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Abstract

Fiber Bragg gratings or FBGs are the passive optical devices formed inside the core of an
optical fiber (single mode or multi-mode fiber) by varying the refractive index of the core
over some finite length. The reflected light from an FBG can be analyzed to obtain valuable
information about the fiber itself or its surrounding environment. This characteristic makes
FBGs particularly useful for various sensing applications. However, FBGs have also found
extensive use in the field of telecommunications. The key applications of FBGs in commu-
nications include gain equalizers, optical filters, dispersion compensation, and wavelength
selective components in WDM systems, etc. Nowadays, optical transmission systems are
used in long-haul communication links such as submarine cables and intercontinental con-
nections. Enhancing the performance of optical transmission systems allows for longer
transmission distances without significant signal degradation, enabling the expansion of
global communication networks. Furthermore, improving the performance of optical trans-
mission systems enables faster and more effective data transfer, meeting the rising data
needs of modern communication networks.Therefore, to improve the optical transmission
system performance, researchers are presently creating a variety of cascaded FBG structures

with the aid of the FBG technology.

The desired spectral characteristics of the cascaded FBG structures usually need a nar-
row bandwidth and minimal number of side-lobes with maximum peak reflectivity in the
reflected spectrum for communication or sensing purposes. Often, as the number of cas-
caded FBGs in the structure increases, reflectivity decreases with reduced full width at half
maximum or FWHM and the number of side lobes. In order to improve the reflectivity and
narrower FWHM, a cascaded FBG structure has been proposed. Such a proposed struc-
ture utilizes cascaded uniform or apodized FBGs of varying lengths works in the C-band
are analyzed and simulated. In addition to the uniform or apodized FBGs, we have also

formed cascaded structures with chirped FBGs (CFBGs) or apodized CFBGs. In each FBG



or CFBG structure, the reflected signal from the current FBG is utilized as input to the sub-
sequent FBG or CFBG in the structure. The reason for using CFBGs or non-uniformity
gratings in the core is to reduce the side lobes in the reflection spectrum, which are unde-
sirable as in their uniform counterpart. They are also used for dispersion compensation and
pulse shaping purposes. Compared to the CFBGs, apodized linearly chirped fiber Bragg
gratings (LCFBG) have proved to be an effective solution to compensate for the chromatic
dispersion of high bit-rate optical communication systems. Hence, we have also used cas-
cading of apodized LCFBGs to get a narrow-band spectral profile. Analytical formulation
based on the piecewise uniform approach or PUA approach of the proposed cascaded CFBG
structure(s) is incorporated. Moreover, the effect of temperature on the proposed devices

shifts the Bragg peak enabling it to be used for sensing purposes also presented.

In this work, initially, the design, analysis and simulation of various cascaded FBG or
CFBG structures operated in the C-band are proposed. Subsequently, based on the better
spectral characteristics of the proposed structures, we have used the same structure either in
an optical transmission system or as a narrow-band filter for communication purposes. In
particular, such a proposed structure with narrower FWHM has been placed immediately
next to the optical source to reduce the source spectral width. Thus enhancing the system
performance in terms of bit error rate or BER and Q-factor by reducing the dispersion in
the fiber. Since the cascaded structure formed with apodized FBGs has given a narrower
FWHM of 0.07 nm than any other structure. Such a cascaded structure integrated with the
optical transmission system has given better performance thanin the absence of the structure.
At the maximum operating distance, a BER of 9.5321x 10712 corresponding to a Q-factor
of 6.712 has been attained with the proposed structure in the system.

Keywords: Fiber Bragg gratings, apodization, chirped FBGs, cascaded FBGs, FWHM,

reflectivity, piecewise uniform approach, dispersion, BER.
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Chapter 1

Introduction

This chapter gives a brief introduction to the work presented in this thesis. The fundamental
description of the fiber Bragg grating or FBG and the numerous applications of this technol-
ogy are explored in Section 1.1. In Section 1.2, a brief mathematical background on FBG,
while the classifications of FBG are discussed in Section 1.3. Measurement of temperature
and strain with generalized analysis is presented in Section 1.4 and Section 1.5, respec-
tively. A comparative study between the various recently reported FBG based temperature
and strain sensors is compared within the respective sections. Also, we have incorporated
the recently reported cascaded FBG based devices for filtering or communication purposes
in section 1.6. Finally, the chapter ends with the description of the motivation, organization

and scope of the thesis.

1.1 Fiber Bragg gratings and their applications

The fiber Bragg gratings (FBGs), a passive optical device, contain a periodic refractive in-

dex (RI) modulations in the core of an optical fiber (single mode or multi-mode fiber) over
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some finite length [1, 2, 3]. These periodic RI variations are usually a perturbation in the
photosensitivity property of the core of the fiber. These periodic variations can be formed
by utilizing a number of techniques including holographic [4], phase mask [5], and point-
by-point techniques [6]. FBGs owing to their primary advantages like high sensitivity and
resolution, lightweight, and wide dynamic range, finds tremendous applications as sensors
in various fields of measurement, as dispersion compensating elements in optical fiber trans-
mission systems.Also, FBGs are currently deployed in different sectors such as oil and gas
[7, 8,9, 10, 11], civil [12, 13, 14, 15], industrial [16, 17, 18, 19], energy [20, 21, 22, 23],
biomedical [24, 25, 26, 27], aerospace [28, 29, 30, 31], transport [32, 33, 34], and optical
communications [35, 36, 37] etc. In the oil and gas sector, FBGs are used for monitoring
pipeline related problems, temperature and gas pressure measurement, oil density measure-
ment, and detection of gases in oils, etc. In civil, FBGs are mainly used for Structural Health
Monitoring (SHM) of structures. In industry apart from sensing and SHM, FBGs are also
used to measure AC current or voltage signals [17], and physical parameters like strain and
stress [38]. In the energy sector, FBGs can be used for monitoring the mechanical behavior
of wind turbine blades, bending deflection of wind turbine towers, pressure measurement in
geothermal wells [20, 21, 22, 23]. In biomedical sector, FBGs are primarily used for car-
diovascular diagnostics, gastroenterology, urology, neurologic diagnostics, blood pressure
monitoring, and endoscopic purposes [24]. Similarly, SHM of aircraft structures [30, 31]
and in-flight load measurement [29] are two important applications of FBGs in aerospace
sector. Furthermore, FBGs can be utilized to track trains, detect subway incursions, defect
identification of train wheels, and to monitor health of the tracks which extends the applica-
tions in the transportation sector [32, 33, 34]. In optical fiber transmission systems, FBGs
are mainly used for dispersion compensation [35, 39], filtering [37], gain equalizing [40],

and optical add-drop multiplexing (OADM) in WDM systems [36].

In these applications, SHM requires accurate measurement of strain [12, 13, 14, 21, 28,
41] which can be easily achieved by FBGs. Also, temperature measurement for safety and

stability purposes in various industrial sectors is necessary [18, 19, 25, 42]. In this chapter,
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our objective is to review the various techniques to measure the temperature and strain

using FBGs in different industrial sectors. An In-depth analysis of FBG is also incorporated

in relevant sections to fully analyze the performance of the FBGs in such a measurement

scheme. We have also done a comparative analysis of the various FBG based temperature

measurement and strain measurements. Also, we have incorporated the recently reported

cascaded FBG based devices for filtering or communication purposes.

1.2 Mathematical foundation of FBG

Refer to Fig. 1.1 which depicts a simple FBG with a grating period A and grating length

L. Assume the RI profile along the longitudinal direction (z) can be modelled using the

following relation [43],

(@)

AO) e
P VITRANNITNT NN bud

Cladding
AL)
Core

B(0):g————p{ B(L)
IL,

b  An(x)

(©
A A A

Incident

Transmitted
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0.0
1

y

548

1549 1550 1551
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Figure 1.1: Schematic of an fiber Bragg grating sensor: (a) structure of a conven-
tional FBG with different notations used for analytical formulation; (b) RI profile
of the core region of the FBG; (c) ideal spectrum of the incident, transmitted, and
reflected signal into a ideal FBG; (d) simulated transmitted (in grey) and reflected

signal (in red) spectrum from a realistic FBG.

n(z) =n.+dn {1 + cos (

2mz

A

)

(1.1)
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where dn denotes the strength of RI perturbation while 7. is RI of the fiber core. The
frequency selectivity of an FBG originates from the multiple Fresnel’s reflections from the
index perturbations and their coherent interference. For simple coupled-mode analysis, let
us consider the forward and backward propagating wave to be denoted as A(z) and B(z),

and they can be represented as [43, 44],

W) insAG) - inB(2) (12)
diiz) = jABB(z) + jrA(z) (1.3)

Here £ ~ m(1 — V2)dnA~! is the coupling coefficient between forward and backward
waves, on denotes the strength of RI perturbation, V' is the V-number of the fiber, AS =
B —m /A is the difference between the propagation constants along the longitudinal direction

(z-direction) and A denotes the grating period .Solving the coupled mode equation we get,

A(L) S11 Siz| |A(0)

= (1.4)
B(L) So1 S| | B(0)
where the scattering matrix (S) - parameters for the FBG are,
e'yL p267'yL
S = 1.5
n= (1.5)
e yL __ e'yL
S0 = 11 — )~ s, (1.6)
P
e—’yL p2€'yL
Sooy = 1.7
n=—1 (1.7)

Here, the amplitude reflectivity p = j(ASB + 7)/k and the parameter v = /x2 — A2
Similar analysis as mentioned in [43],S-parameters provide information about reflection and
transmission characteristics of the FBG at each port. In a four port FBG device, each port
represents a different optical path. Usually, these parameters can describe how light is re-
flected and transmitted between these ports, allowing for a comprehensive understanding of

device’s optical behaviour. For example, S11,55; represents the reflection coefficient at port
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1 and port 2 respectively whereas Ss; and S15 denotes the transmission coefficients from
port 1 to port 2 and port 2 to port 1 respectively. Similarly, one can use the S-parameter
measurements to validate theoretical models, refine device designs, and optimize the pa-
rameters such as grating length, apodization profile, or coupling coefficients leading to the
development of more efficient and reliable optical devices. The reflectivity of the FBG can

be represented as [43],

B S B e—27L-1
Re g e | .

The power reflectivity and phase shift introduced by the FBG has band-pass characteristics
and quasi-linear response near the Bragg-wavelength \g = 2An.s;. Where n.; is the

effective refractive index of the mode travelling through the grating. The corresponding full

width at half maximum (FWHM) of the power reflectivity spectra is given by [44],

)\2
AN = —— V72 + K2L? (1.9)

- 27T7’LeffL

Similarly, the nearest notch (\,,) of the peak reflectivity can be written as [44],

(1.10)

A\, = g {1+ ABM}

27T7Leff

For the non-uniform coupling coefficient (k(z)) and or grating period (A(z)), a similar kind
of analysis can be made to calculate the various parameters of FBG. Such FBGs can be
modelled using a large number of short sections considering x and A constant within each

section. The transfer-matrix relations for such FBG can be written as [43],

A(L N | gm  gm A
(L) _ H ST STh (0) (L11)
B(L) mei | Sy Sm B(0)

A similar kind of formulation analysing the performance of FBG subject to external non-

uniform strain will be discussed later in this chapter.
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Figure 1.2: Some commonly used primary FBGs in single mode fiber: (a) the RI

profile as a function of length of the fiber gratings with its expected wavelength

dependent reflectivity; (b) schematic of the core region of the single mode fiber
subjected to different index perturbation in some common FBGs.

1.3 Classification of FBGs

Generally, the FBGs can be inscribed in both single-mode fibers (SMF) and multi-mode
fibers (MMF), while the RI profile of such fiber may be either step-index (SI) or graded-
index (GI). Depending on the inscription in the core of the fiber, FBGs can be categorized
into single-mode FBGs (SM-FBGs), and multi-mode FBGs (MM-FBGs) [3]. Single-mode
FBGs can be further classified into primary FBGs (type-I FBGs or standard gratings) and
secondary FBGs (secondary-type-In gratings). In this section, we have classified and briefly

discussed the various SM-FBGs.

1.3.1 Primary Gratings

Primary FBGs or type-I FBGs, can generally be sub-categorized into uniform, apodized,

chirped, super-structure, phase-shifted, tilted FBGs, and ROGUE gratings [44, 45, 46] and
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typically they can operate up to 350°C [47]. Fig. 1.2 represents the schematic of RI profile
and its reflectivity as a function of wavelength for some commonly used FBGs. Another
couple of variants of such primary FBG is Type-la and Type-II. Type-la FBGs are typi-
cally formed in hydrogen-loaded fibers, and it supports operating temperature up to 500°C
while type-II FBGs find application up to 1000°C. It is interesting to note that type-II FBGs
offer better thermal performance as a result of physical damage-based periodical design
[47]. Type-I gratings result from the color variation center and the related modification of
the absorption spectrum. Despite the better thermal performance,type-II suffers from a bad
spectral response of the reflected light which limits the sensor’s performance. Additionally,
type-1I FBG offers high loss in the lower wavelength range, making it unsuitable for mul-
tiplexed sensor arrays. However, type-Ila FBGs, a new variant, offer thermal performance
in between type-1 and type-1I with respect to temperature stability [48]. Generally, primary
FBGs are used for both communication and sensing applications, whereas secondary FBGs
find applications in sensing and fiber lasers. However, it is interesting to note that multi-
mode copper-coated FBGs offer better sensitivity compared to its single-mode counterpart

in the case of temperature measurements [3].

In the uniform gratings, the grating pitch or period remains unchanged throughout the
device length. In the case of apodized gratings, the grating period remains constant while
the RI profile varies along the grating length. Such RI profile may modelled as Gaussian or
raised cosine function [44]. These gratings exhibit lower index modulation strength towards
the edges than compared with the central region. As a result, a lower Fresnel’s reflection
will occur at the edges of the Bragg wavelength (A\p) compared to the uniform gratings.
Thus, apodized gratings are useful in suppressing the side lobes of the reflected signal [49].
Advanced apodization techniques, such as chirped or tapered apodization, further enhance
side-lobe suppression compared to uniform gratings. Similarly, advanced apodized gratings
can achieve ultra-narrow bandwidths, making them suitable for applications requiring high-

resolution spectral filtering, such as wavelength-division multiplexing (WDM), fiber lasers,
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and optical coherence tomography (OCT) systems. In chirped FBGs (CFBQG), a linear vari-
ation in the grating pitch is achieved by varying the RI profile of the grating or varying the
effective RI along the direction of propagation. The non-uniform pitch could be considered
as several FBGs cascaded with variations in the grating pitches in each sub-FBGs. If the
grating pitch varies linearly, then the reflected signal from the CFBG also varies linearly,
which results in the broadening of the reflected spectrum. Generally, these kinds of gratings

are used for compensating dispersion in optical transmission systems [25, 50].

Super-structured FBGs can be modelled as several FBGs with periodic RI variation
is connected to one another in close vicinity. Because of the comb-like filter response
of such FBGs, they can be used as optical filters in transmission networks and in optical
sensor systems [51]. Such FBGs also enable multichannel applications like multichannel
multiplexers-demultiplexers, multichannel dispersion compensation, and so on in DWDM
systems [52]. Super-structured can serve multiple functions within a single grating struc-
ture. By incorporating complex modulation patterns or multiple sections with different
properties, they can simultaneously perform functions such as dispersion compensation,
spectral shaping, polarization control, and mode conversion. Some super-structured grat-
ings can exhibit adaptive or reconfigurable properties, allowing for dynamic control of their
spectral or dispersion characteristics. This capability enables tunable filtering, dispersion
compensation, and wavelength-selective switching, offering flexibility in optical network
architectures and reconfigurable photonic devices. In a m-phase shifted FBG, 180° phase
shift is introduced at the center of the periodic gratings, which enables practical realization
of narrowband transmission filters at the desired operating wavelength. Depending on the
location and the amount of phase shift introduced by the RI perturbation in the FBG, the
narrowband notch characteristics can be changed using these gratings [53]. These gratings
can be used to generate non-linear phenomena such as four-wave mixing (FWM), self-phase
modulation (SPM), and cross-phase modulation (XPM) in optical fibers, enabling applica-
tions in non-linear optics and signal processing due to their complex phase profiles. Simi-

larly, with these gratings one can achieve ultra-narrow bandwidths, making them suitable for
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applications requiring high-resolution spectral filtering, such as wavelength-division multi-

plexing (WDM)), fiber lasers, and optical sensing systems.

For the tilted FBGs, the index perturbation oriented at a finite and predetermined angle
with respect to the fiber axis. By doing so, we can gain control over the coupling strength
and A g. Furthermore, mode coupling can also be improved to some degree of extent by us-
ing these types of FBGs [54]. These tilted gratings can exhibit polarization-dependent char-
acteristics due to the tilted geometry of the grating structure. This polarization sensitivity
enables polarization control and manipulation, making tilted gratings useful in polarization-
maintaining fiber systems and polarization-sensitive devices. Long period gratings (LPGs)
are optical fiber devices characterized by periodic variations in the refractive index over
a longer length scale compared to traditional fiber Bragg gratings (FBGs). The period of
these variations typically ranges from hundreds of micrometers to several millimeters. Un-
like FBGs, which rely on the Bragg scattering phenomenon, LPGs operate based on the
coupling of light between the core mode and the cladding modes of the optical fiber. LPGs
are commonly used as wavelength-selective filters in optical communication systems. They
can selectively attenuate or transmit specific wavelengths of light based on the resonance
condition between the core mode and cladding modes. On the other hand, Long period grat-
ings are employed in fiber-optic sensors for various sensing applications. These gratings are
sensitive to external perturbations such as temperature, strain, pressure, refractive index
changes, and bending. LPG-based sensors are used in structural health monitoring, envi-
ronmental sensing, biomedical sensing, and industrial process monitoring. Alternatively,
LPGs are incorporated into fiber lasers and amplifiers for spectral shaping, mode selection,
and stabilization. They enable control over the laser output characteristics, such as wave-
length stability, linewidth, and spectral purity, contributing to the performance optimization

of fiber-based laser systems.

Another new variant of FBG is Random Optical Grating by Ultraviolet or ultrafast laser
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Exposure (ROGUE). From eqn. (1.9), it is evident that A\ is inversely related to L. In-
terestingly in the case of ROGUE FBGs, A is independent of L. Such type of FBGs
can be utilized to improve the accuracy and precision of strain, and temperature sensing
[46]. This new type of structure offers a backscatter cross-section, usually several orders
of magnitude higher than SMF-28 optical fiber, turning it ideal for sensing applications.
The technology that achieves those new sensing properties consists of adding noise when
writing FBG in the core, thereby creating a ROGUE, a grating with a very broadband, very
short FBG-like spectrum that can spread an indefinite length. In particular, the amplitude
and frequency of the noise added during the writing process are usually generated from the
function generator, much greater than the environmental noise, which will affect the amount
of backscatter but has no impact on the bandwidth of the backscattered spectrum. This re-
sults in broadband reflected spectrum whose bandwidth is independent of grating length.
The resulted spectrum can be modeled as a series of very small, randomly out-of-phase
FBGs. This structure will give us a weak reflective grating whose reflectivity is more than
typical Rayleigh backscatter but maintains a large bandwidth, unlike a typical long weak
FBG. This kind of gratings can be used for distributed sensing using optical frequency do-
main reflectometry (OFDR), which allows a significant increase in signal-to-noise ratio for

temperature and strain measurement [46].

1.3.2 Secondary Gratings

As discussed in the previous section, a new variant of type-Ila FBG offers thermal perfor-
mance in between type-I and type-II FBGs [47, 48]. Grating stabilities higher than 500°C is
very common in such FBGs. It is important to note that such FBGs are generally associated
with a negative refractive index change. Such a negative index variation introduces two
important changes. As the temperature increases, the grating reflectivity starts reducing.
Secondly, the reference Bragg wavelength observed during the writing process also starts to

reduce as the temperature increases. Thus, type-Ila FBGs are also known to be the negative
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index gratings. However, as the further temperature increases, a secondary grating growth
can be observed. Such type-Ila FBGs offer a stable performance typically up to 1100°C.
As secondary Bragg grating growths are common in type-Ila FBGs, it is also known to be
regenerated gratings. Regenerated FBG is usually fabricated by post-annealing on over-
saturated type-I FBG written in a heavily hydrogen loaded fiber [47, 48]. However in recent
years, this type-Ila FBGs are formed in different fibers including B/Ge or Sn/Ge co-doped
fibers [55, 56], highly Ge-doped fibers [48], photonic crystal fibers [57], or in microfibers
[58]. Even rare-earth-doped fibers can be used for type-Ila FBGs [59]. Such FBGs can be
utilized in high-temperature resistant fiber lasers [60], thermally triggered lasers [61], and
even in higher harmonic grating fiber lasers [62]. The further fabrication process can be

well studied from [47].

1.4 Measurement of temperature using with FBGs

Measurement of temperature, a crucial parameter in various sectors of industries, can be
done with the help of FBGs. Theoretically, both low and high temperatures can be measured
using FBGs with equal accuracy. However, measurement of low temperature with FBGs
poses some additional challenges compared to others. In this section, we shall discuss the
FBG-based temperature sensors subjected to no variation in other physical parameters of

the FBG.

