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Fiber Bragg gratings are one of several fiber optic sensor technologies currently

being used in structural health monitoring systems. When the effective index of a fiber

Bragg grating is changed by external environmental variations (such as temperature,

acidity, etc), the wavelength at which the incident light experiences a maximum

reflection from the grating will correspondingly shift. To detect small environmental

variations that occur during certain chemical processes, one can enhance the sensitivity

using either side-polished or tilted fiber Bragg gratings. Enhanced sensitivity in each

case is achieved by polishing the fiber on one side or writing the grating at some tilt

angle. Side-polished grating sensors having a 1542 nm Bragg wavelength and cladding

thickness values from 1-3 ¡,rm provide a maximum refractive index sensitivity of 7x10-4.

Tilted grating sensors having a 1566 nm Bragg wavelength and written at 4" tilt angle

provide a maximum refractive index sensitivity of 5xl0-s. Experiments on the side-

polished and tilted gratings were done by immersing the fiber sensors in solutions with

the index range 1 .31-1.44. Since tilted gratings have enhanced sensitivity and the

advantage of maintaining their full mechanical strength, they show greater promise as

reliable sensors for structural health monitoring applications.

Abstract
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Chapter 1

Introduction

1.1 Fiber-Optic Sensors

As structural health monitoring continues to grow as a field of increasing interest

for civil engineers, fiber optic sensor technology is a promising alternative to

conventional sensors. Traditionally used in the telecommunications field, optical fìbers

have garnered interest in other fields due to their inherent advantages such as compact

size, low loss, rapid response, resistance to corrosion, and electromagnetic interference

immunity. Fiber optic sensors have been used in a wide range of applications such as

strain measurements in civil infrastructure [], oil pipeline monitoring l2], and composite

structures [3].

Structural health monitoring of civil infrastructure has been a growing issue over

the past decade. As structures continue to age and become damaged by fatigue and

corrosion, it becomes increasingly important to create a reliable monitoring system in

order to assess their structural integrity. Thus, to successfully monitor the condition of a

structure, the measurement device must be able to provide reliable and accurate data over

long periods of time. A suitable measurement device must also meet many requirements

including high sensitivity to the desired parameter such as corrosion and signal stability

as well as minimal cross-sensitivity to other changes in the environment, such as

temperature and humidity [4]. The measurement technique should allow multiple sensors

to be placed on a structure which will provide a thorough profiling of the corrosion

distribution.

-l-



Chapter 1

Fiber optic sensors are classified according to the sensing technique by which

they operate. These techniques are based on modulating the intensity, phase, or

polarization of the light passing through the sensor. Fiber sensors are now being used to

monitor various parameters such as strain, temperature, pressure, and with some

modification they can be used to monitor chemical composition as well as corrosion.

One optical technique used to measure corrosion is the combined use of polymer

chemical-transducer and refractometry [5]. A polymer material absorbs target analytes

and changes its index of refraction, one of the main physical properties. By measuring

the refractive index change in the polymer, the corresponding chemical change is

detected. Refractometry is the method of assessing the composition or purity substances

by measuring their refractive index, and it is used in many important areas including

industrialprocess monitoring, quality control in the food industry, and biomedical

applications. Most refractometers in use today are derived from the Abbe refractometer

16]. This instrument measLlres refractive indices of liquids and solids by determining

changes in the angle of total internal reflection for a high index prism on which the

materialwith the unknown refractive index is placed in contact. While these instruments

can be very accurate they cannot be used in structural health rnonitoring because of their

size and they are unable to be embedded in civil infrastructure. Therefore fìber optic

versions have been developed for this purpose, in which the sensor is a f,iber Bragg

grating embedded in the core of the fiber [4, 7-14].

Introduction

The purpose of the research work in this thesis is to develop a chemical sensing

platform based on fìber Bragg gratings that can be applied to the field of structural health

monitoring. The main sensor concept involves the use of fiber Bragg gratings as

-2-
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refractive index sensors. These refractive index sensors may then be applied to structural

health monitoring with a suitable chemically reactive polymer (whose refractive index

changes when exposed to target chemical analytes). In this research, the refractive index

sensing concept was tested using side-polished and tilted fiber Bragg gratings [15-17].

Details of this research work will be described later in this thesis.

1.2 Outline of Thesis

An overview of the essential background on fiber optics and fiber Bragg grating

technology is presented in Chapter 2. The overview includes the essential theories of

optics, uniform fìber Bragg gratings and tilted fiber Bragg gratings, and how they can be

used as refractive index sensors to be potentially applied in structural health monitoring.

A review of the simulations done on the two fiber Bragg grating technologies of interest,

the side-polished fiber Bragg grating and the tilted fìber Bragg grating, is presented in

Chapter 3. The simulation geometries, along with the rationale behind the chosen

simulation geometries, are also presented in Chapter 3. Furthermore, simulation

parameters were varied to observe the effect of changing the surrounding environment.

A discussion of the simulation results will be presented in the end of Chapter 3.

A description of the sensor design and fabrication is presented in Chapter 4.

Side-polishing the fiber Bragg grating is briefly described, as well as the specifìcations of

the grating designs. Tilted Bragg grating fabrication is also outlined in brief, including

the angles of the tilt and the type(s) of optical fibers used. Chemical etching is also

described in this Chapter to demonstrate a method to enhance the sensor's sensitivity.

Experiments pertinent to side-polished fiber Bragg gratings are described in detail

-3-
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Chapter I

in Chapter 5. This chapter begins with the results and analysis of the

temperature/humidity characterization tests, followed by a description of the sucrose

solution tests. Experimental apparatus and the interrogation equipment, as well as the

peak location methods are presented. Result analysis includes a comparison between the

experimental results and the simulation prediction, and possible reasons for any

discrepancy.

Tilted fìber Bragg grating experiments are detailed in Chapter 6. This chapter

begins with the temperature/humidity characterization test results and analysis, followed

by a detailed description of the refractive index measurement tests done using highly

calibrated refractive index liquids. Interrogation systems used, the advantages and

disadvantages of the equipment are presented. The peak location method, different from

that of the side-polished fiber Bragg gratings, is also described. The sucrose solution

tests performed on the tilted fiber Bragg gratings are also presented, including the

apparatus and the controlled experimental conditions. The results are compared with

simulation to verify the theoretical model and computer software used to carry out the

simulation task.

In Chapter 7, a summary of the fìndings is presented and a refractive index

sensitivity comparison is presented. Conclusions as to the use of the side-polished fiber

Bragg grating and tilted fiber Bragg grating technologies are drawn. This chapter

concludes with recommendations for future work in this area.

Introduction

4-
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I.3 Contribution of Research

Investigating a suitable optical fiber Bragg grating, refractometry based platform

for future use in chemical sensing and structural health monitoring is the core work of

this thesis. Methods to enhance the refractive index sensitivity and locating the

resonance peak locations accurately, as well as a study on the capabilities of several

equipment used for interrogation, are also significant contributions of the research work

presented in this thesis.

lntroduction
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Chapter 2

Background

2.1 Essential Theory of Optics

2.1.1 Light

Light may be considered in three different ways [ 8]; the appropriate viewpoint

depends on the nature ofthe phenomenon to be understood.

. Light is composed of photons, vectors of energy exchange, which can explain

absorption, emission, and related phenomena.

. Light is an electromagnetic wave that can propagate and be diffracted in a non-

dispersive medium without energy exchange.

. Light is composed of luminous rays that obey the principles of geometrical optics.

In this research, emphasis is placed on the electromagnetic wave and geometric optics

models to better understand the phenomena exploited to create a sensor technology.

Thus, only the latter two of the three viewpoints will be discussed in detail in the next

two sections.

2.1.2 Plane Waves in Matter

Light can be considered as an electromagnetic wave. A wave is a vibratory

phenomenon that propagates with a given velocity and is hence a varying function of

time. An electromagnetic wave can be represented by an oscillation in a given plane that

propagates in a direction normal to the plane. In free space, the velocity c of an

electromagnetic wave or light in a vacuum is related to two physical constants, the

-6-



Chapter 2 Backsround

electrical permittivity ro and the magnetic permeability po:

c: (eo . po)-t,t

Inside a solid matter, the speed of light is reduced by

v: c/n

where v is the speed of light in the matter and z is the index of refraction of the matter.

In a homogeneous medium, the wave velocity is

t,' pt'v2: I

where e and p are the electric permittivity and the magnetic permeability of the medium,

respectively, and are complex in general. The index of refraction, ñ, of a medium is

related to its electric permittivity and magnetic permeability by

ñ:c.(r.t,)-"'

Since the electric permittivity and the magnetic permeability may generally be complex,

this shows that the index of refraction can be complex as well. The complex index of

refraction can be written as

where rc is called the attenuation index or absorption index. In this thesis from this point

on, the discussion will only focus on dielectric media whose refractive indices are real.

The wavelength À is related to this velocity and the frequency/by

(2.r)

(2.2)

hence Xo: clfin a vacuum (n: 1).

A complete mathematical description of electromagnetic \¡/aves and their

propagation is provided by the well-known Maxwell's equations. The wave equations

for E and H in a medium, derived from Maxwell's equations, are as follows:

-

(2.3)

ñ:n(l-ilrt)

(2.4)

X: vlf : c/nf

(2.s)

(2.6)
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v2E - F, +: o; v2H - ¡,, 4{ = o e.7)ôr' A(

Plane wave solutions to equation (2.7) exist in the form of

E = Eoer(.or_k.r+ee) e.Sa)

H: Hoer(.,_ k.r+rp b) (2.gb)

Where c¡ is the angular frequency and k : k* * kv + k, is the propagation vector (or

wave vector) and that k2 : k*2 * k2 + k]: pro2. (This shows that k is, in general,

complex.) From equation (2.4), the propagation constant k can be rewritten as

In the case of dielectric media

Backsround

Polarization

Because the electric field is a vector quantity, both its magnitude and direction

must be specified. Consider a plane wave with wave vector k. The electric field E may

point to any direction perpendicular to k, and H is along the vector k x E. Let k be along

the z-axis, the monochromatic wave can be written in the form

E(x,y,z,t): E*Ì+ 8,9 Q.l|)

where

, -ú)
L

,(D
L

E,(x, !, z, t): A* cos(cot - kz + öx) (2.12)

Er(*, y, z, t): A, cos(art - kr * 0r) Q.13)

with positive real amplitudes A*, Ar, and phase angles $* and $r. The classification of

-8-
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Chapier 2

the types of polarized light will depend on the relative phase

0:0u-0,.

and on the relative sizes of A* and Ar.

a) Linearly polarized light: results when Q 
: 0 or Q 

: n for then E, is

proportional to E*. At a fìxed position z, the electric field undergoes simple

harmonic motion along a line (Figure 2.la).

b) Circularly polarized light: A* : A, and þ : +n12. At a fixed point z, the

electric field describes a circle (Figure 2.lb).

c) Ellipticallypolarized light: A* + Arandþ +!n,0. This isthe general case

where at a fixed poinT z, the electric field traces out an ellipse (Figure 2.1c).

Backeround

(2.14)

Electric Field

Magnetic Field

Figure 2.1a

-9-
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Electric
Fields

Direction of
Propagation

90o phase
difference

Background

called circular
p o la riz ation.

Figure 2.1b CircLrlarly polarized light.

Direclion of
Propagation

As the wave approaches
an observer, its electric
field vector will appear
to he rotating. This is

v
ì
I

Direction of
propagation

Direction of
propagation

Figure 2.1c Elliptically polarized light.

