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ABSTRACT

In the recent decades, optical fibre sensors have become more reputational due to the
fact that they are small in size, robust, light weight, immune to electromagnetic field
and able to multiplex. This research report presents a nonlinear output response of an
acousto-optically modulated distributed Bragg reflector (DBR). DBR used in this
project is fabricated from two fibre Bragg gratings (FBGs) with similar Bragg
wavelength, high reflectivity and slightly different bandwidth and a 12cm erbium-
doped optical fibre. This structure of DBR is able to provide good throughput power.
When impinged with acoustic waves, DBR gave an astounding result over the
frequency range of 130 kHz to 190 kHz and power density of the ultrasound signal.
The distorted output signal observed in the experiment matches the theoretical
calculations based on transfer matrix method perfectly. Also, it is discovered that the
distorted output signal generates second harmonic components. At higher amplitudes,
amplitude of generated second harmonic will supersede the fundamental frequency.

This finding is important for understanding the acousto-optic behaviour of DBR.



Abstrak

Semenjak kebelakangan ini, sensor gentian optik telah menjadi lebih reputasi kerana
saiznya yang kecil, tahan lasak, ringan, imun kepada medan elektromagnet dan mampu
multipleks. Laporan penyelidikan ini membentangkan respons isyarat keluaran yang
tidak linear daripada acousto-optik termodulat Bragg reflektor teragih (DBR). DBR
yang digunakan dalam projek ini adalah rekaan dari dua parutan serat Bragg (FBG)
yang mempunyai panjang gelombang Bragg yang lebih kurang sama, pemantulan
tinggi dan jalur lebar yang hampir sama berserta dengan gentian optik berpanjang 12cm
yang didopkan dengan erbium. Struktur DBR ini mampu memberikan kuasa
pemprosesan yang baik. Apabila impinged dengan gelombang akustik, DBR memberi
keputusan yang mengejutkan untuk frekuensi antara 130 kHz hingga 190 kHz dan
ketumpatan kuasa isyarat ultrasound. Isyarat output terpiuh didapati dari eksperimen
tersebut adalah sepadan dengan pengiraan secara teori berdasarkan pemindahan kaedah
matriks.Selain itu, isyarat output yang terpiuh ini juga didapati akan menjana
komponen harmonik kedua. Pada amplitud yang lebih tinggi, amplitud harmonik kedua
yang terjana akan menggantikan frekuensi asas. Penemuan ini adalah penting untuk

memahami tingkah laku acousto- optik DBR.
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Chapter 1

Introduction

1.1 Motivation of the Work

Fibre Bragg grating (FBG) is a periodic modulation of refractive index along
the core of single-mode optical fibres. This periodic structure acts as a filter for lights
traveling along the fibre with the reflecting lights being predetermined by the Bragg
wavelength. The grating formation is photogenerated when the core of a photosensitive
optical fibre is exposed to UV laser.

FBG makes excellent fibre optic sensors because the gratings are integrated into
the light guiding core of the fibre and are wavelength encoded. Thus, many problems of
amplitude or intensity variations that plague other types of sensors are eliminated in
FBG-based sensor (Othonos, et al. 2006).

Ultrasonic waves are often emit from a structure when there are defects within
the structure. Stringent safety measures in modern structural health monitoring systems
prefer FBG-based laser sensors over conventional electrical sensors like a piezoelectric
transducer (PZT). This is due to low heat resistance due to curie temperature of the
PZT and the unique fibre optic nature of FBGs that make it capable of multiplexing and
have immunity to electromagnetic interference and power fluctuation along the optical
path. (Tsuda 2010) (D.C. Seo 2009)

In the rising of global technology demand for better vibration sensing system,
fibre optic sensors are widely investigated by researchers. For example, many studies
have been done one the fibre Bragg grating lasing schemes like (i)employing FBG
linearly to a broadband laser source (Tsuda, 2011), (ii) using an FBG sensor as the ring

cavity mirror together with an optical amplifier to create a fibre ring laser (Tsuda



2010), (iii)) employing a narrowband tunable laser source with small linewidth to
directly convert FBG spectral shift into optical intensity (Fomitchov, et al. 2003), (iv)
development of acoustic emission sensors based on distributed feedback (DFB) fibre
grating laser (C.C. Ye, et al. 2005) and (v) demonstration of behaviour of distributed
Bragg reflector (DBR) under the influence of acoustic wave. (Zhang, et al. 2009)
(Comanici, et al. 2012) (Guan, et al. 2005) (Zhang, et al. 2008) (Lyu, et al. 2013)

DBR is a structure constructed by combining two wavelength matched FBGs as
a resonator and a gain medium like erbium doped fibre as the fibre cavity between
them. Studies have shown that DBR shares similar characteristics as FBG, have narrow
linewidth and high optical signal-to-noise ratio. Therefore, in this project, DBR
structure is used in the construction of an acoustic sensing system. To evaluate the
system, which consist of a DBR acoustically modulated by a PZT, both theoretical and
experimental analysis are carried out. This setup makes a simpler and lower cost

acoustic sensing system.



1.2 Objectives

The objectives of this project are as stated below:

1.

2.

To construct a fibre Bragg grating vibration sensor.

To investigate the characteristics and frequency response of the sensor.

1.3 Project Overview

This report is organized as follows:

1.

Chapter 1: Provides the background and the motivation of the project on fibre
optic vibration sensing system.

Chapter 2: Introduces the basic knowledge of optical fibre, fundamentals of
fibre Bragg grating (FBG), fabrication process of FBG, influence of acoustic
waves on FBG and the structure of distributed Bragg reflector.

Chapter 3. Discuss the experiment setup and the methodology of the
experiment.

Chapter 4: Presents the result, analysis and discussion on the experiment.

Chapter 5: Conclusion drawing for the project and suggestion for future works.



