planes. Out of 

these reflections in the core, the wavelength satisfying the Bragg condition 

adds up to form a strong reflected signal, as illustrated in Fig.5.1. This 

wavelength, which is reflected from the TFBG, is termed as the Bragg 

wavelength (λB) [4-9]. 

 

Figure 5.1: Illustration - Light coupling in Tilted FBG. 

 Along with this Bragg reflection, another portion of the forward 

propagating core mode is also coupled to the cladding. Due to the presence 
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of the tilt in the grating planes, some reflections become off axis at these 

planes. Thus, each grating plane reflects a little bit of light towards the 

cladding. These off axis reflections contribute to the development of 

backward propagating cladding modes at the phase matched wavelengths. 

Typical transmission spectrum of TFBG plotted at Polytechnique, Montréal, 

Canada, is given in Fig.5.2.  

 

Figure 5.2: Typical transmission spectra of TFBG (Rrecorded at 

Polytechnique, Montréal, Canada). 

5.2.1 TFBG: Mode coupling  

TFBGs work by coupling the forward propagating core modes to the 

back propagating core modes and cladding modes whereas in FBGs the 

coupling is only to the backward propagating core modes. These mode 

couplings in TFBG can be explained by the coupled mode theory developed in 

1981 by Lam et al. [10]. To study the spectral characteristics and mode 

coupling in TFBG, Erdogan et al. in 1996, used coupled mode theory [3]. 
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Further developments on mode coupling in TFBG were presented by A 

Bouzid and M A G Abushagur in 1997 [11]. 

The phase matching condition in an optical fiber grating is given by 

[3 – 12]: 

β1 − β2 = Δβ =
2π

Λ
 ………………………………..………....… (5.3) 

where, β1and  β2  denote the propagation constants of the coupled modes and 

Λ represents the period of the grating along the axis. Accounting for the 

reflected core and cladding modes in a TFBG, the above expression can be 

more generalized as: 

βforward − (−βbackward) = Δβ =
2π

Λ
.……………..……..….…. (5.4) 

where, βforward = 
2πneff

co

λ
 denotes the propagation constant of the forward 

propagating core mode and βbackward  = 
2πneff

j

λ
 represents the propagation 

constant of the reflected core mode (denoted as j = co) or cladding mode 

(denoted as j = cl). ‘-’ sign of βbackward indicates the propagation of the 

reflected modes in the reverse direction. 

 Hence, equation 5.4 can be rewritten as: 

2πneff
co

λ
− (−

2πneff
j

λ
) = Δβ =

2π

Λ
 .……………………...……….…. (5.5) 

i.e.,       
neff
co  + neff

j
 

λ
= Δβ =

1

Λ
 .……………...…..……………….… (5.6) 

5.2.2 TFBG: Reflected Bragg Wavelength 

For the reflected Bragg wavelength λ = λB,  neff
j
=  neff

co , then equation 

5.6 reduces to the Bragg condition of TFBG [11- 17]: 

λB = 2neff
co  Λ…………………………….……..…………….…... (5.7) 
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where, λB  is the Bragg wavelength and neff
co   represents the effective RI of the 

fiber core and Λ denotes the grating pitch along the axis of the fiber. By the 

fiber geometry:   

Λ =  
Λ𝑔

cos α
 ………………………………………..………….….... (5.8) 

Then λB becomes: 

λB = 2neff
co  

Λ𝑔

cos α
 .…………………………....………..……...…... (5.9) 

5.2.3 TFBG: Reflected Cladding Modes 

Considering all the reflected cladding modes at λ = λcl,i,  neff
j
=  neff,i

cl , 

equation 5.6 can be rewritten as [11, 12]: 

neff,i
co  + neff,i

cl  

λcl,i
= Δβ =

1

Λ
 .…………………………………...….….. (5.10) 

where, i = 1, 2, 3…..m (m is the total number of cladding modes), neff,i
co  is the 

effective refractive indices of core at each wavelength of the cladding mode. 

Substituting the value of Λ = 
Λg

cos α
 and rearranging the expression for the 

reflected cladding modes in a TFBG can be expressed as [11- 17]: 

 λcl,i = (neff,i
co  +  neff,i

cl )
Λg

cos α
 .……………………………....….. (5.11) 

These cladding modes are attenuated easily within a short distance from the 

grating and are not visible in the reflected spectrum [15]. However, these 

modes are clearly visible in the transmission spectrum as loss bands at definite 

wavelengths as in the case of the transmission spectrum of an LPG, as shown 

in Fig.5.2. Thus, the TFBG works by coupling the forward propagating core 

modes to the backward propagating core modes at the Bragg wavelength and 

to a large number of cladding modes (LP0n, LP1n, etc.) at definite wavelengths 

[16]. The spectrum of TFBG also consists of a strong loss peak named as the 

ghost mode resonance, just below the Bragg wavelength [17-19]. This ghost 

mode is made up of several lower order cladding modes. 
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5.3   TFBG: Sensing Principle 

