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ABSTRACT  

Optical fiber communication is a way of transmitting information by sending pulses of light 

through an optical fiber. Firstly developed in the 70s, fiber-optic communication systems 

have revolutionized the communication industry due to their advantages over electrical 

transmission.  

Telecommunications and laser technologies have been recently related with few-mode, 

Large Modal Area (LMA) and multimode fibers (MMF). More specifically, photonic lanterns, 

pump combiners and MMF have been newly proposed for high power lasers and 

communications. Another device frequently used in lasers, sensing and other systems 

communications is the tapered optical fiber. It was necessary to maximize the optical 

power collected in a waveguide from the diffracting field of a semiconductor laser; 

therefore the conformal mapping technique permitted the reshaping of the captured field 

into the fundamental mode of the output waveguide. Additionally, tapered fiber sensors are 

able to measure refractive index, strain, magnetic field, temperature and acoustic signals. 

Then, compared with the conventional fiber structures, tapered optical fibers can provide a 

number of useful features including another like a large evanescent field, strong mode 

confinement capability, small-scale diameter, and Supercontinuum generation.  

In this work, an investigation about the modal interaction in tapered optical fibers is 

proposed to observe this device under physical changes, with the objective to propose the 

optimum geometry to be implemented in laser and sensing applications from our 

laboratory.  
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RESUMEN  

La comunicación por fibra óptica es una forma de transmitir información mediante el envío 

de pulsos de luz a través de una fibra óptica. Desarrollados por primera vez en la década 

de los 70s, los sistemas de comunicación de fibra óptica han revolucionado la industria 

debido a sus ventajas sobre la transmisión eléctrica. 

Las tecnologías de telecomunicaciones y láseres se han relacionado recientemente con 

fibras de pocos modos, de área modal grande y multimodo. Más específicamente, se han 

propuesto linternas fotónicas, combinadores de fuentes y fibras multimodo para láseres de 

alta potencia y comunicaciones. Otro dispositivo que se usa frecuentemente en los 

láseres, sensores y otras sistemas de comunicaciones es la fibra óptica cónica o 

estrechada. Fue necesario maximizar la potencia óptica recolectada en una guía de onda 

desde el campo de difracción de un láser semiconductor; por lo tanto, la técnica de mapeo 

permitió la remodelación del campo capturado en el modo fundamental de la guía de onda 

de salida. Además, los sensores de fibra estrechada son capaces de medir diversas 

variables como índice de refracción, tensión, campo magnético, temperatura y señales 

acústicas. En comparación con las estructuras de fibra convencionales, las fibras ópticas 

estrechadas pueden proporcionar una serie de características útiles como un gran campo 

evanescente, capacidad de confinamiento, diámetro a pequeña escala y generación de 

supercontinuo, entre muchas otras. 

En este trabajo se propone una investigación sobre la interacción modal en fibras ópticas 

estrechadas para observar este dispositivo bajo diversos cambios físicos con el objetivo 

de proponer la geometría óptima que se implementará en las aplicaciones de detección y 

láseres de nuestro laboratorio. 

  



VII 
 

  

CONTENTS 

CHAPTER I: INTRODUCTION .................................................................................................... 1	

1.1	 JUSTIFICATION	.................................................................................................................................	3	

1.2	 GENERAL OBJECTIVE	......................................................................................................................	3	

1.3	 SPECIFIC OBJECTIVES	.....................................................................................................................	3	

1.4	 THESIS STRUCTURE	.........................................................................................................................	4	

CHAPTER II: OVERVIEW, THEORY AND STATE OF THE ART OF TAPERED OPTICAL FIBERS 

AND COMPONENTS ................................................................................................................... 5	

2.1	 ERBIUM-DOPED FIBER AMPLIFIER	...................................................................................................	9	

2.2	 REFRACTION INDEX PROFILES	.......................................................................................................	11	

2.2.1	 STEP-INDEX FIBERS (SI)	....................................................................................................................	11	

2.2.2	 GRADED INDEX FIBERS (GI)	..............................................................................................................	12	

2.3	 PROPAGATION MODES IN OPTICAL FIBERS	...................................................................................	13	

2.4	 OPTICAL FIBER SENSORS	..............................................................................................................	17	

2.4.1	 FIBER BRAGG GRATINGS	...................................................................................................................	19	

2.4.2	 FABRY-PEROT INTERFEROMETER	.....................................................................................................	20	

2.5	 LASERS	..........................................................................................................................................	21	

2.6	 TAPERED OPTICAL FIBERS THEORETICAL ANALYSIS	....................................................................	23	

2.6.1	 TAPERED OPTICAL FIBERS FABRICATION	.........................................................................................	27	

2.6.2	 EVANESCENT WAVE OPTICAL FIBER SENSORS	...............................................................................	30	

2.6.2.1	 Tapered fiber optic biosensors applications	..............................................................................	32	

2.6.2.2	 Effects of tapering on the evanescent field	...............................................................................	33	

2.6.2.3	 Effects of bending, launch angle and tapered fiber geometries on evanescent field	..........	33	

2.6.2.4	 Detection principles in tapered fiber optic sensors	..................................................................	34	

CHAPTER III: SYSTEM IMPLEMENTATION AND ITS CHARACTERIZATION ...................... 36	

3.1	 SINGLE-MODE PUMP LASER DIODE CHARACTERIZATION	..............................................................	36	

3.2	 SUPERLUMINESCENT DIODE CHARACTERIZATION	.........................................................................	38	

3.3	 ERBIUM DOPED FIBER CHARACTERIZATION	..................................................................................	39	

3.3.1	 REFRACTIVE INDEX PROFILE MEASUREMENT	..................................................................................	40	



VIII 
 

  

3.3.2	 CUTBACK TECHNIQUE FOR ABSORPTION COEFFICIENT MEASUREMENT	........................................	42	

3.4	 TAPERED OPTICAL FIBER FABRICATION	.........................................................................................	44	

CHAPTER IV: MAGNETIC FIELD SENSING BASED ON BI-TAPERED OPTICAL FIBERS USING 

SPECTRAL PHASE ANALYSIS ................................................................................................ 50	

4.1	 EXPERIMENTAL SETUP AND OPERATION PRINCIPLE	...........................................................................	51	

4.2	 MAGNETIC FIELD DETECTION	...............................................................................................................	54	

4.2.1	 Wavelength analysis	........................................................................................................................	54	

4.2.2	 Spatial frequency signal analysis	...................................................................................................	57	

CHAPTER V: A DUAL MODALITY OPTICAL FIBER SENSOR .............................................. 60	

5.1	 FABRICATION AND OPERATING PRINCIPLE	...........................................................................................	61	

5.2	 RESULTS AND DISCUSSION	...................................................................................................................	62	

5.2.1	 Experimental Setup	..........................................................................................................................	62	

5.2.2	 Strain Measurements	.......................................................................................................................	63	

5.2.3	 Curvature	...........................................................................................................................................	65	

5.2.4	 Simultaneous Detection	..................................................................................................................	67	

CHAPTER VI: HIGHLY STABLE MULTI-WAVELENGTH ERBIUM-DOPED FIBER LINEAR 

LASER BASED ON MODAL INTERFERENCE ........................................................................ 71	

6.1	 EXPERIMENTAL SETUP	..........................................................................................................................	72	

6.1.1	 Schematic Configuration	.................................................................................................................	72	

6.1.2	 Modal Fiber Optic Filter	...................................................................................................................	73	

6.2	 RESULTS AND DISCUSSION	...................................................................................................................	76	

6.2.1	 Curvature	...........................................................................................................................................	78	

6.2.2	 Strain	..................................................................................................................................................	80	

6.2.3	 Simultaneous Analysis	....................................................................................................................	82	

CHAPTER VII: SINGLE-MODE BRAGG REFLECTORS IN TAPERED FEW-MODE AND 

MULTIMODE FIBERS ................................................................................................................ 85	

CHAPTER VIII: CONCLUSIONS AND FUTURE WORK .......................................................... 94	

REFERENCES ........................................................................................................................... 96 



1 
 Chapter I: Introduction

 

  

Chapter I: Introduction 

Optical fiber communication [1] emerged around 30 years ago and it is seen as one of the 

most consistent telecommunication technologies to achieve consumers needs for present 

and future applications. Optical transmission systems are based on the principle that light 

can carry more information over longer distances in a glass medium than the electrical 

signals by copper or coaxial cable. Light is an electromagnetic wave and optical fiber is a 

waveguide, in order to compensate the loss of this wave-guide, an optical amplifier is 

needed [2]. First, light-wave communications systems operated near 0.8 µm at a bit rate 

up to 2.3 Mb/s, and electronic repeaters spaced at about 32 km. The signal regeneration 

has been traditionally implemented using repeaters in which the optical signal is converted 

into an optical current by a photodiode; the electronic current is then amplified and 

converted back into an optical signal by a laser diode. Since then, one of the biggest 

researching activities within the area of optical communications is devoted for reducing the 

attenuation in the signal path between the transmitter and receiver, as well as reducing the 

dispersion. These problems were solved by using laser sources with ultra-narrow line 

width and dispersion shifted fibers. However, the real limitation has been the necessity to 

regenerate optical signals, typically every 70-100 km. Other disadvantages of electronic 

repeaters are their high cost and complexity, especially for multi-channel light-wave 

systems, as many parallel repeaters are needed to regenerate several optical channels in 

the same fiber [3]. 

As it is seen, optical fibers have developed into a mature and ubiquitous technology 

primarily for optical communications systems. The field of optical fiber sensors has 

concurrently grown because of the wide availability and low-cost of the fibers, photonic 

devices and electronics. In particular, tapered optical fibers (TOFs) are a specific class that 

has been developed for diverse applications [4–6]; they have found application in fiber 

lasers [5], non-linear optical elements [7], low-level biomolecule or chemical species 

sensing [8] and thermodynamic variable sensing such as temperature [9]. Specifically, 

tapered fiber sensors are able to measure refractive index [10,11], strain [12], magnetic 

field [13], temperature [14] and acoustic signals [15]. Moreover, it has been demonstrated 

that several parameters can be simultaneously detected by modifying fiber optic structures 
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such as temperature and curvature [16], fiber bending and strain [17], temperature and 

strain [18], and temperature and refractive index [14,19]. 

Then, compared with the conventional fiber structures above, TOFs can provide a number 

of useful features including a large evanescent field, strong mode confinement capability 

and small-scale diameter. Thus, TOFs exhibits great potential for applications in 

communication systems and optical sensing, since it was reported for the first time in 

2003 [20,21].  

Explaining more about TOFs, the initial motivation of tapering fibers was to provide field 

access for coupling to a second fiber [6]. This was an alternative to both side-

polishing [22], and etching [23] (which may be combined with tapering [24]). Opposite to 

polished couplers which rely on evanescent field coupling, Bures et al. showed that fused 

tapered couplers typically act as cladding-mode devices [25]. For example, the cladding 

and external medium provide the guidance coupling between the fibers could be 

considered as a beating of the modes of the total structure. Furthermore a first model 

neglecting the core offered good agreement with experiment data except for small taper 

elongations [26]. 

Cassidy et al. demonstrated that if the taper transition is not small enough, the 

fundamental mode could couple to higher order modes resulting in oscillatory responses in 

the fundamental mode output power of a bi-tapered fiber [27]. Furthermore, Stewart et al. 

introduced the way to work with the taper slope for avoiding substantial higher-modes 

coupling [28]. Higher-mode oscillations, which should be avoided for couplers, could be 

exploited to obtain numerous applications such as sensing, filtering, modulation and laser 

applications.  

Based on the literature review, tapered optical fibers were chosen as the main topic to be 

studied in this thesis. 

The goal is to get a good performance of TOFs in sensing and laser applications, allowing 

the upgrading in this field of investigation and the obtained results can be inclusively 

improved for future work.  
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1.1 Justification 

Nowadays, TOFs provide several advantages over other filter devices. Its design can be 

different depending on the application the user needs to use. For example for couplers 

ideally the tapering should be slow enough to avoid higher-order mode coupling, 

meanwhile single mode fiber devices can be abruptly tapered to exploit the non-adiabatic 

coupling effect, also the adiabaticity sometimes is required to obtain a good interference 

pattern for sensing, laser applications and communications systems. This demands new 

challenges for the performance of all system modules, including the TOFs, which is the 

main topic of this thesis. In this case, the optimum geometry is founded, improving laser 

technologies and sensing applications and introducing this new field of investigation in our 

campus.  

 

1.2 General Objective 

Design tapered optical fibers analyzing the modal interaction under physical changes in 

order to propose the optimum geometry for further applications in diverse fields. 

 

1.3 Specific Objectives 

TOFs have been playing a crucial role, acting like filters for lasers and sensing devices are 

one of the devices with a great future in the world of optics. Therefore one of the specific 

objectives of this work is to completely understand the modal coupling in TOFs, in order to 

obtain the optimum geometry to be used with a nice performance in laser and sensing 

applications. Moreover, it is expected that the systems presented have better stability and 

offer more quality of the output signal and other parameters, approaching the advantages 

that tapers provide.  
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1.4 Thesis Structure 

This work is oriented to the study of modal coupling in TOFs to its implementation in 

novelty laser and sensing applications. 

Chapter 2 develops the study of the TOFs and possible important applications. The TOFs 

functioning and its theoretical properties are described. Chapter 3 deals with the procedure 

for systems implementation, the main parameters of each part of the system and the 

experimental methods used for characterization are presented. On the other hand, the 

functioning of the setups is explained. Chapter 4, 5, 6 and 7 presents the final results and 

comparison with other research groups. Finally, the conclusions of the work, promising 

applications and the possible improvement and implementation for a possible future work 

are provided. 
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Chapter II: Overview, Theory and State of the Art of Tapered Optical 

Fibers and Components 

This chapter will introduce the main topic of this work, the tapered optical fibers, presenting 

the theory about tapers and other components. The equations of light propagation of 

optical fibers will be described; more specifically about tapered optical fibers, its 

functioning and applications using the evanescent field. We start with a brief introduction 

about the importance of the optical fiber in our life due to its important use in 

communications systems.  

 

The appearance of telegraphy in the 1830s replaced the use of light by electricity and 

opened the era of electrical communications. The bit rate could be improved to 

approximately 10 b/s by using new coding methods like the Morse code. The creation of 

the telephone in 1876 caused a technological revolution and the electric signals were 

transmitted in analog form through a constantly varying electric current. Analog electrical 

techniques were controlling the communications systems for a century or maybe more. 

The expansion of worldwide telephone networks run to many signs of progress in the 

design of electrical communications systems. The use of coaxial cables instead of wire 

pairs increased significantly system capacity. However the bandwidth of those systems is 

limited by the frequency-dependent cable losses, so this limitation led to the growth to 

microwave communication systems, in which an electromagnetic carrier wave with 

frequencies in the range of 1–10 GHz, is used to transmit the signal by using suitable 

modulation techniques.  

The first microwave system operating at the carrier frequency of 4 GHz was put into 

service in 1948. Since then, coaxial and microwave systems have evolved considerably 

and are able to operate at bit rates up to 100 Mb/s. The problematic for high-speed coaxial 

systems is their small repeater spacing (around 1 km), which makes the system expensive 

to operate. Microwave communication systems generally allow a larger repeater spacing, 

but their bit rate is also limited by the carrier frequency of such waves.  
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The invention of the laser solved the problem of the signal attenuation in the system. 

Therefore the attention was focused on finding ways for using laser light for optical 

communications. There were many advanced ideas during the 1960s, it was suggested in 

1966 that optical fibers might be the greatest choice, but the main problem was the high 

losses of approximately 1000 dB/km. An innovation occurred in 1970 when fiber loss could 

be reduced to below 20 dB/km in the wavelength region near 1 µm. At the same time, 

GaAs semiconductor lasers were discovered. Hence the availability of compact optical 

sources and low-loss optical fibers were the guide for developing the new fiber-optic 

communication systems. 

