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Abstract

This dissertation explores the study and development of fiber optic devices
based on tapers. The main objective is to understand the tapers’ behavior
when subjected to mechanical stress. Initially, a brief synthesis of the
advances in the area of fiber sensors based on this technology is performed,
including aspects related to taper profiles, fabrication, and the theoretical

model of taper strain distribution.

The dissertation can be divided into two scientific parts. The first part is
the application of two sensors based on conventional fibers, one using a
singlemode-multimode-singlemode fiber structure and the other using long
period gratings. Intermodal interference is the basis of the first structure.
A taper is fabricated in the multimode region in order to obtain a reduc-
tion in the number of guided modes. The second structure consists of a
long period grating written in a taper. These two types of sensors are
characterized in strain and temperature. The second part of the disserta-
tion is dedicated to the study of tapers in microstructured optical fibers,
specifically in suspended core fibers. Two fibers with different geometry,
namely with a suspended core of three or four holes, are studied. The
first fiber has a high birefringence due to its triangular geometry and the
second one is multimode due to the size of its core and the index differ-
ence between core and air cladding. Initially some modal simulations are
performed for each geometry. While the triangular-core fiber is studied
in a fiber loop mirror configuration, the other is analyzed in transmission
as an intermodal interferometer. Obtaining nanometric cores by fabricat-
ing tapers in microstructured optical fibers is achieved. Both sensors are

characterized in strain and temperature.

Some suggestions of future lines of investigation about sensor technology

based on tapers are presented.






Resumo

Esta dissertacdo apresenta o estudo e o desenvolvimento de dispositivos
em fibra éptica baseados em tapers. O principal objectivo é compreender
o comportamento dos tapers quando sujeitos a tensao mecanica. Inicial-
mente faz-se um resumo dos avangos na area de sensores baseados nesta
tecnologia, incluindo aspectos relativos a perfis de tapers, a sua fabricacao

e ao modelo tedrico que explica o seu comportamento sob tensao mecanica.

A dissertacao pode dividir-se em duas partes cientificas. A primeira parte
¢é a utilizagdo de sensores em fibras convencionais, nomeadamente uma uti-
lizando a estrutura monomodo-multimodo-monomodo e a outra baseada
em redes de periodo longo. O modo de funcionamento da primeira es-
trutura é baseado na interferéncia multimodal. Na regiao multimodo é
fabricado um taper de forma a obter uma redugao do niimero de modos
guiados. A segunda estrutura consiste numa rede de periodo longo escrita
num taper. Estes dois tipos de sensores sao caracterizados quanto a sua
sensibilidade a tensdo mecénica e a temperatura. A segunda parte da
dissertacao ¢ dedicada ao estudo de tapers em fibras microestruturadas,
em especial nas fibras de nicleo suspenso. Sao estudadas duas fibras com
geometria diferente, nomeadamente com nticleo suspenso de trés e quatro
alvéolos. A primeira fibra é de elevada birrefringéncia devido a sua geome-
tria triangular e a segunda é multimodo devido a dimensao do seu nicleo
e a diferenca de indice entre nicleo e bainha de ar. Inicialmente sao re-
alizadas simulagoes do niimero de modos para cada geometria. Enquanto
que a fibra de nucleo triangular é estudada numa configuracao em anel
formando um espelho em fibra, a outra fibra é analisada em transmissao
como um interferémetro intermodal. Sdo obtidos ntcleos com dimensoes
nanométricas fabricando tapers na fibra microestruturada. Os dois tipos
de sensores sao caracterizados quer em tensao mecanica quer em temper-

atura.

Por fim, sao apresentadas algumas sugestoes para dar continuidade a in-

vestigacao sobre a tecnologia de sensores baseados em tapers.
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Chapter 1
Introduction

The emergence of optical fibers led to the development of many industries and scien-
tific areas. Certainly the most important was the boom in optical communications.
The increasing need to transport information at ever higher speeds expedited the de-
velopment of optical fibers. Many types of fibers were developed in this context such
as singlemode fibers (of which special relevance must be given to SMF 28), multimode
fibers and other dispersion related fibers.

More recently, microstructured optical fibers (MOFs) have appeared and present
novel properties that allow novel applications [1]. The main contribution, to date,
that arose from MOFs is the generation of supercontinuum. This effect happens when
a pulse interacts nonlinearly with the material and a substantial spectral broadening
occurs that may lead to the generation of white light [2].

Optical communications were not the only area where optical fibers found great
success. Optical fibers also brought great advantages to sensing. Optical fiber sensors
are devices in which the physical, chemical or biological parameter that needs to be
measured is directly linked with changes of an optical parameter of the guided light.
These optical parameters can be intensity, phase, polarization or wavelength and the
interaction of the measurand can be with one or more of these parameters. Optical
fiber sensors present some properties that make them more attractive than conven-
tional electrical sensors for certain applications. They have a reduced dimension, are
immune to electromagnetic interference and can be operated remotely. The great
advantage of optical fiber sensors is the fact that optical fibers are simultaneously the
sensor and the communication channel allowing for remote sensing without the need
of a local monitoring system.

Currently, the hottest research area in sensors is the development of sensing heads

designed on microstructured fibers. Due to the control of their geometry during



Chapter 1. Introduction

fabrication and the possibility of using techniques such as femtosecond lasers to write
Fiber Bragg Gratings (FBGs) [3] or COs lasers to write Long Period Gratings (LPGs)
[4] it is possible to easily design new sensors. Other very interesting sensors can
be tapers in optical fiber fabricated by flame-brushing [5], focused CO, lasers [6],
electric arc [7] or filament heating [8]. An emerging area is the combination of several
structures namely, tapers + LPGs [9] or tapers + interferometers [10], that can lead to
an enhanced performance of the sensing heads. One such enhancement is the decrease
of cross sensitivity to temperature achieved with sensors written in microstructured
fibers. This is the context in which this dissertation is inserted. In this work several
structures are combined with the objective of obtaining enhanced sensors.

This dissertation is divided into seven chapters. This first chapter describes the
motivation for this work and the main goals that are to be achieved with it. It
also includes the publications that resulted from this master’s program. Chapter 2
presents an overview of optical fiber tapers. It starts with a brief historical context
of optical fiber tapers, especially their applications in sensing. A brief analysis of the
taper structure and its fabrication techniques is performed. Special relevance is given
to the VYTRAN glass processing workstation as it is used to fabricate several tapers
used in this work. Finally, a theoretical analysis of the strain sensitivity behavior of
a tapered structure when it is subjected to tensile stress is performed.

Chapter 3 starts with a brief introduction to multimode interference devices giv-
ing special relevance to singlemode-multimode—singlemode (SMS) fiber structures.
Tapers with different waist diameters are produced on SMS fiber structures and char-
acterized in strain and temperature. Some simulations are presented to obtain a
clearer overview of what is happening inside these structures. A simultaneous strain
and temperature measurement scheme is proposed, as a proof of concept, by using two
of these structures with different diameters. Finally, a stability analysis is performed
on this system.

Chapter 4 is focused on long period gratings (LPGs) and on the advantage of
writing such gratings on the tapered section of a fiber. Following a short introduction
to LPGs and their applications in sensing, an explanation on how the tapered LPGs
were produced is presented. A comparison with two more common situations, single
LPG and LPG in series with a taper, is shown. Finally, a characterization of the
tapered LPG structures relative to strain and as a function of total fiber length is
performed.

Chapter 5 introduces microstructured optical fibers (MOFs) with special focus on

suspended core fibers and their tapering. Tapers of different waist diameters on four-



hole suspended core fiber are analyzed. Modal simulations and spectral responses as
well as strain and temperature characterizations are discussed.

In Chapter 6, after a brief introduction to fiber loop mirrors and their applications,
the operation method of a fiber loop mirror is explained. In this chapter, as with the
previous one, the structures analyzed are tapers in suspended core fiber. In this
case, the suspended core fiber has only three holes and is characterized inside a fiber
loop mirror. Besides the usual temperature and strain characterizations, a group
birefringence analysis was also performed on the group of tapers.

Finally, Chapter 7 sums up the whole thesis and compares the results obtained

with the distinct structures. It also presents some guidelines to pursue in future work.

The main goal of this master’s dissertation is the study of novel sensors based on
tapers. Associating the tapers with other structures makes it possible to obtain new
and perhaps enhanced devices. In this manner, the main objectives of this master’s

degree are the:
o Study of new structures based on fiber tapers;

o Study of the combination of fiber tapers with other fiber structures such as long

period gratings;

« Study of suspended core fibers and their tapering process to obtain very small

waveguides (suspended cores) and explore them for sensing;

o Study of several interferometric configurations using these tapered structures

for enhanced sensing.

Now, the scientific publications and conference attendances that resulted from this

master’s thesis are presented.

Scientific Publications

R. M. André, S. O. Silva, M. Becker, K. Schuster, M. Rothardt, H. Bartelt, M. B.
Marques, and O. Frazao. Strain Sensitivity Enhancement in Suspended Core Fiber
Tapers. Photonic Sensors, 2012, DOI: 10.1007/s13320-012-0059-2.

R. M. André, C. R. Biazoli, S. O. Silva, M. B. Marques, C. M. B. Cordeiro,
and O. Frazdo. Simultaneous strain and temperature measurement based on mul-

timode interference in tapered fiber structures. Photonics Technology Letters, 2012.
(Accepted)
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Conferences

R. M. André, S. O. Silva, M. Becker, K. Schuster, M. Rothardt, H. Bartelt, M. B.
Marques, and O. Frazdo. Strain Characterization of Suspended-Core Fiber Tapers. In
SPIE Photonics Furope, Brussels, Belgium, April 16-19 , 2012. (Oral Presentation)

R. M. André, M. B. Marques, P. Mergo, and O. Frazao. Fiber Loop Mirror using
a Suspended Micro-Core Fiber for Strain Sensing. In X SEONS, Porto, Portugal,
June 27-29, 2012.

