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ABSTRACT
In this thesis, a design for an electro-optically tunable, fiber optic filter based on a long
period fiber grating (LPFG) is introduced and is the motivation for the quantitative
analysis that follows. The basic fundamentals of coupled mode theory are presented and
used to distinguish LPFGs from fiber Bragg gratings (FBGs). A three-layer model is
then used to demonstrate the feasibility of the tunable filter design. The model results
show that an LPFG with a thin cladding (~35-40 µm) will have an enhanced sensitivity to
changes in the ambient index and will have a single resonant band in its output spectrum.
The results of the three-layer model are experimentally verified, but unexpected LPFG
tuning behavior is observed when a high index indium tin oxide (ITO) overlay is coated
on the fiber. The ITO overlay, which had been omitted in the three-layer model, is
shown to induce cladding mode transitions in the fiber as the ambient index is increased.
These transitions significantly affect the tuning performance of an LPFG, and a new fourlayer model, which includes the overlay, is developed to more accurately predict an ITO
coated LPFG’s tuning behavior. The four-layer model is used to confirm and quantify
the effects of mode transitions. The measured data from a number of ITO coated LPFGs
is then compared to the model data to see how well the model predicts the tuning
behavior of real LPFGs fabricated in our lab. By making a few adjustments to the model
constants to account for variations in the fabrication processes, the model is made to fit to
the various data sets. The tuning performance of one LPFG fabricated in our lab nearly
matched the performance of the ideal-case LPFG predicted by the model. However, the
errors that are consistently introduced by our equipment during fabrication prevented us
from replicating the sample and proved to be the limiting factor in our research effort.
Although we were unable to produce a working, electro-optically tunable filter prototype,
this research effort was not pursued in vain. The four-layer model presented in this thesis
is a comprehensive analytical tool that can be used to predict both the tuning range and
peak depth of a tunable LPFG that has been coated with a high index overlay. Using the
model as a guide, we fabricated an ITO coated LPFG whose resonant peak tuned in
excess of 200 nm when the ambient refractive index was increased by 0.01. To the best
knowledge of the author, this is the highest sensitivity reported for an LPFG to date. In
addition to the tuning performance, the resonant peak remains within 1 dB of its
maximum depth for nearly 150 nm of the tuning range. Furthermore, we examine several
future research topics that could benefit from the analysis in this thesis.
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Chapter 1
Introduction
In recent years, a great deal of research has been done in the area of integrated optical
devices.

Fiber optic gratings have been an area of particular interest because of their

potential use in a wide range of applications, including optical filters, sensors, and optical
communications components [1-21]. One device that we have been working on in our lab is
an electro-optically tunable, fiber optic filter based on a long period fiber grating (LPFG)
[15-21]. A schematic diagram of an LPFG is shown in Figure 1.1, and the basic configuration
of the tunable filter is shown in Figure 1.2. An LPFG couples energy at discrete wavelengths
from the forward propagating core mode to forward propagating cladding modes. In the
output spectrum, resonant peaks appear at the wavelengths which

Figure 1.1: Schematic of an LPFG [22].
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Figure 1.2: A tunable, fiber optic filter design based on a thin cladding LPFG with an E-O
polymer second cladding [16].
were coupled out of the core. The tunable filter consists of a thin cladding LPFG surrounded
by a second cladding layer made of electro-optic (E-O) polymer [16-21]. By applying an
electric field across the polymer second cladding, the refractive index of the E-O polymer is
changed, causing the resonant wavelength(s) in the output spectrum to tune.
The tunable filter design leverages the LPFG’s intrinsic sensitivity to changes in the
surrounding, or ambient, refractive index [17-24] and the thin silica cladding of the fiber in
which the LPFG is written. A three-layer model, where the three layers are the silica fiber
core, the silica first cladding, and the E-O polymer second cladding, was developed to
quantitative analyze the device and demonstrate its feasibility. The model results show that
by reducing the thickness of the silica cladding around the fiber core, the LPFG’s sensitivity
to changes in the ambient index increases and a single resonant band is achieved in the output
spectrum [24].
Using the three-layer model as a guide, the primary goal of our research effort was to
develop a working prototype of the tunable filter device.

The targeted performance

specifications for the device included a 40 nm minimum tuning range to cover the entire
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optical C-band (1525-1565 nm), a resonant peak bandwidth of less than 1 nm, and
nanosecond switching speeds. This goal required us to engineer approximately six fiber
processing steps: 1) fiber etching; 2) LPFG fabrication; 3) inner electrode coating; 4)
application of the E-O polymer second cladding; 5) outer electrode coating; and finally, 6)
wiring and packaging. There are unique challenges associated with each of the steps, and
several of them required multiple processes to complete. We also collaborated with polymer
groups in the electrical engineering and material science departments to develop an E-O
polymer with characteristics suitable for this device. The input parameters for the three-layer
model were used as a starting point for fabricating the device. The model used numerical
analysis to find the effective refractive indices of the core and cladding modes, which could
then be used to calculate the position of an LPFG’s resonant peak. It assumed that all aspects
of the device were ideal, meaning that the fabrication parameters were both uniform and
precise and that the device had perfect cylindrical symmetry. Due to the resources available
in our lab and the nature of the processes required to make the device, we expected that
experimental error would cause some differences between the measured data and the ideal
model. However, we found that some aspects of our sample LPFGs deviated significantly
from the model. In particular, the measured values for the resonant peak wavelength, the
resonant peak depth, and the tuning characteristics did not agree with the predicted values.
Based on our early results, a more complete model of the tunable LPFG was needed
to continue working toward a prototype.

We discovered that the major cause of the

differences between the three-layer model and our experimental data was the high index
indium tin oxide (ITO) electrode that was sputtered onto the fiber before the E-O polymer
was applied. Since the thin ITO layer was transparent and only about 50 nm thick (much less
than the 1525-1565 nm wavelengths used in C-band fiber optic communications), it was
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omitted from the three-layer model because its effect on the tunable filter was initially
thought to be negligible. However, with additional research, we discovered that thin film
overlays induce mode transitions in the fiber cladding as the ambient index is increased [2530]. These mode transitions significantly affect the tuning characteristics of an LPFG and
cannot be neglected. As a result, we needed to create a more complete four-layer model that
included the high index ITO layer.
After a new four-layer model was created, we fit the model results to the data taken
from our experimental LPFGs. In order for the model to be an effective research tool in the
development of the tunable filter, it had to accurately simulate the performance of the LPFGs
that were fabricated in the lab. Concurrently, we needed to be able to take the model
parameters and fabricate an LPFG that agreed with the predicted performance metrics. Given
the limitations of the equipment and the inevitability of experimental error, we did not expect
the performance of our experimental LPFGs to perfectly match the metrics of the ideal-case
LPFG simulated by the model. However, once we had calibrated the model by factoring in
some of the known experimental variations, we nearly fit the model results to our measured
data and confirmed that errors in our fabrication processes were having a significant effect on
the consistency of our experimental LPFGs.
The thesis that follows consists of seven chapters in addition to the introduction
presented here. Chapter 2 opens the thesis with background information on coupled mode
theory and fiber optic gratings. The basic principles of coupled mode theory are explained
and derived, and we examine the differences between fiber Bragg gratings (FBGs) and
LPFGs.

Chapter 3 presents the three-layer model, its results, and some of our early

experimental data. In this chapter, we show how the model was used to prove the feasibility
of the tunable LPFG filter. Chapter 4 looks at the LPFG filter design and the processes

needed to fabricate the device.

5
We also detail how the LPFG filter samples were

experimentally tested and highlight the unexpected experimental results that led to the
development of a more complete four-layer model. Chapter 5 describes the cladding mode
transitions that are induced by high index overlays and provides a theoretical analysis of the
four-layer model. The results of the new model qualitatively and quantitatively verify the
effects of cladding mode transitions on our tunable filter. In Chapter 6, the results of the
four-layer model are compared to our experimental data. The model is calibrated to fit our
measured results, and we show how the LPFG and ITO overlay parameters can be optimized
to achieve a device with a large tuning range and a stable peak depth. Additionally, we
present measured data from an optimized ITO coated LPFG that nearly matches the predicted
performance of the model and discuss the effects of experimental errors on our measured
results. Chapter 7 takes a brief look at some future research topics related to the work
presented in this thesis. In addition to continuing the tunable filter work, we suggest that
tunable grating technology be applied to planar waveguides, and optical add/drop filter, and
sensing applications. The final chapter of the thesis presents a summary of the research effort
and some conclusions.

Chapter 2
Coupled Mode Theory and Index Gratings in Fiber Optics
Coupled mode theory is a fundamental concept in optical waveguide technology.
The basic principle is that energy can be transferred from one propagating mode to
another as long as certain boundary conditions are satisfied. In practice, mode coupling
is used in a variety of applications, including lasers, optical splitters, and dispersion
compensation techniques. An index grating is one type of passive waveguide structure
that is commonly used to achieve mode coupling. Index gratings, which consist of
periodic variations in the refractive index of a waveguide, induce wavelength dependent
mode coupling and act as intrinsic optical filters. The wavelengths that are filtered from
the incident wave are a function of the grating period, the magnitude of the refractive
index difference in one period of the grating (i.e. the grating strength), and the refractive
index of the surrounding medium. In this chapter, coupled mode theory is discussed and
applied to index gratings in fiber optic waveguides. The formulae for the resonant
wavelengths of a fiber Bragg grating (FBG) and a long period fiber grating (LPFG) are
derived, and the differences between the two types of gratings are discussed.

2.1 - Coupled Mode Theory
Coupled modes can be either contradirectional or codirectional. Contradirectional
coupling describes the interaction of two modes traveling in opposite directions, while
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codirectional coupling describes the interaction between two modes traveling in the same
direction. In a fiber optic cable, the modal interaction can occur between modes within
the same core, between core modes and cladding modes, and/or between modes in
adjacent cores. The general form of the coupled mode equations for two modes, A and
B, is

dA
= κBe iδz ,
dz
dB
= −κAe −iδz ,
dz

Eq. 2.1

where κ is the coupling coefficient, A and B are the amplitudes of the propagating waves,
and δ is the detuning parameter [30-31]. The sign of each equation will depend on which
direction the mode is traveling (+z or –z). For each additional mode considered, another
differential equation can be added, but here, the discussion will be limited to two modes
for simplicity and clarity.
Coupling takes place primarily between modes whose phases are matched. The
detuning parameter, δ, is used to determine the phase matching condition and is defined
as

δ = (Δβ − K ) = (( β A − β B ) −

2π
),
Λ

Eq. 2.2

where βA and βB are the propagation constants of modes A and B, respectively, and

K=2π/Λ is the wave number defined by the grating period Λ. The propagation constant of
each mode can be further defined by the relation

β = k0 neff =

2π

λ0

neff ,

Eq. 2.3
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where λ0 is the free space wavelength, and neff is the effective refractive index seen by the
mode as it propagates through the fiber (more details about the effective refractive index
will be presented in the next chapter). When the two modes are perfectly phased matched
(i.e. βA - βB = 2π/Λ), the detuning parameter goes to zero, and the exponential term in the
coupled mode equations is maximized. In theory, the detuning parameter can go to zero,
but in practice, it is usually a very small finite value when the phases of the two modes
are closely matched. When the detuning parameter is not equal to zero, coupling still
occurs, but the exponential term is not maximized. In many cases, the core mode will
couple energy to several different modes, each of which has its own propagation constant
and requires an additional differential equation in Equation 2.1. The coupling coefficient,
κ, the phase relation of the two modes, and the length of interaction will determine how
much energy will be transferred from one mode to the other.
The coupled mode equations given in Equation 2.1 can be used as the basis for
describing the interaction between two modes passing through an index grating. Index
gratings are sections of periodic variations, uniform or nonuniform, in the refractive
index of an optical waveguide (i.e. the fiber core in the case of a fiber optic cable). These
gratings act as intrinsic filters by coupling energy away from the incident signal at
specific wavelengths. There are two main types of index gratings in fiber optics – FBGs
and LPFGs. Structurally, both types of gratings are identical except that the periods of
Bragg gratings are two orders of magnitude smaller than those of LPFGs (~10-6 meters
versus ~10-4 meters, respectively).
differently.

They each, however, affect an incident signal

FBGs induce contradirectional coupling. Light energy from forward

propagating modes is transferred to modes traveling in the opposite direction. FBGs are
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often referred to as reflection gratings because of this effect. LPFGs, on the other hand,
couple energy codirectionally. Energy from the forward propagating incident modes is
transferred to either forward propagating cladding or radiation modes depending on the
structure of the waveguide. Using the phase matching condition in Equation 2.2, the
wavelengths at which coupling occurs in each type of grating can be derived.

2.2 - Fiber Bragg Gratings

When an incident signal encounters a FBG, contradirectional coupling occurs,
causing some of the energy from the incident signal to be “reflected” back in the –z
direction. In the case of a single mode fiber, the single, forward propagating core mode
can couple energy to the core mode traveling in the –z direction, which is most often the
case with FBGs, or to cladding modes traveling in the -z direction. Figure 2.1 illustrates
contradirectional (a) core mode/core mode coupling and (b) core mode/cladding mode

a)

λ1

λ2 λ3

λ1 λ 2 λ3
λ1

Input Signal

Grating

b)

λ 2 λ3
λ1

Transmitted and
Reflected Signals
Figure 2.1: Contradirectional coupling in a single mode fiber for a) core mode/core mode
coupling and b) core mode/cladding mode coupling.
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coupling in a single mode fiber.

Assuming that only two modes are interacting, the

propagation constants will have different signs because they are traveling in opposite
directions. If β+ is the propagation constant for the core mode traveling in the +z
direction and –β- is the propagation constant for the core or cladding mode traveling in
the –z direction, the phase matching condition can be rewritten as [32-36]

( β + − (− β − ) −

2π
2π
2π
2π
) = (β + + β − −
)=
(neff + + neff − ) −
= 0.
Λ
Λ
Λ
λ0

Eq. 2.4

The resonant, or filtered, wavelength is found from the phase matching condition by
solving for λ,

λ = ( neff + + neff − ) Λ.

Eq. 2.5

Since a single mode fiber only has one propagating core mode in each direction, the
propagation constants of these two core modes are equal in value but have opposite signs
(i.e. β+ = -(-β-)). As a result, contradirectional core mode/core mode coupling in a single
mode fiber is a special case, and the resonant wavelength can be written as

λ B = 2neff Λ.

Eq. 2.6

λB in Equation 2.6 is often called the Bragg wavelength and is the center wavelength of
the frequency band filtered from a signal that passes through a FBG. In fiber optic
communication systems, FBGs usually filter signal wavelengths around 1550 nm, and the
effective index of the core mode in a single mode fiber is normally around 1.44. Using
these values, FBG grating periods are usually on the order of 10-6 to 10-7 meters.
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2.3 - Long Period Fiber Gratings (LPFGs)

Unlike FBGs, LPFGs induce codirectional coupling.

Energy transfer occurs

between core and cladding modes traveling in the +z direction. However, in single mode
fibers, energy cannot be transferred to another mode within the core. Therefore, energy
can only be coupled to cladding modes. Figure 2.2 illustrates codirectional coupling in a
single mode fiber.

λ1
λ1 λ2 λ3

λ2 λ3
λ1

Input Signal

Grating

Transmitted Signals

Figure 2.2: Codirectional coupling in a single mode fiber (core mode/cladding mode).
As before, only two forward propagating modes will be considered and each will have
their own unique propagation constant. βco is the propagation constant for the incident
core mode and βcl is the propagation constant for the interacting cladding mode. The
phase matching condition is then written as
( β co − β cl ) −

2π
2π
2π
2π
) = ( β co − β cl −
)=
(neff _ co − neff _ cl ) −
= 0,
Λ
Λ
Λ
λ0

Eq. 2.7

and the resonant wavelength of a LPFG in a single mode fiber is

λ = (neff _ co − neff _ cl ) Λ.

Eq. 2.8
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As with the FBGs, LPFGs are often fabricated to filter wavelengths around 1550 nm. If
neff_co-neff_cl is on the order of 10-2 to 10-3, the required grating period would be on the
order of 10-3 to 10-4 meters, which is three orders of magnitude greater than the grating
period required to filter 1550 nm with a FBG. Thus, LPFGs are so named because their
grating periods are two to three orders of magnitude greater than the wavelengths of light
that they couple out of the incident signal.