The evolution has been rapidly evident considering an increment in the bit rate by a factor 

of 100,000 in a period of less than 25 years. Transmission distances increased from 10 to 

10,000 km and the bit rate-distance product (b/s by km commonly called BL product) of 

modern light-wave systems can exceed by a factor of 107 compared with the first-

generation light-wave systems. 

This 25-year period of huge progress extended from 1975 to 2000 can be grouped into 

several distinctive generations. In every generation, BL increases initially but then starts to 

saturate as the technology matures. Therefore each new generation brings an essential 

change that helps to improve the system performance. 

The first generation of light-wave systems operated near 0.8 µm and used GaAs 

semiconductor lasers. They operated at a bit rate of 45 Mb/s and allowed repeater spacing 

up to 10 km.  

During the 1970s the repeater spacing could be bigger by working with the light-wave 

system in the wavelength region near 1.3 µm, where fiber loss is below 1 dB/km; 

additionally, optical fibers exhibit minimum dispersion in this wavelength region. This 

realization led to a worldwide effort for the development of InGaAsP semiconductor lasers 

and detectors operating near 1.3 µm. The second generation of fiber-optic communication 

systems became available in the early 1980s, but the bit rate of early systems was limited 

to below 100 Mb/s due to dispersion in multimode fibers. This limitation was overcome by 

the use of single-mode fibers. By 1987, second-generation light-wave systems, operating 
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at bit rates up to 1.7 Gb/s with a repeater spacing about 50 km, were commercially 

available. 

Nevertheless, the repeater spacing continued being a problem due to the fact that it was 

limited by the fiber loss at the operating wavelength of 1.3 µm (typically 0.5 dB/km). 

Losses of silica fibers become minimum near 1.55 µm. However, the introduction of third-

generation light-wave systems operating at 1.55 µm was extensively postponed by a large 

fiber dispersion near 1.55 µm. Conventional InGaAsP semiconductor lasers could not be 

used because of pulse spreading occurring as a result of simultaneous oscillation of 

several longitudinal modes.  

The dispersion problem could be solved by using dispersion-shifted fibers designed to 

have minimum dispersion near 1.55 µm or by limiting the laser spectrum to a single 

longitudinal mode. Third-generation light-wave systems operating at 2.5 Gb/s became 

commercially available in 1990. Such systems are capable of operating at a bit rate up to 

10 Gb/s. One more time the problem of third-generation 1.55 µm systems is that the signal 

is regenerated periodically by using repeaters spaced apart typically by 60–70 km [29]. 

The fourth generation of light-wave systems makes use of optical amplification to increase 

the repeater spacing and in the case of wavelength-division multiplexing (WDM) for raising 

the bit rate. The arrival of the WDM technique started a revolution that resulted in light-

wave systems operating at a bit rate of 10 Tb/s by 2001.  

The fifth and last generation of fiber-optic communication systems are concerned with 

extending the wavelength range, which a WDM system can operate simultaneously. The 

conventional wavelength window, known as the C-Band, covers the wavelength range of 

1.53–1.565 µm. It is being extended on both the long- and short-wavelength sides, 

resulting in the L and S bands, respectively. Raman amplification technique can be used 

for signals in all three wavelength bands. Moreover, a new kind of fiber known as the dry 

fiber has been developed with the property that fiber losses are small over the entire 

wavelength region extending from 1.30 to 1.65 µm. Availability of such fibers and new 

amplification schemes may lead to light-wave systems with thousands of WDM channels. 
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Starting in 2000, many channels used in experiments operate at 40 Gb/s; migration toward 

160 Gb/s is also likely in the future [29]. 

Well, after this extensive description of system communications history, having the fiber 

optic as the main element, sensing and laser technologies still developing new methods 

and improving their performance. Then, optical waveguides find applications in integrated 

optical devices as well as various forms of communication systems. The study of 

electromagnetic (EM) wave propagation through various types of optical fibers and 

waveguides has been investigated by several research groups, as appeared in the 

literature. In this context, several forms of optical waveguides implementing different 

composite materials [30] and/or new forms of geometrical cross-sections [31,32] have 

been developed, most of which are now widely recognized for their use in the fabrication of 

integrated optical circuits and in the laser beam technology. These include unconventional 

types of waveguide geometries too.  

Therefore, among the various types of fiber structures, fibers with tapers have received 

considerable attention over the years because of their promising applicability in the area of 

fused fiber couplers. These TOFs are of practical interest for the fabrication of all-optical 

components as these miniaturized find enormous potential applications in the areas 

related to optical sensors as well as other integrated optics applications where directional 

couplers and beam expanders are being used.  

It is noted that TOFs can be used with much efficiency in evanescent wave fiber-optic 

absorption sensors, then TOFs become one of the most promising means in high-speed 

transmission systems. Optically, the taper transitions transform the local fundamental 

mode from a core mode in the untapered fiber to a cladding mode in the taper waist, the 

basis of many of its applications including multiplexing and modulation. It is desirable for 

the transition to be as short as possible, allowing the resulting component to be compact 

and insensitive to the degradation of the environment [33]. Hence, in this chapter, the 

theoretical fundamentals of optical fibers (including TOFs) and other system components 

will be presented.  
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2.1 Erbium-Doped Fiber Amplifier 

Before to describe TOFs, we need to know the basic concepts and properties of optic 

elements, starting with the erbium doped fiber (EDF). In the next figure, the energy levels 

of erbium ions in silica glasses are shown. The transition corresponding to the 1520-1570 

nm signal band, known as the third telecommunications window, includes the metastable 

state (4
I13/2) and the ground state (4

I15/2). The population inversion between these two 

levels is achieved by optically pumping the erbium ions from the ground level to some 

higher state and then ions relax to that metastable state. The metastable state is an 

excited state with a longer lifetime than the other excited states. However, it has a shorter 

lifetime than the stable ground state. Atoms in the metastable state continue in an excited 

state for a considerable time. A large number of excited atoms are accumulated in the 

metastable state and the population of metastable state can exceed the population at the 

lower level thereby establishing population inversion in a lasing medium. After that, signal 

amplification in this band is accomplished by stimulated emission.  

By choosing many pump wavelengths for experiments, an efficient high gain operation of 

erbium-doped fiber amplifiers is possible and it was demonstrated [29,34]. Practical pump 

wavelengths of 532 nm and 980 nm are identified as optimal, especially 980 nm pump 

band (4
I15/2 to 4

I11/2 transition) because it offers the highest gain efficiencies. For that 

reason, 980 nm pumping will be the selected wavelength for this work for some of our 

applications. 

Furthermore, it is important to mention that the EDF allows creating an ASE (Amplified 

Spontaneous Emission) light source to characterize some devices to see the spectrum 

response. ASE light source is one type of optical light sources, where the emission is 

generated by Amplified Spontaneous Emission via stimulated emission. An optical gain 

medium emits light spontaneously when it is optically/electrically pumped, and if the 

pumping of the gain medium is strong enough, the “spontaneous” emission is amplified via 

the “stimulated” emission. ASE light sources generally possess broadband spectrum and 

low coherence, and have been used in various optical measurement and sensing systems. 

In particular, ASE light sources made by rare-earth (RE) doped optical fiber are widely 

used due to the following reasons: ASE is generated in the fiber core and therefore can be 
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coupled to a single mode fiber with a very low coupling loss. Also, the core of an optical 

fiber is usually circular thus the output is inherently unpolarized and the emission from a 

RE-doped optical fiber is generally very broad, resulting in a very broadband light source. 

ASE from a RE-doped optical fiber is generated in a similar way as fiber lasers and fiber 

amplifiers. Indeed, fiber lasers below threshold and fiber amplifiers with no signal input are 

both ASE sources. Another example of an amplified spontaneous emission source is 

the superluminescent diode (SLED or SLD), is a semiconductor light source based 

on superluminescence. It combines the high power and brightness of laser diodes with the 

low coherence of conventional light-emitting diodes. Its emission band is 5–100 nm wide. 

 

 

Figure 2.1: Energy levels of erbium ions in silica glass [3] and differences between Spontaneous and 

Stimulated Emission.   
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Figure 2.1 also shows a scheme of spontaneous emission and stimulated emission. When 

the pump intensity is increased enough, the initial spontaneous emission is amplified by 

stimulated emission and the optical power increases. 

2.2	 Refraction Index Profiles 

This section will show a simple historical development of the properties of optical fiber, 

especially the refraction index. Three parameters are basically responsible for these 

properties. The core and cladding materials used determine the attenuation and chromatic 

dispersion, the refractive index profile defines the mode dispersion and the core diameter 

is responsible for the number of modes. Particularly the core material and the index profile 

are at least identifiable from the name of the fiber. 

2.2.1 Step-Index Fibers (SI) 

The first optical fibers were pure step index profile (SI). This means that a simple optical 

cladding surrounds a uniform core. For this reason, a protective material is always 

included in the cable. Figure 2.2 represents the refractive index curve. 

 

Figure 2.2: Structure of a step index profile fiber [35]. 

As it is known from the basic theory of optical fibers, when the core diameter is small, only 

a single mode is supported and the fiber is said to be a single-mode fiber. Fibers with large 

core diameters are multimode fibers (MMF). One of the problems associated with the 

propagation of light in a MMF arises from the differences between the group velocities of 

the modes. This ends in a spread of travel times and consequences in the expansion of a 

light pulse as it travels through the fiber. This effect, called modal dispersion, establishes a 

limit of how often adjacent pulses can be launched without resulting in pulse overlap at the 
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end of the fiber. Also, it limits the speed at which multimode optical fiber communication 

systems can operate. 

Modal dispersion can be reduced by grading the refractive index of the fiber core from a 

maximum value at its center to a minimum value at the core-cladding frontier (figure 2.3). 

The fiber is then called a graded-index fiber (GI). 

2.2.2 Graded Index Fibers (GI)	

In a graded-index fiber (GI) the travel velocity increases with radial distance from the core 

axis (since the refractive index decreases), although rays of bigger inclination to the fiber 

axis must travel farther, they thus travel faster. This permits the travel times of the different 

modes to be equalized [36]. 

 

Figure 2.3: Structure of a graded index profile fiber [35]. 

Explaining a little more, due to the continually changing refractive index, the light rays in a 

GI fiber do not propagate in a straight line but are constantly refracted towards the fiber 

axis. Light rays that are launched at the center of the fiber and do not exceed a certain 

angle are completely prevented of leaving the core area. This behavior is illustrated in 

figure 2.4. The geometric path of the rays running on a parallel to the axis is still 

considerably smaller than the path of rays that are launched at a bigger angle. However, 

as can be seen, the index is smaller in the regions distant from the core. This means a 

greater propagation speed. If an ideal combination of parameters is used, the different 

path lengths and different propagation speeds may cancel each other out completely so 

the modal dispersion disappears. In reality, this is not totally possible. However, it is 

possible to increase bandwidths by two to three orders of magnitude compared with the SI 

fiber [36].  
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Figure 2.4: Comparison of step and graded index profile [35]. 

2.3 Propagation Modes in Optical Fibers 

An optical propagation mode refers to a specific solution of the wave equation that 

satisfies the appropriate boundary conditions and has the property that its spatial 

distribution does not change with propagation. It is important to mention that the analysis 

realized in this section, is for Step-Index Fibers. 

As any electromagnetic phenomena, propagation of optical fields in fibers is ruled by 

Maxwell equations.  

For a non-conducting medium without free charges, these equations are 

 ∇ x 𝐄 = −
∂𝐁

∂t
 , (2.1) 

 
∇ x 𝐇 =

∂𝐃

∂t
 , 

(2.2) 

 ∇ • 𝐃 = 0 , (2.3) 

 ∇ • 𝐁 = 0 , (2.4) 

where 𝐄 and 𝐇 are the electric and magnetic field vectors respectively, and 𝐃 and 𝐁 are 

the corresponding flux densities. The flux densities are related to the field vectors by 

 𝐃 = ε!𝐄 , (2.5) 
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 𝐁 = µ!𝑯,  (2.6) 

where ε! is the vacuum permittivity and µ! is the vacuum permeability. 

A necessary condition to that 𝐄 and 𝐇 satisfy the Maxwell equations is that their 

components must satisfy the wave equation: 

 ∇
!
𝐄 r, t −

1

c!

∂
!
𝐄 r, t

∂t!
= 0 , (2.7) 

where c is the velocity of light in vacuum. If Fourier Transform is applied, the wave 

equation can be written 

 ∇
!
𝐄 ω, t + 𝑘!

!
𝑛
!
𝐄 ω, t = 0, (2.8) 

where the free-space wave number 𝑘! is defined as 𝑘! =
!

!
= 2𝜋/𝜆 and 𝜆 is the vacuum 

wavelength of the optical field oscillating at the frequency ω. 

Hence, an optical propagation mode refers to a specific solution of the wave equation that 

satisfies the appropriate boundary conditions and has the property that its spatial 

distribution does not change with propagation.  

To take advantage of the cylindrical symmetry, the equation is written in the cylindrical 

coordinates ρ , ϕ, and 𝑧 (equation 2.9) and its solution is obtained (equation 2.11). 

 
∂
!
E!

∂ρ!
+
1

ρ

∂E!

∂ρ
+
1

ρ!

∂
!
E!

∂𝜙!
+
∂
!
E!

∂z!
+ 𝑘!

!
𝑛
!
𝐸! = 0 , 2.9  

where for a SI fiber of core radius 𝑎, the refractive index 𝑛 has the form 

 𝑛 =
𝑛!      𝜌 ≤ 𝑎

𝑛!      𝜌 > 𝑎
 , 2.10  
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 E! ρ,𝜙, 𝑧 = F ρ Φ 𝜙 Z z , 2.11  

By using equation 2.9 and 2.10, three ordinary differential equations are obtained: 

 
∂
!
Z

∂z!
+ β!Z = 0 , 2.12  

 ∂
!
Φ

∂𝜙!
+m

!
Φ = 0 , 

2.13  

 ∂
!
F

∂ρ!
+
1

ρ

∂F

∂ρ
+ 𝑘!

!
𝑛
!
− β! −

m
!

ρ!
F = 0 , 

2.14  

Equation 2.12 has a solution Z = 𝑒
!!! where β has the physical significance of the 

propagation constant. In the same way, equation 2.13 has a solution Φ = 𝑒
!!! but the 

constant m is limited to take only integer values since the field must be periodic in 𝜙 with a 

period of 2𝜋. 

Equation (2.14) is satisfied by the Bessel functions. Its general solution in the core and 

cladding regions can be written as 

 𝐸! =

𝐴𝐽! 𝑝ρ + 𝐴
!
𝑌! 𝑝ρ        

      

𝜌 ≤ 𝑎     

𝐶𝐾! 𝑞ρ + 𝐶
!
𝐼! 𝑞ρ       

      

𝜌 > 𝑎  ,

 2.15  

where 𝐴, 𝐴!, 𝐶, and 𝐶
! are constants and 𝐽!, 𝑌!, 𝐾!, and 𝐼! are different kinds of Bessel 

functions. Then, observing the behavior of the intensity of electromagnetic field in the fiber, 

the general solution of equation 2.11 is 

 𝐸! =

𝐴𝐽! 𝑝ρ 𝑒!!!𝑒!!!       

      

𝜌 ≤ 𝑎     

𝐶𝐾! 𝑞ρ 𝑒!!!𝑒!!!      

      

𝜌 > 𝑎 ,     

 2.16  
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The same process can be used to obtain H! and the other four components can be 

expressed in terms of E! and H! by using Maxwell equations.  

Moreover, a really important parameter to determine the cutoff condition is the normalized 

frequency and it is defined as 

 𝑉 =
2𝜋

𝜆
𝑎 𝑛!"#$

!  − 𝑛!"#$$%&'
! = 𝑈!+𝑊! , 2.17  

Also it is convenient to introduce a normalized propagation constant 𝑏 as 

 𝑏 =
β/𝑘! − 𝑛!