TFBGs are being employed as the sensing elements to monitor 

physical, chemical as well as biological parameters. From equation 5.9, it is 

clear that, the reflected Bragg wavelength (λB) of a TFBG is a function of the 

grating pitch (Λ = 
Λg

cos α
) and the effective RI (neff

co ) of the fiber core. Hence, a 

shift in λB  can be induced by a change in the neff
co  or Λ  or both these 

parameters. Physical parameters like strain (ɛ), temperature (T) and SRI (nsur) 

are the possible external perturbations which can initiate changes in neff
co  or Λ 

or both. This can be mathematically expressed as:  

∆λB  =  
∂λB

∂ε
 ∆ε + 

∂λB

∂T
 ∆T +

∂λB

∂nsur
∆nsur ……………..….…… (5.12) 

Substituting λB = 2neff
co  

Λg

cos α
  in equation 5.12 and expanding, the 

above expression can be written as:  

dλB  =  
2

cos α
( Λg  

∂neff
co  

∂ε
 + neff

co  
∂Λg 

∂ε
)dε  

           + 
2

cos α
(Λg   

∂neff
co

∂T
 + neff

co  
∂Λg 

∂T
)dT  

           + 
2

cos α
(Λg  

∂neff
co

∂nsur
 + neff

co  
∂Λg 

∂nsur
) dnsur ……………...….. (5.13) 

The above equation represents the effect of strain, temperature and SRI 

respectively on the Bragg wavelength shift. Since, the grating pitch is 

independent of the influence of SRI, the factor 
∂Λg 

∂nsur
  in the third term reduces 

to zero.  

Then, the above expression reduces to: 

dλB  =  
2

cos α
(Λg  

∂neff
co  

∂ε
 + neff

co  
∂Λg 

∂ε
)dε  

          + 
2

cos α
(Λg  

∂neff
co

∂T
 + neff

co  
∂Λg 

∂T
)dT  

          + 
2

cos α
(Λg  

∂neff
co

∂nsur
) dnsur …………….………………….. (5.14) 
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As explained in the previous chapter, the basic factors that can directly 

tune the grating pitch of a grating are the strain and the temperature. Then, 

equation 5.14 reduces to: 

dλB  =
2

cos α
(Λg  

∂neff
co  

∂ε
 + neff

co  
∂Λg 

∂ε
)dε  

         + 
2

cos α
(Λg  

∂neff
co

∂T
 + neff

co  
∂Λg 

∂T
)dT  ……………........…...... (5.15) 

Dividing equation 5.15 by λB = 2neff
co  

Λg

cos α
 , it becomes, 

  
dλB 

λB 
 = (

1

neff
co  

∂neff
co

∂ε
 +  

1

Λg

∂Λg

∂ε
 ) dε 

         + ( 
1

neff
co  

∂neff
co

∂T
 +   

1

Λg
 
∂Λg

∂T
) dT ………………………..……. (5.16) 

Equation 5.16 explains the shift of the Bragg wavelength of a TFBG under the 

influence of strain and temperature.  

The influence of these parameters like strain (ɛ), temperature (T) and 

SRI or surrounding RI (nsur ), on the reflected cladding modes can be 

mathematically expressed as:  

∆λcl,i  =  
∂λcl,i

∂ε
 ∆ε + 

∂λcl,i

∂T
 ∆T +

∂λcl,i

∂nsur
∆nsur………….…..…… (5.17) 

Doing a mathematical treatment similar to that done earlier for the reflected 

Bragg wavelength, on equation 5.17, we get the expression for the shift in the 

wavelengths of these cladding modes as: 

dλcl,i  =
1

cos α
(Λg  

∂(neff,i
co  + neff,i

cl ) 

∂ε
 + (neff,i

co  +  neff,i
cl ) 

∂Λg 

∂ε
)dε  

           + 
1

cos α
(Λg  

∂(neff,i
co  + neff,i

cl )

∂T
 + (neff,i

co  +  neff,i
cl ) 

∂Λg 

∂T
) dT  

           + 
1

cos α
(Λg  

∂(neff,i
co  + neff,i

cl )

∂nsur
) dnsur …………….…..….…. (5.18) 

Proceeding further with similar mathematical treatment leads to the expression 

for the shift of the reflected cladding modes of a TFBG under the influence of 

strain, temperature and surrounding refractive index as:  
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dλcl,i 

λcl,i 
 = (

1

(neff,i
co  + neff,i

cl )
 
∂(neff,i

co  + neff,i
cl )

∂ε
 + 

1

Λg

∂Λg

∂ε
 ) dε 

           + ( 
1

(neff,i
co  + neff,i

cl )
 
∂(neff,i

co  + neff,i
cl )

∂T
 +  

1

Λg
 
∂Λg

∂T
) dT  

           + ( 
1

(neff,i
co  + neff,i

cl )
 
∂(neff,i

co  + neff,i
cl )

∂nsur
 ) dnsur………..………… (5.19) 

Equation 5.18 shows that, the cladding mode resonances are connected 

not only to the effective RI of the core mode, but also to the indices of the 

cladding mode resonances. The effective RI of the core mode is insensitive to 

SRI, as it is well shielded inside the core of the fiber. However, SRI has 

influences on the effective RI of the cladding modes. When the SRI changes, 

it will affect the coupling characteristics and transmission spectra of the 

cladding modes. This forms the basis of RI sensing with TFBG. 

