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Abstract 
 
 

In this thesis various techniques to enhance the interaction of the evanescent waves in an 

optical fiber with the surrounding media are investigated. In most cases the coupling and 

overlapping between core cladding modes were exploited. A detailed description of 

several fiber-based devices, their applications, existing problems, and possible solutions, 

are presented placing emphasis on the mechanism to achieve strong evanescent field to 

enhance the sensor sensitivity. The thesis also presents a thorough literature 

investigation to describe the working principle of each device. It focuses on the 

fundamentals for the excitation of core-cladding modes in conventional optical fibers 

and photonic crystal fibers. 

The thesis begins with a theoretical investigation of different mechanisms for 

evanescent interaction of a guided wave with the external media, and in the particular 

case of optical fibers, the strategies that have been explored to enhance the evanescent 

fields. The basic concepts to understand the design and manufacturing of optical fiber 

devices are described. Fundamental aspects of couplers, wavelength filters, fiber tapers 

and long-period gratings are presented. It then focuses on two experimental 

demonstrations based on long-period fiber gratings in combination with fiber tapers. A 

novel scheme for tuning the resonance wavelength in a fiber grating and a fiber 

interferometer for refractive index sensing are presented. More specifically, long-period 

fiber gratings made by mechanical pressure over conventional single-mode fibers are 

reported. First, the characteristics of a mechanically induced long-period fiber grating 

made by pressing a pair of grooved plates over single-mode fiber tapers are analyzed. 

Robust fiber tapers with diameters ranging from 90 to 125 μm were used in order to 

shift the resonance wavelengths toward shorter wavelengths. It was found that this 

technique is particularly suitable for tuning the resonance wavelengths to shorter 

wavelengths below the limit imposed by the grooved plate period. Secondly, a Mach-

Zehnder interferometer formed in single-mode fiber is presented. The interferometer is 

built by two mechanically-induced long-period fiber gratings. In addition, a fiber taper 
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in the middle section is inserted. The spectral properties of the whole system are 

analyzed. The sensitivity of the interferometer to external refractive index changes was 

also studied. Fiber tapers with different diameters, inserted between a long-period 

grating pair, were fabricated and tested for measuring external refractive index changes. 

A maximum resolution of 2.3 x 10-4 per refractive index unit in a range from 1.36 to 

1.402 was achieved. The thesis then deals with the experimental investigation of a novel 

micro/nano fiber interferometer for highly sensitive refractive index sensing. Due to the 

compactness and the minimal amount of sample required this interferometer in 

combination with microfluidics schemes was investigated for biosensing applications. 

The fabrication of the device is similar to that of a fused coupler with the only difference 

that the fibers are tapered down to subwavelength diameters. To protect these delicate 

devices they were embedded in a low-index polymer. The sensing applications of the 

protected device, particularly to temperature and refractive index, were analyzed. The 

applications of the device for biosensing are also discussed. Proof-of-concept 

experiments to show the potential biosensing applications of optical micro/nano fiber 

modal interferometers embedded in Teflon were carried out. The interferometers were 

tested with a conventional biotin-streptavidin model system, as it helps understanding 

the biological binding reactions. The measure of the biomolecular interactions was 

carried out by monitoring the shift of the interference pattern. Next, the use of photonic 

crystal fibers in the construction of novel devices is discussed. In particular, an 

alternative method to build point and sensor array based on photonic crystal fibers is 

presented. A short length (in the 9-12 mm range) of properly selected index-guiding 

photonic crystal fiber was fusion spliced between conventional single mode fibers. By 

selective excitation and overlapping of specific modes in the photonic crystal fiber, the 

transmission spectra of the sensors exhibit a single and narrow notch. The notch position 

changes with external perturbation which allows sensing diverse parameters. The well 

defined single notch, the extinction ratio exceeding 30 dB and the low overall insertion 

loss allow placing several sensors in series. This makes the implementation of sensor 

networks possible. A photonic crystal fiber interferometer for ultrasensitive refractrive 

index sensing is also presented. The device consists of a ~12mm-long stub of 

commercially available photonic crystal fiber fusion spliced to standard optical fibers. 

The device reflection spectrum exhibits interference patterns with fringe contrast up to 

40 dB (a record fringe contrast for a modal interferometer). One of the excited modes in 

the photonic crystal fiber is sensitive to external refractive index therefore the device can 
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be useful for refractrometry. The shift of the interference pattern can be monitored as a 

function of the external index. In the operating range, from 1.33 to 1.43, the maximum 

shift is less than the interferometer period, so there is no ambiguity in the measurements. 

The maximum sensitivity and resolution achieved were 735 nm per refractive index 

units and 7x10-5, respectively. Another approach to measure the external refractive index 

consists of monitoring the reflection power located at the quadrature point of the 

inference pattern in a properly selected wavelength. Consequently the measuring range 

is narrower but the resolution is higher, up ∼7x10-6, thanks to the high fringe contrast.  A 

notch filter and an all-fiber band-rejection filter are also implemented using two 

different techniques. The notch filter is an extension of the sensor array (mentioned 

above) but this time working as individual elements for its implementation in optical 

fiber communications. The band-rejection filter is based on a home-made photonic 

crystal fiber fabricated in our facilities. The principles underlying the operation of these 

wavelength selecting technologies are studied. The fusion-splicing technique and the 

tapering process, both allow modifying the fiber microstructure making possible the 

recombination of core-cladding modes. A narrow-band (∼1 nm) notch filter that exhibits 

high rejection efficiency (>35 dB) is implemented. Robust filters with low insertion loss 

(<2 dB) for the useful 1500-1600 nm wavelength range were fabricated. On the other 

hand, a robust all-fiber band-rejection filter based on a tapered home-made photonic 

crystal fiber is reported. The fiber microstructure and the post-processing technique, 

both allowed us to demonstrate experimentally an optical fiber filter with relatively low 

insertion loss (less than 0.3 dB) and high-band rejection efficiency (more than 20 dB) 

for the useful 1100-1700 nm wavelength range. The detailed fabrication method and 

operating principles of the band-rejection filter are also described. 
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1 Introduction 

 
1.1. Fiber Optic Sensing Technology 

 

 

Optical fibers are circular dielectric waveguides designed to confine optical waves within its 

structure. In its simplest form it consists of a cylindrical core of silica glass surrounded by a 

cladding whose refractive index is lower than that of the core. Optical fibers are ideal for the 

delivery of an optical wave over considerable distances and have found broad applications 

in optical communications [1]. 

The necessity for more efficient telecommunications has brought about great 

research efforts in the quest for communications systems, which are lighter, faster, more 

capable, more reliable and cheaper. This has given rise to great advances in fiber optic based 

devices. As it usually happens, technology developed with one aim sooner or later affects 

other adjacent areas, and so the possibility of making special fibers and devices is 

contributing decisively to the development of a type of sensor which uses photonic concepts 

and materials. These sensor devices can frequently be used to substitute conventional ones 

and when the latter cannot be used, they provide an alternative. 

Over the past 20 years two major product revolutions have taken place due to the 

growth of the optoelectronics and fiber optic communications industries. The 

optoelectronics industry has brought about such products as compact disc players, laser 

printers, bar code scanners, and laser pointers. The fiber optic communications industry has 

revolutionized the telecommunications industry by providing higher performance, more 

reliable telecommunication links with ever decreasing bandwidth cost. This revolution is 

bringing about the benefits of high-volume production to component users and a true 

information superhighway built of glass. 
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In parallel with these developments, fiber optic sensor technology [2] – [8] has been 

a major user of technology associated with the optoelectronic and fiber optic 

communications industries. Many of the components associated with these industries were 

often developed for fiber optic sensor applications. Fiber optic sensor technology, in turn, 

has often been driven by the development and subsequent mass production of components 

to support these industries. As component prices have fallen and quality improvements have 

been made, the ability of fiber optic sensors to displace traditional sensors for rotation, 

acceleration, electric and magnetic field measurement, temperature, pressure, acoustics, 

vibration, linear and angular position, strain, humidity, viscosity, chemical measurements, 

and a host of other sensor applications has been enhanced. In the early days of fiber optic 

sensor technology, most commercially successful fiber optic sensors were squarely targeted 

at markets where existing sensor technology was marginal or, in many cases, nonexistent. 

The inherent advantages of fiber optic sensors, which include their (1) ability to be 

lightweight, of very small size, passive, low power, and resistant to electromagnetic 

interference; (2) high sensitivity; (3) bandwidth; and (4) environmental ruggedness, were 

heavily used to offset their major disadvantages of high cost and end-user unfamiliarity. 

The situation is changing. Laser diodes that cost $3000 (USD) in 1979 with lifetimes 

measured in hours now sell for a few dollars in small quantities, have reliability of tens of 

thousands of hours, and are widely used in compact disc players, laser printers, laser 

pointers, and bar code readers. Single-mode optical fiber that cost $20 (USD) / meter in 

1979 now costs less than $0.10 (USD) / meter, with vastly improved optical and mechanical 

properties. Integrated optical devices that were not available in usable form at that time are 

now commonly used to support production models of fiber optic gyros. Also, they could 

drop in price dramatically in the future while offering ever more sophisticated optical 

circuits. As these trends continue, the opportunities for fiber optic sensor designers to 

produce competitive products will increase and the technology can be expected to assume 

an ever more prominent position in the sensor marketplace [8]. 

In order to propose a new sensing device it can be convenient to ask a few questions 

such as: What magnitude is to be measured? How should the variable be determined? What 

should the optical transducer device be like? What modulation technique would optimize the 

sensor system? Which technology would be suitable? The replies to these questions can 

produce the blocks required to dominate, determine, identify, differentiate and typify 

devices and sensor systems in a precise and representative way, which are some of the goals 

of this thesis. 
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Given the nature of the materials used in optical components (generally dielectric) 

and the use of light in the transduction processes and/or in the communications, the use of 

fiber optic technology in sensing systems has technical and economical advantages and 

disadvantages compared to conventional non-optical sensors [9]. These must be clearly and 

strictly identified in order to establish clear criteria for judgment in order to focus, in a 

reasonable way, resources on the right step of the Research & Development & Innovation 

(R&D&I) process of optical fiber sensor devices. 

A short analysis of advantages and disadvantages of optical fiber sensor devices can 

enable the identification of possible applications where conventional sensors either work 

inadequately, or simply do not work, thus giving rise to “niches” or “areas” which would be 

profitable for R&D&I investment. Among them are: measurement and monitoring in 

environments with strong electromagnetic radiation, areas or spaces and components in 

which the nuclear radiation can be dangerous for health, in aerospace and transportation in 

the new generation of aircraft for both the communication networks and sensor devices, in 

medicine and biotechnology, point and multipoint measurement and monitoring of chemical 

compounds, applications which require great sensitivity to the object variable, distributed 

and quasi-distributed sensing of variables, etc. 

In the opinion of a majority of researchers, distributed sensing is where the greatest 

competitive advantages exist. These advantages coupled with the economic power of the 

sectors where this technology is applicable give rise to the conclusion that resources should 

be focused on this with the objective of development and the complete culmination of the 

R&D&I stages. Thus, the first goal of this thesis is to take advantage of the fiber optic 

technology in this regime to develop experimental techniques and explore new practical 

applications. 

For the more technically-advanced fiber optic sensor devices, the evidence supports 

a strengthening (broader, deeper) of existing market niches, for example in temperature 

sensing, gyros and the medical sector, and the opening up of new ones, most notably in 

strain monitoring and the automotive sector. The use of optical fibers for sensing purposes 

has now sustained intense research activity for more than 30 years and the level of academic 

interest in the field shows little sign of reduction. It is thus important to investigate how to 

make the conversion of the optical fiber sensor research output into a commercial product. 

This is another goal of this thesis. The plan is to present a final product, i.e. a packaged fiber 

optic sensor that can be functional and competitive in order to be commercialized. 
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1.2. Thesis Objective 
 

This thesis is intended to provide a comprehensive experimental study of the techniques that 

can be implemented in fiber optics to enhance the overlap of the evanescent field with the 

surrounding media based on the core-cladding mode coupling.  

First, we apply the capability of the long-period gratings, where the core mode is 

coupled to forward propagating cladding modes, to provide an evanescent interaction of 

selected wavelength ranges. More specifically, we study mechanically induced long-period 

gratings both as single device and in cascade configuration. We use mechanically induced 

long-period gratings over tapered fibers to develop a technique for tuning the resonant 

wavelength. We also use a pair of these long-period gratings in combination with a fiber 

taper between the gratings to experimentally demonstrate a Mach-Zehnder interferometer 

and its applications as external refractive index sensor.  

Secondly, we demonstrate a modal interferometer based on micro/nano fibers. This 

type of interferometer, which exploits the beating between two modes, is compact and 

highly stable over the time so that such devices are suitable for a myriad of sensing 

applications. Moreover, their fabrication is simple since they can be fabricated by means of 

tapering techniques. The transmission spectrum of these interferometers typically exhibits 

truly sinusoidal patterns which simplifies their analysis. These interferometers are compact, 

require a minimal amount of sample and can be combined with microfluidics for which they 

may be adequate for refractometric and biosensing applications. Proper protection of these 

devices is implemented to make them practical. 

Finally, we provide a comprehensive investigation of the guidance properties of 

commercial and home-made photonic crystal fibers for building several devices. Based on 

specific concepts and sensing platforms, two specific techniques are implemented in order 

to produce a novel sensing design. The response of the devices and the characterization to 

surrounded refractive index, temperature and axial strain are analyzed. The transmission 

spectrum of these devices exhibit either a single notch or sinusoidal interference patterns 

which simplifies their analysis. We study the physical origin of the core-cladding mode 

coupling in such devices. We also investigate ad-hoc packaging and develop protection 

schemes for our photonic sensor devices to make them functional and competitive. 
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1.3. Thesis Outline 

 
The thesis is organized as follows. Chapter 2 deals with the fundamentals of photonics and 

components for sensing. In particular, Chapter 2 provides concepts, components and 

subsystems necessary for understanding the design and manufacturing of fiber optic sensor 

devices. Basic concepts about light and waveguiding are briefly presented. The principles of 

waveguiding and light propagation in cylindrical waveguides are also included. The 

principles and techniques in which photonic sensing technology is based in order to 

understand how sensor work and how sensors can be made are also provided. Chapter 2 also 

considers fiber optic components for sensing. An overview of basic fiber components, their 

working principle and fabrication technologies are described. In Chapter 3 the basic 

theoretical background and optical properties of fiber gratings are included. In particular, 

mechanically induced long-period gratings are discussed. We present the experimental 

results related to applications based on core-cladding mode coupling using mechanically 

induced fiber gratings. We demonstrate a novel scheme for tuning the resonant wavelength 

in long-period fiber gratings. We also demonstrate that putting in series two mechanically 

induced long-period gratings a Mach-Zehnder interferometer is formed. Such a 

configuration can be used in combination with a fiber taper for refractive index sensing, 

with high quality fringe interference and high sensitivity. Chapter 4 focuses on mode 

interferometers built with optical micro/nano fibers. The fundamentals and working 

principle is explained, and the detailed fabrication process is presented. Due to compactness 

and in combination with microfluidics, we experimentally demonstrate that these 

interferometers can be adequate for refractometric and/or biosensing applications. Chapter 5 

presents several devices built using specialty optical fibers, i.e. commercial and home-made 

photonic crystal fibers. We investigate the fundamentals and working principle of such 

devices and we provide a detailed description of the fabrication process. To make these 

devices functional and competitive, we also placed emphasis on the elaboration of ad-doc 

packaging for both harsh environment and biosensing applications. 
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2 Fundamentals of Fiber Optics for 

Sensing 
 

 

Before starting to discuss various schemes and techniques for fabrication of optical fiber 

devices, it is important to have a theoretical platform on which one can conveniently 

perform investigations. In this chapter, such a general formalism and concepts to obtain 

the principles which underlie the topics covered in this thesis it will be provided. 

In this chapter, the concepts and components to understand the design and 

manufacturing of fiber optic devices are provided. It is not the aim of this chapter to 

present a complete analysis of the waveguiding theory. This has been done by other 

authors and there is literature that can be reviewed for a full study. Some of these works 

are cited along the text for readers interested in a deep consulting. 

In the next pages, the working principles and fabrication technologies of some 

basic fiber components for practical sensing applications are discussed briefly. More 

specifically, some basic aspects of couplers, wavelength filters, fiber tapers and long-

period fiber gratings will be discussed, which are the components designed and 

fabricated in this work. Such devices are discussed in Chapters 3-5 with emphasis on 

their significance and importance in sensing applications and as essential components 

for optical communications systems. 

In the last section of this chapter, the principles and techniques on which 

photonic sensing technology is based in order to understand how sensors work and how 

they can be made are provided. Evanescent field and interferometry fundamentals, 

which are the working principles of the devices built and described in this thesis, are 

analyzed. 
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2.1. Waveguiding Principles 
 

The propagation of light in dielectric waveguides has been studied by different authors 

at different levels [1] – [5]. Other studies on the matter are those by Jeunhomme [6] and 

Neumann [7], devoted to the propagation of light in single-mode fibers. This 

introductory section provides an overview of the characteristics of propagation of light 

and the waveguiding principles that need to be understood in order to be familiar with 

some concepts that will be mentioned along this thesis. 

Maxwell’s equations are the most fundamental ones in electrodynamics and are 

given in MKS units by [8]: 
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In these equations, E and H are the electric and magnetic field vectors, 

respectively. These two field vectors describe an Electro-Magnetic (EM) field. D and B 

include the effects of the field on matter and are called the electric displacement and 

magnetic induction, ρ and J are the electric charge and current densities, and may be 

considered as the sources of the field E and H.  

In optics, often ρ = 0 and J = 0, and in this case nonzero solutions of Maxwell’s 

equations exist. This EM fields, which can exist even if ρ = 0 and J = 0, are known as 

EM waves.  

In order to analyze propagation in optical waveguides, an important aspect to 

consider is the transmission and reflection of EM radiation in dielectric interfaces. The 

boundaries conditions can be obtained directly from Maxwell’s equations. As it usually 

happens in optics, both the surface charge and current density vanish, and then the 

boundary conditions are given by the continuity of the tangential components of E and 

H and the normal components of D and B across  the interface between the two media 

[9]. 
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2.1.1. Fresnel Equations 
It is necessary to begin by reviewing the reflection of plane waves that are incident at an 

arbitrary angle from a plane dielectric surface as illustrated in Fig. 2.1. Maxwell’s 

equations allow a set of solutions of the form 

)(exp
)(exp

yyyy

xxxx

yktjAE
xktjAE

ϕω
ϕω
+−=
+−=

    (2.2) 

 These can represent plane wave traveling in the tri kkk ,,  directions (see Fig. 

2.1). The phenomena of reflection and refraction must be explained using EM theory, 

but it is necessary to remember that under certain conditions (apertures and core 

waveguides much larger than the wavelengths) the ray theory is useful for simplicity. 

Let us consider two dielectric media with refractive indices n1 y n2 separated by a plane 

boundary which we take to be the yz plane at x = 0 (Fig. 2.1). Let us now consider a 

plane wave lying in the xz plane which is propagating in medium 1 and is incident on 

the boundary at angle θi, as is shown in Fig. 2.1. All the components (E, H) will vary as 

plane waves. 

After striking the boundary there will be a reflected and a transmitted (refracted) 

wave. This fact is a direct consequence of the boundary condition that must be satisfied 

at the incidence between the two media. The conditions follow from Maxwell’s 

equations. These conditions must be true at all times and at all places on the boundary. 

They can only be true at all times if the frequencies of all the waves are the same. 

 
Fig. 2.1: Reflection and refraction of plane waves at a boundary between two dielectric media. 
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Further, since the phase of the incident wave is constant along any line for which 

x is constant, this must be true for the reflected and transmitted waves which must 

therefore also lie in the xz plane. 

 Suppose that the reflected and transmitted waves make angle θr and θt 

respectively with the boundary in this plane. Then the reflected, transmitted and the 

incident waves at the boundary (x = 0) must present identical components for any time 

and x, hence 

tri nnn θθθ sinsinsin 211 ==     (2.3) 

Eq. (2.3) contains the law of reflection and the Snell-Descartes law of refraction. 

 It is necessary now to consider the relative amplitudes of the waves. To do this 

we match the components of E, H, D and B. 

 The Fresnel formulae can be rewritten as [8] - [11]: 
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where k1x and k2x are the normal (x component) of the wave vectors in medium 1 and 

medium 2, respectively. 

 The Fresnel reflection coefficients rS and rP vary differently as a function of the 

angle of incidence. The reflectance of the S wave (Transversal-Electric wave) RS is 

always larger than the reflectance of the P wave (Transversal-Magnetic wave) RP (i.e. 

RP < RS) except at normal incidence θ1 = 0 and the grazing incidence (θ1 = π/2). 

Furthermore, the Fresnel reflection coefficient RP vanishes for a particular angle of 

incidence, which is known as Brewster’s angle θB. B
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Bθ     (2.4) 

 Thus, if a plane wave with a mixture of S and P waves is incident on the plane 

interface between two dielectric media at Brewster’s angle, the reflected radiation is 

linearly polarized with the electric field vector perpendicular to the plane of incidence. 

 

2.1.2. Total Internal Reflection 
 

If the incident medium has a refractive index larger than that of the second medium 

(n1>n2) and the incident angle θ is sufficiently large, Snell’s law gives values of sinθ2 

that appear to be absurd since they are greater than unity. For waves incident from 
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medium 1 at θ1 = θc, where θc is the critical angle of the interface, the refracted wave is 

propagating parallel to the interface. Therefore, at this angle of incidence, the energy of 

the light must be totally reflected regardless of the polarization state of the electric field 

vector E. Thus the Fresnel formulae for the two reflection coefficients are complex 

numbers of the unit modulus. This means that all the light energy is totally reflected 

from the surface. The amplitude of the reflected wave is only different from the incident 

amplitude by a phase factor. 