R. M. André, M. B. Marques, and O. Frazao. Interferometro de Sagnac usando
uma Fibra de Nucleo Suspenso. In Fisica 2012 - 18% Conferéncia Nacional de Fisica,
Aveiro, Portugal, September 6-8, 2012. (Poster Presentation)

R. M. André, S. O. Silva, M. B. Marques, C. M. B. Cordeiro, and O. Frazao. High
Strain Sensitivities using Multimode Interference in Tapered Single mode-Multimode-
Single mode Fiber Structures. In 22nd International Conference on Optical Fiber
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Chapter 2

Tapers

2.1 Historic Context

Optical fiber tapers are devices that have a wide range of applications and that have
become essential in optical communications and optical sensing. Tapers were first
used to fabricate single-mode fiber couplers with great success [11]. Since then, and
besides couplers, they have been applied to beam expanders [12], to interferometers
(such as the Mach-Zehnder in fiber) [13], and inevitably, to sensors [14-17].

The taper’s first applications in sensing took advantage of its most obvious charac-
teristic — the interaction of the evanescent field of the guided mode with the external
medium, resulting in an optical refractometer [14]. From there, tapers started being
used for diverse sensing applications such as curvature [15] and pressure [16].

Tapers are also combined with other structures such as Fiber Bragg Gratings
(FBGs) and Long Period Gratings (LPGs) for novel sensing configurations. A sensor
using a chirped Bragg grating written in the taper region for strain-temperature
discrimination [17] and an optical inclinometer based on a taper combined with an
LPG [9] are just two examples.

Many interferometric configurations with tapers have been studied. Some exam-
ples that use tapers in single-mode fiber are a refractive index sensor based on a
Michelson interferometer [10] and a strain sensor based on an in-line Mach-Zehnder
interferometer [18]. Another interesting example is an optical flowmeter based on a
modal interferometer with a nonadiabatic taper [19].

All the examples given refer to tapers in single-mode standard fiber. With the de-
velopment of novel microstructured optical fibers (MOFs), tapers have again regained
the spotlight because new effects and enhanced sensitivities can be obtained. Only

recently has the tapering of MOFs been perfected [20]. Research is now changing its
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focus from the tapering process itself to the application of such tapered MOFs. For
example, tapered MOFs are being studied for supercontinuum generation [21], and

new applications in optical sensing are being explored [22].

2.2 Taper Structure and Fabrication

Tapering optical fiber involves reducing its diameter by heating and stretching the
fiber. There are a variety of heat sources that can be used to produce a taper such as
a gas burner [5], a focused CO, laser [6], or an electric arc formed between a pair of
electrodes just like in a fusion splicer [7]. The combination of the heat source with a
stretching strategy allows a large number of taper profiles to be obtained. Tapers can
be modeled assuming several types of profiles, namely: linear, exponential, parabolic,
sinusoidal, and polynomial, among others [23]. In order to deduce the fiber shape
from the tapering conditions, detailed data from the stretching, the heat source and
its temperature distribution would be needed for a fluid mechanics analysis. The
theoretical background was thoroughly developed in the late '80s and early ’90s,
mainly by Birks and Li [23], Love et al. [24, 25, 26], and Black et al. [27]. This type
of analysis will not be performed here. In Figure 2.1 two models of taper profiles are
represented. These two models were fabricated using the VYTRAN and the 3SAE

as explained in section 2.2.1.
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Figure 2.1 — Two models of taper profiles: a) linear and b) exponential.

A fiber taper can be seen as a three-part structure as schematically shown in

Figure 2.2:

1. A conical section where the fiber diameter gradually decreases. This section is

not necessarily linear, as seen in Figure 2.1.



2.2. Taper Structure and Fabrication

2. A section of fiber with a uniform diameter, smaller than the initial untapered
fiber’s diameter, called the taper waist. This section can be long, short or even

nonexistent.

3. A second conical section where the fiber diameter gradually increases up to the

original size.

Taper Taper Taper

Transition Waist Transition
1 2 3

\—/
/—\

Figure 2.2 — Taper schematics: 1. Down-taper; 2. Taper waist; 3. Up-taper.

2.2.1 VYTRAN — Glass Processing Workstation

Most of the tapers used in the scope of this thesis were produced using a VYTRAN
Glass Processing Workstation (GPX-3400 series). The VYTRAN is a glass processing
platform that performs fusion splicing and tapering of specialty fibers. The system
consists of a filament heater, precision stages with multi-axis control (fiber holding
blocks), a microscopic high resolution CCD imaging system, and a personal computer.
The filament heater has a wide temperature range from several hundred up to 3000 °C,
which makes it possible to fuse and process various fiber types and sizes. The fiber
holding blocks allow precise control and alignment of the fiber for high quality splicing
and tapering. Figure 2.3 shows the setup of the GPX-3400 and a detail of the filament
heater.

The working principle is based on heating a portion of fiber in the filament heater
to its softening point while applying a tensile force by pulling the fiber with the holding
blocks. As the fiber elongates, its cross sectional area will be reduced accordingly.
Taper properties can be controlled by a graphic interface. In order to taper, the
VYTRAN's fiber holding blocks do not travel in opposite directions as first expected
but in the same direction at different velocities. When the VYTRAN first starts
stretching the fiber and tapering it down (transition region), it creates what is referred
to as the down taper. When the fiber reaches the desired taper waist diameter, the

GPX stops stretching the fiber any further and maintains a constant tension on the
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(a) Workstation photograph. (b) Filament heater detail.

Figure 2.3 - VYTRAN GPX-3400 - Glass processing workstation.

fiber to produce the constant diameter section — the taper waist. After the waist
has been created, the GPX decreases the tension on the fiber until it finally stops
stretching; it has now created the second transition region — the up taper. Other
parameters such as filament power, pull velocity, and taper load positions can be
controlled to adapt the taper conditions to the type of fiber and the taper dimensions
desired. Due to the intrinsic properties of the VYTRAN GPX-3400 it can only
produce linear transition regions in theory. Effectively, this depends on each situation
in particular. In Figures 2.4a and 2.4b, taper profiles of tapers produced with the
VYTRAN are shown.

Just for comparison, in Figure 2.4c, a taper produced with a different device (3SAE
Large Diameter Splicing System) has completely different taper transition regions. In

this case, the transition regions are exponential.

2.3 Theoretical Model of Taper Strain Distribu-
tion

When applying strain to a uniform-diameter fiber, the strain is equally distributed
along its entire length. If the fiber structure does not have homogeneous diameter
along its length then the strain distribution will not be uniform. The local strain
will be larger at points where the fiber structure’s cross-sectional area is smaller and
vice-versa. The nonuniform strain distribution that arises, if applied correctly, may
be useful for discriminating two different physical parameters such as temperature

and strain when cross-sensitivity exists, or even enhancing the strain sensitivity of a
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fiber structure. James et al. used two fiber Bragg gratings (FBGs) written on both
sides of a splice between two fibers of different diameter to obtain different strain
responses to an applied stress and consequently measure simultaneously temperature
and strain [28]. Xiaohong et al. etched part of an FBG to obtain different diameter
sections and thus be able to discriminate between temperature and strain [29]. More
recently, Frazao et al. bonded a dummy fiber to one of two FBGs written in series just
to increase the cross-sectional area and obtain different local strains on each FBG;
this allowed the discrimination of strain and temperature [30]. One final example is
the use of a taper in series with an FBG to be able to tune the strain sensitivity of
the Bragg wavelength by acting on the total fiber length [31].

When analyzing the strain sensitivity of tapered fiber structures, i.e., structures
with different diameters along their length one needs to take into account the non-

uniform strain distribution along the length of the sensing head. The taper can
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sometimes be approximated by two fiber sections with different diameters. This ap-
proximation is valid when considering a sensing head composed of fibers with different
diameters but in the case of tapered fibers, it can also be very accurate. Even more
so, if the taper transition region is short when compared with the long uniform taper
waist (see Figure 2.5). In this case, we neglect the effect of the transition region and
consider a section with the untapered diameter and a section with the taper waist
diameter. This deduction for the strain sensitivity takes into account solely the con-
tribution of length extension of the sensing head and neglects the contribution of the

refractive index change.

Figure 2.5 — Tapered fiber (top) and two diameters fiber equivalent (bottom).

Let us then derive an expression for the strain sensitivity of a tapered fiber struc-
ture assuming it is composed of two sections with different diameters: the tapered
section’s diameter and the original diameter [31].

The total length of fiber is given by Liotar = Ligper + Liver. If stress is applied
to the taper structure, at constant temperature, the wavelength will be shifted by

AMgper according to:

A)\taper = KoEtaper (21)

where kg is a constant characteristic of the fiber material (which can be easily deter-
mined experimentally by analyzing the variation of the wavelength as a function of
strain, at constant temperature) and e;qpe- is the strain applied to the taper region.
This is certainly a linear approximation where higher order terms are neglected.
However, if the strain is applied to the entire sensor, then an unequal load of stress
will appear along each section of the sensor depending on the mechanical resistance.
In particular, the strain loads applied to the fiber and the fused taper are related

according to:
8fiberEfélfiber = <C’:taperE11415aper (22)

10



2.3. Theoretical Model of Taper Strain Distribution

where E is the Young modulus of the sensor material and A; (i = fiber or taper) is the
cross-sectional area of the fiber in the untapered and tapered regions, respectively.
It is assumed that the mechanical properties of the material in both fiber and taper
regions are the same. Consequently, the strain applied to the two sensor sections and

the cladding diameters are related according to:

€ fiber d?ape’r (23)

Etaper B d?‘iber
where dipe, and digper are the cladding diameters of the fiber and taper, respectively.