𝑛! − 𝑛!

 , 2.18  

 

Figure 2.5: Normalized propagation constant 𝑏 as a function of normalized frequency 𝑉 for a few low-order 

fiber modes. The right scale shows the mode index n [29]. 

Figure 2.5 shows a plot of 𝑏 as a function of 𝑉 for a few low-order fiber modes. A fiber with 

a large value of 𝑉 supports many modes. However, the number of modes decreases 
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rapidly as 𝑉 is reduced. Below a certain value (𝑉 =2.405) all modes except the 

fundamental mode (HE11) reach cutoff (single-mode fiber) [29].  

2.4 Optical Fiber Sensors 

A sensor is a device capable of detecting magnitudes (physical, chemical or biological) 

and to transform them into variables that can be manipulated and quantified. In case of an 

optical sensor, it takes advantage of the interaction of light with matter to detect the 

characteristics of the measured parameter. The basic concept of a fiber-optic sensing 

system is demonstrated in Figure 2.6. where the fiber (guided light) interacts with an 

external parameter and carries the modulated light signal from the source to the detector. 

The input measured information can be extracted from this modulated optical signal.  

A fiber optic sensor uses optical fiber either as the sensing element ("intrinsic sensors"), or 

signals from a remote sensor to the electronics that process the signals ("extrinsic 

sensors"). At the moment, four different types of sensors are the most common and are 

evaluated on the basis of performance criteria such as resolution, dynamic range, cross-

sensitivity to multiple ambient perturbations, fabrication, and demodulation processes. The 

optical fiber sensing methods that have been investigated include well-established 

technologies like fiber Bragg grating (FBG) and interferometric sensors.  

A fiber optic sensor converts a physical parameter to an optical output. The key part of 

every fiber optic sensor is a transducer device that converts one form of energy associated 

with the physical parameter into another form of energy. In the case of an extrinsic sensor, 

the optical fiber serves as a delivery mechanism to guide the optical signal to the sensing 

region outside the fiber, where it is modulated in response to the physical parameter of 

interest and then collected by the same (or different) optical fiber and guided to a detector 

for processing. In an intrinsic sensor, the optical fiber acts both as the means for 

transporting the optical signal to/from the sensing region and as the transducer (figure 

2.6). 

Measurements of a wide range of physical parameters by optical fiber sensors have been 

investigated for many years. Fiber-optic sensors are small in size, are immune to 

electromagnetic interference, and can be easily integrated with existing optical fiber 
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communication links. Such sensors can typically be easily multiplexed, resulting in 

distributed networks that can be used for health monitoring of integrated, high-

performance materials and structures [37].  

 

 

Figure 2.6: Basic concept of an optical fiber sensor. Extrinsic (a) and Intrinsic (b) [37].  

Optical fiber sensors of displacement are perhaps the most basic of all fiber sensor types 

because they may be configured to measure many others related environmental factors. 

They should possess certain important characteristics. First, they should either be 

insensitive to ambient fluctuations in temperature and pressure or should employ 

demodulation techniques that compensate for changes in the output signal due to these 

additional perturbations. In an embedded configuration, the sensors for axial strain 

measurements should have minimum cross-sensitivity to other strain states. For 

environments where large strain magnitudes are expected, the sensor should have a large 
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dynamic range while at the same time maintaining the desired sensitivity. We now discuss 

two components for sensing and laser schemes and present their relative advantages and 

shortcomings [38].  

2.4.1 Fiber Bragg Gratings	

A fiber Bragg grating (FBG) is produced due to a periodic variation of the refractive index 

in the fiber core along the length of the fiber. The principal property of FBGs is that they 

reflect light in a narrow bandwidth that is centered at the Bragg wavelength, λB, which is 

given by λB = 2neffΛ, where Λ is the spatial period (or pitch) of the variation and neff is the 

effective refractive index for light propagating in a single mode. The refractive index 

variations are produced by exposure of the fiber core to an intense optical interference 

pattern of ultraviolet light (figure 2.7). The capability of light to induce permanent refractive 

index changes in the core of an optical fiber has been named photosensitivity. The 

discovery has led to techniques for fabricating Bragg gratings becoming a wide range of 

FBG-based devices that have applications in optical fiber communications and optical 

sensor systems [38]. 

 

 

Figure 2.7: Fiber Bragg grating fabrication and spectrum obtained [37]. 
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2.4.2 Fabry-Perot Interferometer 

The intrinsic Fabry-Perot interferometric (IFPI) sensor is similar in operation to its extrinsic 

counterpart. This interferometric technique is based on detecting the optical phase change 

induced as light propagates along the fiber. Usually, the input light is equally divided 

between two paths, one of which serves as a reference, while the other one is influenced 

by the measured parameter. The two fiber paths recombine at the output of the sensor 

forming an interference pattern, which is directly related to the optical phase difference 

(OPD) between the two paths. A Fabry-Perot interferometer (FPI) is generally composed 

of two parallel reflectors separated by a certain distance L (cavity length). Mirrors or 

interfaces between two dielectrics can be used as reflectors. The cavity can also be 

implemented by introducing two Fresnel or other reflectors along the length of a single 

fiber. Since the cavity is formed within an optical fiber, changes in the refractive index of 

the fiber due to the applied perturbation can significantly alter the phase of the sensing 

signal. Interference occurs due to the multiple superpositions of both reflected and 

transmitted beams at the two parallel reflectors. As a result, the reflected and transmitted 

spectra of such an interferometer are functions of cavity length, index of refraction of the 

medium (n), the reflectivity of the mirrors and wavelength (𝜆). The phase difference of an 

FPI is given as  

 𝛿!"# =
2π

𝜆
𝑛2𝐿 , 2.19  

External perturbation induces a change in the OPD of the interferometer, resulting in a 

phase variation. By measuring the shift of the FPI spectrum, the strain applied to it can be 

qualitatively determined. The free spectral range (FSR) of the interferometer also depends 

on the variation of the optical path difference, a shorter OPD results in a larger FSR. 

Despite the fact that a larger FSR gives a wide dynamic range to the sensor, at the same 

time, it leads to a degraded resolution due to less sharp spectral peaks [37].  

The IFPI sensor, like all other interferometric signals, has a nonlinear output that 

complicates the measurement of large magnitude strain. The main limitation of the IFPI 

strain sensor is that the photoelastic effect induced a change in the index of refraction 
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results in a nonlinear relationship between the applied perturbation and the change in 

cavity length. For most IFPI sensors, the change in the propagation constant of the 

fundamental mode dominates the change in cavity length. Thus IFPIs are highly 

susceptible to temperature changes and transverse strain components [39]. In embedded 

applications, the sensitivity to all of the strain components can result in complex signal 

output. IFPI sensors also suffer from implication in the output signal due to variations in the 

polarization state of the input light. The Fabry-Perot interferometric sensors possess 

nonlinear sinusoidal outputs that complicate signal processing at the detector [38]. 

 

Figure 2.8: Intrinsic Fabry-Perot interferometer [38]. 

It is important to mention that in this work we use an all-fiber FPI. The FP filter (FPF) is 

composed of two air intracavities with 50 µm cavity diameter, separated by a silica 

collapse region around 500 µm. The FPF generated several reflections modes due to the 

several air-silica refractive index interfaces. Here, the interaction between the fundamental 

reflected fiber mode and the several reflected higher-order cladding modes provide an 

interference reflection spectrum. The full manufacturing process and principle operation of 

this FPF are detailed in [40]. 

2.5 Lasers  

The term laser is an acronym for a radiation source based on Light Amplification by 

Stimulated Emission of Radiation. In principle, most lasers consist of three parts (figure 

2.9): a pump source, an active medium, and a resonator. Almost every source of energy 

can, in some ways, be used to pump lasers. It is the purpose of the pumping process to 

establish population inversion in the active medium. Population inversion describes a 

condition of the active medium where the density of states at higher energy is a larger than 

the density of states at a lower energy.   
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Three scattering processes characterize the interaction of light and matter: absorption, 

stimulated emission and spontaneous emission. In the case of spontaneous emission, a 

higher excited state decays spontaneously to a state of lower energy, and a photon is 

emitted. In an absorption event a photon promotes the active medium from a state of lower 

energy to a higher-energy state. Stimulated emission is the inverse process where 

photons stimulate an excited state to decay to a state of lower energy, emitting an 

additional photon. It is important that in all these three processes energy is conserved. In a 

stimulated-emission process, the energy of the newly generated photons are equal that 

the stimulating photons. In other words, stimulated light is emitted in the same direction 

and with the same wavelength as the stimulating light.  

 

Figure 2.9: Typical parts of a laser [41].  

In a medium with population inversion, more stimulated (and spontaneous) emission 

events than absorption events will occur in any given time interval. Consequently, more 

photons are generated per time than annihilated and the inverted active medium can 

amplify either the spontaneously generated photons or light inserted in the medium from 

the outside. 

If the amplification in one pass through the active medium is too small to be useful, the 

active medium can be artificially lengthened by an optical resonator. In its simplest form, it 

consists of two highly reflecting mirrors with a small transmission that encloses the active 

medium. Spontaneously emitted photons in the direction of the resonator axis are 

amplified in the active medium, and most of the light is directed back into the active 
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medium by the mirrors, where it is further amplified. When the losses for the light per 

round trip are smaller than the gain per round trip, the light intensity inside the resonator 

will grow. The laser has reached a threshold when this condition is fulfilled.  

 

Figure 2.10: Fundamental processes for the interaction of radiation and matter [41]. 

Fiber lasers are usually meant to be lasers with optical fibers as gain media, although 

some lasers with a semiconductor gain medium (a semiconductor optical amplifier) and a 

fiber resonator, have also been called fiber lasers (or semiconductor fiber lasers). Also, 

devices containing some kind of laser (fiber-coupled laser diodes) and a fiber amplifier are 

often called fiber lasers (or fiber laser systems). 

In most cases, the gain medium is a fiber doped with rare earth ions such as erbium 

(Er3+), neodymium (Nd3+), ytterbium (Yb3+), thulium (Tm3+), or praseodymium (Pr3+), 

and one or several fiber-coupled laser diodes are used for pumping. Therefore, most fiber 

lasers are diode-pumped lasers [41]. 

2.6 Tapered Optical Fibers Theoretical Analysis 

In this section, the theory of operation of TOFs will be described, exploiting multimodal 

interference and adiabaticity criteria. Moreover, the fundamental principles of light 

propagation within TOFs structures and related fabrication methods will be introduced, 

also the range of sensing applications. 

Fiber tapers could be categorized into two types: abrupt taper (non-adiabatic) and gradual 

or non-abrupt taper (adiabatic). The main difference refers to if there is light energy only in 

the core mode (gradual taper), or if cladding modes are excited (abrupt taper). Hence, the 

non-abrupt taper is usually fabricated by gradually tapering the optical fiber with small taper 

angles in order to minimize the insertion loss and normally refers to the adiabatic taper. 
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However, when the taper angle is large enough, some energy in the core region will be 

coupled into the cladding region, the tapered structure forms an abrupt taper. In this work, 

we call our devices, quasi-adiabatic tapers, because we want to obtain a structure with low 

losses but with the presence of higher order cladding modes, in order to generate an 

interference pattern. 

To produce high-quality tapered fiber-based devices, the tapers should have the following 

properties: high adiabaticity, uniform microfiber diameter, low surface roughness, and 

suitable microfiber diameter with large evanescent field. Basically, tapered fibers with 

thinner diameter have a stronger evanescent field. However, the difficulty in handling these 

tapered fibers increases with a smaller diameter, as thinner tapered fibers are very fragile 

and lossy.  

Tapered fiber is fabricated by stretching a heated conventional fiber reducing core 

diameter. As shown in figure 2.11, the smallest diameter part of the tapered fiber is called 

waist (W). Between the uniform un-stretched fiber and waist are the transition regions 

(TDOWN and TUP) whose diameters of the cladding and core are decreasing from initial 

fiber size (d0) down to order micrometer or even nanometer (d1). The power transferred 

during the tapering process involves an initial adiabatic transfer of the power in the input 

core to the cladding/air interface [10]. The light is then transferred to the adjacent core-

cladding mode. During the up-tapering process, the input light will transfer back to the fiber 

core. 

The light that is transferred to a higher order mode of the core-cladding structure leads to 

an excess loss because these higher-order modes are not surrounded by the core and are 

stripped by the higher index of the fiber coating. 

 

Figure 2.11: Typical profile of a tapered optical fiber.  
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As the wave propagating through the transition regions, the field distribution varies with the 

change of core and cladding diameters along the way. Depend on the rate of diameter 

change, the energy transfer from the fundamental mode to a closest few higher order 

modes varies, which determines the loss of the propagating wave power. This loss can be 

minimized if the shape of the fabricated tapered fiber satisfies the adiabaticity criteria along 

the tapered fiber. Theoretically, an adiabatic tapered fiber is based on the condition that 

the beat length between fundamental mode LP01 and second local mode is smaller than 

the taper length, zb<zt (figure 2.12): 

𝑧! =
ρ

𝑡𝑎𝑛Ω
 , 2.20  

𝑧! =
2π

𝛽! − 𝛽!
 , 

2.21  

where ρ=ρ(z) is the core radius, Ω=Ω(z) is the taper angle, 𝛽!and 𝛽! are the propagation 

constants of fundamental mode and second local modes respectively. 

 

Figure 2.12: Taper transition [42]. 

Then, to achieve low loss tapered fibers, large transitions lengths are desirable. Based on 

this condition, adiabatic tapered fiber can be acquired by tapering a fiber at a smaller 

reduction rate in diameter (two times cladding radius r=r(z) where z is the measured 

distance of the transition) but this will result to a longer transition length. However, 
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considering practical limitations in the fabrication of fiber couplers or microfiber based 

devices, long tapered fiber may aggravate the difficulty in fabrication, and for the purpose 

of miniaturization, short tapered fiber is preferable. Then, to achieve a balance between 

taper length and diameter reduction rate, factor F is introduced: 

𝑑!

𝑑!
=
F r(𝛽! − 𝛽!)

2π
 , 

2.22  

The optimal profile is achieved when this factor is 1, equations will be described in other 

section. It is important to mention that tapered fiber with insignificant losses can be 

achieved with F = 0.5 but the transition length of the tapered fiber is twice longer than the 

optimal tapered fiber [42]. Furthermore, Birks and Li [43] presented simple mathematical 

equations to describe the relationship between the shapes of tapered fiber and elongation 

distance, being the entire radius of the fiber: 

𝑟 𝑧 = 𝑟! 1+
2αz

(1− α)𝐿!
 , 

2.23  

Where 𝑟! denotes the initial fiber radius d0 (figure 2.11);  𝑟! is the final waist radius d1 

(figure 2.11); 𝐿! = 𝐿 − α𝑥 ; is a function dependent of the waist length W (figure 2.11) and 

the elongation of the fiber, and α is called the transition value, manipulating this last 

parameter, several shapes of tapered fiber can be produced, decaying-exponential, linear 

and concave transitions. For example for α = 1 we have an abrupt linear transition, these 

profiles can be useful in some applications like fabrication of wideband chirped fiber Bragg 

gratings, in which the grating is written on the transitions of the tapered fiber, also long 

linear shape tapers make good candidates for the fabrication of such devices [44]. On the 

other hand, they can be used for optical tweezing due to their capability to converge the 

optical wave to a high intensity at the taper tip, microscopic objects are attracted to the 

high intensity field driven by the large gradient force at the taper tip [45]. 
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In this work, we use α = 0 for a soft exponential transition where 𝐿 = 𝐿!. From the 

theoretical model presented above, the function for the decaying-exponential profile and 

the transition length 𝑡 (Tdown and Tup in figure 2.11) are respectively given by 

𝑟 𝑧 = 𝑟!𝑒
!
!

!!  , 
2.24  

𝑡 = 𝐿! ln
𝑟!

𝑟!