1.4.1 Analytical formulation for temperature measurement

As discussed in Section 1.2, the Bragg wavelength (Ag) of an FBG can be expressed as
[5, 63],

)\B(T) = QTLeff(T)A(T) (112)
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Hence, a small change in operating temperature 7" will result a change in the peak wave-

length which can be represented as [63],

. d)\B . dneff dA
5)\3 = a7 0T =2 (A a7 —I—nefde oT
1 dneff 1dA
= —— | 0T 1.13
5 (neff ar AdT) (1.13)

In the absence of any variation related to other physical parameters of the FBG, d Ap can be

extended to [18, 63, 64],
(5)\3 = AB(C(TL,T + OéAjT)éT = )\B(C + 5T)(5T >~ )\B 5 oT (114)

where S or a7 is the coefficient of thermal expansion (CTE), ¢ or ay, r is the thermo-
optic coefficient, and ¢ is the Bragg wavelength thermal coefficient which can be expressed
as the sum of thermo-optic and thermal expansion coefficients. Therefore, 0 \p in terms of

wavelength temperature sensitivity 1)r can be determined to be,
OAp = ¢r 0T (1.15)

where ¢ = A £. At room temperature, the typical value of ¢ for a bare FBG (inscribed
in Ge-doped silica core) of Bragg wavelength 1.5 pm is approximately 13.7 pm/°C . In
temperature measurements, ¢ is weakly dependent on the temperature (above the ice tem-
perature and up to the FBG upper-temperature limit of ~ 10® K). So, the change in the

temperature can be retrieved directly from A\g [65],

1 Alp
AT = ——d\g = 1.16
/ ) Yrlang (1.16)

where A)\p is the total Bragg wavelength change. This approximation works well for the

temperatures above room temperature. For temperatures below the ice point, one cannot

use a single value of wavelength temperature sensitivity as ¢, and & are changing with the
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Figure 1.3: Effect of operating temperature variation in Bragg wavelength in a

normal FBG. Consider 27°C is the reference temperature. Ap shifted to 1551.78

nm from 1550.01 nm due to a change in temperature of 130°C. Other simulation

parameters are: L = 10 mm, Ag = 1550.01 nm, reflectivity at room temperature =
0.991, and kL = 3.

temperature. Below the ice point temperature (273 K), the sensitivity of the sensor becomes
poor. In such operating conditions, the sensor provides a non-linear response. FBG-based
low temperature sensor response for different low temperatures are indicated in [66, 67, 68,
69, 70, 71, 72, 73]. The FBGs are generally used for temperature sensing at room and high
temperature [66, 68, 74]. The effect of temperature on a standard FBG is simulated with the

help of in-house MATLAB R2021a script and presented in Fig. 1.3.

1.4.2 Measurement procedure

Theoretically, the FBGs can also be used for low temperature (below the ice point) mea-
surements. But, at low temperatures bare FBG sensitivity decreases as the temperature
decreases [65, 66, 70, 73]. Due to this phenomenon, these sensors are not extensively
used for low temperatures. However, the sensitivity of the bare FBGs for low-temperature
measurements can be improved by coating the FBGs with different chemical materials, or

polymers or even metals with different thermal expansion coefficients. This improvement
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in the sensitivity at the cost of enhanced non-linear responses and hysteresis of the mea-
surement system [65, 75]. The non-linearities primarily originate due to the temperature
dependency of the thermal expansion coefficients of the coating material. A way around to
these non-linearities, is to use the coated FBGs in a packaged form. However, this solution
fails where the FBG is free to move. It is better to understand and model the thermo-opto-
elastic properties of the fiber materials used in the FBGs and choose the suitable sensors as
per the temperature. Such a solution will offer better performance, and the used FBG(s) can

be bare, coated, embedded, or even etched.

In the case of FBG-based temperature sensors, one has to consider the material of the
fiber since the property of the FBG will be strongly dependent on the chemical and thermal
properties of the fiber core. Generally, the core of SSMF is made of Ge-doped silica, which
offers almost 0.19 dB/km of attenuation in the C-band (1530-1565 nm). Such a fiber can
be used to inscribe FBG for low- temperature measurement, while for measuring higher
temperatures, the core material should be changed as per the requirement [63, 65]. Pure
silica in low temperature offers a wide range of inertness to most of the other materials,
making it suitable for measurement of the temperature of gases [65]. In such a case, FBGs
can be either coated or bare. Together with cryogenic compatibility, bare FBGs can be
used to achieve optical refrigeration of solids [65]. However, as mentioned earlier, the
sensitivity to temperature of the wavelength of a conventional FBG reduces by five-fold
at 77 K compared to the same at 295 K. This reduction in sensitivity is also accompanied
by a non-linear sensor response around that temperature [65, 70, 72]. It is worthwhile to
mention that the sensitivity parameter as reported in [65, 70, 71, 72, 73] varies widely due
to different coatings, and materials of core of the fiber. On the other hand, measurement
of room and high temperatures are more suitable with the standard silica fiber based FBGs
[47, 61] which are readily available due to the recent developments in optical fiber based

telecommunication devices.



Chapter 1. Introduction 15

Heating Chamb
C + L Band Laser Source cating - hamber

Circulator

Heating coil

---- FBG embedded
temperature sensor

Measuring

| stage .

Reflected Signal
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A typical system for measuring the temperature of a process or substance using an FBG-
based sensor is depicted in Fig. 1.4. [65, 76]. A laser light source of C and/ L-band is
connected to an optical circulator which is then connected to an FBG placed in a chamber
whose temperature is required to be monitored. The other terminal of the circulator can be
connected to an optical spectrum analyzer or OSA. Any change in the temperature in the
chamber will impose a perturbation in the property of the FBG resulting in a change in the
peak wavelength shift. Eqn. (1.12) can be utilized to understand the perturbation caused
by the temperature change. Now this variation of the peak wavelength of the reflected
signal can be identified using the OSA as described in [76]. Generally, this shift in the peak
wavelength and change in operating temperature has a linear relationship between 313 K to
673 K as mentioned in [76]. However, other papers have even achieved a higher range by
altering the core material or incorporating some foreign material coatings as described in

[77, 78].

1.4.3 Comparative study of various FBG based temperature sensors

A comparative study of different FBG-based temperature sensors has been presented in
Table-1.1. In Table-1.1, both low and high temperature measuring FBG-based sensors have
been compared in terms of maximum and minimum temperature range, sensitivity, and

resolutions. For measuring temperature ranging up to 1273 K, a linear cavity fiber-laser
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coupled FBG-based temperature sensor has been reported in [79]. In this reported sensor,
a quadratic relationship between A\p and 7" has been observed over the temperature range
between 273 K to 1273 K. However, the quadratic relationship can be approximated by a
linear one without introducing significant error in the measurand over the range 573 K to
1273 K. The recorded sensitivity is found to be 15.9 pm/°C from the linear fitting. A novel
FBG coated with molybdenum(Mo)-copper(Cu) functional gradient layer, and Ni protec-
tive layer can measure up to 800°C [80]. Such Ni-coating also ensures excellent thermal
stability and thus improves the overall reliability of the sensor. In [81], a 3rd and 4th order
FBGs are inscribed in SMF-28 fiber, which offers a sensitivity of 15 pm/°C and 13 pm/°C,
respectively. Such a sensor can operate in the range 298 K to 1173 K. Distributed FBGs
based temperature sensor can measure the temperature in the range of 473 K to 773 K un-
der a challenging operating environment consisting of high-EMI, and high voltage [82].
Furthermore, sapphire fiber-based FBGs can be used for temperature measurements higher
than 1273 K in harsh environments [77]. Due to sapphire’s high melting point, optical trans-
parency, and chemical stability, single-crystal optical fibers made with materials crystalline
Al,O3, ZrO,, TasOs5, and graphite have been very attractive for the construction of FBG
based temperature sensors for harsh environments [77, 83, 84, 85]. An FBG inscribed in
sapphire fiber using line-by-line scanning method by a femtosecond (fs) laser can be used
for the measurement of high temperature and strain sensing in harsh environment structural
health monitoring [86]. The introduced sapphire FBG temperature sensing characteristics
are observed up to 1873 K and have a given temperature and strain sensitivities of 34.96
pm/°C and 1.45 pm/pue respectively.Alternatively, FBGs in a multimode single-crystalline
air clad sapphire fiber used for the temperature sensing up to 2173 K shown in [97]. Such
an FBG based sensor will give us a resolution of 1 K for temperatures greater than 1773 K
with the introduced sapphire and due to the high refractive index of step (0.745 for the sap-
phire/air interface) and the large core diameter, the optical spectra of sapphire FBG differ
from conventional single-mode FBG is emphasized and claim that the reflected spectrum

of a sapphire FBG is broadband in nature. Further, it reports that due to the high refractive
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Table 1.1: Performance comparison of various recently reported FBG-based
temperature sensors in chronological order.

Year Ref. Measuring Temperature [K]  Sensitivity Resolution
Minimum Maximum

1998 [73] 4.2 350 - -

2001 [70] 77 300 150 pm/K -

2004 [67] 243 353 - -

2011 [71] 77 300 12.85 pm/K -

2014 [65] 77 - - 0.25K

2016 [87] - 533 - 0.5°C

2016 [82] 473 773 13.2 pm/°C -

2016 [78] 373 923 14 pm/°C -

2018 [88] 298 453 48 pm/°C -

2019 [89] 298 343 11 pm/°C -

2019 [79] 573 1273 15.9 pm/°C -

2020 [90] 300 700 14.42 pm/°C 6.3x10~7°C

2020 [81] 298 1173 15 pm/°C -

2020 [77] - 1773 30 pm/°C -

2021 [91] 78 298 10.71 pm/°C -

2021  [92] 273 329 8.75 pm/°C  smaller than 1°C

2022 [93] 253 353 20.22 pm/°C -

2022 [94] 318 348 13.5 pm/°C 0.74°C

2023  [95] 268.5 296.5 -0.057 pm/°C  3.49x10~4°C

2023 [96] 293 723 15.17 pm/°C -

index of the sapphires, FBGs inscribed in sapphire fibers are suitable to various environ-
ments to measure the temperature and strain. However, sapphire FBGs can also be used
for distributed sensing to measure temperature in boilers at the commercial power plant is

presented in [83].

Measuring moderate temperatures in the range of 298 K to 343 K using FBG-based
sensor is reported in [89]. Such sensor offers a sensitivity of 11 pm/°C. For low tempera-
tures, the temperature dependence of A\p of the fiber Bragg gratings in the range of 4.2 K
to 350 K for different fibers used in space applications is reported [73]. The authors also
emphasized that gratings embedded in composite materials show the same Bragg wave-
length dependence on temperature as their non-embedded counterparts. An FBG fixed on

Teflon substrate can be used for low temperature sensing in the range of 77 K to 300 K and
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has given a sensitivity of 150 pm/K at room temperature [70]. A non-linearity response of
an FBG based sensor for different temperatures in the range of 243 K to 353 K has been
used in [67]. The sensitivity given by a regular FBG can be enhanced to three times with a
polymer-coated FBG used for cryogenic temperature sensing in the range of 77 K to 300 K.
The sensitivity given by the sensor was found to be 12.85 pm/K [71]. The thermal sensitiv-
ity of an FBG based sensor can be modelled as non-linear due to the non-linearity of both

thermal expansion and thermo-optic coefficients of fiber materials [65].

As discussed in the earlier sections, coating on the FBG can improve sensitivity and/or
measurement range of temperature. In [78], a chromium nitride (CrN)-coated FBG sensor
is compared with bare FBG in the temperature range of 373 K to 923 K and found that
CrN coated FBG has given 14 pm/°C greater sensitivity compared to the bare FBG. An
FBG coated with different metals (Ni, Al, Cu, Zn, Pb), and In with different thickness has
been studied extensively in [98]. The optimized thickness of various materials for achieving
maximum sensitivity at different fixed temperatures has also been reported in [98]. A high
resolution FBG sensor operating in the range of 300 K to 700 K , has achieved a sensitivity
of 14.42 pm/°C [90]. Twisted FBG can also be employed for temperature measurement up
to 533 K [87]. Such a sensor can also be modelled using a Bayesian linear model. However,
to increase the temperature-induced strain effect of FBG at cryogenic temperatures, a sec-
ondary material that has a higher thermal expansion coefficient than silica must be coated
on FBG. So, the coated materials must have a higher thermal expansion coefficient to gain
good thermal strain from the grating even at low temperatures and the coated materials must
have higher Young’s modulus and good adhesion to the bare FBG. Good adhesion generally
indicates the good strain transfer to the FBG. Materials satisfying the above requirements
are the polymers. Two polymer coatings that can be used to increase the thermal sensitivity
are epoxy coating and acrylate recoating. A polymer resin was used as a coating material
on FBG to improve the temperature sensitivity at cryogenic temperatures reported in [88].
Such a polymer coating on bare FBG improves thermal sensitivity by ten-fold. It also has

a fair measurement range between 298 K to 453 K with improved sensitivity of 48 pm/°C,
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and the problem of cross-sensitivity was solved byencapsulating the FBG sensor in an alu-
minum capillary tube is presented. An etched FBG coated with reduced graphene oxide
offers a temperature sensitivity of 33 pm/°C, which is almost three times higher compared
to the bare FBG [99]. An FBG coated with titanium nitride (TiN) using sputtering tech-
nology for cryogenic temperature sensing has developed. The developed sensor reflection
spectrum is compared with the bare FBGs within a range of 78 to 298 K. Based on the
results obtained, it emphasizes that TiN-coated FBG has given a sensitivity of 10.71 pm/°C
has reported in [91]. However, a quasi distributed FBG sensing technique for thermal moni-
toring at various blind spots (critical non-monitored regions) of the data center environment
has been presented in [92]. Such a technique can be used to sense the temperature varia-
tions during GPU and CPU stressing tests have been reported up to 329 K. The sensor has
given a thermal sensitivity of 8.75 pm/°C with a resolution smaller than 1°C. On the other
hand, an FBG based sensor system developed in [93] can be used to monitor the bolt loosen
angle for the bride structures. Such a developed sensor prototype has also been tested up
to a temperature of 353° with a sensitivity of 20.22 pm/°C. In [94], the experimental re-
sults show that the proposed sensor cascaded with FBG can measure the temperature up
to 348 K with a sensitivity of FBG as 13.5 pm/°C and resolution of 0.74°. However, the
temperature measurement range of a solc-like filter increased eight times by cascading the
filter with an FBG is experimentally demonstrated in [95]. The measurement range of the
proposed sensor is recorded as 268.5 K to 249.5 K with a sensitivity of -0.057 pm/°C. In
[96], a sensor was introduced by merging of grapefruit photonic crystal fiber and FBG based
on sagnac interferometer. The proposed sensor can measure temperature using FBG in the
range of 293 K- 723 K with a sensitivity of 15.17 pm/°C. Furthermore, the deployment
of a thermally regenerated packaged FBG to measure temperature in highly radiated and
hazardous chemical environment applications like in a nuclear fuel cycle facility has been
developed and presented in [100]. The sensor has given a Bragg wavelength shift of ~35
pm for 1 megagray (MGy) accumulated gamma radiation dose. The average sensitivity and

the operating lifetime of the grating were checked up to 1173 K.
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1.5 Measurement of strain using with the FBGs

In this section, we discuss briefly both the measurement of uniform and non-uniform strain
using the uniform FBGs. The requirement of thermal compensation for such measurement
is also discussed here. Finally, comparative studies on the recent trends in FBG based strain

measurement are also incorporated.

1.5.1 Analytical formulation for uniform strain measurement

When a finite amount of strain is applied on the FBG, which is kept at a constant temperature
(T'), the grating pitch and or effective RI(n.¢y) in the grating region varies. This results in
a shift in the reference Bragg wavelength (A)g) which can be measured easily. Depending
on the number of wavelength shifts, one can easily measure the applied strain and even
determine its tensile or compressive nature. Now considering a variation in both applied

uni-axial strain (¢) and operating temperature (A7), A\ can be estimated as [101],

aneff OA

1 on 87”Leff oA
oL oL

ar | "ellgT

Adp =2 |A ] AL+ 2 {A AT (1.17)

Assuming AT = 0, and the linear elastic region of operation eqn.(1.17) reduces to,
A)\B = /\B(l — pe)E (118)

where p, is the effective elastic-optic constant and is given by [5, 101]:

nZs
Pe = T(Pm —o(p11 + p12)) (1.19)

Here pi1, p1o are the coefficients of elastic-optic tensor and o is the Poisson’s ratio, re-

spectively. For a typical Si0,-based SMF, p;» = 0.252, p;; = 0.113, 0 = 0.16 and
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nefs = 1.482. Plugging the values in the relevant equations, A\p for an applied strain of
1 pe is 1.2 pm. It is important to note that n.¢¢, and the period of the grating planes, varies
with temperature, which in return, alters Ag. The fractional change in the wavelength shift

to a temperature change A7' can be written as [101]:

AXp = Ap(Br + Q)AT (1.20)

For silica based fiber, 57 ~ 0.55 x 1079, denotes the thermal expansion coefficient and ( is
the thermo-optic coefficient which ranges near 8.6 x 1075, For a generalized definition of

Br and ¢ one can use the following relations.

1 0A

br=1 57 (1.21)
. 1 8neff
ny; OT (1.22)

Utilizing the eqn. (1.21), and (1.22), thermal sensitivity of Ap is determined to be ap-
proximately 13.7 pm/°C. Finally, the sensitivity of the FBG sensor due to both strain and

temperature can be written as [102, 103],

Alp
AB

= (1= pe)e + (Br + QAT (1.23)

From eqn.(1.23), it is clear that (AAp) is interrelated between ¢ and AT. Thus, thermal

compensation is required for measurement of strain.

1.5.2 Analytical formulation for non-uniform strain measurement

So far, we have considered a uniform strain distribution on the FBG, and thus, mathematical

analysis becomes relatively easy. However, in a practical scenario, FBG based strain sensor



Chapter 1. Introduction 22

suffers from two significant problems. The first problem is that the strain and tempera-
ture collectively contribute to the peak wavelength shift. This problem is relatively easy to
solve and will be discussed elaborately in the next subsection. The second problem with the
FBG-based strain sensor is its response under non-uniform strain distribution on the FBG.
We shall consider it in this section. Under uniform strain distribution, the peak wavelength
shift in the reflected spectrum and applied strain is linear, which may not be true for the
non-uniform strain distribution. An example of such a case is FBG in SHM, where FBG is
embedded inside the composite material. Near to the crack or deformation in the material
will results in non-uniform strain distribution resulting in a complicated strain measurement
using the previous model. When subject to non-uniform strain fields, each segment of the
FBG will experience a different strain and each segment will result in a different peak wave-
length shift along the length of the sensor. As a result, the net shift of the peak wavelength
subject to the linearised model will lead to a significant estimation error in the mean strain

value [104]. This problem is also well addressed in [105, 106] for composite materials.

To tackle this problem, researchers have employed an approximated transfer matrix
model (ATMM) of the conventional FBG and proposed a new algorithm to minimize the
estimation error [104]. In the case of ATMM, it is assumed that traditional TMM can be
employed if a sufficiently small segment of the FBG is considered. In case of TMM, the
relation between the forward and backward propagating waves over the complete FBG is

given by [104],
An e Ao
= H F, (1.24)
Bm =1 BO

where F; for each segment can be estimated as,

cosh(y;Az) — jAﬂfy[l sinh(y;Az) —j/ﬁifyi’l sinh(y;Az)
jriy; tsinh(y;A%2) cosh(v;A2) + jAByy; * sinh(v;Az)

i

(1.25)
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In the above eqn. (1.25), v; = /k? — AB2, k; denotes coupling coefficient between for-
ward and backward waves and Apf; is difference between the propagation constant along

the longitudinal direction. The reflected spectrum can be determined as,

(1.26)

In the case of ATMM model as described in [104], F; for sufficiently small Az can be
rewritten as,
e IABiAZ —jir; Az sinc(AB; Az
F Jrilkz (ABiA2) (127)
JkiAz sinc(AB;Az) eI RBiAz
Further analysis for R(\) using a suitable new algorithm is presented in [104]. This ATMM
also produces side lobes very closely matched with the practical results. This type of ap-

proximated model is also partially discussed in section 1.2.

1.5.3 Thermal compensation and other performance metrics

Direct measurement of strain or temperature requires protection for the device from the
perturbation of the other variable. When FBG requires protection from strain, it can be
easily achieved using certain methods. However, if one tries to measure strain, the operating
temperature is required to be constant, which is not easy to achieve. This is due to the fact, as
the measuring FBG (FBG1) generally not be placed inside a thermal encapsulation to protect
it from varying operating temperature. An alternative way to achieve this is to employ
another compensating FBG inside an encapsulation. This compensating FBG (FBG2) is
connected in cascade with FBG1 and saved from any external strain. Any variation in
strain and temperature for FBG1 will alter the value of Ap of the same from its reference
value, while in the case of FBG2 the same will be caused only due to a change in operating

temperature. This can be well understood by using the following mathematical model [101,
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107, 108]. The combined effect of strain and temperature on FBG1 can be written from

eqn.(1.23) as

A/\Bl = KdAE + KTlAT (128)

where K = (1 — pe)Ap1, and Ky = (OBr + ()Ap1. As there is no strain effect in FBG2,

the shift in Bragg wavelength for the same can be expressed as,

A)\BQ - KTQAT (129)

where K19 = (87 + () Ap2. However, the inherent assumption is that both FBG1 and FBG2
are made of same material and have similar design parameters. Rearranging eqn.(1.28) and

eqn.(1.29) we have,

-1

AG . Kel KTl A/\Bl . 1 KTQ A)\Bl - KTl A)\BQ (1 30)
AT 0 Kpo| |ANg| HKaKr KaAXps
Solving for Ae, and AT results
A L (Ko AN Kr1 A)pgs) (1.31)
€= — .
KoKy T2 2B 71 AAB2
1
AT = ——(Kq A\ 1.32
e () (1.32)

From the eqn.(1.31) the real strain applied over FBG1 can be estimated. Simulations using
MATLAB R2021a is carried out to observe the effect of strain on an uniform FBG. For
simulations, we have assumed the utilized single mode fiber is SMF-28. Clearly from Fig.
1.5, a shift of 1.2 nm in Ap is observed with the application of 1000 pe strain. Note that,
the side lobes presented in the results are originating due to the periodic RI variations along

the grating length as discussed in Section 1.2.