Chapter 2

Theoretical Background

2.1 Optical Fibre

Optical fibre is a thin, transparent and flexible strand that acts like lights pipes.
It consists of a core and cladding where the core and cladding are made of the same
type of material namely silica glass (SiO,) of high chemical purity. The core and
cladding of an optical fibre do not share the same refractive index where the refractive
index in the core is relatively higher than the refractive index in the cladding. The slight
changes in refractive index are done by doping of silica with low concentrations of

doping materials like germanium, boron, titanium and etc. (Kasap 2001)

Optical fibres are classified into single mode fibres and multimode fibres. As
illustrated in Figure 2.1, in a single mode fibre there is only one mode of lights that is
propagating while in a multimode fibre, there are many modes of lights travelling. This
is due to the design of the fibres where the core size of a single mode fibre is only 8-

10pum in diameter while the multimode fibres have diameters ranging from 50-100pum.

Single mode Different modes

\

v

(a) Single mode fibre (b) Multimode fibre

Figure 2.1: Types of optical fibre



In conventional optical fibre design, the difference between refractive indices in
the core and cladding are constant as depicted in Figure 2.2(a). This is called the step-
index fibre design and this concept is widely used in single mode fibres and also step-

index multimode fibres.

Designers have implemented graded-index design (as illustrated in Figure
2.2(b)) to overcome problems arises from many modes of lights propagating within the
multimode fibres. Graded-index design has great impact on lights propagation and is
able to overcome the differences among the group velocities of the modes that lead
modal dispersion. In graded-index fibre, the refractive index is highest at the centre of
the core fibre and gradually decreases to a minimum value at the core-cladding
boundary. Hence velocities of the modes increase with the distance from the core axis
since modes travelling farther away from core axis will travel a farther distance. All

modes that propagate within the fibre will arrive at the end of fibre at the same time.

Fibre cross section @ @
N I /\

Fibre refractive
index profile

(@) Step-index (b) Graded-index

Figure 2.2: Refractive index profile of optical fibres



Although optical fibre is said to be the transporter for lights, not all source of
radiation can be guided along an optical fibre. Only rays falling within a certain cone at

the input can normally propagate through the fibre as illustrated in Figure 2.3.
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Figure 2.3: Light acceptance cone of fibre.
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Figure 2.4: Maximum acceptance angle. (Othonos, et al. 2006)

Figure 2.4 shows the path of light ray launched from the outside medium of
refractive index n, into the optical fibre core. When light ray makes an angle 6 with the
normal of the fibre axis at the core-cladding interface, total internal reflection (TIR)
will only occur if incident angle, 0 is lesser than the critical angle 0, else the ray will
escape into the cladding which will then escape out of fibre due to refractive index in
cladding, n, is usually greater than refractive index of launching medium, no. Thus for
light propagation within an optical fibre, the incident angle at the end of fibre core must

be such that TIR is supported within the fibre.



From Snell’s law, at the n,— ny interface,

N, SiN Ay, = Ny Sin(90° — 6,.)

For TIR to occur at core-cladding interface,

n,sinf,. = n, sin 90°

. n;
sinf, = —
n,
Then, we can deduce that
2 2
ns—n
cosf, = Y1 2
ny

Hence,

n, sin90° cos 6, — sinf,. cos 90°

SIN gy = "
o
g o Myni—n
max no nl
. nf —nj
sinpgy =———
Ny

Numerical aperture, NA which is a characteristic parameter of optical fibre is
the key factor in light launching designs into optical fibre. NA is defined in terms of

refractive indices where



So in terms of NA, maximum acceptance angle is defined as

, NA
Sina = —
max no

Therefore, total acceptance angle, 2a,,,, IS said to depend on the NA of the optical

fibre and the refractive index of the launching medium.



2.2 Fundamentals of Fibre Bragg Gratings

2.2.1 Basic Bragg Grating

A fibre Bragg grating (FBG) is comprised of a periodic modulation of refractive
index in the core of a single-mode optical fibre. These gratings create phase fronts that
are perpendicular to the fibre’s longitudinal axis as shown in Figure 2.5.

A Cladding, n,
—>
- ]]]]| B
Gratings, n_ Cladding, n,

Figure 2.5: lllustration of fibre Bragg grating.

When lights are incident on the grating at angle 6,, lights are diffracted and can be

described by equation below
nsinf, = nsin6; + m—

A

where 6,is the angle of diffracted wave and m is the diffraction order as illustrated in

Figure 2.6.

Figure 2.6: The diffraction of a light wave by a grating. (Saleh, et al. 1991)



Bragg grating requirements are to conserve both energy and momentum. In
terms of conservation of energy, frequency of the incident radiation must be equivalent
to the frequency of the reflected radiation (hf; = hf;). While in conservation of

momentum, the wavevector of the incident wave, g1, plus the grating wavevector,

K= mzf, must be equal to the wavevector of the scattered radiation,

Since first-order diffraction usually dominates in a fibre grating, m = -1. Hence the

momentum conservation condition becomes

) (Znneff) _2m
g /A

/13 = ZneffA

where Ag is the Bragg grating wavelength that is the free space centre wavelength of
the input light that will be reflected from the Bragg grating and n.sf is the effective

refractive index of the fibre core at the free space centre wavelength.

10



2.2.2 Uniform Fibre Bragg Grating

Diffraction efficiency and spectral dependence of fibre gratings can be
described using coupled-mode theory. The simplified coupled-mode equations for FBG
written in a single mode fibre can be written as (Saleh, et al. 1991)

dR

— = i6R(2) + ikS(2)
dz

ds
— =—i6S5(z) — ik*R(2)
dz

where the amplitudes R and S are

is, @
R(z) = A(z)e"? 2

s @
S(z) = B(z)e"197+2)

and a.c. coupling coefficient, k, and d.c. self-coupling coefficient, &, are defined as

_vn&n
=T
. 1d¢
0'—6+O'—§E

5= T
_ﬁ A

=B —PBpo
_Zﬂneff A

2 A, + AA

11



For single-mode Bragg reflection grating,

21
g = TSneff

« T~ —
K=K = ;Vcsneff
If the grating is uniform along z, then én.s, is a constant and possible chirp of

grating,% = 0. Thus k, o and & are constants.