The longitudinal strain of the fused taper and piece of fiber are given by:

(2.4)

where Ligpe, and Lype, are the length of the sensor sections and ALggpe, and AL fiper
are the extension of the taper and the fiber, respectively. By definition, the total

longitudinal strain of the sensing head is given by:

£q = ALtaper + ALfiber‘
° Ltaper + Lfiber

Combining equations 2.3-2.5, it is possible to derive the ratio of strain in the taper

(2.5)

(Etaper) to the total strain (g):

Lfiber + Ltaper

6ta,per/€0 e d2 (26)
taper
Lfiber d?izw + Ltaper
or the ratio of strain in the fiber to the total strain:
L iber L aper
i fag = —diber T Ltape (2.7)

d2,

fib
Lfiber + Ltaper d2l =
taper

Substituting equation 2.6 into equation 2.1, the wavelength shift can be rewritten

as:

Lfibe’r + Ltaper
2

dta er
Lfiber dip + Ltape'r

2
fiber

A)\mper = Ko (28)

where the strain sensitivity related to the total strain applied to the sensing head will

be given by:

11



Chapter 2. Tapers

Lfiber + Ltaper

KRtaper = Ko & , OT (29>
Lfiber d? : + Ltape'r
Rtaper = Ko - 8’5‘“’”/50 (210)

The final strain sensitivity is thus given by the initial strain sensitivity x affected
by the taper strain ratio. Equations 2.6 and 2.7 are represented graphically in Figures
2.6 and 2.7.
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Figure 2.6 — Relationship between the strain ratios and the taper diameter.
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Figure 2.7 — Relationship between the strain ratios and the sensing heads’ total length.

One thing readily observed in Figure 2.6 is that both etaper/c; and €sver/c, are equal

to unity when dygper = diper = 125 pm. When we reduce the taper diameter (dygper),

12



2.3. Theoretical Model of Taper Strain Distribution

the taper strain ratio increases while the fiber strain ratio decreases. This will lead
to an increase in strain sensitivity in accordance with equation 2.10.

Figure 2.7 shows that both ratios have an asymptotic regime into a steady state
(constant ratio). But, the smaller the taper waist, the longer the sensing head has to
be in order to reach this state. This means that, especially for small taper diameters,
the length of the total fiber head subjected to strain is a determining factor when
calculating the sensitivities. Therefore, the total length should be kept as constant
as possible when it is not a variable.

This analysis is very important and will be applied to several structures. It will
be applied when considering tapers in coreless fiber working as multimode interfer-
ence devices (Chapter 3), tapered long period gratings (Chapter 4), and tapers in
suspended core fiber (Chapter 5 and 6).

13
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Chapter 3

Tapers in Multimode Interference

Devices

3.1 Introduction

Multimode interference (MMI) has been thoroughly investigated and many applica-
tions, namely in integrated optics, have sprouted from such concept. Self-imaging of
the input light field has led to the development of directional couplers, beam splitters,
and multiplexers just to name a few [32]. Multimode interference can also be obtained
in optical fibers using a step-index multimode fiber (MMF') and can be used for optical
communication and sensing [33]. The most usual form of an MMI-based optical fiber
device consists of a multimode fiber section spliced between two single-mode fibers
(SMF) forming an SMF-MMF-SMF structure (SMS) [34]. SMS fiber structures have
been employed as many optical devices such as a displacement sensor [35], a fiber lens
[36], refractometer sensors [37], bandpass filters [38], and edge filters [39]. Recently,
Wang et al. proposed and experimentally demonstrated a high sensitivity evanescent
field fiber refractometer based on a tapered multimode-single-mode fiber structure
[40].

This chapter presents a tapered SMS structure that acts as a multimode inter-
ference device. The sensing head is composed of a 50 mm-long section of coreless
multimode fiber, spliced between two SMF 28 fibers. On the coreless multimode sec-
tion, tapers with different cross section diameters ranging from the untapered 125 ym
to 15 um were fabricated. Simulations of a conventional SMS structure and one that
includes a taper in the multimode region were compared. Different SMS sensing

heads with different taper dimensions were characterized in strain and temperature.
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Chapter 3. Tapers in Multimode Interference Devices

A simultaneous strain and temperature sensing configuration is also explored.

3.2 Fabrication and Characterization

3.2.1 Sensing Head Fabrication

The tapered Single-mode - Multimode - Single-mode (SMS) fiber structures were
produced by Claudecir Biazoli at UNICAMP specifically for this work. Initially a
piece of coreless multimode silica fiber with 125 pm diameter was spliced between two
single-mode optical fibers. On the coreless multimode fiber, a taper was produced
by the flame-brushing technique. This technique employs a flame that is swept along
the fiber while it is being stretched and thus leads to the reduction of the transverse
cross-section and the creation of a taper (see Figure 3.1). A computer controls the
stretching and the flame-brushing, and allows for very accurate control of the taper

shape.
SMF Coreless MMI SMF

— ="

Figure 3.1 — SMS structure with a tapered multimode fiber section.

3.2.2 Strain and Temperature Characterization

For strain characterization, one end of the sensing head was fixed and the other
was attached to a micrometric translation stage. Gradual stress was applied to the
structure and the spectral response was monitored. The total length of the sensing
head (400 mm) was subjected to strain. To determine the wavelength variations, the
wavelength change of the main peaks was monitored through an optical spectrum
analyzer with a maximum resolution of 0.05 nm.

For temperature characterization, the setup used is shown in Figure 3.2. The
sensing head is inserted in a cylindrical oven and a constant stress is applied to it.
This is done by fixing the fiber on one end and placing a weight on the other end.
This way, the only variable is the temperature. Also, the refractive index change of

air in the temperature range considered is negligible.
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Figure 3.2 — Temperature characterization setup.

3.3 Theoretical and Experimental Results

3.3.1 Simulations

In Figure 3.3, simulations of an untapered MMF (a) and of the MMF tapered down
to 55 um (b) are presented. The simulation was performed using a Beam Propagation
Method (BPM) for 3D propagation. The parameters used in the simulation are light
injected at 1550 nm, 50 mm-long section of 125 um coreless fiber with a refractive
index of 1.444. In Figure 3.3a one can see the usual MMI pattern along the 50 mm
of coreless fiber. In Figure 3.3b, it is evident that even though the taper changes the
propagation of light inside the fiber, the MMI pattern is still clearly visible.
Analyzing with more care the tapered SMS simulation, it is easy to see that the
self-images that result from multimode interference are more closely packed in the
taper region. This means that when we apply strain to the tapered SMS structures
the change in the output field is expected to be much greater that in the untapered

case. This should in principle lead to a much larger strain sensitivity.

3.3.2 Spectral Response Analysis

When analyzing the spectral responses of SMS structures with different taper waists,
one can identify, for small diameter reduction (large taper waists), a clear MMI image
in the spectrum (see Figure 3.4a and 3.4b). As the taper waist is reduced a smaller

number of propagating modes is expected. This is seen in Figure 3.4b because a larger
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Figure 3.3 — 3D BPM calculated electric field amplitude distribution in the XZ plane
of a coreless MMF.

bandwidth is visible which results from a smaller number of modes. When going to
smaller taper waists (25 pm and 15 gm), the number of modes that propagate through
the taper region should be even smaller but the intermodal interference present does

not allow us to take such conclusions (Figures 3.4c and 3.4d).

3.3.3 Strain Characterization

Figure 3.5 shows the wavelength shifts corresponding to the applied strain for each
SMS structure. As the taper diameter decreases, the sensing heads’ strain sensitivity

increases. The wavelength shift due to applied strain is given by:

AN = k. Ae (3.1)

where k. = 9Voe is a material parameter related to the Poisson ratio, the photoelastic
constant and the effective refractive index. A blue shift is visible from Figure 3.5. It
derives from the dominance of the photoelastic effect over the extension of the fiber.
In fact, the length of the fiber is too short for the extension to be dominant.

In Figure 3.6 the strain sensitivities for SMS structures with tapers widths of
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Figure 3.4 — Spectral responses of several tapered SMS structures.
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Figure 3.5 — Relationship between the wavelength shift and the applied strain for sev-
eral tapered SMS structures. In full are the two sensing heads used in the simultaneous
strain and temperature sensing (sensitivities in bold in Table 3.1).
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125 pm, 87 pm, 74 pm, 55 pm, 25 pm, and 15 um are plotted (the actual values are
presented in Table 3.1). The theoretical expression plotted in Figure 3.6 is given
by equation 2.9 which results from the analysis present in Chapter 2.3. Strain sen-
sitivity varies nonlinearly with taper waist diameter. Sensitivities of —2.48 PI/ye
and —13.5PM/ye were obtained for the 87 um and 25 pum tapered SMSs. A tenfold
increase in strain sensitivity was achieved when tapering the SMS structure from
125 pm (—2.08 P/ ye) to 15 um (—23.69 P/ pe).

=20 -_

Strain Sensitivity (pm/pe)

25 kb

ol vy ]
10 20 30 40 50 60 70 8 90 100 110 120 130

Taper Waist Diameter (um)

Figure 3.6 — Relationship between strain sensitivity and taper diameter. Experimental
results and fitting to the theoretical expression.

Taper Diameter (pum) Strain Sensitivity (P™/pue)

125 -2.08
87 -2.48
74 -3.09
95 -4.45
25 -13.5
15 -23.7

Table 3.1 — Strain sensitivities of different taper diameters. In bold are the two tapers
considered in the simultaneous measurement of strain and temperature.
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3.3.4 Temperature Characterization

As for temperature, the sensing heads have slightly different sensitivities, namely
16.56 PM/K for the 87 um taper and 13.95PM/K for the 25 pum taper (see Figure
3.7). A red shift occurs when temperature increases which means that the dominant
parameter is thermal expansion. Also, as seen in Figure 3.8, sensitivity decreases as

taper diameter is decreased.