 Total internal reflection is the basis for dielectric waveguiding in layered 

structures. Light waves may also be guided in the dielectric fiber or waveguide with a 

higher refractive index than that of the cladding material, provided that the light 

undergoes total reflection at the boundary and that it also satisfies some mode 

conditions [9], [11]. 

 

2.1.3. Evanescent Wave 

 

When the medium angle is greater than the critical angle θc, a wave will be totally 

reflected from the surface. If the Fresnel transmission coefficients, tS and tP, at the total 

reflection are examined, one can notice that tS and tP are non-vanishing. This means that 

even though the light energy is totally reflected, the EM fields still penetrate into the 

second medium. In fact, zero transmission of light energy only means that the normal 

component of Poynting’s vector vanishes, and the power flow is parallel to the 

boundary surface. Thus, the electric field vector in the second medium is as follows: 
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 Since θ1 > θc, and q is a positive number, the electric field vector decreases 

exponentially as x increases, that is, as the distance from the surface increases. These 

equations show that the transmitted wave is actually propagating parallel to the 

boundary surface. Such a wave is called an evanescent wave, and has important 

applications in optical sensor and optical waveguides. 
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Fig. 2.2: Transversal field distribution in a waveguide at different layer dimensions do, d1 and d2. (a) 

Evanescent wave at left, (b) guided wave, fundamental mode m = 0 and first m = 1 at right. 

 

 This standing wave decays exponentially away from the interface into the low 

refractive index material, see Fig. 2.2. For the purposes of sensing, a key parameter is 

the depth of penetration of the exponentially decaying evanescent field. This is the 

distance from the surface over which the electric field of the standing wave disturbance 

decays to 1/e of its value at the interface. In an optical fiber, the evanescent field 

surrounding the naked core can be used in several applications for sensing. 
 

2.2. Dielectric Waveguides 
 

A waveguide can be constructed by inserting a second interface at the symmetry point 

on a given standing wave [12], see Fig. 2.2. There are three basic optical waveguides: 

planar, cylindrical, and elliptical. The field components for a planar waveguide involve 

only elemental functions which are simpler than those modeling propagation in 

cylindrical waveguides. However, the mathematical procedures are similar in both types 

of waveguides. 

 A waveguide is a structure that supports EM waves which propagate through it, 

and is defined by its geometry, its refractive index profile n(x, y, z), or n (r, ϕ, z); and its 

direction of propagation [13], [14]. Starting from Maxwell’s equations, a wave equation 

sometimes referred to as Helmholtz equation, can be derived: 
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 In order to solve the wave equation, two cases must be considered. If the 

waveguide is plane the wave equation can be solved in Cartesian coordinates: EX, EY, 

EZ, HX, HY, HZ, n = n(x, y) with 0=∂∂ zn . If it is cylindrical, in cylindrical coordinates: 

Er, Eϕ, Ez, Hr, Hϕ, Hz, n = n(r,ϕ) with 0=∂∂ zn . 

 

2.2.1. Cylindrical Dielectric Waveguides. Weakly Guiding     

Optical Fibers 
 

Our attention is now turned to cylindrical dielectric waveguides or optical fibers, the 

most important waveguides for long distance optical communications purposes and with 

very important applications in optical sensor systems and transducers. An optical fiber 

consists of a core of a dielectric material with a refractive index n1 and a cladding of 

another dielectric material whose refractive index n2 is less than n1, (see Fig. 2.3). 

The theory of optical fibers is well understood and has been described in several 

books [2], [5]-[7], [15]-[19]. However, the complete description of the guided and 

radiation modes of optical fibers is complicated. It is the interest of this thesis to present 

a simplified description of the theory of optical fibers which provides simple 

expressions that can be used to handle problems of mode conversion and radiation loss 

phenomena caused by waveguide imperfections. The exact description of the mode 

around the fiber is complicated, since there are six-component hybrid fields of great 

mathematical complexity. 

 
Fig. 2.3: Cylindrical waveguide (optical fiber) with core and cladding radius a and b, respectively. 
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The simplification in the description of these modes is made possible by the 

realization that most fibers for practical applications use core materials whose refractive 

index is only very slightly higher than that of the surrounding cladding by introducing 

the assumption that n1 – n2 << 1. 

Since the refractive index profiles n(r) of most fibers have cylindrical symmetry, 

it is convenient to use the cylindrical coordinate system. The field components in this 

case are Er, Eϕ, Ez, Hr, Hϕ, and Hz. The wave equations involving the transverse 

components are very complicated. The wave equation for the z component of the field 

vectors, however, remains simple:  
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Solving for Ez and Hz, Er, Eϕ, Hr, and Hϕ can be expressed in terms of Ez and Hz. 

Then the wave equation with assumed z-dependence becomes: 

( ) 011 22
2

2

22

2

2

2

=
⎭
⎬
⎫

⎩
⎨
⎧
⎥
⎦

⎤
⎢
⎣

⎡
−+

∂
∂

+
∂
∂

+
∂
∂

z

z

H
E

k
rrrx

β
φ

  (2.9) 

This equation is separable and the solution takes the form 
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Where l = 0, 1, 2, 3…, so that Ez and Hz are single-valued functions of φ. Then 

the Equation 2.9 becomes 
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where . Equation 2.11 is the Bessel differential equation [2], and the 

solutions are called Bessel functions of order l. If 

zz HE ,=Ψ

( ) 022 >− βk  the general solutions are 

called Bessel functions of the first and second kind, of order l. If ( ) 022 <− βk  the 

solutions are the modified Bessel functions of the first and second kind, of order l (the 

solutions for the second kind of Bessel functions have to be rejected since they diverge). 

For confined propagation, β must be larger than k0n2 and less than k0n1 and the core 

fields are given by 
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where A and B are two arbitrary constants and h (transversal component of wave vector 

k0n1) is given by 
22

0
2
1

2 β−= knh     (2.13) 

Thus, the field of a confined mode in the cladding (r > a) are given by 
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where C and D are two arbitrary constants and q (extinction coefficient) is given by 
2
0

2
2

22 knq −= β     (2.15) 

Then, it is possible to calculate all the field components in both the cladding and 

the core regions. The field must satisfy the boundary condition that Eϕ, Ez and Hz be 

continuous at r=a. This leads to several equations that yield a non-trivial solution 

provided the determinant of their coefficients vanishes. The eigenvalues resulting from 

these equations yield the different solutions that are denominated the TE, TM, EH, HE 

guided modes. 

The exact expressions are very complicated for the hybrid modes (EH, HE). In 

most fibers, called weakly-guiding fibers, the core refractive index is only slightly 

higher than that of the cladding medium (n1 – n2 << 1). This leads to several important 

simplifications in matching conditions of the field components at the core cladding 

interface. Then it is possible to use the Cartesian components of the field vectors [17]. 

The modes in the weak guidance approximation are denominated LPlm. The lowest 

order mode HE11 is now denominated LP01. The correspondence between the exact 

modes in a step-index optical fiber and its LPlm modes has given by Gloge [17]. 

There are other types of modes in optical fiber waveguides: leaky modes 

mentioned in [2] and [5], cladding guided modes which are solutions of the wave 

equation in the cladding of the optical fiber [2], whispering gallery modes which appear 

at the interface between cladding and external medium under bending [1], polarization 

modes appearing when the symmetry of the optical fiber is degraded due to internal or 

external perturbations. In this case the degeneration of the spatial mode is broken and 

two non-degenerated polarization modes with different effective indexes and 

polarization constants are supported by the waveguide structure [20], [21]. 
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2.3. Fiber Optic Components for Sensing 
 

The availability of high-performance optical waveguiding components has been of 

essential significance to the progress in optical fiber communication and sensing made 

during the last 20 years. In general, these components modify one or more characteristic 

parameters of the guided light: intensity (amplitude), wavelength (spectral distribution), 

optical phase, polarization (state and/or degree) and frequency or time dependencies. 

 Such basic functional elements as couplers, filters, multiplexers, modulators or 

polarization-optic components made directly from fibers have several advantages 

compared to their conventional bulk-optic counterparts. They permit an easy and cost-

efficient combination to realize miniaturized devices and complex systems with low 

optical losses and high mechanical and thermal stability. 

 By the early 1980s numerous principles of different fiber-optic components for 

sensing applications had been created and, in the following years, advanced 

technologies for their high-performance and low-cost fabrication have been developed. 

In particular, single-mode all-fiber components for interferometric sensors as fiber 

gyroscopes became commercially available. During the last decade, in addition to the 

basic functional elements more sophisticated optical fiber components such as fiber 

amplifiers, fiber lasers, in-fiber Bragg and Long-Period gratings, among others, have 

been developed. (See for example [22]-[25] for more details). 

 

2.3.1. Couplers 
 

Couplers are the most widely used optical components in fiber communications, 

instrumentation and sensing. They are available in a variety of forms and designs, and 

can be made from single-mode and multimode fibers. Directional couplers have many 

interesting applications in optical power splitting and wavelength multiplexing, among 

others, with the basic requirement that they introduce minimum loss [26].  

In directional couplers, the optical phenomenon of evanescent field coupling is 

used. It is based on the fact that the modal field of the guided mode extends beyond the 

core-cladding interface (the so-called evanescent field). Thus, when two fibers cores are 

brought sufficiently close to each other laterally so that their modal fields overlap, then 

the modes of the two fibers become coupled and power can transfer periodically 
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between these fibers. This mechanism can be described by the well known coupled-

mode theory [27]. 

 The scheme of the fused bi-conical taper (FBT) in single-mode fiber using the 

directional coupler technique is illustrated in Fig. 2.4. After removing their protective 

coating, two fibers kept straight and parallel (early fused couplers held the fibers 

together by twisting them slightly around each other) are fused by heating in a flame 

and tapered applying an axial tension by drawing [28]. 

The coupling ratio at a desired wavelength is monitored during fabrication and 

adjusted by control of the drawing process. Finally, the coupling region has to be 

reinforced and protected with a strong thermally stable substrate or housing, and an 

external package and fiber strain relief should be installed. 

Fused-taper single-mode fiber couplers are based on the optical principle, that in 

the coupling region the fibers are tapered to the point where core-mode cut-off occurs 

and modes of the entire fused structure are adiabatically excited. Light in the input fiber 

excites a linear combination of the lowest order symmetric and anti-symmetric modes 

[27]. The two modes have different propagation constants so if the coupling region 

corresponds to a relative phase change of 180°, the entire light will appear in the other 

fiber. A phase difference of 90° yields a coupling ratio of 50% (3-dB coupler). 

 

 
Fig. 2.4: Fused fiber directional coupler and cross-section of the coupling zone. 
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2.3.2. Wavelength Filters 
 

In-line fiber filter components that block or pass specific wavelengths have a broad 

range of applications in optical fiber sensing particularly in wavelength encoded or 

multiplexed sensors. Various low or high pass edge filters and band-pass filters can be 

realized using absorption effects, evanescent field or polarization mode coupling, 

gratings, and others. 

Optical filters are often the building blocks of more complex Wavelength Division 

Multiplexing (WDM) components [29]. The role of a tunable optical filter in a WDM 

system is to select a desired channel at the receiver. Fig. 2.5 shows the selection 

mechanism schematically. The filter bandwidth must be large enough to transmit the 

desired channel but, at the same time, small enough to block the neighboring channels. 

All optical filters require a wavelength-selective mechanism and can be classified into 

two broad categories depending on whether optical interference or diffraction is the 

underlying physical mechanism. Each category can be further subdivided according to 

the scheme adopted. A variety of optical filtering technologies are available. Their key 

characteristics for use in systems are the following: 

a. Good optical filters should have low insertion losses. The insertion loss is the 

input-to-output loss of the filter. 

 

 
Fig. 2.5: Channel selection through a tunable optical filter. ΔνL, Δνsig, Δνch and ΔνFB stands for 

frequency spacing, bandwidth of a multichannel signal, frequency channel spacing, and filter 

bandwidth, respectively. 
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b. The loss should be independent of the state of polarization in the input signals. 

The state of polarization varies randomly with time in most systems, and if the filter has 

a polarization-dependent loss, the output power will vary with time as well—an 

undesirable feature. 

c. The passband of a filter should be insensitive to variations in ambient 

temperature. The temperature coefficient is measured by the amount of wavelength shift 

per unit degree change in temperature. The system requirements is that over the entire 

operating temperature range (about 100°C typically), the wavelength shift should be 

much less than the wavelength spacing between adjacent channels in a WDM system. 

d. As more and more filters are cascaded in a WDM system, the passband 

becomes progressively narrower. To ensure reasonably broad passbands at the end of 

the cascade, the individual filters should have very flat passbands, so as to 

accommodate small changes in operating principles of the lasers over time. This is 

measured by the 1 dB bandwidth. 

e. At the same time, the passband skirts should be sharp to reduce the amount of 

energy passed through from adjacent channels. This energy is seen as crosstalk and 

degrades the system performance. The crosstalk suppression, or isolation of the filter, 

which is defined as the relative power passed through from the adjacent channels, is an 

important parameter as well. 

In addition to all the performance parameters described, perhaps the most 

important consideration is cost. Technologies that require careful hand assembly tend to 

be more expensive. There are two ways of reducing the cost of optical filters. The first 

is to fabricate them using integrated-optic waveguide technology. This is analogous to 

semiconductor chips, although the state of integration achieved with optics is 

significantly less. Waveguide devices tend to be inherently polarization dependent due 

to the geometry of the waveguides, and care must be taken to reduce the polarization 

dependent losses in these devices. The second method is to realize all-fiber devices. 

Such devices are amenable to mass production and are inherently polarization 

independent. It is also easy to couple light in and out of these devices from/into other 

fibers. Both of these approaches are being pursued today. 
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2.3.3. Fiber Gratings 
 

Fiber gratings are attractive devices that can be used for a variety of applications 

including filtering, add/drop functions, and compensating for accumulated dispersion in 

the system. Being all-fiber devices, their main advantages are their low loss, ease of 

coupling (with other fibers), polarization insensitivity, low temperature coefficient, and 

simple packaging. As a result, they can be extremely low-cost devices. 

 Fiber gratings are classified as either short-period or long-period gratings, based 

on the period of the grating. Short-period gratings are also called Bragg gratings, and 

have periods that are comparable to the wavelength, typically around 0.5 μm. Long-

period gratings, on the other hand, have periods that are much greater than the 

wavelength, ranging from a few hundred micrometers to a few millimeters. 

Recently, R&D efforts have been directed to long-period fiber gratings (LPGs). 

In contrast to the short-period gratings, LPGs are capable of coupling light between the 

forward-propagating core-cladding modes, generating a series of attenuation resonance 

peaks in transmission. These types of devices, therefore, possess an intrinsically low 

level of back reflection and are inexpensive to batch-produce. The popularity of LPGs 

has increased dramatically over the last few years as notable numbers of LPG-based 

devices and systems have been demonstrated for a multitude of applications in optical 

fiber communications and sensing. 

Since LPGs were first proposed as band-rejection filters by Vengsarker et al. in 

1996 [30], a variety of applications have been found for them. In optical 

communications and signal processing, LPGs have been demonstrated as EDFA gain-

flattening filters [31-33], WDM isolation filters [34, 35], high extinction ratio polarizers 

[36, 37], and mode converters [38, 39]. For optical sensing applications, LPGs have 

been implemented as temperature/strain/refractive-index sensors [40-43] as well as 

sensing demodulators [44]. The fact that light coupling involves cladding modes means 

that the LPG spectral response is strongly influenced by the optical properties of the 

cladding and the surrounding medium. This unique feature has yielded several novel 

sensing concepts and devices. Its sensitivity to the external refractive index has been 

exploited for chemical sensing applications [45-47]. Other sensing devices with 

sensitivity advantages include optical load and bend sensors [48-51]. Furthermore, the 

property of quadratic dispersion of LPGs [52] has been utilized to implement 
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measurand-induced-intensity and dual-resonance sensors, offering the attractive features 

of using economical signal demodulation schemes and possessing super-high 

sensitivities. 

 

2.3.4. Fiber Tapers 
 

Tapering injects a rich spectrum of both fundamentals and application into the 

waveguide problem. Loss of longitudinal invariance may result in a dramatic evolution 

of modal properties with mode transition and thus the evolution of the total field 

depending on the taper slope. Application results basically from the field access and the 

interferometric properties that the tapering process adds to a fiber. Untapered “single-

mode” fibers for communications operation typically have the field confined to the 

environs of the core and effectively isolated by a large cladding. However “in-line” field 

access is also desirable, e.g. for coupling to a second fiber, sensing media external to the 

fiber manipulating the fiber field for switching, amplification, etc. Access of the 

evanescent tail of the fundamental mode field may be obtained via reduction of the 

cladding diameter by etching or side-polishing. In contrast, tapering provides field 

access by spreading out the mode so that the external medium acts directly with the 

cladding to guide the mode. Furthermore, if a mode is just above core-mode “cutoff”, 

the cladding-reduction diameter then may induce the core-to-cladding mode transition. 

The initial motivation for tapering was to provide field access required for 

coupling to a second fiber [28]. This was alternative to both side-polishing [53] and 

etching [54]. As opposed to polished couplers which rely on evanescent field coupling, 

Bures, Lacroix and Lapierre [55] showed that fused tapered couplers typically act as 

cladding-mode devices, i.e. the cladding and external-medium provide the guidance – 

coupling between the fibers could be regarded as a beating of the modes of the total 

structure; furthermore a first model neglecting the core provided good agreement with 

experiment except for small taper elongations. 

 Black, Lapierre and Bures [56] in considering the building-block problem of the 

evolution of the fundamental mode field in single taper, developed bounds for the 

regions of applicability of the “no-core” and “infinite-cladding” approximations. 

Cassidy, Johnson and Hill [57] demonstrated that if the taper slope is not small enough, 

the fundamental local mode of a single fiber can couple to higher order modes resulting 

in oscillatory responses in the fundamental-mode output power of a taper with 
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elongation, wavelength and the refractive index of the surrounding medium. From the 

single fiber taper study, it was realized that the above mentioned “higher-mode” 

oscillations could be exploited as a simple means of obtaining a number of “in-line” 

applications such as sensing, filtering, and modulation. 

For sensing applications, devices that are based on evanescent field interaction 

are probably the most popular. In these fiber sensors the access to this field is done by 

partial or total removing of the fiber cladding. Single-mode tapered fibers have been 

proposed as an alternative to core-exposed fibers to develop a variety of sensors [58-

63]. In a tapered fiber the gradual reduction of the core and cladding diameters makes 

the evanescent fields spread out into the cladding and reach the external environment. In 

general, fiber-taper-based sensors are more sensitive than those in which the cladding is 

removed [64, 65]. Moreover, they are more compact and simple to make. Most of the 

fiber-taper-based sensors reported so far employ nonadiabatic biconically tapered fibers 

[58-63]. The modeling and fabrication of such sensors have been discussed by several 

authors [61, 62]. The taper parameters, such as waist diameter, length, and shape, are 

important when the taper is to be used as a sensor. It is also convenient to control all 

these parameters during the fabrication process and to know their influence on sensor 

properties. A fabrication technique that allows precise control of taper parameters is that 

described by Birks et al. in refs. [66] and [67]. Their method consists of fusing and 

stretching an optical fiber with a traveling gas burner. This technique allows the 

fabrication of tapers with a uniform waist diameter, such as that depicted in Fig. 2.6, 

among other shapes. The losses introduced by the fabrication process are negligible 

since the tapered fiber transitions satisfy adiabatic criteria [68]. The modeling of sensors 

based on uniform-waist single mode tapered fibers can be carried out with a simple ray 

optics approach, as it was demonstrated by Villatoro et al. in [69]. 

 
Fig. 2.6: Schematic of a tapered optical fiber with a uniform zone, where ρ0 and ρ are the initial and 

final diameter respectively. Propagation of the fundamental mode is illustrated. 
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2.4. Principles and Techniques for Sensing 
 

Fiber optic sensors based on intensity modulations are those in which the magnitude to 

be measured produces a detectable change in the intensity of light. This approach 

provides simple (and potentially low-cost) devices because it is easier to measure the 

optical power than the phase or the state of polarization of an optical radiation. Many 

advantages and drawbacks with respect to other sensing schemes have been cited in the 

literature, the most significant being: 

a) Several mechanisms are able to produce a measurand-induced change in the 

optical intensity propagated by or coupled to an optical fiber. Hence, a wide 

range of architectures are feasible for the sensor systems. 

b) They are cost effective because of the required components: usually, no 

special fibers are needed, good stability and enough power being the only 

requirements of the light source, while a simple direct-detection scheme for the 

optical receiver and a straightforward signal processing are frequently sufficient. 

c) Although the sensitivity is lower than that of interferometric systems, they 

offer the required performance in a wide range of real applications. 

d) They are sensitive to the desired and undesired measurands, and so 

compensation techniques are required. 

 When the highest measurand sensitivity is required, interferometric techniques 

are appropriate. Optical interferometry has long been associated with precision 

metrology, and is the basis by which the fundamental length standard is transferred to 

practical measurements. An optical interferometer is an instrument in which two or 

more optical path lengths may be compared; when mutually coherent beams of light 

corresponding to two different paths fall on a square-law detector, then the resultant 

intensity varies with the relative path difference with a period equal to the optical 

wavelength. Thus, optical path lengths can be measured on the scale of the wavelength 

of light. 

 The advent of single-mode optical fiber and related components has made it 

possible to construct interferometers that are sufficiently robust to be used in 

applications beyond the metrology laboratory. Fiber optic interferometers are now the 

basis of a wide range of new kinds of measuring instruments. It has now been more than 

35 years since the connection between the optical path length of a fiber-guided mode 



 - 24 - 

and the physical environment was first recognized, during research into coherent optical 

communication systems. There quickly followed the realization that the environmental 

dependence of path length in single-mode optical fibers could be used to measure 

temperature and strain. 