The reflectivity of a uniform fibre grating of length L can be found by assuming

a forward-going wave incident from z = —oo and requiring that no backward-going

wave exists for > = . Hence, amplitude reflection coefficient, p and power reflection

N |~

coefficient, r can be written as

—k sinh(Vk? — 62L)
p =
6 sinh(Vk? — 62L) + ivk? — 62 cosh(Vk? — 62L)

sinh?(Vk?2 — 62L)

cosh?(Vi? — 62L) + i—z

T =

Therefore, the maximum reflectivity rma, for Bragg grating is
Tmax = tanh? (kL)

and this occurs when & = 0, or at wavelength

on
Aoy = <1 + eff)AD
Nerr

where the design wavelength for Bragg scattering by infinitesimally weak grating with

period A is given by A, = 2nsfA.

12



2.2.3 Coupled-mode and the T-matrix Formalism

T-Matrix formalism can be used to simulate the spectral characteristics of a
Bragg grating structure. In this analysis, two counter-propagating plane waves are
considered confined to the core of an optical fibre with a uniform Bragg grating length

of I and uniform period of A as illustrated in Figure 2.7.

A

e
Eﬂ L | - 31
bcl - > t'-'1

0 [

Figure 2.7: T-matrix model for single uniform Bragg grating (Erdogan 1997)

The electric fields of the backward-propagating and forward-propagating waves can be

expressed as

Eq(x,t) = A(x)expli(wt — Bx)]

Ep(x,t) = B(x)expli(wt + Bx)]

where £ is the wave propagation constant.

Assuming that there are both forward and backward inputs to the Bragg grating, and

boundary conditions B(0)=B,and A(l)=A, closed-form solutions for A(x) and B(x)

are obtained from equations

dA(x)

= ikB(x)exp[—i2(AB)x]

dB (x)

- = —ik*A(x)exp[i2(AB)x]

13



Following these assumptions,

a(x) = A(x)e "

b(x) = B(x)e#®
Therefore, the reflected wave, a,, and transmitted wave, b,, can be expressed by the
scattering matrix

ol =[s2 522

with  a; = A;eC#BY | b, = B, and

iy |x|? — AB2exp(—if,D)
—AB sinh(w/ |k|? — A,le) + i/|k|? — AB? cosh(w/ |k|? — A,le)

S11 =822 =

KSinh(w/|K|2 —A,le)
—AB sinh(,/ |k|? — Aﬁzl) + i/|x|? — AB? cosh(w/ |k|? — A,le)

S12 = Spy = e?iPob)

14



Based on the scattering-matrix, the T-matrix for the Bragg grating is

] [Tn T12] al]
Ty1 Ty
where

(=iBoD) AR sinh(\/ |k|? — Aﬁ’zl) + i/|x|? — AB? cosh(\/ |k|? — Aﬁzl)
i/ |x|? — AB?

T, = Tz*z =

g K sinh(y/|x|2 — AB2L)
i/ |k|? — AB?

Ty, = T2*1 =

Using T-matrix formalism, the reflection spectral response for uniform Bragg
gratings can be calculated. In the calculations, it is assumed that the index of refraction
change is uniform over the grating length. Theoretically, bandwidth of the gratings
decreases with increasing length of grating. However, short lengths of grating are not
easy to fabricate and error associated with the spacing between periods of a grating is
cumulative. Therefore, with increasing grating length, the total error increases resulting

in out-of-phase periods and broadening of Bragg grating spectrum.

15



2.2.4 Types of Bragg Grating

Different types of Bragg grating can be obtained by changing the inscription
condition, type of laser used and the photosensitivity of the fibre as well as the type of
optical fibre prior to the inscription process. Generally there are four types of fibre
Bragg gratings where gratings formed at low intensities are generally said to be Type |

while Type Il are formed when energy of writing beam is higher.

Type | Fibre Bragg Grating

This type of grating has its reflection spectra of guided mode being the complementary
of its transmission spectra. This implies that the loss due to absorption or reflection into
the cladding is negligible. On top of that, Type | gratings can be erased at temperature

of about 200°C.

Type IA Fibre Bragg Grating

Type IA gratings may be considered the subtype of Type | gratings because they also
have the transmission and reflection spectra that are complementary to each other. They
are formed after prolonged UV exposure of a standard grating in hydrogenated
germanium-doped fibre. Type IA gratings are unique because during inscription, large
red shift is seen in the Bragg wavelength. On top of that, this type of gratings exhibits

the lowest temperature coefficient.

16



Type Il Fibre Bragg Grating

Type Il gratings formed when physical damage is caused in the fibre core during the
writing process and it produces very large refractive-index modulations. The gratings
generally tend to have an irregular reflection spectrum due to ‘hot spots’ in the laser
beam profile. Type Il gratings pass wavelengths longer than the Bragg wavelength,
whereas shorter wavelengths are strongly coupled into the cladding. In terms of
stability, this type of gratings shows great stability at high temperatures hence it can be

utilized for sensing applications in hostile environments.

Type I1A Fibre Bragg Grating

This type of grating is formed in non-hydrogen-loaded fibres at low power densities or
with pulsed laser after long exposure. Although it also has transmission and reflection
spectra that are complementary, Type IIA can be distinguished under dynamic
conditions either in the initial fabrication or in the temperature erasure of the gratings.
A clear advantage of Type IlIA gratings over the Type | is the dramatically improved
temperature stability of the grating which enables it to be used in high ambient

temperatures.

17



2.3 Fabrication of Fibre Bragg Gratings

When ultraviolet light radiates an optical fibre, the refractive index of the fibre
is changed. This photosensitivity phenomenon enables gratings to be written
permanently on the optical fibre when the photo-exposed optical fibre is annealed
appropriately for a few hours at temperatures above its maximum operating
temperatures. The magnitude of the refractive index change (An) depends on factors
like irradiation conditions (wavelength, intensity and total dosage of irradiating light),
the composition of the core material and the any processing on the optical fibre prior to

the irradiation for example “hydrogen loading” or “flame brushing”. (Hill, et al. 1997)

The first inscription on optical fibre was demonstrated by Hill and co-workers
in 1978 using a simple experimental set-up as shown in Figure 2.8. In the set-up, a blue
Argon laser with wavelength of 488nm was used as the source where the incident laser
light will interfere with the reflection forming standing wave pattern within the core of
the fibre. At high intensity point, the refractive index will be changed permanently.
Although the set-up is simple, this method is not preferred for the gratings will only

function at wavelength near to the wavelength of the writing light.