5——————F————1————1————

87 um (16.56 pm/K)
55 pm (15.30 pm/K) s
25 um (13.95 pmvK) -

Wavelength Shift (nm)

0 50 100 150 200 250 300
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Figure 3.7 — Relationship between the wavelength shift and temperature variation for
several tapered SMS structures.
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Figure 3.8 — Relationship between temperature sensitivity and taper diameter.
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3.4 Simultaneous Measurement of Strain and Tem-

perature

In this section, a proof of concept for the simultaneous measurement of strain and
temperature is presented using the tapered SMS structures. These tapered SMS
structures can be used for simultaneous measurement of temperature and strain using
two different diameter tapers. A solution is presented using the matrix method.
Considering two different tapered SMS structures, namely the ones tapered down to

87 pm and 25 pm one has:

A = [K]Q or equivalently

A)\(87) RT87) Ke(87) AT
AN 25) KT(25) HKe(25) Ae

where k1 and k. are the sensitivities to temperature and strain.
Inverting the matrix expressions for the temperature and strain variations as a

function of the sensitivities and wavelength shifts one can obtain:

AT 1| Res)  THResn) A7) (33)

Ae —Rr@25)  RT(87) A)\(25)

where D = Kp(s7)Ke(25) — Ke(sr)lr(25)- Lhe limitation of most methods reported for
simultaneous measurement of pairs of quasi-static parameters arises from a small
value of the matrix determinant [41], which makes it highly sensitive to noise. The
configuration is substantially immune to this problem when the difference of the
sensitivity slopes of the two SMS structures is large. From the values given in Figures

3.5 and 3.7, equation 3.3 becomes:

AT 1 | —1350 2.48 A
~ T 189.0 (34)

The performance of this simultaneous measurement configuration was experimen-
tally determined by undertaking strain variations in a range of 500 ue at a fixed

temperature (140°C) and the other way around, i.e., temperature variations in a
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Figure 3.9 — Sensor output as determined by equation 3.4 for an applied strain at
constant temperature, and a temperature variation at constant strain.

range of 280°C for a specific applied strain (Ae = 250 pe). The results are expressed
in Figure 3.9, where maximum errors relative to the applied values appear. From
these results, resolutions of £1.6°C and 45.6 ue were determined for temperature
and strain measurements, respectively.

Besides determining the resolutions, it is necessary to determine the stability of
the sensitivity matrix. Stability can be verified through the condition number of the
matrix, which is an algebraic quantity that provides a qualitative estimate for the
sensitivity of the solution of a system of linear equations [41].

The condition number is given by:

Condition # = || K|, HK_1H2

where || K|, is the matrix 2-norm of K and is given by

K|, = \/largest eigenvalue of K*K.

The larger the condition number of the matrix, the larger the upper bound for the
relative error. Consequently, for matrices with high condition number, a small relative
error in [A] can lead to a large relative error in the solution [€2]. In order to have a well-
conditioned system, cross-sensitivity between the two sensors is necessary, i.e., the one
with higher temperature sensitivity must be the one with the lowest strain sensitivity.
That is the case with the sensors considered. The condition number obtained is 3.16.

It is interesting to determine the relative performance of several configurations using
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the matrices’ condition number (see Table 3.2). To the author’s knowledge, the
sensing configuration presented has the lowest condition number when considering
dual-parameter sensing of strain and temperature. The sensing configuration that
gets the closest, with a condition number of 5.5, monitors the wavelength of an FBG

sensor and the frequency of the Brillouin gain spectra over a 20 m fiber length [42].

Sensing Configuration Condition Number Reference Number

Type TA/ITA 55.3 [43]

FBG + MMF 45.0 [44]

Tilted FBG 39.4 [45]

FBG in Taper 26.4 [17]

Bragg Fibers 21.3 [46]

FBG in MOF 15.3 [47]

FBG + Brillouin 5.50 [42]

Tapered SMS structures 3.16 This work [48]

Table 3.2 — Inversion matrix condition number for several sensing configurations.

3.5 Discussion

Tapers were produced on SMS structures and were characterized in strain. From the
simulations it was ascertained that the creation of a taper in the MMF section of
the SMS does not destroy the MMI pattern. In fact, what happens is that the self-
images appear more closely packed in the taper region. Because of this, an increase of
strain sensitivity was expected and confirmed since stretching the taper will lead to a
greater shift in the MMI pattern and consequent change in output light field. A ten-
fold increase in strain sensitivity was achieved when tapering the SMS structure from
125 pm (—2.08PM/pe) to 15 um (—23.69 P/ pe). Combining two SMS structures,
for example, one untapered and one tapered, it is possible to measure strain and

temperature simultaneously. Resolutions of +1.6 °C and +5.6 ue were achieved.
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Chapter 4

Tapered Long Period Gratings

4.1 Introduction

Long period gratings (LPGs) are periodic variations in the fiber core refractive index
that induce a spectral loss spectrum response. This periodic perturbation allows the
coupling of light from an optical core mode to co-propagating cladding modes. LPGs
in optical fibers have many applications both in optical communication as band-
reject filters for amplifier equalization [49], or in optical sensing for multi-parameter
measurement [50]. LPGs are interesting devices for sensing due to the fact that atten-
uation bands are very sensitive to different physical parameters such as temperature,
strain, curvature, pressure and refractive index of liquids [51, 52]. Tt is also possible
to combine this device with others such as FBGs [53] or even with another LPG in
series [54]. The combination of LPGs with a taper has recently become a subject of
study, mainly for the development of high sensitivity sensors. Highly sensitive refrac-
tive index sensors have been demonstrated either by combining an LPG pair with a
taper [55] or using a tapered LPG device [56]. Tapered long period gratings written
on conventional [57] or photonic crystal fiber [58] have also been used for pressure
sensing. Another solution that was proposed was an optical inclinometer combining
a taper in series with an LPG [9].

In this chapter, the fabrication of an LPG on the tapered region of a standard
optical fiber (SMF 28) is used to obtain ultra-high strain sensitivity. Three configu-
rations were produced, studied and compared: an LPG written in the conventional

SMF 28 fiber, an LPG in series with a taper, and an LPG written in the taper region.
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4.2 Fabrication and Characterization

Cladding modes have large optical attenuation, hence, when measuring the transmit-
ted signal as a function of wavelength one obtains several attenuation bands, each
one at a different spectral position and related to a particular cladding mode. The
spectral location of the band can be obtained by A = An x A, where X is the resonant
wavelength, An is the difference between core and cladding modes’ effective refractive
indices, and A is the grating’s period, i.e., the distance between fiber perturbations.
When strain (¢) is applied to the fiber, it will stretch and the periodicity of the grating
will change, as will the refractive index. Consequently, the resonant wavelength will
suffer a wavelength shift. Through the measurement of the band position one can
thus measure the strain applied to the fiber.

The wavelength shift that results when strain is applied to the LPG sensor is
given by A\ pg = ke, where k depends on the geometric and optical properties of
the LPG, the fiber material and the optical mode. Just like explained in Chapter
2.3, the application of strain to a fiber with uniform diameter results in a uniform
strain distribution along the fiber. But if the fiber has two different diameters, the
unperturbed and the tapered regions, the strain will be different at different points
along the fiber. Two distinct tensions will exist: one in the original diameter fiber
resulting in €p, and the other in the tapered section resulting in 7, with ¢y being
the integrated strain over the fiber length Ly. This way, if the LPG is written on
the tapered region, as schematically shown in Figure 4.1, a strain sensor with higher

strain sensitivity is achievable.

' Clading P r— :
» w dF =125 microns :

Figure 4.1 — Sensing head structure based on an LPG, written on the taper region.

4.2.1 Sensing Head Fabrication

The three different sensing heads fabricated are presented in Figure 4.2:
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a) An LPG with a periodicity of 600 ym was fabricated on the tapered region
of a fiber.

b) An LPG written on a conventional single mode fiber (SMF 28).

c) An LPG written on the untapered region in series with a taper. The

total length of these last two structures is equal to the length of the first

structure, i.e. 150 mm.

s
a)

b)

LPG

c)

Taper e

Figure 4.2 — Three different LPG sensing head configurations used in this work.

4.2.2 Strain Characterization

For sensing head a), a main loss peak was observed at 1530 nm. The taper has a waist
of 20 pm and a length of 10 mm. The total length of the sensing head (Lg) is 150 mm.
A blue shift was obtained when applying strain to the tapered LPG structure. This
response can be seen in Figure 4.3 and has a behavior similar to that of normal LPGs
written with CO, lasers [4].

For the situation of an LPG written in SMF 28 fiber (sensing head b), the strain
sensitivity was measured to be —0.90 P/ye (see Figure 4.4). This is the x value of
the equation in section 4.2. When a taper is fabricated in series with the previous
LPG (sensing head c), a reduced sensitivity arises due to the nonuniform distribution
of strain. A strain sensitivity of a = —0.23PM/ye was obtained which corresponds

to the k value of this grating times a factor given by equation 2.7:

Lfiber + Ltaper
d?b
Lfiber + Ltaper df -
ape

T

5fiber/€0 —
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Figure 4.3 — Band shifts for several values of applied strain. In this case, the LPG
was written on a taper with a diameter of 20 ym, Lo = 150 mm and Ly = 10 mm.
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Figure 4.4 — Study of the strain sensitivity for each sensing head. Taper diameter is
20 pm, Ly = 150 mm and Ly = 10 mm.