As the ïvave approaches
an observer, the electric
field vector rotates in an
ellipse. This is callerl
elliptical polarization.
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2.1.3 Reflection and Transmission of Light at an Interface

form

Suppose that the incident monochromatic light wave is planar, so that it has the

or more simply,

Assume that E¡ is linearly polarized, meaning thatEo¡ is constant in time. From the

previous section it is obvious that any form of light can be represented by two orthogonal

linearly polarized waves; hence, the above assumption imposes no restriction. Making

no assumptions about their directions, frequencies, wavelengths, phases, or amplitudes,

E- - Bo-"¡(t'r-k' t)

the reflected and transmitted waves can be written as

E.: Eo,. cos(ro,t - kr.r + <þr)

Background

E¡: Eo¡ cos(ro¡t - kt.r)

and

where 0, and þ1are phase constants relative to E¡. Figure2.2 depicts the waves in the

vicinity of the planar interface between two homogeneous lossless dielectric media of

indices niand nt.

(2.1s)

E¡: Eo, cos(co¡t - k¡.r + $,;

(2.r6)

(2.17)

(2.18)

- l1-
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Figure 2.2

Backeround

The laws of electromagnetic theory lead to certain requirements that must be met by the

fìelds, referred to as the boundary conditions. By imposing these conditions, it leads to

This means that the reflected light and the transmitted light waves have the same

frequency as the incident wave. Furthermore,

(t,..)r=o:(k,..*ö,)r=o =(k,.r+0,),=o e.z})

The reflected light wave lies in the same plane as the incident wave and in the same

medium, k, : k¡. This means that the angle of reflection 0, is equal to the angle of

incidence 0i. This is the law of reflection:

0,:0¡ (2.21)

lPterføce

Cùi : Cùr: Cùt : Cù (2.1e)

t2-
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Then, from

(t , -t ,).r]r_o =0,

Tangential components of ki and k¡ must be equal, or

ki sin 0i : kt sin 0t

Since coi : cùt: crr, this leads to Snell's law of refraction

ni sin 0i: n¡ sin 0¡

2.1.3.1 Total Internal Reflection

Laws of reflection and refraction help to predict the behaviour of light waves as

they encounter an interface between two dielectric media. Now assume a lightwave

propagating in a medium with a refractive index n;, towards an interface with a second

medium having a refractive index n1; and assume that ni> n¡. This presents an interesting

case because when 0; increases gradually, as depicted in Figure 2.3, from the Fresnel

equations (described ìn detail in numerous other literature 119-231), the reflection

coeffìcients

Backsround

(2.22)

(2.23)

increase with increasing 0¡; therefore, the reflectance increases while the transmittance

decreases with increasing 0¡. Moreover, 0t > 0i, thus as 0i becomes larger, the transmitted

ray gradually approaches tangency with the boundary, and as it does so more and more of

the available energy appears in the reflected beam. Finally, when 01: 90o, sin 0t: I and

(2.24)

Po:
n, coso, -n, coso,

n, coso, + /?/ coser

n, cos0, - tl¡ cose/
Pn:

n, cosO, + n, cosO,

(o - polarization)

(n -polarization)

(2.2s)

13-
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Or in other words, the critical angle is that special value of incident angle for which the

transmitted angle equals 90". For incident angles greater than the critical angle, all the

incoming energy is reflected back into the incident medium in the process known as total

internal reflection.

The critical angle for air-glass interface is roughly 42" (See Table 2.1),48.6o for

air-water interface, and the critical angle for a typical sìngle-mode optical fiber is roughly

84" (n"or" : | .4507 and n.¡u¿ : 1.444025).

sin 0.: n¡ln¡

Backsround

(2.27)

il¡> i'lt

Figure 2.3 Internal reflection and the critical angle.

14-
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nJn¡

31

J¿
aaJJ

34

35

Table 2.1 Critical angles.

36

37

49.7612
e

38

49.2509

39

48.7535

40

48.2682

41

47.7946

A'AL

47.3321

43

46.8803

44

46.4387

nt/ni

2.1.3.2 BvanescentField

46.0070

46

45.5847

If one assumes that there is no transmitted wave in total internal reflection, it

becomes impossible to satisfy the boundary conditions required by the electromagnetic

theory using only the incident and reflected waves. A detailed derivation and

+l

45.1714

48

44.7670

Backsround

49

44.3709
43.9830

50

43.6028

5l

computation to demonstrate how the boundary conditions are met is described in other

52

43.2302
0"

53

42.8649

literature 120,21]. This section presents a simple formulation.

The wave function for the transmitted electric fleld is

E¡ = Eor cos(o¡t - kt.r)

54

42.5066

55

42.1552

56

41.8103

57

41.4718

58

41.139s

59

40.8132

where

60

40.4927

40.1778
39.8683

39.5642

there being no /-component of k. But

39.2652
38.9713
38.6822

and

kt'f:k¡*x*k¡.2

k¡^: kl sin 0¡

- 15 -
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as seen in Figure 2.4. Once again, using Snell's law and the trigonometric identity,

k,r: k. COS 01,

k, cos9, : !k,
? r^ \

, fr,- sln'ut 
It- 2 l'n, l

Backsround

''..,:...:...:...

Figure 2.4 PropagaÍion vectors for internal reflection.

Since sin 0; > n¡ln¡ in total internal reflection,

(2.30b)

(2.31)

and

þ{eíøaa

"#"-r) :uo

-^ t-, rltn,
Ær. : iSlilU,

nt

t6-

(2.32)

(2.33)
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Hence,

The negative sign in Eq (2.32) in front of B is dropped because it has no physical

meaning as the electromagnetic wave must not be exponentially increasing. The

transmitted wave has a skin depth given by

E, : E o,e-þz ri(at-xk^)

This wave, whose amplitude drops off exponentially as it penetrates the

advances in the x-direction as an evanescent wave.

2.2 Optical Fibers

I
I

u --- a
F,

Optical fibers are the basic elements in optical sensing, and an understanding of

their characteristics is essential for the work described in this thesis. An optical fiber can

be thought of as a long rod of transparent material (a cylindrical dielectric structure)

consisting of an inner core whose refractive index, n.o, is higher than the refractive index,

n.1o¿, of the outer cladding, as shown in Figure 2.5. Optical fibers guide light waves

based on total internal reflection as described in the earlier section. Total internal

reflection takes place at the walls of the core-cladding interface, and the propagating light

is confined within the core.

Backsround
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From Snell's laws, the angle of reflection 0 at the core-cladding interface is

greater than the critical angle 0.. Light, which is injected into the fiber at an angle 0o

smaller than the limiting angle 0¡¡,, will be totally internally reflected at the core-

cladding interface. The numerical apefture (NA) is defined by this limiting value of the

acceptance angle at the input to the fiber:

flco> flclad

Figure 2.5 To|al internal reflection of light through optical fiber.

flco = core refract¡ve index
n.¡r,¡ = cladding refractive index

Background

Increasing the refractive index difference between the core and the cladding of the fiber

increases the acceptance angle and the numerical aperture. A large acceptance angle

gives rise to a large number of rays with different reflection angles (i.e. different

transmission modes), which propagate down the fiber.

Optical fìbers can be created in different sizes to accommodate various

applications. However, it is the size of the core that affects the way light travels through

it. The size of the core is small compared to the cladding and can range from 6 to i00

prm. Light rays can travel different paths in the fiber because the incident angles

determine how the rays will propagate. For optical fibers with core sizes in the range of

50 to 100 ptm, several ray paths or modes can be supported (see Figure 2.6). These types

Cross-sectional View

NA : no sin 0¡¡,n : (n.o2 - n"tu¿2)t/2 (2.36)
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of fibers are called multimode and since the traveltime of different modes can vary, the

rays exiting the fiber willbecome out of sync. Therefore, narrow pulse sent into the fiber

start to broaden and exit the fiber wider than the original signal. This effect is called

intermodal dispersion and it limits the fiber bandwidth and the maximum pulse rate the

fiber can handle.

'ï

tn
ï-

il

F

Backeround

Multimode Optical Fiber

On the other hand, single-mode fibers have core sizes less than 10 ¡"rm which

produces a condition in which only a single electromagnetic mode propagates. As a

result, single-mode fibers have a broader bandwidth than multimode fibers and

experience less attenuation as well. Therefore, this type of fiber is better suited for

sensor and transmission purposes. The number of modes that can be supported by a fiber

is calculated using the fiber's normalized frequency, Z. This frequency is expressed as

Figure 2.6 Multimode and single-mode optical fibers.

Single-Mode Optical Fiber

nc!ød

-\v--
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where d¡6". is the diameter of the fìber core. For V <2.405, only one mode will

propagate down the fiber, which then becomes known as single-mode fiber.

Modifications to the cylindrical conventional fiber geometry yield different

properties that one may take advantage of. For example, polishing off one side of the

optical fìber cladding, making a D-shaped fiber, allows the evanescent field to penetrate

the surrounding medium and coupling between the guided waves in the core and the

environment surrounding the polished side. This technique is useful in detecting

refractive index changes in the environment and has been used, in conjunction with a

thin-f,ilm polymer deposited on the polished side, to detect changes in humidity 124,251.

This technique is also used in this research, and will be described later.

f/_v-
þArr".Na)

Backsround

Evanescent Modes

Evanescent modes describe those of evanescent fields arising from total internal

reflection in an optical fiber core-cladding interface (see section 2.1.3.2). These modes

decay exponentially with distance from the interface. With standard optical fìbers having

a cladding thickness much larger than that of the core diameter, these modes essentially

have no effect on the optical fiber core mode. Their existence, however, constitutes an

important factor in determining the power confinement factor in an optical fiber - the

portion of optical power that is guided in the core of an optical fiber as a ratio of the total

optical power sent in the optical fiber.

Although in standard optical fibers and their applications, the effect of evanescent

modes are negligible; however, there are applications, particularly in optical sensing,

-20 -
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where effects of evanescent modes are desirable. This can be achieved by reducing the

cladding surrounding the optical fiber core, allowing the evanescent fields to penetrate

deep into the surrounding medium before it vanishes. This will be described in detail

later in this Chapter.

2.3 Fiber Bragg Gratings

This section is concerned with the main sensing mechanism used in this research:

the fiber Bragg gratings. This section focuses on the propagation of light in Bragg

grating structures in the low intensity regime where optical non-linearities are negligible.

A fiber Bragg grating is comprised of a periodic modulation of the refractive

index in the core of a single-mode fiber 126]. Bragggratings are fabricated using

different methods. One method involves placing a mask pattern over the optical fiber and

shining ultraviolet (UV) light through it to change the refractive index of the core.

Another method makes use of two UV beams shining onto the core of the fiber to

produce a refractive index modulation as a result of the UV beam interference pattern.

The advantage of a Bragg grating is it is very flexible to work with in terms of being able

to choose the wavelength range one would want to use. Since the Bragg wavelength

depends on the spacing between the gratings, it is possible to create gratings at different

wavelengths. The refractive index modulation is on the order of l0-a to 10-3. Therefore,

it takes a large number of periods to increase the reflection to over 90%owhich is usually

desired. The number of grating periods will also determine the bandwidth (full-width-

half-maximum) of the reflected peak, and this will be shown later in this section.

These types of uniform fiber gratings, where the phase fronts are perpendicular to

-21 -
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the fiber's longitudinalaxis and with grating planes having constant period (Figtre2.7),

are considered the fundamental building blocks for most Bragg grating structures. Light,

guided along the core of an optical fiber, will be scattered by each grating plane. If the

Bragg condition is not satisfied, the reflected light from each of the subsequent planes

becomes progressively out of phase and will eventually cancel out. Additionally, light

that is not coincident with the Bragg wavelength resonance will experience very weak

reflection at each of the grating planes because of the index mismatch. This reflection

accumulates over the length of the grating. Where the Bragg condition is satisfied, the

contributions of reflected light from each grating plane add constructively in the

backward direction to form a back-reflected peak with a center wavelength defined by the

grating parameters.