The performance of an FBG based sensor in most applications is usually expressed
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Figure 1.5: Variation in Bragg wavelength (\p) of a uniform FBG due to presence

of tensile and compressive strain. Other simulation parameters are: grating length

=10 mm; A = 1550.0 nm, reflectivity at zero strain = 0.991, k. = 3. Note + and
— sign denotes tensile and compressive strain, respectively.

in terms of sensitivity and resolution. A good FBG based sensor should offer both high
sensitivity and high resolution. High sensitivity provides a significant change or a large
shift in A\g even for small variations in the measurand. Mathematically it can be as a
‘scale factor’ when the sensor output varies linearly with the measurand. On the other hand,
the resolution of a sensor is defined to be the smallest detectable change in the measurand.
Apart from these parameters, the bandwidth and the accuracy of a measurement are the two
other key factors of characterizing an FBG based sensor. With this basic concept, we now

discuss two different classes of FBG-based strain sensors.

1.5.4 FBG embedded fiber ring resonator for strain measurement

In the FBG based all-fiber ring resonators (FBGRR), the FBGs are embedded in an optical
fiber which is coupled to the other fibers using two different fiber-based couplers as shown in
Fig. 1.6. Since a ring resonator structure itself is highly wavelength-dependent, their slight
perturbation due to the applied strain will result in a high change in Ag. For their excel-
lent sensitivity and resolution, these types of FBG based strain sensors are widely used for
SHM in civil infrastructures, energy, aerospace, and maritime operation fields [41]. Com-

pared to the traditional FBG based strain sensor, FBGRRs are insensitive to environmental
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disturbances resulting in reliable and accurate measurements [41, 109, 110, 111, 112]. In
this structure, the resonance lines are formed by the two counter-propagating modes [41].
These resonance lines which are asymmetric in nature are also represented by improved
cavity enhanced resolution. However, further improvement in the performance can be made
by introducing 7-phase shift in the middle position of the grating region as shown in Fig.
1.6(b). Similar other structures can be possible by extending the grating length throughout
the entire ring region as depicted in Fig. 1.6 (c), and they are called extended FBGRR.
Similarly, the design m-shifted FBGRR can be modified by extending the grating region as
mentioned in extended FBGRR, shown in Fig. 1.6(d). These new structures improve the
sensitivity and resolution immensely, as reported in [113, 114]. Mathematically, the transfer
function of FBGRR can be expressed as [115],
1[ w2 059BLq(t 4 1) k2e= 0538l (t —7) 2

T=- : : 1.33
41— 712e738La?(t + 1) + 1 — 72 38La2(t — r) ( )

where L represents the total resonator length, and a denotes the overall attenuation in the

L /2 due to the attenuation of « per unit length. 7 and x are the coupling coefficient of the
lossless coupler present in the structure. Similarly, £ and r are the fractions of the optical
field amplitudes transmitted and reflected via the FBG, respectively. Rigorous analysis for
the sensitivity of this FBGRR in terms of strain can be expressed as [115],

05\ A2 Ry

dc  mL\V1— Ry (1.34)

where n is the effective fiber RI Similar analysis for m-shifted FBGRR yields the transfer

function to be,

T —

- K2e~ 08I (¢ 4 1) R 050 (r — t) } (1.35)

1
2] 1-— T2e IBL(t + 1) 14 72798 (r — 1)



Chapter 1. Introduction 27

Ep E, Excitation Fiber Coupler 1 e
I

] —» —

Perturbation

Extraction Fiber - Coupler 2 Extraction Fiber - Coupler 2

(a) (b)

Coupler 1 e

E, Excitation Fiber
[

Extraction Fiber - Coupler 2 Extraction Fiber - Coupler 2

© (d)

Figure 1.6: Schematic of different FBGs embedded fiber based ring resonator for
strain measurement: (a) FBGRR; (b) m-FBGRR; (c) Extended FBGRR; (d) Ex-
tended m-FBGRR.

1.5.5 FBG embedded cantilever for strain measurement

Another technique of FBG based strain measurement employs a cantilever structure. In this
technique, multiple 7-phase shifted (PS) FBG are embedded in a cantilever as depicted in
Fig. 1.7. A broadband source is connected to an optical circulator whose direct output is
connected to the cantilever, and the return path is connected to an optical spectrum analyzer
(OSA) [116]. The cantilever is being made of epoxy resin will bend subjected to external
strain. This bending will also result in a change in strain on the bonded PS-FBGs and will
result in a shift in the A 3. Such change in Az can be easily detected with the connected OSA.
Due to the usage of PS-FBG:s, it is expected that the sensitivity and resolution of the com-
plete setup will be good. In [116], the authors have reported a sensitivity of approximately

0.00124 nm/e.
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Figure 1.7: Schematic of 7-PSFBG embedded cantilever based strain sensor.

1.5.6 Comparative Study of various FBG based strain sensor

The extraction of the measurand in terms of sensitivity and resolution from the measured
reflected spectra obtained from the FBG-based strain sensor is another important aspect [41,
102, 117, 118, 119, 120]. A comparative study of recently reported FBG-based strain sensor
are listed in Table-1.2.An SMF-based 3 mm long FBG offering a sensitivity, and resolution
of 61.6 pm/pe, 700 ne, respectively, is reported in [124]. However, in [126] FBG based
strain sensor offers approximately 1.65 pm /e of sensitivity for an etched region, and 1.24
pm/ e for an un-etched region. A better sensitive strain sensor (with sensitivity 4.5 pm/ )
compared to [126] is reported in [125]. A dual-FBG based strain sensor in Polymethyl
methacrylate (PMMA) microstructured in a polymer optical fiber (POF) is presented in
[122]. The measured sensitivity of such sensor is 0.73 pm/ue. Another variant of strain

sensor as reported in [121] provided a sensitivity of 1.4 pm/ pe.

Alternatively, a resolution of 10 ne can be achieved with the design mentioned in [123].
In [137], a fiber ring laser cavity has been proposed to measure the strain with respect to
the beat frequencies. The strain monitoring sensitivities are found to be 0.511 kHz/ e, -
0.853 kHz/ ue and -1.606 kHz /e for beat frequencies of 0.429 GHz, 1.008 GHz, and 1.459
GHz, respectively.The proposed sensor in [131] has reported the maximum strain sensitiv-
ity of 37.5 pm/ue while the same reported in [130] has achieved the sensitivity of 0.627
pm/pe with the resolution of 27.95/ €. Similarly, in [138], the proposed sensor with a 3D
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Table 1.2: Performance comparison of various recently reported FBG-based strain

sensors in chronological order.

Year Ref. Sensitivity Resolution
2010 [121] 1.4 pm/pe -
2011 [122] 0.73 pm/pe -
2013 [123] - 10 ne
104.1 pm/pe—Wavelength
2014 [124] 700 ne
61.6 pm/pue-FWHM
2014 [125] 4.5 pm/pue -
2014 [112] - 320 pe/vHz at 0 Hz
2015 [120] 2.8 to 10.4 dB/nm -
1.65 pm/pe- etched region
2016 [126] 1.24 pm/pe- un etched region i
2016 [109] 2.86 pm/pe -
2017 [127] 0.0762 pm/pe 13.13 pe
2017 [128] 5.24 pm/ue -
2018 [129] 1.2 pm/pe -
2020 [130] 0.627 pm/pe 27.95 pe
2020 [131] 37.5 pm/pue -
2021 [132] ~6.65 pm/pe ~150 ne
2022 [133] 3.21 pm/ue -
2022 [134] 1.14 pm/pue -
2023 [135] 17.08 pm/pe 1.17 e
2023  [136] 33.22 pm/pue -

printed spring is expected to measure an enormous strain ranging to 1.5 x 107ue. Other

designs employing a multi-core fiber inscribed with FBGs can be used as strain sensors

to measure a multi-segment catheter’s pose [139]. An FBG based stress sensor presented

in [140] provides a way of online monitoring for the foundation deformation of transmis-

sion lines. A sensor reported in [112] is used to find out the high sensitivity strain in the

low-frequency regime using 7-phase-shifted FBG based on fiber ring cavity has a given

a resolution of 320 pe/v/ Hz at 0 Hz. The splitting variations due to the mechanical de-

formations of the grating can be tracked in real-time by interrogating a cavity resonance

with a locked-carrier scanning-sideband technique demonstrated experimentally. However,

a simple concept based on shifted optical Gaussian filters is used to interrogate a broad
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spectrum of ultra FBGs for distributed measurements, giving a wide strain sensitivity tun-
ing range from 2.8 to 10.4 dB/nm is presented in [120]. Similar to the sensor [112], coupled
m-FBGRR introduced in [109] provides better performance than 7-FBGRR for strain sens-
ing. The splitting sensitivity of the sensor was found as 2.86 pm/ue. However, a short
FBG inscribed in an MMF fiber has improved sensitivity to 5.24 pm/pe, to measure the
strain experimentally with a single core resonance mode at high temperature (600 - 900°C)
is presented in [128]. A polymer-coated silica FBG sensor has been designed to detect the
immense strain of composite material on a solid rocket motor (SRM). The strain sensitivity
and resolution of the sensor are 0.0762 pm/pe and 13.13 /e, respectively [127]. In [129],
type-II FBGs inscribed and demonstrated experimentally in multicore photonic crystal fiber
made up of pure silica used for optical fiber sensing at high temperatures has given the
strain sensitivity of 1.2 pm/pue. Alternatively, an etched FBG coated with nanolayer molyb-
denum disulfide (MoS,) using physical vapor decomposition (PVD) is highly sensitive and
consistent to be used in the applications like detection of seismic vibrations and underwater
acoustic signals. With the help of this sensor, an intrinsic strain sensitivity of ~6.65 pm/pe
with a resolution of ~150 ne can be achieved with optimized MoS coating is reported in
[132]. On the other hand, a strain sensor of the substrate type with a sensitization structure
proposed in [133] has given a strain sensitivity of 3.21 pm/ue. However, the impact load
borne by landing gear during the take-off and landing of aircraft is an importantparameter in
structural health monitoring. So, in [134], the package of the FBG strain sensor which takes
carbon fiber as material of substrate authors designed can adapt to the flight environment
of aircraft. The test results of the sensor performance show that the strain sensitivity of the
sensor reaches 1.14 pm/pue , which is close to that of bare optic fibre, but much more reli-
able than bare optic fibre, can meet the monitoring requirements of engineering. Further, a
sensor system proposed in [135] will give us high strain sensitivity and large measurement
range by combining a Sagnac interferometer with polarization mode fiber and FBG. The
strain sensitivity was recorded as 17.08 pm/pe while the measurement range can be note as
0-5187/e. Such a sensor has given a resolution of 1.17 /ue. In [136] , a vernier sensor

basedon chirp grating — Fabry Perot Interferometer for the detection of small strain variation
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in Lithium polymer battery has been experimentally demonstrated. Such a sensor has give

a high strain sensitivity of 33.22 pm/pe.

Generally, to calibrate the FBG strain, bending deformation of the beam or strain gauge
strain methods is in use. For example, calibration utilizing strain gauge strain requires the
design of a strain calibration electrical circuit is an indirect method that leads to poor cali-
bration will give us problems like low sensitivity and stress transfer. So, in [141], a direct
and high-precision new calibration method based on optical amplification is proposed to
calibrate the strain of an FBG. In particular, a strain calibration method based on the optical
lever has been presented. An optical lever contains an instrument for calculating Young’s
elastic modulus, a meter ruler, some weight, a narrow line, and a micrometer. With the help
of an optical lever, strain calibration of an FBG has performed both theoretically and experi-
mentally shown. The experimental results give a strain calibration sensitivity of 1.13 pm/ue
using an optical lever at room temperature demonstrated. Alternatively, an FBG based strain
sensor to measure the little amplitude micro-strain in harsh industrial conditions is reported
[142]. Such a sensor can amplify the strain in the FBG area mechanically using an elastic
substrate with a lever structure. The strain sensing principle of the reported sensor is anal-
ysed using material mechanics theory. Experimental tests and the finite element method
(FEM) are used to validate the strain sensing model of the sensor. Such a sensor has given
a better experimental strain sensitivity than the sensor developed in [141]. The value of the
strain sensitivity offered by the sensor is found as 6.2 pm/ue.However, a novel FBG based
sensor reported in [143]has given an experimental strain sensitivity of 10.84 pm/ue. Such a
sensor is designed with the help of a flexible hinge bridge structure to measure the strain of
a mechanical surface. The sensor’s strain sensitization factor was determined theoretically
using strain energy theory and the flexible matrix method. The sensor reported is best suited
to accurate dynamic strain monitoring of mechanical structures in a temperature environ-
ment up to 338 K. In [144], a sensor has been proposed to monitor the strain in lithium-ion
batteries for state estimation purposes in energy storage applications. The proposed sensor

has given a strain sensitivity of 11.55 pm/pe, which is 11.55 times greater than a bare FBG
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sensor. Such a sensor has given better strain sensitivity than compared to the sensor reported

in [143].

In addition to the literature mentioned above, an FWHM used as a cross-sensitivity
indicator for simultaneous measurement of temperature and strain using a single FBG on
tilted cantilever beam has been proposed recently in [145]. Such a proposed sensor has
given a temperature sensitivity of 14.2 pm/°C with no change in FWHM and strain sen-
sitivity of 0.453 pm/pe with a change in FWHM given by a quadratic equation presented.
However, to discriminate the cross-sensitivity problem for the simultaneous measurement
of temperature and strain, a tilted FBG sensor with a tilt angle of 5° has been designed us-
ing optigrating software [146]. The developed sensor has given a strain sensitivity of 1.25
pm/pe within a range 0 to 500 pe for different modes and the temperature sensitivity of 75
pm/°C for the core mode in a temperature range 298 K to 348 K. In [147], measurement of
multiple physical parameters like temperature and strain with a single FBG based sensing
technology has been reported. A new combined FBG based sensor designed to measure
the temperature, strain, and the vibration is analysed and simulated using the FEM [148].
Such a sensor has given a strain sensitivity, linearity, and the measurement error in a fixed
temperature environment as 5.44 pm/pe, 99.94%, and 2.05% E.S. in the range 0 to 580 e,
respectively. Similarly, the sensor’s temperature sensitivity, linearity, and measurement er-
ror were recorded and shown as 16.12 pm/°C, 99.93%, and 2.15% E.S. respectively in the

measurement range 273 K to 1373 K.

A sensing system developed can measure the temperature consistently up to 873 K and
able to detect the cracks on the metal pipes shown in [149]. In [150], a hybrid FBG based
sensor for simultaneous measurement of temperature and strain using double cladding fiber
has been demonstrated. Such a sensor has given the maximum strain and temperature sen-
sitivities as 0.76 pm/ue and 13.2 pm/°C. However, a novel sawtooth stressor-assisted highly
birefringent FBG or Hi-Bi FBG has been proposed for simultaneous strain and temperature

measurement[151]. The proposed sawtooth stressor developed near the core of the fiber
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using femtosecond laser direct inscription. Such a proposed stressor can produce the strain
and high birefringence in the FBG and create a maximum birefringence of 2.96 x 10~%. The
strain sensitivity of the stressor-assisted Hi-Bi FBG found to be as 1.24 pm/ue in Ag and
2.14 x 1072 pm/ue in birefringence induced wavelength difference (\p) whereas tempera-
ture sensitivity as 9.52 pm/°C in Ap and 0.13 pm/°C in Ap. Also, the strain and temperature
sensitivity in Ap given by the sawtooth stressor were higher in the magnitude of several or-
ders than a straight-stressor assisted Hi-Bi FBG emphasized. This kind of sawtooth stressor-
assisted Hi-Bi FBG will find applications in innovative structures and intelligent robotics.
In addition to the applications mentioned in this chapter, FBG technology can also be used

for explosive detections, and the internet of things (IoT) applications [152, 153].

1.6 Cascaded fiber Bragg gratings for communication ap-

plications

In order to build a narrow-band filter or to enhance the optical transmission system perfor-
mance, researchers are presently creating a variety of cascaded FBG structures with the aid
of this technology. For filtering applications in optical communications, the desired char-
acteristics of a cascaded FBG structure requires a narrow bandwidth with reduced number
of sidelobes in the reflected signal spectrum is reported in [154]. Such a cascaded FBG
structure has given reduced reflectivity stage by stage. However, the bit error rate (BER)
performance of a SMF based transmission system is studied in depth, by positioning the
cascaded FBGs immediately after the source and thereby after the modulator in [35]. It had
been observed that the BER performance increases in both cases by reducing the spectral
linewidth of the continuous wave (CW) laser source before the modulator and reducing the
number of sidelobes after modulation [35]. Similar to this, [155] describes the performance
of a wavelength division multiplexing (WDM) optical link using a cascaded Bragg grat-
ing design with different apodization functions. To compensate the dispersion effects in

an optical network, a four stage tanh apodized FBG structure along with maximum time
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division multiplexing technique had been implemented in [156]. In addition to the above
mentioned cascaded FBG or Chirped FBG structures to reduce the dispersion in a WDM
link, various cascaded FBG/CFBG structures along with the different modulation schemes
are reported in [157, 158]. However, the performance of dense wavelength division mul-
tiplexing (DWDM) system improved with four same types of CFBGs is presented in [39].
Alternatively, to reduce the dispersion of a 10 Gbps WDM link with SSMF of length 70
km, a four stage cascading of apodized linearly chirped fiber Bragg gratings (CFBGs) of

the identical type are considered in [159].

1.7 Motivation

Optical transmission systems are used in long-haul communication links, such as undersea
cables and intercontinental connections. Enhancing the performance of optical transmission
systems allows for longer transmission distances without significant signal degradation, en-
abling the expansion of global communication networks. Also, enhancing the performance
of optical transmission systems allows for faster and more efficient data transfer, accommo-
dating the increasing data demands of modern communication networks.In optical commu-
nication systems, when a range of wavelengths is emitted from the light source, it propagates
along the optical fiber with different velocities and arrives at the receiver at different times,
causing dispersion in the optical fiber. Dispersion is considered an important limiting factor
for data transmission. Dispersion decreases the optical transmission system performance.
Hence, the source spectral width of the pulse, which is proportional to the dispersion in the
fiber, should be reduced for narrow-band filtering or communication purposes. Similarly,
for better performance of an FBG-based device for sensing or communication purposes, the
reflectivity should be greater than 50%, FWHM or narrow-bandwidth is less than 0.2 nm,
and SLSR should be greater than 45 dB. Achieving all these values with single FBG based
device or with the optimized single FBG may not be possible as the SLSR of the single

FBG is less than 45 dB. Hence, to achieve all these values, researchers are creating a variety
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of cascaded FBG-based devices.Similarly, to improve the optical transmission system per-
formance, researchers are presently creating a variety of cascaded FBG structures with the
aid of FBG technology. As cascaded FBG structures offer narrow bandwidth and a minimal
number of side lobes in the reflected spectrum, designing a cascaded FBG-based device with
better spectral characteristics will surely enhance the system’s performance. Hence, there
is always a demand to design the cascaded FBG-based device with better spectral charac-
teristics. Narrow bandwidth or narrower full width at half maximum (FWHM) can improve
the capturing capability of a filter to a specific wavelength, whereas the minimization of
side lobes indicates the reduction of inter-channel crosstalk. So, in this work, we have ini-
tially aimed to design a cascaded FBG or chirped FBG structure which gives better spectral
characteristics in terms of narrow bandwidth with a reduced number of side lobes. Once
the structure has been designed, we need to use it in the optical communication system to
enhance its performance. Particularly, the designed structure can be used immediately next
to the optical source in the communication system to reduce source spectral width. As the
source spectral width is proportional to the dispersion in the fiber, reducing it will reduce

the fiber’s dispersion and thus enhance the optical system performance.

1.8 Objectives of the Thesis

Cascaded FBG structures offer narrow bandwidth and minimal side lobes in the reflected
spectrum. Design and analysis of cascaded FBG/CFBG-based devices with better spectral

characteristics for communication and sensing purposes is the main objective of the thesis.

* To study and simulate the physical parameters like temperature and strain etc., and

their effect on the optical properties of FBGs.

* To design and simulate the cascaded FBG/CFBG-assisted optical device with better
spectral characteristics (narrow bandwidth with minimal number of side lobes) in the

reflection spectrum for communication purposes.
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* To study and simulate the effect of temperature on the designed cascaded FBG/CFBG

assisted optical device for sensing purpose.

* Performance enhancement of long haul optical transmission system integrated with

designed cascaded FBG structure or FBG assisted dispersion mitigation system.

1.9 Organization of the Thesis

The thesis is organized into six chapters. In addition to the current introduction, there are

four main chapters and conclusions arrived at as follows.

Chapter 2 presents the spectral characteristics of a cascaded FBG structure of varying
lengths operated on the C-band is simulated and analyzed for communication purposes.
This chapter also deals with analyzing cascaded apodized FBG structure for better spectral
characteristics. In this chapter, we have also presented the effect of temperature on the pro-
posed device.Finally, it covers the comparative study reflecting the importance of cascaded
FBG structure over the single optimized FBG in terms of different spectral characteristics.

In the end, conclusions are drawn based on the proposed device characteristics.

Two designs for narrow-band spectral characteristics using cascaded CFBG and apodized
CFBG based structures capable of operating on the C-band are proposed and analyzed in
chapter 3 and chapter 4 respectively. Obtaining narrow-band spectral profiles from the de-
signed cascaded CFBG based device using a piecewise uniform approach (PUA) is also
incorporated. Simulation results corroborating the analytical formulation of the proposed
designs are also included in both chapters. Further, the effect of temperature on the narrow-
band spectral profiles is also discussed in both chapters. Finally, conclusions are drawn at

the end of both chapters.

Chapter 5 discusses the system-level integration of designed cascaded FBG based device
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and its effect on the system’s performance. Among all the optical devices proposed in chap-
ters 2,3 and 4, the optical device introduced in chapter 2 has given a narrow FWHM. Hence,
we have used such a device to enhance the performance of the optical communication sys-
tem in chapter 5. In particular, such a device has been kept immediately next to the optical
source to reduce the source spectral width is discussed in this chapter. Accordingly, the
dispersion in the fiber will be reduced and thus enhances the system performance, as pre-
sented in chapter 5. Simulation results reveal that the system formed with the proposed
device has given better performance for various operating distances than in the absence of
a device incorporated. The system’s performance has also been tested with four level non-
return to zero (NRZ) modulation format. Finally, conclusions drawn based on simulations
are presented at the end of the chapter. Chapter 6 concludes with asummary of the total

contributions to this thesis. It also gives future research possibilities.