It should be noted that, as both gratings are identical and recorded over exactly
the same fiber (sensing heads b and c), their s factors should be the same.

To compare the experimental sensitivity obtained for sensing head ¢ (v = —0.23 P/y¢)
with the expected one, the ¢r/s, ratio is calculated to be 0.28. By multiplying this
ratio by the LPG & value one obtains —0.25P™M/ye. in good approximation with the
experimental value.

As expected, in the case of the LPG written on the tapered region (sensing head
a), the sensing head has larger strain sensitivity (—14.36 P/ye). Using the fiber data
and with the help of equation 2.6, €7/, can be found to be 11.04. In this situation
the x value in unknown - and expected to be considerably different from the previous

one as the grating is now written in a very different fiber.
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4.3. Discussion

All these three structures were characterized with the same total fiber length of
150 mm. A dependence of the strain sensitivity on the total fiber length was, however,
also analyzed and is shown in Figure 4.5. For an LPG written on the tapered region
and Lg varying from 290 mm to 560 mm, the strain sensitivity was measured to change
from —16.8 P/ e to —24.8 P/ e,

0 T T T T T T

L] IL{‘ = 56IO mm (-24.8 pm/pe)
L, =505 mm (-23.3 pm/pe)
L, =450 mm (-22.3 pm/pe)
L, =400 mm (-20.5 pm/pe) |
L,=335 mm (-18.4 pm/pe)

L, =290 mm (-16.8 pm/ye) |

2k

* « > o

8k m

-10 |- 4

Wavelength Shift (nm)

-12 4

14 b _
1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900

Applied Strain (pe)

Figure 4.5 — Study of the strain sensitivity as a function of the total fiber length. The
sensing head is the same as in the first case above (a).

4.3 Discussion

LPGs were produced on optical fiber tapers and very high strain sensitivities were
attained when compared to LPGs written on conventional single mode fiber. This
enhanced sensitivity occurs because strain is not equally distributed in a tapered fiber
—in such situation the thinnest region is the most strained region. Therefore, an LPG
produced in the taper region will have a much higher sensitivity, as demonstrated.
Enhancements of an order of magnitude were achieved. When studying the sensitivity
variation of such structure with total fiber length (length of fiber subjected to strain)
an increase in sensitivity is observed for longer fibers. This was expected because the
longer the fiber, the larger the strain ratio (¢7/z,) on the taper section. Important to
note the same concept of using fibers with different diameters along its length can
also be applied with other fiber strain sensing devices other than LPGs.

This study can also be explored for simultaneous measurement of, e.g., strain
and temperature. In this case, the sensing head could consist of two LPGs written
on tapered and untapered regions with different loss peak wavelengths. Different
strain sensitivities are then expected but with similar response to temperature. Other

possible applications are to use these filters as interrogation systems.
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Chapter 5

Suspended Core Fiber Tapers

5.1 Introduction

Since Knight et al. [1] introduced, in 1996, microstructured optical fibers (MOFs)
to the scientific community, they have found applications in all kinds of areas, from
optical communication to optical sensing. Microstructured optical fibers are fibers
that have a structure of air holes that run along the whole length of the fiber, and
because of this, they present extraordinary properties. Some, instead of air holes may
have rods with different materials and refractive indices.

A common geometry is the suspended core structure, where relatively large air
holes surround the fiber core, giving the impression that the core is suspended along
the fiber axis by thin silica bridges (see Figure 5.1). This fiber was first proposed
and demonstrated by Monro et al. [59] in 2001. The core had 1pm diameter and
an estimated 17% of the fundamental mode power was located in the air at 1550 nm.
This immediately suggested its use as an evanescent field sensor. Webb et al. [60]
demonstrated a basic gas sensor for acetylene. Suspended core fibers can be used for
supercontinuum generation due to their strong confinement of light in the core [21],
and polymer SCFs have been demonstrated for low-loss terahertz guidance [61].

Over the last decade, the tapering of microstructured optical fibers has been im-
proved [62, 63], and very interesting optical microstructures have been developed. It
was shown that microstructured optical fibers could be tapered while retaining their
cross-sectional profiles with little or no distortion [64]. The cross-sectional profile
could thus be scaled down proportionally producing structures with very small core
diameters. Mégi et al. [64] were the first to achieve a pitch below 300nm in a ta-
pered MOF. Tapered MOF sensors as temperature-independent strain sensors were

also reported [22].
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(a) Three hole SCF (b) Four hole SCF

Figure 5.1 — Different Suspended Core Fibers.

Nonetheless, the tapering of suspended core fiber has not been explored for sens-
ing applications. Few references can be found in the literature on tapering this type
of fiber and they consist mainly on theoretical analyses or their application in super-

continuum generation.

5.2 Fabrication and Characterization

5.2.1 Taper Fabrication

The suspended core fiber (SCF) tapers used in this work were produced by Susana
Silva at IPHT-Jena specifically for this line of investigation. Figure 5.2 illustrates the
experimental setup used for the production of the SCF tapers. Tapers with several ta-
per waist diameters (120 gm, 115 gm, 110 gm, 105 pm, 100 gm, 95 pm, 90 pm, 85 um,
80 um, 75 pm, 70 pm and 40 pm) were produced using a VYTRAN - glass processing
workstation. As explained in section 2.2.1, the fiber is heated to its softening point

while a tensile force is applied, thus creating the taper.

SMF-28 . 256b5 SMF-28
T 'm g
Filament
Heater

Figure 5.2 — Schematic experimental setup used to produce the SCF tapers (BBS -
Broadband Source, OSA - Optical Spectrum Analyzer).

The tapers were fabricated on a suspended core fiber (IPHT) with 8.4 um and

128 pm core and cladding diameters, respectively. This fiber has four holes with
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5.2. Fabrication and Characterization

Figure 5.3 — Cross section micrograph of the Suspended Core Fiber.

diameters of 22 ym each and a bridge width of 1.5 um (see Figure 5.3). 10 mm-long
tapers were made in SCF sections that in turn were spliced between two single-mode
fibers (SMF28). The SCF sections all have similar lengths between 25 mm to 30 mm.
A broadband source in the 1550 nm spectral range, and an optical spectrum analyzer,

were used to monitor in real time the tapering process.

5.2.2 Cross Section Characterization

In order to analyze the cross section of the tapers and evaluate the transverse profile
of the tapers, they where cleaved at the taper waist after every other characterization
was complete. They were then inspected using a transmission optical microscope at

several magnifications. Photographs were taken for a posterior analysis.

5.2.3 Strain, Temperature and Refractometric Characteriza-
tion

For strain characterization, a similar setup to that of Figure 5.2 was used. In this
case, there was no microheater present and one end of the fiber was fixed. The total
length of fiber that was subjected to strain was approximately 135 mm long, of which
only between 25 mm to 30 mm were suspended core fiber, and only 10 mm of that
length were tapered to different diameters. Much care was needed to transport and
handle the sensing heads, not because of the taper regions themselves but because
of the somewhat weak splices between the SCF and SMF 28. The data relating to
the 75 pm and 95 pm tapers is missing because the splices did not endure the stress
applied to them.

For temperature characterization, the whole sensing head (SCF section) was im-

mersed in water to achieve an optimal equilibrium.
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To determine if the sensing heads were sensitive to the surrounding medium’s
refractive index, they were immersed in ethanol which has a refractive index of 1.36.
In all these characterizations, the sensing structures were interrogated with a
broadband source in the 1550 nm spectral range and analyzed in transmission with

an optical spectrum analyzer with a maximum resolution of 0.1 nm.

5.3 Theoretical and Experimental Results

5.3.1 Simulations

The suspended core fiber shown in Figure 5.3 was simulated using a Beam Propagation
Method (BPM) to obtain the modes supported by such structure. In Figure 5.5, the
first four guided modes are represented. These modes are evidently orthogonal, but
when they recombine at the output splice between the SCF and SMF they must be

expanded in a different set of modes and they recombine with each other [65].

1.0
0.0
Computed Transverse Mode Profile (m=3.n_,=1.381925)

. ) A . 3
5 w. ° RN

5-4-32-1012343%5

Computed Transverse Mode Profile (m=1,n,=1.40145)

!

5-4-3-2-1012343%5
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54321012345
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Figure 5.4 - m =1
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543-2-101234¢5
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(a) m=2 (b) m=3

Figure 5.5 - BPM simulations of the four lowest order modes guided in the four-hole
suspended core fiber.

The WKB method can be applied to a general graded-index fiber to determine the
number of guided modes. Taking the step-index limit, a similar expression for these

fibers can be obtained. When considering a graded-index fiber one usually defines its
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refractive index profile as:

r\¢ /2
n(r) = m [1—2A(5)} 0<r<a), 5.1)

ne = ni(1—2A)" (r>a),

where ng and n; are the cladding and maximum core refractive indices, a is the
radius of the fiber, and a is a power coefficient assumed to range between 1 and
0o. Applying the WKB method to multimode graded-index fibers one obtains the

following expression for the number of guided modes N:

2 _ @ E
a+2 2’
where V' is the normalized frequency, defined as V = kay/(n? —nd) = 2\/k2a*n3A

[66]. Considering step-index fibers (o = 00), the number of guided modes results in

(5.2)

V2
N = -5 (5.3)
This expression is valid for cylindrical (core and cladding) fibers with normalized
frequencies (V') greater than 5 [66].
Figure 5.6 shows that the actual number of modes of the SCF structure does follow
a quadratic tendency but it does not correspond to the expression previously stated.
In fact, the number of modes follows an expression, derived from the quadratic fit
of Figure 5.6, given by N ~ V?/5. In the suspended-core fiber, the core diameter
is taken to be the in-circle diameter of the suspended core. This can be compared
with a standard graded-index fiber, where o = 2, and consequently N = V?/4. The
coefficient of the quadratic function for the SCF is even lower than that of the graded-
index fiber. It should be noted that this is a continuous approximation because the

number of modes is obviously discrete.