Backeround

Cladding
Bragg grating

kå

FigLrre 2.7 lllustration of a uniform fiber Bragg grating having constant index modulation
amplitude and period, with the incident, diffracted, and grating wave vectors for momentum

conservation.

Fiber Core

K
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Index modulation
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The Bragg grating condition is simply the requirement that satisfìes both energy

and momentum conservation. Energy conservation requires that the frequency of the

incident radiation and the reflected radiation is the same. or

Momentum conservation requires that the incident wave vector, þ plus the grating wave

vector, K, equal the wave vector of the back-reflected radiation k¿. This is simply stated

as l27l

where the grating wave vector, K, has a direction perpendicular to the grating planes with

a magnitude2nlL (À is the grating spacing shown in Figure 2.7). The back-reflected

wave vector is equal in magnitude, but opposite in direction, to the incident wave vector.

Therefore, the momentum conservation becomes

hv¡: hv6

Backsround

n(2nn",,1 z"'[ L J=T
which simplifies to the first-order Bragg condition

)',g:2n.¡¡4.

kr+ K: k¿

where the Bragg grating wavelength, Às, is the free space center wavelength of the input

light that will be back-reflected from the Bragg grating, and n"¡ç is the effective refractive

index of the guided fundamental (LP¡l) mode at the free space center wavelength. This

means that changes in the effective refractive index or the grating spacing induced by

external factors results in a change in the Bragg condition, thus causing a shift in the

back-reflected center wavelength. It is for this precise reason that fiber Bragg gratings

(2.38)

(2.3e)

(2.40)

(2.41)
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have been used for sensing applications.

Another important parameter here is the bandwidth of the reflected peak. This

bandwidth is determined by the number of periods present in a Bragg grating. A general

expression for the approximate full-width-half-maximum bandwidth of a grating is given

by [28]:

where s is the fringe visibility l29l and is approximately I for strong grating (near 100%

reflection) and approximately 0.5 for weak gratings. The average refractive index of the

core is denoted as rzo and the amplitude of the refractive index modulation is denoted as

An. From (2.42), it can be seen that larger number of grating periods gives rise to

narrower resonance peaks given the same refractive index modulation.

AÀ: Àes

2.3.1 Coupled-Mode Equations

Aside from the energy and momentum conservation analysis of fiber Bragg

gratings described earlier, one powerful technique for obtaining quantitative information

about the diffraction efficiency and spectral dependence of fiber gratings is the coupled-

mode theory. It is one of the most popular techniques utilized in describing the

behaviour of Bragg gratings, mainly due to its sìmplicity and accuracy in modelìng the

optical properties of most fìber gratings of interest. A complete derivation of the coupled

mode equations are described in other texts [30, 31] and thus will not be described in

detail in this thesis.

Coupled-mode equations describe the interaction between the forward and

(2.42)
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backward (reflected) waves. The grating itself has a periodic variation in its refractive

index, so for incident waves close to the Bragg grating wavelength, there is a near fully

constructive interference, and thus the dominant interaction lies near the wavelength for

which reflection occurs from a mode of amplitude A(z) into an identical counter-

propagating mode of amplitude B(z). The coupled-mode equations are given by 132]

where A*çz¡: A(z)exp(iõ¿z - <pl2), B*(r): B(z)exp(-iõ ¿z + <p/2), and (* is the general

self-coupling coeffi cient defined as

#: iÇ'A* (z)+ irB. (z)

T : -iÇ* B* (r)- ira. (r)

with ð¿ being the detuning, which is independent of z and is defined in the following way:

Backsround

here Àe :2n"¡¡A. is the designed Bragg reflection wavelength. For a single-mode uniform

Bragg grating with no grating chirp, d<pldz: 0 and the average index change, ôri"¡¡, is

constant. and

ç+ 1 dro
L- 

- Ui '2dz

)r(: laôn",,

o:Isôn -

The reflection spectrum is given by the equation
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where L is the grating length. With some manipulation with the above equation, one

finds that the maximum reflectivity occurs when the detuning parameter equals zero.

That is, the reflection spectrum has maximum reflectivity at a wavelength exactly

equaling that of the Bragg wavelength, which is consistent with the energy and

momentum conservation model described earlier.

,R-
sinn' .,/(rz)' -(E. r)'

t t-

- 
= 

+ cosh J(*¿)' -(Ç. r)'

2.3.2 Strain and Temperature Response of Fiber Bragg Gratings

The Bragg grating resonance depends on the effective index of the fundamental

mode and the periodicity of the grating. The effective refractive index as well as the

grating spacing will be affected by changes in strain and temperature. From (2.41),The

shift in tlie Bragg center wavelength due to strain and temperature changes is given by

(2.48)

The f,irst term in (2.49) represents the strain effect on a fìber Bragg grating. This

corresponds to a change in the grating spacing and the strain-optic induced change in the

refractive index. The second term in (2.49) represents the effect of temperatllre on a fiber

Bragg grating. A shift in the Bragg wavelength due to thermal expansion changes the

grating spacing and the thermo-optic induced change in the refractive index. The above

parameters are very important in sensing applications involving fiber Bragg gratings

because if the desired sensing parameter is neither strain nor temperature, it is essential to

be able to differentiate the effect of strain and temperature from the gathered optical

-26 -
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spectra.

2.3.3 Cladding and Radiation Mode Coupling

Bragg gratings written in a highly photosensitive fiber, or in fiber that has been

hydrogenated, have a very pronounced transmission structure (Figure 2.8(a)) on the short

wavelength side of the Bragg peak [33]. This feature is only observable in the

transmission spectrum (only the main Bragg peak appears when viewed in reflection);

therefore, this structure must result from energy loss from light leaving the side of the

fiber. To analyze this, one musttake into account radiation mode coupling. Usually

radiation rnode coupling is a smooth function of wavelength; however, the transmission

spectrum (Figure 2.8(b)) of the Bragg grating consists of multiple sharp peaks that

modulate this coupling, which is a direct consequence of the cylindrical cladding-air

interface. Dipping the cladding into a liquid whose refractive index matches that of the

cladding, such as glycerin, to effectively eliminate the cladding-air interface, eliminates

this effect.
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Figure 2.8 a) Schematic transmission profile of a strong fiber Bragg grating, showing loss to
radiation modes on the short wavelength side, sharply modified by the cladding mode structure
(After: [33]); b) Transmission spectrum of a blazed (tilted) fiber Bragg grating (4" tilt), showing

pronounced coupling into the asymmetric backward-propagating cladding modes.
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The cladding mode coupling can also be described by coupled-mode theory.

Limiting the argument to uniform (i.e. no chirp, no tilting) gratings, the only nonzero

coupling coefficients between the core and cladding modes involve cladding modes

having azimuthal order / : l. Using the salient equations as described in [34], which take

in to account the coupling of the core mode to itself and with both counter- and co-

propagating / : I cladding modes (i.e. with the exact cladding modes of order 1p), one

finds

't4* =i(;iïir* + i:E;:liB'".*p(-ziô[!-iiz)+if rc;fi,4;'"*p(-2rôilT,z) (2.s0)
dz 2""-"' r\ 

!

where A"o and B'o are the amplitudes of the core mode, and Bi' is the amplitude for the

prth cladding mode. The coruesponding detr"rning parameters are given by

ð;i-åi = t(rrt, i)
ô;lï = t(rut.pfl -ï)

T :-i( ;ilia* - i 
|e;-;1.<"" ""pþ;o;;-;;,)

The radiation mode coupling can be analyzed using the coupled-mode theory as

well. Sipe and co-workers [29, 35] have studied radiation-mode coupling as a loss

mechanism on core mode transmission. The coupled-mode equations in radiation mode

coupling becomes [36]

(2.sr)

# :,t,-rr,< + tI !r',o!1,8,,exp(- ziõ',,!;,zþo

o@ 
: -'*;", -' |, e exPþiõ' i, ji',')

(2.s2)

(2.s3)
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with the detuning parameter

where A is the amplitude of the core mode and B¡o is the amplitude of the continuous

spectrum of radiation modes. Additionally, ô;ïïi is the LPor mode self-coupling

coefficient and rcii-]i : (*lî-î ). is tne cross-coupling coefficient. The above equations

can be used to show that the core mode amplitude approximately obeys an equation of

the form [36]:

t( 2"1ôffi' =;[B'' *þ,,-1)

where the term in the square bracket is evaluated at F¡p:2nlL*þot. This realterm gives

rise to exponential loss in the amplitude of the core mode. Furthermore, the loss

coefficient is proportional to the square ofthe cross-coupling coefficient and therefore to

the square of the induced index change. This simplified analysis can nevertheless be

used to predict the radiation-mode coupling loss spectrum, even when the grating is

tilted. As the tilt angle is increased, many radiation mode azimuthal orders must be

included in the summation to accurately model radiation modes propagating more normal

to the fiber axis. Cladding and radiation mode coupling is essential to understanding the

experimental analysis in this thesis.

# :,, ;i:-;i A 
[; i" F ;r-:;rfo

(2.s6)

2.4 Tilted (Blazed) Fiber Bragg Gratings

Tilting the Bragg grating planes at angles to the fiber axis (Figure 2.9), will result

in light that is otherwise guided in the fiber core being coupled into loosely bound,

-29 -
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guided-cladding or radiation modes. The tilt of the grating planes and strength of the

index modulation determines the coupling efficiency and bandwidth of the light that is

tapped out. In a single mode fiber, the tilt of the grating planes enhances the coupling of

the light from the forward propagating core mode to backward propagating cladding

modes, and reduces the coupling to the backward core mode 112,341. Therefore, in the

transmission spectrum, both a core mode resonance (satisfying the Bragg condition) and

several cladding mode resonances appear (Figure 2.10). A cladding mode is a mode that

is confined to the cladding of an optical fiber by virtue of the fact that the cladding has a

higher refractive index than the surrounding medium, which is either air or the primary

polymer overcoat. Modern fibers have polymer overcoat whose refractive index is

slightly higher than that of the cladding, so that light propagating in the cladding is

rapidly attenuated and eliminated.

Backqround

Cladding
Tapped Light

Figure 2.9 A schematic diagram of a tilted (blazed) fiber Bragg grating.

Blazed index modulation
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Figr,rre 2.10 Transmission spectrum of a fiber Bragg grating with a 4' tilt angle.

2.5 Refractive Index Sensing via Fiber Bragg Gratings

1520 1530

Cladding Modes

Backsround

From the Bragg condition (2.41) it is evident that changes to the Bragg grating

spacing or the effective index of the core mode affect the center wavelength that will be

reflected. As mentioned before, changes in strain and/or temperature result in changes in

the Bragg wavelength; hence, by monitoring shifts in the Bragg wavelength and compare

that to the designed Bragg wavelength one gathers the information regarding changes in

the temperature and strain. Changes in the effective index of the guided core mode are

negligible in uniform (non-tilted) Bragg gratings written in standard single mode optical

fibers since the outer cladding is much thicker compared to the core and effectively

'shields' the core mode from any refractive index changes in the surrounding

environment. Therefore. to be able to detect changes in the refractive index of the

1 540 1 550 1 560 1570
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surrounding environment, there needs to be modifications to the optical fiber geometry or

the Bragg grating design to allow the guided core mode to 'see' the refractive index

change.

2.5.1 Side-polished Fiber Bragg Gratings

Besides the influences of temperature and strain on the Bragg wavelength of a

FBG, the effective refractive index of the guided core mode can respond also to changes

in the refractive index of the material within the evanescent field region. This effect has

been demonstrated in previous reports using uniformly etched fiber [9]. However, since

the evanescent field region of a single mode optical fiber is only a few microns, the

uniformly etched fìber method results in an optical fiber whose overall diameter is

approximately 10 to 15 microns, thus having a low mechanical stability. Applying the

so-called polished fiber half-coupler technology to the fiber segment containing fìber

Bragg gratings results in mechanically more stable f,rber optic structure with the

possibility of exposing an evanescent field of the FBG to the analyte (Figure 2.11).