5.4   Sensitivities of TFBGs 

5.4.1 Strain Sensitivity 

Considering the effect of strain alone on TFBG, the reflected Bragg 

wavelength and the cladding modes shifts can be expressed as follows.  

dλB  =  
2

cos α
(Λg  

∂neff
co  

∂ε
 + neff

co  
∂Λg 

∂ε
)dε  …………….…...….... (5.20) 

and     dλcl,i  =
1

cos α
(Λg  

∂(neff,i
co  + neff,i

cl ) 

∂ε
 + (neff,i

co  +  neff,i
cl ) 

∂Λg 

∂ε
) dε .. (5.21) 

A closer look at equation 5.20 reveals that, the reflected Bragg 

wavelength behaves exactly similar to that of an FBG. The relative shift 

between the Bragg wavelength and cladding resonances with respect to the 

applied strain can be approximated as [20, 21]: 

 d(λB − λcl,i) =
1

cos α
[ 
∂Λg 

∂ε
(  neff,i

co −  neff,i
cl  )] dε ………......… (5.22) 

This indicates that, for any cladding mode resonant wavelength, as the 

strain applied on the grating increases its separation from the Bragg 

wavelength increases, which in turn increases the value of d(λB − λcl,i). 
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5.4.2 Temperature Sensitivity 

Considering the effect of temperature alone, the shift in Bragg 

wavelength (λB) and the cladding mode resonances can be derived from 

equations 5.15 and 5.18 as [21]: 

      dλB  =  
2

cos α
(Λg  

∂neff
co  

∂T
 + neff

co  
∂Λg 

∂T
)dT ……………….….. (5.23) 

and dλcl,i  =
1

cos α
(Λg  

∂(neff,i
co  + neff,i

cl ) 

∂T
 + (neff,i

co  +  neff,i
cl ) 

∂Λg 

∂T
) dT..... (5.24) 

As the thermal expansion coefficient of silica is very small, the 

magnitude of  
∂Λg 

∂T
 is negligible when compared to 

∂n 

∂T
 terms in the above two 

equations. Then, the relative shift in the wavelengths d(λB− λcl,i) due to the 

effect of temperature becomes proportional to 
𝑑(neff,i

co  − neff,i
cl ) 

dT
 [21].  

i.e. d(λB− λcl,i)  𝛼  
𝑑(neff,i

co  − neff,i
cl ) 

dT
…….…...……..…….............. (5.25) 

Since the effect of temperature equally affect the effective indices of 

core and cladding modes, (neff,i
co  −  neff,i

cl ) is a constant, so that, the relative 

shift in the reflected mode wavelengths is almost 0. In other words, the TFBG 

spectrum remains invariant under temperature changes, apart from a global 

shift of all the resonances [22]. This is highly helpful in eliminating the 

temperature cross sensitivity in the measurements, as it is sufficient to evaluate 

the relative wavelength shifts instead of absolute wavelengths.  

5.4.3 Refractive Index Sensitivity 

It is clear from equation 5.15 that, the reflected Bragg wavelength do 

not possess any RI sensitivity. The RI sensitivity of TFBG arises from the 

dependence of the reflected cladding mode resonances on the SRI. 

Considering the effect of SRI changes alone, the expression for the shift in the 

cladding mode resonant wavelengths can be derived from equation 5.18 as: 
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dλcl,i  =
1

cos α
(Λg  

∂(neff,i
co  + neff,i

cl )

∂nsur
) dnsur ………………...…….. (5.26) 

The above expression shows that, the cladding-mode resonances are 

connected to not only the effective RI of the core mode but also the cladding 

modes. The core mode, which is well shielded inside the core of the fiber, is 

insensitive to the variations in the SRI. However, SRI can influence the 

effective RI of the cladding modes, which in turn alters the coupling 

characteristics, and transmission spectra of the cladding modes.  

Equation 5.11 suggests that, all the cladding modes get shifted with the 

variations in SRI. As the penetration depth of the evanescent field increases 

for higher order modes, the sensitivity of the effective index of the cladding 

modes to the SRI increases with mode order. Hence, the higher order cladding 

modes are first affected with a very small red shift in their resonance 

wavelength which eventually fade out, as the SRI increases, With further 

increase in SRI, more and more cladding modes get affected gradually until, 

only the two transmission peaks of ghost mode and core mode remain [18, 

22]. Experimental investigations to study the relation between the SRI and the 

transmitted power revealed that the transmitted power decreases with the 

increase in SRI [23]. 

5.5    Sensing Applications of TFBG 

The distinctive structure and mode coupling characteristics of TFBGs, 

made them very popular in optical fiber communication, fiber sensing 

technology, and related areas. In communication systems they are used as gain 

flattening filters for EDFA [24-26], filters & wavelength division multiplexing 

(WDM) [27-32], tuning polarization  dependent loss [33- 35]etc.  

Chen et al. [13, 20, 36] was the first to investigate on the applications 

of TFBG to measure the physical parameters like strain and temperature. 