Chapter 2

Spectral Characteristics of Cascaded
Uniform and Apodized FBGs of Varying
Lengths

2.1 Introduction

The spectral characteristics of cascaded FBGs are usually expressed in reflectivity, band-
width, or Full Width at Half Maximum (FWHM) and the side lobes. The desired spectral
properties of the cascaded arrangement of FBGs usually need a narrow bandwidth and min-
imal number of side-lobes with maximum peak reflectivity in the reflected spectrum for
communication and sensing purposes. Often, as the number of cascaded FBGs of the same
lengths increases, reflectivity decreases with reduced FWHM and number of side lobes
[35, 154, 155]. In order to improve the reflectivity and narrower FWHM, a cascaded FBG

structure has been proposed in this chapter. Such a proposed structure utilizes cascaded

38
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uniform or apodized FBGs of varying lengths works in the C-band are analyzed and simu-
lated. The proposed structure maintains almost constant reflectivity even for more number
of stages. Further enhancement of FWHM at the expense of reflectivity can also be attained
with the apodized FBGs in the proposed structure. Section 2.2 describes the analytical for-
mulation of the single uniform FBG and the proposed cascaded FBG structures (formed
with uniform and apodized FBGs) using CMT and TMM. However, a proposed experimen-
tal setup for a practical perspective is incorporated in section 2.3. Simulation results cor-
roborating the analytical formulation of the proposed structure are included in Section 2.4.
The effect of temperature on the proposed structure and a comparison of a single FBG with
the cascaded FBGs with different parameters is also demonstrated in section 2.4. Finally,

we have concluded the chapter in Section 2.5.

2.2 Analytical Formulation

2.2.1 Single Uniform FBG Structure

As depicted in Fig. 2.1, FBG can be assumed as a four port device with four fields. Fy;
and R, represents the input fields whereas ()o; and Sy, denotes the output fields. Here,
we have assumed that the considered FBG is operated in reflective mode and is produced
in single mode fiber (SMF). The incident and reflected fields in transfer matrix form can be

expressed as [25, 44, 104, 160],

Py cosh(vL) — i%’y‘l sinh(yL) —iry~tsinh(yL)
Qo1 ity sinh(yL) cosh(yL) + i%fyfl sinh(yL)

Ry
M1 .1
S

where v = k2 — 62, Kk denotes ‘ac’ coupling coefficient between the waves travelling

forward and backward,o is the ‘dc’ self-coupling coefficient and L denotes the length of an



Chapter 2. Spectral Characteristics of Cascaded Uniform and Apodized FBGs of Varying
Lengths 40

uniform FBG. For simplicity eqn. (2.1) is designated as,

P, T T R
orf (41 f12 M1 2.2)

Qo Ty Tl | Swn

For a reflective grating, the input field amplitude Fy; is normalized to unity whereas the

POl — FBG ﬁR]\/jl
Qo € e S5/,
@ “77
a
A
»
§ &Y — R
Qo -—— S

<— L —>
7 —>
(b)

Figure 2.1: Schematic of single uniform FBG structure: (a) Block diagram repre-
sentation, (b) RI variation inside the fiber core along the grating length.

amplitude of the reflected field S);; at the output of the grating is considered zero. The
reason for taking S/ as zero is due to no perturbation further from the end of the grating.
Hence, eqn. (2.2) can be rewritten as,

1 _ Ty Ti2| |Ran 23)

Qo1 To1 Ty 0
The transmitted field amplitude from the FBG can be estimated as Ry;; = 1/77; and the

reflected field amplitude obtained using eqn. (2.3) and the Ry, as Qo = To1/T11.The

reflectivity of a uniform FBG structure shown in Fig. 2.1 can be represented as [41, 44, 161],

rLN) = | D L |Ta| L sin®(Vi? — a?L) 2.4)
’ Por(A) Ty cosh?(v/k2 — 62L) — :—3 '

where (L, \) is the reflectivity. The value of & expressed in terms of ‘dc’ coupling coeffi-
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cient o and the detuning wave vector as [44, 160],

1 1 1d
&:U+27Tn€ff< ) ¢

S 2.5
A A/ 2dz 2.5)

where )\ is the operating wavelength. The value of o can be made equal to 27” x An.
Where An represents the maximum RI perturbation of a uniform FBG.The resonance peak
obtained at a wavelength called Bragg wavelength (\p) due to the RI variation inside the
fiber core along the z direction of a FBG can be determined asAp = 2n.¢yA. Where n.y; is
the effective RI of the fiber core and A is the grating pitch. The derivative term in eqn. (2.5)

determines the chirp of the grating pitch and can be considered as zero for a uniform FBG.

The reflected peak from an FBG has a bandwidth or full width at half maximum (FWHM)

An \2 1\?2
FWHM = )\ — 2.
o (2neff> " (M) (20

where M denotes the number of periods, and m is equals to 0.5 for weak grating whereas a

is given by [101],

strong grating structure allows a value of one.

2.2.2 Proposed Cascaded Uniform FBG Structure of Varying Lengths

Refer to Fig. 2.2, which depicts a four stage cascaded uniform FBG structure of different
lengths with F; and Rj;; as the input signal field amplitudes while ()y; and Sys; denotes
the output or reflected signal field amplitudes of a respective grating. Where j represents
the stage number taken in the range 1 to 4 as the number of the stages considered is four.
Cascading of FBGs have been performed by connecting the reflected signal output of the
j' stage FBG (available at ;) utilized as input to the (j + 1) stage FBG (available at
Poy(j+1)) results a condition Fy(j11)= Qo;. The reflected optical signal obtained at Qo4 is the

intended optical signal.In the proposed structure, the length of each FBG has been varied
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linearly and considered as @ = (L + (j — 1)) mm. The spectral response of each FBG in
the structure can be obtained using CMT and TMM as discussed in section 2. Hence, the

reflectivity offered by each FBG in a four stage cascaded FBG structure is given by,

2.7)

r(a,\) = on(A)'  sinh?(VRZ — 6%)

Poi(N) B cosh2(\//<2 — 62%a) — Z_j

The reflectivity of a four stage cascaded FBG arrangement can be expressed as [155, 162],

Input signal

For = FBG 1 >t
Qo [ — 5,
‘ -
> —
f«—
Pys Y > FBG 3 —> 2013
Qo3 & 5,/
Poy Y R
04 > FBG 4 f— 204
Qo1 ] [ €&—— S/
Reflected signal 7z —>

Figure 2.2: Schematic of four stage cascaded FBG structure of different lengths.

2

Qos(N)

= 2.
Po1(N) 28

Rcascaded 4 ()\)

Since FBG 4 receives the reflected optical signal from FBG 3, then eqn. (2.8) can be de-

scribed as,

2

_|Quly) | Qul)

— 2.9
PN P 2.9

Rcascaded 4 (>\)

Similarly, when FBG 3 receives the reflected optical signal from FBG 2 then eqn. (2.9) can

be estimated as,

| Qoa(N) y Qoz(\) _ Qoa(N)

X

1PN T PN T P (2.10)

Rcascaded 4 <)\)
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Since FBG 2 receives the reflected optical signal from FBG 1 then the above equation is

expressed as,

Qui()  Qu(N)  Qu)  Qu\)|
Rcasca e A) = 2.11
1) =B ) Pulh) PV 1D
Rearranging the above equation (i.e., eqn. (2.11)) results as,
. o) = [ Q@ Qe Qe[ Qu) 2.12)
cascaded 4 P04(>\) P03<)\) P02 ()\) P01 ()\) .

eqn. (2.12) represents the reflectivity of the proposed cascaded structure. To get the spectral
attributes of each FBG and the proposed structure we have employed eqn. (2.7) and eqn.
(2.12), respectively to write the in-house developed code in MATLAB® R2021a. In order
to get the reflectivity of the proposed structure or to implement eqn. (2.12) one can consider
the following the sequence of steps,

1. Initially, the reflectivity of first FBG needs to be obtained using the eqn. (2.7) by

defining the grating parameters such as A, L, and .

2. Next, follow the above step for calculating the reflectivity of the second FBG by
varying the L value.
Later, multiply both the reflectivity obtained in step 1 and step 2.
Here, obtain the reflectivity of third FBG as mentioned in step-1.

Multiply the result obtained in step 3 with step 4

S

Finally, calculate the reflectivity of fourth FBG and multiply the same with the result

obtained in step-3.

The obtained spectral profiles are designed at a A of 1550.00 nm are shown in Fig. 2.3.1t
has been observed from Fig. 2.3 that as the number of cascaded FBGs increases then the
FWHM of the reflected spectral profile decreases from 0.202 nm (shown in grey color) to

0.175 nm (represented in brown color). Hence, a narrow bandwidth with reduced strength
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Figure 2.3: Spectral characteristics of cascaded FBG structure of varying lengths.
Simulation parameters considered are: L=10 mm for first FBG, An = 2 x 10~* and
Ap = 1550.00 nm.

of side lobes can be accomplished with the proposed structure. Similarly, the recorded re-
flectivity has come down to 98.39 % (mentioned in brown color) as the number of cascaded
FBGs increases. The reason for the reduced reflectivity stage-by-stage is that the reflecting
capability of eachFBG varies in the structure with its length at the designed wavelength,
and the output of the one FBG is used as input to the subsequent FBG in the structure. To
mitigate this effect one can change the induced refractive index of the grating which in turn
effect the FWHM and SLSR of the reflected profile. Similarly, the reason for considering the
four stages is that the side-lobe suppression ratio (SLSR) threshold value is achieved at the
fourth stage. As per the literature, the SLSR must be greater than or equal to 45 dB for bet-
ter performance of an FBG-based device. Also, the reflectivity and the FWHM are greater
than 50% and less than or equal to 0.2 nm, respectively [163, 164]. Hence, in the fourth
stage, we can achieve the required values. Further consideration of stages will give us no
significant improvement in reflectivity and FWHM. Also, increases the complexity and cost
of the system. The detailed values of spectral characteristics can be seen from Table-2.1.As
per the above discussion, one can conclude that the proposed cascaded structure reduces the
spectral width of the optical pulse launched. However, the extent of pulse broadening usu-

ally termed as ’dispersion’ in the fixed fiber length L depends on the spectral width of the
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Table 2.1: Spectral Characteristics of Cascaded FBGs at Ag of 1550.00 nm
Number of FBGs Reflectivity FWHM SLSR

cascaded (%) (nm) (dB)
One 99.19 0.202 11.578
Two 98.75 0.188  22.694
Three 98.52 0.178  33.570
Four 98.39 0.175  45.767

pulse launched [165]. Hence, it is important to consider the effect of source spectral width
on the system performance. As different spectral components of the pulse will receive the
other end of the fiber at different time instants, the optical pulse launched gets broadened
resulting in inter-symbol interference (ISI), thus reducing the performance of the system.
Therefore, placing the proposed structure in the optical communication system reduces the

source spectral width and thus improves system performance.

2.2.3 Cascaded Apodized FBG Structure of Varying Lengths

As per the discussion we had in the preceding section, one can note that the FWHM is
reduced stage by stage with the cascaded FBG structures. Further enhancement of FWHM
can be achieved by considering the apodized FBGs in the structure. The spectral response of
a single apodized FBG can be obtained using coupled-mode theory (CMT) solved based on
the transfer matrix method (TMM). A cascaded FBG structure formed with apodized FBGs
is shown in Fig.2.4. However, apodization refers to the the suppression of the side lobes in
the reflection spectrum by gradually raising the coupling coefficient with penetration into
the grating and gradually decreasing it when exiting the grating. Generally, apodization is
used to improve the grating response. Clearly, one can say that in an apodized FBG, the
amplitude of the r.i perturbation inside the core can’t be a constant uniform variation rather
it is non-uniform in nature [25, 44, 166]. So, the x changes with z in an apodized FBG. The

coupling coefficient of an FBG can be estimated as [5] [101],
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Figure 2.4: A four stage cascaded arrangement of apodized FBGs.
K(z) = ; An (1-V"2) G(2) (2.13)

where G/(z) is the apodization function. For a uniform FBG, the value of G(z) can be con-
sidered as 1. If we consider Gaussian apodization function to improve the grating response,

the value of k can be written as,

K(z) = ; An (1 —V=2)exp [—a (#) ] (2.14)

where « is a Gauss width parameter. However, owing to advantages such as non-abrupt
declining slopes toward the margins or edges, a broad flat region around the center wave-
length, and a lower side-band reflectivity, the hyperbolic tangent profile usually will give a

better grating response [167]. Hence, if we consider such a function then the G(z) can be

N e

approximated as [25],

2z

G(z) = 0.5 x {1+Tanh (ﬁx <1—2 T
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where « and [ are the width parameters of Tanh profile. Hence, the x varies with z can be

N e

The reflectivity of the proposed cascaded apodized FBG structure can be obtained by using

written by using eqn. (2.13) as,

2z

K(2) = —An(l — V72 [1 + Tanh (5 (1 -2|=

2\

eqn. (2.12). But, the value of  in eqn. (2.7) can be considered by utilizing eqn. (2.14) and

eqn. (2.16) for Gaussian and Hyperbolic tangent apodization respectively.

2.3 Proposed Experimental Setup

For a practical perspective, one can employ the experimental setup depicted in Fig. 2.5.
As illustrated, the four FBGs are to be connected using four broadband optical circulators.
The input optical signal generated from a C-band amplified spontaneous emission (ASE)
source is given to terminal 1 of circulator 1. The output from circulator 1 (refer to port 2)
will excite FBG 1. Since the FBG will reflect only narrow-band of light, one cannot collect
the entire band of the input light at terminal 3 of circulator 1. That means most of the light
will pass through FBG 1. However, the reflected signal (port 3 of circulator 1) will retain
its spectral purity assuming very strong spectral isolation among the ports of the circulator.
To visualize the transmitted spectrum of the FBG, an optical spectrum analyzer (OSA) can
be connected to the output terminal of FBG 1. The reflected signal from FBG 1 is then
transmitted to FBG 2 through circulator 2. The final reflected signal will be received at
terminal 3 of circulator 4 as a result of an operation similar to that earlier mentioned. Also,
optical amplifiers can be used to compensate for the circulator insertion losses while using

the proposed device in the optical system.
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Figure 2.5: Experimental setup for four stage cascaded FBG structure of varying
lengths

2.4 Simulation Results and Discussion

It is evident from Fig. 2.6 that as the number of cascaded apodized FBGs of varying
lengths increases, an enhanced narrow-band with the reduced number of side-lobes has
been achieved. The behavior of the proposed device at each stage is observed with the help
of MATLAB® R2021a software. A broadband light operated on C-band (1530 to 1565 nm)
as an input optical signal encounters at the first apodized FBG in Fig. 2.4, and the reflected
signal can be taken from FBG 4. For simulations, we have considered each apodized FBG
built on SMF-28 and chosen the first FBG of length 10 mm, and the rest chosen according
to the relation mentioned in section-2.2.2. For a = 1, the reflectivity and FWHM of a sin-
gle apodized FBG (Shown in red color of Fig. 2.6 (a)) are recorded as 96.85 % and 0.16
nm, respectively. As the number of stages increases, we can accomplish a narrow band of
0.13 nm with a 93.08 % reflectivity (Shown in pink color of Fig. 2.6 (a)). By changing the
a from 1 to 4, we can achieve an FWHM of 0.06 with reduced strength in the side lobes.
The detailed values of reflectivity and FWHM of a cascaded FBG structure with Gaussian

apodization furnished in Table-2.2.

On the other hand, one can use the FBGs apodized with hyperbolic tangent function

in Fig. 2.4. It has been observed from the simulated results depicted in Fig. 2.7 that
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Figure 2.6: Simulated reflected spectral profile of a proposed structure: (a) o = 1

b a=2Ca=3Wd) a=4.

Table 2.2: Spectral characteristics of cascaded FBGs with Gaussian apodization

Number of a=1 a=2 a=3 a=4
FBGs Cascaded | R FWHM | R FWHM | R FWHM | R FWHM
(%) | (nm) (%) | (nm) (%) | (nm) (%) | (nm)
Single FBG 96.85 0.16 91.13 0.14 80.82 0.12 66.52 0.10
Two FBGs 94.95 0.15 85.48 0.12 68.89 0.10 48.03 0.08
Three FBGs 93.79 0.14 81.79 0.11 61.13 0.09 37.02 0.07
Four FBGs 93.08 0.13 79.37 0.10 55.95 0.08 30.15 0.06

the introduced cascaded arrangement given narrow-band spectral attributes with reduced

number of side-lobes. Also, itis evident from the Fig. 2.7 that the proposed device has given

us improved spectral attributes (in terms of FWHM and number of side-lobes) as the number

of stages escalates from one to four. However, the spectrum in red is designated for a single

apodized FBG, while the pink color is used for cascading four apodized FBGs. Similarly,

the spectrum in blue is used for the cascading of two FBGs whereas the green color is for

cascading of three FBGs. Here, we haveobserved the spectral characteristics of the proposed
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Figure 2.7: Spectral attributes of a four stage cascaded apodized FBGs with hyper-

bolic tangent function for the case: (a) & = (8 with a and [ are considered as 0.1.

(b) a < S with a and [ are taken as 0.1 and 1.2, respectively (c) o > [ with o and
B are considered as 1.2 and 0.1, respectively

cascaded arrangement for three different cases. Initially using the relation a = (3 followed
by o <  and a > (. The values of a and [ are considered for the simulation are 0.1
and 1.2, respectively. For o = (3, the reflectivity of the proposed cascaded structure changes
from 81.72% to 59.81% while the FWHM changes from 0.12 nm to 0.07 nm as the cascaded
FBGs changes from one to four. The same can be verified by looking at Fig. 2.7(a). In Fig.
2.7 (b), one can observe the reflected profiles for the case o < . In this case, the reflectivity
is changes from 53.37% to 12.77% and the FWHM changes from 0.10 nm to 0.05 nm as the
cascaded FBGs escalates from one to four. Hence, the maximum reflectivity and minimum
FWHM are noted as 53.37% and 0.05 nm, respectively. Also, it is shown from Fig. 2.7(c)
that the reflectivity changes from 87.49% to 70.82% whereas the FWHM alters from 0.14

nm to 0.09 nm. Therefore, one can achieve a maximum reflectivity of 87.49% and minimum
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FWHM of 0.09 nm using the case « > . The detailed values of reflectivity and FWHM
of a cascaded FBG structure with Hyperbolic tangent apodization are furnished in Table-
2.3. It is concluded from the above discussion that depending on the profile parameter of
the chosen apodization function, one can vary the spectral characteristics of the proposed
device and hence will affect the performance of the optical transmission system. Since the
dispersion in the fiber is proportional to the spectral width of the pulse launched, varying

the spectral width using a cascaded apodized structure will affect the system’s performance

Table 2.3: Spectral attributes of four stage cascaded apodized FBGs with hyper-
bolic tangent function

Number of a=01,=01|a=01,=12|a=12,=0.1
FBGs Cascaded | R FWHM | R FWHM | R FWHM
(%) | (nm) (%) | (nm) (%) | (nm)
Single FBG 81.72 0.12 53.37 0.10 87.49 0.14
Two FBGs 70.31 0.10 30.98 0.08 79.54 0.12
Three FBGs 62.85 0.08 19.30 0.06 74.33 0.10
Four FBGs 59.81 0.07 12.77 0.05 70.82 0.09

2.4.1 Effect of Temperature on the Proposed Structure

Usually, the performance of FBGs are sensitive to temperature variations. Hence, the study
of temperature effect on the proposed structure containing uniform FBGs will help the de-
signer for any athermal variations. A small change in the temperature will results in the
change of the peak wavelength. The same has been described in a mathematical manner in
the preceding chapter. Here, initially, we have assumed that the proposed structure was kept
in a place where the temperature is maintained at 100°C'. Since the FBGs in the proposed
structure are at 100°C, then one can observe a Bragg wavelength shift of 1.37 nm from
a reference value (in this case 1550.0 nm) and the same can be confirmed from Fig. 2.8.
That means for every 1°C' rise in temperature will results a Bragg wavelength shift of 13.6
pm. The dependence of Az on AT can be described by using the relation as mentioned in

eqn. (1.14) or eqn. (1.16). In Fig. 2.8, the solid color lines indicate the proposed structure
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at reference temperature (AT=0°C") while the dotted line designates the shift in the Bragg

wavelength for AT of 100°C It is evident from Fig. 2.8 that as the temperature changes
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Figure 2.8: Effect of temperature in the Bragg wavelength of the proposed structure
containing uniform FBGs at 100°C
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Figure 2.9: Estimated values of Ag w.r.t AT for -100°C to +100°C

by 100°C' from a reference value (AT=0°C), then the spectrum is shifted to 1551.36 nm
from 1550.00 nm . The shift of \p for the corresponding change of AT in step of 20°C'
can be obtained from Fig. 2.9. Similarly, the variation of A from 1550 nm to 1548.64 nm
for a change of AT from 0°C to -100°C' can be seen from Fig. 2.9. However, the Bragg

wavelength shift towards left from 1550 nm in steps of 0.27 nm variation for every 20°C'
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change in temperature can be seen from the same figure. Clearly, one can confirm that
for positive temperature variation, the g shifts towards the right while it shifts to the left
from 1550 nm for negative temperatures. This investigation of temperature on the proposed
structure reveals a linear dependence of Az on AT when temperature changes from -100°C'

to +100°C.