 

2.4.1. Intensity Modulation: Evanescent Field 
 

The evanescent field or wave is a well-known effect experienced by light at boundaries 

with a refractive index change: although the light can be totally reflected by the 

boundary, part of the electromagnetic field “enters” the other side, coupling the two 

media. This is the case for optical waveguides (optical fibers, for example), in which the 

light is guided by the inner medium of higher refractive index (core), but a small 

percentage of the field (i.e. evanescent field) actually travels in the cladding (see Fig. 

2.7a). If the cladding is removed, or its properties can be modified by some external 

magnitude, the evanescent wave, and thus the guided light, is able to interact with the 

measurand, providing the basis for many sensing schemes (see Fig. 2.7b). The change in 

the absorption of the evanescent field is one of the most commonly used forms of 

interaction. 

One of the most cited drawbacks of evanescent field sensors based on 

conventional waveguides is the weak interaction with the measurand due to the small 

excursion of the field into the cladding. In fact, the field strength decreases in an 

exponential way outside the core regardless of the waveguide shape or modal 

distribution, and, moreover, the actual penetration depth is dependent on 

optogeometrical and other waveguide factors through the normalized frequency number 

“V”. The lower the value of V, the greater of the evanescent field penetration into the 

cladding. 

Some studies have shown that the attenuation induced in total transmitted optical 

power is about a hundred times weaker than an equivalent absorbent medium of the 

same length and exposed to same optical field [64]. 

In its simplest architecture, an evanescent transducer is made of a segment of 

optical fiber with the cladding removed or side-polished. With the appropriate selection 

of wavelength, many chemical species in liquid and gas forms can be directly detected 

through the absorption of the evanescent wave. 
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Fig. 2.7: (a) Evanescent field in a guided optical medium; (b) Scheme of a transducer based on this 

principle. 
 

Sometimes, an indirect measurement is performed substituting the cladding with 

a material, layer or film whose optical properties can be changed by the substance to be 

detected, usually indicator dyes immobilized by a sol-gel film deposited on the core’s 

surface. 

Due to the difficulty in removing or polishing the cladding, some special fibers 

have been proposed, such as D-fibers or hollow fibers [70]. But some question marks 

remain, such as the poor sensitivity and the long-term reliability due to the surface 

contamination as well as the degradation of the indicator. 

In order to improve the weak interaction of the evanescent field with the 

measurand, tapered segments of optical fibers have been proposed. They are simply 

made by pulling single-mode fiber at the melting point, until radii of less than a micron 

are obtained. Because only one mode is involved, the modal distribution is not a 

problem in these sensors, and due to the small size of the tapered fiber at the waist, the 

sensitivity is improved: up to 90% of the propagated field is evanescent and can interact 

with the surrounding medium [71]. Multimode tapered fibers have also been proposed. 

Finally, it must be indicated that some other applications, apart from chemical sensing 

based on absorption are possible: some indicators react to the pH or humidity of the 

medium, while thermo-chromatic materials provide a means of temperature sensing. 
 

2.4.2. Interferometry 
 

An interferometer converts a phase change to an intensity change. The simplest kind of 

interferometry to visualize is an optical arrangement that causes two mutually coherent  
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Fig. 2.8: An optical fiber Mach-Zehnder interferometer. 

beams of light to follow physically distinct paths. One of those paths contains the 

sensing fiber and the other path is used as a reference. When the two beams are 

combined on a non-linear detector then they produce a resultant intensity that changes 

periodically with the phase difference, with periodicity 2π. Such an arrangement is 

suitable for sensors based on the modulation of phase. 

A common form of optical fiber interferometer is the Mach-Zehnder 

configuration, with a simple example shown in Fig. 2.8. The source is coupled into a 

single mode fiber downlead and is amplitude-divided into two fibers arms, which can be 

thought of as representing a signal beam and a reference beam. The measurand modifies 

the phase of the signal beam, whereas the reference beam enjoys a constant 

environment. The two beams then recombine at a second directional coupler (DC) into 

two ports terminating in photodetectors giving an electrical output proportional to the 

power incident upon them. The visibility of the interference depends on the relative 

intensity of the signal and reference beams, their relative states of polarization, and their 

mutual coherence. In the optimum case, the relative intensities and states of polarization 

are equal and the optical path length difference between the signal and reference beams 

is much smaller than the coherence length of the detected light. Good spatial coherence 

is intrinsic to the use of single-mode optical fiber. Under these optimum conditions, the 

visibility is unity. There are more configurations closely related to the Mach-Zehnder 

interferometer, such as the Michelson interferometer or the Sagnac interferometer. For 

more details about these kinds of configurations see ref. [72]. 
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3 Mechanically-Induced Long-Period 

Fiber Gratings: Characterization 

and Applications 
 

The development of configurations with enhanced evanescent interaction capability is a 

necessary step towards sensor implementation. In the particular case of optical fibers, 

strategies that have been explored include side polishing, chemical etching or tapering. 

While these methods allow for greatly increased evanescent field, its application is often 

associated with complex procedures and introduces fragility to the sensing probe. Long-

period fiber gratings (LPGs), where the core mode is coupled to forward propagating 

cladding modes, are very attractive in this regard as they provide evanescent interaction 

of selected wavelength ranges without compromising the fiber physical integrity. 

In this Chapter, LPGs made by mechanical pressure technique over standard 

single-mode fiber (SMF) are reported. First, the characteristics of a mechanically 

induced long-period fiber grating (MLPG) made by pressing a pair of grooved plates 

over SMF tapers are analyzed. Robust fiber tapers with diameter ranging from 90 to 125 

μm were used in order to shift the resonance wavelengths toward shorter wavelengths. 

It was found that this technique is particularly suitable for tuning the resonance 

wavelengths to shorter wavelengths below the limit imposed by the grooved plate 

period. 

Secondly, a Mach-Zehnder interferometer formed in SMF is presented. The 

interferometer is built by two MLPGs. In addition, a fiber taper in the middle section is 

inserted. The spectral properties of the whole system are analyzed. The sensitivity of the 

interferometer to external refractive index changes was also studied. Fiber tapers with 

different diameter, inserted between the long-period gratings pair, were fabricated and 

tested for measuring external refractive index changes. A maximum resolution of 2.3 x 

10-4 RIU in a refractive index range from 1.36 to 1.402 is achieved. 
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3.1 Mechanically Induced Long-Period Fiber 

Gratings on Tapered Fibers 
 

The characteristics of a mechanically induced long-period fiber grating (MLPG) made 

by pressing a pair of grooved plates over single-mode fiber tapers are analyzed. Fiber 

tapers with a waist length of 80 mm and diameter ranging from 90 to 125 μm, fabricated 

using the heating and pulling method, were used. It was observed that the resonance 

wavelengths shift toward shorter wavelengths as the fiber taper waist diameter is 

reduced. A maximum shift of 254 nm in the position of the resonance peaks was 

observed when the fiber diameter was reduced to 90 μm. This technique is particularly 

suitable for tuning the resonance wavelengths to shorter wavelengths below the limit 

imposed by the grooved plate period. 

 

3.1.1 Introduction 
 

Spectral filtering properties of the LPGs can be exploited to develop attractive all-fiber 

devices for optical fiber communication and sensing systems [1]. In a LPG, the LP01 

core mode is coupled to forward-propagating cladding modes of order m. The resonance 

wavelength λm of the LPG is defined by the phase-matching condition [1, 2]: 

( )Λ−= m
cladcorem neffneffλ     (1) 

where Λ is the grating period, neffcore and neffcladd
m are the effective index of the LP01 

fundamental mode and the mth cladding mode, respectively. In general, for a given 

period Λ several cladding modes satisfy this condition, each one at a different λm that 

increases with m. The transmission spectrum of the LPG thus exhibits a series of 

attenuation bands. The resonance wavelengths λm depend on the fiber characteristics 

through the effective indices of the core and cladding, which in turn depend on the core 

and cladding dimensions and their refractive indices. Hence, a change in dimensions of 

the core and cladding diameter will affect the position of the resonance wavelengths.  

One of the key characteristics of the LPG, that makes it very attractive, is the 

great variety of methods to generate it, due to the fact that the period can be as large as 

hundreds of micrometers. For example, MLPGs can be created through the application 
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of periodical load microbend which couples the LP01 core mode to antisymmetric LP1m 

cladding modes [3]. The fabricated MLPGs are also reversible and their attenuation loss 

can be controlled in real time, which makes them very promising for spectral filtering or 

gain equalization in fiber amplifiers [4, 5]. In addition, gratings can be induced 

practically in any kind of conventional SMFs [6] or even in holey fibers [7] with the 

advantage that the experimental setup does not need to be modified. Recently, interest 

has been focused on finding methods for tuning the resonant wavelengths of MLPGs in 

order to expand their applications. The tuning mechanisms proposed so far include: 

grating period variations [8, 9], etching of the fiber cladding [10], heating the corrugated 

structure that induces the grating [11], or twisting the fiber [12]. Motivated by the 

unique advantages of the MLPGs of being erasable and reconfigurable, it is proposed 

and also demonstrated the use of SMF tapers with a uniform waist for tuning the 

resonant peaks to shorter wavelengths. 

 

3.1.2 Tapered Long-Period Fiber Grating 
 

One of the simplest methods to generate a LPG is based on microbending deformation 

induced on fiber by two plates, where at least one of the plates has a grooved pattern, 

which induces periodical microbending when the mechanical pressure is applied. The 

gratings studied here were produced using this method. Fig. 3.1 shows the schematic 

representation of the experimental setup used to generate and analyze the transmission 

spectra of the MLPG. Two identical aluminum blocks of 24x70x25 mm (LXWXT) 

which have rectangular grooves of 306 μm in depth, a duty cycle of 60-40 and a period 

of 470 μm were used. The period, depth and duty cycle were measured by optical 

microscope integrated in an Atomic Force Microscope (AFM) and through software 

 
Fig. 3.1: Schematic diagram of the experimental setup used to generate and interrogate the MLPG 

over a fiber taper. 
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included in the AFM images and measurements for each plate were got. Blocks were 

mounted and fixed in a mechanical system, designed and fabricated in our facilities, 

where the fiber was placed between the blocks and aligned along the normal to the 

groove lines. A loading system [13] locally exerts a controlled pressure on blocks and 

therefore grooves induce a microbending deformation in the fiber. Also the system 

allows us to adjust the grating period to higher values by changing the angle between 

the fiber axis and grooves. Standard step-index telecommunications fiber SMF-28e 

fabricated by corning was used in this analysis. The characterization of the attenuation 

bands was carried out by observing the transmission spectrum with an Optical Spectrum 

Analyzer (OSA) (ANDO AQ-6315A) with a spectral resolution of 0.1 nm and a White 

Light Source (WLS) (ANDO AQ-4303B). The transmission spectra of a MLPG induced 

over untapered fiber with (continuous line) and without (dotted line) the protective 

polymer coating is shown in Fig. 3.2 where four mayor notches can be observed. In the 

jacketed fiber the resonant peaks occur at 1470, 1500, 1550 and 1640 labeled as first, 

second, third and fourth notch, respectively. As it can be seen, for uncoated fiber the 

notches are blue-shifted and slightly broader, and the depth of the fourth notch 

decreases 1 dB reaching a maximum attenuation of -11 dB. A possible explanation is 

that the deformation is applied directly over the cladding.  

 
Fig. 3.2: Measured transmission spectra of a MLPG over an untapered optical fiber with 

(continuous line) and without (dashed line) coating jacket. 
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L0 

ρ 
ρ0 

 
Fig. 3.3: Diagram of the fiber taper shape. ρ0 represents the original diameter of the fiber, L0 and ρ 

represents the length and diameter of the fiber taper waist, respectively. 

 

Some studies have analyzed the effects of the cladding diameter reduction over 

the spectral behavior of a recorded LPG [4, 14-16]. Mainly, the cladding etching 

process has been employed for tuning the resonant wavelength of the LPGs or to 

increase the sensitivity of the device toward the refractive index of the external medium. 

However, the characteristics of a LPG recorded over an optical fiber taper in which both 

the core and cladding have been tapered have not been sufficiently studied [17]. 

Actually, this is the first time, to our knowledge, that spectral behavior of MLPGs 

induced on a fiber taper is analyzed. Fig. 3.3 shows the shape of the fiber taper 

proposed. It consists of a cladded SMF with a section of length L0 and constant diameter 

ρ, also known as waist. The fabrication of such structure is carried out with the heating 

and pulling process described in ref. [18, 19]. 

An oscillating flame torch produced by a controlled mixture of butane and 

oxygen is used to soften the fiber while it is gently pulled. Since the cladding is not 

removed the tapering process is easier and more controllable than etching. It is 

important to notice that in a tapered fiber the core and cladding diameter have decreased 

simultaneously and in the same proportion. A collection of samples with a waist length 

(L0) of 80 mm were fabricated. First, the losses introduced by the tapering process were 

analyzed. The measurements were carried out with a LD, with peak emission at 1550 

nm, and a single photodetector. It was found that the maximum losses were below 0.1 

dB, and they can be considered negligible in practical situations. Losses are lower since 

the tapered fiber transition satisfies the adiabatic criteria [20]. Fig. 3.4 (a) and (b) show 

the profile of two tapered fibers with a normalized taper waist diameter (ρ/ρ0) of 0.92 
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and 0.72, respectively. The profiles were measured along the tapers with steps of 1mm 

using an optical fiber diameter measuring system (M551A, Anritsu). As it can be seen 

in Fig. 3.4, the shapes of tapered fibers had a biconic structure and the taper length 

depends on the waist diameter. In the wider taper (a) the whole transition has a length of 

about 100 mm and in the case of (b) is approximately 150 mm, in both cases the 

uniform waist length was 80 mm. 

From the phase–matching condition expressed in Eq. (1) it is known that if the 

period of grating Λ is fixed then λm is determined by the difference between neffcore and 

neffcladd
m. Both the core and cladding effective index are determined by structure 

parameters of the fiber, e.g. the core radius, material indices of core and cladding [15]. 

In a tapered fiber, material indices are not changed but only the core and cladding 

radius. The variation of the core-cladding radius will change the mode-field distribution 

and consequently the effective index of core and cladding modes. When neffcore and 

neffcladd
m change, through Eq. (1), the phase matching condition would be unsatisfied at 

the original wavelength (for untapered fiber) and coupling will occur at other 

wavelengths [17]. Since the tapers are adiabatic, negligible coupling occurs between the 

core and cladding modes [18]. 

 
Fig. 3.4: Measurement of the length and diameter of the two fiber tapers with a normalized taper 

waist diameter (ρ/ρ0) of (a) 0.92 (continuous line) and (b) 0.72 (dotted line). 
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3.1.3 Experiments and Results 
 

Fiber tapers with a waist length (L0) of 80 mm and normalized diameter ranging 

between 0.96 and 0.72 were used in this study. The length of the taper waist is longer 

than grooved regions in the blocks to ensure that only the uniform section of the taper is 

used. Fig. 3.5 shows the transmission spectra of five MLPG written on fiber tapers with 

a different waist diameter. The notches in the transmission spectra, except the fourth, 

are shifted toward lower wavelengths as the waist diameter of the fiber tapers are 

reduced. A possible reason for that can be given by the phase-matching condition. As it 

was mentioned above, if the period of grating Λ is fixed then λm is determined by the 

difference between core and cladding effective indices. In our case, the grating period is 

fixed in 470 μm and the neffcore and neffcladd
m values decrease at the same ratio when the 

cladding and core radius is reduced by the tapering process [17]. On this way, the 

effective indices difference in the phase-matching condition decreases; hence at a fixed 

grating period the resonance wavelength becomes shorter. In Fig. 3.5 is also shown that 

notches become deeper and slightly broader; for example, the third notch experiences an 

increment from -9.3 dB (Fig. 3.2 dashed line) to a maximum value of -17 dB.  

 
Fig. 3.5: Transmission spectra of MLPG induced over fiber tapers of different waist diameter. 
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Inspecting the transmission spectra in Fig. 3.5, it can be seen that there are two 

effects of interest in the spectral behavior. First of all, the wavelength position of the 

first three notches shifts toward shorter wavelengths, whereas the fourth one 

experiences a red-shift, as the taper diameter becomes thinner. Second, the separation 

between notches increases as the taper waist decreases. Although the out-of-band loss is 

-2 dB, no overlap between notches were observed.  Fiber tapers with a waist diameter 

thinner than 90 μm were tested but peaks become broader and tend to overlap, the out-

of-band loss was more than -4 dB. Higher pressures result in stronger mode coupling 

and thus generally in deeper notches. When the pressure was increased the attenuation 

band of the first three notches increased, whereas that of the fourth one decreased until 

it disappeared, as it can be seen in Fig. 3.5. It was assumed that this irregular behavior 

occurs because the shape of the taper strongly affects the coupling conditions of the 

cladding mode associated to this peak. On this way, the analysis was focused on the first 

three notches on the lower-wavelength side. 

The behavior of the resonant wavelength for the first three notches is plotted in 

Fig. 3.6 as a function of the normalized taper diameter; a pair of corrugated plates with a 

period of 470 μm was used. The first thing that it can be noted is the longer 

displacement of the resonant peaks when the taper diameter is reduced just a few  

 

 
Fig. 3.6: Evolution of the resonant wavelength peaks of the tapered MLPG. 
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percent from his original value. This abrupt shift in wavelength should not be due to 

diameter reduction since for smaller values of fiber diameter the shift of the resonant 

wavelength is less noticeable and it is almost linear, as it can be seen with the dotted 

lines on Fig. 3.6. 

Our tapered fibers were fabricated by heating optical fibers locally using a micro 

burner with butane/oxygen, where the flame temperature is close to 1400 ˚C. This 

heating process abruptly shifts the peaks of the MLPG spectra in only a few minutes of 

exposure to the flame. It was assumed that this behavior can be attributed to the 

relaxation of the viscoelastic strains frozen into an optical fiber during drawing [22, 23]. 

When a fiber is heated in absence of tension, the frozen-in viscoelasticity as well as the 

residual elastic stresses can relax restoring the cladding refractive index to its 

equilibrium value, thus causing it to increase. In contrast the thermally-expanded core 

[24, 25], where the diffusion of the core dopants has been shown to reduce the refractive 

index difference between the core and cladding in a SMF, requires extremely high 

temperatures and very long processing times, the relaxation of the frozen viscoelastic 

strains requires a localized heat treatment that heats the fiber to a temperature near its 

fictive temperature (1400 ºC) for only a few seconds. 

 
Fig. 3.7: Transmission spectra of a MLPG generated in a conventional fiber before (solid line), after 

heating for 1 min (dashed line) and 7 min (dotted line). 
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To asseverate that the spectral shift response in our results was due to the 

tapering process and not only to the heating, additional tests were made. The fiber was 

heated without pulling it. After, it was mechanically induced the LPG and it was 

observed that the peaks had moved to shorter wavelengths. In Fig. 3.7, are shown the 

transmission spectra of a MLPG induced over a fiber before (solid line) and after it was 

heated during 1 minute (dashed line) and during 7 minutes (solid line). Peaks become 

sharper and losses increase when the fiber is heated during few minutes. Note that the 

displacement of the peaks is less noticeable for longer heating times. After 7 minutes 

heating no further shift in the spectral response was observed. Then, to move the 

resonance peaks to lower wavelength values it was necessary to taper the fiber. 

 

3.1.4 Conclusions 
 

In concluding this section, the spectral response of MLPGs made by pressing a pair of 

grooved plates over SMF tapers was analyzed. Fiber tapers with a waist length of 80 

mm and diameters ranging from 90 to 125 μm were used. It was found that the resonant 

transmission dip wavelengths of the MLPGs over tapered fibers shifts toward shorter 

wavelengths as the fiber taper waist diameter was reduced. A maximum shift of 254nm 

in the resonant dip wavelengths was observed. 

Based on these results a novel method for tuning the resonant wavelength of 

MLPGs to shorter wavelengths by using a tapered fiber is proposed. Most of methods 

for tuning the resonance wavelength of a MLPG reported so far can shift the loss peaks 

to higher wavelengths values using a different groove period or by tilting the grooving 

plate. Other methods use torsion to shift the resonance peaks to lower wavelength 

values but has a limited range of about 25 nm. By contrast our method shift the 

resonance peaks toward shorter wavelengths and the tuning range is ten times longer 

than that obtained by the torsion method. The major advantage of our method is the 

possibility to tune the MLPG loss-peaks near 1300 nm using grooved plates with 

relative large grating period (470μm), otherwise the period of the corrugated plates must 

be less than 200 μm, such period is very difficult and expensive to machine by a 

common mechanical process. This characteristic is very attractive and can be exploited 

for reshaping the gain spectrum of lasers and amplifiers. In addition, the resonance 

wavelength can be easily adjusted only by tapering process, which is semi-automatic, 
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highly repeatable and very precise. The fiber diameters of the tapers presented in this 

work are very robust and easy to handle. For increasing the strength of the fiber, the 

taper can be recoated after the tapering process. 

 

3.2 Tapered Mach-Zehnder Interferometer using a 

Microbend Grating Pair as Refractive Index 

Sensor 
 

A Mach-Zehnder interferometer formed in single mode fiber is implemented. The 

interferometer is built by two mechanically-induced long-period gratings. In addition, a 

fiber taper in the middle section is inserted. The spectral properties of the whole system 

are analyzed. Visibility of the interference fringes up to 0.80 (the higher ever reported 

using mechanically-induced long-period gratings) with fringe spacing in the 4.1 to 0.86 

nm range are experimentally demonstrated. The proposed device allows reducing the 

fiber diameter of the section between gratings with a minimal effect in the interference 

fringe spacing. The sensitivity of the interferometer to external refractive index changes 

was also studied. It is experimentally shown that, due to the nature of the cladding mode 

excited, it is necessary tapering the fiber to improve the system sensitivity to external 

refractive index. Fiber tapers with different diameter, inserted between the long-period 

gratings pair, were fabricated and tested for measuring external refractive index 

changes. A maximum resolution of 2.3 x 10-4 RIU in a refractive index range from 1.36 

to 1.402 is achieved. 