Caucheteur et al. [13, 17, 36, 37] also worked in parallel on these sensing 
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applications of TFBG. Albert et al. [18, 20] and Baek et al. [38] proposed 

bending sensors using TFBG. Caucheteur et al. [39] presented simultaneous 

measurement of bending and temperature in 2005. Guo et al., proposed 

displacement sensors based on TFBG [40]. 

 In 2001, Laffont et al. [16] proposed the very first refractometer using 

TFBG. They studied the influence of SRI on the spectral response of TFBG 

by evaluating the integral area of normalized cladding mode spectrum. In 

2006, Zhao et al [41] achieved simultaneous measurement of RI and 

temperature based on different sensitivity of core and cladding modes in a 

TFBG. Zhou et al. proposed high RI sensitivity for TFBG with large tilt angle 

but rather insensitive to temperature [42]. An optical fiber based refractometer 

using the comb like spectrum of a TFBG was demonstrated by B Jiang et al. 

[43].  Recently, TFBG with superposed RI modulation written by a 

femtosecond laser and a phase mask employed for the measurement of RI and 

strain was demonstrated [44]. 

 Chechura et al. described the impact of surface deposited nanostructure 

film, on the cladding mode resonance of TFBG [45]. Paladino et al. reported 

the spectral characteristics of TFBG with overlay coatings [46, 47]. X Chen 

et al. proposed multi angled TFBGs with and without gold coating for the 

measurement of RI [48] and A L Aldaba et al. demonstrated a pH sensor with 

polyaniline coated TFBG [49].  An etched TFBG coated with graphene oxide 

for the measurement of humidity was also proposed [50]. Y L Lu et al. 

cascaded TFBG with LPG for the simultaneous measurement of 

environmental temperature and RI [51]. 

In the field of bio sensing, label-free biosensor with bio functional 

materials coated on TFBG for sensing antibody and antigen was demonstrated 

by Maguis et al. in 2008 [52]. TFBG based biosensors using plasmonic 

resonance were also proposed in literature [53-55]. Guo et al. demonstrated 
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urinary protein variation measurement using TFBG, assisted by plasmonic 

nano coatings in 2016 [56]. 

5.6     Cholesterol Sensor 

A cholesterol sensor exploiting the RI sensitivity of TFBG to the 

concentration of the sample solution under test is presented in this section. 

5.6.1 TFBG Fabrication 

TFBG with a reflected Bragg wavelength of 1557 nm and a tilt angle 

of 15
0
 was fabricated at Polytechnique, Montréal, Canada; through phase 

mask method on standard telecommunication SMF-28 (SMF-28e, Corning) 

fiber. The fiber used in this experiment had a core diameter of 8.2 micron, 

cladding diameter of 125 micron. The numerical aperture was 0.14, with the 

indices of refraction of the core and the cladding were 1.461 and 1.456 

respectively. 

5.6.2 Experimental Setup 

A schematic sketch of the setup for experimental analysis is given in 

Fig 5.3. The fabricated TFBG was fixed in the middle of a glass cell using 

epoxy glue such that the grating region was straight without any bends. One 

end of the TFBG was connected to an erbium doped fiber amplifier (EDFA) 

(NeST - 2200s). The other end of the grating was connected to a digital power 

meter (Hewlett Packard - HP 8153A) through a 3dB coupler. The transmitted 

spectrum of the TFBG was also studied with an optical spectrum analyzer 

(OSA) (ANDO  -  AQ 6315 A).  

The sample solutions prepared were introduced into the glass cell for 

the experimental procedures. Sufficient quantity, around 25 ml, of the test 

solutions were used in all measurements so that; the TFBG section was 

completely immersed in the sample solution during the experimentation. 
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Figure 5.3: Experimental - TFBG cholesterol sensor 

5.6.3 Materials and Methods   

As explained in the earlier chapters, the measurements were limited to a 

maximum of 5000 ppm of cholesterol in coconut oil, which covers the normal 

levels of cholesterol in human blood. The procedures followed for the 

preparation of cholesterol samples with coconut oil as the solvent was the 

same as described in section 2.5.1.3 of chapter 2 of this thesis. After each 

measurement, the cholesterol test samples were removed from the glass cell. 

The sensor head and the cell were washed repeatedly, 3 or 4 times, with 

distilled water and iso propyl alcohol to remove any trace of residue left 

behind. This is to ensure that the initial spectrum of the TFBG without any test 

sample in the glass cell was reproduced.  

5.6.4 Results and Discussion 

The initial transmission spectrum of the TFBG with air as the 

surrounding medium, recorded after fixing it in the glass cell, is shown in Fig 

5.4. This was taken as the reference spectrum for the experiments with the 

TFBG sensor head. 
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Figure 5.4: Transmission spectrum of TFBG with air as the SRI 

The transmitted spectrum had Bragg wavelength at 1557 nm and the 

ghost resonance peak at 1555.28 nm. The cladding mode resonances were 

distributed at wavelengths below the ghost resonance and their amplitudes 

decreased as the wavelength decreased. The cladding mode resonance with 

maximum intensity had a peak amplitude of -11.787 dB.  