Power
meter
Single-mode
Argon lon Laser
Optical fiber
enclosed
in quartz tube

Germanium doped 7

optical fiber
Power gl
meter

Figure 2.8: A typical apparatus used for recording Bragg gratings. (Erdogan 1997)
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Due to the potential of FBG’s applications, many methods have been explored
like two-beam interferometric fabrication technique (Zhou, et al. 2003), phase-mask

technique (Yu, et al. 2002) and point-by-point fabrication (Malo, et al. 1993).

Two-beam interferometric technique was first explored by Meltz and his co-
workers in 1989 and his method is the holographic method. Their setup is shown in
Figure 2.9. In this fabrication method, a tuneable excimer-pumped dye laser operating
at wavelength range of 486-500nm is used to provide UV laser source of 244nm. The
transmission spectrum of FBG is monitored in real time and by varying the period of

refractive index modulation, A, an FBG can be obtained.

Broadband
source

UV laser light

__——1(230-255 nm)

Cylindrical | ;
fens | %

splitter]

Figure 2.9: Schematic diagram of the two-beam interferometer method. (Rao 1997)

The advantage of interferometric fabrication is that it is easy to adjust the angle
between the two beams to create different periods as illustrated in Fig. 2.10. This will
ease fabrication of FBG with different wavelengths. So, many researchers have studied
and improve on this method. Kashyap et al 1990 did modifications based on wavefront
splitting rather than amplitide splitting as in holographic method. Askins et al 1992

demonstrated ultrafast fabrication of FBG with a single 20ns pulse laser. However,

19



two-beam interferometer method requires stable set-up and a highly coherence light

source that is very expensive.

UV radiation
! Compensating plate

UV mirror

50% beam
splitter

Figure 2.10: UV interferometer for writing Bragg gratings in optical fibre. (Erdogan
1997)

Another method to fabricate FBG is the phase-mask technique. This method
was discovered by Hill et al in 1993. A phase-mask is diffractive element that can be
used to form an interference pattern laterally. FBG fabrication using a phase-mask
method utilizes a phase-mask to spatially modulate the UV writing beam as illustrated
in Figure 2.11. When UV laser is incident on the phase-mask, an interference pattern
between the first-plus order and first-minus order of the diffracted beams will imprint a
refractive index modulation into the core of a photosensitive optical fibre as illustrated
in Figure 2.12. UV laser sources used in this method have low spatial and temporal
coherence, so the photosensitive optical fibre must be placed near but not in contact and
parallel with the phase-mask to maximize the modulation of the refraction index and at

the same time not damaging the phase-mask.

20
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Grating
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m Silica Glass
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— Fiber
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(<3% of throughput)

Figure 2.11: Phase-mask geometry for inscribing Bragg gratings in optical
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The significant advantages of phase-mask technique are Bragg wavelength of
the FBG is determined by the pitch of the phase-mask and independent to the
wavelength of the UV laser source. Also the requirement for coherent UV laser source
is reduced; hence cheaper UV laser source can be used in FBG fabrication. On top of
that, the combination of single-beam writing method with the use of phase-mask that
are produced from a digitally-controlled photolithography process improves the
stability of FBG writing and makes it highly repeatability and low in cost for mass

production.

Since there are many advantages in fabrication of FBG using this method,
varies improvement methods have be studied and discovered. Prohaska et al 1993 used
a diverging or converging wavefront incident on a fixed phase-mask to tune the Bragg
wavelength of the FBG. Mask scanning method was studied by Martin and Ouellette
1994, Rourke et al 1994, Kashyap et al 1994 and this method managed to produce
gratings with high reflectivity and low bandwith. In 1995, Cole et al demonstrated
moving fibre/phase-mask method where fibre is moved relative to mask while the UV
beam is scanning and he successfully fabricated FBGs with different wavelengths using

only one phase-mask.
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2.4 Influence of acoustic waves on FBG

When lights propagates through the fibre grating, its phase, ¢ can be described as

¢ = pL
where B is the propagation constant and L is the length of fibre.

When acoustic wave is exerted onto an optical fibre with diameter D, pressure change
causes mechanical strain. Its induced phase shift can be written as (Hocker 1979)

A¢ = LAB + BAL

with
ap ap
_ B(1—2v)LP
BAL =——p——
where

e E isthe Young’s modulus of the fibre

e vis Poisson’s ratio.

e BAL denotes the change in physical length of the fibre that changes the grating
pitch

o L %An shows the elasto-optic effect where the refractive index changes due to

incident ultrasonic waves.

L%

d—DAD denotes the waveguide mode dispersion effect due to the change in

fibre diameter produced by the ultrasonic-induced strain.
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Ultrasound impinging on an FBG can be detected by the FBG because it sensed
a minute shift in Bragg wavelength as depicted in Figure 2.13. (Tsuda 2011) This
phenomenon originated from the refractive index of the fibre and the FBG period being
modulated as ultrasonic waves induce mechanical strain in the fibre through photo-

elastic effect as shown in Figure 2.14. (Fomitchov, et al. 2003)
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Figure 2.13: Simulated reflection spectra of a 2cm uniform FBG impinged with
150kHz flexural vibration. The dashed curves are the results of
impinged acoustic wave with a phase difference of = and —z from that of
solid curve.

Figure 2.14: Modulation of the FBG period by acoustic pressure.(Fomitchov, et al.
2003)

24



FBG ultrasound detection system is classified according to the type of light
source used. When a broadband light source is being employed, wherein an optical
filter is used to demodulate the FBG sensor signal, the spectrum of the optical filter
must overlap the reflective spectrum of the FBG sensor to detect ultrasound. The other
type of light source for ultrasound detection involves a laser-demodulation system,
where a laser is tuned to a wavelength where the slope of FBG reflective spectrum is
steep like in a distributed Bragg reflector (DBR) and distributed feedback (DFB).

(Guan, et al. 2012)

Considering a single mode fibre and plane ultrasonic wave at normal incidence,
the changes in physical length L and refractive index n of the fibre can be written as a

function of pressure AP. (Rao 1997)

L E

AL —(1-2v)AP

P
(1- ZV)(ZP12 + P11)

An =
"= F

where E is the Young’s modulus, v is the Poisson’s ratio, AP is the pressure variation

caused by acoustic waves, p;, and p,,are the fibre strain tensor components.