 

3.2.1 Introduction 
 

The use of interferometers in optical measurement has been well established for many 

decades. The implementation of many of the classic bulk interferometers in all-fiber 

format was a natural development with the advent of low-loss SMFs and related 

components. Within this context, in-line fiber modal interferometers are very attractive 

since the reference path is along the fiber core and the sensing path is associated to a 

specific excited cladding mode, eliminating the need of having two physical fiber 

branches. One way to realize such devices is by using a Mach-Zehnder configuration 
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based on two LPGs, which was first proposed by Dianov et al. [27]. In this 

configuration, a pair of LPGs is written down the fiber to induce interference between 

the core mode and a selected cladding mode.  The first LPG couples part of the core 

mode power into a forward-propagating cladding mode. The second LPG combines the 

two modes, resulting in a transmission spectrum with sharp interference fringes. The 

two LPGs function as a beam-splitter/combiner for the core mode and cladding modes 

traveling through two independent paths along the same fiber. 

Mach-Zehnder interferometers (MZIs) based on two photo-induced LPGs have 

been widely studied. The spectral properties and possible applications of such devices 

have been reported; see for example [28-30]. Despite the success of these 

interferometers formed by this classical writing technique, other alternatives have been 

proposed. A computer-assisted arc-discharge was used to fabricate cascaded LPGs, as is 

reported by Pilla et al. [31]. Caldas et al. [32] proposed a MZI based on two arc-induced 

LPGs as refractive index sensor. A MLPG pair is reported as double-pass two-stage 

EDFA for improved flat gain [33], as a MZI in photonic crystal fiber [34], and as a 

potential refractive index (RI) and concentration sensing device of solutions [35]. 

However, in terms of quality of interference fringes (visibility) or sensitivity to external 

RI, the approaches where a MLPG pair is used have their own drawbacks. Although a 

MZI in photonic crystal fiber has been implemented, the quality of the generated 

interference fringes is low and it has a large insertion loss (more than 2 dB). On the 

other hand, the LPG pair used for concentration sensing of solutions have high 

sensitivity for RI close to 1.45 (RI of the fiber cladding), yet the sensitivity for lower RI 

values (i. e. from 1.3 to 1.4) was not investigated. What is more, authors were not able 

to report the shift in wavelength because of the limitations of their experimental setup, 

and consequently only a variation in the optical output power for a concentration change 

was presented. 

Here, the spectral characteristics of a mechanically-induced MZI are experimentally 

analyzed. Its dependence on the gratings separation is carefully studied. A MZI with a 

length ranging from 150 to 745 mm produces interference patterns with fringe spacing 

from 4.1 to 0.86 nm. The fringe visibility in our interferometers is high, up to 0.80, and 

as good as those reported in previous works using photo-induced LPGs [28-30]. The 

main advantage of this system is the possibility to tune in-line the fringe spacing by 

simply displacing one of the LPGs using the same piece of fiber. Furthermore, the 

system is very flexible since it allows the insertion of fiber tapers with dramatic 
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diameter reduction (up to 20 μm) without modifying the separation between the LPGs. 

In other words, the interference fringe spacing is not affected. Finally, the fiber taper 

inserted between the LPG pair is used to measure external RI changes. The 

experimental results show a shift in the interference fringes due to a change in the 

external RI. A sensitivity of ~434 nm / RIU in the refractive index range of 1.36 to 

1.402 is achieved. The relatively good response of the interferometer to external 

refractive index changes and the easiness of the method to induce the LPGs pair make 

this device attractive for some applications. 

 

3.2.2 Working Principle 
 

A LPG can couple the light power between the fundamental guided mode and forward-

propagating cladding modes inside the fiber. As a result, several resonant modes are 

manifested as loss notches in the corresponding transmission spectrum. The resonant 

wavelength of the m-th order mode λm is defined by the phase matching condition, see 

Eq. (1). This working principle is well known. So far, several schemes for writing LPGs 

using mechanical pressure have been proposed. One of the simplest is based on 

microbending deformation induced over the fiber with a pair of corrugated plates. By 

using a pair of these in series along the fiber, as is shown in Fig. 3.8, it was possible to 

build a MZI. The core mode of the optical fiber is coupled to cladding modes by the 

LPG1. Both signals, traveling along the fiber, will interfere when the LPG2 re-couples 

the light from the cladding modes to the core mode. The core and cladding modes 

accumulate a differential optical path delay which results in a spectral fringe pattern that 

appears in the transmission spectrum. The channel spacing between the fringes depends 

on the separation between the two gratings. The coupling strengths and lengths of the 

LPGs influence the details of the fringe pattern, so the characteristics of the LPGs need 

to be as nearly identical as possible in order to obtain a clear fringe pattern [28]. 

The experimental setup used to perform this study is shown in Fig. 3.8. Each 

LPG was obtained by applying a transverse force over a section of fiber using two 

grooved aluminum plates. The plates were mechanically polished in order to get 

rectangular grooves with a periodicity of ~507 μm and its dimensions are shown in Fig. 

3.8b and 3.8c. The plates were mounted and fixed in a mechanical system designed and  
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Fig. 3.8: (a) Schematic of the MZI. WLS stands for white light source, OSA for optical spectrum 

analyzer, L for grating separation, LPG1 for long-period grating 1, and LPG2 for long-period 

grating 2. (b) Dimensions of the plate used in the system. (c) Lateral view of the plate. 

 

fabricated in our facilities which allows a fine tuning of the grating period just changing 

the angle between the fiber axis and grooves. 

Standard step-index SMF-28e (9/125) was used. The SMF28-e fiber was placed 

between the two plates and was aligned along the normal direction of the grooves. The 

loading system exerts a controlled pressure over the fiber which is subjected to 

microbending deformation induced by the grooved plates. In order to avoid damage in 

the optical fiber, the protective coating was not removed over those sections subjected 

to microbending by the corrugated plates. In contrast, this protective coating was 

stripped-out from the fiber section between the LPGs. Light from a broadband source 

was injected into the optical fiber.  The whole structure was assembled by placing in 

series two identical LPGs with 3-dB transmission losses. In this configuration, pressure 

over a first section of fiber (~9 kgf) was applied. Pushing both grooved plates against 

each other produces the first LPG with a 3-dB transmission loss at the center 

wavelength λ = 1338 nm. Secondly, pressure over a second section of fiber was applied 

until the interference fringe pattern was obtained. The transmission spectrum was 
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continuously recorded by monitoring the resulting fringe pattern. This process is highly 

repeatable and it only takes a few minutes, which makes our system very robust. The 

minimal separation set between gratings was 150 mm and it was limited by the 

dimensions and design in the pressure system used. It is important to point out that the 

whole process is manual, but some of the elements can be easily replaced by automatic 

systems. Moreover, the mechanical mounts are susceptible to be miniaturized; both 

actions are in progress because they could help to extend and diversify the applications 

of this technique. 

 

3.2.3 Experimental Results and Discussions 
 

The transmission spectrum of the first mechanically-induced LPG with ~ 3-dB in depth 

is shown by the dotted line in Fig. 3.9. This resonant wavelength is associated with the 

LP11 antisymmetric cladding mode, as is demonstrated by Rego et al. in [36] where the 

same host fiber and also the microbending technique were used.  It is important to 

notice that no other notch appeared in the whole span from 1100-1750 nm using this 

grating period and the applied pressure mentioned above. 

 
Fig. 3.9: Optical transmission spectrum of the single mechanical induced LPG (dotted) and the 

LPG pair (solid) as a MZI with a L= 150 mm. 
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After inducing the first LPG, a second LPG was induced in the same fiber 

according to the minimal distance between gratings mentioned above. The resulting 

output spectra, with a characteristic interferometric modulation (with L = 150 mm 

center to center) is shown by the solid line in Fig. 3.9, where several loss dips in the 

fringe pattern can be observed. It is important to notice that the interferometer is 

composed by a pair of LPGs with 3-dB notch depth. Strong interference was observed 

and the fringe spacing was measured to be 4.1 nm. The visibility of 0.8 of the 

interferometer fringe pattern was calculated using the relation proposed by Pilla et al. 

[31]  , where  and  are the minimum of the upper and 

lower envelope of the transmission spectra respectively. 

)/()(V
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Fig. 3.10 shows the transmission spectra of four MZI in which the center-to-

center grating separation L was (a) 307, (b) 382, (c) 615, and (d) 745 mm with an 

uncertainty of ±1mm. The corresponding interference fringe spacing was (a) 2.09, (b) 

1.72, (c) 1.04, and (d) 0.86 nm.  

 
Fig. 3.10: Spectra of mechanical MZI with different separation (L) with a fringe spacing (Δλ) of a) 

2.09, b) 1.72, c) 1.04, and d) 0.86 nm. 
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Our devices presented a behavior similar to that of a MZI fabricated with two 

photo-induced LPGs [28-30] where the fringe spacing decreases as the grating 

separation is increased. The overall insertion loss in our devices was around 1-dB. In 

addition, it was observed that the larger the center-to-center grating separation the 

higher the insertion losses. This can be attributed to the increment in the tension applied 

to the fiber in order to avoid the formation of the small catenaries due to the large 

gratings separation. Maximum and minimum fringe visibility of 0.68 and 0.62 were 

calculated from interferometers (a) and (c) in Fig. 3.10, respectively. 

The measured fringe spacing as a function of the grating separation is shown in 

Fig. 3.11. The inset-graph in Fig. 3.11 shows the variation of the inverse fringe spacing 

as function of the grating separation, which exhibits a linear behavior. From the fringe 

spacing measurement the differential group index was calculated to be Δm ~ 2.7x10-3 by 

using the well-known theory proposed by Lee et al. [28]. So, the differential effective 

index calculated following Eq. (1) was Δneff = 2.63x10-3, with λ = 1338 nm and Λ =507 

μm from the data set of each LPG. 

 
 

Fig. 3.11: Variation of the measured fringe spacing (Δλ) as a function of the gratings separation (L). 

The inset figure shows the linear relation between of the inverse of fringe spacing and the grating 

separation. 
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At this point, it may be mentioned that the interference pattern of the MZI 

without removing the protective coating between the gratings can be reproduced. Under 

this condition, some tests were made and it was observed that the interference fringe 

spacing and the fringe contrast showed the same performance as the fiber without the 

coating. Only a minimal wavelength shift in the interference pattern was detected when 

the protective coating was removed. This can be understood by the fact that in a LPG 

the forward propagating cladding-modes strongly depend on the RI of the medium 

surrounding the cladding. Higher-order cladding modes extend easily into the external 

medium, so they are more sensitive to changes in the RI. On the other hand, low-order 

cladding modes are better confined in the cladding and are relatively insensitive to the 

RI surrounding the fiber, not only for indices lower than that of the glass but also for 

higher RI [37]. In our case, the LP11 anti-symmetric cladding mode is excited, which is 

the lowest-order mode for the grating periodicity fixed in the experiments. Thus, when 

the coating is removed, the surrounding RI (air) is lower than that of the cladding and 

the LP11 cladding mode is confined by total internal reflection (TIR). In the presence of 

the protective coating the external medium presents a higher RI than in the cladding, the 

fiber does not support any cladding modes, and the core mode couples with the 

radiation modes. The presence of attenuation bands in this situation, where the cladding 

is not acting as a waveguide, is attributed to the existence of attenuating cladding modes 

arising from Fresnel reflection, rather than by TIR from the cladding-air interface. In 

this case, Eq. (1) is not longer valid [38]. This behavior suggested us that the sensitivity 

of the interferometer was not enough to detect changes in the surrounding medium by 

just stripping-out the protective coating of the optical fiber. 

Since a tapered fiber can enhance the evanescent field, the fiber section between 

the two LPGs was tapered to increase the sensitivity of the device. This was proposed 

by Ding et al. in [39] for photo-induced LPGs or by Caldas et al. in [40] for arc-induced 

LPGs in order to enhance the sensitivity of the interferometer. Such a fiber taper section 

introduced in our interferometer (formed by MLPGs) was efficient in improving and 

tailoring the sensitivity, as our experimental results show below.  

In a MZI, if the fiber section between gratings is tapered after writing the LPGs, 

the center-to-center grating separation is increased and it produces important changes in 

the original spectra [39]. The most evident effect is the random change in the fringe 

spacing, as it is well predicted by Lee et al. [28]. However, by adjusting the taper 

fabrication characteristics the distance between gratings (the cavity length) can be not 
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affected [40]. If the taper is fabricated before inducing the LPGs the interference fringe 

spacing remained quite constant for different fiber tapers waist diameters. In our case, 

adiabatic fiber tapers with a waist diameter ranging from 100 to 20 μm were first 

fabricated following the heating and pulling technique reported by Villatoro et al. [41]. 

The profile of these tapers consists of a uniform region of minimal diameter ρ and 

length L0, between two tapered segments. In all the samples fabricated L0 = 10 mm. The 

maximum loss introduced by the tapering process was around 0.05 dB. Fig. 3.12 shows 

the transmission spectra of the MZI for a grating separation of 230 mm, (a) without 

taper and after the fiber was tapered to (b) 80, and (c) 30 μm. These interferometers 

with a taper in the middle section showed a slight variation on the position of the peaks 

with respect to the untapered MZI. However, the fringe spacing was almost the same 

across the whole wavelength window. As shown in Fig. 3.12, the transmission spectrum 

of the untapered MZI is symmetric with high visibility (0.67), and the fringe spacing 

was measured to be 2.76 ± 0.1 nm. Tapered fibers with ρ = 80 and 30 μm were inserted 

in the mechanical setup, and the interference fringe spacing was measured to be 2.78 ± 

0.1 nm and 2.83 ± 0.1 nm, respectively. 

 
Fig. 3.12: Transmission spectra response of the fiber tapers with (dotted line) and without (solid 

line) the LPG pair. The grating separation in all cases was L= 230 mm and a taper waist diameter 

of (a) 125, (b) 80 and (c) 30 μm. 
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Finally, the sensitivity to external refractive index changes in our device was 

investigated. Three interferometers containing a fiber taper in the middle section with 

waist diameter of ρ = 40, 30 and 20 μm were tested as RI sensors. It was implemented a 

simple light transmission measurement setup based on a WLS and an OSA. An 

adjustable stage was placed below the fiber taper to support a U-shape glass container 

with 10 mm in length to ensure that only the free-section of the taper waist was 

immersed in the RI liquids (a series of calibrated Cargille’s oils). The device was then 

lowered onto the U-shape glass container so that the fiber taper section between the two 

gratings was immersed in the RI standard solution while the output spectrum was 

recorded. Between consecutive measurements, the fiber taper section was cleaned and 

dried with acetone and air, respectively. Fig. 3.13 shows the maxima wavelength shift 

as function of the external RI change for taper waist values of 20, 30 and 40 μm. The 

shift of the interference pattern, measured in the 1.36-1.41 range, was carried out by 

monitoring the positions of maxima and minima. As it is shown in Fig. 3.13, taking 1.36 

as reference value, the zero sensitivity against RI change was eventually reduced as the 

fiber taper diameter was decreased, i. e., for the fiber taper with ρ = 40 μm the zero 

sensitivity was from 1.36 to 1.38 RI values and a shift was observed only from 1.39 

value; for ρ = 30 μm, the zero sensitivity was for 1.36 and1.37 with a shift observed 

 
Fig. 3.13: Measurements results for the maxima wavelength shift due an external RI change for 

three MZI with a fiber taper in the middle section. 
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from 1.38 value; for ρ = 20 μm a change from 1.36 to 1.37 was immediately detected. 

The RI sensitivities with these ρ values in the linear zone show maxima wavelength 

shifts of 5.57 nm (ρ = 40 μm in the 1.38-1.402 range), 10.21 nm (ρ = 30 μm in the 1.37-

1.402 range), and 18.23 nm (ρ = 20 μm in the 1.36-1.402 range). From Fig. 3.13, the 

average refractive index resolution can be estimated. By assuming that a shift of 100 pm 

can be resolved, then the resolutions are 3.95 x 10-4 (ρ = 40 μm), 3.13 x 10-4 (ρ = 30 

μm), and 2.3 x 10-4 (ρ = 20 μm) RIU, which are similar to commercial refractometers. 

These three values of ρ showed a better performance for RI measurements. In fact, 

higher values in the waist diameter showed a very low shift in the interference pattern 

and values in ρ lower than 20 μm presented difficulty to be managed. 

It may be mentioned that an asymmetry in the transmission spectra of ρ = 30 μm 

was found and the position of the wavelength peaks has been changed. Similar behavior 

for tapers with ρ = 20 μm and lower values were found. This can be due to a variation in 

the effective refractive index of core and cladding modes along the fiber taper section. 

The most noticeable changes in the spectra, especially for strong taper reduction 

(<50%), were an asymmetry in the spectrum and a reduction of the fringe visibility in 

the long wavelength side of the pattern. However, for shorter wavelengths the visibility 

remained high (~0.62). In general, the tapered segment of a SMF for these strong tapers 

works like a multimode fiber that supports higher order modes. The excitation of the 

modes in the uniform-waist region is produced due to an adiabatic transition. In this 

kind of transition the excitation of the LP01 mode from the fundamental fiber core mode 

can be carried out with an efficiency as high as 99.5% [42]. Thus, the contribution of 

higher order modes is insignificant and is not taken into consideration. It is worth 

mentioning that the experiments were performed under controlled temperature. 

Based on the results presented in Fig. 3.13, a relatively good resolution was 

found when the devices were used for refractive index sensing. Although the resolution 

in our device is lower than those reported for a MZI using two photo-induced or arc-

induced LPGs [39, 40], the value achieved in our experiments is the higher ever 

reported using MLPGs over SMF, to the best of our knowledge. This low value in 

resolution can be explained based on which cladding mode is excited. For the two 

photo-induced LPGs, the grating period was chosen in order to excite the cladding 

mode of ninth order considering its high sensitivity. As a result, the sensitivity achieved 

was about five times higher than that of a normal LPG pair. For the arc-induced LPG 

pair, the grating period was chosen to produce a resonance wavelength that matches the 
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central wavelength of the light source used and corresponds to fifth order cladding 

mode. Consequently, the sensitivity was increased by a factor of ~2.5 compared with 

the normal LPG pair. In both cases a higher-order cladding mode was excited. In our 

case, without the tapered section the transmission spectrum was unaltered to any change 

in the RI of the external medium. This is a consequence of the low-order cladding mode 

excited (LP11). It is well known that very high values of wavelength shift with ambient 

RI change can be obtained for higher-order cladding modes [37], as they extend easily 

into the external medium. Nevertheless, the presence of a tapered section in the 

interferometric cavity allowed us to have a relative enhancement of the sensitivity to 

external RI in our devices. The presence of the taper enlarges the evanescent field of the 

selected cladding mode into the external medium showing a small but sufficient 

increment in the sensitivity even for the case of low-order cladding modes [40]. 

 

3.2.4 Conclusions 
 

In concluding this section, it has been demonstrated an all-fiber mechanically-induced 

Mach-Zehnder interferometer with high visibility interference fringes. The performance 

and refractometric applications of these devices were studied. Fiber interferometers with 

a grating separation ranging from 150 to 750 mm and fringe spacing from 4.1 to 0.86 

were demonstrated. The inverse of the measured fringe spacing exhibits a linear 

dependence with the grating separation. In our scheme, the interferometer parameters 

such as the separation between gratings can be easily changed in a matter of seconds by 

just displacing one of the LPGs. The segment of the fiber between the gratings can be 

tapered down without changing the interference fringe spacing since the distance 

between gratings is not affected. The fringe visibility of these interferometers is high 

and stable. Even for strong fiber tapers (>50%) the changes in the interference fringe 

pattern are not significant. The fiber taper introduced between gratings in our device 

increased the sensitivity to external RI changes, allowing us the measurement of RI in 

the 1.36-1.41 range with a relatively good resolution. The dynamic range of the MZI for 

refractive index sensing can be increased as the taper diameter diminishes. Our device 

takes some advantages of the mechanically-induced LPGs characteristics. First, by just 

displacing one LPG (over the same fiber) it is possible to adjust the response of the MZI 

in real time without the need of any special feature. In addition, it can be performed in 
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any kind of optical fibers without removing its coating which is considered helpful for 

studying the mechanism for formation and the properties of the guided cladding modes. 

All these unique advantages can be exploited to propose novel schemes for sensing 

applications. 
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4 Optical Micro/Nano Fiber 

Interferometers: Fabrication and 

Applications 
 

 

Optical micro/nano fibers (MNFs) represent a relatively new way of guiding light and 

are promising for the development of novel sensing platforms. An MNF is usually 

fabricated by heating and pulling conventional optical fibers and has diameters ranging 

from few hundred nanometers to a few microns. Such dimensions are smaller than or 

comparable to the wavelength of the light they typically guide. Owing to this, MNFs 

exhibit propagation properties different from those of conventional optical fibers. The 

evanescent part of the guided mode propagating along the MNF is quite large and 

strong. This property is crucial since it makes possible a stronger light-analyte 

interaction which leads to MNF-based sensors with higher sensitivity and better 

detection limits. The reduced dimensions of MNFs make also possible the development 

of ultra-compact sensors and miniature devices which results in lower sample 

consumption. MNFs are compatible with the modern nanotechnology trends, which 

may lead to development of novel ultrahigh-sensitive nanosensor modalities for 

detection or/and monitoring various chemical or biomedical quantities.  