As soon as the test samples with increasing concentrations of 

cholesterol were introduced into the cell, the output power gradually decreased 

to a value of -8.36 dBm. Even though there was no considerable wavelength 

shift in the transmission spectra on account of the increase in concentration, 

the reduction in the swing of the cladding mode resonance peaks was 

noticeable as shown in Fig 5.5.  

As the cholesterol concentration in the sample solution was increased, 

the RI of the samples increased. The RI of the prepared cholesterol samples 

were found to vary from 1.448 to1.455. When the concentration was 

increased, the cladding-mode resonance exhibited a slight red shift and the 

effective area of the transmission spectrum decreased gradually. 
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Figure 5.5: Transmission spectra of the TFBG sensor head for various 

concentrations of cholesterol dissolved in coconut oil. 

The amplitudes of the cladding mode resonance peaks progressively 

decreased, when the concentration was increased to 5000 ppm. The intensity 
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of the higher order cladding mode resonance located in the shorter 

wavelengths, began to decrease initially, followed by the lower order modes at 

the longer wavelengths. This is attributed to the smaller effective index values 

of higher order modes that are more susceptible to the SRI [23, 57, 58].  

At SRI values nearer to that of the cladding, intensity of the cladding 

modes decreased by a large amount and is manifested as a smooth loss curve 

in the transmission spectrum. This can be explained by associating any 

discrete cladding mode resonance  λcl,i , to the corresponding effective 

refractive index neff,i
cl . When the SRI increases and reaches the value neff,i

cl , the 

mode located at  λcl,i, becomes weakly guided due to the reduction in the 

overlap integral between the fundamental guided mode and the i
th
 cladding 

mode. This in turn reduces the amplitude of the coupling coefficient and hence 

the amplitude of this transmitted peak [23, 50]. When SRI is equal or nearer to 

the effective cladding mode index  neff,i
cl , the cladding mode is no longer 

guided and the coupling occurs to a continuum of radiation modes. This 

behavior is exhibited as the smoothing of the spectrum and reduction in the 

transmitted power. Thus, the more SRI increases, the more the transmitted 

spectrum becomes smoother, starting from the shortest wavelengths.  

It may be noted that, these intensity variations were not considered for 

the calculation of sensitivity. The transmitted power measured using a power 

meter was used to calculate the sensitivity of the TFBG sensor head. As stated 

earlier, the value of the transmitted power decreased from -8.042 dBm to -8.36 

dBm, as the concentration was increased up to 5000 ppm. The variation in the 

output power with respect to the concentration of cholesterol dissolved in 

coconut oil is presented in Fig 5.6. 

This change of 0.318 dBm in the output power, for a concentration 

change of 5000 ppm, corresponds to a sensitivity of 0.06 x10
-3
 dBm/ppm. 
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Figure 5.6: Transmitted power of the TFBG sensor head for various 

concentrations of cholesterol dissolved in coconut oil. 

5.7   Chitosan Coated TFBG for Sensing Cholesterol  

As established in the previous chapters, chitosan has an affinity for 

cholesterol. Cholesterol sensors employing a layer of chitosan coated around 

LPG and etched FBG were presented in chapters 3 and 4. Even though the 

bare TFBG sensor head described in the last section exhibited good sensitivity 

to cholesterol, it is better to attempt for more sensitivity. A layer of chitosan 

was coated around the TFBG to enhance the sensitivity. Development of a 

TFBG sensor head with chitosan coating, for enhanced cholesterol sensitivity, 

is discussed in the following sections.  

    5.7.1 Sensor Head Fabrication 

The TFBG for the cholesterol measurement experiments described 

above was used to fabricate the chitosan coated sensor head.  

A schematic sketch of the etched FBG sensor head coated with chitosan is 

given in Fig. 5.7.  
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Figure 5.7: Schematic sketch - TFBG sensor head with chitosan coating 

The sensor head was fabricated by depositing a bio polymeric layer of 

chitosan around the TFBG section. Dip coating method, as described in the 

section 3.3.1.2 of chapter 3 of this thesis, was employed in the fabrication 

process. The procedures followed in the fabrication and the materials used for 

the dip coating were kept the same.  

    5.7.2 Experimental Setup 

The same experimental setup employed with bare TFBG as described 

in section 5.6.2 was used for the analysis by replacing the bare TFBG with 

chitosan coated TFBG. The developed chitosan coated TFBG sensor head was 

fixed in the middle of the glass cell using epoxy glue such that, the grating 

region was straight without any bends and interrogated as in the case of 

uncoated TFBG sensor.  

The sample solutions prepared were introduced into the glass cell for 

the experimental investigations. Sufficient quantity, around 25 ml, of the test 

solutions were used in all measurements so that; the TFBG section was 

completely immersed in the sample solution during the experimentation. 
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    5.7.3 Materials and Methods   

As explained in the earlier chapters, the measurements were limited to a 

maximum of 5000 ppm of cholesterol in coconut oil, which covers the normal 

levels of cholesterol in human blood. The procedures followed for the 

preparation of cholesterol samples with coconut oil as the solvent was as 

described in section 2.5.1.3 of the chapter 2 of this thesis. After each 

measurement, the cholesterol test samples were removed from the glass cell. 