 , 2.25  

2.6.1 Tapered Optical Fibers Fabrication 

Fiber-optic couplers, including splitters and wavelength division multiplexing (WDM), filters, 

combiners and sensors have been fabricated since the seventies due to easy fabrication, 

low-cost and stable configuration. The fabrication technologies have included fusion 

tapering, etching, and polishing. Especially tapered fiber fabrications have been 

demonstrated by using a wide range of techniques: laser ablation [46], electron beam 

lithography [47], bottom-up methods such as vapor–liquid–solid techniques [48], and top-

down techniques such as fiber pulling [49] or direct draw from bulk materials [50]. 

Generally, the most common techniques used in practical experiments are the ceramic 

microheater brushing technique [51] and CO2 laser irradiation [52]. Among those methods, 

the flame heating technique has proven to be one of the most versatile, which can 

fabricate tapered fiber with good physical properties. The taper can be created by 

stretching the optical fiber while it is heated with a flame, becoming the glass soft. This 

procedure makes the fiber thinner over some length of a few millimeters or centimeters. 

The fiber core also gets thinner by the same factor as the total fiber. This type of 

fabrication employs mainly an oxy-butane torch, a microcontroller for gases mixture 

(driver), and a linear stage with stepper motors and fiber holders (figure 2.13). The mixing 

of both gases takes place in the torch chamber. The airflow from the flame is kept at an 

acceptably low level and the flame temperature is high enough to heat and soften the silica 

fiber. However, the flame temperature can be further increased by supplying higher 

pressure of oxygen to the torch, but the flame may go out easily due to the fast weakening 
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of fuel gas and the fast air flow could result in bending the heated fiber and inducing high 

insertion loss in the tapered fiber. 

The linear stage is used for stretching the heated SMF. To fabricate smooth and low loss 

tapered fibers, the linear stage is often traveling at a very low velocity (until 50 mm/min). 

Moreover, the oxy-butane torch is required to travel at higher speed (until 4.5 mm/s) than 

the linear stage to provide a uniform heat a long tapered fiber. In order to achieve that, the 

torch is mounted on a custom-made sliding stage that can travel at a very high speed in a 

linear direction. Again, it is important to emphasize that the quality of the tapered fiber lies 

on the routine of the torch movement and linear stage pulling length and speed. The 

microcontroller sits at the top of the motor control system hierarchy, coordinating and 

controlling the stepper motors. Each stepper motor is equipped with a motor driver and 

both combinations of motor driver and stepper motor are assigned to the linear stage and 

the sliding stage for the flame respectively.  

To start the process, coating length of several cm is removed from the fiber prior to the 

fabrication of tapered fiber. Then the fiber is placed horizontally on the translation stage 

and held by the two fiber holders. During the tapering, the torch moves and heats along 

the uncoated segment of fiber while the fiber is being stretched. The moving torch provides 

uniform heat to the fiber so that the tapered fiber is produced with good uniformity along 

the heat region. Basically, the parameters of the TOF, such as tapered waist diameter and 

the transition length between regular and tapered fibers, can be determined by controlling 

the hot region length and heating time.  
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Figure 2.13: Taper fabrication machine. 

With the system improved, the problems of high insertion loss due to non-uniformity of 

tapered fiber can be reduced. Additionally, the system may realize fabrication of tapered 

fiber with waist diameter until 1 micrometer. As is seen before, in order to fabricate good 

quality tapered fibers, another important criterion is the adiabaticity. It is commonly known 

that some tapered fibers suffer loss of power due to the fundamental mode energy couples 

to the higher order modes. Some fraction of power from higher order modes that survives 

to propagate through the tapered fiber may recombine and interfere with fundamental 

mode. This phenomenon can be seen as interference between fundamental mode HE11 

and its closest higher order mode HE12. This develops an irregular transmission spectrum, 

this kind of tapered fiber is not suitable to be used in the resultant fabrication of microfiber 

devices but sometimes it can be used for refractive index measuring and biosensing 

applications. The coupling from fundamental mode to higher order modes can be 

minimized by optimizing the shape of the tapers. Most of the time, adiabaticity can be 

easily achieved by using slow diameter reduction rates or fabrication of tapered fibers with 

sufficiently long taper transition length.   
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2.6.2 Evanescent Wave Optical Fiber Sensors 

The exponentially decaying evanescent fields in the lower index region of a waveguide 

have been offering high potential in the design and fabrication of a variety of sensors. The 

field distribution in the core and cladding regions has the same form and the electric field 

pattern corresponds to a non-uniform wave traveling along the fiber. Moreover, 

specifically, it is a standing-wave pattern in the fiber core and a decaying or evanescent 

wave in the cladding region as illustrated in next figure. 

 

Figure 2.14: Illustration of standing wave pattern and exponentially decaying evanescent wave in core and 

cladding respectively [53]. 

This exponentially decaying evanescent field has been utilized for developing different 

types of intensity modulated fiber optic sensors. More specifically, evanescent waves in 

the cladding region were exploited for developing evanescent wave absorption sensors. 

This is achieved by removing a certain region of the cladding of the fiber and allowing 

interaction with the external medium. Evanescent field absorption occurs when the 

medium, which forms the cladding of the waveguide absorbs the light at the wavelength 

being transmitted through the fiber. Compared to other sensing methods these evanescent 

wave fiber optic sensors have a lot of advantages, which have motivated different groups 

to work in this field. In evanescent wave fiber optic sensors, the light remains guided in the 

sensor and no coupling optics are required at the sensing region. Also, these sensors offer 

the possibility to achieve a considerable miniaturization.   
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Design of evanescent field absorption based sensor devices requires knowledge about 

basic parameters of optical sensors that were discussed. For this case a new parameter 

needs to be considered, the degree of penetration of the evanescent field into the low 

refractive index medium is very important. This quantity is called penetration depth of the 

evanescent field, dp and is defined as the perpendicular distance from the core-cladding 

interface at which this electric evanescent field amplitude has become 1/e of its value at 

the waveguide interface. If Eo represents the electric field amplitude at the interface, after a 

distance dp, this falls to  

𝐸 𝑧 = 𝐸! e
!
!

!! , 
2.26  

𝑑! =
𝜆

2𝜋𝑛! sin! 𝜃 −
!!

!!

!
 , 

2.27  

where y is the distance from the fiber core, starting at y = 0 at the core-cladding interface. 

𝜃 is the angle of incidence to the normal at the interface (figure 2.15). 

Another critical parameter, which has a prominent role in the design is the evanescent 

power that resides in the cladding, is defined as =
!!"#$

!!"!#$

 , this fraction is related to 

normalized frequency, and its value is maximum for modes close to cut-off and for higher 

order modes.  

 

Figure 2.15: Cross-section profile of an optical fiber cut along the long axis [53].  
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2.6.2.1 Tapered fiber optic biosensors applications 

Biosensors are electrical, optical, chemical, or mechanical devices with the capability to 

detect biological species selectively. They are often modified with biological entities to 

enhance their selectivity. Examples of biological recognition molecules include enzymes, 

antibodies, and oligonucleotides.  

Fiber-optic biosensors (FOBS) are optical fiber devices which use the optical field to 

measure biological species such as cells, proteins and DNA. One reliable and sensitive 

optical method is evanescent sensing. A majority of evanescent FOBS are tapered fiber-

optic biosensors (TFOBS). Because of their efficiency, accuracy, low cost and 

convenience, FOBS are promising alternatives to traditional immunological methods for 

biomolecule measurements. Tapered fiber-optic biosensors (TFOBS) are a type of FOBS, 

which rely on special geometries to expose the evanescent field to interact with this kind of 

samples. In order to amplify sensitivity and selectivity, TFOBS are often used with various 

optical transduction mechanisms such as changes in refractive index, absorption, 

fluorescence, and Surface Plasmon Resonance (SPR).  

In a uniform-diameter fiber, the evanescent field decays to almost zero within the cladding. 

Thus, light propagating in uniform-diameter cladded fibers cannot interact with the fiber 

surroundings. Then, for sensing is required that light interacts with the fiber surroundings. 

As is seen before, one way to achieve this interaction is to expose the evanescent field to 

the transmitted light by reducing or removing part of the cladding, then the evanescent 

field can interact with the surroundings.  

Apart from the penetration depth, the properties of light in the fiber core are determined by 

the number of modes. If the normalized frequency V changes along the fiber due to 

geometry or local RI changes, the single mode fiber can become multimode, and coupling 

of modes take place, which increases the evanescent portion. The increase in evanescent 

field forms the basis for increased sensitivity. In addition, several researchers have 

attempted to increase the penetration depth of the evanescent field and facilitate mode 

coupling by bending, tapering, altering the light launching angle and increasing the 

wavelength [53].   
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To finish, is well known the evolution of TFOBS, a new effort will be focused on enhancing 

the sensitivity and selectivity. It appears that methods based on SPR and fluorescence 

have reached terms of detection limit, and one possible future direction is to combine the 

two methods so that the SPR signal is enhanced. Improved surface chemical modification 

and stability of the recognition molecule can also increase the sensitivity and robustness of 

TFOBS, especially for intensity-based TFOBS because it is the most sensitive when 

molecules are bound to its surface. Given its promising advantages, TFOBS will remain 

like a popular choice among researchers and practitioners for detection of biological 

agents and other applications. 

2.6.2.2 Effects of tapering on the evanescent field 

Tapering not only exposes the evanescent field to the surroundings, also increases the 

evanescent field magnitude and penetration depth. Tapering can be performed by 

removing the cladding and then tapering the core, or keeping both the core and cladding in 

place and tapering the entire fiber. Fractional power (η) is defined as the fraction of power 

in the evanescent field compared to the total power in the fiber, and sensitivity is 

proportional to η, which indicates that tapered fibers are more sensitive [54]. Another way 

is the use of ratio (R) of the power in the evanescent field to the total power of guided light 

to characterize tapers [55]. In another study by Mackenzie et al., adiabatic tapers as small 

as 1 𝜇m in diameter produced an optical power intensity in the evanescent field of 100 

times bigger than what was achieved with a similarly polished fiber [56]. 

2.6.2.3 Effects of bending, launch angle and tapered fiber geometries on 

evanescent field 

Bending of optical fiber results in a loss in light and increase in evanescent field. Fiber 

bending creates higher order modes which results in the evanescent field having greater 

penetration depth. The number of ray reflections as well as the evanescent absorption 

coefficient is inversely proportional to the core radius and depends only on because the 

angle of ray propagation is constant. 

For example in a single mode fiber, light is launched over a very small angle because only 

the lowest order mode is supported. However, in multimode fibers light can be launched at 
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different angles since these angles correspond to modes, and several modes are 

supported simultaneously. The evanescent wave penetration was shown by Ahmad et al. 

to be enhanced by as much as 300% in certain designs of tapered fibers [57].  

There are two types of tapered fiber geometries currently used: tapered tips and 

continuous tapered fibers. A tapered tip consists of an optical fiber, which gradually 

decreases, in diameter until it becomes a tiny tip, where the tip is the sensing element, the 

tip itself can transmit the light back to a detector for measurement. On the other hand, a 

continuous tapered fiber consists of an optical fiber gradually decreasing in diameter, 

which reaches a constant diameter waist region and then gradually increases back to the 

original diameter. The waist region is used as the sensing region because the evanescent 

field is maximum in the region of the smallest diameter. Absorption, scattering, 

fluorescence, and resonance can occur in the waist region.  

2.6.2.4 Detection principles in tapered fiber optic sensors  

The mechanisms used in evanescent sensing depend on the application of the sensor. 

The use of evanescent sensing has been previously investigated with many different 

sensing principles such as Changes in output power and spectrum due to refractive index 

changes and other causes, Evanescent field absorption (interaction with the analytes), 

Fluorescence and Surface Plasmon Resonance (SPR).  

Changes in the magnitude of the evanescent field are detected by measuring the changes 

in output power and spectrum of the fiber. Factors, which influence the sensitivity, include 

bending, radius, length, and taper ratio. As mentioned, bending of a tapered fiber 

increases the fraction of evanescent field in the sensing region, and therefore increases 

sensitivity. In terms of the radius, it was found that smaller diameters cause a larger 

evanescent field, which increases sensitivity. The tapered region can convert lower order 

modes to higher order modes that couple deeply and more efficiently into the cladding. 

Furthermore, it was shown that longer tapers gave the largest deep penetration (dp). 

Another factor, which affects the performance of the sensor, is the taper ratio. Taper ratio 

is the ratio of the waist diameter of a tapered fiber to the total diameter of a uniform fiber. 
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When taper ratio is large, the evanescent wave is negligible, whereas when taper ratio is 

small, the mode is so highly spread out that it tends towards a free-space wave [53]. 

 

This chapter presented the theory about tapered optical and other components that had 

been used in this work. The properties and equations of light propagation of optical fibers 

were described; more specifically about tapered optical fibers and its functioning, detection 

principle and applications. Moreover, the effects of several parameters on the evanescent 

field were explained. With these concepts more clear, next chapter will mainly describe the 

components characterization and methods for fabrication of tapered optical fibers and for 

implemented setups. 
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Chapter III: System Implementation and its Characterization	

This chapter will describe the system implementation and its characterization by 

experimental methods with the objective to prove the correct functioning of the devices in 

the system; each component of the system will be separately studied. In this work tapered 

optical fibers were used for sensing and laser applications, therefore these systems 

implementation will be explained. 

 

3.1 Single-Mode Pump Laser Diode Characterization  

Single-mode (SM) pump lasers emit low noise, precisely controlled level of light at a 

specific wavelength out of a small-core fiber. In this case, the brand QPHOTONICS model 

QFBGLD-980-500 was used. This diode offers fiber Bragg grating (FBG) to stabilize lasers 

with up to 600 mW rated output power at 974 nm, as well as polarization maintaining (PM) 

with fiber-coupled lasers, its low noise design enables superior PM combining to attain 

higher power levels. 

SM pumps require a micro-alignment; this alignment must stay stable throughout wide 

temperature ranges and high shock/vibration environments. SM pumps are most 

commonly used for EDFAs and fiber laser pumping applications. By selecting and 

stabilizing the wavelength closely to the doped absorption peak, the pump enables the 

maximum efficiency and light output from the system. 

Next picture shows the implemented simple scheme to characterize the Pump laser diode 

used in the system. A Temperature Controller protects the diode all the time. This 

controller is a complete driver package designed to drive and cool pigtailed butterfly laser 

diodes. It contains a built-in mount for portability and mechanical stability. It accepts fiber-

coupled lasers, superluminescent diodes, and laser amplifiers. This unit provides a high 

degree of output stability and maintains the temperature with 0.005 °C of stability over 24 

hours, prolonging the life of the diode. In addition to a full complement of safety features, 

such as a soft start mode, current and temperature limits, and external interlock 

compatibility, also includes a switchable noise reduction filter and a modulation input.  
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Figure 3.1: Scheme of the implemented system for the characterization of the Pump laser diode. 

The pump laser diode is coupled to the optical power meter, power characterization is 

shown in figure 3.2, and also it is compared with the curve of the manual of the 

manufacturer for ambient temperature, the results are practically the same if we take into 

account the losses in the splice and in free space. Then, by using an Optical Spectrum 

Analyzer (OSA) instead of the power meter, threshold current, center wavelength and 

spectral width were verified (figure 3.3). 

  

Figure 3.2: Power characterization of the Pump laser diode. Experimental results (left). Manufacturer test 

(right).  
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Figure 3.3: Verification of the main parameters of the Pump laser diode. The logarithmic scale of diode 

spectrum (top left). Manufacturer Datasheet (top right). Linear scale spectrum (bottom right and left figures 

correspond to the experimental result and manufacturer test respectively). 

3.2 Superluminescent Diode Characterization 

The Superluminescent Diode (SLD) is a semiconductor device to emit low-coherence light 

of a broad spectrum like Light Emitting Diode (LED), but high brightness like Laser Diode 

(LD). SLD is commonly used as incoherent light source for optical. In this case, the brand 

QPHOTONICS model QSDM-1550-1 was used. The central wavelength at 1534 nm and 

spectral width of 37 nm were verified in next figure. 