Chapter 3
LPFG Analysis Using a Three-Layer Model

In Chapter 2, coupled mode theory was used to derive the wavelengths filtered
from fiber Bragg gratings (FBGs) and long period fiber gratings (LPFGs). The simplified
cases presented in the chapter assumed that coupling only occurred between two modes.
In reality, however, coupling is not limited to two modes, especially in the case of
LPFGs. In single mode fibers, where the mode coupling analysis of FBGs is often
limited to the two core modes traveling in opposite directions, LPFGs are capable of
coupling energy to several cladding modes, giving rise to multiple resonant wavelengths.
This chapter will expand the LPFG analysis presented in Chapter 2 to include the
multiple cladding modes found in a single mode fiber. Using the three-layer model
presented by Erdogan in reference [36], the effective indices of the core and cladding
modes will be calculated, and the transmission spectrum will be simulated. The model
will then be used to theoretically verify that (1) a single resonant band can be achieved in
the near infrared spectrum (1000 nm to 1700 nm) by reducing the cladding thickness
from ~58.45 μm to ~13.45-15.95 μm1 and (2) the single resonant band can be tuned by

1

The single mode fibers that are simulated in this chapter and that will be used in our experiments have a
total diameter of 125 μm before the cladding layer is reduced. The core radius is approximately 4.05 μm
(8.1 μm diameter), and the cladding is 58.45 μm thick (4.05 μm core radius + 58.45 μm cladding thickness
= 62.50 μm fiber radius, or 125 μm total diameter). When the cladding layer is reduced to 13.45-15.95 μm,
the total fiber diameter will be reduced to 35-40 μm, respectively. When entering information into our
models, we often input the fiber core radius and cladding thickness individually. In our simulated output
spectra and in our experiments, however, we will primarily refer to the total fiber diameter since that is the
measurable fiber parameter.
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varying the ambient refractive index. These two aspects will serve as the foundation for
the tunable filter design.

3.1 - Three-Layer Model Theory and Calculations

The equation used to find the resonant wavelengths of a LPFG (Eq. 2.8) can be
written in the following form to incorporate multiple cladding modes

λ j = (neff _ co − n j eff _ cl )Λ,

Eq. 3.1

where neff_co is the effective index of the core, njeff_cl is the effective index of the jth
cladding mode, and Λ is the grating period. While the equation itself is very simple,
calculating the required effective indices is difficult and requires an understanding of the
mode structure within a fiber optic cable.
An optical mode is defined as a specific solution to the wave equation that
satisfies the appropriate boundary equations. The normalized frequency, or V-parameter,
is a key parameter in determining what modes propagate in a fiber core and is defined as
[35-36]

V = k 0 a n12 − n 22 ,

Eq. 3.2

where, k0 = 2π/λ is the wave number in free space, a is the radius of the core, n1 is the
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refractive index of the core, and n2 is the refractive index of the cladding2. The cutoff
condition for a single propagating core mode is V = 2.405, and as V increases, so do the
number of core modes that will propagate [36-37]. For the remainder of this discussion,
only single mode fibers will be considered.
Although each propagating core mode does not have a unique V number, it can be
uniquely determined by its propagation constant, β, which was defined as β = k0neff in
Chapter 2. Unlike the material refractive index, which is a function of wavelength only,
the effective refractive index, or more simply the effective index, is a function of
wavelength and fiber geometry. Each core mode propagates with a unique effective
index whose value lies between n1 and n2. A core mode ceases to be guided when neff <
n2, at which point it becomes an evanescent mode. The propagation constant can be
solved for numerically by taking the parameters used to calculate V (i.e. k0, a, n1, and n2)
and solving the following dispersion relation [35-38]
V 1− b

J 1 (V 1 − b )
J 0 (V 1 − b )

=V b

K 1 (V b )
K 0 (V b )

,

Eq. 3.3

where Jm (m = 0,1) is a Bessel function of the first kind, Km (m = 0,1) is a modified
Bessel function of the second kind, and b is the normalized propagation constant defined
as [34-36]

2

A comment must be made on refractive index and the notation that will be used throughout this thesis. In
any material, refractive index is a wavelength dependent, complex valued quantity. The real part of the
index is a ratio of the speed of an electromagnetic wave in a vacuum to that in the material, and the
imaginary part of the index describes the absorption of the material [31]. In this thesis, the focus is on the
propagation of light through the fiber, and therefore, any reference to refractive index, unless otherwise
noted, refers to the real part of the index. Also, the dispersion of the material is implied in all formulae, so
that n(λ) will be written as n for simplicity.
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b=

(β

) − n2 n
k0
eff _ co − n 2
.
=
n1 − n2
n1 − n2

Eq. 3.4

It is important to note that the dispersion relation presented here uses a linearly polarized
(LP) approximation [36]. Under this approximation, the calculation of low order LP
modes is sufficient to describe a cylindrical dielectric waveguide, assuming weak
guidance [38].

This approximation is used to simplify and reduce the amount of

propagation constant calculations [36-38]. The effective index of the core mode is a
function of the material indices of the core and the cladding, n1 and n2, respectively, the
core radius, a, and the wavelength at which the effective index is to be calculated, λ. For
a given wavelength, the effective index is found by solving the dispersion relation (Eq.
3.3) for b and using the result in Equation 3.4 to calculate neff_co. The dispersion relation
can only be solved numerically and can be done fairly quickly using a computer program.
Depending on the degree of accuracy required, the effective index can also be
approximated by reading it off a plot like the one shown in Figure 3.1. The plot shows b
as a function of V with the corresponding effective index shown on the right hand side of
the plot. After calculating V using the fiber parameters, the effective index, or its b value,
can be read off the plot for the mode of interest [34-35].
As is the case with the effective index of the core mode, the effective indices of
the cladding modes must be found using numerical techniques.

Unfortunately, the

dispersion relation for the cladding modes is considerably more complex. The effective
indices of the cladding modes are not only a function of the material indices of the
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Figure 3.1: The normalized propagation constants, b, and the effective indices, neff, of a
number of modes are plotted as a function of the V-parameter [35].
core (n1) and cladding (n2), but also of the ambient index (n3), the radius of the core (a1),
and the cladding thickness (a2). The dispersion relation used to calculate the effective
cladding indices is [36,40]

ζ 0 = ζ 0 ',

Eq. 3.5

where

ζ0 =

1

σ2

u 2 ( JK +

σ 1σ 2 u 21u 32
2
2 1

) pl (a 2 ) − Kq l (a 2 ) + Jrl (a 2 ) −

1
sl (a 2 )
u2

n a a2
,
u 32
u 32
u 21
u 21
− u 2( 2 J − 2 K ) pl (a 2 ) + 2 ql (a 2 ) + 2 rl (a 2 )
n2 a 2
n1 a1
n1 a 2
n1 a1

u
n2u
u
u
u2 ( 32 J − 32 21 K) pl (a2 ) − 32 ql (a2 ) + 21 rl (a2 )
a2
b
a
n1 a1
ζ0' =σ1
,
2
2
2
σ1σ2u21u32
n3
n3
n3
n22
u2 ( 2 JK+ 2
) pl (a2 ) − 2 Kql (a2 ) − 2 Kql (a2 ) + Jrl (a2 ) − 2 sl (a2 )
n1 a1a2
n1
n1
n1 u2
n2

Eq. 3.6

Eq. 3.7
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and the following definitions have been used,

σ 1 ≡ i ln ef f / Z 0 ,
σ 2 ≡ i ln eff Z 0 ,
u 21 ≡

1
1
− 2,
2
u 2 u1

u 32 ≡

1
1
+ 2,
2
w3 u 2

2
u 2j ≡ (2π / λ ) 2 (n 2j − n eff
), [ j ∈ (1,2)],
2
− n 32 ),
w 32 ≡ (2π / λ ) 2 (n eff

J ≡
K ≡

J l' (u 1 a 1 )
u 1 J l (u 1 a 1 )

,

K l' ( w 3 a 2 )
w 3 K l (w 3 a 2 )

,

p l (r ) ≡ J l (u 2 r ) N l (u 2 a 1 ) − J l (u 2 a 1 ) N l (u 2 r ),
q l (r ) ≡ J l (u 2 r ) N l' (u 2 a 1 ) − J l' (u 2 a 1 ) N l (u 2 r ),
r l ( r ) ≡ J l' (u 2 r ) N l (u 2 a 1 ) − J l (u 2 a 1 ) N l' (u 2 r ),
s l (r ) ≡ J l' (u 2 r ) N l' (u 2 a 1 ) − J l' (u 2 a 1 ) N l' (u 2 r ).

In the preceding equations, l is the azimuthal number, Z0 is the electromagnetic
impedance in a vacuum, Jl is a Bessel function of the first kind, Kl is a modified Bessel
function of the second kind, Nl is a Bessel function of the second kind, and the prime
notation indicates differentiation with respect to the total argument [36,40]. Once the
effective indices of both the core and cladding modes have been determined, the resonant
wavelengths of an LPFG can be found.
Figure 3.2 is a plot of the effective indices of the core and cladding modes for a
125 μm diameter, single mode fiber. The plots were generated by a program that solved
the dispersion relations given above for wavelengths ranging from 1.00 μm to 1.70 μm.
The differences between the effective indices of the cladding modes are very small. At a
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wavelength of 1.50 μm, for example, a 0.002 difference in index separates the first 10
cladding modes. These small differences cause several resonant peaks to form within the
near infrared spectrum. By rearranging the equation for the resonant wavelengths of an
LPFG, the effect of the closely spaced cladding modes on the output spectrum of an
LPFG can be seen more clearly. Figure 3.3 shows the grating period plotted as a function
of wavelength (i.e. Λ(λ) = λΔn0j(λ), where Δn0j is the effective index difference between
the core mode and the jth cladding mode). The resonant wavelengths of a grating with
period Λ are found at the intersections between the horizontal line and the modal lines.
The horizontal line drawn in Figure 3.3 corresponds to an LPFG with a 500 μm grating
period. Figure 3.4 shows the simulated output spectrum of the grating. The depth of
each resonant peak is determined by the coupling coefficient, κ, which is a function of the
overlap integral between the radial and azimuthal fields of the core mode and the jth
cladding mode. Figure 3.5 shows a plot of the normalized coupling coefficient values.
For lower order cladding modes, the coefficients are proportional to the cladding mode
number, and coupling between the core and odd cladding modes is much stronger than
that between the core and even cladding modes. Figures 3.3 and 3.5 verify these results.
Intersections between the horizontal grating period line and the even numbered mode
lines do not result in a resonant peak in the output spectrum. Coupling between the core
mode and odd numbered modes produces resonant peaks that grow deeper as the
cladding mode number increases.
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Figure 3.2: Effective indices of the core and cladding modes as a function of wavelength
(Fiber diameter = 125 μm).
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Figure 3.3: Grating period as a function of wavelength (Fiber diameter = 125 μm, Λ =
500).
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Figure 3.4: LPFG output spectrum (Fiber Diameter = 125 μm, Λ = 500).
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j
j

j
Figure 3.5: The coupling constants, κ, divided by the grating profile, σ, for coupling
between the core mode and the jth cladding mode. The even and odd modes are shown
separately [36].
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3.2 - A Single Resonant Band LPFG

Once the analysis of an LPFG in a 125 μm fiber had been completed, the
dispersion relations were resolved using a thin cladding layer (a2 = 13.45 μm). Figure 3.6
shows the effective indices of the core mode and the cladding modes in a 35 μm diameter
fiber. A thinner cladding increases the differences between the effective indices in the
cladding, thereby increasing the distance between resonant peaks. By comparing Figure
3.6 to Figure 3.2, the increased cladding mode separation is very apparent. At 1.50 μm,
where a 0.002 index difference separated the first 10 cladding modes in a 125 μm
diameter fiber, a 0.02 index difference separates the first 10 modes in the thin fiber. The
effects of this increased mode separation are shown in Figures 3.7 and 3.8. Figure 3.7
shows the grating period as a function of wavelength for a thin fiber, and Figure 3.8 is the
output spectrum of a thin cladding LPFG. The analysis of a thin cladding LPFG verified
that a single resonant peak over the entire near infrared spectrum (i.e. 1.00 μm to 1.70
μm) could be achieved by reducing the cladding thickness.
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Figure 3.6: Effective indices of the core and cladding modes as a function of wavelength
(Fiber diameter = 35 μm).

26

Figure 3.7: Grating period as a function of wavelength (Fiber Diameter = 35 μm, Λ =
500).
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Figure 3.8: LPFG output spectrum (Fiber Diameter = 35 μm, Λ = 500).
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3.3 - LPFG Tuning

The dispersion relations used to calculate the effective indices were collectively
named the three-layer model because the refractive indices of three different material
layers were needed to perform the calculations. Those three layers were the silica core,
the thin silica cladding, and the ambient air. Thus far, all of the plots were generated with
the ambient being air (n3 = 1.00). However, the resonant wavelength of an LPFG is not
static and can be tuned by varying the ambient index. Assuming that the grating period is
fixed, as it is in most cases, the effective indices must be changed to tune the resonant
wavelength. The effective core index is a function of the material indices of the core and
cladding layers and the core diameter, none of which are changed by reducing cladding
thickness or by varying the ambient index. Therefore, the thin cladding LPFG must be
tuned by adjusting the effective index of the cladding mode to which light is being
coupled. Unlike the effective core index, the effective cladding indices are a function of
the cladding thickness and the material index of the ambient, and as a result, the LPFG
can be tuned by adjusting the value of the ambient index.

Figure 3.10 shows the

simulated spectrum of a thin cladding LPFG at several different ambient indices.
In order to experimentally verify that the LPFG could be tuned by varying the
ambient index, a 35 μm diameter fiber with a 400 μm period LPFG was immersed in a
series of index matching oils. Figure 3.10 shows the LPFG spectra for the various oils.
The peak wavelength and peak depth were recorded for each oil, and they were each
plotted as a function of the ambient index. The results are shown in Figure 3.11. The top
plot shows that the resonant wavelength decreases linearly from 1.00 to 1.40 before
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falling sharply to a minimum around 1.45, at which point, it jumps back up to a
wavelength near its original position and stays there for indices higher than 1.45. The
LPFG is most sensitive to changes in the ambient index when the indices are close to the
material index of the cladding (n2), which is approximately 1.45. The bottom plot shows
that the depth of the resonant peak stays fairly constant until the cladding threshold is
approached, at which point it begins to decrease. At the cladding threshold, the peak
nearly disappears and then slowly begins to increase in depth with the ambient index.
The results shown in Figure 3.11 are consistent with the experimental results published
by Patrick [22] for a 125 μm diameter fiber with an LPFG (Figure 3.12). One important
difference to note is the sensitivity of the two LPFGs around the cladding index. The
slope of the curve for the thin cladding LPFG is steeper than Patrick’s curve in this
region. Thus, the thinner cladding not only reduces the transmission spectrum to a single
resonant peak, but it also increases the sensitivity of the peak to changes in the ambient
around the cladding threshold.
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Figure 3.9: The simulated spectrum of a thin cladding LPFG at several different ambient
indices.
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Figure 3.10: LPFG spectra for various index matching oils (Fiber diameter = 35 μm, Λ =
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Figure 3.12: Top graph: experimentally measured resonant wavelength of the longest
wavelength attenuation band (Fiber diameter = 125 μm, Λ = 275 μm). Bottom graph:
depth of resonant peak as a function of n3 [22].

Chapter 4
A Tunable Filter Design Based on a Single Resonant Band LPFG

Both the model and experimental results presented in Chapter 3 verified the
feasibility of a single resonant band LPFG that could be tuned by varying the ambient
refractive index. Using the three-layer model as a guide, an all-fiber tunable filter deign
was developed. The design is based on a single resonant band LPFG and includes a
second cladding layer that is to be made of electro-optic (E-O) polymer [41-48]. The
polymer cladding layer serves as the effective ambient, and its refractive index is
controlled by an applied electric field. By varying the index of the polymer, the resonant
peak of the LPFG is tuned through a range of wavelengths. The basic filter design is
shown in Figure 4.1. A thin (~ 50 nm) layer of conductive indium tin oxide (ITO) is
sputtered onto the thin cladding LPFG and functions as an electrode. The E-O polymer
cladding is then coated onto the electrode and a second electrode layer, either ITO or
gold, is applied overtop. The entire device is then packaged into a jacket or protective
housing, and two leads are wired out to attach to a power source. The advantages of this
design over current filtering technology include (1) faster tuning speeds due to the
absence of mechanical movement, (2) a wide tuning range (~50 nm), as predicted by the
experimental data, and (3) an integrated design that can be spliced directly into a fiber
optic system and has low insertion loss.
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Outside jacket
Second electro-optic cladding layer
First cladding
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Transparent
Electrodes
(e.g., ITO)

Long period grating (LPG)

Figure 4.1: An all-fiber, electrically tunable, fiber optic filter based on a single period
long period fiber grating with an electro-optic polymer second cladding [16].