2.4.2 Comparative study

Here, the performance comparison of a single FBG with the cascaded FBG structure of
four stages is presented and the same can be found from Table-2.4. For the simulation
we have used the L=10 mm for first FBG, An = 2 x 10~* and A\ = 1550.00 nm. It
has been observed from Table-2.4 that an FWHM of 0.11 nm can be attained with the
optimized single FBG (or FBG apodized with Hyperbolic Tangent function [25]). But with

the use of cascaded FBG structure, the value can be narrow down to 0.07 nm.Similarly, the

Table 2.4: Performance comparison of a single FBG with the cascaded FBGs of
varying lengths

Single apodized Cascaded apodized

Spectral Single uniform Cascaded uniform FBG FBGs

characteristics FBG FBGs
(At fourth stage) Gaussian  Hyperbolic  Gaussian  Hyperbolic
apodization tangent apodization tangent

Reflectivity (%) 99.19 98.39 80.82 81.72 55.95 59.81
FWHM (nm) 0.20 0.17 0.12 0.11 0.08 0.07
SLSR (dB) 11.57 45.76 21.71 22.67 87.38 89.41
Roll-off rate (dB/nm) 4.14 9.64 13.87 23.75 41.54 42.01

corresponding side-lobe suppression ratio or SLSR can be attained to 22.67 dB for single
FBG whereas with cascaded structure, the value can be enhanced to 89.41 dB. It is also
deduced from the Table-2.4 that compared to the uniform FBG, apodized FBG has given as
better spectral characteristics in terms of FWHM and SLSR. On the other hand, compared
with the apodized FBG, cascaded apodized FBG structure has given us good performance.
Similarly, the corresponding reflectivity of each apodized FBG with the cascaded apodized

FBGs of varying lengths are demonstrated. Here, the reflectivity of cascaded apodized
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FBGs are lesser in value than compared to the single apodized FBG or single uniform FBG.
In particular, the value of reflectivity for a cascaded apodized FBG structure (in which FBGs
apodized with Hyperbolic Tangent function ) is recorded as 59.81% while it was recorded as
81.72% and 99.19% for the single apodized and single uniform FBG respectively. Although
the reflectivity value is still lower, one can consider it as it is greater than the threshold
value.One can also deduce from the Table-2.4 that the cascaded FBG structure formed with
hyperbolic tangent apodized FBGs has given higher roll-off rate than the other structure(s).
The highest value recorded for this structure is 42.01 dB/nm. It means, for every nanometre
shift in wavelength away from the peak reflection wavelength, the reflectivity decreases by
42.01 dB. However, the reason for using cascaded FBG structure over the optimized single

FBG is to get the narrow-bandwidth and maximum SLSR.

2.5 Conclusion

In this chapter, a cascaded FBG structure of varying lengths operated on the C-band is pro-
posed. A suitable analytical formulation for such a structure based on TMM is incorporated.
It is evident from the simulation results that the proposed device can attain a maximum re-
flectivity of 98.39 % corresponding to the FWHM of 0.175 nm. However, to improve the
FWHM of the proposed device, we have used apodized FBGs in the structure. It is em-
phasized from the simulation results that the proposed device can attain an FWHM of 0.08
nm corresponding to a reflectivity of 55.95% with the Gaussian apodization with a width
parameter of 3. Further improvement in FWHM or a narrow bandwidth of 0.07 nm corre-
sponding to a reflectivity 59.81 % (for the case & = [3) can be achieved with the Hyperbolic
tangent apodized FBGs in the structure. The detailed spectral characteristics at each stage of
the constructed device have been incorporated for both uniform and apodized FBGs. Also,
the effect of temperature on the spectral characteristics of the proposed structure is studied.

Simulation results reveal that Az of the proposed cascaded structure has a linear dependence
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on AT. Finally, the performance comparison of a single FBG with the single apodized FBG
and the cascaded apodized FBGs of varying lengths are studied.



Chapter 3

Narrow-band Optical Band-pass Filter
using Dual Cascaded Chirped FBGs

3.1 Introduction

The chirped fiber Bragg gratings (CFBGs) can be mathematically modelled using a number
of uniform FBGs with varying refractive index (RI) perturbation and/or the period of the RI
perturbation along the grating length [168, 169, 170]. As CFBGs offer reduced side-lobes in
the reflected spectrum, they are now widely used in distributed sensing of temperature, ther-
mal hotspots, strain discontinuities [50, 171, 172] and communication related applications
[44]. Other applications of CFBGs include dispersion compensation [39, 173, 174, 175] ,
pulse shaping [175, 176, 177], microwave photonics [178], optical frequency domain re-
flectometry [179], and optical backscattering reflectometry [180]. Owing to advantages
such as narrow bandwidth and reduced strength of sidelobes in the reflection spectrum, the
cascaded FBG or CFBG structures for communication purposes are currently being in use
[39, 154, 158, 159]. This chapter proposes and analyzes cascaded chirped fiber Bragg grat-

ing or CFBG-based narrow-band bandpass filter capable of operating in C-band. Here, we

56
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have cascaded two CFBGs in such a way that the reflected output of the linearly increased
chirp (LIC) FBG is given as input to the linearly decreased chirp (LDC) FBG. The resultant
reflected output from the LDC FBG is the intended spectral profile of narrower FWHM.
The chirp rate of the two CFBGs may be the same or different. Section 3.2 describes
the analytical formulation based on a piecewise uniform approach (PUA) for the proposed
structure(s). Simulation results corroborating the analytical formulation of three different
cascaded CFBG structures are included in Section 3.3. Also, the temperature’s effect on
the proposed devices’ spectral profile is discussed here. At last, we conclude the chapter in

Section 3.4.

3.2 Analytical Formulation

3.2.1 Piecewise Uniform Approach (PUA) for CFBG

As the RI of the CFBG varies with its length L along the mode propagation direction z,
we can divide the grating region into N-uniform FBG sections of length L, shown in Fig.
3.1(a). The position of the j-th section can be calculated as z; = (j — 1)L/N where
j =1,--- N. The accuracy of the piecewise uniform approach (PUA) is a strong function
of N. In PUA, it is assumed that each section will reflect one Bragg wavelength Ap n(2)

related to its period Ay (z) which can be estimated as [25, 44, 101, 176, 181],

AN (2) = (Qno(z) + Anpae |1+ G(2)cos <12\—71rz + (b(z))]) An(z) 3.0

where n(z) denotes the average RI of the guided mode equals to (nesr + (Anyee/2))
in which n.s; is the effective refractive index and An,,,, represents the maximum RI
perturbation amplitude. G(z) is the apodization function, A; is the grating period of the

first section in CFBG, and ¢(z) describes the ‘chirp’ or additional phase variation in the
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(b)

Figure 3.1: Schematic for (a) piecewise uniform approach (PUA) of CFBG, (b)
cascaded CFBGs for narrow-band filtering applications.

CFBG region. In the CFBG, the grating period and linear chirp parameter x are related as
An(2) = Ay + zzy, where = can be taken in terms of (nm/cm). The reflectivity from the

j-th section of the CFBG can be estimated using [44],

sinh®(y/k? — 7;°Ly)
ri(A) = - 2 (3.2)
cosh?( [KF — G;°Lg) — %y

where ) is the operating wavelength, « is the AC coupling coefficient. The DC self-coupling

coefficient (), detuning wave vector (), and DC coupling coefficient () are related as [44],

o~0o _1de
N 2dz
11\ 1do
_0'+27Tneff (E—X) —55 (33)
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Note in eqn.(3.3), A\p = 2n.ssA is the design wavelength and the last derivative term is the

chirp of the grating period. For CFBG eqn.(3.3) can be rewritten as,

(3.4)

1 1 47N, dA

YY) R v

For a single-mode Bragg reflection in a uniform FBG, o and x can found as [5, 44, 101],

o= 2; An (3.5)
K= g An (1-V"2) G(2) (3.6)

where An is the maximum RI perturbation along the length of the uniform grating. It ranges
in between 1075 to 1072, V is the dimension-less waveguide parameter. In this chapter, we
have not considered any apodization profile of the gratings and hence G(z) = 1.Utilizing
the PUA, the reflected spectrum of a single CFBG can be written as [50, 161],
N
RO =1-JJ(1=r(\) (3.7)

J=1

and the corresponding full width at half maximum (FWHM) for an uniform FBG is [101],

An \? 1\?
FWHM = Az« (2neff) +<M> (3.8)

where M is the number of periods in a uniform FBG, and o« = 0.5 or 1 for weak-grating
and strong grating structures, respectively.

3.2.2 PUA for Proposed Cascaded CFBG Structures

Refer to Fig. 3.1(a), which depicts a single CFBG with A; and B; are the amplitude of
propagating mode and reflected mode, respectively for the j-th section. Cascading CFBGs

can be done by connecting the reflected signal output of the first CFBG of type LIC (with
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varying periods as A; < Ay .... < Ay) to the input of the next CFBG of kind LDC (with
varying periods as A} > A, ... > Ay) as shown in Fig. 3.1(b). Now the chirp parameter
of both these CFBGs may be equal or different. All of the cases have been incorporated in
this chapter. Cascading FBGs improve the spectrum rejection capability, and thus the same
is expected when CFBGs are connected in cascade. In this chapter, we have proposed three

different schemes, which are marked as III, IV, and V of Fig. 3.2

A good approximation to estimate the spectral characteristics of a FBG can be obtained
using CMT and TMM [44, 101]. In Fig. 3.1, the length of a CFBG has been divided in
to N piecewise uniform FBG sections with linearly varying periods. The propagation of a
incident mode through each uniform section can be modelled by a 2 x 2 transfer matrix 7}
as,

Aj Aj T Ti| |Aja

=T; — 3.9
B; Bj 4 Ty, Tos| | Bj1

where the transfer matrix for j-th section are

cosh(vy;Lg) — i&'yj_l sinh(y;Lg) 7Z'I€j’}/j_1 sinh(y;Lg)

T, = { (3.10)

inj'y]._l sinh(y;Lg) cosh(vy;Lg) + i&'yj_l sinh(y;Lg)
where v, = 4 //s? — 6j2. The reflected spectrum of a single CFBG can be given by [35, 50,
101],

2

Bo(M)
Ao(A)

T2 1

Tll

—1—
J

(1-r,() (3.11)

1

R(\) = ‘

2 N

The chirp of a CFBG can be either increasing or decreasing linearly. It is expected that
the reflected signal spectrum of a single CFBG (for both LIC and LDC) will give broader
bandwidth. To achieve a narrow band reflected spectrum, cascaded CFBGs can be utilized.

Refer back to Fig. 3.1(b), which is similar to the structure III of Fig. 3.2. In this case, the
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Figure 3.2: Block diagram representation of various CFBGs. Structure I and II in-
dicates individual LIC and LDC CFBG. Structure III, IV and V indicates cascading
scheme of LIC and LDC CFBGs with same and different chirp rates.

reflected optical signal By; from a LIC CFBG is given as the input optical signal Ay, to a
LDC CFBG and thus gives a condition By; = Ay, . Similar kind of profile can be observed
even chirp rate of the CFBGs are varied. The varying chirp rate cases are considered in the
proposed structures IV and V. Mathematically, the reflected signal of the proposed cascaded

CFBG structure can be written as,

2 2

Boz()\)
A()l()\)

Boz()\)
Aog()\)

i 'BM(A) (3.12)

Rcascaded()‘) = ‘ - AOl (/\)

The above equation (i.e., eqn. (3.12)) can also be estimated as,

Reascaded(N) = [1 - H(1 — rj(A))] [1 — H(1 — rk()\))] (3.13)

j=1 k=1

where ; is the reflection from ;"™ section of LIC grating and r, is the reflection from k™ sec-

tion of LDC grating. Considering equal number of sections in both LIC and LDC CFBGs,
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eqn. (3.13) can further be reshaped as,

Reascadea(X) =1 =2 [ (1 = rin() + [ [ (1 = rm(V)? (3.14)

In the proposed structures we have incorporated the serial cascading of two CFBGs using
circulator(s). However, one can utilize the same principle of dual cascading of two CFBGs
in transmission mode too. In such case, the overall system will behave as a narrow-band
optical band-stop or band-reject filter. The performance metrics of such band-reject filter

will remain fairly same when compared to bandpass filter.

3.2.3 PUA Approach for Tilted Fiber Bragg Gratings

The PUA approach for titled fiber Bragg gratings becomes slightly different since we need
to consider several other propagating modes as mentioned in [182, 183, 184]. For a weakly
tilted FBGs, the light is coupled from fundamental L F); mode to a backward propagating
Bragg mode and also with backward propagating cladding modes. Thus it is imperative to
employ coupled mode relation between the various core and cladding modes as mentioned

below [182, 185].

dA01

P =i fo1—01Am + ig(JﬁmeOl@mel*mz (3.15)
dB . — 7 z .
d;n = —ZBO170190170162 bor-012 _ iBo1 foi—o (3.16)
27N,
So1_01 = 7”; E. %cose 3.17)

where Ay, By, are the amplitudes of the forward and backward core modes propagating
along z direction. The coupling coefficients fo;_o; and g ,, for forward and backward

propagation core modes are estimated using the following relations:
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2
wWepn 77,(2)1/ 1 %7 cos ¢ sin * *
Joi_o1 = 1T/ d¢/ (reT2iRreosdsingy o (po1 pol +E21E01 Ydr  (3.18)
27 ay
for-o1 = % / d¢ / x (E®EY™ 1+ B9 EO)dy (3.19)

where EY', E)" are the radial and azimuthal components of the electric field of the funda-
mental core mode, w is the angular frequency, a; is the core radius, n is the average RI
of the core region, v is an scaling factor and n(z) is the RI modulation along z directions.
These equations can be utilized to find the different coupling coefficients and employ the
previously PUA approach to estimate the performance of the TFBGs. However, it should
be noted that the above mentioned approach will provide correct result only for tilting angle
6 < 20°. Other approaches for estimating the performance of TFBGs using full vectorial

method, TMM approach are well discussed in [182, 183, 184].

3.3 Simulation Methodology and Results

3.3.1 Simulation Methodology

For simulation, we have employed eqn. (3.14) to write an in-house code in MATLAB®
R2021a to estimate the reflected signal spectrum for different cascaded FBG structures. To
validate our in-house code, we have simulated a CFBG with the design parameters: L = 4.5
cm, An = 7.5x 1074, A = 524 nm, and chirp rate of +6.73 nm/cm. The same design param-
eters are utilized in an experimental study as mentioned in [25]. The obtained simulation
result is matching with the experimental results obtained in [25]. From simulation, the esti-
mated value of \p is approximately 1550 nm while the same is also reported value in [25].
Similarly the estimated normalized reflectivity using our code is 0.8799 while the reported
reflectivity of such CFBG is 0.7702. A slight mismatch is present as the insertion loss (IL)

of the measuring equipment is not considered in our code. So, the accuracy for the obtained
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value of 0.7702 with the existing value of 0.8799 is approximately 12.47%. As the results
obtained using our in-house code are corroborating with the experimental study, we have
employed the same code for simulating the proposed structures in this chapter.For simula-
tion, we have considered that the proposed structure will be operating in C-band (1530-1565
nm), and the number of uniform FBGs are chosen to be 150 for each CFBG. We also as-
sumed that each of the CFBGs is built on SMF-28, and each has a length L of 70 mm,
while An,,,. is fixed for each PUA section. The number of grating periods considered in
each FBG section of length 0.466 mm was found to be 878. The design parameters and

other spectral characteristics of different CFBGs are listed in Table-3.1.As per the simu-

Table 3.1: Spectral Characteristics of Individual CFBGs
Chirp rate Reflectivity FWHM AB

CFBG Anmax

(nm/cm) (%) (nm) (nm)
5x 1074 1 88.67 7.87 1553.41
I 6 x 10~% 1 95.66 8.16 1553.47
7x 1074 1 98.60 8.45 1553.64
5x 1074 -1 88.67 7.87 1546.33
I 6 x 1074 -1 95.66 8.16  1546.47
7x 1074 -1 98.60 8.45 1546.62

lated spectral characteristics, the individual CFBG offers wider FWHM (maximum 8.45
nm) making them unsuitable for narrow-band filter applications. This is true for both LIC
(Design I) and LDC (Design 1I) based CFBGs. To reduce the FWHM of such CFBGs, we
have cascaded one LIC CFBG and one LDC CFBG as mentioned in the earlier sections. We
have also considered that their chirp rate can be the same or different in each design. To
design an arbitrary optical band-pass filter using the proposed configuration, we first choose
the center wavelength of the proposed filter to be same with the Bragg wavelength A g. For
our study, we have fixed A\g = 1550 nm keeping in mind the C-band telecommunication ap-
plications. The A for LIC and LDC CFBGs are varied in the range of 531.18 nm to 538.13
nm, and in the range of 531.18 nm to 524.22 nm, respectively, as depicted in structure III.
All other mathematical relations between different design parameters are already discussed

in Section 2. A similar design rule has been employed for structure IV, where A is varied
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between 531.18 nm to 538.13 nm for LIC CFBG and from 531.18 nm to 520.75 nm for
LDC CFBG. Similarly, for Structure V, A has been varied between 531.18 nm to 541.60 nm
for LIC-FBG and while the same for LDC CFBG is varied between 531.18 nm to 524.22
nm for LDC-FBG.

3.3.2 Proposed Experimental Setup

For proof-of-concept experiment related to the proposed structures, one can employ the
experimental setup as depicted in Fig. 3.3.As illustrated, the two constituting CFBGs are to

Circulator 1 DUT

—>{CFBG 1I|—>{ 04|

C-Band ASE Source

Circulator 2

—>(CFBG 21> 08A|

Figure 3.3: Experimental setup for the proposed cascaded structure(s).

be connected using two broadband optical circulators. The input excitation signal from the
C-Band amplified spontaneous emission (ASE) source is connected to the terminal 1 of the
Circulator 1. Alternatively, one can use a C-band tunable laser source instead of ASE source
too. The output from of the circulator 1 (refer to port 2) will excite the CFBG 1. Most of the
light will pass through CFBG 1 and only a selected band of input light will be collected in
port 3 of the circulator 1. Assuming very high isolation between the ports of the circulator,
the reflected signal will maintain its spectral purity. To estimate the transmitted spectrum of
the CFBG 1, an optical spectrum analyzer (OSA) can be connected to the output terminal of
the CFBG 1. The reflected signal from CFBG 1 is then passed to the CFBG 2 via circulator
2. A similar operation as discussed earlier will result the final reflected signal to be received

at the terminal 3 of the circulator 2. To study the spectrum of the reflected signal, an OSA
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can be connected to the terminal 3 of the circular 2. For this study, we have assumed that
the device-under- test (DUT) is kept in a temperature-controlled enclosure. To study the
effect of temperature on the proposed structure, the temperature of the enclosure should be
altered gradually and the output optical spectrum at terminal 3 of the circulator 2 needs to
be recorded at each temperature. Such a study can reveal thermal sensitivity of the proposed

structure.

3.3.3 Simulation Results

First we have simulated a LIC based CFBG and another LDC based CFBG with design
parameters An,,,, = 7 X 107* and chirp rate =1 nm/cm. The simulated reflected signal
spectrum is depicted in Fig. 3.4(a). In Fig. 3.4(a), the spectrum in blue and green color
is designated for LDC and LIC CFBGs, respectively. For the rest of the chapter, we have
maintained the same legend for all simulation results. From the simulation results, the
estimated values of \g are 1553.64 nm for LIC CFBG and 1546.62 nm for LDC CFBG,
respectively, while the FWHM and reflectivity are 8.45 nm and 0.986 for both CFBGs. If
we change the value of An,,,., the corresponding values of FWHM, reflectivity and \g
vary significantly. Simulation results for the same CFBG with varying An,,,, are listed in
Table-3.1. Typically wide FWHM is desired for WDM applications, while narrower FWHM
is desired for narrow-band bandpass filtering applications. To reduce the FWHM, we have

connected the two CFBGs as discussed in Section 2.2.