5.3.2 Cross Section Analysis

One observes from Figure 5.7 that as the original SCF is tapered, both core and
cladding diameters are reduced. The core geometry was maintained all through the
process and, therefore, the waveguide suffered a uniform reduction maintaining the
cross-sectional profile. Even at 32% of the original size, the holes do not collapse.
The ratio between core and cladding diameters is 0.069 &+ 0.002 um/pum. The core
diameter reduces from the initial 8.4 pm (125 um cladding) to about 2.4 ym (40 ym
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Figure 5.6 — Relationship between the number of modes and the core diameter of

a suspended core four-hole fiber. Also included are a quadratic fit (solid) and the
theoretical expression for cylindrical fibers (dashed).
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Figure 5.7 — Relationship between core and cladding diameters.

5.3.3 Spectral Response Analysis

As referred in Section 5.2.1, the spectral response was monitored before and after
tapering the SCF. Before tapering, the sensing head acts as a multimode interference
device — the light field propagating along the input SMF enters the SCF section and
several modes are excited. This interference appears because different modes, which
propagate along the SCF with different phase velocities, are recombined at the splice
between SCF and singlemode fibers (see Figures 5.8a, 5.9a and 5.10a). For example,
in the 70 um case (Figure 5.10a), a well-defined notch peak at ~ 1585 nm appears

due to destructive interference between a few specific modes.
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After tapering, the reduction in core diameter leads to the consequent reduction

in the number of guided modes. Now, as the taper diameter gets smaller and smaller,

the number of modes that propagate through the taper gets smaller and smaller,

becoming more and more evident beating among only a few. This leads to intermodal

interference between just a few modes. In Figure 5.10b, a beat is clearly visible for

the 70 um taper. As we go to larger taper waists, the beat gets less and less visible

and for instance, for very little diameter reduction — 115 um (Figure 5.8b) the beat

is not evident.
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Figure 5.8 — Spectral response of the 125 um SCF (pre-tapering) and the 115 um SCF
taper (post-tapering).
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Figure 5.9 — Spectral response of the 125 um SCF (pre-tapering) and the 95 um SCF
taper (post-tapering).
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taper (post-tapering).

5.3.4 Strain Characterization

Figure 5.11 shows the different response curves for the wavelength change with applied
strain for several taper waist diameters. A clear blue shift is observable for each
taper response. This is because the elasto-optic effect is predominant over the length
increase due to strain. The sensing head is too small for the length increase to be

dominant.

AA (Nm)
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0 200 400 600 800 1000 1200 1400 1600

Strain (ue)

Figure 5.11 — Wavelength change with applied strain for the 70 pgm, 90 gm, 100 pm,
110 pm and 120 pm tapers.

The strain sensitivity is in reality given by the strain sensitivity of the unta-
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pered fiber (kg) affected by a factor that is greater than one for a tapered fiber
(dtaper < dfiver). AS digper becomes smaller, this multiplying factor becomes larger
and therefore the strain sensitivity increases. All this is confirmed by the results
shown in Figure 5.12. The obtained mean strain sensitivity to the taper size de-
termined was (2.7 4+0.1) x 1072&™! (um/pum). Sensitivities of —1.73PW/ue for the
120 um taper and —3.12PM/pe for the 70 pm taper were obtained. An increase in
strain sensitivity of approximately 80% was detected. Also plotted in Figure 5.12 is
the theoretical estimate given by equation 2.9:
L fiver + Liaper

Rtaper = Ko 2 . (54)
taper
Lfiber 42 b 4 Ltaper
fiber

From this it is possible to estimate kg to be —1.7PM/ye. This approximation is within
experimental error, which confirms the applicability of the previous strain sensitivity

approximation to these tapers.
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Figure 5.12 — Relationship between strain sensitivity and taper waist diameter. A
linear fit and a theoretical fit to expression 5.4 are represented.

5.3.5 Temperature Characterization

Figure 5.13 presents the spectral response of the 70 um SCF taper at 30 °C and 70°C,
where no discernible wavelength shift can be detected. This result is expected due
to the properties of the SCF — the fiber is made of pure silica and its thermo-optic

coefficient is very low.
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Figure 5.13 — Spectral response of the 70 um taper at 30°C and 70°C.

5.3.6 Refractive Index Characterization

The tapers were immersed in ethanol but no change whatsoever was visible in the
spectral response. This was due to the fact that the holes did not collapse even at high
diameter reductions. This fact combined with the existence of big holes present inside
the fiber, isolate the fiber core from the exterior index of refraction. Basically, since
the guided modes are very well confined inside an air-silica waveguide (high index
difference), the evanescent field outside of the fiber is basically null and therefore it

is insensitive to the refractive index of the liquid in which the taper is immersed.

5.4 Discussion

Tapers from 40 ym (core ¢ ~ 2.4 ym) to 120 pum (core ¢ ~ 8 um) in diameter were
produced on an originally 125 um diameter SCF. They were characterized in terms of
strain, temperature, and external refractive index. They were deemed insensitive to
temperature and external refractive index, but extremely sensitive to strain. Through
the analysis of transverse sections it was possible to show that the holes did not
collapse even at 40 ym cladding diameter. Sensitivities of up to —3.12PM/pe for the
70 um taper structure were obtained and consequently an increase of 80% in sensitivity
was achieved. An increase of strain sensitivity with decreasing taper diameter was
observed [67].

These tapered suspended core fiber structures have advantages when compared to

normal fiber tapers as sensing elements. Besides displaying enhanced strain sensitiv-
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ity, they also have very low temperature sensitivity and are protected from external
medium perturbations due to the strong confinement of light in an air-silica waveg-
uide.

One advantage evident from this study is the possibility to obtain different sensi-
tivities with this type of sensor. A new sensing head for simultaneous measurement of
different physical parameters (curvature and pressure, for example) can be designed.
A possible solution is to use two tapers with different diameters spliced in series with
an appropriate interrogation system. Another possibility is combining this sensor
with other types of optical fiber sensors, such as Fiber Bragg Gratings (FBG) or
Long Period Gratings (LPG).
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Chapter 6

Micro/Nanotapers in Suspended
Core Fiber

6.1 Introduction

6.1.1 Fiber Loop Mirror Configuration

Fiber loop mirrors (FLMs) are frequently used devices in optical communications and
sensing [68]. This device has attracted a lot of attention because it is very easy to
manufacture. It is formed by a splice between the output ports of an optical coupler.
In this configuration, two waves travel inside the fiber loop in opposite directions
but following the same optical paths, which assures constructive interference when
the waves recombine at the coupler. This way, all the light is reflected back into the
input port with reflectivity limited only by losses in the fiber, the splices, and the
coupler. This mirror-like property is the reason why this device is frequently used to
form a resonant cavity in fiber lasers [69].

This interferometric configuration is not a new concept but with the emergence
of novel microstructured optical fibers, such as photonic crystal fibers (PCFs), it
has again been subject of intense research. When introduced a section of high-
birefringence fiber is introduced inside the fiber loop, obtaining a high-birefringence
fiber loop mirror (HiBi-FLM), several advantages arise: independence of input po-
larization and the fact that the periodicity of the spectral filter produced is only
dependent on the length of the HiBi fiber and not on the total length of the FLM
[70].

HiBi-FLMs have been applied for dispersion compensation [71], gain flattening
of Erbium-doped fiber amplifiers [72], multiwavelength fiber lasers [73], and tunable
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dual-wavelength fiber lasers [74], among others. In sensing, it has been used for
strain [75], temperature [76, 77], and liquid-level measurement [78]. They have also
been combined with LPGs [79] or FBGs [80] for simultaneous measurement of strain
and temperature. More recently, a simple HiBi-FLM has been demonstrated as a
multiparameter, strain and temperature sensor without the aid of any other structure
[81].

6.1.2 Operation Method

In this subsection, a brief theoretical analysis of a HiBi-FLM with only one section
HiBi fiber is performed [70]. The FLM can be modeled as shown in Figure 6.1. The
incident light beam enters through port 1 and is split into two beams in the coupler.
One beam will propagate clockwise while the other will propagate counterclockwise.
Each of these beams will be decomposed into two others after they traverse a HiBi
fiber section, correspondent to the slow and fast axis of the fiber. After completing
the loop, the counterpropagating beams will recombine at the coupler and interfere
according to the phase difference between them.
HiBi Fiber
~ )

SMF, SMF,

Reflected Transmitted

Figure 6.1 — Schematic of a fiber loop mirror.