4.1 - LPFG Fabrication

Six major steps are required to fabricate the tunable filter and they are shown in
Figure 4.2. In order to write LPFGs using a UV laser, the fiber core must first be doped
with germanium (Ge) and boron (B) or hydrogen (H) to increase its sensitivity to UV
light. Specialty photosensitive fibers (Fibercore PS1500) can be bought commercially, or
they can be made by loading conventional fibers under high temperature and pressure.
Once the fiber is doped, a section of the polymer jacket is stripped, and the exposed fiber
section is subject to high intensity UV radiation through an amplitude mask. The energy
imparted by the radiation causes the dopants in the exposed areas of the fiber to react
with the silica, which leads to an increase in refractive index. While the LPG is being
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written, the evolution of the peaks in the fiber transmission spectrum can be monitored on
an optical spectrum analyzer (OSA).
Once the LPFG has been written, the fiber is immersed in a bath of hydrofluoric
acid (HF) to etch the cladding. The etch is timed and is also monitored by placing several
test fibers in the bath. The test fibers are removed from the bath at fixed intervals to help
monitor the etch rate and the cladding thickness. (From our experiences making thin
cladding LPFGs, the writing and etching steps are interchangeable.) After the fiber has
been etched, an ITO electrode is sputtered directly onto the cladding, and then the E-O
polymer layer is applied. The top electrode is coated on the polymer cladding, and the
device is packaged. (During the testing stages, the devices are not packaged in order to
save time and materials.)

STEP 1

STEP 3

STEP 2

Prepare fiber - Hydrogen loading

Etch fiber having an ultra thin
first cladding layer

Write LPG

UV
illumination

Fiber

Mask
Ultra thin
cladding
fiber

LPG
HF
acid
Hydrogent
chamber

STEP 4

STEP 5

STEP 6

Coat inner transparent
electrode

Coat second electro-optic
cladding layer via sputtering,
sol-gel, et al

Add outer electrode
and package the device

RF
Sputtering

RF Sputtering,
sol-gel, et al
Second
electro-optic
layer

ITO
electrode

ITO
electrode

Figure 4.2: The six basic steps required to fabricate the tunable LPFG filter.
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4.2 - Filter Testing

The initial LPFG filters that we tested were fabricated using the steps described
above. We enlisted the help of an E-O materials group within the electrical engineering
department to develop an E-O polymer to tune the LPFGs. Based on the data from the
three layer model and our experiments, the polymer cladding must have a native index in
the 1.44 range to maximize tuning and must be able to achieve a refractive index change
of approximately 1% (i.e. 0.01).

Using these guidelines, a ferroelectric relaxor

(polyvinylidene fluoride-trifluoroethylene-chlorofluoroethylene) terpolymer, or P(VDFTrFE-CFE), was chosen to tune the LPFGs. The terpolymer has a native refractive index
of 1.41, and a relative refractive index change of -2.6% has been measured under an
applied electric field of 80 V/μm for free standing films [48]. For clamped films, a
0.52% index change has been measured under an applied electric field of 100 V/µm [48].
Figure 4.3 shows the spectrum of an LPFG being tuned by the E-O terpolymer. From the
figure, an applied voltage of 42 V/μm tuned the spectrum about 18 nm, which is the
largest tuning range we achieved using the terpolymer. These result seemed to imply that
the native index of the terpolymer was too low to maximize the LPFG tuning range.
In order to achieve a larger tuning range, the refractive index of the terpolymer
needed to be increased to match the index of fiber cladding. This could be achieved by
adding zinc sulfide (ZnS) nanoparticles into the terpolymer matrix to form a
nanocomposite. Due to the high refractive index of ZnS (n = 2.27), less than 5% volume
fraction is sufficient to achieve index matching. The small particle size and low volume
fraction ensures that the material transparency and E-O response will only
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Figure 4.3: The spectrum of a LPFG is tuned 18 nm electro-optically using pure
terpolymer.
experience a small amount of degradation. The nanocomposite is coated on the LPFG by
a dip-coating process using dimethylformamide (DMF) as a solvent. The coating
thickness is controlled by the solution concentration and the drawing rate of the fiber.
Figure 4.4 shows the results from using a ~5% volume nanocomposite to tune the LPFG.
A tuning range of 10 nm was achieved with an applied voltage of 40 V/µm, and there
was very little degradation in peak depth or bandwidth. This tuning range was slightly
less than what we were able to achieve with the pure terpolymer, but the peak shape and
depth were significantly better.
Once we had shown that the nanoparticles did not significantly affect the E-O
properties of the polymer, we needed to find the concentration of nanoparticles that
would maximize the tuning range. The nanoparticle concentration was varied from 0.5%
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Figure 4.4: The spectrum of a LPFG is tuned approximately 10 nm using a ~ 5% volume
fraction nanocomposite polymer.
volume to up to 5% volume, and the results were varied. In many cases, there was no
resonant peak in the transmission spectrum after the composite had been applied. After
seeing this result a number of times, we applied a field to the polymer cladding of an
LPFGs that had no visible peak. The results are shown in Figure 4.5. Not only did the
peak reappear as the field increased, but it also tuned over 50 nm. These results were
highly unusual and were significantly different than what had been predicted by the
three-layer model and our index oil data.
To better understand the results shown in Figure 4.5, we performed the index
matching oils experiment with a thin cladding LPFG that had been coated with ITO, and
the results are shown in Figure 4.6. The spectra shown in the figure are similar to those
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Figure 4.5: A LPFG with a ~1.5% volume nanocomposite cladding had no resonant peak
without an applied voltage. As the voltage was increased, the peak reappeared and tuned
over 50 nm.
we recorded while tuning the LPFG with the nanocomposite and are in stark contrast to
the tuning spectra in Figure 3.10. In air, the resonant peak of the ITO coated LPFG is
strong, but as soon as it was immersed in 1.39 index oil, the peak completely
disappeared, similar to the case of the nanocomposite coated LPFG with no voltage
applied. As the index of the oil was increased to 1.41, the peak reappeared, but the peak
wavelength was now longer than it was in the air. The peak continued to deepen as the
oil index was increased and tuned over 100 nm. By the time the oil index reached 1.442,
the peak depth was slightly deeper than it had been in ambient air. These results were
completely opposite from what we had seen in the three layer model, where an increasing
ambient index caused the peak to shift to shorter wavelengths and decrease in depth.
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Figure 4.6: The spectrum of a thin cladding, ITO coated LPFG being tuned with index
oils. The resonant peak is present in air, but disappears at an ambient index of 1.40. As
the index increases, the peak reappears at longer wavelengths and tunes nearly 100 nm.
(Fiber diameter = 35 μm, Λ = 400 μm).
The same index oil experiment was run for multiple LPFGs, and they all
displayed the similar tuning characteristics as those shown in Figure 4.6. From these
results, we concluded that the ITO layer, which had been neglected in the three-layer
model, was causing this tuning behavior. In order to characterize the tunable filter more
accurately, a four-layer model that included the ITO layer was needed.

Chapter 5
Cladding Mode Transitions and the Four Layer Model

After observing how the thin ITO layer affected our LPFGs, there were two main
issues to address. First, we needed to characterize the ITO films that we were sputtering
and look for any research that had been done on LPFGs coated with thin film overlays.
Secondly, the three-layer model that we had been using to simulate our tunable filter was
no longer accurate, and a model that included the ITO layer was needed.

5.1 - ITO Characterization and Cladding Mode Transitions

When the original tunable filter design was proposed, the thin ITO electrode that
was to be coated onto the surface of the LPFG was thought to a have negligible effect on
the filter characteristics. In the ideal case, this transparent conductive layer would be
approximately 50 nm thick (much thinner than the ~1550 nm light that would be passing
through the LPFG), and its refractive index would match that of the fiber cladding.
However, ITO can be a difficult material to work with because of its complex
microstructure, and its optical properties can vary significantly with the deposition
conditions and post-deposition processing [49-54]. As a result, we used Jung’s paper on
ITO depositions to help us determine sputtering conditions that would yield an ITO film
with the proper refractive index [50]. Unfortunately, due to the limitations of our
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Figure 5.1: The Anatech Hummer XII sputtering system used to perform our ITO
depositions.
sputtering system and the sensitivity of the photosensitive fibers to high temperatures, we
could not duplicate the conditions in the paper and had to make some concessions.
We used an Anatech Hummer XII sputtering system, shown in Figure 5.1, to
deposit our ITO films. This is an older sputtering system and does not have some of the
features that newer systems have to prevent contamination and to control film quality. In
particular, it does not have a load lock, and the actual sputtering chamber is opened any
time we load or unload fibers. By exposing the chamber to the atmosphere after every
deposition, contaminants are routinely allowed into the sputtering environment. Since
the ITO films were only 50-100 nm thick, small amounts of contamination could
significantly affect the quality of the films. Additionally, the configuration of this system
only allows for a single working gas, and the controls used to regulate the flow of the
working gas into the sputtering chamber are all analog, not digital, as is the case in many
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newer systems. These two aspects of our system are significant because of the ITO’s
high sensitivity to fluctuations in the chamber conditions during deposition. In many
applications that use ITO, the films only need to be transparent and have a certain
minimum conductivity. The optical properties of the film do not need to be exact.
However, in the case of the tunable filer, where the ITO film thickness, refractive index,
and conductivity are all being considered, small variations in the gas mixture or chamber
pressure affect all of these properties [49-51]. The lack of a digital control system with
feedback, in particular, was much more detrimental to the consistency our films than not
being able to introduce multiple gases into the chamber during deposition. With the
analog controls on the Hummer system, it was very difficult to achieve the exact same
pressure conditions during each deposition, and some fluctuations in the refractive index
and deposition rate were inevitable. This limitation was made worse by having to sputter
the fibers one side at a time. The fibers are loaded into a caddy and placed on a flat stage
for sputtering. After one side has been sputtered, the caddy is flipped and the process is
repeated. Since the fibers are cylindrical and have to be coated using two separate
depositions, the thickness of the ITO layer on the fiber surface is not completely uniform,
and the optical properties of the layer may vary from one side to the other.
While these factors affect the quality and uniformity of our films, the biggest
concession we had to make was to sputter at room temperature. When the photosensitive
fibers are subject to elevated temperatures (> 125 °C) for a significant amount of time,
the dopants that are responsible for the change in refractive index tend to anneal out,
destroying the grating. This is a major limitation because sputtering at high temperatures
(100-500 °C) can greatly reduce the refractive index of a sputtered ITO film - the higher
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the temperature, the lower the index [49-51]. Furthermore, post-deposition anneals at
temperatures in 300-400 °C range, which have been shown to improve the optical and
electronic properties of ITO films, could not be implemented [51-54].
Given these limitations, we sputtered ITO films onto glass slides and pieces of
silicon wafer using different conditions and measured their characteristics (i.e. refractive
index, thickness, and conductivity). Many of the trends reported in references [49-51]
held for our films, but all of the film indices were substantially higher than the ~ 1.444
index of the fiber cladding. The lowest index that we could achieve at room temperature
was ~ 1.888 at 632 nm. The chamber pressure and sputtering power used to achieve this
refractive index were 10 mTorr of pure argon, and 5 mW, respectively. The ellipsometer
that we used to measure the refractive index of our ITO films used a helium-neon laser,
which has a wavelength that is less than half of the 1550 nm light that is most commonly
used in fiber optic communications. Based on the data in Jung’s paper, we estimated the
ITO refractive at 1550 nm to be about 1.80.
In addition to characterizing the ITO films from our sputtering machine, we also
looked for any related research on coated LPFGs. We found a number of publications
that dealt with thin film overlays on LPFGs [25-30]. While most of the papers examined
overlays on 125 μm fibers, the published results gave us better insight into how the ITO
layer was affecting the fiber modes, and thus, the tunability of our LPFG. The references
identified cladding mode transitions that occur as a result of an LPFG being coated with a
high index overlay (i.e. an overlay with refractive index higher than that of the cladding).
Figure 5.2 was taken from reference [25] and shows the effective indices of the
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Figure 5.2: Effective refractive indices of the LP02-LP08 cladding modes versus the
surrounding refractive index in a high refractive index coated fiber with: (a) 150 nm thin
film; (b) 200 nm thin film; (c) 250 nm thin film; and (d) 300 nm thin film [25].
LP02-LP08 cladding modes of an LPFG coated with a high index overlay as a function of
the surrounding refractive index. The plots in Figure 5.2 show that as the surrounding
index increases, the cladding modes shift out of the cladding and become overlay modes.
The lower order modes are the first to transition, and the higher order modes shift within
the cladding to replace the mode that has moved out. The surround index at which this
transition occurs is a function of the overlay refractive index and thickness. The overlay
refractive index for the plots shown is 1.578, which is still lower than the ~1.80 index
films produced by our sputtering system [25]. In terms of the transmission spectrum,
these results substantiate the experimental data that we recorded with the index matching
oils (Figure 4.6). At a certain oil index (~1.400 in the case of Figure 4.6), the resonant
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peak disappeared because the cladding mode to which the core mode was coupling
shifted to the overlay. As the oil index increased, a new resonant peak formed at a higher
wavelength because the core mode began coupling to a higher order cladding mode that
was moving in to replace the lower order mode that had transitioned out. When the
modes had fully transitioned, the final location of the resonant peak was at a wavelength
that was slightly higher than resonant peak in air because the higher order mode does not
quite reach the position once occupied by the lower order mode.
Since the mode transition references all considered 125 µm diameter LPFGs [2530], we sputtered several 40 µm diameter LPFGs with different thicknesses of ITO to see
how the thin cladding affected the mode transitions. (In all of the experiments described
in the last chapter, we had used 35 µm diameter fibers.

After refining our LPFG

fabrication setup and working with ITO coated fibers, however, we found that we could
produce stronger LPFGs with more consistent peak positions, depths, and tuning ranges
in a slightly thicker fiber. Additionally, the added thickness made the fibers slightly
stronger and reduced the number of samples that we broke.) Figure 5.3 shows a plot of
coated LPFGs’ peak wavelengths as a function of the ambient index for different
thicknesses of ITO. Knowing that a shift in resonant wavelength will accompany a
cladding mode transition, the data in Figure 5.2 showed us that the mode transition
moved to a lower ambient index as the ITO thickness was increased (as was the case for
125 µm LPFGs). The data also showed us that the tuning ranges of our LPFGs were
affected by the ITO thickness. A much larger tuning range could be achieved by using a
thinner ITO overlay. However, the added tuning range that is gained by reducing
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Figure 5.3: Measured LPFG resonant wavelengths as a function of the ambient index for
different ITO thicknesses. (Fiber diameter = 40 μm, Λ = 400 μm).
the thickness of the ITO overlay must be kept in perspective. The data shown in Figure
5.3 is only based on the resonant wavelength position, not the depth of the peak. A
practical LPFG based tunable filter must have a consistent peak depth across the range of
operating wavelengths. Additionally, there is a limit to how thin the ITO overlay can be.
The resistance of the ITO layer is inversely proportional to its thickness, which will affect
the switching speed of an electro-optically tunable LPFG. When optimizing the ITO
layer, all of these factors must be considered, but given our sputtering capabilities and the
results in Figure 5.3, we used a 50 nm ITO layer in our experiments. Of the sample
LPFGs that we made (all of which are not shown), a 50 nm ITO layer produced the most
consistent results in terms of tuning performance and can be deposited in the least amount
of time.
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5.2 - Theoretical analysis of the four-layer model

Although the reference papers helped us understand the mode transition
phenomenon, we still needed a way to analyze the effects of an arbitrary high index ITO
layer on our thin cladding LPFG. A new model was needed to quantitatively analyze our
filter and guide our research. Figures 5.4(a) and 5.4(b) are cross-sectional views of the
LPFG filter design, which includes six layers: (1) the silica core layer, (2) the thin silica
cladding layer, (3) the inner ITO electrode layer, (4) the electro-optic polymer layer, (5)
the outer metal electrode layer, and (6) the surrounding medium.