For narrow-band BPFs applications, we have simulated three different cascaded CFBG
structures (structure III, IV, and V in Fig. 3.2) in MATLAB® R2021a and the corresponding
normalized reflected signal spectrums are depicted in Fig. 3.4(b-d). As per the obtained
simulation results in Fig. 3.4(b), almost 6.68 nm reduction (from 8.45 nm to 1.77 nm,
indicating almost fivefold change) in FWHM and approximately 17.32% reduction in the

reflectivity (from 0.9860 to 0.8128).1t is important to note the two different reasons behind
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Figure 3.4: Simulated normalized reflected spectral profiles for the proposed cas-
caded CFBG based structures: (a) broadband spectral profiles obtained using in-
dividual CFBGs (one LIC-FBG and one LDC-FBG) with chirp rate 1 nm/cm. (b)
spectral profile (red color) obtained using cascaded CFBGs with LIC and LDC of 1
nm/cm. (c) spectral profile (violet color) resulted from cascaded CFBGs with LIC
of 1 nm/cm and LDC of 1.5 nm/cm. (d) Narrow-band spectral profile (brown color)
gained from cascaded CFBGs with LIC of 1.5 nm/cm and LDC of 1 nm/cm.

the lower reflectivity of the cascaded structure compared to a single CFBG structure. At
first, in cascaded dual CFBGs structure additional device insertion loss is introduced and
hence reduction in the reflectivity. Secondly, the Bragg wavelength of the cascaded struc-
ture is significantly different from the Bragg wavelength of each constituting CFBGs. For
example refer to Fig. 3.4(a-b). The Bragg wavelength of the constituting LIC and LDC
are 1553.64 nm and 1546.62 nm, respectively while the cascaded structure offers the center
wavelength of 1550 nm, which is almost +3.51 nm far way from each constituting CFBG.
At 1550 nm, the LIC and LDC CFBG offers a normalized reflectivity of 0.9012 and 0.9018.
Since the reflectivity of each CFBGs are already low hence the overall reflectivity at 1550
nm is also low (approximately 0.8128) due to the cascaded structure. It is imperative to
state that further refinement in design parameter can improve the overall normalized reflec-

tivity in the proposed structure. In this case, the considered CFBG design parameters are
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ANpmae = 7 % 1074, and chirp rate = £+1 nm/cm. In this design, we have optimized the re-
sponse of cascaded CFBG in such a way that we can achieve )\ for the combined structure
to be 1550 nm. However, the value of )\ for cascaded structure is a strong function of chirp
rate which we shall discuss later in this chapter. Keeping the chirp rate constant for both
CFBGs, if we vary the value of An,,.,, then we can optimize the normalized reflectivity of
the system and such simulation results are listed in Table-3.2. Next, we have considered that
Structure-IV (as per Fig. 3.2), where the chirp rate of LIC CFBG is 1 nm/cm while the chirp
rate of LDC CFBG is -1.5 nm/cm. Intuitively, we can expect a reduced FWHM in such a
cascaded system while there will be a change in A and normalized reflectivity. Simulation
results for such a system are shown in Fig. 3.4(c). For such a system, the simulated value of
normalized reflectivity, and g are 0.7239, and 1549.92 nm at An,,,,, of 7 x 107, In such
case, the 3-dB wavelengths of the FBG are 1549.06 nm and 1550.80 nm, resulting a FWHM
of 1.74 nm. However, if we change An,,,, to 5 x 1074, then the corresponding FWHM,
normalized reflectivity, and A changes to 1.58 nm, 0.3884, and 1549.94 nm, respectively.
Results for An,,q., = 6 x 1074, are incorporated in Table-3.2. In the third variant of design
(Structure-V as per Fig. 3.2), we have considered the chirp rate of LIC CFBG increases to
+1.5 nm/cm while the chirp rate of LDC CFBG reduces to -1 nm/cm. In such case, if we
consider An,,q, = 7 x 1074, then the estimated values of the normalized reflectivity, and
Ap are 0.7239, and 1550.07 nm. In this case, the 3-dB wavelengths of the FBG are 1549.19
nm and 1550.93 nm, exhbiting a FWHM of 1.74 nm. Further reduction in FWHM can be
achieved if we change the value of An,,., to 5 x 10~* at the expense of reflectivity of the
cascaded system. As mentioned earlier, we have noticed a shift in Az with varying chirp
rates for both LIC CFBG and LDC CFBG. Analytically this shifting can also be estimated

using the following relations [35, 39],

CT ( )\) A)\C}m«p

Ap = A
P gL,

(3.20)

where AM;, denotes the chirped bandwidth, 7(\) is the time delay for each wavelength
along the CFBG, and c is the speed of light.
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Table 3.2: Spectral Characteristics of Proposed Structure(s)
Cascaded CFBG Any,,x Reflectivity FWHM AB

structure (%) (nm) (nm)
5x 1074 48.15 1.56 1550.00

I 6 x 1074 66.92 1.66 1550.00

7x 1074 81.28 1.77 1550.00

5x 1074 38.84 1.58 1549.94

v 6 x 1074 56.82 1.61 1549.92

7x 1074 72.39 1.74 1549.92

5x 1074 38.84 1.58 1550.05

\Y 6 x 1074 56.82 1.61 1550.07

7x 1074 72.39 1.74 1550.07

3.3.4 Effect of Temperature on the Proposed Structure(s)

Generally, the performance of FBGs are sensitive to temperature variations. Hence, the
study of temperature effect in the proposed structure utilizing CFBGs will help designer for
athermal designs. The temperature dependence of the refractive index n(T) in the grating
region of an FBG can be written as [186], n(T") = ng + 5,1, where n(7T') and ng are the
refractive index at temperatures 7' and 0°C, respectively. (3, is the first order thermo-optic
coefficient of silica fiber and is assumed to be 1.045 x 10~°/°C. Considering PUA models
of CFBGs, the dependence of A\p on temperature in absence of strain can be expressed as

[18],

AXg = (a+ B,) AT \g (3.21)

where o = 0.55 x 1076 /°C is the thermal expansion coefficient of the fused silica [186],
[68], [187], [188].We have considered this theory in our simulation study. It is also very
important to note that, the proposed dual cascaded structures will offer higher thermal sen-
sitivity compared to a single CFBG based structure. As the variation of temperature affects
the Bragg wavelength of both constituting CFBGs, it is expected that the thermal sensitiv-

ity will be enhanced in proposed cascaded structure. To validate this inference, we have
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simulated a single CFBG with An = 7 x 10~* and chirp rate of +1 nm/cm over a tem-
perature range of 0 to 100°C and estimated the thermal sensitivity of such structure to be
approximately 13.04 pm/°C. In Fig. 3.5(a), and Fig. 3.5(b), we have incorporated the sim-
ulation results indicating the effect of the temperature on the performance of the proposed

devices.As depicted, the thermal shifting of A\p can be observed clearly with varying op-

1.0 T T T 1.0
> ——Reference > ——Reference
= —— Reference = ——Reference
> Iy >
5 0.8 [ Reference 5 0.8 —Reference g
K> - --100°C Al 2 - - =-100°C
5 0.6}---100°C AR S 0.6].___100°C q
~ - - -100°C A o . [
St 0.9 [t o0 9 o5 l00°C ; o
S 04} o g 04} -
= 0.8 /\ 0.8 RN = () .
= 0.7 0.7 RN g 07f 207733, /\
£ 02f 77N\ i) . E o 02pT N 77\
z 1549 1550 155 Cs. . 1551 1552 Z 1548 1549_57" 549 1550 1551
0.0 s = 0.0 — : : =
1540 1545 1550 1555 1560 1540 1545 1550 1555 1560
Wavelength (nm) Wavelength (nm)
(@) (b)
1551.8 T T T T 1550.2 T
—~ A = .4
g 227 g 225
E15514} & E15498} .22
= it = Py s
E! 25 5 i
5 1551} e 515494} _.gieie
) zozie” ) zizie”
z e e = ozl
S1550.6}F .o g 1549} e e
50 gzl o0 ozt
en Pits A% =) Pt
15502F 2222 £1548.6 F ,,:ﬁf"
m -2 M o222
e
1549.8 . . . . 1548.2% . . . .
0 20 40 60 80 100 -100 -80 -60 -40 -20 0
AT(°C) AT(°C)

Figure 3.5: Effect of temperature on proposed structure(s): (a) complete spectrum

shift in A for AT = +100°C in a step of +20°C, (b) complete spectrum shift in

Ap for AT = —100°C in a step of —20°C, (c) estimated values of A\g w.r.t AT for
0 to 100°C (d) estimated values of Az w.r.t AT for 0 to —100°C.

erating temperature. Simulated narrow-band spectral profiles (red, violet, and solid brown
lines) are superimposed at reference temperature (i.e., AT = 0). If AT = 100°C, then \p
shifts +1.701 nm. This change can be visible for all the designs. Ap shifts from 1550 nm
to 1551.701 nm, 1549.92 to 1551.621 nm, and 1550.07 to 1551.771 nm for structure 111,
IV, and V, respectively. A similar kind of shift in Az can be observed from Fig. 3.5(b) for
AT = —100°C. The shifted A\ g for structure III, IV, and V are 1548.299 nm, 1548.219 nm,

and 1548.369 nm, respectively. Intuitive calculation reveals an average thermal sensitivity
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of 17.01 pm/°C over £100°C for all the proposed structures. As expected, the thermal sen-
sitivity of the proposed structure(s) is higher compared to a single CFBG structure which is
also confirmed in [25, 50, 161, 189, 190]. Further investigation reveals a linear dependence
of Ag on AT, when operating temperature is varied from -100°C to 0°C. These variations

in A\ with AT are illustrated in Fig. 3.5(c-d).

3.3.5 Comparative Study

A comparative study between the proposed structures and other recently reported similar
structures are also carried out in Table-3.3. The study is done in terms of the type of FBG,
number of FBGs used for cascading, FWHM, and temperature sensitivity. A cascaded FBG
structure formed with four uniform FBG to reduce the dispersion of an optical signal in a
WDM system has been reported in [35]. Similarly, a narrow-band with minimized side-
lobes in the reflection spectrum can be gained with the proposed cascaded uniform FBG
structure is presented in [154]. Also, various apodized grating functions such as Barthan,
Hamming, Nuttal, and Sinc functions are used to optimize the spectral characteristics of a
proposed structure. In case of uniform cascaded FBGs, the achieved FWHM is 0.16 nm
while the lowest FWHM reported by the authors are 0.008 nm using apodized FBGs. How-
ever, one should note that, the reflectivity decreases as the number of FBGs in a structure
increases. So, to improve the reflectivity, a cascaded uniform FBGs structure of varying
lengths has been introduced [191]. Such an introduced structure with four FBGs has given
a FWHM of 0.177 nm. An apodized cascaded FBG structure is also recently reported in
[155] to reduce the spectral width of the pulse and thus enhancing the system performance.
Such structure offers a FWHM of 0.102 nm with Cauchy’s apodization function. In this
study, we have considered only CFBGs based structures (one LIC-FBG and the other LDC-
FBG). In the other studies mentioned here, no one has calculated the effect of temperature

in the spectral profile. The proposed devices in this chapter offer wider FWHM which can
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be further reduced by increasing the number of CFBGs without significant reduction in

reflectivity of the overall structure.

Table 3.3: Comparative study of various recently reported cascaded FBG structures
Number of FWHM Temperature

Year Ref. Type of FBG FBGs cascaded (nm) Sensitivity

2020 [35] Uniform 04 - -
Uniform 0.16

2020 [154] & 04 & -

Apodized 0.008

2020 [191] Uniform 04 0.177 -

2021 [155] Apodized 04 0.102 -
Chirped o

2022 Present work (LIC and LDC) 02 1.56 17.01 pm/°C

3.4 Conclusion

In this chapter, we have proposed a cascaded CFBG based narrow-band bandpass filter
operating in the C-band. Cascading one LIC-FBG with another LDC-FBG reduces the
FWHM almost five folds while the overall reflectivity reduces by 17.32% compared to a
single CFBG is presented. A suitable analytical formulation based on a piecewise uniform
approach (PUA) for the proposed structure(s) is also incorporated in this chapter. For the
three proposed structures, we have considered each CFBG may have equal or different
chirp rates keeping all other design parameters the same. As per the simulation results, the
narrowest and widest FWHM achieved by the proposed structures is 1.56 nm and 1.77 nm,
respectively. In such designs, the highest and lowest reflectivity offered by the cascaded
CFBG structures is approximately 0.81 and 0.39. The effect of temperature on the spectral
characteristics of all the proposed structures is also studied. Simulation results reveal that
A p of the proposed cascaded structures have a linear dependence on AT'. Estimated thermal

sensitivity is found to be 17.01 pm/°C for all the proposed structures.



Chapter 4

Narrow-band Optical Bandpass Filter
Using Dual Cascaded Apodized Linearly
Chirped FBGs

4.1 Introduction

Chirped fiber Bragg gratings (CFBGs), a passive optical device, in some portion of the core
of an optical fiber (single mode or multi-mode fiber), can be modelled by varying the re-
fractive index modulation amplitude and/or period of the refractive index modulation along
the grating length [168, 169, 170]. Usually, for practical applications that include sensing
and communications, CFBGs have gained significant attention due to their inherent advan-
tages. The reason for using CFBGs or non-uniformity gratings in the core is to reduce the
side lobes in the reflection spectrum, which are undesirable as in their uniform counterpart.
In addition to this, they are also used for dispersion compensation and pulse shaping pur-

poses [173, 174, 176, 177]. In comparison to the CFBGs, apodized linearly chirped fiber

73
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Bragg gratings (LCFBG) have proved to be an effective solution to compensate the chro-
matic dispersion of high bit-rate optical communicationsystems [63, 192]. However, owing
to advantages such as narrow bandwidth and reduced strength of sidelobes in the reflection
spectrum, the cascaded FBG or CFBG structures for communication purposes are currently
being in use. Hence, the study of spectral characteristics using cascaded apodized CFBGs is
needed. In this chapter, we propose narrow band BPFs by cascading dual apodized CFBGs
(one with linearly increased chirp (LIC) and another with linearly decreased chirp (LDC),
and we analyse the performance of these BPFs. One apodized CFBG’s reflection has been
used as the input for the other apodized CFBG in the suggested structure(s). We have consid-
ered the chirp rates of two CFBGs may be the same or different. The analytical formulation
of the suggested cascaded linearly apodized CFBG structures utilizing the PUA approach is
described in Section 4.2. Section 4.3 contains simulation findings that support the analyti-
cal formulation of three distinct linearly apodized cascaded CFBG structures. Additionally,
the impact of various operating temperatures on the proposed structures is discussed here.

Finally, we concluded the chapter in section 4.4.

4.2 Analytical Formulation for Proposed structure(s)

The reflected spectrum of a single apodized CFBG shown in Fig. 3.1(a) can be estimated
with eqn. (3.11). Here, the reflectivity from each section of a CFBG was denoted with
r;(A). Since we have considered apodized CFBGs instead normal CFBGs in this work, the
value of x can be considered as per the eqn. (2.14) and eqn. (2.16). So the reflectivity of
structure I and structure II of Fig. 4.1 changes accordingly. In structure III of Fig. 4.1, the
reflected optical signal By, from a apodized LIC CFBG is given as the input optical signal
Ags to apodized LDC CFBG and thus gives a condition By; = Ags. Similar kind of profile
can be attained even the chirp rates of a apodized CFBG varied. The varying chirp rate cases

are considered for different structures (structure IV and structure V) are described in Fig.
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4.1.Mathematically, one can represent the reflectivity of a proposed structures (Structure I1I,

1) (I1II)
Ao—{ Apodized LICCFBG 24N Ao1—] Apodized LIC CFBG [N
(Chirp Rate : +1 nm/cm) (Chirp Rate : +1 nm/cm) |(e— B

Bof—' N

(—BN BOI
(11) I:
Ao =] Apodized LDC CFBG >An Ao Apodized LDC CFBG [ >N

(Chirp Rate : -1 nm/cm) (Chirp Rate : -l nm/cm) [«— By

By < <—Bn By <

(Iv) )
Aot = Apodized Lic cFBG AN Aot —] Apodized LICCFBG 24N
(Chirp Rate : +1 nm/cm) <—By By, (Chirp Rate : +1.5 nm/cm) |e— By

L R
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Figure 4.1: Block diagram representation of various apodized CFBGs. Structure I

and II indicates individual apodized LIC and LDC CFBG. Structure III, IV and V

indicates cascading scheme of apodized LIC and apodized LDC CFBGs with same
and different chirp rates.

structure IV and structure V) can be demonstrated as,

2 2

BOQ(/\)
A(]l()\>

BOQ(/\)
Agg()\)

i 'BM(A) (4.1)

~ | An (V)

Rcascaded()\) = ‘

The above equation (i.e., eqn. (4.1)) can also be estimated as mentioned in eqn. (3.11) as ,

k=1

Rcascaded(A) = [1 B H(l - ’l“]()\))] [1 - H(l - Tk()\))] (42)

j=1

where 7; is the reflection from j™ section of apodized LIC grating and 7y, is the reflection

from k™ section of apodized LDC grating. The above equation can be rearranged as,

Rcascaded()‘) =1- H(l - T’k()\)) - H(l - T]()‘))

o
—_

4.3)
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Considering equal number of sections in both apodized LIC and LDC CFBGs, eqn. (4.3)

can further be reshaped as,

N

Rcascaded(k) =1-2 H (1 - Tm()\)) + H (1 - Tm<)\))2 (44)

m=1

4.3 Simulation methodology and results

4.3.1 Simulation Methodology

To estimate the reflected signal spectrum for various cascading of apodized CFBG struc-
tures, we used eqn. (4.4) to create an in-house MATLAB® R2021a code for simulation. For
simulation, we assumed that the proposed structure would operate in the C-band (1530-1565
nm), and 150 sections (each section is assumed to be a uniform FBG ) are used for piece-
wise approximation of the entire length of CFBG. We further assumed that An,,,,, is fixed
for each PUA section, and that each CFBG is constructed on SMF-28 with a length L of
70 mm. The design parameters and other spectral characteristics of different apodized CF-
BGs are listed in Table-4.1 and Table-4.2 for Gaussian and Hyperbolic tangent functions

respectively.

According to the simulated spectral characteristics, the individual apodized CFBG have
wider FWHM (maximum of 8.25 nm and 8.45 nm for Gaussian and hyperbolic tangent
apodizations respectively), which makes them unsuitable for applications requiring narrow-
band filters. This holds true for both apodized LIC and LDC-based (Design I and IT) CFBGs.
To reduce the FWHM of such CFBGs, we have cascaded oneapodized LIC CFBG and one
apodized LDC CFBG as mentioned in the earlier sections. We have also taken into account
the possibility that each designs chirp rate could be the same or different. Initially, we

initially selected the centre wavelength of the proposed filter to be the same as the Bragg
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Table 4.1: Spectral characteristics of individual Gaussian apodized CFBGs

Apodized An,,,, Chirp rate a=05 a=1 a=2
—4
CFBG  (x107)  (mmfem)  pogectivity FWHM  \g  Reflectivity FWHM )z  Reflectivity FWHM  \g
(%) (nm) (nm) (%) (nm) (nm) (%) (nm) (nm)

5 1 81.73 773 155346  73.46 757 155341 5543 737 1553.39

I 6 1 91.35 799 155333 8520 780 155323  68.76 752 1553.14
7 1 96.43 825 155315  92.57 804 155314  79.48 768 1553.12
5 1 81.73 773 154656 73.46 757 154646 5543 737 1546.32

1 6 1 91.35 799 154647 8520 780 154628  68.76 752 1546.14
7 1 96.43 825 154638  92.57 804  1546.17  79.48 768 1546.06

Table 4.2: Spectral characteristics of individual apodized CFBGs with Hyperbolic
tangent function

Apodized An,,., Chirp rate a=pf a<p a>f
CFBG  (x107") (mmfem) pepecdvity FWHM  \g  Reflectivity FWHM  \p  Reflectivity FWHM g
(%) (nm) (nm) (%) (nm) (nm) (%) (nm) (nm)

5 1 88.65 790 155346  87.79 788 155323 5419 742 155341

I 6 1 95.65 819 155333  95.16 820 155341  67.50 751 155341
7 1 98.60 844 155328 9838 845 155323 7835 768  1553.51
5 1 88.79 788 154651  87.93 789 154638  54.38 743 1546.33

1 6 1 95.72 820 154628 9524 813 154628  67.71 752 1546.38
7 1 98.63 845 154687  98.42 840 154628 7853 768 1546.38

wavelength Ap in order to create an arbitrary optical band-pass filter using the proposed
configuration. For our study, we have fixed A\g = 1550 nm keeping in mind the C-band
telecommunication applications. According to structure III, the A for apodized LIC and
apodized LDC CFBGs varies between 531.18 nm and 538.13 nm and between 531.18 nm
and 524.22 nm, respectively. All other mathematical relationships between various design
parameters are already covered in Section 4.2. A similar design rule has been employed
for structure IV, where A is varied between 531.18 nm to 538.13 nm for apodized LIC
CFBG and fromb531.18 nm to 520.75 nm for apodized LDC CFBG. Similarly, for Structure
V, A has beenvaried between 531.18 nm to 541.60 nm for apodized LIC-FBG and while
the same forapodized LDC CFBG is varied between 531.18 nm to 524.22 nm for apodized
LDC-FBG.
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4.3.2 Proposed Experimental Setup

For a practical perspective, one can employ the experimental setup depicted in Fig. 4.2. As
illustrated, the two apodized CFBGs are to be connected using two broadband optical cir-
culators. The input optical signal generated from a C-band amplified spontaneous emission

(ASE) source is given to terminal 1 of circulator 1.The output from circulator 1 (refer to port

Circulator 1 DUT
1 2 n
Apodized >
. | AP ,{ OSAl
C-Band ASE Source CFBG 1

Circulator 2

2 Apodized
s > CFBG 2 'I OSAl

Figure 4.2: Experimental setup for the proposed cascaded structure(s).

2) will excite apodized CFBG 1. Most of the light will pass through apodized CFBG 1 and
only a selected band of input light will be collected in port 3 of the circulator 1. Assuming
very high isolation between the ports of the circulator, the reflected signal will maintain its
spectral purity. To estimate the transmitted spectrum of the apodized CFBG 1, an optical
spectrum analyzer (OSA) can be connected to the output terminal of the CFBG 1. The
reflected signal from apodized CFBG 1 is then transmitted to apodized CFBG 2 through
circulator 2. The final reflected signal will be received at terminal 3 of circulator 2 as a
result of an operation similar to that earlier mentioned. For this study, we have assumed that
the device-under- test (DUT) is kept in a temperature-controlled enclosure. To study the
effect of temperature on the proposed structure, the temperature of the enclosure should be
altered gradually and the output optical spectrum at terminal 3 of the circulator 2 needs to
be recorded at each temperature. Such a study can reveal thermal sensitivity of the proposed

structure.
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4.3.3 Simulation Results
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First, using the design parameters An,,,,, = 7 x 10~* and chirp rate 1 nm/cm, we sim-

ulated a Gaussian apodized LIC-based CFBG and another Gaussian apodized LDC-based

CFBG. Fig.4.3 shows the spectrum of the simulated reflected signal. The violet and brown

portions of the spectrum in Fig. 4.3 correspond to the apodized LDC and apodized LIC

CFBGs, respectively. We have kept the same legend for all simulation results throughout

the rest of the chapter. According to the simulation findings, the estimated values of \g
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for the apodized LIC CFBG and apodized LDC CFBG are 1553.15 nm and 1546.38 nm,
respectively. The FWHM and reflectivity for both CFBGs are 8.45 nm and 0.964, respec-
tively. If we change the value of An,,,., the corresponding values of FWHM, reflectivity
and \p vary significantly. The same is true for different values of «. Simulation results
for different Gaussian apodized CFBGs with varying An,,,, and « are shown in Table-4.1.
But, Table-4.2 will give us the spectral characteristics of Hyperbolic tangent apodized CF-
BGs for different cases of « and 5. For a=(, we have considered both the values are equal
to 0.1. When a < (3, « has a value of 0.1 and 5 of 1.2. For a > [5, « has a value of 1.2
whereas ( has a value of 0.1. It is evident from Table-4.2 that the reflectivity attained for
the case a=0 recorded as approximately 98.60% for both the apodized FBGs. The FWHM
for both the CFBGs are noted as approximately 8.45 and A\p for an LIC and LDC based
CFBGs are marked as 1553.28 nm and 1546.87 nm, respectively. If we change the value
of Any,q., the corresponding values of FWHM, reflectivity and Ap vary significantly for
both the CFBGs. The same is true for different cases of o and . Typically wide FWHM is
desired for WDM applications, while narrower FWHM is desired for narrow-band bandpass
filtering applications. To reduce the FWHM, we have connected the two apodized CFBGs

as discussed in section 4.2.