The sensor head and the cell were washed repeatedly, 3 or 4 times, with 

distilled water and isopropyl alcohol to remove any trace of residue left 

behind. This is to ensure that the initial spectrum of the TFBG without any test 

sample in the glass cell was reproduced. The RI of the prepared cholesterol 

samples measured using Abbe refractometer was found to vary from 1.448 

to1.455. 

    5.7.4 Results and Discussion 

The bare TFBG had the Bragg wavelength at 1557 nm and the ghost 

resonance peak was at 1555.28 nm with a transmitted output power -

8.042 dBm. When the prepared chitosan coated sensor head was fixed inside 

the glass cell, the Bragg wavelength has red shifted to 1557.08 nm while the 

ghost resonance peak remained unaffected at 1555.28 nm, with air as 

surrounding medium. This spectrum recorded as the reference for further 

experiments is given in Fig. 5.8. This shift in the Bragg wavelength is 

attributed to the small strain induced by the dried chitosan layer around the 

TFBG. As in the case of bare TFBG, the cladding mode resonances were 

distributed at wavelengths below the ghost resonance and their amplitudes 

decreased as the wavelength decreased. The peak amplitude of the cladding 

mode resonance with maximum intensity shifted to -10.738 dB from the initial 

value of -11.787 dB for the bare TFBG. 
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Figure 5.8: Transmission spectrum of chitosan coated TFBG in air. 

As explained earlier this reduction in the amplitude of the resonant 

cladding mode is attributed to the weaker guidance of the cladding mode due 

to the decrease of the overlap integral between the fundamental guided mode 

and the cladding mode [23, 50, 51]. This is due to the increased effective 

index of the cladding in the presence of the chitosan coating. This in turn 

reduced the amplitude of the coupling coefficient and hence the amplitude of 

this transmitted peak. 

The transmitted output power was measured to be -8.113 dBm, 

without any sample solution in the glass cell. This reduction in the output 

power is attributed to the increased coupling to the radiation modes at the 

higher effective RI of the cladding due to the overlay coating of chitosan. 

When the samples with increasing concentrations of cholesterol were 

introduced into the cell, the output power gradually decreased to a value of -

8.912 dBm. As in the case of experiments with bare TFBG, there was no 

considerable wavelength shift in the transmission spectra with increase in 

concentration. The reduction in the swing of the cladding mode resonance 

peaks was noticeable as earlier and is given in Fig 5.9.   
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The changes in the spectral shape follow the same trend as explained 

earlier in section 5.6.4 for the bare TFBG. As the cholesterol concentration in 

the sample solution was increased, the RI of the samples increased. More the 

concentration of cholesterol, more of it gets attached to the chitosan overlay 

coating increasing its refractive index. This in turn increases the effective 

index of the cladding modes making them more and more weakly guided and 

thereby reducing the intensity of the resonant cladding modes. This is also 

accompanied by the smoothening of the spectra as the SRI value increases. 

 

Figure 5.9: Transmission spectra of the chitosan coated TFBG sensor 

head  for various concentrations of cholesterol dissolved in coconut oil. 
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The transmitted power decreased from -8.113 dBm to -8.912 dBm, as 

the concentration was increased up to 5000 ppm. This variation in the output 

power with respect to the concentration of cholesterol dissolved in coconut oil 

for both the sensor heads are given in Fig 5.10. 

 

Figure 5.10: Transmitted power of the TFBG sensor heads for various 

concentrations of cholesterol dissolved in coconut oil. 

As explained earlier, the reduction in the transmitted power is attributed 

to increased coupling of the core modes to the radiation modes at higher 

values of SRI. The above plots clearly shows an increased slope for the coated 

sensor head and hence an increased sensitivity. The increase in sensitivity of 

the chitosan coated TFBG over the bare TFBG is attributed to the modulation 

of the effective cladding mode index due to the attachment of cholesterol on to 

the chitosan overlay coating. This change of 0.799 dBm in the output power, 

for a change in concentration of 5000 ppm, corresponds to a sensitivity of 0.16 

x10
-3
 dBm/ppm, which is two and a half times that of the bare TFBG. 

A table showing the response of the chitosan coated TFBG sensor head 

for various concentrations of cholesterol dissolved in coconut oil is given 

below. 
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Table 5.1: Response of the TFBG sensor head with and without chitosan 

coating for various concentrations of cholesterol 

Enzymatic bare fiber optic sensors for the measurement of cholesterol 

were reported earlier [59, 60, 61]. The enzymatic sensor head described in 

[59], with a linear response in a smaller measurement range of 1700 ppm to 

2000 ppm of cholesterol, had a large response time of 120s. A photonic crystal 

fiber with a sol gel coating was used to develop an intensity modulated sensor 

head for the detection of cholesterol, with a linear detection range of 180 

mg/dL to 200 mg/dL (1800-2000 ppm) [60]. Another enzymatic optical fiber 

probe based on fluorescence quenching and consumption of oxygen, exhibited 

a linear response in a limited range of 250 ppm to 2500 ppm, with a larger 

response time of 200s [62]. The method was simple in terms of the 

components used and required heating of the test samples, and the response 

was pH dependent.  