Layer 1 - silica core
Layer 2 - first silica cladding layer
Layer 3 - inner electrode ITO layer
Layer 4 - second electro-optic
terpolymer cladding layer
Layer 5 - outer metal electrode
Layer 6 - surrounding medium

(a)

(b)

Figure 5.4: (a) Schematic structure of the E-O tunable LPG filter, (b) Cross-sectional
view of the E-O tunable LPG filter [20].
For an uncoated LPFG, phase matching between the core mode and the ith forwardpropagating cladding mode is achieved at resonant wavelengths given by [31-40]:
2π

λ

_1
( nco
− ncleff_ i ) + s o ( τ 1,1 − τ i ,i ) =
eff

2π

Λ

Eq. 5.1

co −1
cl −i
is the effective refractive index of the core mode, neff
is the effective
where neff

refractive index of the ith radial order cladding mode in the thin silica cladding layer, so is
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the coefficient of the first Fourier component of the grating, τ 1,1 and τ i ,i are the selfcoupling coefficients of the core and the ith cladding modes, respectively, and Λ is the
grating period. (The simplified version of the phase matching condition (Eq. 2.8) is
derived from Equation 5.1 by assuming that the core mode is only interacting with a
single cladding mode and that the self coupling coefficients of the two modes are equal.)
In Chapter 3, a three-layer model was used to show that the effective refractive indices of
cl −i
the silica cladding modes, neff
, are strongly dependent on the refractive index of the

outside layers. Thus, the resonant wavelength of the LPFG can be tuned by adjusting the
cl − i
depends
refractive index of the layer(s) surrounding the cladding. Strictly speaking, neff

on the refractive indices of all outside layers (i.e., layers 3-6, as shown in Figure 5.4(b)).
However, the influence from layers 5 and 6 is assumed to be negligible because they are
sufficiently far (ten or more wavelengths in this case) from the silica cladding layer. As a
result, a four-layer model that only considers layers 1-4 is sufficient to analyze the tuning
characteristics of the filter.
Two main steps are needed to simulate the performance of our LPFG filter.
First, the propagation constants and mode profiles of the core and cladding modes are
determined. Second, the coupling coefficients between the core and cladding modes are
found using coupled mode theory. A couple different approaches have been taken to
perform these calculations [36-40,55-58].

Erdogan created a three-layer model that

incorporated the LP approximation to precisely solve for the fields propagating through
an LPFG [36,56]. In Chapter 3, this model was used to verify that a thin cladding LPFG
would have a single resonant band in its output spectrum and would have an increased
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sensitivity to changes in the ambient refractive index. Another approach, developed by
Anemogiannis et al [39], used the Transfer Matrix Method together with the LP
approximation to solve for eigenmodes. Unfortunately, neither method is well suited to
model our multi-layer structure.

Erdogan’s approach is mathematically rigorous,

computationally intensive, and is difficult to extend to four layers. Additionally, the LP
approximation used to simplify Erdogan’s calculations was originally meant for weakly
guiding fibers where the difference in index between the core and cladding layers was
small. In our case, the different between the core and cladding layers is small, but the
same cannot be said about the cladding and ITO layers.

As a result, the LP

approximation may reduce the accuracy of our model and a more rigorous calculation
should be used. The Transfer Matrix Method provides a viable alternative for simulating
LPFGs because it is less computationally intensive for numerical solvers, and additional
layers can be added easily. However, Anemogiannis’ formulation still relies on the LP
approximation. Since we needed a model that could simulate structures with an arbitrary
number of layers with an arbitrary refractive index profile while maintaining relatively
high calculation speed, our group developed a four-layer model that combined the matrix
method for eigenmode calculation introduced by Yeh [55] and the coupled mode method
presented by Erdogan [36,56].
The following description shows how the matrix method and the coupled mode
method are combined to create our four-layer model. First, the equations for the electric
and magnetic fields in a cylindrical fiber are fit into 4x4 matrices using the matrix
method adapted from Yeh [55]. After specifying the boundary conditions, a numerical
solver, such as MATLAB, is used to find the field distributions and propagation constants
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for the modes of interest. Using this information, we can see how the modal field
distributions are affected by the addition of an ITO layer and determine the propagation
constants, which are substituted into the coupled mode equations to find the coupling
coefficients, as well as the LPFG resonant wavelength, transmission, and relative
bandwidth.
In an optical fiber, the electric field along the propagation direction (longitudinal
component) has a general form of E z (r ,θ , z, t ) = E z (r )e

iνθ

e iβz e − iωt , where r, θ, z are the

radial, azimuthal, and axial cylindrical variables; ν is the azimuthal order of the mode; β
is the propagation constant of the mode; ω is the angular frequency of the propagating
light, and E z (r ) is the radial dependence of the longitudinal component, which is
governed by the following Bessel’s equation:

d 2 E z ( r ) 1 dE z ( r )
ν2
2
2
+
+ [({ k i ni } − β ) − 2 ] E z ( r ) = 0
r dr
r
dr 2

Eq. 5.2

where β = k i neff _ i for the ith layer. By solving Equation 5.2, the longitudinal electric
field components for an m+1 layer fiber are [20,55-57]:
Layer 1:

Ez

(1)

= C 1 J ν ( p1 r )

Eq. 5.3
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Layer i (i = 2,3,…,m)

Ez

(i)

= Ci Jν ( pi r ) + C'i Yν ( pi r )

Eq. 5.4

Guided Wave Solution ( neff _ i < ni )

Ez

(i)

= Ci Iν ( qi r ) + C'i Kν ( qi r )

Eq. 5.5

Evanescent Wave Solution ( neff _ i > ni )

Layer m+1:

Ez

( m +1 )

= Cm' +1 Kν ( qm+1r )

Eq. 5.6

where p i = ( k i n i ) 2 − β 2 , q i = β 2 − ( k i ni ) 2 , ni is the material refractive index of the
ith layer, Jν is a Bessel function of the first kind, Yν is a Bessel function of the second
kind, Iν is a modified Bessel function of the first kind, and Kν is a modified Bessel
function of the second kind. A derivation similar to the one presented above can be used
to find the longitudinal components of the magnetic field.

The longitudinal field

solutions are then substituted into the following transverse-longitudinal relations [20,57]:

∂E z
1 νωμ 0
(
H
j
−
β
)
z
2
r
r
∂
pi
∂H z βν
1
Eθ = − 2 ( jωμ0
+
Ez )
∂
r
r
pi

Er = −

Eq. 5.7

Eq. 5.8

to find the radial and azimuthal field components.
After electric and magnetic fields of the first layer have been found, the
longitudinal (z) and azimuthal (θ) components can be rewritten in a matrix form
as [20,55]:

54

⎛ E z(1) (r ) ⎞
⎛ C1 ⎞
⎟
⎜
⎜ ⎟
⎜ − jH z(1) (r )⎟
⎜ D1 ⎟
(
)
M
r
=
1
⎜ E (1) (r ) ⎟
⎜ C′ ⎟
⎟
⎜ θ
⎜ 1⎟
⎜ D′ ⎟
⎜ − jH (1) (r )⎟
⎝ 1⎠
θ
⎠
⎝

Eq. 5.9

where:
J ν ( p1 r )
0
⎛
⎜
0
J ν ( p1 r )
⎜
⎜ βν
ωμ 0
J 'ν ( p1 r )
M 1 ( r ) = ⎜ − 2 J ν ( p1 r )
p1
⎜ 2 p1 r
βν
⎜ n1 ε 0 ω
⎜ p J 'ν ( p1 r ) − p 2 r Jν ( p1 r )
1
1
⎝

is the transfer matrix for the first layer.

0 0⎞
⎟
0 0⎟
⎟
0 0⎟
⎟
⎟
0 0⎟
⎠

Eq. 5.10

According to electromagnetic boundary

conditions, these two field components must be continuous at the layer boundaries, which
allow us to write the field coefficients in subsequent layers as:
⎛ Ci ⎞
⎜ ⎟
⎜D ⎟
M i ( ri )⎜ 'i ⎟ = M i +1 ( ri
C
⎜ i' ⎟
⎜D ⎟
⎝ i⎠

⎛ C i +1 ⎞
⎜
⎟
⎜ Di +1 ⎟
)⎜ ' ⎟ , i = 1, 2,3…m
C
⎜ i'+1 ⎟
⎜D ⎟
⎝ i +1 ⎠

Eq. 5.11

Using this method, the field coefficients in any layer can be expressed by those in
the adjacent layer. Additionally, the fields must be finite at both r = 0 and r = ∞ ,
meaning

that

the

coefficients

in

the

first

and

last

layers

must

satisfy

C1′ = D1′ = C m+1 = Dm+1 = 0 , assuming that there are m+1 total layers. Once the
boundary conditions are satisfied, fields in the first layer can be expressed by those in the
last layer by multiplying the transfer matrices of each layer [20,55]:

55
⎛ 0 ⎞
⎛ C1 ⎞
⎟
⎜
⎜ ⎟
⎜ 0 ⎟
⎜ D1 ⎟
−1
−1
M 1 (r1 )⎜ ⎟ = M 2 (r1 )M 2 (r2 )L M m (rm −1 )M m (rm )M m +1 (rm )⎜
C′ ⎟
0
⎜ m +1 ⎟
⎜ ⎟
⎜ 0⎟
⎜ D′ ⎟
⎝ ⎠
⎝ m +1 ⎠

Eq. 5.12

Equation 5.12 produces a set of four equations containing four variables and the
complete matrix equation can be expressed as:

J ν ( p1 r1 )
0
⎛
⎜
0
Jν ( p1 r1 )
⎜
⎜ βν
ωμ 0 '
J ν ( p1 r1 )
⎜ − 2 Jν ( p1 r1 )
p
p
r
1
1
1
⎜ 2
βν
⎜ n1 ε 0 ω '
⎜ p Jν ( p1 r1 ) − p 2 r J ν ( p1 r1 )
1
1 1
⎝

− M 13
− M 23
− M 33
− M 43

− M 14 ⎞
⎟
− M 24 ⎟⎛⎜ C1 ⎞⎟
⎟ D
− M 34 ⎟⎜⎜ ' 1 ⎟⎟ = 0 .
⎟⎜ C m +1 ⎟
⎟⎜ ' ⎟
− M 44 ⎟⎝ Dm +1 ⎠
⎠

Eq. 5.13

In order for it to have a non-trivial solution, the determinant of the coefficient matrix
must be zero:

Jν ( p1 r1 )
0

−

βν

2
1 1

p r

Jν ( p1 r1 )

0
Jν ( p1 r1 )

ωμ 0
p1

Jν' ( p1 r1 )

− M 13
− M 23

− M 14
− M 24

− M 33

− M 34 = 0

n12 ε 0 ω '
βν
Jν ( p1 r1 ) − 2 Jν ( p1 r1 ) − M 43
p1
p1 r1

Eq. 5.14

− M 44

and by setting the determinant equal to zero and solving, the propagation constants, β,
can be obtained. After solving for the propagation constants, the field components can be
determined from the equations. When compared to other methods, the advantage of this
matrix formalism is that as the number of layers increases, it is only necessary to
manipulate 4x4 matrixes, which is much more efficient than solving the large matrices
that arise when solving for all the boundary conditions directly.
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Once the field components are obtained, the LPFG parameters can be calculated
using coupled mode theory [25,30,36,39,57]. The coupling between different modes in
a fiber can be described by the following coupled mode equations:
dAμ
dz

dBμ
dz

(

)

(

)

Eq. 5.15

(

)

(

)

Eq. 5.16

= − j ∑ Aν Kνμt + Kνμz exp ⎡⎣ − j ( βν − β μ ) z ⎤⎦ + Bν Kνμt − Kνμz exp ⎡⎣ j ( βν + β μ ) z ⎤⎦
v

= j ∑ Aν Kνμt − Kνμz exp ⎡⎣ − j ( βν + β μ ) z ⎤⎦ + Bν Kνμt + Kνμz exp ⎡⎣ j ( βν − β μ ) z ⎤⎦
v

where A and B are the amplitudes of the interacting modes; μ and ν are the orders and
β is the propagation constant of a certain mode, respectively. K t and K z are the
transverse and longitudinal coupling coefficients defined by [25,30,36,39,57]:

v
v
Kνμt = ω ∫∫ ΔεE tν ⋅ E μt∗

Kνμz = ω ∫∫

Eq. 5.17

Δε ⋅ ε v z v z ∗
E ν ⋅ Eμ
Δε + ε

Eq. 5.18

where ε and Δε are the permittivity and permittivity variations, respectively. However,
in our model we will only consider the transverse coupling coefficient because the
transverse components of the electric field are significantly larger than their longitudinal
counterparts.

As a result, the longitudinal coupling coefficients can be considered

negligible, and we can recast Equation 5.17 in cylindrical coordinates as:

Kνμt ( z ) =

ω 2π

∞

4

0

t

t

∫ dφ ∫ rdrΔε ( r , z )Eν ( r ,φ ) ⋅ E μ ( r ,φ )

0

Eq. 5.19
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We can obtain an expression for Δε from the refractive index profile the grating structure,
which is expressed as [25,30,36,39,57]:

⎧
⎡
⎛ 2π
n(r , z ) = n 0 ⎨1 + σ ( z )⎢1 + m cos⎜
⎝ Λ
⎣
⎩

⎞⎤ ⎫
z ⎟⎥ ⎬
⎠⎦ ⎭

Eq. 5.20

where n0 is the original refractive index of the fiber core, σ ( z ) is the slow varying
envelope of the refractive index modulation, and m is the induced-index fringe
modulation, where 0 ≤ m ≤ 1 . The maximum induced index change at any z along the
grating

is

σ (z )n0 ( 1 + m ) and the minimum induced index change is

σ ( z )n0 ( 1 − m ) . Since the LPFGs that we are considering are uniform, σ (z ) is
constant, and we can use [25,30,36,39,57]

Δε = ε 0 Δ( n 2 ) ≅ 2ε 0 n0 Δn = 2ε 0 n0 [ n0σ ( 1 + m cos

2π

Λ

z )]

Eq. 5.21

to approximate the transverse coupling coefficient as:

Kνμt ( z ) = τ + 2κ cos

2π

Λ

z
Eq. 5.22

m
κ= τ
2

where τ is a “dc” coupling constant and κ is an “ac” coupling constant. The general
equation for τ can be expressed as [25,30,36,39,57]:

τ νμ =
where r1 is the core radius.

ωε 0 n02σ

2π

r1

2

0

0

t

t

∫ dφ ∫ rdr Eνt ⋅ E μt

Eq. 5.23
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For LPFGs, we need to calculate coupling constants for core mode/core mode
coupling and core mode/cladding mode coupling. Coupling between two cladding
modes is neglected because it is much weaker than the other two cases. The core/core
coupling constant is found by solving [25,30,36,39,57]:
r1

τ 01co−−01co = ωε 0 n02σπ ∫ rdr(| Erco |2 + | Eφco |2 )

Eq. 5.24

0

and the core/cladding coupling constant is:

τ

co −cl
01−1υ

r1

= ωε n σπ ∫ rdr( Ercl Erco* + Eφcl Eφco* )
2
0 0

Eq. 5.25

0

In the case of core/cladding coupling (Eq 5.25), the azimuthal integral is:
2π

∫ dφ exp[ i( l − 1 )φ ] = 2πδ l 1

Eq. 5.26

0

where δl1 is a delta function that is equal to 1 when l = 1 and 0 when l ≠ 1. Using this
integral, the only nonzero coupling constants are those between the core mode and the
l = 1 cladding modes.
To simplify the model and reduce the number of calculations, we will assume
that the core mode only couples to one cladding mode at a time, and we rewrite the
coupled mode equations (Eqs. 5.15 and 5.16) as:

dA co
cl
cl
co
= iK 01co−−01co A co + iK 1clυ−−co
)z ]
01 Aυ exp[ i( β υ − β
dz

Eq. 5.27

dAυcl
= iK 01co−−1clυ A co exp[ i( β co − β υcl )z ]
dz

Eq. 5.28
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By solving these equations, the transmission of an LPFG can be expressed as
[25,30,36,39,57]:

T = cos

2

(κ

2

)

)2

)

σ2

+σ L + )2

σ +κ

2

(

)
sin 2 κ 2 + σ 2 L

)

Eq. 5.29

where,
∗

κ = κ 1clν −−co01 = κ 01co−−1clν =

)

σ =

τ co −co
2

m cl −co
τ 01−1ν ,
2

+δ ,

Eq. 5.30
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From Equation 5.29, much of the useful LPFG information can be determined,
including the on-resonance transmission:

T = cos 2 (κL )

Eq. 5.33
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Eq. 5.34

the resonant wavelength:

and the relative bandwidth for weak gratings

Δλ

λ

=

2
N

.