Given that from Equation 2.7, for a pressure change of AP, the corresponding

wavelength shift AAgp is given by

Adgp  A(nA) 10A 10n
= = (—— + ——) AP
A nA AOP nadP
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Since the change of grating period is the same as that of optical fibre length,

AN AL
AL

The normalized pitch-pressure and the index-pressure coefficients are given by

10A  —(1-2v)
AOP E

1on n2AP
noP  2E

(1-2v)(2p12 + p11)

Hence the wavelength-pressure sensitivity is given by

—(1-2v) n?

Adgp = Ag £ + SE (1 —2v)(2p12 + p11) | AP

From the equation, it is shown that the wavelength shift of the FBG is directly

proportional to the pressure change in this case the acoustic pressure change, AP. The

above equation is only valid for the case of normal incident of low-frequency acoustic

waves with wavelengths significantly larger than the diameter of the optical fibre. For

acoustic wavelength that is comparable with the diameter of the fibre, the acoustic

pressure induces different index changes and therefore changes the physical length and

grating periods.
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2.5 Distributed Bragg Reflector (DBR) Fibre Laser Structure

DBR fibre laser is constructed from the combination of two wavelength-
matched fibre Bragg gratings and a short segment of active fibre like co-doped Er/Yb
fibre (Zhang, et al. 2009) (Comanici, et al. 2012) (Guan, et al. 2005) (Zhang, et al.
2008) and erbium-doped fibre (Lyu, et al. 2013). The FBGs function as mirrors to

provide optical feedback and form a laser cavity as illustrated in Figure 2.15.

DBR
Rare-earth doped fibre Laser

S
e e

Resonant modes

Pump
«—> < > <+—>
l L, l
eff;1 eff;2
< L >

eff
Figure 2.15: Schematic of DBR fibre laser sensor.

Referring to Figure 2.15, there will be many modes resonating within the cavity and the

resonant wavelength can be expressed by

aneff

res
M

where n is the modal index, M is the order of the resonant mode and L. is the

effective cavity length.

Most DBR fibre lasers have the resonant mode spacing much smaller than the
grating reflection bandwidth. Therefore, there will be several modes lasing within the
cavity, but only the dominant mode will oscillates and the others will be suppressed and
normally lasers operate in a single-longitudinal mode. However, when DBR is

subjected to external perturbations, mode hopping will occur and this limits the
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practical applications of the DBR. To overcome this problem, the cavity length needs to

be shortened. (Zhang, et al. 2009)

From Figure 2.15, the effective cavity length is defined as

Lesr = legra + Lo + lesso

with L, is the grating spacing, l.rr, and l.ss, are the effective lengths of the two

Bragg gratings.

The effective lengths of FBGs are given by the dispersion properties of the FBGs,

lorr=1 VR
/T = "9 2atanh(R)

where [, is the length of the grating and R is the reflectivity of the FBG.

Hence, higher reflectivity of FBGs as mirrors shortens the cavity which helps in
ensuring only one longitudinal mode output. On top of that, FBGs with high reflectivity
also help to prevent round-trip loss when oscillating within the laser cavity, therefore,
larger laser emission also can be produced. Note that the competition between different
longitudinal modes is much stronger than competition between two different

polarization modes.

A DBR fibre laser naturally emits laser output with two orthogonal states of
polarizations and this causes energy fluctuations when they compete. So, polarization

beat signal is used to measure external perturbations. The beat frequency is given by

Av=v, —v, =
x y
Ny,

where n, is the average index of the fibre, A, is the Bragg wavelength of the fibre

grating and B is the modal birefringence, B = |n,—n,)|.
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Chapter 3

Methodology
3.1 Fabrication of Fibre Bragg Grating

H, loaded

Cylindrical
Lens
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Excimer Vertical slit
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Miror Cy]mdncal Cylindrical Cylindrical
lens 1 lens 2 lens 3

Figure 3. 1: Experimental setup and schematic diagram of FBG inscriptions.

Stage

Phase mask Fibre
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The FBGs are fabricated using phase-mask grating-writing technique with a
248nm KrF excimer laser. Before the writing process, SMF-28 fibres are pre-soaked in
a hydrogen tank at 1700psi for 7 days to enhance the photosensitivity of the optical
fibres. On the 8" day, grating inscription was performed using the mentioned excimer

laser and phase-mask as shown in Figure 3.1.

The function of the mirrors is to lower the laser beam to setup height. Three
cylindrical lenses are being used for beam shaping. The first two lenses with focal
length of 25mm and 200mm respectively are used to expand the beam size from about
6mm to 45mm and they are placed at approximately 225mm apart. In between the first
two lenses, a vertical slit is used to control the beam size of the laser beam by removing
the tails of the Gaussian beam and obtaining uniform beam intensity. The third lens’
function is to focus the beam before it strikes the phase-mask. According to the
datasheet of the lens, the distance between the third lens and the target optical fibre
must be approximately 67mm apart. Phase-mask at the end of the setup will create an
interference pattern laterally on the target fibre which will then determines the grating
structure of the FBG according to the refractive index modulation of the phase-mask.
Real-time monitoring of FBG writing was done by observing the FBG transmission
spectrum through an Optical Spectrum Analyser (OSA) during the UV laser writing
process to ensure desired specification of grating reflectivity, wavelength and reflection

bandwidth are achieved.

The fabricated FBGs are then annealed at 90°C for 4 hours to accelerate the
outwards diffusion of the residue hydrogen gas in the fibre and hence stabilize the

properties of the FBGs like its reflectivity and also its Bragg wavelength.
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3.2 Construction of Distributed Bragg Reflector Fibre Laser

A DBR was constructed by splicing two FBGs to both ends of an Erbium-
doped fibre (EDF) which acts as a gain medium. In this experiment, a 12 cm long
Metrogain EDF model DF1500L from Fibercore Ltd. with erbium ion concentration of
990ppm and absorption coefficients of 18.06dB/m at 1530nm was used. Figure 3.2
shows the schematic of the manufactured DBR. The FBGs used have negligible
difference in wavelengths of about 0.001nm.The arrangement of FBGs is such that the
reflectivity of FBG 2 which is nearer to the laser source is lower (35.8dB) than the
reflectivity of FBG 1 (38.1dB) that is placed farther away from the laser source. This
configuration will cause laser to oscillate between the two gratings and gain higher
power within the gain medium hence creating higher output laser emission through the

lower reflectivity FBG (FBG 2).