The TFBG sensor head described in this chapter works linearly over a 

wider range of 500 to 5000 ppm of cholesterol. The sensor response was also 

instantaneous and no heating is required for the experimentation.  

Cholesterol 

Concentration 

(ppm) 

Refractive 

Index of 

Sample 

Output Power (-dBm) 

Uncoated Coated 

0 1.448 8.042 8.113 

500 1.450 8.091 8.185 

1000 1.452 8.134 8.247 

2000 1.453 8.20 8.396 

4000 1.454 8.31 8.734 

5000 1.455 8.36 8.912 
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Unlike the pH dependent response of the cholesterol sensors reported 

earlier [62, 63, 64], the TFBG sensors described in this chapter are 

independent of pH alterations of the sample under test. All the wavelength 

modulated cholesterol measurement methods described in earlier chapters, 

make use of costlier instrumentation, while the TFBG sensor heads employ 

much easier power measurements with power meters. This in turn results in a 

considerable reduction in the cost of implementation of the sensing platform. 

In addition, due to the inherent characteristics of the TFBG, the sensor heads 

described in this chapter are not influenced by the changes in the ambient 

temperature. 

 5.8   Conclusions 

The results presented illustrate the application of TFBG based sensor 

systems for the detection and measurement of cholesterol concentrations. Both 

the chitosan coated and uncoated sensor heads can be utilized in designing 

cholesterol sensors. The most important advantage of the above described 

sensors is that, the interrogation system uses simple power meters, which in 

turn can reduce the cost of experimentation and also make it easier. In 

addition, the measurements are independent of the fluctuations in the ambient 

temperature due to the characteristics of the TFBG itself.   

The simple setup of the sensors clubbed with its real time and 

instantaneous response with high sensitivity makes them very attractive. The 

proposed techniques require only a small quantity of test sample and can be 

suitably modified for field applications in clinical laboratories for the 

estimation cholesterol in blood of human beings. The results are also 

repeatable, and cover a wide range of cholesterol levels. The linearity in the 

performance make the sensor head designs attractive for commercial 

applications. A comparison of the performance of the TFBG sensor heads 

with and without chitosan coating is given in Table 5.2. 
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Parameter 

TFBG Sensor Head 

Uncoated Coated 

Output Power Swing  (-dBm) 0.318 0.799 

Sensitivity  (×10
-3

dBm/ppm) 0.06 0.16 

 Table 5.2: Performance of TFBG sensor heads with and without coating 

In order to avoid damage of the TFBG, no attempt was made to 

fabricate etched TFBG sensor heads. However, etched TFBG sensor heads 

would have resulted in better sensitivity in the measurements of cholesterol. 

5.9  Summary 

This chapter discussed, the fabrication of TFBG based sensors. A 

detailed discussion on the principle of operation of TFBG was provided. The 

response of TFBGs to external perturbations like strain, temperature and 

surrounding refractive index was discussed. A brief survey on the sensing 

applications of TFBG was also presented in this chapter.  

The chapter also outlined the method of RI sensing with TFBGs. It was 

shown that TFBG can be employed as a cholesterol sensor with reasonably 

good sensitivity.  

For the enhancement of the RI sensitivity of the bare TFBG, chitosan, 

which was identified as a biopolymer with an affinity to cholesterol, was 

employed as an overlay coating around the grating to develop a sensor 

head for cholesterol sensing application. It was established that an overlay 

coating over the TFBG can be prepared by the process of dip coating. 

TFBG sensor head with chitosan coating exhibited two and a half times 

higher sensitivity compared to the uncoated sensor for the test samples of 

cholesterol dissolved in coconut oil.  
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Conclusions and scope for future study 

Abstract 

This chapter concludes the thesis by summarizing the results and 

providing suggestions for further work based on this research. This 

research work has focused on the study of fiber grating based sensing 

applications for the measurement of cholesterol. 
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6.1   Summary 

Design and development of optical fiber grating based sensors form 

the principal subject of this thesis. The applications of the developed 

sensors were oriented towards the detection and estimation of cholesterol.  

An outline of the different types of fiber optic sensors with emphasis 

on optical fiber grating based sensors was given in the first chapter. 

Detailed discussions on the photosensitivity of optical fibers, methods to 

improve it and the process of grating fabrication were presented. This 

introductory chapter also presented various aspects of cholesterol and the 

importance of its sensing. Chitosan, the biopolymer used to enhance the 

sensitivity of the grating sensor heads was also introduced. The probable 

mechanism of its hypocholesterolaemic activity was also discussed.  

The second chapter outlined the theory of operation and sensing 

principles of fiber optic LPG devices. The developed LPG sensor head was 

employed for the measurement of cholesterol, exploiting its RI sensitivity. 

It was found that the sensor head exhibited poor sensitivity when 

petroleum ether, with a low value of RI, was used as the solvent for 

cholesterol. Hence, coconut oil, which gave higher refractive index values 

for the test samples was used as the solvent. This sensor head exhibited an 

instantaneous and linear response with a total blue shift of 10.5 nm for the 

LP04 mode showing a good sensitivity of 2 pm/ppm of cholesterol.  