The mechanism of SLD emission is the same as a semiconductor laser (LD) and light 

emitting diode (LED). Emission occurs by flowing forward current to a p-n junction. When a 

power supply is connected to the p-layer positive and the n-layer negative, electrons enter 
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from the n-side and holes from the p-side. When the two meet at the junction, an electron 

drops into a hole and light is emitted. The difference is that while the SLD has the coated 

end of the active layer to prevent reflected light, both end surfaces of the LD is cleaved to 

form Fabry-Perot resonator. 

  

Figure 3.4: Verification of main parameters of Superluminescent diode. Linear scale spectrum (right and left 

figures correspond to the experimental result and manufacturer test respectively). 

The light is called superluminescence and is the same type of light emitted from the rare 

earth doped fiber referred to as ASE light. Since the spontaneous emission light as a seed 

light has a random phase and a broad spectrum, the superluminescence also becomes a 

low-coherence light with a broadband spectrum. 

The emission wavelengths of the SLD depend on the band gap energy of the 

semiconductor as in the case of LD and LED. A semiconductor with a larger band gap 

emits a shorter wavelength. For example, an AlGaAs emits wavelengths of 0.8 ~0.9 µm, 

and a GaInAsP with a smaller band gap emits longer wavelengths of 1.3~1.6 µm.  

3.3 Erbium Doped Fiber Characterization 

Experimental characterization techniques (Refractive Index Profile measurement and 

Absorption Coefficient measurement by using Cutback technique) and some equations to 

obtain some important parameters of the utilized EDF (LIEKKI™ Er16-8) will be presented. 
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3.3.1 Refractive Index Profile Measurement	

The main transmission properties of an optical fiber, like bandwidth and dispersion, are 

dependent on the design of the fiber refractive index profile, which is the base of optical 

waveguide composition. Also, some properties of both, single and multimode fibers are 

determined by the refractive index profile of the fiber, which provides information such as 

core and cladding diameter, and numerical aperture (NA).  

Hence, from the design of optical fibers to their fabrication, refractive index profile is an 

essential basic parameter, and often the practical optical fiber refractive index profile is the 

key that defines if the above-mentioned transmission performance can accomplish the 

expected goal. Therefore, the exact measurement of a finished fiber refractive index profile 

is absolutely indispensable.  

The Refractive Index Profile of EDF was characterized by using a Fiber Index Profiler 

model IFA-100. By scanning the fiber from the side, the IFA-100 measures the refractive 

index profile of an optical fiber with a submicron spatial resolution. The measurements can 

be taken in one dimension giving a line plot of the refractive index at any given cross-

section of the fiber. This measurement assumes the fiber to be symmetrical for the 

computation of the refractive index profile. This allows to measure the average refractive 

index of the irradiated core in a grating region and compare it to unprocessed fiber. 

Moreover, special waveguide structure written into an optical fiber can be verified. 

Next figure shows the measured refractive index profile of used EDF in the system, as a 

function of Refractive index contrast with fiber diameter. Well, as it was seen before the 

calculation of some EDF parameters need to be calculated, the analysis of some 

expressions will be remembered from the previous chapter. 

The numerical aperture (NA) is considered a light gathering capacity of an optical fiber. 

The NA of the fiber is the sine of the maximum angle of an incident ray in relation to the 

fiber axis, so that the transmitted beam is guided in the core. The NA is determined by the 

refractive index difference between core and cladding, more specifically by the relation: 
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 𝑁𝐴 = 𝑛!"#$
!  − 𝑛!"#$$%&'

!  ,   3.1  

which can be derived from the requirement that the transmitted beam at the core/cladding 

interface propagates with the critical angle for total internal reflection. For a single-mode 

fiber (SMF), the 𝑁𝐴 is typically of the order of 0.1, but can vary roughly between 0.05 and 

0.4. Multimode fibers normally have a higher numerical aperture around 0.3. Very high 

values are possible for photonic crystal fibers (PCF). 

To calculate 𝑁𝐴, the expression of refractive index contrast (𝛥𝑛) needs to be analyzed: 

 𝛥𝑛 =
𝑛!"#$

!
 − 𝑛!"#$$%&'

!
 

2𝑛!"#$
!

 ,        3.2  

𝑛!"#$$%&' is well known for SiO2 (silica) at 1550 nm, and from figure 2.11 𝛥𝑛 is 0.017 and 

𝑛!"#$ (erbium doped region) can be calculated using equation 3.2 as well as NA being of 

approximately 0.13.  

 

Figure 3.5: Measured Refractive Index Profile of used EDF. 
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3.3.2 Cutback Technique for Absorption Coefficient Measurement 

Optical absorption involves the transfer of energy from the propagating light beam to the 

material structure, resulting in the excitation of the material to a higher energy state. 

The cutback technique is used to experimentally measure the absorption spectrum of an 

erbium doped fiber. EDF is connected to a white light source and an OSA, and the 

spectrum is measured (figure 3.6). A known length of fiber is cut and a second spectrum is 

measured. 

The absorption coefficient (α) is calculated by dividing the dB change between the two 

spectra into the cutback length (equation 3.3): 

 α =
𝑃! − 𝑃!

𝐿! − 𝐿!

 ,         3.3  

where 𝑃!and 𝑃!are the Powers in dB of shorter and larger lengths of fiber respectively, and 

𝐿!and 𝐿!the larger and smaller lengths of fiber respectively. 

 

Figure 3.6: Scheme of the implemented system to measure the Absorption coefficient of the EDF. 

Figures 3.7 and 3.8 show the obtained spectrums and the calculated Absorption coefficient 

of the EDF. Also, the emission of this fiber was measured just interchanging the 

Supercontinuum source with the pump laser at 976 nm (figure 3.9). 

It is clear that as traditionally an EDF due to the concentration of erbium material, an EDF 

has high absorption around 980 nm and 1530 nm (including all the C-Band above 4 dB/m), 

but also it has high emission at these wavelength regions, to allow the amplification of the 

signal and to compensate the absorption at the pumping region.  
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Figure 3.7: OSA spectrum for 5 m and 2 m of fiber length. 

 

 

Figure 3.8: Absorption coefficient of the EDF.  
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Figure 3.9: Scheme of the implemented system to obtain the Emission spectrum of the EDF. 

 

Figure 3.10: Emission spectrum of the EDF. 

3.4 Tapered optical fiber Fabrication 

This section will provide a brief description of the steps to follow by using the Tapers 

Fabrication Machine utilized in this work through heating and strain. As is seen in the 

previous chapter, this machine is made of mechanic elements (flame device, fiber holders) 

and a control module, which regulates the motors movements and the accurate 

combination of gases (oxygen and butane). 
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The software is very simple to use due to the easy navigation for the different menus. The 

first step is to select the CONTROL box to regulate the gases concentration; in this case, 

we work with the values presented in the next figure. It is important to wait a few minutes 

to stabilize the gases mixture before to light up the flame. 

 

Figure 3.11: Selection of gases concentration. 

Next, the tapered optical fiber parameters have to be established (figure 3.12), waist 

diameter (initial diameter is assumed as 125 microns), stretching velocity (18 mm/min 

used in this work), burner velocity (4mm/min), initial amplitude of burner oscillation 

(correspond to the waist length), and transition parameter (to control the taper geometry, 

value between -1 and 1). 

Once all the parameters are settled, we have to click the VALIDATION button; the program 

will display the elongation length and time for fabrication. Afterward, we start the process 

(figure 3.13) and just follow step by step the indications.  
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Figure 3.12: Parameters for the tapered optical fiber fabrication. 

 

Figure 3.13: Steps to follow for fabrication.  
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From the information presented above in the previous chapter, the function for the 

decaying-exponential profile and the transition length 𝑡 (Tdown and Tup in figure 2.11) are 

respectively given by (z is the transition length, for more information see equations in 

chapter 2) 

𝑟 𝑧 = 𝑟!𝑒
!
!

!!  , 
2.24  

𝑡 = 𝐿! ln
𝑟!

𝑟!

 , 2.25  

At the beginning, we start to work with a fixed value of taper diameter (20 µm) and long 

transitions 𝑡 of more than 20 mm, but we noticed that all the light escape in this region and 

we need more coupling of the high order modes to obtain a good interference pattern. 

Furthermore, we work with different diameters but below 10 µm it is too difficult to 

manipulate the fiber due to the elevated fragility, the same thing happens with large waist 

lengths 𝐿!. Therefore, after several experimental tests, we simulated equation 2.24 in 

Matlab with 𝐿!=2 mm and 𝑡=5 mm in figure 3.14 (obtaining 14 µm as optimum diameter 

value, it is important to stress out that we used lower values in some experiments but the 

results had inferior quality), where the exponential change of the taper radius is observed, 

a promising thing to obtain a probable desired adiabaticity.  

 

Figure 3.14: Taper radius decrement when transition length is increased. 
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Moreover, If Eo represents the electric field amplitude at the interface, after a distance dp 

(deep penetration), will be  

𝐸 𝑦 = 𝐸! e
!
!

!! , 
2.26  

𝑑! =
𝜆

2𝜋𝑛! sin! 𝜃 −
!!

!!

!
 , 

2.27  

where y is the distance from the fiber core, starting at y = 0 at the core-cladding interface. 

𝜃 is the angle of incidence to the normal at the interface (figure 2.15).  

Simulating equation 2.26 (figure 3.15), it is perceived how the evanescent field decays in 

few microns, because of that it is important the tapering process to approach the fact that 

the evanescent field could be close or even reach the air, becoming the taper more 

sensitive to external changes.  

 

Figure 3.15: Change of the evanescent field with the angle of incidence. 
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This chapter explained the design of the implemented experimental setups for system 

components characterization by some experimental methods. One of the most important 

methods was The Refractive Index Profile measurement due to the fact that the most 

important transmission properties of an optical fiber can be obtained. The measured 

Refractive Index resulted to be Graded Index, it is a really great result because that means 

that the velocities of the different modes will be approximately the same (excellent for 

communications). Also, the absorption and emission spectrum of the erbium-doped fiber 

was measured. Furthermore, the software operation of the tapers fabrication machine was 

described. 

 

Next chapters will present the obtained results for the implemented experimental setups. It 

will be separated in four main parts, two for sensing of different parameters (curvature, 

strain, and magnetic field), one for laser applications and the last one for Bragg gratings in 

tapered optical fibers, used to characterize multimode fibers operating in single mode 

regime. In some cases, phase analysis was used through Fourier Transform to examine 

the interference optical spectrum. 
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Chapter IV: Magnetic Field Sensing Based on Bi-Tapered Optical Fibers 
Using Spectral Phase Analysis  

For several decades, the optical fiber sensor community has spent its efforts proposing 

many structures and methods to measure physical parameters. Two main measurement 

modalities are available: phase and intensity. Both methods have pros and cons. For 

instance, intensity modulation has a simple demodulation process, but the measurement 

can be affected by source variations and environmental effects around the fiber. On the 

other hand, phase modulation exhibits immunity to intensity variations, but unfortunately, 

its demodulation signal requires additional analysis, and there may be phase ambiguity 

due to phase wrapping. In addition, there are other points to consider in fiber optic sensors 

such as the reproducibility of the fabrication process and insertion losses affecting the 

signal-to-noise ratio.  

Magnetic field is seen in everyday life, used for motors, electromagnets and more 

numerous applications, sometimes is necessary to measure its value to control the effects 

depending on the purpose. Some of the first attempts to detect the magnetic field consisted 

in analyzing the polarization effects and the intensity changes generated by deforming a 

single mode fiber using an external sensitive magnetic material. These works use an 

external material that responds when a magnetic field is applied. Indeed, contemporary 

works combine special materials with Fabry-Perot interferometers (FPIs) or linear fiber 

lasers to propose a magnetic field sensor. Nevertheless, in recent years, nanoparticles with 

special magnetic properties have been studied. These nanoparticles, merged with a liquid, 

provide a magnetic fluid that, combined with fiber optic structures, generate a magnetic 

fiber optic sensor; these structures are tapered optical fibers, FPIs, ring fiber lasers, fiber 

Bragg gratings, multi-mode interferometers, core-offset interferometers, long period 

gratings, and filled fiber structures. As can be appreciated, the magnetic optical fiber 

sensors are strongly related to the material involved, many of them are expensive or not 

commercially available. In addition, most of the above-mentioned works measure the 

phase modulation to estimate the magnetic field, but other groups measure the intensity 

modulation. In the latter case, the optical fiber undergoes a chemical treatment that 

increases the losses in the system when a magnetic field is applied. Nevertheless, intensity 
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modulation has certain advantages: moreover, the fabrication procedure proposed is more 

complex, and a special temperature control system is required.  

In this work, we propose an alternative signal processing method to detect any physical 

parameter that presents phase modulation (more information can be founded in the 

published paper [58]). In this part of the work, we introduce the term “bi-tapered optical 

fiber” to define the basic tapered fiber, we use this term to make clear that our devices is 

composed of two transitions (instead of only one) and the waist. To validate the processing 

signal method, we present a study of a magnetic field fiber optic sensor based on a bi-

tapered optical fiber (BTOF). Here, the design of a BTOF, operated in reflection mode, laid 

over an inexpensive thin magnetic tape as a magnetic field fiber optic sensor. Our design 

is compact, requiring only a centimeter fiber length, and is insensitive to signal polarization 

changes, making it suitable for applications outside the laboratory environment. We apply 

a magnetic field across a range of 30 mT using a permanent magnet that can be moved 

close to the magnetic tape. The tape bending, induced by the magnetic field, generates 

phase modulation of the optical signal. From our experiments with specific bi-tapered fiber 

design parameters, we can extract a maximal wavelength sensitivity around 70 pm/mT 

and the signal analysis shows low response linearity. We show that this issue can be 

overcome via phase analysis. As previously demonstrated, the spatial frequency analysis 

represents an alternative method of exploiting the fiber optic sensor high sensitivity. In our 

case, we use this technique to improve the detection and the linearity response. Here, the 

phase analysis offers a better linear response (R2 = 0.98) and sensitivity (~0.028 rad/mT). 

4.1 Experimental Setup and Operation Principle	

Our experimental setup consists of three main elements: a superluminescent diode (SLD: 

QSMD-1550-1), an optical spectrum analyzer (OSA: Yokogawa AQ6370B, Co., LDT, 

Newman, GA, USA), and a BTOF. We designed our system using standard single-mode 

optical fibers; the BTOF operates in reflection mode, the aforementioned elements were 

interconnected using an optical fiber circulator (see figure 4.1). The BTOF operation is 

based on the interference between fiber modes in the waist region. A single mode fiber is 

down-tapered (S1) to launch power into two or more modes in the waist region; each mode 
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acquires a different phase as it crosses the waist; when the mode recombine to a single 

mode in the up-taper section (S2) they interfere constructively or destructively and overlap 

with the single core mode. As the wavelength is changed, the phase difference between 

two modes periodically changes.  

 

Figure 4.1: Sketch of the experimental setup: SLD: superluminescent diode; OSA: optical spectrum analyzer; 

OC: optical circulator; BTOF: bi-tapered optical fiber. The bottom inset illustrates the BTOF geometry (up- 

and down-taper sections: S1 and S2; waist length: WL; waist diameter: W) [58]. 