Eq. 5.35

60
It is important to note that although the LP approximation is not used in our model, three
key assumptions have been made to simplify our calculations. Those assumptions are:
1. Neglect all off-resonant modes.
2. Neglect longitudinal mode coupling.
3. Neglect cladding/cladding coupling.
Using the four layer model described above, we calculated the transversal mode
field distributions of the first three cladding modes of a fiber with and without an ITO
overlay (Figures 5.5-5.7). In ambient air, the mode field distributions in the ITO coated
fiber are nearly identical to those in the uncoated fiber.

The field intensities of the 1st

and 3rd cladding modes in the core region are much higher than that of the 2nd cladding
mode. Since the coupling constant between the core mode and a given cladding mode is
proportional to the overlap of their transversal fields, the coupling between the core mode

(a)

(b)

Figure 5.5: Transversal electric field distributions of the 1st cladding mode (a) with ITO
(n = 1.80 at 1550 nm) and (b) without ITO.
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(a)

(b)

Figure 5.6: Transversal electric field distributions of the 2nd cladding mode (a) with ITO
(n = 1.80 at 1550 nm) and (b) without ITO.

(a)

(b)

Figure 5.7: Transversal electric field distributions of the 3rd cladding mode (a) with ITO
(n = 1.80 at 1550 nm) and (b) without ITO.
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and the 1st and 3rd cladding modes will be stronger than the coupling between the core
mode and the 2nd cladding mode. These results are consistent with those from the threelayer model, which showed that the major peak(s) in the output spectrum of an LPFG
result from coupling to the odd cladding modes.
When the polymer index is close to that of the fiber cladding (1.43 and 1.44 in the
figures), the mode field distributions in the ITO coated fiber deviate from those in the
uncoated fiber. We find that the high refractive index of the ITO overlay forces more
light energy to into the polymer layer. With a larger portion of the cladding mode fields
affected by changes in the polymer, an enhanced tuning can be achieved. This tuning
enhancement can be confirmed by comparing the effective cladding indices of a fiber
with and without an ITO overlay. Since the resonant wavelength is proportional to the
effective index of the cladding mode to which the core is coupling, the effective indices
of a fiber with ITO should be more sensitive to changes in the polymer refractive index
than an uncoated fiber.
Figures 5.8-5.10 show the effective indices of the cladding modes calculated by
the four-layer model as a function of the polymer refractive index. In each of the figures,
the effective indices of the ITO coated fiber rise more quickly than those of the uncoated
fiber, quantifying the tuning enhancements that were predicted by the transversal mode
field distributions. In each of the plots, the maximum range is set to 1.444, which is the
material index of the fiber cladding, and once the effective index of a cladding mode
exceeds 1.444, it is no longer guided and transitions to an overlay or radiation mode. In a
fiber without an ITO overlay, all of the cladding modes transition to radiation modes
almost simultaneously when the polymer refractive index reaches that of the cladding.
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Figure 5.8: Effective refractive indices of the 1st cladding mode as a function of polymer
refractive index in fibers with and without an ITO overlay. (ITO refractive index: 1.80;
ITO thickness = 50 nm, Wavelength = 1550 nm)
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Figure 5.9: Effective refractive indices of the 2nd cladding mode as a function of polymer
refractive index in fibers with and without an ITO overlay. (ITO refractive index: 1.80;
ITO thickness = 50 nm, Wavelength = 1550 nm)
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Figure 5.10: Effective refractive indices of the 3rd cladding mode as a function of
polymer refractive index in fibers with and without an ITO overlay. (ITO refractive
index: 1.80; ITO thickness = 50 nm, Wavelength = 1550 nm)
With ITO, however, the polymer index at which this transition occurs for each cladding
mode is a function of the thickness and refractive index of the ITO [25-30]. In Figures
5.8 and 5.9, the 1st and 2nd cladding modes transition to overlay modes around 1.425 and
1.435, respectively, and leading up to the transition, the effective indices of these modes
rise exponentially. The effective index of the 3rd cladding mode is slightly different than
those of the lower order modes. Instead of rising exponentially prior to transition, the
effective index of the 3rd cladding mode starts rising linearly around 1.410 and briefly
plateaus around 1.440 before transitioning to the ITO. The effective index at which the
3rd cladding mode plateaus is very close to the effective index held by the 1st cladding
mode at 1.400. This is consistent with Figure 5.2, which shows that higher order modes
move in to replace those transitioning to the overlay. In Figure 5.2, the cladding mode
transitioning to the overlay is replaced by the next higher order mode, meaning that we
should see the 2nd cladding mode replace the 1st cladding mode, not the 3rd. In our model,
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however, we did not use the LP or scalar approximations used in many of the references.
Instead, our model treats the cladding modes as vectors and calculates all of the cladding
modes. As a result, the LP0n modes shown in Figure 5.2 correspond to the odd modes
that are shown in Figures 5.5-5.10 [58].
The tuning enhancement caused by the high index ITO overlay does not come
without a price. Generally speaking, the mode field energy that moves into the polymer
layer is taken from the core region. In Figure 5.5, the mode field intensity of the 1st
cladding mode nearly goes to zero when the polymer index is raised to 1.430 and 1.440.
A similar drop in intensity is seen in Figure 5.8 for the 3rd cladding mode. However, in
the case of the 3rd cladding mode, the intensity only drops an order of magnitude, and the
intensity in the core at 1.44 is equal to, if not higher than, the intensity of the 1st cladding
mode field in the core for ambient air. The intensity of the 2nd cladding mode field in the
core is slightly different than the odd mode fields. In ambient air, the intensity is nearly
zero, but it jumps up when the polymer index is increased to 1.430. When the polymer
index is further increased to 1.440, the intensity falls back down.
Based on these results, we expect that the strong resonant peak in ambient air is a
result of the core coupling with the 1st cladding mode. Even though the 3rd cladding
mode field intensity in the core is higher than that of the 1st cladding mode in ambient air,
the resonant peak resulting from coupling between the core mode and the 3rd cladding
mode will fall outside of the 1000-1700 nm window.

When the polymer index is

increased to 1.430, the core mode will likely couple energy into both the 2nd and 3rd
cladding modes, and at 1.440, it will couple primarily to the 3rd cladding mode.
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While the transversal cladding mode distributions in the core region can help us
predict the cladding modes to which the core mode will couple to at different polymer
indices, it is important to note that these distributions exist in a ITO coated fiber whether
or not a grating structure is present. Once a LPFG is fabricated in the fiber, the grating
parameters, including its period, length, uniformity, and strength, will all play a role in
the location and depth of the resonant peak (as was detailed in the derivation of the fourlayer model) . In the next chapter, we will compare the results of the four-layer model to
the measured tuning spectra from LPFGs that we fabricated in our lab. This comparison
will not only help us determine the accuracy of the model, but it will also give us better
insight into how some of the known errors in our fabrication processes affect the
performance of a tunable LPFG.
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Chapter 6
Experimental Results and Analysis

To experimentally test our model, we measured the tuning ranges of an LPFG
before and after it had been coated with ITO. The LPFG had a 40 μm diameter, was 8
mm long (20 total periods), and had a 400 μm grating period. The thickness and
refractive index of the ITO overlay were approximately 50 nm thick and 1.888 at 632 nm,
respectively. Even though we had run similar experiments on LPFGs with and without
ITO in the past (Figures 3.10 and 4.6, respectively), two different LPFGs were used in
those experiments, and the spectra shown in Figure 4.6 may or may not accurately
represent the LPFG that was used to generate Figure 3.10 had it been coated with ITO.
Therefore, the data collected during those experiments was not sufficient to compare
against the results of the four-layer model.

6.1 - LPFG Tuning Analysis

In this experiment, we used index matching oils to provide an ambient refractive
index variation from 1.390 to 1.446. This particular range of indices was chosen for two
reasons. First, the LPFG’s intrinsic sensitivity to changes in the ambient index is highest
in this region (as shown in Figures 3.11 and 3.12). Secondly, the four-layer model results
shown in Figure 5.10 indicate that the largest improvement in tuning performance is
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Figure 6.1: Experimentally measured spectra of an LPFG in several different ambient
indices (a) before and (b) after being coated with a 50 nm ITO overlay. (Fiber diameter =
40 μm, Grating period = 400 μm, Grating length = 8 mm (20 periods))
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achieved over these indices when the ITO overlay is added. The experimental data is
presented in Figures 6.1-6.3. Figure 6.1 shows the tuning spectra recorded from the
LPFG before and after adding the ITO overlay. The uncoated LPFG peak experienced
non-uniform blue-shifts that totaled nearly 50 nm and became significantly shallower as
the oil index was incrementally increased. After the ITO overlay was added, the peak
blue-shifted non-uniformly about 10-12 nm and became significantly shallower as the oil
index went from 1.390 to 1.410. At 1.420, however, mode transitions began to affect the
spectrum. The original peak disappeared and a new peak began to take shape at a much
longer wavelength. As the oil index continued to increase, the new peak became deeper
and more defined. When the oil index reached 1.446, the peak looked nearly identical

1750
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No ITO
ITO

1600
1550
1500
1450
1400
1350
1300
1.39

1.4

1.41

1.42
Ambient Index

1.43

1.44

Figure 6.2: LPFG resonant wavelengths as a function of the ambient oil index with and
without ITO.

70
to the original, but was positioned at a slightly longer wavelength. Over the 1.420 to
1.446 oil index range, the peak traveled nearly 250 nm. These spectra helped us identify
and visualize the effect that mode transitions were having on our tunable filter, and the
data taken from those spectra was used to generate Figure 6.2, in which the LPFG peak
wavelengths are plotted as a function of the oil index. The data in this figure can be
compared to the results from our model.
Since the data in Figure 6.2 cannot be directly compared to the calculated
effective indices shown in Figure 5.10, we must first use the resonant wavelength
cl _ i
equation, λ = ( nco
eff − neff )Λ , to convert the measured spectral data into effective indices,

or conversely, convert the effective indices from the model into resonant wavelengths.
However, before we choose either conversion, there are several important things to
consider. First, the four-layer model incorporates several assumptions that were made to
reduce the model’s computational complexity. For the most part, we disregarded weaker
coupling effects because their influence on the resonant coupling was deemed negligible.
The measured spectral data, however, intrinsically includes all coupling effects, and if the
weaker coupling effects neglected by the model had any significant effect on the LPFG
spectra, there will be some discrepancies between the two data sets no matter which
conversion is made. Secondly, we cannot explicitly determine the cladding mode to
which the core mode is coupling from the measured spectral data. When no ITO is
present and there are no mode transitions, we know that coupling occurs between the core
mode and the 1st cladding mode, and thus, the data from the uncoated LPFG only needs
to be compared to the calculated effective indices of the 1st cladding mode. When the
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ITO overlay is present, however, the core mode initially couples with the 1st cladding
mode, but it begins to couple with the 2nd and 3rd cladding modes once a certain ambient
index threshold is eclipsed. This mode coupling transition is observed when the peak
suddenly jumps to a much longer wavelength between the indices of 1.410 and 1.420.
Immediately after the transition, the core mode will probably be coupling to both the 2nd
and 3rd cladding modes (as discussed at the end of Chapter 5). As the ambient index
increases toward the index of the cladding layer (~1.444), the core mode will gradually
stop coupling to the 2nd cladding mode and will only couple to the 3rd cladding mode.
The spectral data from the ITO coated LPFG must be grouped according to the cladding
mode to which the core mode is coupling.

The data from 1.390 to 1.410 should be

compared to the calculated effective indices of the 1st cladding mode, while the data from
1.420 to 1.446 must be compared to the calculated effective indices of the 2nd and 3rd
cladding modes. The final thing to consider before comparing the two data sets is the
effect of experimental errors. The model makes calculations based on an ideal LPFG,
meaning that the fiber and the ITO geometries are perfect and uniform. Accordingly, any
peak wavelength calculations based on the model results would assume that the ITO
coated LPFG was ideal. In reality, however, unavoidable errors that occur during the
fabrication process, including, but not limited to, imperfect fiber geometries and
diameters and non-uniform ITO coatings will undoubtedly have an effect on our tunable
LPFG, but to what extent, we cannot be certain.
We will start our data analysis by looking at the data from the uncoated LPFG.
This is the best place to start because the uncoated LPFG only involves coupling between
the core mode and the 1st cladding mode, and the effects of an ITO layer do not have to
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be considered. The effective index and coupling constant calculations for this scenario
are relatively straightforward, and three-layer model would be sufficient to perform the
analysis. However, we need to determine accuracy of the four-layer model for a basic
LPFG before we consider the more complex ITO coated LPFG. By calibrating the model
with the data from the uncoated LPFG, the model results for the ITO coated LPFG will
hopefully be better fit to our measured data, and since the model will represent the ideal
case, the remaining differences between the two data sets will help us isolate and identify
the effects of experimental errors in the measured spectral data.
In Figure 6.3, the effective indices of the 1st cladding mode calculated by the four-
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Figure 6.3: The calculated effective indices of the 1st cladding mode are converted into
resonant wavelengths and compared to the measured spectral data. (No ITO; Effective
core index ( nco
eff ) ~ 1.4465, Grating Period ( Λ ) = 400µm)
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layer model have been converted to resonant wavelengths and plotted with the measured
spectral data from the uncoated LPFG. The effective cladding index used to make the
conversion was approximately 1.4465. This value was calculated at 1550 nm using the
diameter of the fiber core and the material indices of the core and the cladding.

Two

discrepancies between the calculated and measured data are immediately apparent: (1)
the measured resonant wavelengths are over 100 nm longer than those calculated from
the model’s effective indices; and (2) the calculated wavelengths predict a much sharper
blue-shift than was measured as the ambient index approaches that of the fiber cladding.
The latter of these discrepancies is most likely a result of a limitation in our model’s
accuracy to predict the exact resonant wavelength at ambient indices equal to or above
the cladding index. As mentioned in the previous chapter, the cladding modes of a fiber
without ITO become radiation modes, which are essentially unguided leaky cladding
modes, once the ambient index meets or exceeds that of the cladding. The model only
calculates the effective indices of guided cladding modes. When the ambient index
reaches that of the cladding, the model accuracy predicts that the mode is no longer
guided, but the results that it produces for ambient indices higher than the cladding are
not necessarily valid. This same inaccuracy will also appear when we examine cladding
modes that transition to the overlay in an ITO coated fiber. Furthermore, the calculated
resonant wavelengths are estimates that only consider coupling between the core mode
and a single discrete cladding mode. They do not include the effects of the core mode
coupling to multiple cladding modes simultaneously. They also do not take into account
phenomena that begin to occur when the ambient index exceeds that of the cladding. For
example, ambient indices that are higher than the cladding have been shown to cause
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Fresnel reflections at the cladding/ambient interface [59]. These reflections can enable
low-loss propagation in the cladding in the absence of a true guided mode and contribute
to red-shift in the measured resonant wavelength around 1.445.
While the limitations of the model are the likely cause of discrepancies that occur
at ambient indices near transitions or close to the cladding, they are not responsible for
the large gap between the measured and predicted resonant wavelengths. Based on our
knowledge of LPFGs and the formulation of the four-layer model, we were able to
identify two potential sources of this error: (1) The resonant wavelengths in Figure 6.3
cl _ i
were calculated using λ = ( nco
eff − neff )Λ , which is a simplified version of the phase

matching condition that does not take the grating strength into consideration; and (2)
experimental errors, such as variations in the fiber thickness and non-uniform UV
exposure, caused the measured resonant wavelength to differ from the model prediction.
Each of these factors probably contributes to the error, but since we cannot undo the
errors in the measured data and are trying to find the model that best predicts our LPFGs’
behavior, we take a more detailed look at the first of the two factors listed above.
cl _ i
The resonant wavelengths in Figure 6.3 were calculated using λ = ( nco
eff − neff )Λ .