EHVIRO HTflEHT

Figure 2.11 A schematic diagram of a side-polished fiber Bragg grating.
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The properlies of the sensor are determined by the Bragg wavelength Às or rather

by its shift ÁÀs as a function of the refractive index of the external medium, rs¡¡. The

shift AÀe is assumed to be linearly related to changes An.¡¡ of the effective refractive

index n"¡¡ of the guided fiber core mode:

The relations Às(/ae) and n"çdn¡), respectively, are the characteristics of the refractive

index sensor. Because of the asymmetrical removal of the fiber cladding, the

characteristics of the sensor depend on the polarization of light (see section 2.1.2). The

effective depth of the sensor in a fluid is determined by the penetration depth of the

evanescent field. That is, the sensing analyte (the surrounding medium) should cover a

depth region that is more than the penetration depth of the evanescent fìeld; otherwise the

efficiency ofthe refractive index sensor decreases [37].

Note that frorn the evanescent field skin-depth equation (2.35), the penetration

depth is frxed according to the wavelength of light being used. Thus, to allow the

evanescent field to extend deeper into the analyte or surrounding medium, one can

decrease the residual cladding thickness. Intuitively, by reducing the residual cladding

thickness, the refractive index sensitivity increases, as will be evident in Chapter 3. It is

essential for this type of refractive index sensor to keep the temperature and strain

constant so that the wavelength shifts come directly from the result of refractive index

change. Another method is to write a reference fiber Bragg grating, at a different design

wavelength, in the non-polished segment such that the temperature and strain effect will

be eliminated by taking the relative wavelength difference between the two FBGs.

AI" Lr"o
ÀB fren
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2.5.2 Tilted Fiber Bragg Gratings for Refractive Index Sensing

As mentioned previously that tilted (or blazed) fiber Bragg gratings enhance

coupling between the guided core mode and the loosely bound, guided-cladding modes

and radiation modes. The cladding mode resonances appear at discrete wavelengths

shorter than the core mode Bragg resonance, and they have the same linewidth

(determined by the number of grating periods) as the Bragg resonance. The cladding

modes are guided by the cladding boundary and as a result their effective index depends

on the refractive index of the outer medium. The sensitivity of the cladding mode

effective index to changes in the external index increases with mode order since the

penetration depth of the evanescent field increases for higher order modes. By

monitoring the shifts of the cladding modes relative to the Bragg resonance, an accurate

measure of the surroundins refractive index can be obtained.

Recall the Bragg condition for a uniform fiber Bragg grating, the Bragg

Backsround

wavelength is defined by Ie : 2n"çA,. In a tilted Bragg grating, Â is the projection of the

actual grating period À, along the fiber axis due to the tilt angle 0:

Â: An/cos0

Similarly, cladding mode resonances can be found through [12]:

Àc(i): (n"úi) + n6(l)) À

where n.¡(i) is the effective index of the core mode at the wavelength of i'o cladding

mode resonance, and n6(i) the cladding mode effective index at the satne wavelength.

Now if one considers the wavelength separation between the Bragg resonance and one of

the cladding mode resonances one can estimate the sensitivity of this parameter to

-34-
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various perturbations. In the case of changes of the external medium refractive index

rus¡¡, the differential shift (change in wavelength separation) is due entirely to the

dispersion of the cladding mode effective index, multiplied by the grating period:

The temperature dependence of the relative wavelength shift of the Bragg resonance and

cladding mode resonances can also be obtained by differentiating (2.41) and (2.61)

respectively:

Â (Àe - Xc(i)) /Ln" t: -A ônc(i)lA n"*t

Since most fibers (and certainly the fibers used in this research) have a very small

cornposition difference between the core and cladding glass, the thermo-optic coefficients

@nlô7) for the refractive index of the core and cladding are similar and close to the value

for pure silica, approximately I I x 10-6/oC [38]. Under these conditions, and for typical

grating periods near 500 nm (to get Bragg and cladding mode resonances in the 1500-

1600 nm wavelength region) the first terms on the right hand side of (2.62) and (2.63)

will add up to a worst case value near:

L(2an"fflôT - ôn"¡di)lôT - ôncl)lôT)fc < r\.x 10-5 : 5 pm /oC (2.64)

Furthermore, the coefficient of thermalexpansion of silica (0.55x10 6/"C) 
[38] can be

used in lieu of (l/t\)ôNôT to get the relative shift in the resonances due to thermal

expansion (from the second terms on the right hand side of (2.62) and (2.63)):

A * 0.55x 10-6 (2n"¡- n"rt(i) - nç(i))l"C

by virtue of the fact that both n"n and n"çdi) lie between 1.446 and 1.448 over the

-35-
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wavelength range of interest (1500-1600 nm) and that nç(i) can be as low ãs ksy1. For the

worst case estimate given above, the following values were taken: nerF7.446,

n"¡di):|.448, and nç(i):1.0 (n"r(Ð is always larger than n"¡ç because of dispersion). As a

result, using the distance between the Bragg resonance and one of the cladding mode

resonance to measure the surrounding refractive index, the measurement of Â(Is - Àc(t))

will have a cross-sensitivity to temperature of the order of a few pm/oC. Another

parameter which could adversely affect the resolution of the surrounding refractive index

measurements is strain on the fiber. However, in refractometry applications it is

conceivable that the fiber in which the grating is written can be packaged in such a way

that minimal strains occur during the measurements.

Background

-36-



Chapter 3

Simulation

3.1 Introduction

The f,rrst task is to determine the theoretical response of the side-polished and

tilted fiber Bragg gratings to changes in the externalrefractive index. Two different

software packages were employed to perform simulations on the two fiber Bragg grating

designs: FEMLAB from Comsol Group and OptiGratÌngfrom Optiwave Systems Inc.

The first software used, FEMLAB, is a finite-element based simulation software and it

has a built-in optics library including optical fibers. Using the model available in the

library, with modifìcations to the fiber geometry to represent the side-polished fìber

structure, effects of varying the external refractive index were recorded. On the other

hand, spectral responses of the tilted fìber Bragg grating were simulated with

OptiGrating. OptiGratinguses the Coupled-Mode Theory to model the light and enables

analysis and synthesis ofgratings. From these results, expected responses can be

compared with experimental results later obtained.

3.2 SimulationGeometry

Simulations were performed using step-index fiber profile, meaning that the

optical fiber core has a uniform refractive index distribution whose value is slightly

higher than that of the cladding material, which also has a uniform refractive index

distribution. The side-polished fiber structure was simulated as a small circle in the
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middle (the core) and a much larger circle with a straight edge boundary slicing across

the larger circle with its nearest edge located at some distance away from the edge of the

core, simulating the residual cladding thickness of the side-polished fiber structure. The

optical fibers used for this research were Corning SMF28@ fibers whose core and

cladding parameters were specified as: core radius :4.15 prm, cladding radius 62.5 pm,

r'ìcore: 1.4507, and n"1u¿ :1.444025 at 1550 nm. The top half of the cladding was

replaced by an external surrounding medium whose refractive index varied, and its

geometry was setup to complete the circular structure before half of the cladding was

removed (see Figure 3.1 for simulation geometry). This was done to reduce the

complexity of the meshing in the finite-element analysis and to avoid any discontinuities

across the boundaries. This simplification would have no effect on the optical field

distribution simulated by the software since the most important optical interactions occur

only in the core and the regions immediately surrounding it.

Simulation

su"ollffledi+t+ivariable nl ,, .

,, ,:, , 
',,' ' 

, '.,,,: .:r:**¡ri-"1udd 9,' :' .,,,,,,, 
/,,,,F*ubrgthicþe¡s)

W
Core (n: f .4507)

Figure 3.1 Side-polished fiber simulation geometry (cross-sectional view).

Cladding (n:1.4aa025)
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In contrast, tilted fiber Bragg gratings required no modifications to its geometry.

However, its complex spectral response involving cladding and radiation modes in the

transmission mode made it impossible to use a simple software package like FEMLAB.

Instead, a more complex but powerful software, OptiGrating, was used to simulate their

spectral response to varying external refractive index. As was the case in the side-

polished fiber Bragg gratings, the core radius for the tilted grating was specified at 4.15

¡,1m, and the cladding radius was specified at 62.5 prm. The external medium was setup

surrounding the fìber cladding having a thickness of 50 ¡-Lm with its refractive index

variable. A depiction of the tilted fiber Bragg grating simulation structure is shown in

Fisure 3.2.

Simulation

Srnrgrutdüig lVledium (væiable n)

coreffir.asoz)

Figure 3.2a Tilted grating simulation geometry (cross-sectional view).

Cladrrìng (n: L4 aO25)
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Figure 3.2b Grating planes tilted at 4' with respect to the normal to the fiber axis.

3.3 Basic Simulation

3.3.1 The Finite-Element Method

Simulation

The finite-element simulation is a sirnple tool that provides quick snapshot one

can expect in an actual experiment, such as the optical field and po\ /er distribution, the

possible modes that exist, the effective index, etc. Recall that the Bragg grating equation

states that the Bragg wavelength depends on the grating pitch and the effective index of

the guided mode, i.e. Às :2n"¡¡A.. The point of interest here is how changes in the

external refractive index influence the effective index of the guided mode. This finite-

element method was used to simulate the side-polished fiber Bragg gratings because their

response, either in reflection or transmission mode, depends only on the change of the

effective index and the grating pitch. The grating pitch was assumed to be constant as
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strain and temperature were kept constant in the experiments that were carried out,

preventing any physical elongation or thermal expansion of the grating. The external

medium was only microns away from the core of the optical fiber (Figure 3.1), allowing

the evanescent field interactions to take place and FEMLAB calculates the effective

index as a result of this interaction.

It is important to specify the number of modes and the approximate mode index

that FEMLAB should solve for as incorect parameters would yield physically

meaningless results. The number of modes was specified at two (single-mode optical

fiber) and FEMLAB solved for modes whose index were near that of the cladding

material as these modes were the only physically meaningful modes. The effective index

values were recorded and used to calculate the Bragg wavelengths as a result of varying

the refractive index of the external medium. The wavelensth results were recorded alons

with the values of the external refractive index (see Figure 3.3 for example).

Simulation
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Figure 3.3 Bragg wavelength

3.3.2 OptiGrating

Simulation

As previor-rsly described, tilted fiber Bragg gratings involve modes other than the

guided mode, thus making finite-element method insufficient for providing an

understanding of the expected grating behaviour. OptiGrating provides a complete and

accurate understanding of the tilted grating behaviours because it uses the Coupled-Mode

Theory to model light scattering and interaction, including the cladding modes and

continuum of radiation modes. The simulation structure is shown in Figure 3.2 and the

Bragg grating had the following parameters: length : l0 mm, center wavelength : 1566

nm, and internaltilt angle:4o. The refractive index of the surrounding medium was

varied and the simulated transmission spectral response of the tilted grating was

1.35

positions versus surrounding refractive index values.

1.4

Refractive lndex

analyzed. Recall in Chapter 2thatthe absolute locations of the different modes are not

1.45
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important, only the relative distance between the core (Bragg) mode and the individual

cladding modes because shifts in the relative distances are directly related to external

refractive index changes. Relative distances between the core (Bragg) mode and select

cladding modes (see Figure 3.4) were recorded and listed in Table 3.1 and plotted with

curve fitting (R2 : 0.9999) in Figure 3.5. The cladding modes selected are located at23,

74, and 8 nm away from the Bragg resonance and changes in the relative distances are

referenced to n.*¡: air.