Moreover, to validate our proposed method, two BTOFs with quasi-adiabatic tapers were 

fabricated by the flame brushing technique. These structures have the same physical 

dimensions (see figure 4.1 inset): a quasi-adiabatic region of 5 mm (down- and up-taper 

sections S1 and S2), a waist around 14 µm (W), and a waist length of 2 mm (WL) (It is 

important to mention that all the tapered optical fibers that have been used in this thesis, 

have the same characteristics). As is well known, reproducibility is a drawback of the 

fabrication process used in this work. In our particular case, two BTOFs (BTOF1 and 

BTOF2) were intentionally fabricated using the same process, but different insertion losses 

(BTOF1 = 2 dB and BTOF2 = 7 dB), and a similar free spectral range (FSR) (20 nm) with a 

high fringe contrast (FC) around 12 dB, were obtained. The variations of the insertion 

losses are related to the strain differences applied to the fibers during the fabrication 

process when a length of fiber is set between the two translation motors. Nevertheless, the 

fabrication error is small and the FSR is the same, and only the losses between two 

different fibers are found. In other words, the amplitude changes do not affect the 
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dominant Fourier component of the interference spectrum. The wavelength spectrums of 

both samples exhibit different absolute signal phases, but the analysis does not require 

them to be the same since each fiber is self-referenced for the signal phase analysis (see 

figure 4.2).  

 

Figure 4.2: (a) Reflection spectrum of the fabricated BTOFs (BTOF1 and BTOF2); (b) spatial frequency 

spectra of the BTOFs [58]. 

Fourier transform signal analysis was applied to the wavelength reflection spectra of the 

BTOFs; their spatial frequency amplitudes are shown in figure 4.2b. Despite the power 

level disparity and the difference phase-matching observed in the reflection interference 

(around 𝜋), the spatial frequency spectrum shows similar modal contribution. Both (spatial) 

frequency spectra exhibit the presence of two, dominant signal frequencies: the 

component centered at zero frequency (D.C. component) and the interference between a 

high-order (cladding) mode and the core mode with a peak centered around 5 nm−1. As 

can be observed in figure 4.2b, the dominant spatial frequencies for both BTOFs are close 

to one another and their energy content, based on the peak heights and widths, are also 

very similar. These frequency components are used to implement a magnetic field phase-

sensitive analysis. The interference reflection spectrums of the BTOFs (see dot-dash and 

solid lines in figure 4.2a) generate the strong peaks observed in figure 4.2b.  
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The interaction between them can be expressed by the following expression:  

𝐼 = 𝐼! + 𝐼!

!

+ 2 𝐼!𝐼! cos Δ𝜙!"  ,

!

 4.1  

where 𝐼! represents the core mode intensity, and 𝐼! is the intensity of the cladding modes 

excited in the waist region of the BTOFs. The first two terms represent zero frequency 

contributions. The differential phase components between the modes involved is 

represented by Δ𝜙!". This difference phase is related to the difference in propagation 

constants: 𝛽! − 𝛽! where 𝛽!,! = 2𝜋𝑛!,!𝐿/𝜆 , where 𝜆 is the wavelength, 𝐿 is the total length 

of the BTOFs, and 𝑛!,! represents the effective refractive index of the core mode (𝑛!) and 

high-order cladding modes (𝑛!) in the waist. The effective refractive index is related to the 

BTOF dimensions and is strongly wavelength dispersive.  

4.2 Magnetic Field Detection	

4.2.1 Wavelength analysis 

As a proof of principle for the magnetic field sensor, our BTOF structures were laid over a 

commercial thin plastic magnetic tape (length: 11.5 cm, width: 12.7 mm and thickness: 

25.4 microns), and the principal magnetic element in the magnetic tape is a well-known 

Fe3O4 material. The ends of the magnetic tape and the BTOF were fixed using two 

translations stages (A and B). The magnetic field was applied using a magnet attached to 

a vertical translation stage. When the distance between the magnet and magnetic tape 

decreased, the magnetic field over the magnetic tape surface increased, and the magnetic 

tape with the attached BTOF bowed toward the magnet (see figure 4.3). The magnetic 

field was estimated using a Magnetometer E-1008537, and the maximum magnetic field 

applied was 59 mT and the maximal curvature produced was 2.4 m−1. As the magnet was 

lowered toward the tape, the tape’s bowing curvature above the platform increased. The 

motion of the tape changed the fiber curvature, and the reflection spectrum was shifted to 

longer wavelengths. The wavelength shift is related to the effective refractive index 
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changes generated by the bending induced over the BTOF [59]. To prevent temperature 

effects from affecting our magnetic field detection system, the experiment was experiment 

was kept at room temperature, 25 °C. Other authors have reported inducing a magnetic 

field using current flow through a metal wire coil, which requires a special system to 

measure the temperature effects at the sensor or to keep its temperature constant. We 

eliminated the undesirable local heating effects using a permanent magnet in our 

experiments and directly measured the local magnetic field. 

 

Figure 4.3: (a) Schematic diagram of the experimental setup. The magnetic field is changed by moving a 

permanent magnet close to or further from the magnetic tape [58]. 

The bending induced in the BTOF altered the effective refractive index of the modes 

involved, and the refractive index profile can be approximated according to the curvature 

radius, Rc, by  [60,61]: 

𝑛 𝑅! = 𝑛! 1+
𝑥 1+ 𝜒

𝑅!

 , 
4.2  
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where 𝑛! represents the effective index of the straight tapered length, the strain is applied 

along the x axis, 𝜒 is the strain-optic coefficient (−0.22 for silica), and 𝑅! is the curvature 

radius. The maximal change of the refractive index estimated from equation 4.2 is of order 

0.0004. Figure 4.4a shows the BTOF1 interference reflection response when the magnetic 

field on the magnetic tape is increased. We observed a uniform wavelength shift across 

the entire spectrum. The redshift of the waveform is attributed to the decrement of fiber 

bending and the radius of curvature 𝑅!. As a result, the phase difference phase increases 

as the magnetic field increases. 

 

Figure 4.4 (a) Magnetic field response for specific magnet positions; (b) Particular fringe regions analyzed for 

magnetic field increments. Z1 is near the signal maximum, Z2 is where the signal’s slope change is the 

highest, and Z3 is at the signal minimum [58]. 

To make further tests, a specific wavelength region was analyzed to show the 

reproducibility of the fiber signal. In figure 4b, particular fringe regions were examined to 

closely analyze the magnetic field effect; three zones were studied to validate our method. 

The first zone (Z1) is a peak centered around 1533 nm, where we observe a smaller linear 

shift of the peak position with magnetic field strength. Due to this effect, the Z1 region, 

corresponding to a maximal signal power peak, was limited in terms of analyzing the fiber 

sensor signal. The second region (Z2) represent a clear, linear wavelength shift increment 

for the applied magnetic fields, with a sensitivity extracted from the data around 70 pm/mT. 

The third region (Z3), around the signal minimum, also presents a limited linear increment 
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when the magnetic field is applied. It has the same issues as the Z1 region; reduced 

sensitivity in detection is clear for higher magnetic field values. The issues described 

above are presented in several fiber optic sensors that use a direct analysis of the signal 

phase modulation.  

The two BTOFs were analyzed by considering the region Z2, for BTOF1 the initial 

wavelength was 1536 nm and the maximal sensitivity can be estimated around 70 pm/mT 

(see figure. 4.5). Additionally, the BTOF2 exhibits a sensitivity around 50 pm/mT, both 

sensitivities are an approximation due to the lower linearity exhibit when the magnetic field 

is applied, this response is related to the magnetic field-distance association. Indeed, 

these sensitivities depend on the region and the reproducibility of the fabricated devices. 

At this point, we detect magnetic field by inducing curvature over a BTOF. 

 

Figure 4.5: Sensitivities responses for BTOF1 and BTOF2. Using a signal analysis in zone Z2 [58]. 

4.2.2 Spatial frequency signal analysis 

In order to detect magnetic field without the inconveniences mentioned in the wavelength 

study, we propose an alternative signal analysis method using the dominant spatial 

frequency extracted from the signal spectrum. In our particular case, we use the 

interference spatial frequency centered at 5 nm-1, the two BTOFs fabricated show the 

same centered frequencies. Besides, this peak remains almost constant in frequency and 
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only some intensity variations are observed. In addition, these intensity changes are not 

linear and any correspondence can be attributed to the applied magnetic field. To 

appreciate the magnetic field changes induced in the BTOF1 wavelength spectrum, we 

filtered the second Fourier component (see figure 4.6a) and its phase was extracted, then 

this phase is plotted for specific arbitrary wavelength (see figure 4.6b). As observed in 

figure 4.6b the magnetic field increments can be easily identified by phase changes, and 

moreover, its sensitivity will not depend on the fringe region. 

 

Figure 4.6: (a) Spatial frequency spectrum for BTOF1 when magnetic field is applied; (b) Phase changes of 

the filtered BTOF1 Fourier component when the magnetic field is increased [58]. 

The difference phase generated is extracted in figure 4.6b as the magnetic field is 

increased and plotted in figure 4.7 (in this case since 5 to 37mT). Here phase change 

sensitivities of 0.027 rad/mT (BTOF1) and of 0.029 rad/mT (BTOF2) were calculated. The 

two BTOF interferometers show very similar sensitivities and it can be appreciated a clear 

linear response (R!
!=0.9814 and R!

!=0.9614). Moreover, the phase-matching difference and 

the power level disparity presented in the fabrication process do not affect the sensitivity 

values. In addition, these sensitivities probably can be increased by modifying the BTOF 

physical parameters. However, in this part of the thesis work we focused on a novel signal 

processing method for magnetic field detection trying to avoid problems presented in the 

traditional wavelength shifting analysis.  
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Figure 4.7: Difference phase analysis of both BTOFs for magnetic field increments [58]. 

Three regions were identified and analyzed and their advantages and disadvantages were 

explained. The maximal phase shift (wavelength) sensitivity achieved was 70 pm/mT, albeit 

with lower linearity in the response. The spatial frequency analysis was implemented by 

filtering the modal interference we found in both tapered fiber spectra. It is important to 

stress that despite the interference reflection differences, the spatial frequency spectrum 

shows the same dominating modal interference spatial frequency centered at 5 nm-1. Once 

the signal is digitally filtered its phase is extracted; the magnetic field can be clearly 

identified from the phase analysis. The sensitivity presented in both tapered fibers reached 

by this method is around 0.028 rad/mT. Moreover, the phase difference as the magnetic 

field is increased shows a linear increment response. Furthermore, BTOF for higher or 

lower magnetic field sensing can be designed by using different magnetic materials with 

stiffer or softer bowing responses to the local magnetic field giving a range of applications. 
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Chapter V: A Dual Modality Optical Fiber Sensor 

As is explained before, the field of optical fiber sensors has concurrently grown because of 

the wide availability and low-cost of the fibers, photonic devices and electronics. In 

particular tapered optical fibers are a specific class that has been developed for diverse 

applications; they have found application in fiber lasers, nonlinear optical elements, low-

level biomolecule or chemical species sensing and thermodynamic variable sensing such 

as temperature; specifically, tapered fiber sensors are able to measure refractive index, 

strain, magnetic field, temperature, acoustic signals, etc. Moreover, it has been 

demonstrated that several parameters can be simultaneously detected by modifying fiber 

optic structures such as temperature and curvature, fiber bending and strain, temperature 

and strain, and temperature and refractive index.  

Several published approaches are based on spectral feature modulation (wavelength 

shifts) and intensity modulation (power variations) in the transmitted signal. Nevertheless, 

when a physical variable is changed both modulations are often observed for the same 

variable change, which leads to an ambiguity related to associating the measured signal 

features with a specific effect if multiple variables are being measured. Moreover, recently 

reported structures use several fiber optic components that involve complicated fabrication 

processes as well as undesirable crosstalk effects in the signal measurements.  

In this part of the thesis work, we report our design and application of a dual modality fiber 

sensor using an optical fiber bi-taper fabricated by a low-cost technique that simultaneously 

detects curvature and strain with no measurable crosstalk between the phase and 

amplitude signal components (more information can be founded in the published 

paper [62]). In the same piece of fiber, the strain is applied over a section that contains the 

tapered region and the curvature is applied over a conventional single-mode fiber placed in 

a second section of the device. The design allows the application of dual simultaneous 

sensing instead of two interconnected devices. The phase modulation signal provides an 

unambiguous estimation of the strain and the intensity modulation is similarly only related 

to the fiber curvature. Our system presents very high sensitivities and no ambiguity in the 

measurement of each parameter. Furthermore, it would have application in structural 

health monitoring and it is really important to build permanent points for system optical 
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components to avoid measurement deviations, specifically for materials that present strain 

and bending at the same time.  

5.1 Fabrication and Operating Principle  

As is seen in the previous section, the down- and up-taper sections of the tapered fiber 

excite higher order cladding modes by coupling energy of the fundamental core mode into 

the cladding in the fiber waist section. So, the excited fiber modes have different effective 

refractive indexes. These multiple waist modes are coupled back into the fundamental fiber 

mode in the up-taper section. The observed interference pattern is obtained due to the 

different phases accumulated by each mode crossing the waist section. This accumulated 

phase is a function of the wavelength. Also, it is important to mention that as a 

consequence of the fabrication process is not possible to ensure the generation of only one 

high-order cladding mode.  

A typical interference pattern acquired after the tapered fiber is shown in figure 4.8 inset; 

the spectrum has a sinusoidal shape with a peak-to-valley intensity contrast around 12 dB 

and a period of 12.5 nm. The Fourier transform of the spectrum has several peaks, the 

modal sinusoidal interference contribution in the data is observed as a dominant spectral 

peak at a non-zero frequency.  

Changing a physical variable, which modifies the difference phase or the intensity 

contributions of the modes involved, will uniformly shift the modal interference pattern. 

Extracting the phase change from the interference pattern is directly correlated to the 

physical variable changes in the surrounding environment. In this work, we use this 

information to obtain simultaneous information about curvature and strain measurements, 

where crosstalk between them lies below the measurement threshold.  
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Figure 4.8: The frequency spectrum of the transmission data through the tapered optical fiber [62]. 

5.2 Results and Discussion 

5.2.1 Experimental Setup 

We developed the fiber sensor shown in the schematic configuration of figure 4.9 for dual 

modality operation, i.e. it can simultaneously sense strain and fiber curvature. The sensing 

elements are a bi-tapered fiber with a bent fiber section. The source of our broad 

wavelength spectrum is the superluminescent diode (SLD) QSMD-1550-1. The light 

passes through an optical fiber circulator (OC) into the two sensing elements. The light is 

reflected at the end of the sensing element by the reflection at the glass/air interface (about 

4% reflectivity) and passes through the two sensing segments again. The OC directs the 

signal into the Optical Spectrum Analyzer (AQ6370B), which measures the spectrum. The 

tapered fiber is placed between two holders (A and a). The holder A is fixed to an optical 

element, the holder a at another end of the fiber taper is attached to translation stage 1. 

The second sensing element is a fiber section attached between holder a and b. The fiber 

holder labeled b is moved by the translation stage 2. When the translation stage 1 is 

moved in forward direction, strain is applied by affecting the length D (15.6 cm), however, 

at the same time the distance between a and b (L = 3 cm) is reduced and the fiber is bent, 
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moreover, by moving the translation stage 2 in forward direction the curvature is increased 

and the strain is not affected.  

 

Figure 4.9: Schematic configuration of the experimental set-up [62].  

5.2.2 Strain Measurements 

The axial strain is controlled by moving the translation stage 1, furthermore, using the 

relation between strain and the displacement increment, = Δ𝑥/𝐷 , the strain value can be 

estimated. When the strain is applied the wavelength spectrum was measured and 

analyzed. As the strain is increased the intensity peak is blue shifted (see figure 4.10 

inset). By analyzing the labeled peaks P3 (1524 nm), P4 (1537 nm) and P5 (1549 nm) a 

linear wavelength shifting is observed in response to the increased strain (see figure 4.10). 

The shifting of the interference pattern is related to the change of the effective refractive 

indexes of the modes that dominate the interference spectrum, which modify the difference 

phase of the dominant modes. When strain is applied in the tapered and the un-tapered 

regions, the relation between the effective refractive index and the strain applied can be 

expressed by [63]:  

Δ𝑛 = −0.5𝑝 𝑛!,!"" 𝑟

!

1−
 𝑑!