In this Chapter, the fabrication and sensing applications of an interferometer 

based on subwavelength-diameter optical fiber are reported. The fabrication of the 

device is similar to that of a fused coupler with the only difference that the fibers are 

tapered down to subwavelength diameters. To protect these delicate devices they are 

embedded in a low-index polymer. The sensing applications of the protected device, 

particularly to temperature and refractive index, have been analyzed. The possible 

applications of these devices for biosensing are also discussed. 
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4.1  Introduction 
 

MNFs have been manufactured by using a wide range of bottom-up techniques such as 

chemical or physical vapor deposition and top-down processes such as fiber drawing. 

Among these techniques, the manufacture of such devices from optical fibers provides 

the longest, most uniform and robust MNFs. Critically, the small surface roughness and 

the high homogeneity associated with MNFs provide low optical loss and allow the use 

of MNFs for a wide range of new applications for communications, sensing, lasers, 

biology, and chemistry. 

MNFs offer a number of outstanding optical and mechanical properties, 

including (1) large evanescent fields, (2) high nonlinearity, (3) strong confinement, and 

(4) low-loss interconnection to other optical fibers and fiber-based components. MNFs 

are fabricated by adiabatically stretching optical fibers and thus preserve the original 

optical fiber dimensions at their input and output, allowing ready splicing to standard 

fibers. In general, the applications of the MNFs can be envisaged in three groups: (1) 

devices based on the strong confinement or nonlinearity, (2) applications exploiting the 

large evanescent field, and (3) devices involving the taper transition regions. The first 

group includes supercontinuum generators, a range of nonlinear optical devices, and 

optical trapping. The second group comprises knot, loop, and coil resonators and their 

applications in sensing. Finally, mode filtering and mode conversion represent 

applications based on the taper transition regions. 

MNF tapers are made by adiabatically stretching a heated fiber, forming a 

structure comprising a narrow stretched filament (the taper waist), each end of which is 

linked to an unstretched fiber by a conical section (the taper transition region), as shown 

in Fig. 4.1. 

 
Fig. 4.1: Optical Fiber Taper 
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In the past few years, three different methodologies have been used to fabricate 

MNFs from optical fibers: 

1. Tapering the fiber by pulling it around a sapphire rod heated by a flame, 

2. The flame-brushing technique, 

3. The modified flame-brushing technique. 

The flame-brushing technique has been previously used for the manufacture of 

fiber tapers and couplers [1, 2]. A small flame moves under an optical fiber that is being 

stretched: because of mass conservation, the heated area experiences a diameter 

decrease. Controlling the flame movement and the fiber stretching rate lets the taper 

shape be defined to an extremely high-degree of accuracy. This technique provides 

access to the MNF from both pigtailed ends. Moreover, it delivers MNFs with radii as 

small as 30 nm [3], the longest and most uniform MNFs [4] and the lowest measured 

loss to date [3, 5, 6]. 

The third fabrication method is a modified version of the flame-brushing 

technique in which the flame is replaced by a different heat source. Two types of heat 

source have been used: a sapphire capillary tube hit by a CO2 laser beam [7], and a 

microheater [8]. This method is not limited to silica but provides MNFs from a range of 

glasses including lead silicates [8], bismuth silicate [8], and chalcogenides [9].  

MNFs can be bent down to micrometric radii. This makes possible the 

development of ultra-compact interferometers and resonators among other devices [7, 

10, 11]. Due to their large evanescent fields MNFs are appealing for sensing since it 

makes possible a stronger light-analyte interaction which in turn leads to MNF-based 

sensors with higher sensitivity and better detection limits. The MNF-based sensors 

reported so far are ultra compact; however, their fabrication is complex [7, 10, 11]. A 

more detailed investigation on the properties of MNFs, fabrications methodologies, and 

applications can be found it in ref. [12]. 

 In next sections, a simple MNF-based modal interferometer, which can be used 

for optical sensing, is described. The fabrication of the device is structurally the same as 

the fused-type fiber coupler [13, 14]. The main difference is that the optical fibers are 

tapered down to sub-wavelength dimensions. The transmission spectrum of the 

interferometer exhibits sinusoidal interference patterns owing to the beating between the 

LP01 and the LP11 modes supported by the ultrathin waist region. The device is 

protected with layers of low-index polymer with a process reported elsewhere [15]. The 



 - 58 - 

protected interferometers are highly stable over time; in addition they exhibit high 

sensitivity to the refractive index of the surrounding medium. 

 

4.2  Device Fabrication and Operating Principle 
 

The proposed modal interferometer is shown schematically in Fig. 4.2. Its construction 

is basically similar to that of a fused 2×2 optical fiber coupler [13, 14]. The fabrication 

of such a device consists of tapering two standard single mode fibers together while 

they are being heated with a high temperature oscillating flame torch. In our case, the 

heating source was a flame torch produced by an appropriate mixture of oxygen and 

butane. The two fibers are tangent to each other during part of the fabrication process 

and fused together when the diameters were below 5 μm. 

 
Fig. 4.2: (Top) Schematic of the microfiber device and the experimental setup for monitoring the 

pattern shifts. (Down) SEM image taken within the central uniform tapered region along 1μm 

diameter. 
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Fig. 4.3 shows the output spectra of Port 1 and 2 of the 1 μm diameter MNF in 

air just after its fabrication, obtained launching a broadband source centred at 1300 nm 

into one of the input fibers. The MNF is approximately 48 mm long and the central 

uniform waist is 5 mm long. The fibers are adiabatically tapered so that only the 

fundamental mode is supported. For this reason the MNF exhibits an almost sinusoidal 

pattern characterized by 4 nm fringes with an average peak-to-valley of 12 dB, due to 

the beating, or interference, between the two modes of the composite waveguide. 

By tapering a standard single mode fiber one increases the field width of its 

fundamental LP01 mode. Thus, if two similar tapered fibers are brought into close 

proximity their fields overlap and light can couple from one fiber to the other. As a 

result, there is an exchange of power between the two tapered fibers which is regarded 

as a beating (or interference) of the modes of the composite waveguide. Couplers made 

of identical fibers exhibit sinusoidal transmission spectrum whose period typically is 

very large, on the order of tens of nanometers [13]. It was found that when the diameter 

of the coupler waist was smaller than the wavelength of the guided light the output 

spectrum was truly sinusoidal and its period was very short. 

 
Fig. 4.3: Normalized transmission spectra of the Port 1 and 2 of a 1μm-diameter MNF in air. (Inset) 

Simultaneous monitoring of the power transmitted by Port 1 and 2 during the coupler fabrication. 
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Fig. 4.4, for example, shows the output spectrum observed at one port of another 

interferometer when the external medium was air. The diameter and length of the 

uniform waist were, respectively, 1 μm and 5 mm. From the figure it can be seen that 

the period of the coupler is ~2.2 nm and average peak-to-valley is nearly 12 dB. The 

overall insertion loss is in excess of ~0.4 dB. Note also that the interference fringes are 

very narrow; the average width of the fringes is ~1 nm. In principle, these properties are 

important for optical sensing since the resolution of the device is determined by the 

width of the fringes. However, in practical applications the fragility of the device can be 

an issue. That is why an adequate protection is necessary. 

The protection mechanism must warranty good mechanical strength and 

introduce minimal optical loss and for sensing applications it is important to have access 

to the evanescent waves. The technique reported in ref. [15] fulfills all these 

requirements. Basically, the interferometers were sandwiched with two layers of 

DuPontTM Teflon AF 1601. Teflon was selected as the protecting material since it has 

a refractive index of 1.31 (at λ= 1550 nm) and is very resistant to most chemicals. The 

original 18% Teflon AF solution (DuPont 601S2-100-18) was further diluted in the 

same solvent (3M FLOURINERT® Electronic Liquid FC40) down to 8% and 12%. To 

enhance the adhesion of Teflon to the wafer a 10 nm-thick layer of aluminum was first 

sputtered on the wafer. 

 
Fig. 4.4: A normalized transmission spectrum of MNF interferometer when the external medium 

was air. 
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The layers are deposited by spin coating process. First a thick Teflon layer was 

spin coated on the substrate at 1500 rpm. This layer of Teflon typically had a 

sufficiently large thickness (4μm) to avoid optical interaction (coupling) of the device 

and the substrate. This first layer was subsequently baked at 50°C during 5 minutes in 

order to remove partially the solvent and also to improve the adhesion to the substrate. 

Then a thin layer of Teflon was spin coated onto the baked one. In this case the layer 

was deposited at 700 rpm with 6% Teflon to achieve thicknesses of 1.5 μm. The 

purpose of the thin layer was to partially embed the interferometer so that one has 

access to the evanescent waves. To immerse the interferometer in the fresh thin Teflon 

layer a homemade setup was used, which consisted of a circular base made of aluminum 

large enough to hold the BK7 wafer. An aluminum plate was fixed, and then the wafer 

with the Teflon layers was held at the top of the plate. The MNF was carefully 

immersed over the waver through a manual process. After 24 hours, the wafer with the 

MNF immersed was left to stand and then was heated at 5°C above glass transition 

temperature (160°C) during 10 minutes to remove the last trace of solvent. 

 

4.3 Device Sensing Applications 
 

To evaluate the temperature dependence of the embedded device, it was placed 

onto a hotplate with which it was gradually heated. As an effect of the temperature 

increase or decrease, the interference pattern shifts towards short or long wavelengths, 

respectively. The sensor exhibits a good linear and reversible thermal response between 

20˚C and 90˚C, as it can be seen in Fig. 4.5. The temperature sensitivity was found to be 

0.23 nm / ˚C. This sensitivity primarily comes from the temperature dependence of the 

Teflon layers. 

The refractometric sensing capabilities of the device were evaluated by using 

solutions with different glucose concentrations. The results are summarized in Fig. 4.6. 

The solutions were deposited in the central part of the interferometer by means of 

micropipette, as it is shown in Fig. 4.7. Between consecutive measurements the device 

was cleaned with acetone, ethanol and dry. As the external refractive index increased 

the pattern shifted towards longer wavelengths. When the amount of sample was 1μl the 

sensitivity was found to be 66 nm / RIU (RIU refers to refractive index unit) and when 

the volume of sample was 90 μl the sensitivity was 234 nm / RIU. 
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Fig. 4.5: Wavelength shift versus temperature observed in a MNF interferometer embedded in 

Teflon. 

 
Fig. 4.6: Refractive-index-dependent shifts of a 1 μm diameter microfiber coupler embedded in 

Teflon obtained with 1 μl (black squares) and 90 μl (red triangles) of water solutions with different 

concentration of glucose. 
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Fig. 4.7: Schematic of the experimental set-up for refractive index measurements using a 

micropipette.  

Larger volume of analyte implies that a larger portion of the evanescent field of 

the sensor interacts with the analyte, thus increasing the sensitivity. If a shift of 100 pm 

can be resolved, then the interferometer can resolve refractive index changes of 1.5x10-3 

or 3x10-5 depending on the amount of sample used. These sensitivities are comparable 

to those of other fiber-optic refractometric sensors which are more complex [11, 16]. 
 

4.4 Biosensing Applications and Discussions 
 

Based on the previous results, it was assumed that our interferometer was highly 

sensitive to surrounding refractive index changes in small amount of analyte. Therefore 

its application for biosensing is a natural extension. In this case, biomolecule detection 

is possible through interaction of the evanescent optical field of the cladding modes and 

the material sample in the central region of the device. 

In order to carry out proof-of-concept experiments regarding biosensing 

applications of optical microfiber modal interferometers embedded in Teflon, the 

devices were properly prepared. The use of gold layers in biosensing is well known, due 

to the electrical and optical properties. For example, in SPR (Surface Plasmon 

Resonance), a gold layer over a glass surface allows the absorption of light at certain 

wavelengths, producing electron waves. This occurs only at a specific angle and 

wavelength of incident light and is highly dependent on the surface of the gold, such 

that binding of a target analyte to a receptor on the gold surface produces a measurable 

signal. On this way, in the central region of the interferometers a 1 mm-wide 2nm-tick 

strip of titanium, followed by a 1 mm-wide 3 nm-tick strip of gold were deposited. The 

strips were perpendicular to the embedded MNF (see Fig. 4.2) in order to have the 

stronger interaction with the evanescent wave (waist zone in the fused microfiber). The 
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deposition was made by using an Evaporator (Savannah 100&200 ALD) in a control 

environment (Cleanroom Research Laboratory). The embedded and coated 

interferometer still exhibits a sinusoidal pattern. However, due to the presence of Teflon 

and of the metal layers the interference pattern exhibited longer periodicity (6.5 nm) and 

the insertion loss increases to 2-4 dB (see Fig. 4.8).  

The interferometers were tested with a conventional biotin-streptavidin model 

system (see Fig. 4.9), as it helps understanding the biological binding reactions. The 

measure of the biomolecular interactions is carried out by monitoring the shift of the 

interference pattern. Owing to the lack of microfluidic channels it was decided to 

deposit ten microliters of liquid (one by one) on the sensitive area of the interferometers 

and in this order: distilled water, SH-PEG-biotin (in water), PBS (buffer), streptavidin 

(protein), deoxyribonucleic acid (DNA) and DNA-target. Because these samples have a 

short life time in environmental conditions, each substance was prepared and used in the 

same day. The samples were provided by the Group NanoB2A at CIN2 in Barcelona, 

Spain. After each substance was added, the device was dried by using N2 and was left to 

stand for around 20 minutes. 

 
Fig. 4.8: Interference pattern of a 1μm-diameter interferometer when it was embedded in the 

Teflon layers. 
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 The corresponding interference patterns were monitored in each case (see Fig. 

4.10), taking as reference the distilled water. Each spectrum was recorded after drying 

the contact zone in the device.  

 
Fig. 4.9: Immobilization process of the MNF-surface. 

 
Fig. 4.10: Variation of the interference pattern as function of the biotin-streptavidin interactions. 
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It was observed that a drop of liquid evaporates quickly for which the volume on 

the sensitive area varied with time. In some cases the interference pattern disappeared 

completely and to recover it, it was necessary to clean the sensor surface with drops of 

pure water and dry air. Even though the conditions in which the experiments were 

carried out were not adequate, shifts of the interference pattern were observed which 

were attributed to biotin-streptavidin interactions, however, a quantification of the shifts 

was not possible at this stage. Based on the results, the NanoB2A Group recommends 

the following points prior to continue with other experiments: 

1. Interferometers with microfluidic channels, in this way the volume and liquid 

baseline will be the same.  

2. Calculation of the evanescent field beyond the gold layer. It is desirable to 

know how large the evanescent tail is to plan experiments with cells, bacteria or 

proteins. 

3. Thicker gold layers (15-20 nm) were recommended. Dark field microscopy 

revealed gold islands on the interferometers. Immobilization is preferred with 

continuous films. 

4. Real time monitoring of the interference pattern shift was recommended. This 

will help to “visualize” the binding process. 

5. Interferometers that operate with visible light (round 650 nm) were suggested. 

6. Better protection of the interferometers to facilitate the handling of non-

familiar users with such devices was suggested. 

 

4.5  Conclusions 
 

A simple mode interferometer built with subwavelength-diameter optical fibers and its 

potential sensing applications was reported. The construction of the device is basically 

similar to a fused fiber coupler with the main difference that the fibers that compose it 

have subwavelength dimensions. When it is in air the transmission spectrum of the 

interferometer exhibits interference fringes with sub-nanometer widths owing to the 

beating between the LP01 and the LP11 modes. To make the devices functional, 

however, an adequate protection is necessary. The protection mechanism consists of 

sandwiching the interferometers in Teflon layers. This protection ensures good 

mechanical strength, introduces minimal optical loss (around 2 dB), and makes it 
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possible to have access to the evanescent waves of the interfering modes. The 

sensitivity of the device to the surrounding refractive index was investigated in the 1.33-

1.40 range. The sensitivity and resolution were found to be, respectively, 232 nm / RIU 

and 3x10-5 which suggests that biosensing is feasible. 
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5  Photonic Crystal Fiber Devices 

Based on Core-Cladding Modes 

Coupling 

 
Photonic crystal fibers (PCFs) present a wavelength-scale periodic microstructure 

running along their length. Their core and two-dimensional photonic crystal might be 

based on varied geometries and materials, enabling light guidance due to different 

propagation mechanisms in an extremely large wavelength range, extending to the 

terahertz regions. As a result, these fibers have revolutionized the optical fiber 

technology by means of creating new degrees of freedom in the fiber design, fabrication 

and applicability. 

An important application that is explored in this chapter is the use of PCFs for 

development of optical fiber devices. In these devices the microstructured cladding 

region is modified in order to manipulate the propagation of core and leaky cladding 

modes. The properties of the PCFs can be exploited in the design of optical devices, 

such as tunable optical filters, tapered fiber devices for RI, strain and temperature 

sensors, among others. In this chapter, some applications developed along these years 

using both commercial and home-made PCFs are presented; also, a study on their modal 

characteristics is analyzed. The unique characteristics revealed in these studies enabled 

a number of functionalities that provide a platform for development of novel fiber-based 

devices. 

 

 

 

 



 - 69 -

5.1  Brief History 
 

Could PCFs mark the start of a new era in optical communications? Do they indeed 

represent the renaissance of interest in optical fibers and their uses? Do they enable light 

to be controlled within the fiber in ways not previously possible or even imaginable? 

The first two questions concern declarations from Professor Philip Russell, the inventor 

of PCF technology, from 2001 [1] and 2003 [2]. On the other hand, the last one was 

posed by Professor Jonathan Knight, responsible for the fabrication of the first PCF in 

1995 [3], in 2003 [4]. In the last few years, this novel type of optical fiber has been 

standing out as the focus of attention of numerous scientists worldwide. While light 

guidance in conventional fibers is based on two concentric regions with different doping 

levels, core and cladding, in PCFs it is based on subtle variations in the RI by means of 

corralling light within a microscopic and periodic array of air holes. This property 

makes the cladding index strongly wavelength-dependent. Short wavelengths remain 

tightly confined to the core, so the cladding index is only slightly lower than the core 

index. However, at longer wavelengths, the mode samples more of the cladding, thus 

the effective index contrast is much larger. This unusual wavelength dependence 

implies a host of unusual and tailorable optical properties. 

In other words, PCFs present a wavelength-scale periodic microstructure 

running along their length. For this reason, they are also called microstructured fibers. 

Photonic crystals rely on a regular morphological microstructure incorporated into the 

material to radically alter its optical properties. The first PCFs were based on a two-

dimensional hexagonal photonic crystal based on air holes and, consequently, some 

authors refer to them as holey fibers. 

In contrast to the early days of optical fibers, when only a few types of fibers 

were available, this new technology provides new degrees of freedom in terms of light 

guidance, fabrication techniques and fiber materials and structures. These remarkable 

advances allow them to show a large range of interesting and technologically enabling 

properties, which have been shown to be superior to the traditional technology in 

several aspects. 

Many scientific inventions are either inspired by or analogous to living beings 

from nature. PCF history could not be different; its photonic crystals are very similar to 

the wing structure of butterflies, Fig. 5.1 [5], and the skin from the sea mouse. These 
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animals present different colors as a consequence of photonic bandgap (PBG)-based 

color generating nano-architectures present on their wings and skin. Photonic crystals 

are also analogous to semiconductor band structures, in which there is an interaction 

between electrons and the periodic potential variations created by the crystal lattice. In 

PCFs periodic variations in dielectric constant occur that imply new optical properties. 

State-of-the-art optical fibers represent a careful tradeoff between optical losses, 

optical nonlinearity, group-velocity dispersion and polarization effects. Some of these 

effects—e.g. optical losses—are inherent in the raw material used to make the fibers, 

which is usually synthetically produced silica, SiO2. Nonlinearity and chromatic 

dispersion are strongly affected by the material properties but can also be influenced by 

the fiber design. On the other hand, polarization mode dispersion results from 

imperfections in the fabrication processes. Unlike the standard fiber technology, which 

is mainly limited by how small and well-controlled the RI step between core and 

cladding can be, PCFs can provide an enormous range of effective indices, which can be 

efficiently applied to develop fiber with extremely low or high nonlinearity. Moreover, 

by properly tailoring the fiber photonic crystal it is possible to efficiently manage the 

fiber chromatic dispersion, by changing its waveguide dispersion. PCFs are constituted 

by a large number of optical materials, such as pure silica, doped silica, air, quantum 

dots, other glasses, liquids and even gases. Fig. 5.2 shows some PCF SEM images and 

illustrates the huge variety of this technology. The hybrid PCF, Fig. 5.2(a) [6], enabled,  

 
Fig. 5.1: Comparison between living photonic crystals and a PCF. (Up) Butterfly and a SEM of its 

wing. (Down) Photo of hybrid PCF output excited by a PCF-based supercontinuum source. (Taken 

from ref. 5). 
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for the first time, light to be guided and manipulated by two different propagation 

mechanisms: modified TIR from an array of air holes and antiresonant reflection from a 

line of high-index inclusions. In the sub-wavelength air core PCF [7], shown in Fig. 

5.2(b), light is strongly trapped in a central sub-wavelength tiny hole. This enhancement 

within the bore, combined with the low attenuation of silica fibers, results in a 

waveguide with remarkable parameters, such as strong light concentration in air and 

long effective lengths, creating a useful intensity–length trade-off to explore optical 

interactions inside a nanoscale void. The high intensity in an air hole, together with long 

interaction lengths, makes this novel fiber a potential candidate for a new class of 

experiments in light–matter interaction and nonlinear optics, ranging from nonlinear 

light management to atomic manipulation. Most PCFs exhibit a periodic cladding 

structure; however this is not required in order to obtain guidance by average index 

effects. It has been recently fabricated a novel PCF which is shown in Fig. 5.2(c), based 

on two small solid cores and four air holes with two different sizes. This fiber has been 

investigated for quantum dot-based applications. A new hollow-core PCF [8] is 

presented in Fig. 5.2(d). In this fiber light is guided in a hollow-core with low loss and 

is unable to escape into the fiber cladding due to the PBG effect, which is analogous to 

band structures of semiconductors. Fig. 5.2(e) presents an all-solid photonic bandgap 

fiber (PBGF), composed of a pure silica core surrounded by a photonic crystal formed 

by germanium-doped rods. Finally, an index-guiding PCF with a pure silica core and a 

hexagonal pattern of air holes is shown in Fig. 5.2(f ). 