With this formula, the only grating parameter that influences the resonant wavelength is
the period, and the self-coupling constants are not taken into consideration.
complete

2π

λ

phase

matching

cl −i
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(Eq. 5.1). By solving this equation for the resonant

wavelength, neglecting cladding/cladding coupling, and setting s0 = 1, we arrive at:
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λ=

cl −i
−1
( nco
eff − neff )

Λ
1 − τ 1,1
2π

Λ,

Eq. 6.1

which shows that the resonant wavelength is not only a function of the difference
between the core and cladding effective indices and the grating period, but also of the
first Fourier component of the grating (s0) and the difference between the self-coupling
constants of the core and cladding modes, τ1,1 and τi,i, respectively. (Equation 6.1 is
identical to the resonant wavelength equation that was derived from the four-layer model
(Eq. 5.29)). More importantly, the self-coupling constants are proportional to the grating
strength, or the magnitude of the photoinduced index change in the fiber core. Using this
equation and the calculated refractive indices, the predicted resonant wavelengths should
be much closer our measured values.
The self-coupling coefficients of the core and cladding modes were calculated by
the four-layer model using a grating strength (σ) of 7.5x10-4, and the first Fourier
component was set to unity, which represents a sinusoidal grating. We did not have a
means to accurately calculate the real photoinduced refractive index change, but we were
able to find a reference that detailed the index change that could be induced in the
Fibercore PS1500 fibers that we used for our gratings [60]. In the reference, 7.5x10-4 was
the saturated photoinduced index change achieved using a high average power (up to 1
W), high repetition rate (6 kHz) low pulse energy (< 2 mJ) 255 nm source. We used a
continuous wave (CW) UV laser with a 244nm wavelength and ~ 100 mW average
power to fabricate our gratings. However, our exposure time was significantly higher
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Figure 6.4: The calculated effective indices of the 1st cladding mode are converted into
resonant wavelengths using the full phase matching condition and compared to the
measured spectral data. (No ITO; Effective core index ( nco
eff ) ~ 1.4465, Grating Period
-4
( Λ ) = 400µm, Grating Strength (σ) = 7.5x10 )
than the 100 s that was needed to reach index saturation in the reference. Therefore, we
decided to use the saturation index in our model calculations. Figure 6.4 shows the
resonant wavelengths that are calculated using the self-coupling constants and the full
phase matching condition. The gap between the measured and predicted resonant
wavelength was virtually eliminated. Aside from showing a slightly larger tuning range
than what we measured, a difference that could easily be contributed to our fabrication
errors, the model data fit our experimental data relatively well.
Once we had found the best fit model for the LPFG without ITO, we used the
four-layer model and the full phase matching condition to predict the resonant

77

Wavelength (nm)

1st Cladding Mode
1700

2nd Cladding Mode

1650

3rd Cladding Mode

1600

Measured ITO coated
LPFG

1550
1500
1450
1400
1350
1300
1.4

1.405

1.41

1.415

1.42

1.425

1.43

1.435

1.44

Ambient Index

Figure 6.5: ITO coated LPFG wavelengths as a function of the ambient index compared
to the resonant wavelengths calculated from the model effective cladding indices.
(Effective core index ( nco
eff ) ~ 1.4465, Grating Period ( Λ ) = 400µm, Grating Strength
-4
(σ) = 7.5x10 , ITO thickness = 50 nm, ITO refractive index ~ 1.80)
wavelengths and tuning behavior of an ITO coated LPFG. Unlike the uncoated LPFG
case, we had to calculate the effective indices and self-coupling constants of the first
three cladding modes. The grating strength was kept at 7.5x10-4, and the ITO thickness
and refractive index were set at 50 nm and 1.80, respectively. Figure 6.5 shows the
resonant wavelengths calculated from the first three cladding modes compared to the
measured spectral data from our ITO coated LPFG.

In the figure, the resonant

wavelengths predicted by the model are very close to those that we measured. We can
easily see that the core mode initially couples to the 1st cladding mode, and then after the
transition around 1.420, it begins to couple to the 3rd cladding mode. Contrary to what
we had predicted in Chapter 5, these results seem to imply that the 2nd cladding mode has
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a limited effect on the resonant wavelength after the 1st cladding mode has transitioned to
the cladding. Although the wavelengths do not match perfectly, the slope and shape of
our measured curve coincide with that of the 3rd cladding mode curve after the transition,
which means that the model is accurately predicting the resonant peak’s sensitivity to
changes in the ambient index.

However, we still see the discrepancy between the

predicted and measured wavelengths at indices close to that of the cladding (~1.44). In
the case of an ITO coated LPFG, the optical phenomena responsible for keeping the
resonant wavelength from further blue-shifting become even more complex than in the
uncoated LPFG case because we have to consider Fresnel reflections at multiple
interfaces (cladding/ITO and ITO/ambient) and modes that are guided, or partially
guided, by the thin ITO layer [59].
Even though the model fits our measured data well, we cannot draw any
substantial conclusions based on the data from a single sample. In order to sufficiently
test the model, we needed to record the tuning behavior of more samples and compare the
data to the model results. If the new samples are kept as uniform as possible through the
fabrication processes, this comparison will serve a dual purpose. It will allow us to see
how the spectra from a “uniform” group of samples are affected by experimental errors,
and we can adjust parameters in our model to see how well we can account for the errors.
Six new LPFGs were fabricated and coated with ITO for our next round of index
oil experiments. To make the samples as uniform as possible, we batch processed the
fibers during etching and ITO sputtering. (Incidentally, we used six fibers because that is
the maximum number that would fit into our fiber etching caddy.) If we assume that the
fiber diameters and the ITO properties were the same for all six fibers, fabrication errors
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will likely result from non-uniform UV exposure during grating writing and non-uniform
ITO films.
Grating writing is inherently a single element process that does not lend itself to
batch processing. Each fiber is manually placed in a single fiber caddy, which is then
placed into the writing setup (Figure 6.6). A CW UV laser is focused through an
amplitude mask of specified period to the core of the etched fiber. The optics that guide
and focus the UV beam are mounted on a computer driven, nano-precision Aerotech
ABL-1000 air bearing stage, which scans the beam back and forth across a specified
length of the fiber. Even though the UV beam can be precisely aligned with the stage,

Amplitude Mask

Precision Stage

Laser

UV Transparent
Quartz Plate
Fiber

Figure 6.6: Several pictures of the grating writing setup.
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the major source of error in the writing process comes from the manual alignment of the
fiber in the caddy. The groove that has been cut into the caddy to hold the fiber is
slightly larger than the fiber diameter, and the fiber’s position within the groove varies
from run to run. Thus, the characteristics of each grating are unique due the non-uniform
UV exposure that occurs because of error in the alignment.
As discussed in Chapter 5, the configuration of our sputtering system will also
contribute to fabrication error because we have to coat our fibers one side at a time.
Since the fibers are cylindrical, the ITO layer will be thicker on the areas of the fiber
surface closest to the ITO target. Additionally, the film thickness on batch processed
fibers may vary slightly with their position relative to the ITO target. Since sputtering is
primarily a line-of-sight process, the surface on which the film is being deposited should
be parallel to and directly across from the target to achieve the best thickness uniformity.
However, the thickness uniformity is not perfect, especially on surfaces across from the
edges of the target. All of the batch processed fibers could not be placed directly across
from the center of the ITO target, and some overlay thickness variations within a group of
batch processed fibers are inevitable, particularly among those that are farther from the
center of the ITO target.
Figure 6.7 shows the tuning spectra from the six new LPFGs. Each sample had a
measured cladding diameter of 40 μm and a 50 nm ITO overlay with a 1.888 refractive
index at 632 nm. The LPFGs were all 8 mm in length and had a grating period of 400
μm. Each ambient index at which spectra were measured was assigned a color, and the
same color scheme was used in all six plots of Figure 6.7 to highlight any differences in
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Figure 6.7: Tuning spectra taken from six, batch processed ITO coated LPFGs.
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Figure 6.8: The measured resonant wavelengths from the six batch processed, ITO
coated LPFG samples as a function of the ambient oil index.
the tuning performances of the samples. Upon examining the plots, the peaks of the six
samples in ambient air (i.e the pink curves) are nearly identical in both position and in
depth, measuring roughly 1352 nm and -16 dBm, respectively. Since the LPFGs and ITO
overlays all had the same parameters, this is what we would expect, but the exposure
times needed to achieve a resonant peak around this wavelength varied slightly, which
meant that the grating strengths were not uniform (i.e. the fiber was misaligned during
fabrication) and/or that there was some small thickness variations in the fibers. When the
samples were tuned with index oils, no two samples generated the same tuning spectra.
At any given oil index, the peaks of the samples were at different wavelengths and had
different depths. In some cases, as in plots (c) and (d), evidence of the cladding mode
transition was seen at 1.426. Other samples, such as (a) and (f), did not transition until
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the oil index was in excess of 1.434. When the measured resonant wavelengths from the
six LPFGs were plotted as a function of the ambient index (Figure 6.8), however, we saw
that the tuning behavior of the six samples was more similar than it had appeared when
we were only looking at the individual spectra. The shapes of the resonant wavelength
curves were similar, and the indices at which the transitions take place only differed over
an approximate 0.005 index range. The magnitude of the tuning ranges, on the other,
varied more significantly.

The results from these batch processed samples clearly

illustrated that non-uniform errors introduced during the fabrication processes
significantly affect an LPFG’s tuning characteristics.
Before the new measured data is compared to the model data, we must mention
that the resonant wavelength curves in Figure 6.8 must be kept in perspective. The
curves shown in Figure 6.8 were adapted from the measured spectra in Figure 6.7, but in
some cases, the location of the resonant peak was not clear cut. In Figure 6.7(b), for
example, there is a very distinct peak present for each of the ambient indices, and at
1.430, we can actually see two peaks at two different wavelengths because the core is
coupling to both the 1st and 3rd modes. In this case, we considered the larger of the two
peaks, the peak corresponding to the core mode coupling with the 3rd cladding mode, as
the resonant wavelength for the 1.430 ambient index. In Figure 6.7(f), on the other hand,
there is not a very distinct peak at the either 1.434 or 1.438 ambient indices, but one
could argue that the dip in the spectra around 1600 nm is the new peak taking form. In
Figure 6.8, we used that dip as the “resonant wavelength” for LPFG6 at 1.434 and 1.438,
and since the spectrum showed very little change over those two indices, the resonant
wavelength curve for that sample is much broader than the others.

While these
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interpretations of the real data should not significantly affect our analysis, they are a
contributing source of error that may cause some of the resonant wavelength curves in
Figure 6.8 to deviate slightly from the model.
In Figure 6.9, the model calculated resonant wavelengths are individually
compared to each of the six LPFG resonant wavelength curves. The parameters used in
the model were the same as those used in the previous comparison, namely grating
strength (σ) = 7.5x10-4, ITO thickness = 50 nm, and ITO refractive index = 1.80. For the
most part, the shapes and slopes of the measured resonant wavelength curves fit the
model, with the core mode coupling to the 1st cladding and 3rd cladding modes before and
after the transition, respectively. However, in all of the plots, the resonant wavelengths
predicted by the model when the core mode is coupling to the 1st cladding mode are
significantly longer than what was measured. Assuming that small differences in the
fiber diameters and ITO coatings were not responsible for such a large discrepancy, we
decided to vary the grating strength in the model to see if we could achieve a better fit.
The results are shown in Figure 6.10.
In Figure 6.10, the measured resonant wavelengths from the six batch processed
LPFGs are again compared to resonant wavelengths calculated from the model data. This
time, however, the grating strength (σ) in the model data has been reduced to 4.9x10-4.
With this reduction, the model is much better fit to the measured data. In all of the plots,
the large discrepancy that existed between the measured and calculated wavelengths at an
ambient index of 1.40 has been eliminated or greatly reduced, and in some cases, the
measured and calculated wavelengths are in better agreement following the transition as
well.
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Figure 6.9: Resonant wavelengths from the six batch processed, ITO coated LPFGs as a
function of the ambient index compared to the resonant wavelengths calculated from the
model effective cladding indices. (Effective core index ( nco
eff ) ~ 1.4465, Grating Period
-4
( Λ ) = 400µm, Grating Strength (σ) = 7.5x10 , ITO thickness = 50 nm, ITO refractive
index ~1.80)
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Figure 6.10: Resonant wavelengths from the six batch processed, ITO coated LPFGs as a
function of the ambient index compared to the resonant wavelengths calculated from the
model effective cladding indices. (Effective core index ( nco
eff ) ~ 1.4465, Grating Period
-4
( Λ ) = 400µm, Grating Strength (σ) = 4.9x10 , ITO thickness = 50 nm, ITO refractive
index ~ 1.80)
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As expected, a grating strength of 4.9x10-4 causes the model to fit some of the
samples better than others, and we could further adjust the grating strength to optimize
the model results for each of the six LPFGs. More importantly, the results in Figure 6.10
verify our claim that the grating writing process is a primary source of non-uniform error.
Since grating strength is a function of the amount and uniformity of UV exposure and
each LPFG was written individually, we were able to adapt our model to the measured
results from each sample by simply adjusting the grating strength. Additional variations
between the measured data and the model likely result from the geometries and properties
of the ITO overlay being less than ideal.

6.2 - Peak Depth Analysis

Thus far in the analysis of our experimental data, we have focused solely on the
tuning characteristics of our ITO coated LPFGs. We compared the measured resonant
wavelength curves to those from the model and showed that the model was fairly
accurate in predicting the tunabililty of the resonant peak after the mode transition. We
also substantiated that some of the differences between our measured and model data sets
were a result of errors from the grating writing process. In real world applications,
however, the depth of the LPFGs resonant peak is just as important as the range over
which the device can be tuned. In Chapter 5, Equation 5.29 showed that the grating
length, L, and the coupling constants, κ, are most responsible for the depth of the resonant
peak. The product of the grating length and the coupling coefficient is used as an
argument to a cosine squared term, which dictates a grating’s transmission, or depth, at a
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specific wavelength. Using our four-layer model, we can calculate the coupling constants
of the cladding modes and compare the results to the peak data that was collected from
the sample LPFGs. By looking at both the tuning data and the peak data, we will better
determine the accuracy of our model.
Figure 6.11 shows the coupling constants of the first three cladding modes as a
function of the ambient index. The top plot shows the coupling constants over the 1.000
to 1.445 ambient index range while the bottom plot is an exploded view of the 1.400 to
1.445 ambient index range. The coupling constants were generated by the four-layer
model for a 40 µm diameter fiber with a 50 nm, 1.80 index ITO overlay. In order to
interpret the model data presented in Figure 6.11, we turn to Equation 5.33,

T = cos 2 (κL ) .

(To simply our analysis, we will only focus on the on-resonance

transmission equation instead of the full condition given by Equation 5.27.) According to
this equation, the transmission at the resonant wavelength, or peak depth, is a sinusoidal
function. Peak depth is maximized when κL = m

π
2

, m = 1,3 ,5... and will vary as the

coupling constant since the grating length is fixed. When the LPFG is in ambient air (n =
1.000), the core mode couples to the 1st cladding mode, and the measured peak is at or
near its maximum depth. Since the sample gratings were all 8 mm in length (L), we
would expect the coupling constant (κ) of the 1st cladding mode to be near 196 m-1. In
Figure 6.7, the coupling constant of the 1st cladding mode is approximately 184 m-1 when
the ambient index is 1.000, which is very near the value we expected. The coupling
constant of the 1st cladding mode remains fairly constant as the ambient index is
increased from 1.000 to 1.400. At 1.400, however, it begins to fall off while the
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Figure 6.11: The calculated coupling constants (κ) of the first three cladding modes as a
function of the ambient index. In the top plot (a), the ambient index range is 1.000-1.445.
The bottom plot (b) is an exploded view of the 1.400-1.445 ambient index range. (ITO
thickness = 50 nm, ITO refractive index ~ 1.80)
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coupling constant of the 2nd cladding mode begins to increase.

Concurrently, the

coupling constant of the 3rd cladding mode decreases slightly.