Chitosan was identified as cholesterol lowering agent and has been 

in use for several years. Chapter 3 sketched the development of a chitosan 

coated LPG sensor for the measurement of cholesterol exploiting the 

affinity of chitosan to cholesterol. A discussion on the sensing applications 

of LPG sensor heads with overlay coatings was presented. The method of 

dip coating was also detailed in this chapter. By providing the overlay 
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coating of chitosan around the LPG, measurement sensitivity could be 

enhanced by 2.5 times that of the uncoated sensor. The newly developed 

sensor head also showed reversible and repeatable performances. 

In the fourth chapter, etching of FBG, in order to induce sensitivity 

to RI variations, was discussed. The chemical etching process of optical 

fibers using HF solution was studied in detail by analyzing the evolution of 

the grating spectra with time of etching. The etched sensor head was 

employed for the detection of cholesterol exploiting the RI sensitivity of 

etched FBGs. In order to further enhance the sensitivity of the sensor, a 

layer of chitosan was coated over the grating, to develop the chitosan 

coated etched FBG sensor. Both the sensor heads showed good response 

and the coated sensor exhibited 3 times enhancement in sensitivity.  

Tilted FBGs have the advantage of intensity measurements with 

relatively higher sensitivities rather than wavelength interrogation. The use 

of low cost detectors makes the experiments and analysis simpler and 

easier. The fifth chapter provided the application of TFBGs with and 

without chitosan coating, for cholesterol measurement. It was established 

that, the chitosan coated sensor head could detect cholesterol with an 

enhanced sensitivity. The sensor heads developed exhibited a sensitivity of 

0.06 x 10
-3

 dBm/ppm for the uncoated sensor. The coated sensor offered a 

sensitivity of 0.16 x 10
-3

 dBm/ppm, showing 2.5 times enhancement in the 

sensitivity.  

Three different types of optical fiber gratings were fabricated and 

employed as a total cholesterol sensor, exploiting the sensitivity of these 

gratings to the changes in the SRI. A comparison of the performance of the 

different fiber grating sensor heads with and without chitosan coating for the 

measurement of cholesterol is given in Table 6.1. 
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Sensor Head  
Sensitivity 

Uncoated Coated 

LPG (pm/ppm) 2 5 

Etched FBG (pm/ppm) 0.028 0.063 

TFBG (x10
-3
dBm/ppm) 0.02 0.16 

 Table 6.1: Performance of grating sensor heads with and without coating 

These grating based sensors working on different principles can be 

compared as follows. 

 The chitosan coated sensor heads exhibited enhanced sensitivities 

compared to their uncoated versions. 

 The LPG based sensor heads are easier to handle and exhibited good linear 

response. 

 The fabrication and application of etched FBG based sensor is tedious. 

 The sensitivity of the LPG sensor heads was found to be much better than 

that of the FBG sensor heads. The results are comparable with that 

published in the literature [1, 2].  

 Unlike the spectral analysis followed for LPG and FBG, TFBG sensors 

rely on power measurements. This makes the experimentation simpler and 

less expensive.  

6.2   Scope for Future Study 

The main objective of this research work was to develop optical 

fiber grating based RI sensors and to employ them for cholesterol sensing 

application. A number of areas of future research have arisen from the 

experimental works and the most relevant of them are presented below. 
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 A sensor head for the measurement of cholesterol in human blood 

employing scratched plastic optical fiber has been reported earlier [3]. The 

sensor heads described in this thesis can also be deployed in clinical 

applications with proper modifications so that it is suited for the detection 

of total cholesterol in human blood samples.  

 Further research can be extended in the direction of development of 

suitable and specific materials like chitosan that can be coated around the 

gratings in order to have more reliable, specific and selective measurement 

of cholesterol. 

 Turn around LPGs show higher refractive index sensitivities compared to 

normal LPGs [4, 5]. Hence, better cholesterol sensor may be materialized 

with turn around LPGs. 

 The sensitivity of LPG and TFBG based RI sensors can be increased 

significantly by etching the cladding of the fiber [6-8]. We believe that 

better performances of the designed sensors can be accomplished by the 

optimization of fundamental factors such as grating period, grating length 

and the thickness of cladding around the grating. 

 The sensor heads presented in this thesis are non-enzymatic. Enzymatic 

detection of cholesterol provides more specificity and selectivity in the 

measurements. Incorporation of enzymes along with the advantages of 

gratings can be thought of in developing a cholesterol sensor, as proposed 

by Anjali et al. in 2015, for the detection of triacylglycerides [9]. 

 Even though total cholesterol is an indication of the probability of 

occurrence of diseases like arteriosclerosis, nowadays the clinical tests 

have become much more specific by including the measurement of LDL, 

HDL etc. Investigations can also be extended in this direction, to develop 
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sensor heads suitable for such specific and detailed measurement of 

various components of total cholesterol. 

 The RI sensor based on etched FBGs exhibited good response with respect 

to its sensing characteristics. But, it is very difficult to fabricate and use the 

etched FBG sensor head. The etched fiber with such small diameters can 

be easily broken and extra care should be taken in handling the same. 

Hence, development of a proper protective packing for etched FBG sensor 

heads also assumes great importance. 
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