Table 4.3: Spectral characteristics of proposed structure(s) with Gaussian apodized

CFBGs
Apodized Anyyax a=05 a=1 a=2

CFBG  (x107™)  Reflectivity FWHM  \p  Reflectivity FWHM )  Reflectivity FWHM  )\p

(%) (nm) (nm) (%) (nm) (nm) (%) (nm) (nm)
5 36.39 155 155000 2642 149 155000 1265 146  1550.00
1 6 54.12 161 155000  41.74 154 155000  21.99 151 1550.00
7 69.95 166 155000  57.25 158 155000 3334 156 1550.00
5 28.49 157 154997  20.18 153 154997 0931 151 1549.97
v 6 4434 159 154995  33.12 154 154995 1661 150 1549.95
7 59.94 164 154992 47.30 158 154992 2591 155 1549.92
5 28.49 157 155002 20.18 153 155002 09.31 151 1550.02
v 6 4433 159 1550.04  33.12 154 155004  16.61 150 1550.04
7 59.94 164 1550.07  47.30 158 155007 2591 155 1550.07

For narrow-band BPF applications, three distinct cascaded apodized CFBG structures
(structures III, IV, and V in Fig. 4.2) have been simulated in MATLAB® R2021a and the

corresponding normalized reflected spectrums are depicted in Fig. 4.3(b-d). According to
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Table 4.4: Spectral characteristics of proposed structure(s) with Hyperbolic tangent

apodization
Apodized Anpax a=p0 a<f a>p
—4
CEBG  (x107)  Reflectivity FWHM A Reflectivity FWHM  )\g  Reflectivity FWHM g
(%) (nm) (nm) (%) (nm) (nm) (%) (nm) (nm)
5 48.12 154 155000  46.41 156 155000  11.97 146 1550.00
1 6 66.89 164 155000  65.15 166 155000  20.93 151 1550.00
7 81.25 175 155000  79.82 176 155000 3191 156 1550.00
5 38.81 155 154995 3727 157 154995  08.79 153 154992
v 6 56.79 164 154994  55.02 159 154992 15.76 153 1550.00
7 72.36 171 154992 7071 173 154992 2471 155  1549.97
5 38.81 157 155005 3727 159 155005  08.79 155  1549.97
\ 6 56.79 162 155005  55.02 164 155008 1576 153 1550.02
7 72.35 173 155008  70.70 171 155010 2471 156 1550.05

the simulation findings shown in Fig. 4.3(b), the FWHM was reduced by nearly 6.59 nm
(from 8.25 nm to 1.66 nm, for o = 0.5 representing a nearly fivefold shift), and the reflec-
tivity was decreased by about 26.48% (from 0.9643 to 0.6995). The two distinct causes of
the cascaded structure’s decreased reflectivity relative to a single apodized CFBG structure
must be noted. First, additional device insertion loss and a resulting decrease in reflectivity
are introduced in the cascaded dual CFBGs structure. Second, each apodized CFBG that
makes up the cascaded structure has a significantly different Bragg wavelength than with
the Bragg wavelength of the designed structure. In this case, the considered designed pa-
rameters such as chirp rate and An,,,, are chosen to be as &= 1 nm and 7 x 10~*. In this
design, in order to obtain \g for the combined structure to be 1550 nm, we have optimised
the cascaded apodized CFBG response. If we change the value of An,,,, while keeping the
chirp rate constant for both the apodized CFBGs, we can improve the system’s normalised
reflectivity. Such simulation results are shown in Table-4.3. Next, we have considered struc-
ture -IV(shown in Fig. 4.1), where the chirp rate of an LDC CFBG is -1.5 nm/cm while the
chirp rate of apodized LIC CFBG is 1 nm/cm. In such a cascaded system, it makes intu-
itive sense to anticipate a reduced FWHM while observing a change in A and normalised
reflectivity. Simulation results for such a structure are shown in Fig. 4.3(c). For such a
structure, the simulated value of the reflectivity, FWHM and A\p are 59.94%,1.64 nm and
1549.92 nm respectively at An,,q, of 7 x 10~%. However, if we change the value of An,,q;

to 5 x 10~* then the corresponding reflectivity, FWHM and Az changes to 28.49%, 1.57
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nm and 1549.97 nm respectively. The spectral characteristics related to An,,,, of 6 x 10~
are incorporated in Table-4.3. In the third design or structure -V(shown in Fig. 4.1), the
value of chirp rate for an apodized LDC CFBG is -1 nm/cm while the chirp rate of apodized
LIC CFBG is 1.5 nm/cm. In such a cascaded system, it makes intuitive sense to anticipate
a reduced FWHM while observing a change in A and normalised reflectivity. Simulation
results for such a structure are shown in Fig. 4.3(d). For such a structure, the simulated
value of the reflectivity, FWHM and A\ are 59.94%,1.64 nm and 1550.07 nm respectively
at An,,q, of 7 x 1074 However, if we change the value of An,,., to 5 x 10~* then the
corresponding reflectivity, FWHM and Ap changes to 28.49%, 1.57 nm and 1550.02 nm
respectively. A shift in A\ with varying chirp rates for both apodized LIC and LDC CFBGs
can be analytically estimated using eqn. (3.20). However, for different values of «, changes
in the spectral attributes of various designs of Fig. 4.1 for the Gaussian apodization is in-
corporated in Table-4.3. One can note from Table-4.3 that at a fixed value of An,,,,, the
reflectivity and FWHM are getting reduced as the « increases from 0.5 to 2. Also, a maxi-
mum reflectivity of 69.95% for the case o = 0.5 and a minimum FWHM of 1.46 nm for the
case o = 2 are recorded. Similarly, if we consider hyperbolic tangent apodization, one can
note from Table-4.4 that at a fixed value of An,,,,, the reflectivity and FWHM are getting
reduced for all the cases considered for different designs. In all such designs, a maximum
reflectivity of 81.25 % for the case @ = /3 and a minimum FWHM of 1.46 nm for the case

« > 3 are recorded.

4.3.4 Effect of Temperature on the Proposed Structure(s)

FBG performance is typically sensitive to temperature variations. Therefore, the study of
the influence of temperature on the proposed structure using apodized CFBGs will help in
the development of athermal designs. In the grating region of an FBG, the temperature
dependence of the refractive index n(T) can be expressed as n(t) = ng + 3,7 , where ng

and n(T) are the refractive index at temperatures 0°C and 7', respectively. The first order
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thermo-optic coefficient of silica fiber and is considered to be 1.045 x 107°/°C. Addressing
PUA models of apodized CFBGs, the dependence of Ap on temperature in the absence of

strain can be represented as,

Al = (a+ B,) AT Ap (4.5)

where o = 0.55 x 1076 /°C is the thermal expansion coefficient of the fused silica [186],
[68], [187], [188].This theory was considered in our simulation study. It is important to
note that , the proposed dual cascaded structures will have a greater thermal sensitivity than
a single CFBG-based structure. As temperature variation influences the Bragg wavelength
of both constituting apodized CFBGs, it is anticipated that the thermal sensitivity of the
proposed cascaded structure will be increased. We have included simulation results show-
ing the impact of temperature on the performance of the suggested devices in Fig. 4.4(a)
and Fig. 4.4(b).With various operating temperatures, the thermal shifting of A\p can be seen
clearly, as shown. The spectral profiles (black,red and blue solid lines) shown are superim-
posed at a reference temperature (A7 = 0). If AT changes to 100°C then corresponding
change in A shifts the spectrum to +1.702 nm. This change can be reflected to all designs.
The shift in Ag from 1550 nm to 1551.702 nm , 1549.92 to 1551.622 nm, and 1550.07 to
1551.772 nm for structure III, IV and V shown in Fig. 4.4(a). A similar kind of shift can
be observed for AT = 100°C and the same is depicted in Fig. 4.4(b). The change in \p to
1548.298 nm, 1548.218 nm, and 1548.368 nm for structure III, IV and V, respectively. All
proposed structures have an average thermal sensitivity of 17.02 pm/°C over +100°C, ac-
cording to intuitive calculation. Further investigation reveals a linear relationship between
Ap and AT when the operating temperature is varied from +100°C to 0°C is shown in Fig.

4.4(c-d).
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Figure 4.4: Effect of temperature on proposed structure(s): (a) complete spectrum

shift in A for AT = +100°C in a step of +20°C, (b) complete spectrum shift in

Ap for AT = —100°C in a step of —20°C, (c) estimated values of A\g w.r.t AT for
0 to 100°C (d) estimated values of Az w.r.t AT for 0 to —100°C.

4.4 Conclusion

In this chapter, we have proposed a group of narrow-band optical bandpass filters operating

on C-band. Here, we have used cascading of two apodized linearly chirped FBGs to get a

narrow-band profile. Analytical formulation based on the PUA approach of the proposed

cascaded structure(s) is incorporated. Also, we have used two apodization functions namely

the Gaussian and Hyperbolic tangent functions to analyse the spectral profiles of the intro-

duced structure(s). However, simulation results corroborating the analytical formulations

are also presented. As per the simulations,the narrowest FWHM attained using both the

apodization functions is recorded as 1.46 nm. But, the widest FWHM values are recorded

as 1.66 nm and 1.76 nm for the proposed structure with Gaussian and Hyperbolic tangent
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apodizations, respectively. The highest reflectivity of 0.812 and 0.699 are noted for Hyper-
bolic tangent and Gaussian apodized CFBGs, respectively. Further, the linear dependence
of \p of the proposed structure with AT is incorporated. The thermal sensitivity of 17.02

pm/°C was recorded forthe proposed structure(s).



Chapter 5

Performance Enhancement of Optical
Communication System with Cascaded

FBGs of Varying Lengths

5.1 Introduction

Nowadays, researchers are using cascaded FBG structures in optical communication sys-
tems to enhance its performance by reducing the spectral width of the laser source, thus
reducing the dispersion [35, 155, 156, 159].Therefore, studying the spectral attributes of a
cascaded FBG structure and its impact on the optical communication system is noteworthy.
In this chapter, we have discussed the system-level integration of the designed cascaded
FBG based device and its effect on the system’s performance. Among all the optical de-
vices proposed in chapters 2,3 and 4, the optical device introduced in chapter 2 has given a
narrow FWHM. A narrow bandwidth of 0.07 nm corresponding to a reflectivity of 59.81 %

with an SLSR of 89.41 dB has been achieved with the optical device introduced in chapter

86
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2. Hence, we have used such a device to enhance the performance of the optical commu-
nication system. In particular, such a device has been kept immediately next to the optical
source to reduce the source spectral width is discussed in this chapter.The effect of such a
device on the system performance at various operating distances is discussed. Further, the
system performance is studied with the apodized FBGs in the passive optical device. In
the end, we had investigated the effect of incorporating the cascaded FBG structure in the
system utilizing four-level pulse amplitude modulation or PAM-4 modulation . Section 5.2
describes the analytical formulation of the single uniform FBG structure and the proposed
cascaded FBG structure. An optical communication system formed with a cascaded FBG
structure of varying lengths to enhance the system performance is discussed in section 5.3.
It also covers the dispersion compensation with the aid of an FBG in the system. Simulation
results supported the analytical theory, and the suggested system is comprised in section 5.4.

Finally, we have concluded the chapter in section 5.5.

5.2 Proposed Cascaded Uniform FBG Structure of Vary-

ing Lengths

As per the discussion we had in section 2.2.2, one can conclude that the proposed cascaded
structure reduces the spectral width A\ of the optical pulse launched. However, the extent
of pulse broadening AT usually termed as ‘dispersion’in the fixed fiber length L; depends
on the spectral width of the pulse launched. The same can be confirmed using AT =
DL;AN, where D is the dispersion parameter [165]. Hence, it is important to consider the
effect of source spectral width on the system performance. As different spectral components
of the pulse will receive the other end of the fiber at different time instants, the optical
pulse launched gets broadened resulting in inter-symbol interference (ISI), thus reducing
the performance of the system. Therefore, placing the proposed structure in the optical

communication system reduces the spectral width of the pulse emanating from the source
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and thus improves system performance which is evaluated in terms of BER and Q-factor

discussed in the subsequent sections.

5.3 Optical Communication System with Proposed Cas-

caded FBG Structure

In this section, the proposed structure discussed in section 2.2 has been kept in the optical
communication system to estimate its performance. The same can be verified by looking at
Fig. 5.1. The blue solid or dotted lines indicate the electrical signal path while the green
color refers to the optical signal path. The system consists of a transmitter, communication
channel and receiver. The purpose of the optical transmitter is to convert the electrical signal
into an optical signal. In this case, the launched optical pulses from the transmitter reached
the receiver through a communication channel mentioned as optical fiber cable (OFC). The
role of a receiver is to convert the received optical signal from the other end of the OFC

into the original electrical signal.In Fig. 5.1, one can identify the transmitter components
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Figure 5.1: Performance enhancement of optical communication system with the
proposed cascaded FBG structure.

as a pseudo-random bit sequence (PRBS) generator, CW laser, non-return to zero (NRZ)
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pulse generator, proposed cascaded FBG structure, and a Mach-Zender (MZ) modulator.
The output of a PRBS generator contains the sequence of ones and zeros emanating at a bit
rate of 12.5 Gbps and is connected as an input to the NRZ pulse generator. The NRZ pulse
generator is responsible for creating a sequence of non-return to zero electrical pulses that
are coded by a digital signal format with a duty cycle of 0.5. The electrical pulses from
the pulse generator are given as one of the two inputs of the MZ-modulator. Similarly, a
continuous type output from a CW laser with a frequency of 193.41 THz (wavelength of
1550.00 nm) and power level of +5 dBm connected as an input to the proposed cascaded
structure (particularly given as input signal to FBG 1). The proposed structure is responsible
for reducing the spectral width of the source or the given input signal (as discussed in section
2.2.2). Hence, the reflected optical signal from FBG 4 of the proposed structure has reduced
spectral width and is connected as an input to the other terminal of MZ-modulator. The
extinction ratio of +30 dB of the modulator can perform the phase modulation. The phase-

modulated output from the modulator reached the receiver through the OFC.

The L of the OFC for the constructed system has been considered as 105 km. Also, the
attenuation offered and the dispersion parameter D of the fiber are taken as 0.2 dB/km and
16.75 ps/(km-nm), respectively. The optical signal travelled through the OFC cable must
be amplified using an optical amplifier. Typically, the reason for using optical amplifiers is
to compensate for the fiber losses for proper recovery of the signal at the receiver. Hence,
erbium-doped fiber amplifiers (EDFAs) with a gain (G) of 10 dB and noise figure (NF) of
4.9 dB are used for the optical amplification purposes before and after the chirped fiber
Bragg grating (CFBG). However,a CFBG of length 13 mm, linear chirp parameter of 1
nm/cm and An of 1 x 107* had been used as a dispersion compensation element in the
system to enhance its performance. After the post-amplification of an optical signal from
the CFBQG, it is given to the receiver or Photodetector (PD). The used PD in the system is
considered a PIN photodiode with a responsivity of 0.69 A/W and has a dark current of
10 nA. Using PD in the system is to convert the optical signal into an electrical signal. So,

the electrical signal from a PIN is connected as an input to the low pass filter (LPF) of the
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Bessel type with a cut-off frequency of (.75 times the bit rate. Finally, the output from the

LPF can be visualized using a BER analyzer. The keyparameters of the equipment used in

the transmission system for the simulation are depicted in Table-5.1.

Table 5.1: Key parameters of the equipment used in the optical transmission system

Equipment/component Parameter Value
Grating length 10 mm
. Induced refractive index 0.0002
Uniform FBG Frequency 193.41 THz
Effective refractive index 1.45
. Gauss parameter 0.5
Apodized FBG Tanh Parameter 0.5
Chirp parameter +1 nm/cm
. Effective refractive index 1.45
Chirped FBG Induced refractive index 0.0001
Length of grating 13 mm
Extinction ratio +30 dB
MZ-Modulator Symmentry factor -1
Insertion loss 3.28 dB
Attenuation 0.2 dB/km
Single Mode Fiber Dispersion 16.75 ps/(km-nm)
Maximum operating length 105 km
Gain 10 dB
EDFA Noise figure 4.9 dB
Responsivity 0.69 A/W
PIN Photodetector Dark current 10 nA
Bessel LPF Cutoff frequency 0.75 x bitrate

5.3.1 Dispersion Compensation using FBG

To bare the parameters include insertion loss, non-linear effects and expensiveness, one can

use FBGs for dispersion compensation purposes instead of dispersion compensation fiber
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(DCF) [175, 193]. Particularly, a chirped FBG or CFBG can be used for dispersion compen-
sation purposes [39, 194]. Generally, the grating pitch of a CFBG is not constant rather it is
linearly varied as per the relation Ay = A; + bz, where b in terms of (nm/cm) represents
the linear chirp parameter while /V indicates the number of uniform FBG sections used to
piecewise approximate the CFBG [35, 50, 160]. A, Ay are the grating pitch of the first and
N uniform FBG section, respectively.In a linearly increased chirp (LIC) FBG, the low-
frequency components of a pulse through the CFBG get delayed more due to the increasing
optical pitch in the grating region. Such a LIC FBG provides an anomalous group velocity
dispersion (GVD)and the same can be used to nullify the normal GVD. The dispersion pa-
rameter D, of a LIC FBG of length L, can be written as, D, = Tx;/(L, x AX).Where T,
is the round trip time in the grating region of the fiber equals to 2n.¢rL,/c, ¢ is the velocity
of light in vacuum, and A\ denotes the bandwidth of the CFBG [165].Therefore D, can be
reshaped and made equal to 2 X n.rr/(c x AN).

5.4 Simulation Results and Discussion

First we have constructed a cascaded FBG structure as shown in Fig. 2.2 and observed its
spectral characteristics using MATLAB® R2021a as depicted in Fig. 2.3. Next, we have
kept the same proposed structure in an optical communication system to reduce the spectral
width of the source. The performance of the system in terms of BER, Q-factor, and eye
height is visualised using OptiSystem™ 18 software.In this work, each FBG of a cascaded
structure is built on SMF-28 fiber and the design parameters for the proposed cascaded
structure and the system are considered as per the earlier discussion in sections 2 and 3,
respectively. In Fig. 5.2 and Fig. 5.3, black and pink colors are designated to estimate
the performance of the system without and with the proposed structure, respectively. It is
evident from Fig. 5.2(a) that the system operated on C-band (1530 -1565 nm) at abit rate

of 12.5 Gbps with L; of 105 km has given us a maximum Q-factor of 6.398 without the
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proposed structure. The corresponding minimum BER for this particular case is recorded

as 7.7358 x 107! and one can verify the same using Fig. 5.2(c). The value of BER attained
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using Q-factor can be made equal to 0.5erfc(Q/+/2)[195, 196].

Apart from the Q-factor and BER, the performance of the system is analysed in terms of
eye height which reflects the quality of the signal is noted as 0.00069 a.u. in the absence of
the cascaded structure. As shown in Fig. 5.2(b), the value of Q attained with the proposed
structure in the system can be marked as 6.566. Similarly, the corresponding value of BER
for this case has resulted as 2.5713 x 1071, An eye height of 0.00071 a.u. is being noted for
this case. Hence, it is evident from the above discussion that the values like Q-factor, BER
and eye height achieved with the proposed cascaded structure are better than compared to

without the presence of cascaded structure in the system.

In the preceding discussion we have considered the Ly as 105 km for the system and
the proposed system can be used for WDM applications. Now, we are varying the Ly
and keeping all the design parameters same for the system shown in Fig. 5.1 to check its
performance. It has been observed from the Table-5.2 that as the L changes from 60 km
to 130 km, the value of Q decreases from 26.758 to 02.401 and from 27.344 to 02.426 in
the absence and presence of a cascaded structure, respectively. As we already know that
decrease in a Q affects the increase in the BER value. Accordingly, the value of BER
changes from 0 to 8.1564 x 107 and 0 to 7.4628 x 10~% for without and with the presence

of the cascaded structure, respectively.Similarly, the eye height decreases from 0.01088 a.u.

Table 5.2: Performance Estimation of the System with uniform FBGs in the struc-
ture for Different Lengths of the Fiber

Ly Q-factor BER Eye Height (a.u.)
Without cascaded With cascaded Without cascaded With cascaded Without cascaded With cascaded

(km) structure structure structure structure structure structure

60 26.758 27.344 0 0 0.01088 0.01090

70 18.923 19.921 0 0 0.00634 0.00639

80 11.824 12.330 0 0 0.00343 0.00347

90 10.474 10.682 0 0 0.00194 0.00195

100 07.513 07.530 2.8540x107%  2.5039x10~ 4 0.00096 0.00097

110 05.429 05.479 2.8252x107%  2.1237x107%8 0.00041 0.00042

120 03.607 03.673 1.5434x107% 1.1893x10~% 0.00009 0.00010

130 02.401 02.426 8.1564x107%  7.4628x1073 -0.00007 -0.00006
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to —0.00007 a.u. and from 0.01090 a.u. to —0.00006 a.u. for the absence and presence
of the cascaded structure respectively. Hence it is emphasized from the discussion that the
performance of the system is degraded as the L, increases. It is also important to note that
one cannot use the system at distances greater than 105 km for WDM applications as the
maximum Q becomes smaller than 6.00 and the minimum BER will go with greater than
1072, As a result, this is the maximum distance that can be covered while maintaining
adequate Q and BER. In addition to the Q and BER estimation, a simulated model of an
eye-diagram analysis regarding the eye height is shown in Fig. 5.3. It is observed from Fig.
5.3(a) that in the absence of cascaded structure one can get the eye height as 3.43 x 1073 a.u.
at Ly of 80 km. Likewise, in the presence of a cascaded structure, we can achieve an eye
height of 3.47 x 10~ a.u. which is better in value than compared to without the presence

of the cascaded structure is shown in Fig. 5.3(b).