At the input port 1 of the coupler, the input light field amplitudes are given by

Eazin
E;, = , (6.1)

Eyin
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and the output light at ports 3 and 4 is given by

Es = VkFEyy,, Es=+V1—kHEy, (6.2)

respectively, where k is the power-splitting ratio of the coupler, which will be taken
to be 0.5 (3dB coupler), and H is the phase delay matrix introduced when light
propagates through the cross arm of the coupler from port 1 to port 4. H is a simple

phase retarding matrix whose general form is

e ()
T (¢x7 gby) = ’ (63)
0 ety
which for this particular case leads to
eim2)
T (7/2,7/2) = H = . (6.4)
0 €72

Considering the fiber loss and the SMF birefringence in the loop to be negligible,
the transfer matrices of the clockwise and counterclockwise propagating beams when

they propagate through a round trip and recombine at the coupler can be written as

Mcw = RQTlRl
Myw = RI'TVR;? (6.5)

where 77 is the phase delay matrix that corresponds to the section of HiBi fiber,
which can be deduced from the Jones matrix for a general phase retarder. As before,

assuming the fast axis is aligned with the x or y directions:

€i¢fast 0 e*i%ﬂnfast 0
Tl (¢fast7 ¢slow) = = (66)
0  eistow 0 e~ 5t nstow
!
2ml
¢f¢zst,slow = Tnfast,slow

and R; (j = 1, 2) is the rotation matrix that translates the rotation of the polarization
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state from port 3 to the HiBi fiber (j = 1) and from the HiBi fiber to port 4 (j = 2):

cos (0;) —sin (6;)
R, = (] (] =12 (6.7)

sin (6;)  cos (6;)

This angle 6; is basically the angle between the polarization in the SMF and
the fast axis of the HiBi fiber. For anticlockwise light, the rotation angle of the
polarization state is —6;, and thus the rotation matrix becomes R;l (: R;f)

After both clockwise and counterclockwise light beams complete the loop, they
interfere at the coupler. The clockwise beam has to cross over to the coupler’s other
arm and therefore is affected by the factor /1 — kH while the counterclockwise beam
does not and is affected by vk. The reflected light field’s amplitude at port 1 can be

written as

Eiout = V1—kH MuEs+VkME,

CroSs arm
= k(1 —k) [HR,T\Ry + Ry 'TiRy ' H| Eyy,
K,Ey. (6.8)

where K, is referred to as the reflected transfer matrix of the HiBi-FLM. The trans-
mitted light field’s amplitude at port 2 can then easily be written as

E,out = VEkMuEs+v1—kHM,.FE,
= |kRyTRy + (1 — k) HR,'T\Ry ' H)| Eyy
= KBy, (6.9)

where K, is the transmitted transfer matrix of the HiBi-FLM.

Calculating the reflected and transmitted intensities at ports 1 and 2 one obtains

Lot = (Efout)TElout = (K:Eikn>TKTEin (6.10)

Lout = (Egout)TEzout = (Kt*Ei*n>TKtEin- (6.11)

The reflectivity and transmittivity are given by
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T
Lout _ (KTEiIl) K+ EBin
L Ei*nEiIl

(6.12)

* * T
T — Dout _ (Kt Eiﬂ) KiBin
L B Ein

(6.13)

respectively. Substituting the values for the specific HiBi-FLM considered, explicit

expressions for both R and T can be derived

R = 1—[sin(f)cos(¢/2)] (6.14)
T = [sin(6)cos(¢/2)]? (6.15)

where ¢ = 27lB/\ (B is the phase modal birefringence and [ the length of HiBi
fiber) and 6 = 60; + 6. The cosine factor in equations 6.14 and 6.15 refers to the
phase difference of the modal interferometer, while the sine factor is associated with
the interferometer’s visibility, being maximum for § = /2. This angle 6 can be
controlled by applying a polarization controller to one of the SMF sections of the
fiber loop mirror. This way, through rotation, the angle the polarization makes with
the fast axis of the HiBi fiber can be controlled and the visibility is maximized.
When employing an optical fiber (as with any optical device), one should consider
its birefringence to be dispersive. By definition, the phase modal birefringence is

given by

BO) = () =y (N = oo (3 (4) — 6, (V) (6.16)

where 3, and [, are the propagation constants associated with each of the polar-
izations of the fundamental mode, i.e. the fast and slow modes of the fiber. This

birefringence is associated with the beat length (Lp) as follows:

Lp=—"—. (6.17)

The group modal birefringence (G ()\)) is given by:
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dfs (A) _dp,(A) _ d

G = = g~ ap BAH
~ pyadE 615

where k = 27/A. The phase difference that results between the two polarization

modes after propagation over a length L of fiber is

¢=k-OPD=—L-(n, —ny) = ————. (6.19)

Differentiating the phase with respect to A,

dp  2rL [ dB(\)
d\ [ d\

= ———~ —B\N)| =——++G((\). 2

. | =6 (6:20
If one defines A\ as the spatial period of the fringes present in the spectral re-

sponse, which corresponds to a phase shift of 27, an expression for the group modal

birefringence can be deduced:

(6.21)

6.2 Fabrication and Characterization

6.2.1 Suspended Core Fiber

The suspended core fiber used in this work was produced at the IPHT and its cross-
section can be seen in Figure 6.2 along with its specifications. The suspended core
fiber used has a narrow Ge-doped core inside the suspended core that will only elevate
even more the index difference between core and cladding, as opposed to an all-
silica suspended core. This Ge-core will likely have no influence whatsoever when
tapering the fiber because it will most likely disappear. Due to the high temperatures,
the Ge-core will diffuse through the suspended-core and present itself in a very low
concentration. The sensing heads are composed of a section of approximately 50 mm

of suspended core fiber spliced between standard singlemode fibers.
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Specification Sizes

gﬁber (,um) 125.6

QCOI'G (IUHI) 2.1
De core (Hm) 0.7

dyole (radial) (pm) 10.7

dpole (azimuthal) (um) — 14.3

228.0
bridges (nm) 169.2

197.2

Figure 6.2 — Suspended core fiber micrograph and specifications.

6.2.2 Taper Fabrication

The VYTRAN GPX-3400 was used to produce the tapers. Its characteristics and
operation were already discussed in Chapter 2. The taper dimensions aimed for were
15 mm for the up taper and down taper lengths, and 10 mm for the taper waist length.
Sometimes, due to uncertainties intrinsic to the VYTRAN, these dimensions were a
little off. If the dimensions were significantly different from the desired ones or the
taper was too asymmetric, the sample would be discarded and a new one would be

produced.

6.2.3 Strain and Temperature Characterization

Similar procedures to those explained in Section 5.2.3 were used to characterize the
taper structures. For temperature, the fiber was placed inside a thermalized water
bath and its temperature measured. For strain, the fiber was attached to micrometric

translation stages and gradual stress was applied to it.
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6.3 Results

6.3.1 Cross Section Analysis

By analyses of the cross-sections of several taper waists one can see that the core
geometry is maintained as the diameter is reduced and no hole collapse occurs down
to 20 um of outer diameter. The relationship between core diameter and cladding
diameter is represented in Figure 6.3a. A taper region with a sub-micron core can
easily be produced using the VYTRAN-GPX. The hole structure does collapse when

reducing the cladding diameter to 10 um, as seen in Figure 6.3b.

T T T T T T T T T T T
2000 - .
E 1500 i
£
[9)
©
§ 100} .
2
[
8
500 - i
0 1 1 1 1 1 1
20 4 60 8 100 120 140 o
Claddlng Diameter (um) SEl 150KV X6000  1um  WD7.9mm
(a) Relationship between core and cladding. (b) Micrograph of a cleaved

10 pm-taper.

Figure 6.3 — Cross-section analysis of core and cladding.

6.3.2 Simulations

BPM was used to perform simulations providing the number of modes that propagate
in the three-hole suspended core fiber. An approximate expression for the number of

modes as a function of the normalized frequency was obtained and is as follows:
N = V—2 (6.22)

3

Comparing this with the expression for the number of modes of a standard mul-
timode fiber (N = V?/2) and the four-hole SCF previously analyzed in Chapter 5
(N =~ V?2/5) one can see that the three-hole case lays somewhere in the middle. Fig-
ure 6.4 illustrates this well by plotting the number of modes against the core diameter.

It should be noted that these are the total number of modes that can propagate
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20 1 — T 7T T
| = - - Standard Multimode Fiber /
| e 4-hole SCF Simulation /
I 4-hole SCF Fit /
15+ o 3-hole SCF Simulation ! E

10

Number of Modes

r 3-hole SCF Fit

Core Diameter (um)

Figure 6.4 — Relationship between the number of modes and the core diameter of the
suspended core three-hole and four-hole fiber. Also included are quadratic fits to both

data sets.

inside the fiber. That does not mean that they all exist in our case because they may

either not be excited, be lost in the taper transitions or simply not be relevant enough

on such a short piece of fiber. By analyzing Figure 6.4, it is possible to estimate at

which core diameter value only two modes propagate inside the fiber. The region

below 1pum seems to propagate only two modes. The two lowest order modes are

shown in Figure 6.5. In principle, by reaching a diameter of 810 nm (50 ym-taper),

only two modes should propagate through the taper.

Computed Transverse Mode Profile (m=0,n_¢=1.379442)

Vertical Direction (umn)

-3 -2z -1 Q 1 2 3 4

Horizontal Direction (um)

(a) Fundamental mode.

Vertical Direction (umn)

LI

Ol

Computed Transverse Mode Profile (m=1n,,=1.310134)

I L =

-1 0 1 2 3 4 O
Horizontal Direction (pm)

(b) First higher order mode

-2

Figure 6.5 — BPM simulations of the lowest order modes guided in the three-hole

suspended core fiber used.
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6.3.3 Spectral Response Analysis

Figure 6.6 illustrates the experimental setup used in this work. It consists of an op-
tical broadband source, a fiber loop mirror (FLM), and an optical spectrum analyzer
(OSA) with a maximum resolution of 0.01 nm. The optical source is an erbium-doped
broadband source, with a central wavelength of 1550 nm and a spectral bandwidth of
100 nm. The FLM is formed by a 3dB (2 x 2) optical coupler with low insertion loss,
a section of suspended core fiber with approximately 50 mm length, and an optical

polarization controller.

BBS

3dB

Suspended
Core Fiber

OSA

Figure 6.6 — Fiber Loop Mirror (FLM) configuration including a Broadband Source
(BBS), an Optical Spectrum Analyzer (OSA), a 3dB coupler, a polarization controller
and a section of Suspended Core Fiber (SCF).