Simulation

Figure 3.4 Screenshot of an OptiGrating simulation plot.
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Table 3.1 Relative distances between selected cladding modes and the Bragg resonance at
different surroundi ng refractive index values

Cladding mode 8 nm Cladding mode 14 Cladding mode23
away from Bragg nm away from Bragg nm away from Bragg

Surrounding
refractive index

1

1a
l.J

1.33

1.34

1.35

1.36

1.37
1.38

1.39

1.4

1.41

1.42

1.43

Shift of relative distance between the cladding modes and the
Bragg resonance (pm) with reference to n : 1

0

30
40
A<AJ

50

55

60
70
80

95

117

152
237

Simulation
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Figure 3.5 Plot of simulation results and fitted curves.
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3.4 ParameterVariation

In addition to varying the refractive index of the surrounding medium, the

residual cladding thickness was varied to understand its effect on the refractive index

sensitivity. Residual cladding thickness values between 0.5 pm and2 pm were used in

the FEMLAB simulation in 0.25 pm increments. The results of varying residual cladding

thickness were plotted against the external refractive index (Figure 3.6).

1543.5

1543.55

1543.5

1543.45

1543.4
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1543.3

1543.25

tt
o
o
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crì
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Simulation

I
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a¡ 
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l.^X
I

'^aX
^^ .-¡X'
X

Xxo*

X

1.29 1.31 1.33 1.35 1.37 1.39 1.41 1.43 '1.45

Refractive Index

Figure 3.6 Plot of Bragg wavelength versus external refractive index with different residual
claddins thickness.

3.5 Results

The results of the simulations provided some very important observations and

expectations. In the case of side-polished fiber Bragg gratings, it is evident from the

simulation results that reducine the residual claddins thickness increases the refractive
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index sensitivity. Moreover, the refractive index sensitivity is much higher when the

external refractive index is close to that of the cladding material than when the external

medium is air (n : 1.0003) or water (n : 1.333 at 589 nm). Although the simulation does

not consider temperature variations, it is very important to keep the temperature constant

throughout the experiments for side-polished fiber Bragg gratings as temperature induced

shifts of the Bragg wavelength (approximately 10 pm/"C) may distort the testing results.

In contrast, the tilted fiber Bragg gratings eliminate the temperature induced

ambiguity since by taking the relative distance between the Bragg resonance and

individualcladding modes, only the effects of surrounding refractive index are

pronounced. As the simulation results indicate, the maximum refractive index sensitivity

can be achieved at different surrounding refractive index values by selecting different

cladding modes to perform the analysis. The cut-off value for the surrounding refractive

index that can be detected with either the side-polished or tilted fibre-Bragg grating is

close to the refractive index of the cladding, which is approximately I .444 at 1566 nm.

Beyond this value, the software packages either could not perform simulations or output

physically meaningless results.

Simulation
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Sensor Design and Fabrication

4.1 Introduction

The simulation results in Chapter 3 provided some of the important design

criteria. For the side-polished fiber Bragg grating to be an effective sensor, the residual

cladding thickness should be less than 2 pLm, with the refractive index sensitivity

increasing exponentially for smaller residual cladding thickness. On the other hand

optical po\¡/er loss becomes a major problern when the residual cladding thickness

reaches down to two microns (within the evanescent regime) and may not provide

sufficient signal in the reflection or transmission mode. Thus, the optimal residual

cladding thickness depends on increasing the sensitivity without losing too much signal

in the process. In comparison, the tilted fiber Bragg grating sensor design requires no

modifications to the fìber geometry, thus keeping its mechanical strength intact.

However, since they must be written at a tilt angle with respect to the fiber axis, the

normal procedures for imprinting fiber Bragg gratings must be modified to make it

possible. This section examines the design parameters and fabrication techniques.

4.2 Device Structure and Materials

The optical fibers used for fabrication of the side-polished and tilted fiber Bragg

grating are Corning SMF28e (single-mode photonic fibers) and Corning SMF28 (single-

mode fìbers), respectively. These optical fibers are silica based, meaning that the core
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and cladding materials are largely silica with germanium doping in the core of the optical

fibers to make its refractive index slightly higher than that of the cladding for total

internal reflection operation. Side-polished fiber Bragg gratings were fabricated by

Fiberlogix Ltd. To fabricate these sensors, a uniform grating was first imprinted in a

section of the core and then parts of the cladding over the grating were polished off,

yielding a D-shaped structure along the length of the grating (Figure 4.1). On the other

hand, tilted fiber Bragg gratings were fabricated using an excimer laser source and phase

masks at the Photonics Laboratory at Carleton University located in Ottawa, Canada.

These gratings were fabricated by imprinting uniform gratings in the core at an angle

with respect to the fiber axis. There was no change in the fiber structure for the tilted

fìber Bragg gratings. For investigative purposes, this research also employed tilted fiber

Bragg gratings written on Corning 80 ¡"rm and 50 pm prototypes (still silica based).

Sensor Desisn and Fabrication

Figure 4.1 A typical side-polished fiber with cladding over the grating partially removed.

Claddtg side-polished
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4.3 Fabrication

4.3.1 Side-polished Fiber Bragg Grating

The first fiber Bragg grating sensor technology employed in this thesis work was

side-polished fiber Bragg grating. The fabrication process for this type of Bragg grating

was the same as normal uniform fiber Bragg grating in terms of the grating imprinting.

The grating sensors were manufactured by Fiberlogix Ltd using Corning SMF28e hbers,

having a standard single-mode fiber core diameter of 8.3 pm and cladding diameter of

725 pm. The fibers were photosensitive, allowing the ultraviolet light to induce a

structural and compositional change in the core with the pattern transferred from the

phase mask (Figure 4.2) and the gratings were written. Once the gratings were written,

the optical fibers were mounted and side-polished along the grating section on a circular

wheel I mm in diameter (much larger compared with the fiber diameter). The polishing

was done to yield more evanescent fìeld interaction between the surrounding

environment and the gratings. Table 4.1 shows the design and grating parameters.

Sensor Desisn and Fabrication
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,,,.'{

Llltrai¡iolet li.ght

Figure 4.2 A fiber Bragg grating manufactured by exposing the fiber core to UV interference
pattems through a phase mask.

Table 4.1 Summary of side-polished fiber design parameters.

Design Parameter Specification

Sensor Desisn and Fabrication

Grating r'vritten

Opticalfiber
Bragg grating center wavelength
Grating pitch
Length of grating
Reflectivity
Full-width at half maximum (FWHM)
Side bands

Length of side-polishing
Residual cladding thickness

Phase lVlask

L rt e'¡ferenc e ¡latt c'rn o1' the
Lrvo r:ut9oirrg ra1's

Cladding

Photosensitir¡e Col'e

Cladding

The manufacturer's process guaranteed all of the above specifications except for

residual cladding thickness, which was only estimated to be about 2 ¡rm by the

manufacturer. This parameter was very important to this work; therefore, testing was

done to decide whether to further reduce the residual cladding thickness. The grating

spectra showed a slight change of the Bragg wavelength before and after the side-

-50-

Corning SMF28e photonic fiber
1543.7 t I nm
533.2 nm
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polishing (Figure 4.3). This is due to the fact that the grating, after side-polishing the

cladding, now interacts with a different surrounding medium (air) compared to before

side-polishing.

0.014

o o12

001

F 0008

;o
Èo ^^^^IL U,UUO

Sensor Desien and Fabrication

1540 1541 1542 1543 1544 1545

Wavelength (nm)

Figure 4.3 Fiber Bragg grating reflection spectrllm before and after side-polishing.

4.3.2 Tilted Fiber Bragg Grating

While the side-polished fiber Bragg gratings exploit evanescent field interactions

and refractive index sensing by removing parts of the cladding, there exists another

method to detect changes in the surrounding refractive index without removing any part

of the cladding. Tilted fiber Bragg gratings make use of the cladding modes and the

Bragg mode for refractive index sensing and temperature reference. The tilted fiber

Bragg gratings for this research were fabricated using hydrogen-loaded (hydrogenated)
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Corning SMF28 fibers [37]. The hydrogenation was done to make the optical fiber core

sensitive to ultraviolet light source used to imprint the gratings, much the same principle

behind photosensitive fibers.

Tilted fiber Bragg gratings were imprinted through the use of phase masks and a

pulsed KrF excimer laser source [38]. The grating planes were tilted at 4' with respect to

the normal to the fiber axis (Figure 4.4). This angle is the internal tilt angle and it is not

the same as the angle that the fibers were tilted with respect to the laser source since the

refractive indices of the core, cladding, and air are different. The equation used to

cletermine the angle at which the fiber was to be tilted against the laser source and the

internal (core) tilt angle is

Sensor Desien and Fabrication

The internal tilt angle used in this research was 4'. The grating period for the samples

was 536 nm, and the grating length was 10 mm. A summary of the design parameters for

the tilted fiber Bragg gratings is presented inTable 4.2.

Figure 4.4 A fìber Bragg grating with its grating planes tilted at an angle 0 with respect to the
fiber axis.

-52-
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Desisn Parameter
Opticalfiber
Bragg grating center wavelength
Grating pitch
Length of grating

Linewidth (for individual cladding modes)
Tilt angle

Cladding modes

Table 4.2 Summary of tilted fiber Bragg grating design parameters.

In addition to the batch of samples written at 4" tih, one sample was written at 6o and

some were written at 4o on 80 pLm and 50 pm diameter fìbers for comparison purposes

only. This thesis work places the emphasis on gratings written on standard single-mode

fibers.

Sensor Desisn and Fabrication

Soecification
Corning SMF28 (hydrogen-loaded)

1566+ I nm
536 nm
l0 + I mm
< 0.20 nm
/1o?

< -10 dB from reference level

4.4 Chemical Etchins

As previously noted in the side-polished fiber fabrication, the residual cladding

thickness was an uncertainty in the production process. While the optical fibers, under

microscope, show extensive side-polishing, further testing reveal that its refractive index

sensitivity was not as high as expected. The expected wavelength shift was at least l0

pm when the refractive index went from I to 1.33 (air to water); however, the observed

wavelength shift was negligible. As a result, a chemical etching was done on the side-

polished fìber Bragg grating to increase its sensitivity, and the fiber Bragg grating

spectrum was monitored in-situ in real-time while the etching was underway (Figure 4.5).

-53-



Chapter 4

Broadband
Optical Source

Directional Coupla'

Sensor Desisn and Fabrication

Figure 4.5 Setup for chemical etching on the side-polished fiber Bragg grating sensor with in-sìtu
monitorins.

The chemicaletching was done using Olin Hunt i0-to-1 buffered oxide etch

(BOE) at room temperature, which etches silica materials at an average rate of

approximately 0.05 prm/min 139-431. The chemical etching was performed for 15

minutes and was stopped when the reflected power level had fall to half of that before the

etching. After the chemical etching the refractive index sensitivity was enhanced, and a

full set of experimentaltesting was done. The experimental procedures and results for

the side-polished fiber Bragg grating and tilted fiber Bragg grating sensors are described

in detail in Chapters 5 and 6, respectively.
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Side-polished Fiber Bragg Gratings

5.1 Introduction

This chapter describes the experimental tests that were performed on the side-

polished fiber Bragg gratings that included a temperature/humidity characterization and a

sucrose solution test to simulate different external refractive indices. A detailed

description of the experimental apparatus, including the design of the sensor probe, is

also included. This chapter will conclude with a comparison between the simulation and

exoerimental results.