Around 1.430, the

coupling constant of the 2nd cladding mode is maximized, and the coupling constant of
the 3rd cladding mode is minimized. Above 1.430, the coupling constant of the 2nd
cladding mode falls toward zero while the coupling constant of the 3rd cladding mode
increase slightly. If we were to anticipate the LPFG peak depth solely on the coupling
constant data in Figure 6.10, we would expect a strong peak in air, followed by a
decrease in peak depth as the ambient index is increased from 1.400 to 1.420. Between
1.420 and 1.430, the core mode would begin coupling to the 2nd and/or 3rd cladding
modes as the 1st cladding mode moves to the overlay. The peak depth following the
transition will depend on the ambient index at which the transition occurs and the
cladding mode to which the core mode is coupling. For example, if the core mode began
to couple only to the 3rd cladding mode as the 1st cladding mode transitioned to the
overlay, we would expect a deep peak because the value of the 3rd cladding mode’s
coupling constant is near the 196 m-1 value that maximizes peak depth. On the other
hand, if the core mode coupled energy into the 2nd cladding mode following the
transition, we would expected to see a shallow peak or no peak at all since the coupling
constant is well below the value which yields maximum peak depth. In this second
scenario, the peak would grow gradually with the coupling constant of the 2nd cladding
mode as the ambient index approached 1.430. Above 1.430, the core mode would
eventually begin to couple to the 3rd cladding mode as the coupling constant of the 2nd
cladding mode fell off, and the peak depth would be close to what it had been in ambient
air. In ether case, the core mode will be coupling primarily to the 3rd cladding mode once
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the ambient index exceeds approximately 1.435. The peak depth may decrease slightly
as the ambient index approaches 1.440 since the coupling constant of the 3rd cladding
mode increases past 196 m-1.
In Figure 6.12, we have plotted the peak depths of our six batch processed LPFGs
as a function of the ambient index. As in Figure 6.11, the top plot shows the 1.000 to
1.445 ambient index range while the bottom plot is an exploded view of the 1.400 to
1.445 ambient index range.

Many of the predictions that we made based on the

calculated coupling constants are confirmed by the measured data.

All six LPFGs

transitioned around the 1.430 ambient index, and as the ambient index was increased
from there, the peak depths grew gradually. When the ambient index reached 1.440, the
peaks depths were close to what they had been in ambient air, and they decreased slightly
as the ambient index was increased beyond 1.440. We also note that the evolution of the
peak following the transition is not smooth, and the peak depth does not increase linearly.
The fluctuations that we see in the curves probably result from non-uniform index
modulations along the length of the gratings and the non-uniform ITO overlays. These
two non-uniformities will determine the ambient index at which the transition occurs and
how strongly the core mode couples to the 2nd and 3rd cladding modes following the
transition. Also, some of the fluctuations may have resulted from misinterpreting spectra
that lacked clearly defined resonant peaks or had multiple resonant peaks.
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Figure 6.12: The measure peak depths from the six batch processed LPFGs as a function
of the ambient index. In the top plot (a), the ambient index range is 1.000-1.445. The
bottom plot (b) is an exploded view of the 1.400-1.445 ambient index range.
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6.3 - Optimizing the LPFG Performance

Given the known errors in our fabrication processes, the four-layer model fit our
experimental data relatively well.

The tuning capabilities of our LPFGs were well

approximated by the calculated resonant wavelength curves, and we were able to prove
that non-uniform UV exposure during the writing process affected the resonant
wavelength. The peak depth trends that we predicted using the calculated coupling
constants were supported by the measured data.

Drawing from this analysis, we believe

that the four-layer model can be used to determine the feasibility of an LPFG with
specified tuning properties. In the case of our tunable filter, we require a tuning range of
at least 40 nm (the bandwidth of the C-band) and a constant peak depth. Additionally,
the tuning should occur over a range of ambient indices that can be achieved by an E-O
polymer. Based on the model results in this chapter, we should be able to achieve these
tuning specifications if we reduce the amount of error during fabrication. By varying the
ambient index from 1.428 to 1.433, a range that can be achieved with an E-O polymer,
the effective index of the 3rd cladding mode increases by 2.4x10-4, which yields an
approximate resonant wavelength shift of -96 nm for a grating period of 400 µm. More
importantly, over the same ambient index range, the coupling constant of the 3rd cladding
mode only varies by about 2 m-1, which amounts to a -0.82 dB change in peak depth. By
properly coordinating grating strength (i.e. UV exposure time) with the thickness and
refractive index of the ITO overlay, the core mode will couple to the 3rd cladding mode
once the 1st cladding mode has transitioned to the overlay, and a tunable LPFG with a
better than 40 nm range and stable peak depth can be achieved.
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Since we did not have the means to measure the actual photoinduced refractive
index modulation in our fibers, we used the resonant peak wavelength as a measure of the
grating strength. As a grating was written, the peak would grow in depth and would shift
to longer wavelengths as the exposure time was increased. We could control the grating
strength by stopping the writing process once the peak had reached the desired
wavelength. All of the LPFGs were coated with the same ITO overlay (i.e. 50 nm, 1.88
refractive index at 632 nm) and tuned with index matching oils. Using this method, we
were able to determine the initial peak wavelength (1356 nm) that would produce a
tunable LPFG with a stable peak depth over an extended tuning range. The tuning
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Figure 6.13: The tuning spectra of an LPFG that maintains a stable peak depth over
nearly 150 nm of its tuning range. (Fiber diameter = 40 µm, Grating period ( Λ ) = 400
µm, Grating length = 8 mm, ITO thickness = 50 nm, ITO refractive index ~1.80)
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spectra of one such LPFG is shown in Figure 6.13. The total tuning range of this LPFG
is in excess of 200 nm, but more importantly, the peak depth stays within 1 dB of its
maximum over nearly 150 nm of that range. Furthermore, the 150 nm tuning range over
which the peak is stable can be achieved by varying the ambient refractive index from
1.438 to 1.446, a difference of only .008.
To confirm that the results in Figure 6.13 were not an anomaly, we fabricated
more LPFGs with 1356 nm initial peak wavelengths and measured their tuning spectra.
The results are shown in Figure 6.14. Every time we batch processed a set of six fibers 23 of the fibers were used to write LPFGs with 1356 nm peak wavelengths, and in Figure
6.14, the LPFGs that are next to one another came from the same batch (i.e. (a) and (b),
(c) and (d), (e) and (f)). Each of the LPFGs depicted in Figure 6.14 tuned well in excess
of 150 nm, and LPFGs that came from the same batch tuned similarly. None of the
LPFGs in Figure 6.14, however, performed as well as the LPFG shown in Figure 6.13.
The spectra in Figures 6.13 and 6.14 perfectly illustrate the strengths of the fourlayer model and weaknesses in our fabrication processes. The performance of the LPFG
from which the spectra in Figure 6.13 were taken was very close to what we predicted
from the model simulations. However, when we fabricated more LPFGs with the same
parameters, we were unable to duplicate the original’s performance. Nevertheless, there
is a lot that can be learned from the spectra shown in Figure 6.14. Given the limitations
of our equipment and the known errors that occur during fabrication, the LPFGs that
were batch processed performed similarly as long as we wrote the initial resonant peak to
the same wavelength. This is a major accomplishment because it means that the errors
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Figure 6.14: Tuning spectra of several LPFGs whose initial peak wavelengths were 1356
nm. (Fiber diameter = 40 µm, Grating period ( Λ ) = 400 µm, Grating length = 8 mm,
ITO thickness = 50 nm, ITO refractive index ~ 1.80)
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that are being incurred during fabrication are not statistically random. Most of the errors
are repeatable, and our LPFGs are being limited by the equipment we are using, not our
theoretical design. Based on this conclusion and the spectra in Figure 6.13, the four-layer
model appears to be accurate, and we should be able to use it to generate a set of
parameters for an LPFG with a given set of performance characteristics. On the other
hand, producing LPFGs that match the predicted tuning performance metrics of the
model, or even two LPFGs with identical performance characteristics, is extremely
difficult without having access to equipment with enhanced capabilities and error
tolerances. There are simply too many sources of error in our fabrication processes to
consistently match the LPFG parameters needed for specific tuning characteristics. In
our experiments, we used the same LPFG and ITO parameters throughout so that we
could limit our analysis to a single ideal-case LPFG. We limited our scope because we
realized that we needed to minimize the number of fabrication parameters that were
varied from sample to sample in order to have any amount of consistency.

Batch

processing reduced the amount of error and increased the consistency among samples in
the same batch, but the performance of samples with the same parameters taken from
different batches still fluctuated significantly. The two areas where we would benefit
greatly from more accurate equipment would be grating writing and sputtering. If we
could improve in these two areas, we would be able to consistently produce samples that
were much closer to ideal. Even though we did not have access to such resources during
the course of this research, the four-layer model results provided us with a set of target
LPFGs parameters, and by carefully controlling our fabrication processes, we were able
to create some LPFGs that nearly matched the performance predicted by the model.

Chapter 7
Future Work

As discussed in the previous chapter, we have reached a point in our work on the
tunable LPFG filter where the limitations of our equipment have begun to hinder
progress. In order to effectively use the four-layer model to guide further development of
our device, we would not only need more advanced equipment, but we would also need
to redesign our fabrication processes around the new equipment’s capabilities.

In

addition to the tunable LPFG filter, there are other applications to which we can extend
LPG and tunable LPG technology. In this chapter, we will examine some of the projects
that may be considered for future research.

7.1 - Tunable LPFG Filter

In this thesis, we have presented an analysis of the tunable LPFG design and
showed that the four-layer model can be used to predict an LPFG’s performance. With
the new model and better equipment, work can continue on this project and here are some
topics that need to be addressed.


Filter Prototype: The primary goal of this research effort was to fabricate a

working LPFG filter prototype with a 40 nm tuning range, a resonant peak
bandwidth of less than 1 nm, and nanosecond switching speed. Although we did
not meet this goal, the analysis and experimental work presented in this thesis has
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shown that targeted tuning range for the device is more than feasible as long as
the proper fabrication parameters are chosen and experimental error is minimized.
Figure 4.5 shows the resonant peak of an LPFG with a nanocomposite cladding
tuned electro-optically over 50 nm. These experimental results prove that an
LPFG can be tuned via an E-O polymer cladding and that a tuning range large
enough to cover the C-band can be achieved. In Figure 6.13, the resonant peak of
an LPFG with an optimized ITO overlay is tuned over 200 nm by index matching
oils, and the depth of the resonant peak is maintained over nearly 150 nm of that
range. The performance metrics of the LPFG in Figure 6.13 nearly matched those
predicted by the four-layer model. Future research on the tunable LPFG filter
should focus on fabricating a prototype that matches the performance of the LPFG
whose spectra are shown in Figure 6.13.

In addition to more advanced

equipment, the prototype fabrication effort needs to be coordinated with someone
familiar with E-O polymers so that the LPFG and ITO parameters can be
optimized to the refractive index range covered by the E-O polymer cladding.
Alternatively, nanoparticles may be used to create a composite polymer with a
variable index range that has been tuned to the most sensitive index range of the
ITO coated LPFG.

Some of the fabrication processes may also need to be

redesigned according to the configurations and capabilities of the new equipment.



Bandwidth reduction: While tunable LPFG technology has many potential

applications, the electro-optically tunable LPFG presented in this thesis was
designed primarily as a filter in fiber optic communications networks. However,
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at the current 3 dB bandwidth (~20-25 nm), our device cannot be used as a stand
alone component in most wavelength division multiplexing (WDM) systems. The
LPFG bandwidth needs to be reduced to be viable in such systems. We targeted a
bandwidth of less than 1 nm so that the device could be used in dense wavelength
division multiplexing (DWDM) communication systems where the channel
spacing is approximately 0.8 nm. In the theory for weak gratings, the relative
bandwidth is inversely proportional to the number of grating periods (Eq. 5.35).
To increase the number of periods, the overall grating length must be increased or
the grating period must be reduced.

Figure 7.1 shows the spectra from two

LPFGs fabricated in our lab. In Figure 7.1(a), the LPFG has a 400 μm period and
is 8 mm in length. The LPFG in Figure 7.1(b) also has a 400 μm period but is 4
cm in length. By keeping the grating period constant and increasing the overall
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Figure 7.1: The resonant peak bandwidths of two LPFGs are compared: (a) an LPFG
that has a 400 μm grating period and is 8 mm in length versus (b) an LPFG that has
a 400 μm grating period and is 40 mm in length. When the number of periods is
increased by a factor of five, the bandwidth is reduced by approximately the same
factor.
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reduced gof the resonant peak is reduced by approximately the same factor, which
is consistent with the theory. When the light propagating through a fiber interacts
with a larger number of periods, the magnitude of the photoinduced index change,
or grating strength, must be reduced in order to achieve a single, strong,
narrowband peak.

This reduction is required to prevent overcoupling, a

phenomenon in which the wavelengths that had been coupled into the cladding
modes couple back into the core over the length of the grating. The grating
period, the grating strength, and the total number of periods must be coordinated
properly to maximize the attenuation of the resonant band and to prevent
overcoupling.
As a result of the reduction in grating strength, there is less room for
alignment error during fabrication, and more accurate equipment is needed to
produce narrowband gratings that tune consistently. In Chapter 6, we showed that
alignment and exposure errors in the grating writing process were major limiting
factors in the consistency of our LPFGs. While we were able to suppress some of
the effects of small misalignment errors by using short grating lengths (less than 1
cm) and high grating strengths in our experiments, the effects of these errors are
exacerbated when the overall length of the grating is increased. The slightest
misalignment will cause the photoinduced index change along the length of the
LPFG to become increasingly non-uniform as the length is increased. The nonuniform exposure, in turn, compromises the coordinated balance between the
grating period, the grating strength, and the total number of periods. This error is
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not apparent in Figure 7.1, but as in Chapter 6, the major effects of the nonuniform exposure become apparent when an LPFG is tuned.
Apart from the more stringent alignment requirements, there are
fundamental and practical limits to which the weak grating theory can be applied
to bandwidth reduction. Fundamentally, Equation 5.35 certainly will not hold ad
infinitum and will most likely have a lower limit (i.e. it may break down when the
grating becomes extremely weak). Even if we assume that perfect alignment can
be achieved with better equipment, there will be a point at which further reduction
in the resonant peak bandwidth does not result from simply adding more periods.
Practically, there are limits to the number of grating periods that can be added
before overcoupling occurs and LPFG length. Assuming that weak grating theory
does not break down, there will be a minimum grating strength that can be
achieved with UV-laser illumination. Once this threshold is reached, adding more
periods by either increasing the LPFG length or reducing the grating period will
induce overcoupling and will not result in further bandwidth reduction.
Furthermore, the accuracy of the fabrication processes and the application to
which the tunable LPFG filter is being applied will dictate the maximum useful
LPFG length. In Figure 7.1, we kept the grating period constant and increased the
total grating length by a factor of five. As a result, the resonant peak bandwidth
was reduced by approximately the same factor. The spectrum in Figure 7.1(b)
shows the narrowest resonant peak bandwidth (~ 6 nm) that we achieved
experimentally. Even if we were not limited by our fabrication processes and
weak grating theory held for extremely weak gratings, an LPFG with a 400 µm
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period would have to be 32 cm long in order to achieve a resonant peak
bandwidth of roughly 0.75 nm. In addition to the problems that would arise from
trying to fabricate a 32 cm, thin cladding LPFG (e.g. etching, writing, coating,
handling, etc.), a device of that length would not be very practical as a component
in a fiber optic communication network, especially when considering the fact that
the length of the fiber containing the LPFG must not be bent or wound for the
device to operate properly. In applications other than fiber communications,
slightly longer LPFGs may be more practical, but most of these applications do
not have the stringent bandwidth requirements that necessitate a large increase in
length.
While there are many fundamental and practical challenges associated
with bandwidth reduction via an increase in LPFG length, we have not addressed
bandwidth reduction by means of shortening the grating period. A shorter period
length provides for a larger number of periods in a fixed amount of length, and
many of the practical problems associated with longer LPFGs are avoided.
However, many of the fundamental problems still exist, namely that a large
number of periods requires a very weak index modulation. Additionally, there are
challenges associated with writing shorter period (< 300 µm) LPFGs in thin
fibers.

The resonant peaks of these LPFGs appear at wavelengths below 1200

nm (Figure 3.7). Even though cladding mode transitions will cause the resonant
peak to “jump” to a longer wavelength, there is no guarantee that the posttransition peak will appear in the 1550 nm wavelength range.
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Although we targeted a sub-1 nm bandwidth for the tunable LPFG filter,
this goal may not be attainable using a single LPFG. However, Figure 7.1 is
evidence that a substantial bandwidth reduction can be achieved by increasing the
LPFG length to a few centimeters. The ~ 6 nm bandwidth shown in Figure 7.1(b)
is not small enough to be used in DWDM systems, but it is sufficient for many
other WDM systems. Even narrower bandwidths may be achieved by using the
tunable LPFG filter in conjunction with FBGs or other wavelength filtering
devices.