Analyzing the spectral response of the FLM with a section of untapered fiber, one
can easily observe two different interferometers: one that results from the fiber’s high
birefringence (large-period fringes — Figure 6.7b) and one that results from intermodal
interference (short-period fringes — Figure 6.7a). Going to smaller taper waists, the
intermodal interference becomes weaker and weaker and at a core diameter of 810 nm
(50 um cladding diameter) the group birefringence is completely dominant and the
intermodal fringes are barely visible (see Figure 6.7). This is in accordance with the
previous simulations, where at 50 um of cladding diameter (810 nm of core diameter),

only two modes seem to exist.

6.3.4 Group Birefringence Analysis

Using equation 6.21, it becomes easy to assess the group birefringence of the fiber
or fiber structure, such as a tapered fiber, from a spectrum as seen in Figure 6.7b.
Since the considered fiber has a triangular core, it is expected to have a high group
birefringence. It in fact has a group birefringence of 3.04 x 1073 in the 1550 nm-
region. As the fiber is tapered down to a smaller taper waist, the group birefringence

increases until it reaches a maximum (see Figure 6.8). It then decreases when further
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Figure 6.7 — Spectral responses of two different sensing heads.

decreasing the diameter. The increase is easily explained by the additional stresses
introduced in the taper region. But that does not explain why the group birefringence
decreases when taking the core diameter down to 810 nm. This is likely due to the fact
that, since the wavelength of light is much larger than the core (1550 nm > 810 nm),
the modal profile is so big compared to the core that it no longer depends on its
geometrical shape.
Taper Cladding Diameter (um)
50 6 70 8 9 100 110 120

6.5 —' ' <
sol { ]
ol | _'
asl 1 :

a0} 4

35| :
3.0 i f :
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Group Birefringence (x 10‘3)

Taper Core Diameter (um)

Figure 6.8 — Group birefringence variation with taper waist diameter in the 1550 nm
region.
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6.3.5 Strain Behavior of Suspended Nano-core Tapers

For strain characterization, each sensing head was placed on micrometric translation
stages and subjected to controlled stretching. A total length of 0.5 m was subjected
to strain. To determine the wavelength variations, the wavelength change of the main
peaks was monitored through an optical spectrum analyzer with a maximum resolu-
tion of 0.01 nm (see Figure 6.9a). Figure 6.9b shows an increase in strain sensitivity as
the taper waist diameter is decreased. A maximum strain sensitivity of —2.41 PM/ye
was obtained for the 50 um taper (810 nm core). This results in an increase of 236 %
relative to the sensitivity of the untapered fiber (—0.718 PM/ye).
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(a) Wavelength shift with applied strain for (b) Strain sensitivity as a function of the ta-
the untapered SCF (Dcore = 2.1 um) and per core’s diameter.
the 50 um taper (Deore = 8101m).

Figure 6.9 — Strain analysis of the suspended nano-core tapers.

6.3.6 Temperature Analysis

The sensing heads were characterized with respect to temperature variations in the
range 35°C to 85°C. In Figure 6.10 the wavelength shift of the group birefringence
fringe pattern is analyzed as a function of the temperature variation for the untapered
125 pm suspended-core fiber and the 50 um taper. For the untapered case, a very low
sensitivity of —2.1 PIM/K is determined, which is due to the germanium doped nano-
core present inside the suspended core. But when considering the 50 pm-taper, which
has a very small core of only 810 nm, a very high sensitivity of —56.2 PM/K is obtained.
This is due to the high stresses present in the tapered sample since its fabrication.
Since the taper is produced at a very high temperature and then quenched to ambient

temperature very fast, high stresses are trapped in the taper structure.
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Figure 6.10 — Temperature sensitivities of the untapered fiber and the 50 pm taper
(810 nm core).

6.4 Discussion

Tapers of several waist diameters were produced on three-hole suspended core fiber
with an original core diameter of 2.1 ym. The fiber was tapered down to 20 pm with-
out hole collapse, achieving a core diameter of 330 nm. Below an external diameter
of 50 um light could no longer be guided inside the nanometric core (810nm) and
cladding guidance took over. This was readily observed with a change in spectral re-
sponse to a multimode interference pattern due to the existence of many modes. The
tapers were then introduced in a fiber loop mirror for further characterization. The
group birefringence was determined to increase as the diameter of core and cladding
decrease until a point where it again decreases. A group birefringence of 6.0 x 1073
was calculated for the 70 um-taper (1.2 um). As the core diameter is reduced, the
number of guided modes is consequently reduced, and as seen both through the simu-
lations and the spectral responses, the intermodal interference is reduced. At 810 nm,
only two modes seem to propagate and the interference pattern reduces to a two-wave
interferometer.

Strain sensitivity increases with taper waist reduction. A sensitivity of —2.41P1M/ye
was obtained for the 50 um-taper (810 nm core), 3.4 times larger than the untapered
fiber’s sensitivity. As for temperature, a very high sensitivity of —56.2 P/ for the
same taper was obtained, as opposed to the low sensitivity of —2.1PM/k for the un-
tapered case. This is most likely due to stresses induced in the taper region when
the taper is produced, that are then trapped once the structure returns to ambient

temperature.
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Chapter 7
Final Conclusions and Future Work

The focus of this dissertation is the study of microwire structures based on fiber tapers
and the advantages of tapering instead of using untapered fiber structures. A config-
uration for simultaneous measurement of strain and temperature is proposed using
tapered multimode interference devices and has, as far as the author knows, the best
condition number achieved in literature. This allows for very accurate measurement
and low associated errors. It was proved that tapering long period gratings greatly in-
creases their sensitivity to strain. Suspended core fibers have been efficiently tapered
down by a ratio of 6 without any change in cross section and any special measure to
prevent hole collapse. Strain sensitivities have been enhanced by tapering in three
different types of structures: multimode interference devices, long period gratings,
and suspended core fibers. Two papers have been written of which one has been pub-
lished and the other accepted. Strain sensitivity enhancement in suspended core fiber
tapers [67] was published in Photonic Sensors journal and Simultaneous strain and
temperature measurement based on multimode interference in tapered fiber structures
/48] has been accepted by Photonics Technology Letters.

Some conclusions are drawn about how much does tapering the fiber actually en-
hance its sensitivity to physical parameters, specifically strain. Table 7.1 summarizes
the maximum strain sensitivities obtained with each tapered structure. The highest
strain sensitivity obtained was with the long period grating fabricated on a taper.
Even though it has the highest sensitivity, this structure is one of the hardest to
produce because producing the LPG on such a thin section of fiber easily leads to
it breaking. The most adequate structure for strain sensing, of the ones analyzed, is
the tapered MMI. Not only is the strain sensitivity very high but it is fairly easy to
fabricate.

As for the suspended core fibers, the strain sensitivities obtained are not very
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Strain Sensitivities (PM/ye)

Maximum Sensitivity Untapered Sensitivity

Tapered MMI —23.69 —2.08
Tapered LPG —24.8 —0.90
4-hole SCF (4.8 um — core) —3.12 —1.74
3-hole SCF (810 nm — core) —2.41 —0.72

Table 7.1 — Comparison of strain sensitivities for the several structures studied.

high. For the 4-hole case, the taper diameter is not very low (70 ym) corresponding
to a core diameter of 4.4 yum. This means that by decreasing the waist diameter,
it would be possible to further increase the sensitivity. Since the core size is still
much larger than the wavelength of light used (1.550 pm) no major loss problems
should arise when tapering to lower diameters. As for the 3-hole case, the taper
diameter is as low as can be without completely changing the propagating conditions
and thus the spectral response of the sensor. The sensing head was introduced in a
fiber loop mirror due to its intrinsic geometric birefringence and a higher sensitivity
was expected, but that was not the case.

As for temperature sensitivity, only the tapers in MMIs and SCFs were charac-
terized, and of these only the tapered MMIs and the three-hole SCF were deemed
sensitive. With the MMIs, the lower the taper diameter, the lower the temperature
sensitivity is (16.56 PI/K). The opposite occurs with the three-hole SCF tapers. A
very small sensitivity is obtained for the untapered SCF (—2.1PM/K) and a very
large one for the 50 pm-taper (—56.2PM/K). This difference indicates that different
processes are at work. In the MMI case the reduction is due to a smaller volume
of material being susceptible of thermal expansion. In the SCF case, the increase in
sensitivity is due to the introduction of stresses during fabrication that are higher
the lower the diameter is. Another relevant fact is that while the sensitivities for the
tapered MMI are of the same order of magnitude, for the SCF the difference is more
than one order of magnitude. It is suspected that the reason why the three-hole SCF
is sensitive to temperature as opposed to the four-hole SCF is because of the presence
of a small germanium core in the three-hole fiber.

For simultaneous measurement of strain and temperature, only the tapered MMIs
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were considered due to the cross-sensitivity between strain and temperature. When
considering two sensors, the one with the highest strain sensitivity must have the
lowest temperature sensitivity in order to have a very stable system. Because of this,
a system with two tapered MMIs with different diameters is ideal for simultaneous
measurement of strain and temperature, and a very low matrix condition number

confirms the fact.

For the future, several extensions of the work presented in this thesis are planned:

o As a continuation of the tapers in MMI devices, multiplexing of the sensors
by arranging them in a parallel configuration may lead to a useful setup for

multiparameter sensing;

o The combination of two LPGs, one tapered and one not, initially with loss
peaks at different wavelengths, may be used for high sensitivity strain sensing

through a Mach Zehnder interferometric configuration;

o To further explore the tapering of suspended core fiber, a continuation of the
tapering of the four-hole suspended core fiber to lower taper diameters may be
relevant. By going to lower taper waist diameters, a deeper understanding of

what is really going on in terms of mode interaction will result from such study;

o Tapering other types of microstructured fibers, such as a suspended twin-core

fiber may be interesting in order to achieve coupling between the two cores.
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