5.2 CharacterizationTests

A set of temperature and relative hurnidity characlerization tests were carried out

to determine the temperature/humidity dependence of the side-polished fiber Bragg

grating sensors. The set of values at which the fiber Bragg grating spectra were recorded

is presented in Table 5.1. The side-polished fiber Bragg gratings were taped on a fiber

holder (Figure 5.1) and placed inside an environmental chamber that controlled the

temperature and humidity to +0.2 oC and +0.5yo, respectively. Testing temperature

started from -40 oC to prevent condensation freezing if the testing temperature started

from 80 "C. Relative humidity (RH) values were not set for temperatures below 0 oC

because they were meaningless and not controllable. The only RH values recorded for

temperatures above 0 "C were the ones that could be well-controlled and maintained
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constant throughout the experiment by the environmental chamber. This characterization

test served as a general reliability study on the side-polished fiber and provided

information on the temperature dependence of the side-polished fiber Bragg grating

center wavelensth.

Temoerature loC)
-40

-27.5
-15

Table 5.1 Characterizalion test conditions.

-2.5

Side-polished Fiber Bragg Gratings

10

z0

N/A

40

N/A

60

Testins Conditions

N/A

80

N/A
N/A

N/A
Relative Humidity (%RH)

N/A

N/A

N/A

N/A

10%

N/A

l}Yo

N/A

N/A

NiA

N/A

30%

N/A

30%

N/A

30%

N/A

N/A

s0%

N/A

s0%

N/A

50%

N/A

s0%

N/A

N/A

70%

N/A

70%

N/A

70%

N/A

70o/"

8s%
90%
90%

Figure 5.1

90%
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o* 

t 
t--

90%

FBG sensors
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The apparatus used in this characterization test included a broadband optical

source (functional wavelengths from 1300 - 1600 nm), a directional coupler, an optical

spectrum analyzer (9 pm resolution), an environmental chamber, and a computer to

record data (see Figure 5.2 for an illustration of the experimental setup). Both the

reflection and transmission spectra were recorded during the test, with the Bragg center

wavelength determined in the post-experimental data analysis. The side-polished fibers

were kept straight and held under constant (albeit minimal) strain to ensure that no strain-

induced shifts of the Bragg wavelength occurred. A set of five reflection and

transmission spectra were taken at each single testing condition (a ten minute

stabilìzation time was given before the spectra were recorded), with the results averaged.

The reflection and transmission spectra showed temperature-induced shifts of the Bragg

wavelength to be linear (Figure 5.3), and the Bragg wavelength locations are listed in

Table 5.2 with a graphic display of the wavelengths versus temperature in Figure 5.4.

Side-polished Fiber Bragg Gratings
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Optical Source

Directional Coupler

For Reflection

Figure 5.2 CharacTerization experiment setup for side-polished FBG sensors.
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Figure 5.3a Reflection spectra of a side-po.lished FBG sensor in response to temperature
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Figure 5.3b Transmission spectra of a side-polished FBG sensor in response to temperature
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Table 5.2 Summary of Bragg wavelengths in response to temperature/humidity variation.

-40 "c
-27.5'C
-15 

0c

1.5 "C
l0 "c, 85% RH
20 "c,50% RH
20 "c,70%RH
20 "c,90% RH
40 "c,30% RH
40 "c,50% RH
40 "c,70%RH
40 "c,90% RH
60 0c, l0% RH
60 0c, 30% RH
60 "c, 50% RH
60 "c, 70% RH
60 "c,90% RH
80 "c, l0% RH
80 0c, 30% RH
80 0c, 50% RH
80 "c, 70% RH
80 "c, 90% RH

Testins Condition Bragg Wavelength (nm)
1s42.0t1
1542.114
1542.249

1s42.364
1s42.493
1542.587

1s42.s92
1542.587

1542.758
1542.782

1s42.777
1s42.7s6
1s42.013
1542.997

1s42.993
1s42.989
1s42.96s
1s43.182
I 543.1 58

1s43.163
1s43.ls
1543.141

Síde-polished Fiber Brags Gratinss

Standard Deviation lnm)
0.00753
0.01427
0.009
0.00602
0.00493
0.01951

0.00493
0.01208
0.01968
0.01968
0.02763
0.01968
0.004
0.02105
0.0237
0.0213
0.02432
0.024r
0.01 571

0.0t124
0.01334
0.01467
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Figure 5.4 Bragg wavelength versus temperature of side-polished FBG sensors (with reference
set at -40"C).

The temperature responses of the three side-polished FBG sensors are linearly

fitted, with R2 > 0.995, and indicate that the thermal induced Bragg wavelength shift

(slope of the trend-line) of the side polished FBG sensors is approximately 9.8 pm/'C.

The relative humidity data from Table 5.2 suggests that as the relative humidity

increases, the Bragg wavelength shifts to shorter wavelengths, which would indicate

lower environmental temperature, even though the temperature was held constant while

changing the relative humidity. This may be explained by the fact that as the relative

humidity increases, the moisture content in the air increases, and moisture deposition

increases on the surface of the optical fiber grating section. With the two-way process of

deposition and evaporation, the surface temperature becomes lower than that of the

-40 -20

'//

20

Temperature {oC}

40
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atmosphere. From this characterization test, it is evident that keeping the temperature

constant for refractive index experiment is critical because any temperature change of

more than I "C introduces more than 10 pm shift of the Bragg wavelength, which would

make refractive index change induced Bragg wavelength shift of the same magnitude

insisnificant.

5.3 Sucrose Solution Tests

This section describes the apparatus setup and experiment to gather the optical

response of side-polished fiber Bragg grating sensors to different surrounding refractive

indices. Sucrose solutions, mixed at different concentrations, were chosen to simulate

different surrounding refractive index because they have fìxed refractive index values at

concentrations from 0% (n: 1.333) to 80% (n : 1 .4906) at 589 nm and 20 oC (full table

can be found in [aa]). Taking into account for wavelength dependence of refractive

indices, one can calculate the corresponding refractive indices at the operating

Side-nolished Fiber Brase Gratines

wavelength. In this research work, the operating wavelength was 1550 nm, and sucrose

solution concentrations from 30Yo to 67Yo were prepared for the experiment (with

refractive index values calculated at the 1550 nm). Before the test could begin, however,

a sensor probe needs to be fabricated to allow the side-polished FBG to be mounted and

kept straight throughout the testing. Design of the sensor probe and experimental setup

are described below.

5.3.1 Experimental Setup and Procedure

A sensor probe allowing the side-polished FBG to be immersed in sucrose
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solutions for measurements was necessary. A U-shaped Plexiglas probe with a cut

opening in the bottom section allows the side-polished FBG to be suspended in the

surounding medium (Figure 5.5). Once this probe is immersed in aqueous solutions, the

distribution of force would be balanced throughout the entire length of the suspended

section. This cut opening was designed to be 2 cm because the Bragg grating length for

the side-polished FBG sensors were 2.2 cm. The optical fiber was then looped around

the curvature and taped on the two ends, with the rest of the fiber looped around the

circular structure on the top of the probe and ready to be immersed in aqueous solutions

with known refractive indices for measurements.

Side-polished Fiber Brase Gratines

ii
.:. 

,,

, ',,.t,
'.t:a',ï
: ,:l¡.1:'.

.ri.å

"lín,'
t;:

L,'i'
i:l¡ ;

,ttË.. *

rt'.**it

)

Side-polished
FBG sênsür:

Figure 5.5 U-shaped sensor probe design with the side-polished FBG sensor suspended.

-62-



Chapter 5

In the first set of tests, a broadband optical source sent light into the side-polished

FBG surrounded by sucrose solutions prepared at different concentrations. The Bragg

grating reflected light with its spectrum shifted according to the solution's refractive

index. The reflected light traveled into a directional coupler and into an optical spectrum

analyzer (ANDOTM 4Q6331). For transmitted optical spectra, the other end of the side-

polished FBG was connected to the optical spectrum analyzer (see Figure 5.6 for a

graphic illustration for the experimental setup). A set of five reflection and transmission

spectra were recorded for each value of sucrose concentration, with the results averaged.

The optical spectrum analyzer used for this experiment could only resolve 10 pm with

repeatability; therefore, other interrogation unit capable of much higher resolution was

necessary.

Side-polished Fiber Braee Gratinss
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Figure 5.6 Sucrose solution experirnent setup for side-polished FBG sensors.
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In the second set of tests, an IDERSTM SHMSI00ArM unit was employed for

recording the Bragg wavelength locations. This interrogator has a built-in swept

wavelength laser with gas cells for frequency reference and a peak fitting location

detection algorithm [45]. The Bragg wavelengths were recorded at 100 samples per

second over a two minute span. The Bragg wavelength locations data were then

processed offline to determine the mean value as well as the standard deviation for error

estimates. A picture of this setup is shown in Figure 5.7, with the side-polished FBG,

immersed in a beaker containing sucrose solution, shown on the right hand side of the

picture. One end of the side-polished FBG was connected to the intenogation unit.

Since this interogator required only the reflected spectra of the Bragg grating sensor, it

was not necessary to connect the other end of the side-polished FBG.

Side-polished Fiber Braee Gratines
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Figure 5.7 Experimental setup for side-polished FBG sensor involving IDERSTM SHM unit.

5.3.2 Results and Analysis

The reflection and transmission spectra of the side-polished fiber Bragg grating

sensors, immersed in sucrose solutions of different concentrations (converted into

corresponding refractive index values), are shown in Figure 5.8. As the surrounding

refractive index values increased, the peak (Bragg wavelength) of the reflected spectrum

and the valley (Bragg wavelength) of the transmitted spectrum shifted to longer

wavelensths.
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The optical spectra provided insights to the trends that occurred, but the optical

spectrum analyzer could only resolve 10 pm with accuracy. Therefore, the same

experiment was repeated using an interrogator dedicated to Bragg grating sensors. More

than 10,000 Bragg wavelength readings were recorded for each refractive index setting,

and the results are shown in Figure 5.9. The wavelength shifts were referenced to the

Bragg wavelength when the side-polished FBG sensor is immersed in distilled water.

The error bars are specified at +3 pm for the wavelength (repeatability of the

interrogator) and +0.002 for refractive index (uncertainty in the refractive index values

convefted from sucrose concentrations).
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repeatability of the interrogator being 3 pm, this means that the side-polished FBG sensor

can detect a7.14 x l0-a chanse in the surroundins refractive index.

5.4 Simulation Prediction versus Experimental Results

The FEMLAB simulation results were compared to the experimentalresults. The

simulation results were obtained in the format of effective index, and with the grating

pitch parameter for the fiber Bragg grating, they were converted into Bragg wavelengths

and the amount of wavelength shifts were referenced to n : 1.3. The simulated results

and the experimental results are shown in Figure 5.10.
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Figure 5.10 Side-polished experimental results compared with simulated data.

The experimental results show that the refractive sensitivìty trend matches well

against the simulation trend for 1.75 pm residual cladding thickness. The two outliers of
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the trend appear at the higher refractive index values, but when the error bars are taken

into consideration, the trend still shows a very good match to the simulation results. This

indicates that more residual cladding can be removed to enhance the sensitivity according

to the simulation results; however, FEMLAB simulation also indicated that the optical

power could no longer be confined in the fiber core once the residual cladding thickness

reaches less than one wavelength. This power loss (attenuation) trend was also observed

while the chemical etching was performed prior to the refractive index experiments.

Side-polished Fiber Brasg Gratinss
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Tilted Fiber Bragg Gratings

6.I Introduction

This section describes the experimentaltests that were performed on the tilted

fìber Bragg gratings, which included a temperature/humidity characterization, a sucrose

solution test, and a refractive index liquid test. A detailed description of the experiment

apparatus and procedure is included. This chapter will conclude with the comparison

between the simulation prediction and the actual experimental results and observations.