 
Fig. 5.2: PCF SEM images: (a) hybrid PCF; (b) sub-wavelength air core PCF; (c) PCF for quantum 

dot applications; (d) hollow-core PCF; (e) all-solid PBGF; (f ) index-guiding PCF. (Taken from refs. 

6, 7 and 8) 
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The large index contrast and complex structure, including huge possibility of 

shapes and arrangements, in PCFs make them difficult to treat mathematically. Standard 

optical fiber analysis does not help much and, in addition, in the majority of PCF cases 

it is practically impossible to perform modal analysis analytically, so Maxwell’s 

equations must be solved numerically. Many modeling techniques have been applied in 

their characterization, including the finite element methods [9, 10], plane-wave 

expansion method [11], localized-function methods [12], finite difference time domain 

method [13], Fourier decomposition method [14], multipole method [15] and multiple 

reciprocity boundary element method [16]. PCFs are designed and fabricated for 

special-purpose applications that do not require large volumes of fibers. Therefore, 

these specialty fibers are currently produced in smaller quantities compared with 

traditional optical fibers, which are mass produced for signal transmission. In other 

words, despite the fact that PCFs have been commercialized since 2001, they are more 

like clothes specifically made for a sport like winter skiing rather than general-purpose 

off-the-rack clothing. 

For a qualitative overview on the recent progress and novel potential 

applications of PCFs, several works can be reviewed, for example [1-19]. In these 

works the light guidance, the fabrication process, new PCF’s types and addresses for 

novel potential applications of PCF technology, are analyzed. 

 

5.2  Photonic Crystal Fiber Sensor Array Based on 

Modes Overlapping 
 

In this section, an alternative method to build point and sensor array based on PCFs is 

presented. A short length (in the 9-12 mm range) of properly selected index-guiding 

PCF is fusion spliced between conventional SMFs. By selective excitation and 

overlapping of specific modes in the PCF, the transmission spectra of the sensors 

exhibit a single and narrow notch. The notch position changes with external 

perturbation which allows sensing diverse parameters. The well defined single notch, 

the extinction ratio exceeding 30 dB and the low overall insertion loss allow placing the 

sensors in series. This makes the implementation of sensor networks possible. 
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5.2.1 Introduction 
 

Optical-fiber-based sensors represent a unique or the only viable sensing solution in 

specific cases (e.g., in environments with electrical hazard or potentially explosive). In 

addition, fiber sensors are a premium choice when multiplexing capability, high 

sensitivity and reduced size are required. For example, the multiplexing capability of 

fiber sensors makes it possible to monitor the individual behavior of several sensors set 

in a network with a single interrogation unit. This simplifies the design of a sensor 

network and minimizes its cost.  

Sensors based on conventional optical fibers are well established [20], while 

those based on PCFs are attracting considerable attention. PCFs are fibers with unique 

optical properties which are conferred by a periodic microstructure present all over the 

fiber length [18]. Their modal and guidance properties make PCFs appealing for optical 

sensing. So far a number of PCF sensors have been proposed, it is thought that those 

based on Bragg gratings [21-24], long-period gratings [25, 26] and interferometers [27-

29] are the most promising ones for practical applications due their robustness. Most of 

these sensors have centimeter lengths and exhibit remarkable performance such as high 

stability over time, operation in a broad wavelength range or at extreme temperatures. 

However, they typically operate as point or single sensor [21-29]. The multiplexing of 

the PCF sensors based on gratings or interferometers proposed until now is not simple 

as demonstrated by some groups, including [18, 21, 22], largely because of the output 

signal of the sensors themselves, the lack of passive PCF devices and the high insertion 

loss that PCF sensors typically exhibit (10 dB or more). The multiplexing of PCF-based 

sensors is a necessary step to widen their capabilities. In this way, PCF sensors can 

compete with their well-established counterparts based on standard optical fibers. 

In this section a technique to build PCF point sensors which can be easily 

multiplexed to form sensor arrays or networks is proposed. The sensors are simple and 

consist of a stub of properly selected index-guiding PCF fusion spliced between 

conventional SMFs. These devices fall into the category of single mode-multimode-

single mode (SMS) devices, of which many variants have been proposed in the 

literature, see for example [33-42]. In this case, the voids of the PCF are sealed over an 

adequate length in the PCF-SMF interface. This induces a longitudinal offset allowing 

the efficient excitation and overlapping of specific modes in the PCF. As a 
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consequence, the transmission spectrum of the devices exhibits a single and narrow 

notch at a resonant wavelength. Small changes in the modal index or in the fiber length, 

caused for example by temperature or strain, result in a detectable shift of the notch 

position. When n sensors are set in cascade, the transmission of the series exhibits n 

dips. The dips are independent from each other, thus a shift in one of them does not 

perturb the others. This allows the implementation of simple but functional PCF-based 

sensor arrays, and eventually of more complex sensor networks. The demodulation of 

the array is straightforward since the position of each notch can be monitored with 

commercially available equipment such as FBG interrogators or miniature 

spectrophotometers. Due to their simple multiplexing, sensitivity, compactness and low 

cost the PCF sensors proposed here can be competitive with other PCF sensors based 

gratings or interferometers and with SMF structures built with conventional fibers. 

 

5.2.2 Device Operating Principle and Sensing Properties 

The illustration of the device along with the cross section of the fiber used in the 

experiments is shown in Fig. 5.3. The fiber is a commercially available PCF which has 

six-fold symmetry; it is known as large-mode-area PCF (LMA-10, NKT Photonics). 

The fiber has a core size diameter of 10 µm, voids with diameter of 3.1 µm, pitch of 6.6 

µm and outer diameter of 125 µm. To fabricate the devices, the PCF and the standard 

fiber (SMF-28) can be spliced with any commercial fusion splicing machine. In general, 

splicing machines join two fibers together making first a prefusion in which the fibers  

 

Fig. 5.3: (a) Scheme of the proposed device, micrograph of the PCF cross section and of a splice 

with a 200 µm-long collapsed zone. The broadening of the beam is illustrated by the red cone. L is 

the PCF length, l1 and l2 are the lengths of the collapsed regions. w0 and w are the beam radius at 

the beginning and at the end of the collapsed region, respectively. (b) Transmission spectra of some 

devices with L=10.42 mm (dashed line), 10.16 mm (solid line) and 11.02 mm (dotted line). 
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are cleared by low-level heating. After the prefusion a main fusion process follows in 

which the two fiber ends are exposed to an intense discharge (high temperature) for a 

few seconds. During the main fusion process the fibers are pushed and pulled to form a 

robust and permanent join. Because of the holey structure the softening point of PCFs is 

in general lower than that of SMFs. Thus, if an SMF and a PCF are spliced with a 

default program for splicing SMFs the PCF’s air holes will entirely collapse over a 

certain length. In most splicing machines the intensity and duration of the arc discharge 

of the main fusion process can be adjusted. Thus, one can control the length of the 

collapsed zone in the PCF. A collection of samples with a commercial fusion splicing 

machine (Ericsson FSU 955) were fabricated. To control the length of the collapsed 

zone the technique reported in [44] was followed. It was found out that when the 

collapsed regions had different lengths, e.g., ∼200±10 µm in the PCF-SMF-in interface 

and ∼110±10 µm in the PCF-SMF-out one, the transmission spectrum of the device 

exhibits a single and deep notch, see Fig. 5.3. It can be seen from the Fig. that the 

notches are very narrow and that the insertion loss is small around the resonance 

wavelength. Note also that the position of the notch can be controlled with the length of 

PCF. Later, it will be shown that these attributes simplify the multiplexing of the 

devices. 

To elucidate the behavior of the devices let us consider the evolution of the 

propagating beam as it travels from the SMF-in, through the PCF, to the SMF-out. 

When the fundamental SMF-in mode enters the collapsed region of the PCF it 

immediately begins to diffract, and consequently, the mode broadens. If w0 is the spot 

size at the SMF-in-PCF interface at a wavelength λ, see Fig. 5.3, then after propagating 

a length l1 of collapsed region the spot size will be:   

( )22
010 1 wnlww fπλ+= ,     (1) 

nf being the RI of the collapsed region (solid silica fiber). Let us assume the following 

realistic values: λ = 1550 nm, l1 = ∼200 µm, nf = 1.444 (silica), and w0 = 5 µm. Under 

these conditions the PCF will be excited with a Gaussian beam whose size is 2w = ∼30 

µm i.e., with a light spot larger than the PCF core size. The mode field mismatch 

combined with the modal characteristics of the PCF (see, e.g., ref. [44]) allows the 

excitation of specific modes in the PCF. 
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Owing to the axial symmetry and the longitudinal offset introduced by the 

collapsed region the excited modes are those that have similar azimuthal symmetry, i.e., 

the HE11 core mode and probably the HE22-like cladding mode, also called quasi-HE22 

cladding mode resonance [44]. To support this mechanism, in Fig. 5.4 is shown the 

calculated longitudinal component of the time-averaged Poynting vector of the 

fundamental core mode and the HE22-like cladding mode, both for a wavelength of 

λ =1550nm. The simulations were carried out using commercial software (Comsol 

Multiphysics). From Fig. 5.4 it can be noted that the field of the HE22-like mode 

penetrates the entire core mode area; therefore it strongly overlaps with the fundamental 

HE11 core mode. 

The excited modes broaden when they enter the collapsed region in the PCF-

SMF-out section because of diffraction. The type of modes excited in the PCF 

combined with an adequate broadening of the modes, i.e., an adequate length of 

collapsed region in the PCF, is what produces a single dip in the device transmission. It 

was experimentally observed that when the length of the collapsed region in the PCF-

SMF-out section was ∼110±10 µm, i.e., shorter than the other collapsed region, then the 

devices exhibited transmission spectra as those shown in Fig. 5.3. Therefore, that the 

dips in the transmission spectra are a result of the overlapping between the excited 

modes in the PCF is concluded. It is important to point out that these devices are 

different from those based on SMS structures already reported [27-29], [23-42]. Those 

devices are built also by splicing a segment of fiber into another kind of fiber. In these 

structures two or several modes are coupled into the spliced fiber at the first junction. At 

the second junction the modes are recombined. If two modes are excited and  

 
Fig. 5.4: (a) Calculated longitudinal component of the time-averaged Poynting vector of the 

fundamental HE11 mode (the x and y scales are in μm) and the HE22-like cladding mode (b) at 1550 

nm. The parameters of PCF (LMA-10) are described in the text. 
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recombined the transmission spectrum of the SMS structure exhibits a sinusoidal pattern 

[27-29], [33-36]. However, if several modes are excited and recombined a single 

(usually broad) peak or notch is observed [37-42]. The other differences of these 

devices with other SMF structures already proposed are the overall length and the 

insertion losses. In this case the length of these devices is around 1 cm while other SMF 

structures are several centimeters long. The losses in this case are less than 2 dB, 

contrary to more than 10 dB in some PCF-based interferometers [27-29]. It seems that 

all those differences and advantages are due to the modal properties of the PCF. 

The sensing properties of individual devices were studied first, particularly to 

strain and temperature. Basically, these parameters introduce minute changes in the 

device length or in the modal index which give rise to small changes in the overlapping 

conditions. As a result, the position of the notches is modified. By correlating the notch 

position with the parameter being sensed a calibration curve can be obtained. 

Fig. 5.5 shows the observed transmission spectra of a 12 mm-long device when 

it was subjected to axial tensile strain. The notch shifts to shorter wavelengths without a 

significant change in its shape. The figure also shows the position of the notch as a 

function of the applied strain. A linear behavior can be seen, the correlation factor was 

found to be R2=0.9996. The strain sensitivity was found to be 2.2 pm/με which is about 

200% higher than that of a common FBG and comparable to that of other PCF strain 

sensors based on gratings [21-23] or interferometers [27-32] which in general are more 

complex or much longer. With available miniature spectrometers or FBG interrogators a 

shift of 20 pm can be detected. Thus, the estimated strain resolution of the 12 mm-long 

device is ∼10 με. 

 
 

Fig. 5.5: (a) Transmission spectra at 750 με (dotted line), 1750 με (solid line) and 2500 με (dashed 

line) observed in a 12 mm-long device. (b). Position of the notch as a function of the applied strain. 

The measurements were carried out at room temperature. 
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However, in a practical situation the resolution will depend on the interrogation 

device or on the mechanism to decode the shift of the notch. It is important to point out 

that several physical parameters such as electric fields, vibration, pressure, load, tilt, 

etc., can be translated to strain changes. These devices are sufficiently robust to sense 

these parameters. As point sensor they can provide wavelength-encoded (absolute) and 

high resolution measurements. Therefore the devices here proposed may be useful in 

diverse applications of practical interest. 

The temperature dependence of the devices was also investigated. It was found 

that the higher the temperature the longer the notch wavelength. The observed 

temperature sensitivity was in the 7-9 pm/ºC range, depending on the device length. 

Therefore, the effect on the strain sensitivity of a device at different temperature was 

investigated. Fig. 5.6 shows the transmission spectra of a 9.52 mm-long device when it 

was subjected to axial tensile strain when the surrounding temperature was 66 or 111ºC. 

The linear behavior is preserved at any temperature within the analyzed range, while the 

strain sensitivity decreases as the temperature increases. This was expected since strain 

and temperature induce opposite-sign notch wavelength displacements. 

 

5.2.3 Multiplexing Capability of the Proposed Devices 
 

It is recognized by the sensor community that the multiplexing capability of 

fiber sensors is one of their main advantages. This capability makes it possible to 

monitor multiple sensing points with a single interrogation unit (composed, e.g., by a 

single light source and a miniature spectrophotometer), thus significantly reducing the 

cost and complexity of a sensor array. Most of the SMS-based sensors proposed so far 

 

Fig. 5.6: (a) Transmission spectra of a 9.52 mm-long device subjected to 190, 762, and 1333 με at 66 

and 111ºC. (b) Shift of the notch as a function of the applied strain at room temperature (squares), 

66 ºC (dots) and 111 ºC (triangles). 
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so far exhibit transmission or reflection spectra with a series of maxima and minima or 

broad dips/notches which difficult their multiplexing. PCF interferometers, e. g., exhibit 

sinusoidal interference patterns while PCFs with periodic changes in their structure tend 

to exhibit broad and irregular dips [26-29]. Thus, when several of these sensors are 

cascaded one after the other, an overlap of the peaks or dips may occur which imposes 

complex demodulation schemes or severe constraints in the fabrication of the devices 

[30-32]. As it can be seen in Fig. 5.3, these devices exhibit a single and narrow dip in 

their transmission. Therefore, the multiplexing is quite straightforward - by setting n 

sensors in a same fiber n dips can be expected. Fig. 5.7 shows a proposed scheme for 

multiplexing the sensors. In a fiber n sensors can be set in series, all of them can be 

interrogated simultaneously. To increase the number of sensors in the array two 

switches can be used. To demonstrate the above concept four sensors were placed in 

series, the separation between consecutive sensors was around 50 cm. To verify the 

performance of the sensors when they were in series, each sensor was independently 

subjected to axial tensile strain. Fig. 5.8(a) shows the composed transmission spectra of 

the series when one sensor was under strain and the other sensors were not. The shift in 

only one dip is evident; the other dips remain completely unchanged. Fig. 5.8(b) shows 

the observed shifts as a function of the applied strain in the four sensors of the series. 

Owing to the compactness of the devices the separation between consecutive 

samples can be as short as a few centimeters (∼4-6 cm), provided that the cladding 

modes of the SMF between the PCFs are stripped out. However, in a practical situation 

the packaging can impose constraints in the separation between consecutive sensors. 

The maximum number of sensors that can be set in series will depend, among other 

factors, on the wavelength span of the light source, the parameter to sense, the 

measuring range of interest and the overall losses. The measuring range will impose the 

maximum shift expected while the losses will determined the power budget. 

 

Fig. 5.7: Schematic representation for multiplexing n sensors. λni (i=1,2,3…n) represent the notch 

position of the i-th sensor in the n-th fiber.  
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Fig. 5.8: (a) Normalized transmission spectra observed when four sensors are set in cascade and 

one of them is subjected to strain. (b) Shift as a function of applied strain observed in the four 

devices. S1, S2, S3 and S4 refer to sensors 1, 2, 3, and 4, respectively, being 1 the notch at shorter 

wavelength and 4 the notch at longer wavelength. The lengths of the devices S1, S2, S3, and S4 

were, respectively, 10.2, 12.16, 11.9, and 11.42 mm. 

For example, if the parameter to measure is strain and the range of interest is 

±1000 με, then a maximum shift of ±3 nm should be considered in order to avoid 

overlap between consecutive notches. To estimate a realistic number of sensors that can 

be set in series, let us assume that the insertion loss of each device is 3 dB, a 10dBm-

LED with a span of 100 nm as the light source and that the maximum shift expected is 

±5 nm. Under these conditions, approximately 8 sensors can be cascaded if the read-out 

or interrogation unit is capable of operating with an input power of around -60 dBm. 

Therefore with two 1x4 switches an array of more than 30 PCF sensors can be 

implemented. Such an array can be useful in many practical applications. 

 

5.2.4 Conclusions 
 

A simple and versatile fiber sensor which consists of a stub of PCF fusion spliced with 

standard SMF was introduced. Two collapsed zones with different lengths in a PCF 

with adequate structure allow the excitation and overlapping of specific modes in the 

fiber. The resulting transmission spectrum of the devices exhibits a single, narrow and 

deep notch, whose position changes with external perturbation, thus making possible the 

sensing of different parameters. As point sensors the proposed devices are attractive 

since they provide wavelength-encoded information, are compact, highly sensitive and 

cost effective. In fact they can be considered a serious alternative to existing PCF 
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sensors as well as to some of those based on conventional fiber. The results presented 

here, in particular the multiplexing capability, overcome some of the limitations of PCF 

based sensors previously reported. The multiplexing of the proposed sensors is quite 

straightforward given the fact that, when n sensors are placed in series, n dips are 

observed in the transmission. The dips are independent from each other, i.e. a shift of 

one of them does not affect the position of the others. With commercially available light 

sources, switches and spectrometers it is feasible to implement an array with tens of 

sensors. Thus, the exploitation of the PCF sensors here proposed in real applications 

seems promising. 

 

5.3  High-Visibility Photonic Crystal Fiber 

Interferometer for Ultrasensitive Refractometric 

Sensing 

 

A simple and compact PCF interferometer that operates in reflection mode is proposed 

for RI sensing. The device consists of a ~12mm-long stub of commercially available 

PCF (LMA-10) fusion spliced to standard optical fiber (SMF-28). The device reflection 

spectrum exhibits interference patterns with fringe contrast up to 40 dB. One of the 

excited modes in the PCF is sensitive to external RI therefore the device can be useful 

for refractrometry. The shift of the interference pattern can be monitored as a function 

of the external index. In the operating range, from 1.33 to 1.43, the maximum shift is 

less than the interferometer period, so there is no ambiguity in the measurements. The 

maximum sensitivity and resolution achieved were 735 nm per RI units and 7x10-5, 

respectively. Another approach to measure the external RI consists of monitoring the 

reflection power located at the quadrature point of the inference pattern in a properly 

selected wavelength. Consequently the measuring range is narrower but the resolution is 

higher, up ∼7x10-6, thanks to the high fringe contrast. 

 

5.3.1 Introduction 

Fiber optic sensors have beneficiated from the developments initially conceived for the 

optical fiber communications industry [45-48]. These sensors are displacing traditional 
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sensors due to their inherent advantages which include light weight, very small size, 

immunity to electromagnetic interference, high sensitivity, among others. The 

monitoring or sensing of the RI with optical fibers is attracting considerable attention by 

the sensor community. The motivation arises from the fact that different chemical 

substances and several biological parameters can be detected by means of RI changes. 

In chemical, food or beverage industries, the monitoring of RI is part of the quality 

control. In these industries, RI sensors (refractometers) with resolutions in the 10-3-10-5 

range are sufficient. On the other hand, the detection of minute RI changes is critical in 

biosensing. For example, molecular bindings, chemical or biochemical reactions are 

manifested as RI changes [49] and refractometric-based sensors capable of resolving RI 

changes smaller than 10-5 are highly desirable [50]. Owing to the broad range of 

applications aforementioned, there is a growing interest on optical fiber RI sensors or 

refractometers. 

To devise an optical fiber RI sensor one needs to access the evanescent waves of 

the guided light or to excite cladding modes in the fiber since those are sensitive to the 

surrounding environment. Considerable research effort has been placed on fiber design 

and mechanisms to excite cladding modes. Cladding mode RI sensors based on long-

period gratings written in standard fiber [51, 52] or slanted Bragg gratings [53, 54] are 

compact and highly sensitive. Nevertheless, they require a complex fabrication process 

or costly read-out units. The advent of PCFs [3, 18] has also opened new possibilities 

for RI sensing. PCFs offer a number of possibilities in design and performance due to 

their own structure and their unique properties such as endless single-mode and large-

mode area [55]. Index guiding PCFs have a solid core in the fiber center and the 

cladding consists of a microstructured array of air channels running along the fiber axis. 

A variation in the channel geometry and a lattice structure offers a large degree of 

freedom for modifying the optical properties that can not be realized in conventional 

optical fibers. The confinement of light to the core by modified total internal reflection 

in PCFs signifies many novel implementations in the field of fiber-optic sensing. There 

is a growing interest in exploring PCFs for advanced sensor components and devices 

[56, 57]. The ability to fabricate fibers with unique dispersion profiles and the strong 

overlap of the optical field with the open-air channels provides potential opportunities 

for evanescent field sensing and robust devices applications. 