5.4.1 Performance Estimation of the System with the Apodized FBGs

in the Structure

In the earlier discussion one can note that the performance of the system is improved with
the cascaded structure. Further improvement in the system performance can be attained
with the aid of apodized FBGs in the cascaded structure and the same can be observed by
looking at the performance metrics of the system from Table-5.3 and Table-5.4, respectively.
Here, we have considered two different functions for the apodization of FBGs, namely
the Gaussian and hyperbolic tangent [163, 197, 198]. To get the optimum response of
the system the value of Gauss and tanh parameters are considered as 0.5. Therefore, it is
evident from Table-5.3 and Table-5.4 that the value of Q changes from 27.361 to 02.471
for Gaussian apodized FBGs whereas the value of Q switches from 27.372 to 02.485 for
hyperbolic tangent apodized FBGs in the structure. The corresponding BER values vary
from 0 to 6.5721 x 1079 for the case of Gaussian apodized FBGs while the values are

altered from 0 to 6.3781 x 1079 for hyper tangent apodized FBGs. An eye height variation
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from 0.01091 a.u to 0.00043 a.u. and from 0.01092 a.u. to 0.00044 a.u are being observed
up to a distance 110 km for the Gaussian and tanh apodized FBGs, respectively. But, there
is no further enhancement in eye height beyond the distance of 110 km compared to uniform

FBGs in the structure.However, at the maximum operating distance (i.e., 105 km) the values

Table 5.3: Performance Estimation of the System with Gaussian apodized FBGs in
the structure for Different Lengths of the Fiber

Ly Q-factor BER Eye Height (a.u.)
Without cascaded With cascaded Without cascaded With cascaded Without cascaded With cascaded
(km) structure structure structure structure structure structure
60 26.758 27.361 0 0 0.01088 0.01091
70 18.923 19.958 0 0 0.00634 0.00640
80 11.824 12.341 0 0 0.00343 0.00348
90 10.474 10.691 0 0 0.00194 0.00196
100 07.513 07.536 2.8540x107  2.4017x10~™ 0.00096 0.00098
110 05.429 05.484 2.8252x107%  2.0813x107%8 0.00041 0.00043
120 03.607 03.681 1.5434x107% 1.1584x107% 0.00009 0.00011
130 02.401 02.471 8.1564x107%  6.5721x107% -0.00007 -0.00006

Table 5.4: Performance Estimation of the System with Hyperbolic Tangent
apodized FBGs in the structure for Different Lengths of the Fiber

Ly Q-factor BER Eye Height (a.u.)
Without cascaded With cascaded Without cascaded With cascaded Without cascaded With cascaded
(km) structure structure structure structure structure structure
60 26.758 27.372 0 0 0.01088 0.01092
70 18.923 19.972 0 0 0.00634 0.00641
80 11.824 12.348 0 0 0.00343 0.00349
90 10.474 10.699 0 0 0.00194 0.00197
100 07.513 07.687 2.8540x1071  7.4539x10°1° 0.00096 0.00099
110 05.429 05.487 2.8252x107%  2.0292x107%8 0.00041 0.00044
120 03.607 03.686 1.5434x107% 1.0411x107% 0.00009 0.00011
130 02.401 02.485 8.1564x107%  6.3781x107% -0.00007 -0.00006

of Q are obtained as 06.601 and 06.712 for Gaussian and hyperbolic tangent apodized FBGs,
respectively. The related values of BER are being noted as 2.0281 x 107! and 9.5321 x
10~'2. Similarly, the values of eye height for Gaussian and hyperbolic tangent apodized
FBGs resulted in 0.00072 a.u. and 0.00073 a.u. respectively.Hence, it is deduced from
the above discussion that Gaussian and hyperbolic tangent apodized FBGs have given a
better performance than compared to the uniform and without FBGs in the structure. In

particular, hyperbolic tangent apodized FBGs given better performance compared to the



Chapter 5. Performance Enhancement of Optical Communication System with Cascaded
FBGs of Varying Lengths 96

Gaussian apodized FBGs in the structure and the same can be confirmed from Table-5.5.0n

Table 5.5: Performance estimation of the system with single and cascaded FBG
structure at the maximum operating distance

Cascaded FBG structure Length of FBG Q-factor BER
(mm)
Absence of proposed structure - 06.398 7.7358 x 10!
10 06.410  7.2291 x 10~
Single uniform FBG 11 06.440  5.9351 x 10~
12 06.470  4.8685 x 10~
Presence of proposed structure : 1
with uniform FBGs varying lengths  06.566  2.5713 x 10
10 06.501  3.9634 x 1071
Single Gaussian apodized FBG 11 06.530  3.2668 x 10~
12 06.545  2.9551 x 10~
Presence of proposed structure : 1
with Gaussian apodized FBGs varying lengths  06.601  2.0281 x 10
: . 10 06.570  2.4991 x 1071
Single Hygfrb(?l;;?“gem 11 06.585  2.2592 x 10~
apodize 12 06.600  2.0420 x 101
Presence of proposed structure
with Hyperbolic varying lengths ~ 06.712  9.5321 x 102

Tangent apodized FBGs

the other hand, as the length of the single FBG changes from 10 mm to 12 mm (depicted
in Table-5.5), the value of Q alters from 06.410 to 06.470 for the case of uniform FBGs,
whereas the value of Q switches from 06.501 to 06.545 for Gaussian apodized FBGs. The
corresponding BER values vary from 7.2291 x 107! to 4.8685 x 10! for the case of
uniform FBGs while the values are changes from 3.9634 x 10~ to 2.9551 x 107! for
Gaussian apodized FBGs.Similarly, the values of Q for a single hyperbolic tangent apodized
FBG in the system vary from 06.570 to 06.600, and the corresponding BERs are altered
from 2.4991 x 107! to 2.0420 x 10~*!. However, with the proposed structure, the value
of Q has been improved to 06.566 and 06.601 for uniform and Gaussian apodized FBGs of

varying lengths (lengths are varied as discussed in section 2.2.2, with the first FBG of length
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10 mm). In contrast, the value Q for hyperbolic tangent apodized FBGs of varying lengths
in the structure is recorded as 06.712. The corresponding values of BER are recorded as
2.5713 x 10~ and 2.0281 x 10~ for uniform and Gaussian apodized FBGs, whereas the
value of BER for hyperbolic tangent apodized FBGs is achieved as 9.5321 x 107! . Hence,
one can confirm from the above discussion that the presence of a cascaded uniform FBG
structure has given better performance than the single uniform FBGs of varying lengths
in the system. The same is true for the proposed structure with Gaussian and Hyperbolic

tangent apodized FBGs.

5.4.2 Performance Test of the System with Multilevel Modulation For-

mat

So far, we have used the NRZ modulation format and the cascaded FBG structure in the
proposed system to transmit data over the fiber. The performance of the proposed system has
also been tested for multilevel modulation format. In this case we have used 4-level pulse
amplitude modulation (PAM-4). Usually, such a modulation format doubles the data rate of
the system compared to the NRZ modulation format and one does not need any expensive
coherent optical receiver to detect the signal. Hence such a modulation format can be used
for data center applications to increase the serial line rate of the NRZ link. However, the
generation of such an optical PAM-4 signal using two NRZ signals is demonstrated in [199].
Here, we have initially checked the system’s performance without a cascaded structure using
PAM-4 modulation for different data rates and fiber lengths. Later we used a cascaded FBG
structure in the system to reduce the source spectral width, thereby enhancing the system
performance is checked. After that, we studied the system’s performance by considering
different apodized FBGs in the cascaded structure. It is evident from Fig. 5.4 that as the
data rate increases from 5 Gbps to 40 Gbps, the BER getting increases for different L ¢’s
(1 km, 5 km, 10 km, 20 km, and 25 km) of the OFC. Therefore the opening of the eye is

getting reduced. The red line in each eye diagram indicates the minimum BER curve.An
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12.5 Gbps

25 Gbps

Figure 5.4: Eye diagram analysis using PAM-4 modulation format for different
data rates of the proposed system in the absence of the cascaded structure.

improvement in the system performance in terms of BER achieved with the cascaded FBG
structure in the system is depicted in Fig. 5.5. Compared with Fig. 5.4, Fig. 5.5 has
given us better eye diagram. Therefore one can say that the proposed system also supports
the multilevel modulation format. Similarly,as we already know that apodized FBG will
give us better performance than the normal or uniform FBG. Hence we have considered
Gaussian and hyperbolic tangent apodized FBGs in the cascaded structure and used them
along with PAM-4. It can be demonstrated from Fig. 5.6 and Fig. 5.7 that the system
has given improved performance in terms of BER or opening of an eye for the Gaussian
and hyperbolic tangent apodized FBGs compared to without or with uniform FBGs in the
structure. In particular, hyperbolic tangent apodized FBGs in the structure have given us

better performance than all the cases we discussed earlier.
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12.5 Gbps

25 Gbps

40 Gbps

Figure 5.5: Eye diagram analysis using PAM-4 modulation format for different
data rates of the proposed system in the presence of the cascaded structure.

12.5 Gbps

40 Gbps

Figure 5.6: Effect of system performance for different data rates by considering
Gaussian apodized FBGs in the cascaded structure along with PAM-4 modulation
format.

5.4.3 Comparative Study

A comparative study of various recently reported cascaded structures and their performances

on the optical transmission systems with the present work is reported in Table-5.6. In all
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Figure 5.7: Effect of system performance for different data rates by considering
hyperbolic tangent apodized FBGs in the cascaded structure along with PAM-4
modulation format.

the listed cascaded structures [154, 155, 157, 158], authors used the same type and same
length of FBGs except the one presented in [160]. In the present work, we have used
the same type of FBGs in the structure with varying lengths and tested its performance in
the optical link. The reason for using a varying length cascaded structure over the same
length structure is discussed in chapter 2.1t is evident from the table that the presented
cascaded structure with four uniform FBGs [154] of the same type and same length has
given an FWHM of 0.160 nm. However, this value has been improved to 0.008 nm with
the apodized FBGs in the structure.Similarly, a cascaded structure formed using Cauchy’s
apodized FBGs has given us an FWHM of 0.102 nm [155]. This structure has been used
to reduce the source spectral width of the optical link, which is operated at a bit rate of
10 Gbps and tested up to 100 km and has given a minimum BER of 4.24 x 10719 at 30
km. To improve the performance by reducing the chromatic dispersion of an optical link
of 100 km, a cascaded Hyperbolic tangent apodized FBG structure of the same lengths in
symmetrical compensation mode along with the modified duobinary modulation scheme is
introduced in [157]. The introduced transmission system is tested at a bit rate of 10 Gbps

and has given a BER of 8.44 x 10~!!. Further improvement in the BER to 2.59 x 10713



Chapter 5. Performance Enhancement of Optical Communication System with Cascaded
FBGs of Varying Lengths 101

can be achieved using four identical types of LIC FBGs of the same lengths used in 70
km link operated with a bit rate of 10 Gbps along with the differential phase shift keying
or DPSK modulation is presented in [158]. However, a cascaded CFBG structure formed
with one linearly increased chirp (LIC) and one linearly decreased chirp (LDC) FBGs has
given an FWHM of 1.56 nm is mentioned in [160]. On the other hand, a proposed four-
stage cascaded FBG structure formed with hyperbolic tangent apodized FBGs has given
better spectral characteristics (narrow FWHM of 0.07 nm and SLSR of 89.41 dB) than the
structures in [154, 155, 157, 158] is listed in the table as present work. The structure’s
performance is tested on a 105 km optical link operated at a bit rate of 12.5 Gbps, giving
a BER of 9.53 x 1072, Therefore, one can deduce from the above discussion that the
introduced optical system with the proposed structure can carry more information over a
longer distance than the existing systems with acceptable BER (generally considered less

than 10~ for telecommunications).

Table 5.6: Performance comparisonof recently reported cascaded structures on the
optical transmission system
Number of FWHM SLSR Bitrate L,

Year Ref. Type of FBG  ppiccascaded  (nm)  (dB) (Gbps) (km) BER
2019 [154] Uniform 04 0.160 - - - -

2021 [155] Cauchys apodized 04 0.102 - 10 100 4.24 x 10710
2022 [157] Hyperbolic Tangent 04 - - 10 100 8.44x 1071

apodized
2022 [158] LIC FBGs 04 - - 10 70 2.59 x 10713
2022 [160] LIC and LDC FBGs 02 1.56 - - - -
Hyperbolic Tangent
2023 Present work apodized 04 0.07  89.41 12.5 105 9.53 x 10712
(Varying lengths)

5.5 Conclusion

In this chapter, we have proposed an optical communication system formed with a passive

optical device operating in the C-band. The optical device constructed using four cascaded
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FBGs of varying lengths is demonstrated. Simulation results corroborating the analytical
formulation are included. Simulation results confirm that in the presence of the optical
device, the system performance (in terms of Q-factor, BER, and eye height) has been in-
creased compared to the absence of the device. As per the simulation results, the proposed
device has given a maximum reflectivity and minimum FWHM of 98.39% and 0.175 nm
for uniform FBGes, respectively. But with the apodized FBGs, an FWHM of 0.07 nm with
a reflectivity of 59.81% has been achieved. Also, at the maximum operating distance of the
system with apodized FBGs, the Q-factor and bit error rate (BER) are recorded as 6.712 and
9.5321x 1072, respectively. Based on the simulated findings, one can infer that the system
formed with a cascaded structure also supports the PAM-4 modulation for short-distance
applications. Furthermore, a comparative study of the system performance for various op-
erating distances with uniform and apodized FBGs in the optical device is furnished. Based
on such a study, we found that hyperbolic tangent apodized FBGs in the structure have given

us better performance than uniform and Gaussian apodized FBGs.
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Conclusion and Future Work

6.1 Conclusion

In this thesis, the design, analysis, and simulation of various cascaded FBG based structures
operated on the C-band are proposed for the performance enhancement of the optical trans-
mission system for long-haul communications.Initially, a cascaded uniform FBG structure
of varying lengths operated on the C-band has been proposed. A suitable analytical for-
mulation for such a structure has been included. Such a proposed structure has given a
maximum reflectivity of 98.39 % corresponding to the FWHM of 0.175 nm with an SLSR
of 45.76 dB. However, for better spectral characteristics in terms of FWHM and SLSR, an
apodized cascaded FBG structure of varying lengths operated on the C-band has been intro-
duced. The proposed device can attain an FWHM of 0.08 nm corresponding to a reflectivity
of 55.95% with an SLSR of 87.38 dB with the Gaussian apodization. One can note that
the further improvement in FWHM or a narrow bandwidth of 0.07 nm corresponding to a
reflectivity 59.81 % with SLSR of 89.41 dB has been achieved with the Hyperbolic tangent

apodized FBGs in the structure.

103
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Next, we have proposed a cascaded CFBG-based structure operating in the C-band. A
suitable analytical formulation based on a piecewise uniform approach (PUA) for the pro-
posed structure(s) is also incorporated in this thesis. Cascading one LIC-FBG with another
LDC-FBG will result in the narrowest and widest FWHMs being 1.56 nm and 1.77 nm,
respectively. With the proposed cascaded CFBG structures, the highest and lowest reflec-
tivity achieved is approximately 0.81 and 0.39, respectively. The effect of temperature on
the spectral characteristics of proposed structures is also studied. Simulation results reveal
that A\p of the proposed cascaded structures have a linear dependence on AT Finally, we
have proposed and analyzed a cascaded apodized CFBG-based structure operating in the C-
band. Here, we have used cascading of two apodized linearly chirped FBGs (one is linearly
increased chirp while the other is linearly decreased chirp)to get a narrow-band profile. The
narrowest FWHM attained using both the apodization functions is recorded as 1.46 nm. But,
the widest FWHM values are recorded as 1.66 nm and 1.76 nm for the proposed structure
with Gaussian and Hyperbolic tangent apodizations, respectively. The highest reflectivity
of 0.812 and 0.699 are noted for Hyperbolic tangent, and Gaussian apodized CFBGs, re-
spectively. Based on the above discussion, one cancompare that the apodized CFBGs have
given narrower FWHM than normal CFBGs. Also, the effect of temperature on the pro-

posed devices reveals that A has a linear dependence on AT

Among all the optical devices proposed, the optical device presented with apodized
FBGs has better spectral characteristics than others. Hence, such a cascaded structure has
been used in the optical communication system immediately next to the source to reduce the
source spectral spectra width, thus enhancing the performance by reducing the dispersion
in the fiber. Simulation results confirm that in the presence of the optical device, the system
performance (in terms of Q-factor, BER, and eye height) has been increased compared to the
absence of the device. Also, at the maximum operating distance (i.e., 105 km) of the system
with Hyperbolic tangent apodized FBGs, the Q-factor and bit error rate (BER) is recorded

as 6.712 and 9.5321x 102, respectively. Based on the simulated findings, one can infer
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that the system formed with a cascaded structure also supports the PAM-4 modulation for

short-distance applications.

The primary contribution of this thesis is the design and analysis of various cascaded
FBG or CFBG-based structures with better spectral characteristics operated on the C-band

for communication or sensing purposes as follows,

* To enhance the performance of the optical transmission system, the source spectral
width of a pulse, which is proportional to the dispersion in the fiber, has been reduced
in this thesis using various cascaded FBG structures.

* A cascaded FBG structure designed using hyperbolic tangent apodized FBGs of vary-
ing lengths has given better spectral characteristics. The introduced device can pro-

vide a FWHM of 0.07 nm with an SLSR of 87.38 dB.

* A cascaded CFBG structure has been designed and analyzed using a piecewise uni-
form approach with two linearly chirped FBGs (One is of linearly increased chirp
while the other is of linearly decreased chirp) for narrow-band bandpass filtering pur-

poses.

* The designed cascaded structure with hyperbolic tangent apodized FBGs has been in-
tegrated with the optical transmission system to enhance its performance by reducing

the dispersion in the fiber for long-haul communications.

* The designed cascaded structures can be used for sensing purposes to measure various

operating temperatures.

6.2 Future Work

This thesis presents the design and analysis of cascaded FBG-assisted optical devices. This
work complements the research and development activities in the field of fiber optic com-

munications and FBG-based sensing. Here are some possible extensions of this thesis work
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that can be looked into for future research endeavors;

* One can use multi-channel optical communication systems to achieve higher data
transmission capacity and increased network efficiency. Hence, studying the perfor-
mance of the multi-channel system using cascaded FBG structures is one of the future

aspects.

* In this work, cascaded FBG based devices are constructed using single-mode fibers.
As multi-mode systems offer a lower cost for short-range, high-speed communica-
tions, creating cascaded FBG based devices using multi-mode fiber presents an av-

enue for future work.

* Apodized FBGs can be used to get narrower FWHM with reduced strength of side
lobes in the reflection spectrum. In this work, Gaussian and Hyperbolic tangent
apodized FBGs are considered for optimizing FBGs in the cascaded structures. Other

apodization functions can also be considered for future work.

* Since the proposed devices can be used for communication and sensing purposes,
an increase in the thermal sensitivity of the cascaded device can be done using coated
materials on each FBG of the cascaded structure. Such a coated cascaded FBG device
will present an avenue for future FBG-based sensing devices. As an example, to
enhance the sensitivity, metal coated FBGs can be used for the application of surface

plasmon effect in grating assisted FBGs.

* To enhance the optical transmission system performance for long-haul communica-
tions advanced modulation formats can be used along with the cascaded FBG struc-

tures.

¢ In addition to the various FBGs considered for the cascaded FBG structures, other

types of FBGs such as phase-shifted FBGs and tilted FBGs, can also be considered.
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* The integration of deep learning techniques with cascaded Fiber Bragg Grating (FBG)

structurescan be used for sensing purposes.
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Appendix A

The following are some implications and benefits of implementing apodized, chirped fiber
Bragg gratings (FBGs) and cascaded FBGs utilizing the transfer matrix method (TMM)

code:

1. Accurate Modeling: TMM provides a rigorous mathematical framework for mod-
eling light propagation through complex FBG structures. By accurately representing
the interaction between light and the grating structure, TMM-based simulations can
predict the spectral response of apodized, chirped FBGs, and cascaded FBGs with

high precision.

2. Design Flexibility: TMM allows for the design and optimization of FBG struc-
tures with tailored spectral characteristics. Designers can optimize parameters such
as apodization profiles, chirp rates, and cascading configurations to achieve desired

spectral shaping, dispersion compensation, or other specific requirements.

3. Performance Optimization: Using TMM-based simulations, one can optimize the
performance of apodized, chirped FBGs, and cascaded FBGs for various applications.
Optimization algorithms can be employed to maximize key performance metrics such

as reflection bandwidth, dispersion compensation efficiency, or spectral shape fidelity.

4. Understanding Physical Mechanisms: Implementing FBG designs using TMM

provides insights into the physical mechanisms governing their behavior. Researchers
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can analyze how variations in grating parameters affect spectral responses, dispersion
properties, and other performance characteristics, leading to a deeper understanding

of FBG behavior.

5. Simulation of Realistic Structures: TMM-based simulations enable the virtual pro-
totyping of complex FBG structures that may be challenging or costly to fabricate
experimentally. Designers can explore a wide range of design parameters and config-
urations, gaining valuable insights into the feasibility and performance of proposed

FBG designs.

6. Time and Cost Savings: TMM-based simulations offer a cost-effective alternative
to experimental testing, allowing designers to iterate and optimize FBG designs effi-
ciently in a virtual environment. This can lead to significant time and cost savings in

the product development cycle.
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