6.2 CharacterizationTests

Similar to the side-polished fiber Bragg grating sensors, the tilted FBG sensors

were placed in an environmental chamber and a series of temperature/hurnidity settings

were run through to observe the optical response of the tilted FBG sensors. The set of

temperature/humidity settings that were run was the same as the ones found in Table 5.1 .

The testing procedure and apparatus were also the same as the characterization test

procedure and apparatus for the side-polished FBG sensors. However, instead of

recording both the reflection and transmission spectra of the tilted FBG sensors, only the

transmitted spectra were recorded because the cladding modes appear only in the

transmitted spectra while only the Bragg resonance appear in the reflected spectra. A

graphic illustration of the experimental apparatus is shown in Figure 6.1. A set of five

transmission spectra were recorded at each environmental setting, with the individual
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resonance wavelength results averaged and standard deviation calculated. The batch of

tilted FBG sensors in the characterization tests included three tilted fiber Bragg gratings

written on SMF28 fibers at 4o, one at 6", two tilted fiber Bragg gratings written on 80 pm

fibers, and two tilted fiber Bragg gratings written on 50 ¡rm fibers.

Broadband
Optical Source

Directional Coupler

Computer

The characterizalion experiment results suggest that the Bragg resonance and the

various cladding modes shifted the same order of magnitude in wavelength due to

temperature change, and this held true for all cases of tilted FBG sensors written on three

different diameter fibers (SMF28, 80 pm, and 50 pm). Graphic illustrations of the

thermally induced wavelength shifts of the optical spectra are shown in Figure 6.2. Note

the three modes enclosed in each black circle in Figure 6.2,the three are the same mode

(either Bragg or cladding mode). Linear fìtting of the temperature induced wavelength
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shifts are shown in Figure 6.3, with quantitative results of the thermally induced shifts

listed in Table 6.1. The cladding modes listed in the table were located at some distances

away from the Bragg resonance, and were chosen for analysis randomly. The

experimental results strongly suggested that the relative distance between the Bragg

resonance and various cladding modes do not depend on the temperature. The relative

humidity, which had an influence on the Bragg wavelength shifts of the side-polished

FBG sensors, was not a significant factor for tilted FBG sensors. This may be explained

by the fact that the tilted FBG sensors retain the entire fiber cladding material, surface

moisture deposition and evaporation at high RH take place much further away from the

Bragg grating tl,an in tlie case of the side-polished FBG sensors.

Tilted Fiber Brass Gratinss
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Figure 6.3a Wavelength shifts of different modes versus temperature variation (125 ¡m diameter
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Table 6.1 Summary of temperature-induced wavelength shifts of Bragg and select cladding
modes of different diameter fibers.

Fiber Type

Corning SMF28

Corning 80 ¡rm

Bragg

Mode

Cladding mode l4
nm from Brass

Corning 50 prm

Cladding mode 23

nm from Brass
Bragg

Thermally induced
wavelength shift

(pm/'C)

Cladding mode 20
nm from Brass
Brass
Cladding mode 15

nm from Bragg

8.6

9.4

9.4

10.3

R2

9.7

0.9869

I1.1

0.9978

10.9

0.9981

0.9974
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Results from the temperature/humidity characterization test indicate that the

temperature fluctuation would not confuse with the refractive index induced wavelength

shifts. However, for best experimental accuracy, the temperature at which the refractive

index testing was done should be kept constant to minimize the thermo-optic effects of

aqueous solutions.

6.3 Refractive Index Measurements via Sucrose Solutions

6.3.1 Experimental Setup and Procedure

broadband optical source, a directional coupler, a batch of varìous tilted FBG sensors

placed on a fiber holder that was placed in a glass container, a magnetic stir to mix the

solutions, an optical spectrum analyzer and a computer connected to the optical spectrum

analyzer to record data (see Figure 6.4 for an illustration). Since only the transmitted

spectra were of interest for the experiment on tilted FBG sensors, no reflected spectra

were recorded. A set of five transmitted spectra for each tilted FBG were recorded at

each sucrose concentration setting, and the resonance locations were averaged and the

standard deviation taken. The data processing was done offline after the recording all of

the optical spectra.

The experimental setup for the sucrose solution measurements included a

Tilted Fiber Bragg Gratings

Sucrose solutions were prepared by mixing 400 g of sucrose in 200 g of de-

ionized water, and as the experiment went on, more de-ionized water was added to the

solution to produce different concentrations. Concentrations used for this experiment

were, in sequential order according to the experimenl,66.67Yo,66.45o/o,65.57yo, 64.52o/o,

62.5yo, 60yq 57 .14o/o, 53.33o/o, 50yo, 44.44yo, 40yo,36.36yo,33.33o/o,30o/o, and de-
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ionized water measurement was taken separately for reference purposed. The magnetic

stir was running continuously to ensure uniform concentration distribution across the

fluid, and a film covered and sealed the top of the container to prevent evaporation

(which would cause the sucrose concentration to increase over time). Before recording

the measurements at a new concentration, sufficient amounts of time were given for the

stabilization. The temperature, as a result of running the stir continuously, was thus not

held constant. However, the temperature independence of the relative distance between

the Bragg resonance and the cladding modes means that the effect of thermal drift would

be minimized for refractive index measuremenrs.

Tilted Fiber Brase Gratines
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6.3.2 Resonance Location Methods

Figure 6.4b Tilted FBG sensors placed in a container on a magnetic stir.

To accurately analyze the experimental data, a good resonance location algorithm

was necessary to accurately locate the Bragg and the cladding mode resonance

wavelengths. Each individual resonance in a tilted FBG is asymmetric due to the

asymmetric structure of the grating; therefore, peak fìtting was not done to extract the

resonance locations. The resonance location must satisfy the following criteria:

1) the data point must be a local minimum within +200 pm;

2) it must be more than 3 dB down from either the shorter or longer

wavelength side;

3) only in the case of multiple valleys, peak fitting was done to determine the

resonance location.
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Resonance wavelengths were outputted using the algorithm. In the cases involving

multiple valleys (noise in the mode resonance), they were in fact not considered for

experimental analysis. Furthermore, most of the modes whose resonance showed

significant noise occurred on the extreme (much shorter wavelength) end of the spectra

that they did not satisfy the first two criteria. In the modes chosen for further analysis,

only the ones with clearly defined resonance wavelengths were considered.

6.3.3 Results

remained the same throughout the experiment, each individual cladding mode responded

differentially to changes in the sucrose concentration (see Figure 6.5). Wavelength shifts

in the relative distances between the Bragg resonance and select individual cladding

resonances were measured and plotted against the sucrose concentration and shown in

Figure 6.6 for 4" and 6'tilted FBG, 80 Fm 4o tilted FBG, and 50 pm 4" tilted FBG.

Actual refractive index values were not calculated for the sucrose concentrations since

the sole purpose of this test was to obtain a picture of the magnitude of wavelength shift

of the tilted FBG sensor compared to that of the side-polished Bragg grating sensors.

The results demonstrated that the tilted FBG sensors exhibited maximum sensitivities

(slope between the final two data points) of 0.02Yo sllcrose concentration change, in the

range betwe en 40%o and 660/o sucrose concentration, by utilizing different cladding modes

for analysis. The tilted FBG sensor written on a 50 ¡-rm diameter fiber showed a

maximum sensitivity of 0.01% sucrose concentration change.

The experimental data showed that while the Bragg resonance wavelength

Tilted Fiber Brasg Gratines
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The results showed a trend that as the sucrose concentration increased (hence the

surrounding refractive increased), the shifts became larger and the sensitivity increased.

The ultimate sensitivity increased for tilted FBG written on thinner diameter fibers. The

sensitivity trend held true for all of the tilted FBG sensors except for the 50 pm tilted

FBG. The reason behind this was that one end of the optical fiber splicing on both 50 pm

tilted FBG sensors were broken as the experiment was set underway. As a result, only

one was useful for measurement because the cleavage still showed a 4o/o refTection, which

could still be used for monitoring the spectrum. However, the results were so

unpredictable because the reflection was noisy. This brings forward an important

observation that while reducing the cladding thickness enhanced the ultimate sensitivity,

the much reduced mechanical stability negated its benefits.
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6.4 Refractive Index Measurements via Refractive Index Liquids

6.4.1 Experimental Setup and Procedure

For this experiment, only the 4' tilted FBG sensors written on SMF28 fiber were

used due to its mechanical stability and connector availability. The basic idea in this

experiment was to measure the transmission spectra of the tilted FBG sensors immersed

in different media with know refractive indices and to record the suitable resonances as a

function of surrounding refractive index. The transmission spectra were recorded using a

JDS Uniphase swept wavelength system with a wavelength resolution of 3 pm. All the

readings were done at room temperature, which was kept near 23 "C. To keep the strain

on the fiber constant during the experiments, the fiber region where the grating was

written was attached permanently to a microscope slide with the two ends of the fiber

fixed and small quantities of liquids with various refractive indices were dispensed with a

pipette onto the grating. A second slide was used to cover the interaction region and to

maintain the liquid in place by capillarity. The fiber and slides were cleaned thoroughly

using distilled water and then methanol between experiments. The transmission

spectrum was monitored during the cleaning and compared to the reference spectrum

(spectrum when tilted FBG is suruounded by air) real-time, and the cleaning was

complete when the two spectra matched. The immersion liquids used in these

experiments were calibrated liquids from Cargille Corporation with refractive indices

specified for all wavelengths and temperatures of interest in the measurements.

Therefore, the experimental conditions were suffìciently well controlled (for strain and

temperature) to ensure reliable, reproducible results.

-83-
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In addition to the JDS Uniphase swept wavelength system measurements, a

Micron Optics si720 interrogator, a dedicated fiber Bragg grating interogation

equipment, was used repeat the refractive index experiments. This interrogator has a

wavelength measurement accuracy better than I pm [46], and it has a built-in resonance

location algorithm whose criteria can be adjusted by the user based on the specific

sensors. With such an instrument, the refractive index experiments were repeated with

the exact same experimental conditions and procedures, the repeatability of the

measurement of wavelength distance (standard deviation of successive measurements of

a fixed experimental situation) of 0.6 pm. Because of the fact that two separate

equipments were used for the exact same sensors and experimental conditions and

procedures, reproducibility of the experimental results was verified. The results and

analysis are presentedin 6.4.3.

Tilted Fiber Brass Gratinss

6.4.2 Interrogation and Resonance Location Methods

Two separate interrogation systems were used for the refractive index liquids

experiments, a JDS Uniphase swept wavelength measurement system and a dedicated

fiber Bragg grating interrogator Micron Optics si720. For the JDS Uniphase system,

light of four orthogonal polarization states were launched into the tilted fiber Bragg

gratings at each wavelength, and collected at the detector, then a built-in software

calculated the average power between the four polarization states. Since the

measurement system recorded the averaged results of the four orthogonalpolarization

states, the polarization dependence was negligible in the data recorded. The Micron

Optics si720 launched only one state of polarization into the tilted fìber Bragg grating
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sensors, thus the polarization dependence was significant (up to 100 pm difference).

However, the procedures followed in the experiments ensured that no displacing or

twisting of the optical fiber took place because the fiber Bragg gratings were fixed on the

two ends and remained so even during and after thorough cleaning. This carefully

designed testing procedure not only ensured constant longitudinal strain, but also

constant polarization condition.