Alternatively, one of the areas of greatest interest has been in the development of 

high-performance interferometric fiber optic sensors. Optical interferometers have 
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played an important role in both fundamental and applied research during the past two 

centuries. Substantial efforts have been undertaken on Sagnac interferometers, ring 

resonators, Mach-Zehnder and Michelson interferometers, as well as dual-mode, 

polarimetric, grating and etalon-based interferometers [20, 47, 58]. Although up to the 

middle of this decade modal interferometry was supported by standard optical fibers, 

the outcome of PCFs opened new windows in the optical fibers sensing field; as 

consequence, a large flux of published works in the last years has been appeared. Those 

based in the use of the microhole collapsing technique [27, 28, 59-64] have been widely 

proposed since it only involves cleaving and splicing which is a process that can be 

carried out in any fiber-optics laboratory. 

The properties of a PCF modal interferometer to sense different parameters are 

determined by the type of interferometer, its geometry, its configuration, and the type of 

PCF used. The goal of the new proposals is to focus on how to improve the 

characteristics inherent in a fiber optic sensor such as sensitivity, resolution, size, 

ranges, among others. In this work, the capability of the in-reflection modal 

interferometer for bulk external RI detection is proposed. The advantages offered by the 

modal interferometry and the properties of PCFs to build a compact PCF modal 

interferometer capable to detect RI changes of the surrounding medium were taken. 

The device was fabricated via micro-holes collapsing technique inserting a short 

section of PCF into single-mode fiber (SMF) and adding a gold mirror in the distal end 

of the cleaved fiber. Truly sinusoidal and stable interference spectra were observed over 

a specific wavelength window (1500-1600 nm). A high extinction ratio up to 40 dB for 

the interference pattern is achieved. The high-visibility of the interference pattern 

allowed us monitoring the external RI changes through a wavelength shift or intensity 

shift. A sensitivity of 735 nm per RI unit (wavelength codified) and a resolution of 7 x 

10-6 measuring the power reflected in the quadrature point (intensity codified) are 

demonstrated. 

 

5.3.2 Fabrication and Operation Principle 
 

The devices proposed were built following the same procedure mentioned above 

(described in section 5.2.2) and by using the same commercial PCF (LMA-10). A 

drawing of the proposed devices is shown in Fig. 5.9. The length of the collapsed zone 
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in the PCF was controlled using the technique reported in [63], allowing us to manage 

properly the parameters used in the fabrication of the devices. The proposed devices 

also fall into the category of SMS devices, of which many variants have been proposed 

in the literature [64-67]. Depending on the SMS configuration the transmission can 

exhibit a peak, a dip or a sinusoidal pattern [64-67]. In this case the 

excitation/overlapping of the modes are carried out with two collapsed zones in the 

PCF. From Fig. 5.10 it can be noted that the field of the HE22-like mode penetrates the 

entire core mode area; therefore it strongly overlaps with the fundamental HE11 core 

mode. 

 
Fig. 5.9: Drawing of the proposed devices and the schematic of its interrogation. L is the PCF 

length, lc1 and l c2 are the lengths of the collapsed zones. 

 
Fig. 5.10: Micrographs a 200 µm-long collapsed zone and the PCF cross section. w0 and w are 

described in the text. The HE22-like cladding mode of a LMA-10 calculated at 1550 nm using 

commercial software COMSOL Multiphysics (showing area equal to 60x60μm). 



 - 85 -

5.3.3 Results and Discussions 
 

To build the devices proposed, it was found that when the two collapsed zones had 

similar lengths (in contrast with the devices reported in the previous section where the 

lengths were different), for example, when lc1 and lc2 were ∼160±20μm the reflection 

spectrum of the devices exhibited sinusoidal interference patterns, see Fig. 5.11. This 

behavior is consequence of the recombination of the excited modes in the PCF. 

To achieve high extinction ratio and to avoid distortion of the interference 

pattern a section of ∼2cm of SMF was left coated and mirrored at the distal end, see Fig. 

5.9. Mode interferometers are sensitive to liquids or coatings deposited on the fiber 

surface [64, 67]. The interaction of cladding modes with the external index changes 

their propagation constant, and therefore, the phase difference. This causes a shift in the 

interference pattern. To correlate the shift versus the external index in this 

interferometer the whole length of PCF was immersed in Cargille oils with calibrated 

indices. Between consecutive measurements the surface of the PCF was cleaned with 

acetone and ethanol. Fig. 5.11 shows the observed shift in a 12mm-long interferometer 

as a function of the external index in the 1.33-1.43 range. It can be noted that the shift in 

that range is ∼36 nm, less that the interferometer period for which there is no ambiguity 

in the measurements. 

 
Fig. 5.11: Shift of the interference pattern as a function of the external index. The inset shows the 

observed patterns when the index was 1.42 or 1.43. The length of the device was 12 mm. 
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The shift is more prominent for indices in the 1.41-1.43 range. In this range the 

sensitivity reaches a value of 735 nm / RIU, where RIU refers to RI units. Thus, if a 

shift of 50 pm of the interference pattern can be resolved; then the resolution of the 

device is ∼7x10-5. This resolution is an order of magnitude higher than that of 

interferometers built with LMA-8 PCFs [28, 66]. In addition, the present interferometer 

is three times shorter. The high extinction ratio (in exceeds of 40 dB), the double pass 

and the types of modes excited in the PCF contribute to the high resolution. As can be 

seen in Fig. 5.12, a close up of a minimum of the interference pattern of a 12mm-long 

interferometer was made showing three different RI values that are close to each other. 

The inset in Fig. 5.12-(a) shows a reflected interference pattern that can not be standing 

out in first instance. Making a close up in one of the areas in the reflected spectrum 

allowed us to see that the shift is minimal but quantifiable. If a higher sensitivity is 

required, this can be achieved with the same device. If the quadrature point (see the 

arrow in the inset-figure) is located and the power at that wavelength is monitored, in 

this case λ = 1554.8 nm, by taking 1.412 as reference it can be seen that an increment of 

4.9x10-4 in the RI causes a transmission change of nearly 1.4 dB, as it is shown in Fig. 

5.12-(b).  

 
Fig. 5.12: (a) Observed reflection spectra in a 12 mm-long device for three indexes indicated in the 

figure. The inset shows the reflected interference pattern showing the quadrature point located in 

order to measure the changes in power. (b) Reflection changes as a function of the external RI. The 

monitored wavelength was 1554.8 nm. 
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Large changes in the reflection are due to the high extinction ratio of the 

interferometer. Thus, a resolution of 7x10-6 can be achieved if transmission changes of  

0.01 dB can be resolved, provided that the optical source does not fluctuate during the 

measurements or that temperature variations have no effect or are compensated. 

Temperature fluctuations affect the performance of any sensor and this interferometer is 

not an exception. Temperature modifies the propagation constant of the interfering 

modes and the device geometrical dimensions and causes the interferences pattern to 

shift. The dependence of the interferometer to temperature was studied. A sensitivity of 

9 pm / ˚C was obtained. Thus temperature fluctuations of around 6 ˚C can be tolerated 

to achieve the resolutions mentioned above. It is important to point out that highly 

stable, single frequency lasers for telecom wavelength range are commercially 

available. RI measurements in a fixed or controlled temperature environment are also 

feasible. Therefore, the aforementioned resolutions are reachable. Note that the 

monitoring of the reflected power at a fixed wavelength can be carried out by a simple 

read-out unit, consisting for example of a laser and a detector, which has a considerably 

lower cost than complete spectrometers. 

 

5.3.4 Conclusions 
 

In this section a simple PCF interferometer for RI sensing was reported. Such devices 

are built by splicing a segment of properly selected PCF between standard optical 

fibers. During the splice the voids of the PCF are intentionally collapsed over a 

microscopic region. The collapsed zones introduce a mode field mismatch and allow the 

excitation and overlapping or recombination of azimuthally symmetric modes in the 

PCF. As a result, the devices exhibit a sinusoidal interference pattern in their reflection. 

The interferometer proposed here is more compact than others based on PCF. In 

addition, the fringe contrast is around 40 dB, which is higher than that of any other 

mode interferometer reported until now. The potential of this interferometer for 

refractometric sensing was demonstrated. The maximum sensitivity, for the 1.42-1.43 

range, of a 12 mm-long device was found to be ∼735 nm / RIU. Thus, a resolution of 

∼7x10-5 can be achieved if a shift of 50 pm of the interference pattern can be resolved. 

When the Optical power is monitored (wavelength at the quadrature point) the 

sensitivity is ∼2775 dB/RIU. Thus, a resolution of ∼7x10-6 can be achieved provided 
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that reflection changes of 0.01 dB can be resolved. The above sensitivities and 

resolutions are possible if the temperature is kept constant. The high resolution is 

possible for the type modes excited in the PCF and the high fringe contrast. 

Optimization of the PCF structure may enhance the performance of the devices even 

further. Thus, the exploitation of the PCF devices here proposed in real applications 

seems promising. It seems that the interferometer proposed here can be useful for 

industrial applications as well as for biochemical measurement or analysis if the device 

is coated with layers that are sensitive to biological targets. 

 

5.4 Components for Optical Communications Systems: 

Wavelength Filters Based on Photonic Crystal 

Fibers 
 

In this section, a PCF notch filter and a band-rejection filter based on a tapered PCF are 

proposed. The notch filter is build by using a commercial PCF (LMA-10 from Crystal 

Fiber) and the band-rejection filter is based on a home-made PCF. The principles 

underlying the operation of these wavelength selection technologies are studied. First, a 

technique based in fusion-splicing is implemented. Later, a second technique based in a 

tapering process is analyzed. Both techniques allow modifying the PCF structure 

making possible the recombination of core-cladding modes. 

 

5.4.1 Photonic Crystal Fiber Notch Filter 
 

A narrow-band (∼1 nm) PCF notch filter that exhibits high rejection efficiency (>35 dB) 

is demonstrated. It consists of ∼10 mm of index-guiding PCF fusion spliced between 

conventional monomode fibers. Two collapsed zones in the PCF with different lengths 

allow the excitation and overlapping of core and cladding modes at specific resonant 

wavelengths. Robust filters with low insertion loss (<2 dB) for the useful 1500-1600 nm 

wavelength range were fabricated. The filters can be set in cascade, thus allowing multi-

wavelength filtering. The devices here proposed may have applications in 

communications systems, sensor networks, instrumentation, among others. 
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5.4.1.1 Introduction 

 
Passive and active devices, including filters, couplers, combiners, switches, modulators, 

etc., are the building blocks of optical fiber communications systems and sensor 

networks. Different techniques and phenomena have been proposed or exploited to 

design a number of devices with conventional optical fibers, see for example [68]. As an 

alternative to these well-established devices those based on PCF are emerging [17]. 

PCFs are fibers with a periodic transverse microstructure present all over their length 

[18, 69]. They have opened up different possibilities for the development of passive and 

active devices with unique and application-specific features. Wavelength filters are 

devices that exhibit wavelength-dependent transmittance and are used to block or select 

a specific wavelength or range of wavelengths, thus playing an important role in optical 

fiber systems. Wavelength filters can be based on PCFs, for example, by infiltrating 

liquids in their voids [17, 70], by controlling the guided modes with a periodic 

modulation [71-75], or by twisting the PCF [76, 77]. All those PCF filters, in general, 

exhibit rejection efficiency (extinction) of less than 25 dB, high insertion losses 

(typically more than 3 dB), and for their construction several centimeters of PCF are 

required. 

A simple PCF notch filter which is built by splicing a stub of a properly selected 

index-guiding PCF between two single mode fibers (SMF-28) is proposed. During the 

splicing process the voids of the PCF were intentionally collapsed over a microscopic 

length. To achieve profound dips, a short length of PCF (in the 9-13 mm range) and 

collapsed regions with different lengths were found to be crucial. Notch filters with 

rejection efficiency in excess of 35 dB in the 1500-1600 nm wavelength range were 

fabricated. The overall insertion losses observed were in the 1-2 dB range. Thus, the 

PCF filters proposed here can find practical applications in communications systems 

and sensor networks or can be useful for filtering light signal propagating in PCFs 

and/or conventional optical fibers. 

 

5.4.1.2 Fabrication and Working Principle 
 

The devices proposed were also built following the same procedure mentioned above 

(described in section 5.2.2) and by using the same commercial PCF (LMA-10). The 
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modal properties of this type of PCF have been analyzed by several groups, see for 

example Refs. [44] and [78]. To fabricate the filters the PCF and the standard fiber 

(SMF-28), by means of the conventional arc discharge technique [27], were spliced. A 

commercial fusion splicing machine (Ericsson FSU 955) was employed to fabricate a 

collection of samples. In this case the length of the collapsed zones was in the 100-210 

μm range for the same reasons explained in section 5.2.2 (see Fig. 5.13). 

Deep notches in the transmission spectra of the devices were observed, some 

examples are shown in Figs. 5.14 and 5.15. The mode field mismatch combined with a 

short section of PCF allows the excitation of a specific cladding mode in the PCF and of 

course the fundamental HE11 core mode. The excitation of these or similar modes is also 

possible with periodic modulation in the PCF [79] or with critical launching conditions 

in a standard fiber [80, 81]. In either case the length of fiber required is much longer 

than ours. 

The dips observed in the transmission spectra of these devices are therefore 

caused by the overlapping between the core and cladding modes. The sinusoidal 

modulation shown in Fig. 5.14 was observed when the device was immersed in index 

matching liquid. This suggests interference between core modes and also that the HE22-

like cladding mode is sensitive to the external environment, in good agreement with the 

observations reported in [79]. Note that in all cases the dips are very narrow and 

profound. The observed linewidth in all the fabricated notch filters were ∼1 nm while 

the maximum rejection efficiency was in excess of -35 dB. 

 
Fig. 5.13: Drawing of a PCF notch filter and micrographs of the PCF and a 200 μm-long collapsed 

zone. The broadening of the light spot is illustrated by the circle and cone. SMF stands for SMF 

and L for PCF length. l1 and l2 are the length of the collapsed regions. 2w0 and 2w refer to the light 

spot diameter before and after diffraction. 
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Fig. 5.14: Transmission spectra of a device when it is in air (solid line) and when it is immersed in 

index matching oil (dotted line). The length of PCF was 11.42 mm and l1 and l2 were, respectively, 

196.61 and 120.59 μm. 

 

 

 
Fig. 5.15: Transmission spectra of some filters in the 1520-1590 nm wavelength range. 
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Fig. 5.16: Calculated longitudinal component of the time-averaged Poynting vector of the HE22-like 

cladding mode at 1550 nm and observed light spot at the same wavelength. 

The overall losses in all were in the 1-2 dB range. The performance of this PCF 

notch filter is really attractive, in addition, the overall length of the device is much 

shorter that any other PCF-based notch filter reported in the literature so far, see for 

example [17, 70-77]. Fig. 5.16 shows the calculated longitudinal component of the 

time-averaged Poynting vector of the HE22-like cladding mode for λ=1550 nm using 

Comsol Multiphysics. The figure also shows the observed light spot at 1550 nm by 

means of an infrared camera with a 10x objective. The spot observation was carried out 

in 10 mm-long PCF spliced to the SMF-in in one extreme and cleaved at the other. Note 

that the field of the HE22-like mode penetrates the entire core mode area so that it 

overlaps strongly with the fundamental mode. The modes experience diffraction again 

and add up when they reach the SMF-out region. 

 

5.4.1.3 Tuning Mechanism 
 

The response to axial strain and temperature of the notch filter was studied. These 

parameters introduce minimal changes in the device length or in the modal index which 

give rise to small changes in the overlapping conditions. As a result, the position of the 

notch is modified. Fig. 5.17 shows the observed transmission spectra of a device when it  

was subjected to axial tensile and compressive strain. The spectra was centered at 1550 

nm and subjected to strain (maximum 2500 με). Its position was adjusted in the 1548.4-

1552.2 nm range. Temperature dependence of the devices was investigated in the range 

of 25-250 ºC measuring spectral shifts to know how the structural relaxation mechanism 

under a variation in temperature affects the position of the notch. It can be seen from 

Fig. 5.18 that the higher the temperature the longer the notch wavelength. Temperature 
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sensitivity less then 9 pm/ºC, depending on the device length, was found. It was noted 

that the spectral shifts are only due to thermo-optical behavior. The transmission peak 

slightly shifted to the longer wavelength in a linear manner. 

 
Fig. 5.17: Transmission spectrum position of a notch filter observed when the device was under 

axial strain. 

 
Fig. 5.18: Position of the notch as function of a change in temperature. 
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Fig. 5.19: Transmission spectra of two notch filters were they are independent (dotted lines) and 

when they are set in series (solid line). 

Owing to the compactness of the filters they can be set in series, thus allowing 

the filtering of multiple wavelengths. Fig. 5.19 shows the transmission spectrum of two 

filters when they are independent from each other and also when they are placed in 

series. From the figure it can be seen that two wavelengths can be filtered 

simultaneously at the cost of increasing the insertion loss. 

 

5.4.1.4 Conclusions 
 

In conclusions, a notch filter consisting of a short length of PCF (LMA10) fusion 

spliced between standard optical fiber was introduced. The key parts of the filters are: 

an index-guiding PCF, a short length of PCF and two collapsed regions with different 

lengths. The transmission spectrum of the device exhibits narrow and profound dips at 

certain wavelengths, thus suggesting the applications for light filtering. The observed 

linewidth, rejection efficiency and overall losses of the fabricated filters were, 

respectively, ∼1 nm, -35 dB, and between 1 to 2 dB. The length of PCF required for 

fabricating the filters was in the 9 to13 mm range. This allows setting the filters in series 

for which multiple wavelengths can be filtered. Owing to the growing demand of cost-

effective miniature devices with high performance, the compact notch filters proposed 
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here can be attractive in many applications such as telecommunications systems, sensor 

networks, and instruments, among others, that require fiber-based active or passive 

devices. 

 

5.4.2  Demonstration of an All-Fiber Band-Rejection 

Filter Based on a Tapered Photonic Crystal Fiber 
 

A robust all-fiber band-rejection filter based on a tapered home-made PCF is reported. 

The structure of the PCF and the post-processing technique implemented, both allow us 

to demonstrate experimentally an optical fiber filter with relatively low insertion loss 

(less than 0.3 dB) and high-band rejection efficiency (more than 20 dB) for the useful 

1100-1700 nm wavelength range. The detailed fabrication method and operating 

principles of the band-rejection filter are described. The optical fiber filters here 

proposed may have broad applications in fiber-optic communications systems, sensor 

networks, and instrumentation, among others. 

 

5.4.2.1 Introduction 
 

The structure of a photonic crystal fiber (PCF) determines the characteristics of the light 

guidance [3], which is provided by TIR or by a photonic bandgap effect. PCFs guiding 

by the TIR effect consist of a solid core, usually silica, and the holes of the surrounding 

layer resulting in an average lower index cladding. These fibers have proven useful as a 

platform for building a range of novel devices [17, 82-83]. Among them are optical 

fiber filters which filter out one channel at a specific wavelength. In particular, band-

rejection filters (BRF) are often the building blocks of more complex communication 

systems. Many techniques for implementing BRFs using conventional optical fibers or 

PCFs have been proposed until the present; see for example [84-89]. Along with the 

performance parameters achieved by these techniques, such as the peak transmission, 

bandwidth, isolation, insertion losses, among others, perhaps (in practical applications) 

the most important considerations are cost and simplicity. In most of the technologies 

mentioned above those optical fiber filters need special manufacture technology (fiber 

grating) or special control methods (acoustooptics, electrooptics, microactuators). 

Therefore, it will be highly desirable to have a technique for building optical fiber-based 
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filters that can be easily implemented without special requirements or features. In this 

study, an all-fiber BRF based on a simple technique, which has been extensively used to 

expand the capabilities of the waveguide properties: the tapering of optical fibers, is 

proposed. This post-processing technique was further extended over a PCF to 

experimentally show a simple BRF with a narrow band resonance in the transmission 

spectrum, a rejection efficiency in excess of ~20 dB, low background insertion loss ~0.3 

dB, and tunable in the 1100-1700 nm wavelength range. 

 

5.4.2.2 Fabrication and Operating Principle 
 

The idea to fabricate such device arose from previous work made by Nguyen et al. [90], 

where they evaluated the fabrication and characterization techniques of PCF tapers, and 

explore their fundamental waveguiding properties and potential applications. They 

fabricated PCF tapers without collapsing the air holes and described the fundamental 

property of such tapers associated with the leakage of the core mode that leads to long-

wavelength loss, influencing the operational bandwidth of these tapers. It was indeed 

observed that, while tapering, the power leaked from the FCM even for gentle slopes 

such as those used to manufacture fiber couplers [91]. In these articles, the leakage was 

qualitatively explained by the coupling of the FCM with high index ring modes. The 

power leakage was later explained in more details by Kuhlmey et al. [92] in terms of the 

FCM cutoff using a model where the leakage would be due to the coupling of the FCM 

with the continuum of radiation modes of an infinite extent outer silica layer at a critical 

wavelength (λc), beyond which a significant amount of power is lost. Shortly, Laflamme 

et al. [93] experimentally demonstrated that the cause of FCM leakage in a tapered PCF 

is the modal coupling from the core-mode with the ring modes as the core-mode 

evolves in the external medium (the air and the PCF structure itself). 

First, to fabricate these devices some experiments based on tapering the PCF 

were made. A schematic representation of the fiber taper geometry produced on a taper 

rig is shown in Fig. 5.20. The PCF employed in these experiments was fabricated in our 

facilities and it is shown in Fig. 5.20(a). It consists of a solid core surrounded by three 

rings of air holes arranged in a hexagonal pattern. The PCF parameters are the 

following: core diameter, 17.5 µm; average diameter of the voids, 3 µm; and average 

separation between the voids (pitch), 8.8 µm; the outer silica cladding radius is 61.7 µm.  
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Fig. 5.20: Schematic diagram of the fabrication process and micrographs of the home-made PCF 

untapered (a) and tapered (b). Here WLS stands for white light source and OSA for optical 

spectrum analyzer. L0 is the region with constant diameter (taper waist), z1 and z2 are the taper 

regions (transition zones). l1 and l2 are the lengths of the heated and unheated regions, respectively. 