DBR
Laser
SMF 28 Erbium Doped Fibre SMF 28 1550nm
B — 1111 Z
Laser Cavity Laser
Diode
+—> < > —> 980nm
FBG 1 12 cm FBG 2
1546.889nm 1546.888nm
38.1dB 35.8dB

Figure 3.2: Schematic diagram of DBR fibre laser sensor.
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3.3 Experimental Setup

Function
Generator
CH2
Oscilloscope
EDF =12cm CH1
«—
- (oo
coupler Photodetector
= FBG 1 :E:G 2
2cm lcm 980nm
1546.889nm 1546.888nm Laser
38.1dB 35.8dB Diode

Bandwidth 0.254nm Bandwidth 0.210nm

WDM - wavelength-division multiplexing
EDF - Erbium-doped fiber

PZT —Piezoelectric Transducer

CH1 —channel 1 of oscilloscope

CH2 — channel 2 of oscilloscope

Figure 3.3: Schematic diagram of experimental setup.

The DBR fibre laser was pumped by a 980nm laser diode through a
wavelength-division multiplexing coupler as shown in Figure 3.3. Besides coupling
pump laser source to DBR, WDM coupler also collects the throughput from the DBR to
a photodetector. Photodetector will then convert the received optical signal to electrical

signal before channelling it to an oscilloscope for recording and analysing purposes.

The first section of the experiment is to study the response of the DBR towards
different pump power. This is done by changing the power of the laser diode and

recording the response of DBR in channel 1 of the oscilloscope (CH1).
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The next section of experiment involves investigation of the response of the
DBR towards different acoustic pressure. This is done by connecting a piezoelectric
transducer (PZT) at the free end of the DBR as shown in Figure 3.3. PZT is used to
provide acoustic waves to the system when connected to a function generator. The
throughput of the DBR due to acousto-optically modulated signals are recorded in
channel 1 (CH1) of the oscilloscope while the acoustic waves of the PZT is recorded in

channel 2 (CH2) of the oscilloscope.

In the last section of the experiment, the frequency response of the DBR was

investigated for frequency ranging from 120 kHz to 190 kHz.

All acquired data collected from the oscilloscope is in time domain. To
transform the data into frequency domain, fast fourier transformation was done using

Matlab.
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Chapter 4

Results, Analysis and Discussion of Experiment

4.1 Fabrication of Fibre Bragg Gratings

From the T-matrix formalism in Section 2.2.3, it is known that grating lengths
does influence the quality of the gratings i.e. its reflectivity and bandwidth. Hence,
before the FBG fabrication process, a simulation of effect of grating length was studied

as attached in Appendix 1.

Table 4.1: Simulation parameters

Nets 1.445
Ap 1558nm
SNesr 2x107*
L 0.05

The simulation is based on data in Table 4.1 and the results of the simulation are shown
in Figure 4.1. It is found that with the increase of grating lengths, the reflectivity will
increase while the bandwidth of the gratings will decrease. However, eventually the
reflectivity will be saturated with lengthier gratings. Hence, in this project, the length

of grating selected is less than 3cm.
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Figure 4. 1: Simulation for response of grating lengths.
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Figure 4.1, continued: Simulation for response of grating lengths.

As mentioned in Section 3.1, after the FBG writing process, characteristics of
FBG can be observed through an Optical Spectrum Analyser, OSA. Figure 4.2 shows
the reflection spectrum of fabricated FBGs. By observing the spectrum, the Bragg
wavelength, bandwidth and grating reflectivity can be obtained. Say for example, in
Figure 4.2 (a), the bandwidth of the FBG is 0.21 nm while the Bragg wavelength
1547.1 nm. Figure 4.2(b) on the other shows FBG with a Bragg wavelength of
1547.6nm and bandwidth of 0.20nm. These two FBGs are matched in terms of Bragg
wavelength and hence are can be used to construct a DBR. Many FBGs were fabricated

and the best matched FBGs are used to construct a DBR.
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Figure 4. 2: Reflection spectrum of FBGs fabricated.
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4.2 Construction of Distributed Bragg Reflector Fibre Laser
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Figure 4. 3: Schematic of constructed DBR.

In this experiment, DBR was constructed from FBGs with slightly
different grating lengths and that they have different reflectivity but negligible
difference in Bragg wavelengths and a segment of Erbium-doped fibre (EDF) as shown
in Figure 4.3. The bandwidth of the FBGs and the cavity length are the main properties
to determine the number of longitudinal modes within the resonator and output laser

stability.

Matching Bragg wavelengths FBGs are crucial so that both FBGs only
reflect the same wavelengths within the cavity and transmit the others out of the cavity.
Therefore, only signals with the Bragg wavelengths will oscillate within the gratings

and get amplified.

Difference in lengths of the gratings between FBG1 (2cm) and FBG1
(1cm) leads to higher reflectivity in FBG1 (38.1dB) and lower reflectivity in FBG2

(35.8dB) as shown in the simulations in Section 4.1. It is important to have the FBGs
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with sufficiently high reflectivity as mirrors shorten the cavity and prevent loss of
signal while oscillating within the cavity. FBG 1 which has the higher reflectivity
(38.1dB) will reflect more signal power with Bragg wavelengths back into the cavity.
On the other hand, FBG2 which has the lower reflectivity (35.8dB) will allow higher
output laser emission through it after the signal is being amplified within the cavity. On
top of that, FBG 2 having smaller bandwidth is more sensitive to changes. Therefore,

larger laser output emission can be obtained with a longer gain medium.
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4.3 Experiment

4.3.1 Response of DBR towards pump powers
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Figure 4. 4: Reflection spectrum of DBR laser with different pump power.