𝑑!
𝜀 , 

4.3  

where 𝜀 is the strain, 𝑝 represents the photo-elastic coefficient, 𝑛!,!""(𝑟) is the effective 

refractive index of the tapered fiber waist region with radius 𝑟 and the ratio between the 

un-tapered and the tapered fiber diameters is 𝑑!/𝑑!. 

Moreover, by carefully measuring the intensity peaks for different applied strain values, we 

find only minimal intensity variations of P3 (around 0.077 dB). This variation is attributed to 
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a curvature-induced amplitude change by the reduction of the distance between the points 

a and b. The wavelength and measured intensity change of P3 when the strain is applied is 

plotted in figure 4.11, from the data we find the slope has a sensitivity of −1.64 pm/µε and 

the correlation coefficient is 0.999. The analysis shows a highly linear relationship between 

the wavelength shifting and the applied strain and at the same time, we observe almost 

constant power for the fringe peak intensities. It is important to mention that for the system 

experiments performed here, we simultaneously change the curvature and strain because 

the fiber holder point b is held fixed in this setup. For this reason, there is a minimal 

intensity variation when the strain is applied to the bi-tapered fiber section. In this section, 

we consider the maximal strain around 6400 µε due to the strain around 7000 µε can 

catastrophically break the fiber. The maximal applied strain on the fiber segment does not 

exceed its elastic limit, so there is no permanent distortion of the bi-tapered optical fiber; in 

other words, the deformation induced by our maximal strain is reversible. Nevertheless, 

the waist diameter of the bi-tapered optical fiber used in this work represents a limit of our 

capability; however, for larger waist sizes we found a lower sensitivity. In addition, the 

strain applied in this work is higher than presented in other articles. 

 

Figure 4.10: Interference spectrum response when the strain is applied [62]. 
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Figure 4.11: Intensity and wavelength response of the peak centered at 1524 nm when the strain is 

applied [62].  

5.2.3 Curvature 

The fiber curvature is induced in the system by changing the distance between the fiber 

holders a and b (their separation is around 30 mm), this occurs by moving the translation 

stage 2 in the direction of stage 1. The curvature of the fiber is estimated by [64]:  

c =
24 Δ𝑥

𝐿!
 , 

4.4  

where 𝐿 is the distance between the fiber holders a and b and Δ𝑥 is the forward 

displacement of the translation stage 2. As the curvature is increased, the intensity 

extreme of the reflected interference spectrum decreases, as the arrow shows in the figure 

4.12 inset. The amplitude changes in the power spectrum are related to the loss of power 

for the fundamental mode into higher order cladding modes in the bent fiber section. It is 
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important to note that the tapered optical fiber is not directly affected when the fiber 

curvature is changed in the system.  

Moreover, by analyzing the interference (P3, P4 and P5) when the curvature is applied from 

40 to 60 m−1 (see figure 4.12), similar power variations are observed. According to the 

linear fit to the data, correlation coefficient R = 0.999 is exhibited by peak P3. The analysis 

of P3 is summarized in figure 4.13, we estimated a measurement sensitivity around −0.374 

dB/m−1 and moreover when only the curvature is presented, there is no wavelength 

shifting, as a result of both measurements it can be inferred that there is no measurable 

crosstalk between strain and curvature measurements. 

 

Figure 4.12: Curvature data analysis [62].  
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Figure 4.13: Curvature analysis of the peak (P3) centered at 1524 nm [62]. 

5.2.4 Simultaneous Detection 

The data for curvature and strain changes using the peak P3 are plotted together in figure 

4.14. The results show that simultaneous detection can be obtained by considering the 

wavelength shifting and the power peak variation of the peak P3. This means that intensity 

modulation will provide information about the curvature and phase modulation will provide 

information about the strain. However, a discrimination matrix can be constructed from the 

data; the peak is chosen to generate the simultaneous measurement matrix. P5 has the 

same response as P3 and a strong correlation with the applied physical variable, around R 

= 0.9909 for strain and 0.9916 for curvature.  
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Figure 4.14: Simultaneous curvature and strain analysis of the peak (P3) centered at 1524 nm [62].  

We use peak 3 and peak 5 to generate the simultaneous detection matrix, here using the 

sensitivities of curvature and strain the matrix can be written as [19]:  

Δλ

ΔP
=

S!"!

S!"!

  
S!"!

S!"!

Δε

Δc
 , 

4.5  

where Δλ and ΔP are the wavelength shift and change of the peak power extracted from 

the data of the interference spectrum, respectively. The curvature sensitivities are 

represented for both of the chosen peaks as S!"!=−0.374 dB/m−1 and S!"!=−0.376 dB/m−1; 

in the strain analysis both peaks present the same sensitivity (S!"!=S!"!) around −1.64 

pm/µε, finally, the strain and curvature are represented by Δε and Δc, respectively. The 

resolution of the system can be analyzed, using the highest OSA resolution in both 

wavelength and power, hence a resolution around −10.9 µε and 0.026 m−1 were estimated 

for strain and curvature, respectively. In order to demonstrate the measurement capability 

of the proposed analysis, the strain and curvature data were used to probe the matrix, 

achieving a similar result as it can be appreciated in figure 4.15. By comparing the 

theoretical and experimental results, based on the standard deviation of the data from the 
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straight lines, we find that variations from linearity are 0.1% for strain and 0.2% for 

curvature. The matrix provides a very similar response for other analyses of the peak; in 

other words, our system has a simple demodulation process for simultaneously 

determining curvature and strain information. It is important to remember that the system is 

operated in reflection mode, and higher spectral resolution (HSR) is used in our 

measurements. The signal-to-noise ratio (SNR) is also an important issue. The tradeoff 

between HSR and SNR can be compensated in several ways; such as increased light 

source brightness or increasing the data capture integration time. In the former case, a 

high-energy pump diode can be used, as well as increasing the reflectivity at the fiber end 

by applying a reflective thin film to its surface.  

 

Figure 4.15: Theoretical curvature and strain analysis [62]. 
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decrement as the bending is increased and zero shifting of the interference intensity peaks; 

hence we can estimate a curvature sensitivity around −0.374 dB/m−1.  

Both results were estimated using a central wavelength at 1524 nm. However, another 

peak (1549 nm) shows very similar results. Using these peaks with phase modulation 

presented when the strain is applied, and intensity modulation when the fiber is bent, 

simultaneous detection is observed with no measurable crosstalk. The minimal curvature 

and strain deviations from a linear data fit of 0.259 and 0.128%, respectively, were 

obtained from our measurements. The interference spectrum analysis shows resolution 

around −10.9 µε and 0.026 m−1 for curvature and strain, respectively.  
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Chapter VI: Highly Stable Multi-wavelength Erbium-doped Fiber Linear 
Laser based on Modal Interference 

Erbium-doped fiber lasers (EDFL) have been proposed during more than four decades for 

different purposes. In recent times, there is growing interest in the use of EDF for pulsed 

lasers, meanwhile, some research groups have been concentrated on fiber continuous 

wave lasers operating with fiber optic structures, pursuing a narrower line width and 

increasing the number of laser lines. Most of the recent works use all-fiber structures such 

as fiber Bragg gratings, special fibers as photonic crystal, twin-core and polarization 

maintaining fibers, Mach-Zehnder, Fabry-Perot, Sagnac devices and nonlinear 

components. One interesting structure is the Fabry-Perot filter (FPF) based on air intra-

cavities due to their stable measurement, compactness and simple fabrication. Other 

important devices widely used in fiber laser arrangements are bi-tapered optical fibers, 

whose have been developed for controlling the output response.  

As it is appreciable from literature, several techniques and components to fabricate a fiber 

structure filter have been presented to be used in a laser cavity, however, sometimes a 

complex setup is required to obtain good performance. At that point, we propose 

competitive laser parameters, specifically low power fluctuations and excellent wavelength 

stability, better than previously reported works (more information can be founded in the 

published paper [65]). Despite some works report good symmetrical spacing emissions for 

more than 4 lasing lines, the pulse width reported is bigger than obtained by our 

configuration (0.138 nm). In addition, our cavity simplicity does not require sophisticated 

fibers or components and special pumping sources to generate narrow multi-wavelength 

emissions. Unfortunately comparing with other multi-wavelength spectrums observed, the 

symmetry is lower, however, this can be useful to avoid crosstalk in sensing, spectroscopy, 

or telecommunications applications. 

In this work, we link together and air-gap Fabry-Perot interferometer and bi-tapered 

conventional optical fiber to generate a multi-modal interaction into the fiber laser cavity. 

From the experimental setup phase modulation is obtained when strain is applied and 

intensity modulation is presented when a section of untapered fiber is bent, these 

parameters are studied both individually and combined. By using these parameters, it is 
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possible to modify the gain-losses profile, polarization, birefringence and modal phase into 

the laser cavity. The laser presents dual-wavelength emission that can be switched 

between two specific regions when curvature is applied, and when only strain is applied the 

lasing lines can be tuned and also the spacing mode can be changed. In addition, when 

both parameters are applied, a stable multi-wavelength emission is achieved. 

6.1 Experimental Setup  

6.1.1 Schematic Configuration  

The resonant fiber optic linear cavity showed in figure 4.16 was implemented based on 

four main elements: a pump pigtailed laser diode (QFBGLD-980-500), 4.5 m of erbium-

doped fiber as gain medium, the filter device which is composed of a tapered optical fiber 

and an all-fiber intrinsic FPF, and other inherent components such as a fiber coupler 

(90/10) and a wavelength division multiplexer (WDM).  

 

Figure 4.16: Experimental setup [65]. 

The pumped light is incorporated into the fiber laser cavity by a 980/1550nm WDM, the 

light goes to the gain medium and amplified spontaneous emission (ASE) into the 

resonant cavity is generated. This signal passes through a polarization controller (PC: 
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configuration) and by using an optical fiber coupler (90/10), the laser output is monitored 

by using the 10% port connected to the optical spectrum analyzer (OSA), the rest of the 

signal (90%) arrives at a fiber with a flat end face, acting as a mirror of the laser cavity, 

here a Fresnel reflection is obtained and the reflected signal is guided to the 1550 nm 
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(1 and 2) and a is a fixed point where the end of the tapered fiber was carefully placed. 

When the translation stage 2 is moved in the backward direction strain is induced in the 

system by affecting the length D (15.6cm), however, the distance between the two 

translation stages (L = 3 cm) is reduced, as a result, un-tapered fiber is bent. Additionally, 

by moving the first translation stage in the forward direction the curvature is increased. 

6.1.2 Modal Fiber Optic Filter  

The modal filter is composed of a Fabry-Perot Interferometer and bi-tapered optical fiber, 

both of them generate several modes into the laser cavity. To obtain this modal structure a 

section of conventional single-mode fiber was tapered, then the FPF was fabricated at a 

small distance from the tapered region. The filter operation in reflection mode was 

previously reported, with the finality to be used for laser applications, indeed, the 

properties shown of thin film tips filters can be combined whit air cavities to improve the 

laser response.  

To fabricate the FPF, conventional single mode fiber (SMF28) and special hollow core 

photonic crystal fiber (HC-1060) were used. These fibers were cleaved and spliced with 

Fitel S175 fusion splicer. Afterward, using the splicer manual mode, the splice joint was 

translated a distance of 50 µm from the electrodes. At this point, three discharges were 

applied, as a result an air cavity was formed. The next step consists of placing this cavity a 

distance of 500 µm from the electrodes and after several discharges, it was separated into 

two parts and forming one more cavity. As a consequence, the discharges over all the HC-

1060 fiber, generated a collapsed core holey region structure forming a solid material. The 

FPF generated several reflections modes due to the several air-silica refractive index 

interfaces. Then, the interaction between the fundamental reflected fiber mode and the 

several reflected higher-order cladding modes produced by the cavities described above, 

provide an interference reflection spectrum. As it is seen before, the full manufacturing 

process and principle operation of the FPF are detailed in [40].  

As it is well known bi-tapered optical fiber excites the interaction between the fundamental 

mode [29] I! and high-order modes I! (equation (4.7)) and the phase between these 

modes can be written as:   
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Δϕ!" =
2𝜋Δ𝑛𝐿

𝜆
 , 

4.6  

where Δ𝑛 is the refractive index difference between these modes, 𝐿 the tapered region 

length and 𝜆 the operation wavelength. These modes arrive at the FPF and other several 

modes are excited by nonsymmetrical Fabr-Perot cavities. It can be inferred that the phase 

could be denoted by Δϕ!" (fundamental mode I! and high-order modes I!). The reflected 

modes by the FPF reach the tapered region and the total modal interaction can be 

described by:  

I = I! + I! + I! + 2 I!I! cos(Δϕ!")+ I!I! cos(Δϕ!")  , 4.7  

 

Figure 4.17: Taper-FPF structure reflection spectrum [65].  

Then when a matching between Δϕ!" and Δϕ!" is obtained, it starts to appear regions of 
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dB and 1nm respectively (see figure 4.17). As it was explained before, several and not 

controllable modes are generated, all the reflected modes generated by the interferometer 

structures is governed by the polarization and the effective refractive index of the modes 

involved, moreover, the reflection can be expressed by [63]:  

R = 1− sin 𝜃 cos
𝛽

2

!

  , 
4.8  

β! =
2𝜋𝑙! n!" − n!"

𝜆
 , 

4.9  

here 𝑙! is the length of the optical path, n!" and n!" are the effective refractive index of the 

modes generated by the modal structure section, 𝜃 denotes the polarization rotation angle 

and β! represents the lasing modes that will interact in our resonant cavity. As is well know 

the multi-wavelength fiber lasers operation is strongly related to polarization-losses 

dependence. In our linear laser cavity, the multi-wavelength effect is governed by the PC 

and the combination of the tapered optical fiber and FPF. It is important to mention that 

most of the works in the literature use a PC to control any arbitrary state of polarization to 

adjust the numbers of lasing lines, generating stability in the laser cavity. Moreover, in our 

particular case, the modes generated by the FPF are arbitrarily polarized due to 

birefringence changes caused by strain and curvature application.  
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Figure 4.18: Laser lines generation obtained from the linear fiber laser experimental setup [65]. 

6.2 Results and Discussion  

With the pump laser being operated at 500 mA of maximal current two laser lines are 
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minor. The laser lines stability is shown in figure 4.19, presenting 1 dB of maximal power 
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Figure 4.18: Laser lines generation obtained from the linear fiber laser experimental setup [65]. 
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6.2.1 Curvature  

To apply the fiber curvature into the system, the first translation stage is moved in the 

forward direction. Fiber bending induces polarization changes and wavelength-dependent 

losses, transforming the gain in the laser cavity and changing the dynamic range in the 

interference spectrum, as a consequence fringe peaks are suppressed due to the 

alteration in the loss increment for the higher-order cladding modes and new laser 

emissions are obtained due to polarization effects and matching phase of lasing modes. 

According to figure 4.19, this behavior is confirmed, initially, when curvature is increased 

the laser spectrum does not present changes because the losses are really small. 

However, the last region of possible emission (after 1560 nm) starts to lose power due to 

this area is the zone with less energy in the ASE spectrum provided for the EDF. Then, 

since 42 m−1 the laser lines start to be switched to the first region (zone with the higher 

power of ASE spectrum) and P1 quickly changes its position to 1533 nm (SMSR of 22 dB). 

On the other hand, P2 seems immobile, but for 46 m−1 changes to 1532 nm (SMSR of 26 

dB), after that, the lines just start to decrease until they totally decay at 53 m−1.  

We decided to analyze the stability of the system (figure 6) for 42 m−1; taking in count 

these are the laser lines with better SMSR. The variations still being of 1 dB of maximal 

power and there are not changes in wavelength. 
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Figure 4.19: Laser spectrum analysis when curvature is applied [65].  