Creating a tunable narrowband filter:

We have shown that substantial

bandwidth reduction can be achieved by increasing the total number of periods in
an LPFG. However, turning the narrowband LPFG into a tunable filter will be
considerably more challenging. Since the grating strength and grating length are
both changed to reduce the bandwidth, the four-layer model is needed to
determine the new LPFG and ITO parameters for the narrowband tunable filter.
Additionally, the longer sections of thin fiber add to the complexity of the
process. These fibers are more difficult to handle and more fragile than the fibers
we used in our experiments. New fabrication processes will need to be designed
to accommodate the added length.



Switching speed and stability: Switching speed and stability are two important

aspects of the tunable filter that must also be considered in future work. We had
hoped to explore both of these issues during the course of this research effort, but
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after finding that the three-layer model was incomplete, most of our time was
spent developing a new four-layer model and focusing on the tuning
characteristics of the device.
Our goal was to achieve nanosecond tuning speeds with our prototype
filter. Unfortunately, we never had an opportunity to test the electro-optic tuning
speed because of the problems that we had with the ITO and polymer layers. The
switching speed will be limited by not only the polymer response time, but also
by the conductivity of the ITO electrodes. The ITO electrodes must have a high
conductivity to reduce the amount of time it takes to change the applied field and
to prevent charge buildup at the ITO/polymer interfaces. In future work, the
response time of the polymer should be measured when it is a stand-alone film as
well as when it is coated onto the thin cladding fiber. ITO deposition methods
must also be studied in order to control the thickness, refractive index, and
conductivity of the electrode layers.
Stability is another key issue that must be addressed in order to make the
tunable LPFG a viable fiber network device. There are two types of stability to
consider for the LPFG filter – thermal and long term.

When exposed to

temperatures in excess of 125 °C for extended periods of time, LPFGs that are
fabricated in photosensitive fibers by UV-illumination tend to degrade because
the dopants responsible for the photoinduced index change tend to anneal out
[10]. As a result, LPFGs fabricated in photosensitive fibers are not recommended
for filters or sensors that are to be used in harsh environments. However, as a
component in a fiber optic network, the LPFG filter will probably not be
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subjected to temperatures in excess of 125 °C for significant amounts of time, and
even if the temperature reaches or exceeds this threshold for a brief period of
time, the device will survive. In terms of performance, the resonant wavelength
of the tunable LPFG is temperature sensitive, and unwanted tuning will occur if
there are significant temperature swings. However, temperature compensation
techniques have been proposed and may be employed to reduce the thermal
sensitivity of the device [8,21]. The degree to which temperature compensation
must be used will depend on the application and the temperature stability of the
environment. In addition to thermal stability, long-term stability must also be
tested.

This may consist of placing a working tunable LPFG filter in an

environmental chamber for several days and monitoring its performance under
varied conditions. Some studies have suggested that exposing photosensitive
fibers to a small amount of UV light before an LPFG is written helps improve the
long term stability of the device [10].

7.2 - Tunable LPGs in planar waveguides

LPGs are not limited to fiber optics, and in many ways, they are easier to
implement in planar structures and waveguides [61]. In this thesis, we have detailed
some of the problems that have resulted from non-uniform coatings on the cylindrical
surfaces of our fiber samples. The primary reason for the non-uniform coatings was that
most of our equipment was designed for planar substrates, and the coating processes did
not conform well to the cylindrical geometry of a fiber. With this in mind, it is a logical
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step to take the tunable LPFG design and attempt to apply it to planar and rectangular
waveguide structures.
The structure and refractive index of fused silica and other types of bulk glasses
can be changed by exposing them to infrared femtosecond laser pulses [62-67]. By
translating a piece of fused silica (bulk or wafer) through a beam of focused pulses,
optical waveguides can be directly written into the material [62,66]. LPGs can be made
in the same fashion by focusing the pulses through an amplitude or phase mask before
they interact with the silica. To create a resonant band in the output spectrum of a
waveguide written into a piece of silica, an LPG can be written inside or adjacent to the
waveguide core. Since the effective indices of both the core and cladding modes are a
function of the material indices of the core and cladding (Eqs. 3.3 and 3.5), modulating
either material index will give rise to a resonant band in the output spectrum. In addition
to silica, sapphire may be another material in which waveguides and LPGs can be written
by focused femtosecond pulses.
Planar LPGs can also be made tunable with an E-O polymer. Unlike the tunable
LPFG case, however, where the E-O polymer had to be wrapped around the fiber, there
are several different ways an E-O polymer can be used to tune the planar LPG spectrum.
For example, if the LPG is written to the core of a planar waveguide and the waveguide is
close enough to the silica surface, the tails of the guided mode field distribution will
interact with the ambient, and changes in the ambient index will cause the resonant band
to shift. By coating the surface of the silica with ITO and a layer of E-O polymer, the
guided mode field distribution will interact with the polymer layer, and the resonant band
will tune as the refractive index of the polymer is varied. This method of tuning a planar
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LPG is similar to the tunable LPFG case. Some other ways to tune a planar LPG with an
E-O polymer may include using the polymer as the waveguide core and writing the LPG
adjacent to it, or writing the LPG directly into the polymer. The major advantage of
implementing tunable LPGs in planar waveguides is that there is more flexibility in the
design. Additionally, the speed and performance of a tunable planar LPG device should
be about the same as that of the tunable LPFG since the same tuning mechanisms are
being employed. Some added insertion loss may be incurred when coupling a fiber to the
planar waveguide, but this loss can be minimized by properly designing the waveguide
and precisely aligning the input and output fibers. However, the added flexibility in the
planar LPG design may come at the cost of an increased number of fabrication steps,
which may include photolithography, etching, and other semiconductor processing
methods [68-69].

7.3 - Add/drop tunable filter

A more long term goal related to the tunable filter project is the creation of an
add/drop filter for fiber optic networks. As a stand alone component, the tunable filter in
this thesis only has the ability to drop a communications channel. The wavelengths that
are coupled to the cladding modes attenuate quickly as they propagate and are difficult to
collect for evaluation. A more dynamic device would have the ability to not only drop a
channel, but also to add one in its place. This type of device would allow a channel to be
dropped, monitored, and then reinserted into the original signal. It would also allow the
content of a certain channel to be changed on the fly. An add/drop filter could be
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implemented in a number of different ways, and some potential designs involving
gratings have been explored [70-71].

One possible approach would be to use our

knowledge of tunable grating technology to develop an intermediate period grating (IPG)
(Λ ~ 10-5 m). This type of grating would couple energy from an incident signal to
forward propagating cladding modes like an LPG, but would feature a narrower
bandwidth because we could increase the number of grating periods without increasing
the overall grating length3. An optical add/drop filter design that utilizes an IPG is shown
in Figure 7.2. The design shown is for a planar device, but a similar structure could
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Figure 7.2: Optical add/drop filter design featuring a tunable IPG.

3

Although we have discussed the bandwidth reduction limitations previously, many of those limitations
were a result of writing LPFGs in photosensitive fibers with UV-laser irradiation. If we were to change our
fabrication methods, we may be able to overcome some of those limitations. For example, by using highly
accurate semiconductor processing methods, we may be able to achieve a smaller minimum grating
strength than what can be achieved in photosensitive fibers with a UV laser.
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potentially be made in a dual core fiber.

The functionality of the device is fairly

straightforward. A multi-wavelength signal is injected into the top waveguide by a fiber
optic cable. The IPG couples the resonant wavelength(s), which can be tuned by varying
the index of the E-O polymer overlay, into the bottom waveguide. (Alternatively, one or
both of the actual waveguides could be made of E-O polymer, and the resonant band of
the IPG would be tuned by varying the index of one, or both of the waveguide cores.)
The resonant wavelength(s) are then output to a detector where the signal can be
monitored. To add or replace the wavelengths that were dropped, a narrowband signal
would be sent through the bottom waveguide, and the IPG would couple it back into the
original signal. While the design in Figure 7.2 is just one possible way an optical
add/drop filter could be implemented, it clearly illustrates how the functioning device
should operate.

7.3 - Sensing applications

In addition to devices for optical communications networks, tunable LPFG
technology can also be used in sensing applications [9-14, 72-76]. LPFGs have an
intrinsic sensitivity to changes in temperature due to the thermal coefficients of the silica
fiber. As the surrounding temperature varies, the resonant band of the LPFG tunes.
Since silica fibers can withstand temperatures in excess of 1000 °C, LPFGs are well
suited for high temperature sensing as long as suitable grating writing techniques are
used. LPFGs written by UV illumination in photosensitive fibers tend to degrade when
exposed to sustained temperatures in excess of 125 °C. However, LPFGs written by
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electric arc or femtosecond IR laser pulses can withstand temperatures in excess of 1000
°C [10,75-77]. If even higher temperature sensing is required, LPFGs can be fabricated
in sapphire fibers, which can withstand temperature in excess of 1500 °C. Also, in
sensing applications, there is no need to improve the bandwidth or collect filtered
wavelengths, which reduces the design complexity of an LPFG temperature sensor. In
addition to temperature, LPFGs may be used to sense stress, strain, and perhaps
biological agents. An LPFG that senses biological agents may be realized by replacing
the E-O polymer in our tunable filter design with a polymer that is sensitive to the
concentration of a specific agent in the air. A rise in the concentration level of the
specified agent will induce a change in the refractive index of the polymer, which will
cause the resonant wavelength to shift.

Chapter 8
Summary and Conclusions

In this thesis, a design for an electro-optically tunable filter based on an LPFG
was presented. Coupled mode theory and a three-layer model analysis were used to
verify the working principles of the device and its operation. It was shown that a single
resonant band in the near infrared spectrum could be achieved by using an LPFG with a
thin cladding layer and that the resonant wavelength could be tuned by varying the
refractive index of the surrounding medium. The single resonant band LPFG and its
tunability were further verified experimentally.
While the immediate goal of this research was to fabricate a working prototype of
the filter, several unexpected results were recorded when the filter design was tested - the
most notable being the effects of the thin ITO electrode that was coated onto the thin
cladding LPFG. Since the effects of this layer were originally thought to be negligible,
the ITO layer was not included in the three layer model. Thus, the tuning effects that
were observed when the ITO coated LPFG was tested had not been predicted. Further
research was required to understand that the high index ITO was causing mode
transitions in the cladding, and a new four-layer model was developed to quantitatively
analyze the tuning characteristics of the ITO coated LPFG. The preliminary results of the
model verified the existence of mode transitions in our device and helped us understand
how changes in the cladding mode field distributions were affecting the depth of the
resonant peak.
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After using the four-layer model to look at the modal field distributions in the
cladding and quantify the ITO coated LPFG’s enhanced sensitivity to changes in the
ambient index, we compared the model calculated data to measured data from a single
LPFG before and after it had been coated with ITO. Since the uncoated LPFG was the
simplest case to model and there were fewer sources of error in the measured data from
our uncoated sample LPFG, we calibrated the model to the measured spectral data from
the uncoated sample LPFG. By calibrating the model to this data set, we believed that
the model would better fit the measured data from ITO coated LPFG, and we would be
able to see how the performance of our ITO coated LPFG sample deviated from the
ideal-case LPFG more easily.
When we first compared the two data sets, there was a large gap between the
wavelengths predicted by the model and those we measured, but the shapes of the curves
were similar. We were able to eliminate the gap between the model and measured data
by using the full resonant wavelength equation, which takes the strength of the grating
into account. Once the model fit the uncoated LPFG data, we moved to the ITO coated
LPFG and found that our measured results only deviated slightly from the model data.
Even though the measured data from the ITO coated LPFG fit the model, we
needed to see how well the model results compared to measured data from additional
samples.

We fabricated six new ITO coated LPFGs and compared their measured

spectral data to the model. Since the samples were batch processed, we assumed that all
of their parameters were the same except for the grating strengths, which varied due to
our grating writing setup. Even though the samples were batch processed, we saw
differences in their tuning performance, and none of the new measured data sets fit the
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model as well as the data from the first sample LPFG. However, by adjusting the grating
strength in the model, we achieved a better fit between the model and the measured data,
which confirmed our theory that the fiber alignment during writing was one of the
primary sources of error among a group batch processed samples.
The comparisons between the model data and the seven measured data sets
convinced us that the model was accurately predicting the tuning capabilities of our
LPFG, and we turned our attention to the how well the model predicted an LPFG’s
resonant peak depth. Using the calculated coupling constants, we predicted how the
depth of the resonant peak should change as the LPFG was tuned and compared our
predicted results to the measured resonant peak depths from our samples. The general
trends predicted by the model were reflected in the measured data, but the peak depth
curves that were compiled from the sample LPFGs spectra varied from sample to sample.
We concluded that the peak depth differences were most likely a result of nonuniformities in the LPFG’s index modulation and the ITO overlay.
After comparing the model results to the measured data from our sample LPFGs,
we were convinced that the model could be used to guide the development of the tunable
filter. However, the limitations of our equipment prevented us from consistently making
LPFGs that performed as well as the model predicted. Using the model data, we showed
that a tunable LPFG with a tuning range in excess of 40 nm and a stable resonant peak
depth could be achieved if our fabrication errors were reduced. We also showed the
tuning spectrum of an LPFG that nearly met the performance metrics predicted by the
model. When we tried to duplicate the performance of our “nearly-ideal” sample, we
found that we could consistently achieve a large tuning range, but could not always
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maintain a consistent peak depth across the tuning range. We also showed that the tuning
performances of samples that were batch processed were similar as long as the grating
strengths were nearly equal. This was an important observation because it meant that the
differences in performance between batch processed samples were resulting from
repeatable errors, which supported our claim that our tunable LPFGs were being limited
by fabrication processes, not our theoretical design.
Once the analysis of the four-layer model and the experimental data had been
completed, we briefly discussed some research topics that could be explored in the future
using the LPFG analysis from this thesis. With better equipment, work could continue on
the tunable filter project. The goals of further research should include fabricating a
working prototype, reducing the bandwidth, evaluating filter stability and eventually,
creating a narrowband tunable filter. The theory and design of the tunable filter could
also be extended to planar waveguides. Using focused infrared femtosecond pulses,
LPGs can be directly written into silica and sapphire waveguides and tuned with an EOpolymer. The design flexibility gained by working in planar waveguides may spawn a
variety of devices that incorporate LPGs. One device of particular interest would be an
optical add/drop filter, and the potential design for such a device was presented. Finally,
tunable LPG technology can be used in sensing applications. The intrinsic properties of
LPFGs written in silica and sapphire fibers make them well suited for temperature
sensing. LPGs could also be used in the detection of stress, strain, and biological agents.
When we began our LPFG research, our primary goal was to create a working
tunable filter prototype.

With the majority of the theory behind our design completed,

we felt that most of our time would be spent on engineering the processes needed to
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fabricate our filter and experimentation. However, as this thesis has shown, the original
three-layer model from which the tunable filter was conceived was not complete. In
addition to engineering the processes needed to fabricate tunable LPFGs, we researched
the effects of high index overlays and created a new four-layer model that included the
ITO layer of our filter. The development and evaluation of the four-layer model was one
of the major accomplishments of this work. Even though other research groups have
identified cladding mode transitions and presented ways to calculate the fields and
coupling constants in an LPFG, the four-layer model is a comprehensive tool that can be
used to optimize the performance of a tunable LPFG that has been coated with a high
index overlay. In this thesis, we used the model to find the optimal thickness and
refractive index for the ITO layer of our tunable LPFG filter. With the optimized ITO
layer, the model predicted that we could achieve a large tuning range and a stable
resonant peak depth. When we fabricated an LPFG with the optimized ITO layer, it
tuned in excess of 200 nm when the ambient index was increased by 0.01 and maintained
a constant peak depth over nearly 150 nm of that range. These performance statistics
were consistent with those predicted by the model. To the best knowledge of the author,
the optimized LPFG had the highest sensitivity to the ambient refractive index ever
reported for an LPFG and was another major accomplishment of our work.

The

experimental data from the optimized sample validated both the model results and our
fabrication processes. However, we were unable duplicate the optimized LPFG sample
because we could not consistently overcome the prevailing errors that were incurred
during fabrication. We were able to consistently produce LPFGs with tuning ranges in
excess of 200 nm but were unable to keep the resonant peak depth constant over a large

117
portion of the tuning range. Although we were unable to produce a working prototype of
the electro-optically tunable LPFG filter, the four-layer model, the experimental data
from the optimized LPFG, and the analysis presented in this thesis make tunable LPGs a
more viable technology and can be used to guide future research once more advanced
equipment becomes available.
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