Figure 4.4 presents the reflection spectrum of DBR laser with different pump
power. A narrower bandwidth of DBR laser which is approximately 0.11nm is
observed compared to the bandwidth of standalone FBG. This may be due to the
wavelength of the excited laser is most probably located at the peak wavelength of the
reflection curve of the FBG. More pumping energy will go to the excited laser
wavelength and the laser power will increase. The linewidth of the laser will be smaller
than the bandwidth of the FBG.

On top of that, reflectivity of DBR increases with higher pump power. The laser
performance of the DBR with different pump power is illustrated in Figure 4.5. As
presented, higher pump power will give higher output power from DBR. These
outstanding performances of DBR makes it a suitable device to be used in applications

for longer sensing distance.
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Figure 4. 5: The output performance of the DBR with increasing pump power.

41



4.3.2 DBR response on acoustic pressure

Experiment was done according to the experimental setup shown in Figure 3.3.
Since neither isolator nor circulator was used in the setup, the free end of DBR was
dipped into an index matching gel (as shown in Figure 4.6) to scatter the lights at the

fibre end and prevent back reflection of lights into the pump laser.

Figure 4. 6: Fibre end of DBR being dipped into index matching gel.

As mentioned in Section 3.2, a piezoelectric transducer (PZT) was used to
generate acoustic waves into the system when connected to a function generator.
According to the setup in Figure 3.3, PZT is placed nearer to FBG 1. Since the EDF
used was 12cm in length, attenuation along the fibre causes the acoustic vibrations
from the PZT to have little influence on FBG 2. On top of that, FBG 2 being shorter in
terms of grating length has lower sensitivity. Therefore, it is assumed that in this
configuration, only FBG 1 was subjected to the influence of acoustic wave and the

DBR output response is similar to the FBG.

As a start for this section of experiment, the frequency of the background was
first obtained by conducting the experiment without introducing any vibrations from

PZT and the output signal from DBR is recorded using the oscilloscope. Data from the
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oscilloscope are in time base Figure 4.7, so fast fourier transformation using Matlab

codes was performed to analyse the data as attached in Appendix 2.
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As shown in Figure 4.8, the frequency of background noise is approximately
110 kHz. Hence, selection of frequency for the experiment was above this frequency

i.e. 120 kHz and onwards.

Figure 4.9 presents the experimental results of the DBR acousto-optically
modulated at 150 kHz which is within the vicinity of the resonant frequency of the
PZT. The experiment is then further explored with a lower frequency of 140 kHz and a
higher frequency of 160 kHz. The results from the exploration are as shown in Figure
4.10 and Figure 4.11 respectively. It is observed that the acoustic vibration causes
distortion in output signals of DBR. Furthermore, the distortion of signal is found to
increase with the growing of impinging acoustic pressure which was done by

increasing the amplitude of the signal as portrayed in Figure 4.12.
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Figure 4. 9: Experimental results of the DBR acousto-optically modulated at 150 kHz.
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Figure 4.10: Experimental results of the DBR acousto-optically modulated at 140 kHz.
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Figure 4.11: Experimental results of the DBR acousto-optically modulated at 160 kHz.
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Figure 4.12: Experiment results showing increase in distortion with increasing acoustic
pressure for different frequencies of PZT(a) 150 kHz , (b) 140 kHz and

(c) 160 kHz
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Figure 4.12, continued: Experiment results showing increase in distortion with

increasing acoustic pressure for different frequencies of PZT

(@) 150 kHz , (b) 140 kHz and  (c) 160 kHz

To validate the experimental results, a theoretical analysis was carried out to

evaluate the output response of the DBR that was acoustically modulated by PZT using

Matlab codes as attached in Appendix 3. Figure 4.13 presents the simulation and the

experimental results of the DBR acousto-optically modulated at 150 kHz. It is

confirmed that the simulations and experimental results are similar whereby both shows

distortion in the output response of DBR and the distortion increases with the increase

of impinging acoustic pressure.
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Figure 4. 13: Comparison between the (a) simulation and (b) experiment results.
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4.3.3 Frequency response of DBR

The magnitude of distortion can be interpreted from the amplitude of the
second harmonics as illustrated in Figure 4.14(a). Here, it is shown that the harmonic
has a frequency which is two times as much as the incident acoustic wave frequency.
On top of that, the generated second harmonic amplitude is higher and may supersede

the amplitude of the fundamental frequency when the amplitude of input is high.

Figure 4.14(b) illustrate similar frequency responses but with different

magnitudes of distortion due to the frequency dependent vibration strength of the PZT.
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Figure 4. 14: Output frequency responses of the DBR for different (a) input amplitude
and (b) frequency
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Chapter 5

Conclusion and Future Work

5.1 Conclusion

All the objectives of the project have been achieved by the end of this project.
Many types of FBG vibration sensing system, like linear FBG sensing system, ring
laser FBG sensing system and finally DBR structured FBG sensing system have been
explored. Due to lack of data obtained from the other systems, only DBR structured

sensor response to acoustic wave is presented in this project.

Length of gain medium and reflectivity of FBGs are the determining factor of a
good DBR. Shorter length of gain medium like rare-earth fibre will have higher
chances of providing single longitudinal mode resonation within the cavity for better
stability of laser but will give a lower throughput power. Higher reflectivity in FBGs
creates a better reflection mirror hence preventing energy loss when oscillating within
resonator. In this project, DBR is designed to have one FBG having lower reflective
bandwidth than the other and the results show that there are significant improvements

in throughput power although paired with a longer length of gain medium.

In terms of acoustic sensing system, DBR under the influence of acoustic waves
shows significant distortion in the output signal. When compared with the theoretical
simulation, experimental results show great match to the simulations. Also in this
project, distorted output signal is found to be able to create second harmonic
components and the amplitude of the second harmonic depends on the strength of the
acoustic waves. This acousto-optic behaviour of DBR is an important discovery for

better design of optical vibration sensor system in the future.
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5.2 Future work

Since there is still a lot of room for improvement in this project, the proposed future

works are:

1. To fabricate shorter Bragg grating.

2. To construct DBR by direct photowriting two matching Bragg wavelength on
active material using higher energy laser source like 193nm excimer laser to
provide lower threshold so that inter-cavity splice loss can be eliminated.