 

 

Figure 4.20: Stability analysis of the laser lines obtained with 42 m
−1
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6.2.2 Strain  

The second translation stage allows controlling the axial strain and the spectrum is 

measured when this parameter is increased. As it can be observed in figure 4.21, at the 

beginning a phase modulation is presented at 1282 µε, occurring a shifting of 9 nm in the 

laser lines and changing the SMSR of original laser lines to 38 dB and 23 dB. This shifting 

effect is related to the change in the effective refractive indexes of the modes that 

dominate the interference spectrum. Some wavelengths are under high attenuation and 

others not, then a sinusoidal profile is achieved to try to equalize the losses produced in 

the laser cavity due to a homogeneous broadening in the EDF. Consequently, the mode 

competition becomes stronger and this generates intensification in the lasing power 

difference between laser lines. As already stated, when strain is applied, a minimal 

curvature is presented, therefore the laser lines start to switch at 2564 µε and even at 

3846 µε appear two new ones (SMSR of 36 dB, 24 dB, 28 dB and 20 dB for P2, P4, P5 and 

P6 respectively), obtaining a maximum lasing power difference between P2 and P6 of 16 

dB. It is important to stress that the new modes are produced by the phase alteration 

between the lasing modes, here the strain and small curvature are applied at the same 

time. 
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Figure 4.21: Laser spectrum analysis when strain is applied. (a) 1282 µε. (b) 2564 µε. (c) 3846 µε [65].  
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We consider for this setup the maximal strain around 4000 µε, at this point the tension can 

break the tapered fiber. Then the stability was measured (figure 4.22) for 3846 µε to 

observe the behavior of the system operating with four laser lines. The variations were 

about 1.2 dB of maximal power and again there are not changes in wavelength.  

 

Figure 4.22: Stability analysis of the laser lines obtained with 3846 µε of strain [65].  
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curvature is changed, the line with larger wavelength (P4 at 1557nm) is switched and 

shows up next to a second line at 1530 and 1531nm. The other lines remain in the same 

position achieving a quintuple laser emission (blue plot (b)). Unfortunately, after 52 m−1 

this performance starts to disappear, obtaining only three lines (red plot (b)) due to the 

high losses in the system induced by maximal curvature. 

 

 

Figure 4.23: Laser spectrum simultaneous analysis when (a) strain is applied at 42 m−1, (b) curvature is 

applied at 3846 µε [65].  
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Furthermore, we decided to connect a nonlinear fiber (NLF) between the tapered fiber and 

the 1550 nm port of the WDM, to stimulate four-wave mixing (FWM) effect between the 

lasing modes, growing the number of laser lines. Figure 4.24 displays until nine laser lines, 

unluckily the system is not really stable for the reason that the wavelength lasing 

oscillations are competing rigorously for the homogeneity of the whole gain medium 

spectrum (EDF). Probably an appropriated manner to improve the system behavior would 

be connecting another polarization controller before the NLF. 

 

Figure 4.24: Laser spectrum when NLF is connected [65].  

Subsequently, this laser configuration offered in this work can be adapted for many 

applications like ultra-short pulses by adding a saturable absorber, for nonlinear 

spectroscopy investigation and communications.  
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Chapter VII: Single-mode Bragg Reflectors in Tapered Few-Mode and 
Multimode Fibers 

Telecommunications and laser technologies have been recently related with few-mode, 

Large Modal Area (LMA) and multimode fibers (MMF). More specifically, photonic lanterns, 

pump combiners and MMF have been newly proposed for high power lasers and 

communications, additionally, fiber Bragg gratings allow to obtain better efficiency and 

stabilize the emission spectrum of these laser devices. Furthermore, some research 

groups have been concentrated on fiber continuous wave lasers operating with fiber optic 

structures like Bragg gratings, pursuing a narrower line width and increasing the number of 

laser lines. Moreover, a Bragg high-reflectivity response in MMF can be used for spectral 

control of a laser having a relatively large beam diameter and difficult to couple with single-

mode fibers (SMF), also Bragg gratings in few-mode and MMF are used for sensing using 

high-order modes.  

As is seen before, another device frequently used in lasers, sensing and other systems 

communications is tapered optical fiber. A few years ago, a solution presented to diminish 

the signal degradation in MMF due to modal dispersion, was the restriction of the signal 

transmission in the fundamental mode of MMF, performing mode conversion between the 

fundamental mode in SMF and fundamental mode in MMF. Alternative progress in this 

area was an efficient multi-to-single mode converter as a convenient solution to couple the 

light from a diode laser to SMF. Additionally, it was necessary to maximize the optical 

power collected in a waveguide from the diffracting field of a semiconductor laser. The 

conformal mapping technique permitted the reshaping of the captured field into the 

fundamental mode of the output waveguide.  

After an extensive review of the literature, it is clear the growing interest in the necessity of 

managing individual modes to improve their performances and eliminate high order modes 

to achieve single-mode operation in power fiber lasers. Moreover, gratings in multimode or 

LMA fibers present several reflection bands related to the coupling between different 

propagating modes, diminishing the correct functioning of laser devices. In this work, we 

demonstrate a single band reflector based on tapered 4-modes and multimode fibers with 

potential applications in fiber lasers and sensing applications (more information can be 
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founded in the published proceeding [66].  

The experimental setup used for fibers characterization and the filter structure are shown in 

figure 4.25 and it was implemented in Valencia, Spain. The pumped polarized light of the 

diode is incorporated into the port 1 of the circulator; our filter device is connected at port 2 

where the transmission is monitored, and the reflection spectrum is analyzed in port 3 of 

the circulator, both with an optical spectrum analyzer.  

 

 

Figure 4.25: Top: Testing setup. Bottom: Diagram of the Bragg grating in the tapered fiber. 

The filter is composed of a Bragg grating in a tapered optical fiber, linking these structures 

together we obtained only the fundamental mode and eliminated the high-order modes in 

the fiber core (we start our work with a 4-modes fiber provided by OFS).  

The 4-modes OFS fiber has a step-index profile and an estimated normalized frequency 

(V) value of 5 at 1550nm (figure 4.26 shows the four modes for V=5). The first step was to 

plot the changes in refractive index with variations of wavelength for each mode (using 

dispersion equations for LP modes [67], to calculate the approximated value of the 

effective refractive index (n!"") for these four modes, LP01, LP11, LP21 and LP02 (equation 

4.10). We obtain this refractive index value (figure 4.27) making a zoom of figure 4.26 

(right). 
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Figure 4.26: Simulation of Dispersion equation of LP modes for OFS fiber. Right: Conversion to plot Effective index vs 

wavelength. 

 

Figure 4.27: Zoom to obtain the effective refractive index values of LP modes. 

Then, we recorded a Bragg grating in this fiber using a phase mask with a period (Λ) of 

1076.25nm and 2.5cm of length. Since the fiber holds four modes, the grating in the fiber 

has to produce ten different resonances, matching with the coupling between these modes. 

Figure 4.28 shows the expected resonant wavelengths calculated from the effective indices 

of the modes coupling (equation 4.11), it can be seen two overlapping, the coupling of the 
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LP02 mode is degenerated with the crossed coupling between the LP02 and the LP21 

modes; the same happens between the LP11 coupling and the crossed coupling LP01-

LP21. It is important to mention that the observation of the corresponding resonances is 

dependent on the illumination of the fiber as well as on the axial symmetry of the gratings. 

Asymmetric excitation and blazed gratings are required to observe the full set of 

resonances. The grating was written with a small tilt angle between the fiber and the 

diffractive phase-mask, and ultraviolet (UV) light was launched into the fiber by a SMF with 

a slight offset between fiber cores. If standard (not blazed) gratings (figure 4.28) are written 

and the fiber is symmetrically illuminated (standard splice to the SMF), even modes have 

weaker resonances, but not null due to the residual asymmetries in the gratings; 

subsequently some resonances are really difficult to be observed in reflection because the 

splice between the SM feeding fiber and the few-mode fiber acts as a modal filter for 

asymmetric modes.  

λ = Λ n!""! + n!""!  , 4.11  

 

Figure 4.28: Left: OFS Few-mode fiber grating spectrum (tilted grating measured with asymmetric 

illumination, the dots show the calculated resonant wavelengths of LP modes coupling). Right: Standard 

grating with symmetric illumination. 

Next, the fiber was tapered to reduce the fiber diameter and achieve single mode 

operation, after that, standard Bragg grating was written in the taper waist (figure 4.25). 

The tapered fiber waist has 50 microns of diameter, resulting in a V value of about 2, and 
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40 mm of length. Each transition has 37 mm and the tapers were made long enough to 

prevent sharp cut-off of high order modes and consequently diminish the attenuation. In 

addition, the attenuation measured during the grating fabrication was less than 1dB in the 

L+C bands.  

The measured spectra with symmetric illumination are displayed in figure 4.29. The 

transmission demonstrates single mode operation at the fiber core due to we can only 

perceive one resonance. Unfortunately there are small transmission deeps at shorter 

wavelengths, some of which can be more clearly observed in the reflection spectrum; these 

parasitic resonances can be removed by covering the fiber with a fluid (oil) of matched 

refractive index, therefore they correspond to core-cladding resonances in reflection; these 

cladding modes are evidence of a small transfer of energy between the core modes of the 

pristine fiber and the cladding modes of the tapered fiber, this transfer takes place within 

the transitions between the two sections of uniform fiber, and as is seen, the removal of the 

cladding modes does not affect significantly the transmitted power level. 

Afterward, we repeat the process now in a MMF (graded index) provided by Spectran 

Corporation, to validate the good performance of our technique in a fiber with multiples 

modes. It is essential to state that the difference between graded and step index does not 

affect our method, besides, the fiber profiles determining the fiber diameter changes of few-

mode and MMF after being tapered have the same shape (measured profiles of the fibers 

can be seen in figure 4.30, unfortunately, the device only allows to measure until 26 𝜇m). 
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Figure 4.29: Spectra of the Bragg grating in the tapered 4-modes OFS fiber. Transmission and reflection 

have been measured with the fiber surrounded by air and an index matching fluid (oil with n=1.456). 

 

Figure 4.30: Left: Initial (top) and final fiber diameter (bottom) for MMF, scales of 100 𝜇m and 10 𝜇m were 

respectively used. Right: Profiles of the fibers used in our experiment. Black and red dots correspond to 

tapered OFS fibers with 51 and 31 𝜇m respectively. Blue dots represent the MMF with 26 𝜇m of waist 

diameter.   
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In this case, the tapered fiber with better results has a waist of 20 microns of diameter, and 

40 mm of length. Moreover, like the OFS fiber, the attenuation measured during the 

tapering and grating fabrication was less than 1dB in the L+C bands (figure 4.31). Figure 

4.32 displays the transmission spectrum with oil for three different taper MMF diameters 

and figure 4.33 shows the measured spectra (transmission and reflection with and without 

oil) for 20 𝜇m with symmetric illumination, as is seen, single mode operation is 

demonstrated and cladding modes are similarly eliminated with the mentioned oil without 

affecting the transmitted power level. It is important to mention that the same tests were 

realized for the othrs tapers with different diameter, obtaining single mode operation as 

well. 

 

Figure 4.31: Losses of MMF and OFS 4-modes fiber Taper during fabrication. 
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Figure 4.32: Transmission spectra of the Bragg gratings in the tapered MMF with three different diameters. 

Fibers surrounded for an index matching fluid (oil with n=1.456). 

 

Figure 4.33: Spectra of the Bragg grating in the tapered MMF fiber. Transmission and reflection have been 

measured with the fiber surrounded by air and an index matching fluid (oil with n=1.456). 
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Furthermore, we measure the transmission losses of the device by introducing an offset 

between SMF (from the SLD) and MMF. Fig 4.34 shows this losses behavior of more than 

40 dB, because of this a symmetric illumination is crucial to accomplish good results. As is 

observed a parabolic fit can be adjusted the losses data. 

	

Figure 4.34: Transmission losses when offset between SMF (from the SLD) and MMF is induced in the 

system (left: real picture of the splicer and diagram of the core offset introduced). 

 

This previous chapters described the experimental setups for the applications with the 

tapered optical fibers of this work and their optimum results. Sensing and laser 

applications were implemented and after the results analysis, it is perceptible that the 

collected data is very competitive compared with the obtained other research groups. We 

propose the use of sensor systems consisting of a tapered optical fiber and curved fiber 

sections for simultaneous detection of bending and strain, and magnetic field as well with 

good sensitivity and resolution. Moreover tapered optical fiber was used in a multi-

wavelength laser and Single-Mode Bragg reflectors for Multimode-Singlemode 

applications.  
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Chapter VIII: Conclusions and Future Work 

Compared with the conventional fiber structures, tapered optical fibers can provide 

numerous valuable features in laser technologies and other applications. Additionally, 

tapered fiber sensors are able to measure several physical and chemical parameters. 

This investigation about the modal interaction in tapered optical fibers allowed finding the 

optimum geometry, improving laser technologies and sensing applications from our 

laboratory and introducing this new field of investigation in our campus. After this research 

it is expected that the systems presented for our group have better stability and offer more 

quality of the output signal and other parameters, approaching the advantages that tapers 

provide.  

The implemented experimental setups permitted to obtain excellent results for sensing 

applications of different parameters (curvature, strain, and magnetic field), a highly stable 

multi-wavelength laser and a study of Bragg gratings in tapered optical fibers, used to 

characterize multimode fibers operating in single mode regime. 

We proposed the use of a fiber sensor system consisting of a tapered optical fiber and 

curved fiber sections for simultaneous detection of bending and strain. Using special fixed 

points the fiber optic system is operated to generate a signal that can measure curvature 

and strain changes without crosstalk interference, to eliminate ambiguity to the 

measurement. When strain was applied in the system by stretching the length of a bi-

tapered fiber section; this generated a blue shift in the interference pattern reflection due to 

modal interference in the bi-tapered fiber section. The system offers low cost and simple 

implementation and it can be used for structural health monitoring but needs to be 

improved in the case of some particular composite materials that suffer simultaneously 

strain and bending. 

Besides, we constructed a bi-tapered fiber optic sensor to sense magnetic fields using 

inexpensive transducer material. Our sensor is immune to signal polarization changes and 

requires only a short fiber length to achieve high sensitivity. To demonstrate the sensor 

design, we characterized two bi-tapered optical fibers with different insertion losses and 

mismatched phase. Each tapered fiber was analyzed, here they were set and fixed over a 
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thin magnetic tape using translation stages, then by using a permanent magnet set over a 

vertical translation stage, magnetic field is applied. As the magnet is placed close to the 

sensor platform, the magnetic field increases and the magnetic tape is attracted near to the 

magnet, as a result, the bi-tapered optical fiber is bent. The bending of the tapered fiber 

affects the reflection interference spectrum and a wavelength shifting to longer 

wavelengths is observed. 

Furthermore, a stable and reproducible multiwavelength erbium-doped fiber linear laser 

was proposed. An all-fiber Fabry-Perot interferometer and a tapered optical fiber were 

inserted into the laser cavity, this combined structure allowed to obtain an interference 

pattern capable of generating a dual emission with power fluctuations of 1 dB and no 

wavelength variations. The system output can be controlled by applying curvature and 

strain, and the laser lines are switchable or tunable depending on which physical 

parameter is being applied. Monitoring the laser response under these parameters by 

separated; we obtain a quadruple laser emission with good stability (1.2 dB of power 

fluctuations and no frequency changes). Additionally, when curvature and strain are 

simultaneously applied we achieved a multiple laser emission with five laser lines. Finally, 

our setup bids a low-cost implementation, compactness, really good laser parameters, 

needs minimal components for its implementation and it can find many uses in 

communications and other applications where multiple laser lines are required. 

Moreover, the coupling of energy to cladding modes in the tapered section of the fibers has 

been observed and prevented. This kind of devices can be used in several potential 

applications such as sensors using cladding modes, and lasers taking advantage of the 

bigger modal area of these fibers.  

 

For future work, it is pretended to scale this study to the improvement of the theoretical 

part, to complement these and future experiments. Furthermore, it is projected the 

implementation of the Singlemode Bragg Reflectors in a laser using multimode fibers, to 

improve the light coupling and then increase the power of these devices.  
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