The resonance locations for transmission spectra taken with the JDS Uniphase

swept wavelength system were analyzed after the experimental measurements. As

described earlier in the sucrose solution tests, the cladding modes exhibited asymmetry

and thus no peak-fìtting should be done. The criteria that were used to determine the

valid resonance locations are listed below:

Tilted Fiber Brass Gratings

l) The resonance must be a local minimum in the full-width at half-

maximum (200 pm)

Analysis of the entire set of transmission spectra revealed that no multiple peaks/valleys

were present for the tilted FBG sensors written on SMF28 fibers, thus the two criteria

listed above were sufficient in determining the resonance locations. The same criteria

were set as the resonance locating parameters in the Micron Optics si720 interrogator,

and the interrogator recorded the resonance locations in real-time. Full transmission

spectra were also recorded to carefully analyze the resonance to eliminate any

2) The resonant mode must be more than 3 dB deep from either side

ambiguities (such as the borderline resonances seen by the software that were obviously

meaningless). The resonance locations data were taken over a ten minute span and

recorded every second; therefore, a sufficiently large number of data points were used for
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statistical analysis and interpretation.

6.4.3 Experimental Results

The transmission spectra from the first set of experiments using the JDS Uniphase

swept wavelength measurement system are plotted in Figure 6.7. The plots show the

tilted FBG spectra when surrounded by different refractive index media. Note that the

Bragg resonance remains at the same wavelength location while the cladding modes

exhibit differential shift, all in the same direction, when surrounded by different

refractive indices. The temperature and strain were held constant throughout the

experiment; therefore, shifting of the cladding mode resonances came as a direct result of

chanses in the surroundins refractive index.
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Figure 6.7 Transmission spectra of a tilted FBG to different external
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Select cladding modes, located af.8, 14, and 23 nm away from the Bragg

resonance, were chosen for analysis because the simulation results were represented by

these modes. Relative distances between the chosen cladding modes and the Bragg

resonance were calculated, and the amount of wavelength shifts was calculated with

reference to the relative distances when the tilted FBG sensors were surrounded by air.

The relative wavelength shifts are plotted in Figure 6.8, with no lines connecting through

the data points. Error bars are included and errors are specifìed at +3 pm in terms of the

wavelength (the repeatability and resolution of the swept wavelength measurement

system) and +0.0002 for refractive index values (specified by Cargille Corporation for

their refractive index liquids).

Tilted Fiber Brass Gratinss
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Figure 6.8 Relative distances between cladding modes and the Bragg resonance at different
surounding refractive index values (taken with JDS Uniphase swept wavelength system).
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Slope from the final two data points of each curve (each cladding mode) indicates

the maximum refractive index sensitivity of each cladding mode. For the cladding mode

located at23 nm away from the Bragg resonance, the maximum sensitivity determined

from the experimental data is 2l nm/riu around flext : 1.405. The maximum sensitivities

of the cladding modes l4 and 8 nm away from the Bragg resonance are 10.8 nm/riu and

8.1 nm/riu, rì€âr ns¡¡ : 7.475 and n.*¡ : 1.425, respectively. When assuming a 3 pm

repeatability (which was the case with the JDS Uniphase measurement system), cladding

modes at23,14, and 8 nm away from the Bragg can detect a An.*, of 1.43 x l0-4, 2.79 x

10-4, and 3.69 x l0-a, respectively.

The same refractive index liquids experiments were repeated using the Micron

Optics si720 Model as the interrogator. A minimum of 600 data points for each cladding

mode were analyzed for each of the refractive index values tested. Again, shifts of the

relative distances between the exact same claddins modes were calculated with reference

to the relative distances when the tilted FBG sensors were surrounded by air. The results

are plotted in Figure 6.9 without any lines connecting through the data points to

accurately portray the experimental results. Error bars are specifred as +0.6 pm for

wavelength (the experimentally verifìed repeatability of the interrogator) and +0.0002 for

refractive index values.

Tilted Fiber Braee Gratinss
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Figure 6.9 Relative distances between cladding modes and the Bragg resonance at different
surrounding refractive index values (data taken with MicronOptics si720 interogator).

Again, slope from the fìnaltwo data points of each cladding mode curve indicates

the maximum refractive index sensitivity of each cladding mode. For the cladding mode

located at23 nm away from the Bragg resonance, the maximum sensitivity determined

from the experimental data is 19.8 nm/riu around rìext: 1.405. The maximum

sensitivities of the cladding modes 14 and 8 nm away from the Bragg resonance are I 1 .8

nm/riu and 6.54 nm/riu, noâr rìs¡1 : 1.415 ând ns¡¡ : 1.425, respectively. When assuming

a I pm repeatability (although the experimentally verified repeatability of the Micron

Optics si720 was 0.6 pm, 1 pm was used as a safer assumption), cladding modes at 23,

74, and 8 nm away from the Bragg can detect â Âns¡1 of 5.01 x l0-s, 8.44 x 10-5, and 1.53

x 10-4, respectively. As both sets of experimental data suggest, tilted FBG sensors have

the ability to detect better than I x l0-a of refractive index change in the surrounding

-89-
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medium in a large range from 1.38 to 1.43, simply by choosing different cladding modes

for analysis.

6.5 Simulation Prediction versus Experimental Results

The simulation data were taken to be compared against the experimental results

taken from both the JDS Uniphase measurement system and Micron Optics si720

interuogator. The results are plotted in Figure 6.10 with the lines representing the

simulated results and the individual points representing the experimental results. The

experimental data and simulation results show excellent agreement, implying that the

simulation can be used to predict the actual refractive indices of the surrounding medium

given a known spectrum and an unknown value of surrounding refractive index with a

reference spectrum (transmission spectrum of tilted FBG surrounded by air).
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Figure 6.10 Tilted FBG experimental data compared with OptiGrating simulation results, top)
experimental results taken with JDS Uniphase system; bottom) results taken with MicronOptics

s1720.

Since the simulation results serve as an excellent prediction tool, experimentally obtained

Bragg-cladding mode distances were used to find the surrounding refractive index value

the simulations suggest they were. Results from the three cladding modes were averaged

to reduce statistical errors in terms of the measurements. Tilted grating measured

surrounding refractive index values \,vere then plotted against the actual refractive indices

used in the experiments, with the results shown in Figure 6.1l, including a linearly fitted

line showing its slope and R2 value.
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Figure 6.1 I Tilted FBG measured refractive index versus actual refractive index.

134

The slope of the linear fit is very close to l, meaning that the predicted refractive

index values almost exactly matches those of the actual surrounding media. The R2 value

(0.9972) suggests that the standard deviation (or discrepancy) of between the fitted line

and the actual data set is very small, meaning that the error is small. This means that if

one was given a reference tilted FBG spectrum (when the tilted FBG was surrounded by

air only) and an unknown spectrum; one may compare the relative distance shifts

between the selected cladding modes and the Bragg resonance to accurately obtain the

surrounding refractive index of the unknown spectrum.
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SummÐry and Conclusion

7 .I Refractive Index Sensitivity Comparison and Enhancement

Sensitivities to surrounding refractive indices for the side-polished fiber Bragg

grating and tilted fiber Bragg grating sensors are listed in Table 7 .l for comparison. The

wavelength shifts per refractive index unit are listed for more accurate comparison, and

the ability to detect changes in the surrounding refractive index depends on the types of

interrogation systems used. If both the side-polished and tilted fiber Bragg grating

sensors were interrogated with the same system, Micron Optics si720 for example, then

the maximum refractive index sensitivities would be 2.38 x l0-a for the side-polished

fiber Bragg gratings (when the surrounding refractive index is near 1.44) and better than

1.53 x 10-a for the tilted fiber Bragg gratings (for the surrounding refractive index range

from 1.38 to 1.43).

Table 7.1 S

Mode

.l òum

SFBG, Bragg
TFBG, cladding
mode 8 nm from

Maximum
wavelength shift

per refractive
index unit
(nm/riu)

B

ofrefractive index

ragg

TFBG, cladding
mode 14 nm
from Brasg

VC

TFBG, cladding
mode 23 nm
from Brass

4.20

Repeatability of
measurement

equipment used
lom)

senslrlvlnes o

6.s4

itivities of the fiber modes analvzed.

r 1.80

3

19.80

Smallest An.*¡
detected

mooes

I

7.14 x l}-a

ns¡¡ ât which the
maximum

sensitivity is
obtained

1.53 x 10-a

I

8.44 x 10-s
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Even though both sensors exhibit similar sensitivities, the tilted fiber Bragg

grating sensors can detect a wider range of surrounding refractive index values than the

side-polished fiber Bragg gratings at their respective maximum sensitivities. In addition,

temperature cross sensitivity becomes problematic in side-polished fiber Bragg gratings

if no reference gratings were used; whereas it is negligible in tilted fiber Bragg gratings.

Furthermore, no cladding removal was necessary for tilted fiber Bragg gratings yet they

demonstrated better refractive index sensitivities than side-polished fìber Bragg gratings.

To enhance the refractive index sensitivity further. one may remove some

cladding from the tilted fìber Bragg gratings by chemical etching. Thinner cladding leads

to reduced number of cladding modes and increased inter-modal spacing, and it also

leads to better evanescent wave coupling to the surrounding media. This is not

recommended as noted in the previous chapter that to enhance the sensitivity by a factor

of 2, the cladding diameter needs to be reduced from 125 ¡tm to 50 ¡rm. The much

reduced mechanical stability outweighs the added benefits. One may increase the tilt

angle of the tilted f,iber Bragg gratings to achieve maximum sensitivities at shorter

wavelengths, which means maximum sensitivities occur at lower surrounding refractive

index values. This property of tilted fiber Bragg gratings allow for more choices of the

chemical polymer to be deposited on the fiber Bragg grating for chemical sensing

purposes as the choice of refractive index value for the polymer is much less restricted.

The maximum sensitivity of side-polished fìber Bragg gratings can be enhanced by

further reducing the residual cladding thickness, or by etching a slot into the core of the

optical fiber along the length of the gra|ing 1471.

Summary and Conclusion
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7 .2 Conclusion

Both the side-polished and tilted fìber Bragg gratings demonstrated high

surrounding refractive index sensitivities at7.14 x 10-a and 1.53 x l0-a riu, respectively.

While the side-polished fiber Bragg gratings showed maximum sensitivity when the

surrounding refractive index is near I .44,the tilted fiber Bragg gratings showed

maximum sensitivity over a much wider range of surrounding refractive index values

(1.38 to 1.43). The ability to differentiate between the temperature-induced wavelength

shift and refractive index induced wavelength shift in tilted fiber Bragg gratings makes

them better candidates for sensing purposes as multiple parameters can be measured with

one single sensing element. Modifications to the fìber geometry are not necessary when

fabricating tilted fiber Bragg grating sensors, thus making them relatively easy to

manufacture than the side-polished fiber Bragg grating sensors. Their mechanical

strengtli is also better compared to that of the side-polished fiber Bragg gratings.

Summary and Conclusion

7 .3 Recommendations for Future Work

Tilted fìber Bragg gratings can also be used for refractive index sensing via

surface plasmon with a thin layer of gold deposited on the surface of the fiber along the

grating [48]. Tilted fìber Bragg gratings may be side-polished to enhance the surface

plasmon coupling into the core and cladding modes and consequently increase its

refractive index sensitivity. One may try to side-polish the tilted fiber Bragg gratings and

leave the mounting (used for the polishìng) attached to the fiber Bragg grating to better

protect the sensor. The flat surface after the side-polishing allows for easier metal
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deposition and better control of the thin-film thickness. It is beyond the scope of this

thesis and thus is only recommended for future work.

To make a fiber optic based corrosion sensor for structural health monitoring, it

will involve the use of chemically sensitive polymers. Polymers that selectively react

only with the hydroxyl ions (OH-) or hydrogen ions (H*) can be deposited as a thin film

on top of the fiber grating. These polymers must possess the property that their refractive

indices change as the environment's acidity (pH) changes so that the fiber Bragg grating

refractive index sensors can be used as corrosion sensors for structural health monitorins

purposes.

Summary and Conclusion
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