3. To use shorter EDF in DBR fabrication to ensure better stability in DBR laser.
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Appendix 1: Matlab codes for simulation of effect of grating lengths

clear all

clc;

nef = 1.445; Y%effective index

dn = 0.2E-04; %index modulation

Ig = 1558E-09; %reflection wavelength
period = lg/(2*nef);

tic

N_lamb =1001; % no. of sample for lambda
L =0.02;

lamb = linspace(1557.5E-9,1558.5E-09,N_lamb); % wavelength lambda
disp = linspace(0,L,200); %displacement
dz = disp(2)-disp(1);
FWHM = 0.01;
m=1;
alpha = 4;
for I=lamb;
F=[10;01];
dn_z =dn; %uniform
del = 2*pi*nef*(1/1 - 1./1g);
sig = 2*pi*dn_z./I;
g =sig + del;

k = pi*dn_z/I;
pl =sqrt(k"2 - g"2);

r_an(m) = k*sinh(p1*L);

r_an(m) =r_an(m)./(i*pl*cosh(pl*L)+g*sinh(p1l*L));

t an(m) = pl./(i*pl*cosh(pl*L)+g*sinh(pl*L));

g2 = -alpha + i*(sig + del);

p2 = sqrt(g272+k"2);

r_an_loss(m) = -i*k*sinh(p2*L);

r_an_loss(m) = r_an_loss(m)./(p2*cosh(p2*L)-g2*sinh(p2*L));
t an_loss(m) = p2./(p2*cosh(p2*L)-g2*sinh(p2*L));

T _an(m) = abs(t_an(m))."2;
T_an_loss(m) = abs(t_an_loss(m))."2;
R_an(m) = abs(r_an(m))."2;
R_an_loss(m) = abs(r_an_loss(m))."2;
for z = disp

A = cosh(pl*dz);

B = i*(g/pl)*sinh(pl*dz);

fl1=A-B;

f12 = -i*(k/p1)*sinh(p1*dz);

f21 = -f12;

f22 = A + B;

ff = [f11 f12; 21 f22];

F = ff*F;

loss = [exp(10*dz) O ; 0 exp(-10*dz)];
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F1 = loss*F;
end

r_nu(m) = F(2,1)/F(1,1);
R_nu(m) = (abs(r_nu(m)))"2;
t nu(m) = 1/F(1,1);
T _nu(m) = (abs(t_nu(m)))"2;
r_nu_loss(m) = F1(2,1)/F1(1,1);
t_nu_loss(m) = exp(-alpha*L)/F1(1,1);
R_nu_loss(m) = (abs(r_nu_loss(m)))"2;
T _nu_loss(m) = (abs(t_nu_loss(m)))"2;
m=m-+1;

end

toc
figure(1)

subplot(211)
plot(lamb*1e9,10*log10(R_nu),'k',lamb*1e9,10*log10(R_nu_loss),'b")
title('Comparison between lossy and lossless FBG - Numerical?);
subplot(212)
plot(lamb*1e9,10*log10(T_nu),'k',]Jamb*1e9,10*log10(T_nu_loss),'b")
legend('lossless','lossy’)

figure(2)

subplot(411)
plot(lamb*1e9,10*log10(R_an),'k',lamb*1e9,10*log10(R_an_loss),'b")
title('Comparison between lossy and lossless FBG - Analytical’);
subplot(412)
plot(lamb*1e9,10*log10(T_an),'k',lamb*1e9,10*1og10(T_an_loss),b")
legend('lossless','lossy’)

subplot(413)
plot(lamb*1e9,10*log10(T_an),'k',lamb*1e9,10*10g10(T_nu),'b--)
legend('Analytical’,' Numerical’)

subplot(414)

plot(lamb*1e9,10*log10(T_an_loss),'k',lamb*1e9,10*log10(T_nu_loss), b--"

legend(‘Analytical’,'Numerical’)

data =[lamb*1e9 R_nu'];
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Appendix 2: Matlab codes for transformation from time-based to
frequency-based.

clear all;

clc;

file_no =1078:1078;

data=[];

data_f=[];

data2=[];

data2_f=[];

for x =file_no
fn = ['LIM-' num2str(x) .CSV';
M = xlsread(fn,’A21:A500021";
M2= xlIsread(fn,'B21:B500021";
dt = xlIsread(fn,'B6:B6");
t = 0:dt:500000*dlt;
fs = 1/dt;
figure(1)
subplot(211)
plot(t', M)
xlabel (‘time (s)")
ylabel ('DBR amplitude (a.u.)")
subplot(212)
plot (t', M2)
xlabel (‘time (s)")
ylabel ('PZT amplitude (a.u.))
f = linspace(0, fs/2, (size(t,2)+1)/2);
M_f = abs(fftshift(fft(M-mean(M))));
M_f=M_f(((size(t,2)+1)/2):end);
clear M_f;

f = linspace(0, fs/2, (size(t,2)+1)/2);

M_f = fft(M-mean(M));

M_ff = abs(fftshift(M_f));

M_ff = M_ff(((size(t,2)+1)/2):end);

M2_f = fft(M2-mean(M2));

M2_ff = abs(fftshift(M2_f));

M2_ff = M2_ff(((size(t,2)+1)/2):end);

f = linspace(0, fs/2, (size(t,2)+1)/2);
f = abs(fftshift(fft(M-mean(M))));

M_f = M_f(((size(t,2)+1)/2):end);

M2_f = abs(fftshift(fft(M2-mean(M2))));

M2_f = M2_f(((size(t,2)+1)/2):end);

data = [data M];

data_f = [data_f M_f];

data? = [data2 M2];

data2_f = [data2_f M2_f];

figure(2)

subplot(111)

plot(f', M_f, 'k'.f, M2_f, 'b")

plot(f', M_f)

xlabel (‘frequency (Hz)")

ylabel (‘'amplitude (a.u.)’)

end
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data = [t' data];
data_f = [f' data_f];
data2 = [t' data2];
data2_f =[f' data2_f];

csvwrite('data.txt',data);
csvwrite('data_f.txt',data_f);
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