 

The PCF was stretched by two motorized stages while it was being heated with 

an oscillating high-temperature flame torch. During this procedure, the viscosity 

decreases in the heated section of the fiber, allowing the glass to flow. The tapering 

conditions followed along the experimental process are described in detail in ref. [94]. 

The waist region L0 of the tapered fiber was sufficient in length (in the range of few 

centimeters) in such a way that the mode coupling between the fundamental mode and 

higher order modes is negligible, according to the adiabaticity criteria [95]. Slow 

diameters rates with low insertion loss (<0.2dB) applying a properly optimized flame 

torch and pull-rate were achieved. Under these conditions, the air hole structure of the 

PCF after the tapering process was preserved [see Fig. 5.20(b)], which is a necessary 

condition for the above criterion to apply [90]. At this point, the adiabaticity criterion is 

satisfied ensuring low tapering losses. 

The fiber was tapering down by more than 50% of original local outer diameter 

(OD) and, after a while, 10 dB extinction started to appear at the long-wavelength end 

of the initially-flat spectrum around 1750nm (the limit detection of the OSA used in our 

facilities). Fig. 5.20 shows micrographs of the untapered fiber and a taper with an OD of 

123 μm and 44 μm, respectively. One can see that the air/glass fraction and the quality 

of the hole geometry are essentially unchanged [the missing segment in Fig. 5.20(b) is 

due to not good enough cleave]. At this point, it was thought that according to ref. [92] 
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the cutoff of the FCM was reached for this PCF in particular, resulting in an efficient 

coupling of the expanded core-mode with the cladding modes, making the taper non-

adiabatic and highly lossy. As soon as this high-loss was detected the tapering process 

was stopped and then one half of the uniform region (l1) was heated. It was observed 

that just by the heating of l1 several times a narrower gap, more likely a loss-notch, was 

defined. Then, without stretching the fiber (the motorized stages were turned off) this 

region was heated making several sweeps just by using the flame torch around l1. 

Due to this process a narrow loss-band was defined with the extinction ratio also 

increased. In addition, it was also noted that the loss-band peak shifted to shorter 

wavelengths as the sweeps of the flame torch were raised. What is more, a maximum 

depth for the loss-band peak was observed for different number of sweeps and taper 

waist diameter. After this maximum value in rejection efficiency, by continuous heating 

l1, the loss-band peak was also shifted but the extinction ratio was reduced and at last 

disappeared. 

 

 
Fig. 5.21: Measured transmission spectra of some filters fabricated in the 1100-1700 nm wavelength 

range. The waist OD is 43.74, 42.3 and 40.92 μm for (a), (b) and (c), respectively (all experimental 

measures of waist OD given are ±0.5 μm). 
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5.4.2.3 Experimental Results 
 

Based on the procedures mentioned above several samples were made. A 

thorough search of the optimum fabrication parameters for getting good quality loss-

band resonances was carried out. Experimentally, it was found that the minimum value 

for L0 was 30 mm; below this length it could not been observed that the loss peak of the 

rejection band gets narrower regardless of the heating process over l1. Consequently, 

fiber tapers with waist OD from 44 μm to 40 μm and uniform region of 30 mm were 

fabricated. A defined narrow band resonance in the transmission spectra with more than 

20 dB in rejection efficiency for the 1100 to 1700 nm wavelength range was observed. 

Some output transmission spectra of these devices are shown in Fig. 5.21 for three 

different waist ODs. The full width at half maximum (FWHM) in all cases was about 66 

± 3 nm and insertion loss less than 0.3 dB. To further investigate and analyze the tuning 

mechanism of the proposed devices, the optical spectra in all the samples along the 

heating process was continuously recorded, i. e. while the half of the uniform region 

was heated. As a result, a shift in the central wavelength was achieved with a maximum  

 
Fig. 5.22: Fundamental partial gap plotted as function of taper waist diameter. Square points 

indicate experimentally measured wavelength at the minimum of the transmission loss-band and 

bars indicate the FWHM. The inset shows a shape of the taper with waist diameter of 41 μm and 

waist length of 30 mm obtained with a commercial “Beta LaserMike” gauge. 
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depth for each sample (see Fig. 5.21). At values below and above this central 

wavelength the peak rejection efficiency is decreased in depth. Fig. 5.22 plots the 

spectral shift of the central wavelength for the maximum band-rejection efficiency as 

function of the waist diameter for the tapered fibers. The linear behavior suggested us 

that the position of the maximum peak in the rejection band can be perfectly tuned, so 

based on these results several samples were fabricated. 

Consequently, it was assumed that the highest extinction ratio for the loss-band 

is strongly determined by the final waist OD achieved. It was also experimentally 

observed that the tuning range, i. e. the final position of the central wavelength, is 

determined by the number of sweeps of the flame torch over l1. Below certain number 

of sweeps no change in the output spectrum was observed. After several sweeps, 

depending on the final waist OD of the tapered fiber, the high-loss band reached in the 

tapering process becomes deeper, and the shift in the position of the central wavelength 

was more evident as the sweeps of the flame torch were increased (see Fig. 5.23). It was 

thought that when the tapered PCF is heated the FCM remains until the first coupling 

region is attained after several sweeps of the flame torch, i. e. when two modal effective 

indices are almost identical. Heating further the tapered PCF probably makes it 

experience  

 
Fig. 5.23: Experimental measurements of the spectral shifts as function of the number of sweeps for 

tapered PCFs with waist ODs of 43.74, 42.3 and 40.92 μm and L0 = 30 mm. 
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similar situations whenever the modal effective indices are encountered without 

stretching the fiber. The tuning process in the proposed devices was found to be 

reproducible if the waist OD and the number of sweeps are well controlled. Fig. 5.23 

shows that the device with a ~44 μm of waist OD needed more than 5 sweeps to 

visualize any shift in the transmission spectrum. On the other hand, the device with a 

~41 μm provided a shift in the transmission spectrum immediately. Finally, it may be 

mentioned that the characteristics of the PCF used in these experiments were essential 

for the construction of the BRFs. Through the experimental process, we found that the 

ratio d/Λ (in our case ∼0.34) was a fundamental aspect to enhance the coupling of the 

fundamental mode to cladding modes. For example, it has been shown that PCFs with 

small filling factors d/Λ could be used to increase the spot size into a microscopic scale 

[96]. In contrast, larger filling factor could be used to substantially reduce the spot size. 

The correct choice of PCF parameters is constrained by the need to minimize losses and 

to avoid (or not) multimode behavior. More detailed investigation on the device’s 

performance is being pursued by the authors. 

 

5.4.2.4 Conclusions 
  

In conclusion, a BRF based on a tapered home-made PCF was experimentally 

demonstrated. The peak band-rejection efficiency was in excess of 20 dB and tunable 

from a 1100 to 1700 nm covering; the observed FWHM was ∼66 nm. The overall losses 

in all cases were in the 0.1-0.3 dB range. The key parts of the filters here proposed are: 

a reduction of the PCF microstructure (tapering process) and the heating of the uniform 

region of the tapered fiber. 
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General Conclusions 
 
 
Back in the seventies, only a few years after the invention of low-loss optical fiber, it 

became apparent that optical fiber could not only reliably transmit data, but also provide 

remarkable sensing capabilities. These sensing capabilities combined with unique 

properties offered by optical fibers, such as total dielectric design, complete immunity 

to electromagnetic interference, small size, capability for distributed sensing, explosion 

safety and good bio-compatibility attracted significant attention in both industry and 

academia. Over the past two decades, fiber optic sensors have evolved from first 

demonstrations to practical applications. For instance, a fiber gyroscope has penetrated 

firmly into the commercial aerospace market, demanding civil engineering applications 

have started to rely on data collected by distributed fiber optic sensors, and there is an 

emerging market for fiber optic biomedical devices, etc. 

In the last decade, fiber optic sensors have been the subject of intense research at 

the laboratories around the world and the Fiber Optics Group at CIO is not an 

exception. In the group, we have developed various innovative fiber optic sensing con-

cepts that are advancing towards industrial applications through collaboration with 

domestic and foreign partners. This thesis briefly described some of the recent activities 

and efforts towards implementation of our research results. Particularly, we have 

introduced several experimental techniques that can be implemented over optical fibers 

to enhance the overlap of the evanescent field with the surrounding media based on the 

core-cladding mode coupling.  

We applied the capability of the long-period gratings to provide a strong 

evanescent interaction with the external media. More specifically, we studied 

mechanically induced long-period gratings over conventional single-mode fiber. We use 

them in combination with a fiber taper to experimentally demonstrate a Mach-Zehnder 

interferometer and its applications as external refractive index sensor. The spectral 

response of long-period gratings made by pressing a pair of grooved plates over single-
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mode fiber tapers was analyzed. Fiber tapers with a waist length of 80 mm and 

diameters ranging from 90 to 125 μm were used. We found that the resonant 

transmission dip wavelengths of the mechanically-induced long-period grating over 

tapered fibers shifts toward shorter wavelengths as the fiber taper waist diameter was 

reduced. A maximum shift of 254nm in the resonant dip wavelengths was observed. 

Based on these results we found a novel method for tuning the resonant wavelength in 

this kind of fiber gratings. So far, most of methods for tuning the resonance wavelength 

of a mechanically-induced fiber grating can shift the loss peaks to higher wavelengths 

values using a different groove period or by tilting the grooving plate. Other methods 

use torsion to shift the resonance peaks to lower wavelength values but has a limited 

range of about 25 nm. In contrast, our method shift the resonance peaks toward shorter 

wavelengths and the tuning range was ten times longer than that obtained by the torsion 

method. The major advantage of our method is the possibility to tune the resonant 

wavelength near 1300 nm using a relative large grating period (470μm); otherwise the 

period of the corrugated plates must be less than 200 μm. Such a period is very difficult 

and expensive to machine by a common mechanical process. As a result, our method is 

very attractive and can be exploited for reshaping the gain spectrum of lasers and 

amplifiers. In addition, the resonance wavelength can be easily adjusted only by 

tapering process, which is semi-automatic, highly repeatable and very precise. The fiber 

diameters of the tapers presented in this work are very robust and easy to handle. For 

increasing the strength of the fiber, the taper can be recoated after the tapering process. 

On the other hand, we have demonstrated an all-fiber mechanically-induced Mach-

Zehnder interferometer with high visibility interference fringes. The performance and 

refractometric applications of these devices were studied. Fiber interferometers with a 

grating separation ranging from 150 to 750 mm and fringe spacing from 4.1 to 0.86 

were demonstrated. The inverse of the measured fringe spacing exhibits a linear 

dependence with the grating separation. In our scheme, the interferometer parameters 

such as the separation between gratings can be easily changed in a matter of seconds by 

just displacing one of the long-period gratings. The segment of the fiber between the 

gratings can be tapered down without changing the interference fringe spacing since the 

distance between gratings is not affected. The fringe visibility of these interferometers is 

high and stable. Even for strong fiber tapers (>50%) the changes in the interference 

fringe pattern were not significant. The fiber taper introduced between gratings in our 
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device increased the sensitivity to external refractive index changes, allowing us the 

measurement of refractive index in the 1.36-1.41 range with a relatively good 

resolution. The dynamic range of the Mach-Zehnder interferometer for refractive index 

sensing can be increased as the taper diameter diminishes. Our device takes some 

advantages of the mechanically-induced long-period gratings characteristics. First, by 

just displacing one long-period grating (over the same fiber) it is possible to adjust the 

response of the Mach-Zehnder interferometer in real time without the need of any 

special feature. In addition, it can be performed in any kind of optical fibers without 

removing its coating which is considered helpful for studying the mechanism for 

formation and the properties of the guided cladding modes. All these unique advantages 

can be exploited to propose novel schemes for sensing applications. In that respect, as 

part of the future work in the group, it will be highly desirable to realize the modeling of 

this kind of fiber gratings in order to predict the resonant wavelength as function of the 

grating period. It is also necessary to know the polarization dependence in our fiber 

gratings, as consequence, some tests for different polarization states and its dependence 

are needed. In order to improve the design of the interferometer to make it competitive 

with other devices, the manufacture of the plates can be changed by using different 

materials such as PDMS (polydimethilsiloxane) and as consequence the developing of a 

new pressure system in order to generate the fiber grating patterns. 

We demonstrated a modal interferometer based on micro/nano fibers. Their 

fabrication was simple since it can be done by means of tapering techniques. These 

interferometers are compact, require a minimal amount of sample and can be combined 

with microfluidics systems for which they may be adequate for refractometric and 

biosensing applications. Proper protection of these devices was implemented to make 

them practical. The construction of the device is similar to a fused fiber coupler with the 

main difference that the fibers that compose it have subwavelength dimensions. When it 

is in air the transmission spectrum of the interferometer exhibits interference fringes 

with sub-nanometer widths owing to the beating between the LP01 and the LP11 modes. 

To make the devices functional, however, an adequate protection was necessary. The 

protection mechanism consisted of sandwiching the interferometers in Teflon layers. 

This protection ensures good mechanical strength, introduces minimal optical loss 

(around 2 dB), and makes it possible to have access to the evanescent waves of the 

interfering modes. The sensitivity of the device to the surrounding refractive index was 

investigated in the 1.33-1.40 range. The sensitivity and resolution were found to be, 



 110

respectively, 232 nm per refractive index unit and 3x10-5 which suggests that biosensing 

is feasible. However, due to technical limitations the work on biosensing could not be 

completed. The interferometers must be optimized and can be combined with 

microfluidic channels to minimize the volume of sample. Some issues that were found 

include thick go thick gold layer, for example dark field microscopy revealed gold 

islands on the interferometers. Immobilization is preferred with continuous films. The 

real time monitoring of the interference pattern shift will help to “visualize” the binding 

process. As part of the tests we have to develop interferometers that operate with visible 

light (round 650 nm) where most of the biomolecules have a strong absorption 

coefficient. It would be good to have a better protection of the interferometers to ease 

the handling of non-familiar users with such devices. 

Finally, we provided a comprehensive investigation of the guidance properties of 

commercial and home-made photonic crystal fibers for building photonic devices. 

Based on specific concepts and sensing platforms, two specific techniques were 

implemented in order to produce a novel sensing design. The response of the devices 

and the characterization to surrounded refractive index, temperature, and axial strain 

were analyzed. We also investigated ad-hoc packaging and developed protection 

schemes for our photonic sensor devices to make them functional and competitive. A 

simple and versatile fiber sensor which consists of a stub of photonic crystal fiber fusion 

spliced with conventional single-mode fiber was introduced. Two collapsed zones with 

different lengths in a photonic crystal fiber with adequate structure allow the excitation 

and overlapping of specific modes in the fiber. The resulting transmission spectrum of 

the devices exhibits a single, narrow and deep notch, whose position changes with 

external perturbation, thus making possible the sensing of different parameters. As point 

sensors the proposed devices are attractive since they provide wavelength-encoded 

information, are compact, highly sensitive and cost effective. In fact they can be 

considered a serious alternative to existing photonic crystal fiber sensors as well as to 

some of those based on conventional fiber. We believe that the results presented, in 

particular the multiplexing capability, overcome some of the limitations of photonic 

crystal fiber based sensors previously reported. The multiplexing of the proposed 

sensors is quite straightforward given the fact that, when n sensors are placed in series, 

n dips are observed in the transmission. The dips are independent from each other, i.e. a 

shift of one of them does not affect the position of the others. With commercially 

available light sources, switches and spectrometers it is feasible to implement an array 
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with tens of sensors. Thus, the exploitation of the photonic crystal fiber sensors here 

proposed in real applications seems promising. A simple photonic crystal fiber 

interferometer for refractive index sensing was also reported. Such devices were built 

by using the same technique that the sensor array. As a result, the devices exhibited a 

sinusoidal interference pattern in their reflection. The interferometer proposed is more 

compact than others based on photonic crystal fibers. In addition, the fringe contrast is 

around 40 dB, which is higher than that of any other mode interferometer reported until 

now. The potential of this interferometer for refractometric sensing was demonstrated. 

The maximum sensitivity, for the 1.42-1.43 range, of a 12 mm-long device was found to 

be ∼735 nm per refractive index unit. Thus, a resolution of ∼7x10-5 can be achieved if a 

shift of 50 pm of the interference pattern can be resolved. When the optical power is 

monitored (wavelength at the quadrature point) the sensitivity is ∼2775 dB per 

refractive index unit. Thus, a resolution of ∼7x10-6 can be achieved provided that 

reflection changes of 0.01 dB can be resolved. The above sensitivities and resolutions 

are possible if the temperature is kept constant. The high resolution is possible for the 

type modes excited in the PCF and the high fringe contrast. Optimization of the 

photonic crystal fiber structure may enhance the performance of the devices even 

further. Thus, the exploitation of the photonic crystal fiber devices proposed in real 

applications seems promising. We believe that the interferometer proposed can be 

useful for industrial applications as well as for biochemical measurement or analysis if 

the device is coated with layers that are sensitive to biological targets. As an extension 

of the sensor array we have introduced a notch filter. Due to that the transmission 

spectrum of the device exhibits narrow and profound dips at certain wavelengths, 

suggested us the applications for light filtering. The observed linewidth, rejection 

efficiency and overall losses of the fabricated filters were, respectively, ∼1 nm, -35 dB, 

and between 1 to 2 dB. The length of photonic crystal fiber required for fabricating the 

filters was in the 9 to13 mm range. Owing to the growing demand of cost-effective 

miniature devices with high performance, we believe that the compact notch filters 

proposed here can be attractive in many applications such as telecommunications 

systems, sensor networks, and instruments, among others, that require fiber-based active 

or passive devices. On the other hand, we have experimentally demonstrated a band-

rejection filter based on a tapered home-made photonic crystal fiber. The peak band-

rejection efficiency was in excess of 20 dB and tunable from a 1100 to 1700 nm 
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covering; the observed FWHM was ∼66 nm. The overall losses in all cases were in the 

0.1-0.3 dB range. The key parts of the proposed filters were: a reduction of the PCF 

microstructure (tapering process) and the heating of the uniform region of the tapered 

fiber. What is next for the photonic crystal fiber devices? For the sensor array it would 

be highly desirable to implement a complete system in a “real application”, for example, 

monitoring the leakage in pipelines. For the interferometer, its applications in 

biosensing would be suitable and the development of a microfluidic system would 

improve the implementation as a photonic biosensor. In the case of the notch filter, it is 

necessary to make some experiments to determine the polarization dependence. In case 

of the band-rejection filter, it is essential to carry-out more studies about the technique 

developed in order to perform such devices in other fibers with different 

microstructures. In all cases, the packaging will be highly attractive and in some cases 

advantageous. The final goal would be to put in the market some of these devices, 

which will be a real challenge. 

 To sum up, long-period fiber gratings are attractive devices that can be used for 

a variety of applications. Being all-fiber devices, their main advantages are their low 

loss, ease of coupling (with other fibers), polarization insensitivity, low temperature 

coefficient, and simple packaging. As a result, they can be extremely low-cost devices. 

The use of micro/nano fibers for optical devices opens the way to a host of new optical 

applications for communications, sensing, lasers, biology, and chemistry. On the other 

hand, photonic crystal fibers have been creating new ways of thinking about light 

guidance in optical fibers, which goes beyond total internal reflection and happens not 

only in doped-silica cores, but also in air, metals, liquids and even gases. Furthermore, 

their unusual and remarkable optical properties have been extremely interesting for 

many applications in diverse areas, such as spectroscopy, metrology, biomedicine, 

tomography, imaging and telecommunications. Finally, it is important to highlight that 

several new possibilities and applications of photonic crystal fibers, micro/nano fibers, 

even conventional optical fibers still open. 
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Appendix: List of Acronyms 
 
 
  All acronyms used in this thesis are listed here in alphabetic order. 

 

Δλ  Source Bandwidth 

λ  Mean Wavelength 

AFM  Atomic Force Microscope 

ALD  Atomic Layer Deposition System 

BK7  Borosilicate Schott Optical Glass 

BRF  Band-Rejection Filter 

CIN2  Centre D’Investigacio en Nanociencia i Nanotecnologia 

DC  Directional Coupler 

DNA  Deoxyribonucleic Acid 

EH  Electric Hybrid-Mode 

EM  Electro-Magnetic 

FBT  Fused Bi-conical Taper 

FWHM Full-Width at Half-Maximum 

HE  Electric Hybrid-Mode 

LMA  Large Mode Area 

LP  Linear Polarized-Mode 

LPG  Long Period Grating 

LxWxT Length-Width-Thickness 

MKS  Meter-Kilogram-Second system of units 

MLPG  Mechanically-induced Long Period Grating 

MNF  Micro/Nano Fiber 

MZI  Mach-Zehnder Interferometer 

N2  Nitrogen 

OSA  Optical Spectrum Analyzer 
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PBG  Photonic Band-Gap 

PBGF  Photonic Band-Gap Fiber 

PBS  Phosphate Buffered Saline 

PCF  Photonic Crystal Fiber 

PDMS  Polydimethilsiloxane 

PEG  Polyethylene Glycol 

Q. P.  Quadrature Point 

R&D  Research and Development 

R&D&I  Research and Development and Innovation 

rpm  revolutions per minute 

RI  Refractive Index 

RIU  Refractive Index Unit 

SEM  Scanning Electron Microscope 

SH  Super Helical 

SMF  Single Mode Fiber 

SMS  single mode-multimode-single mode 

TE  Transversal Electric Mode 

TIR  Total Internal Reflection 

TM  Transversal Magnetic Mode 

USD  United States Dollar 

WDM  Wavelength Division Multiplexing 

WLS  White Light Source 
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