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1.1. Motivation and objectives 

The international research community has been nurturing photonic 

technologies over the years, aiming to develop cost effective solutions 

for a number of applications. Optical fibers offer an efficient solution 

for sensing and communication fields. Fiber optic sensors present 

appealing characteristics that make them very attractive when 

compared with conventional electric sensors such as immunity to 

electromagnetic interferences, as well as unfavorable environments, 

small size, ability for multiplexing and remote sensing. Another 

important aspect when using optical fibers is the ability to 

simultaneously use them as sensors and communication channels. 

The primary motivation for this PhD work was the study and 

development of new structures based in photonic crystal fibers. The 

main idea was to take advantage of the know-how of our group in 

fiber-optic communications and photonic sensing, as well as the 

recent advances in the sensing area to develop new structures based 

on the platform of photonic crystal fibers. 

Photonic crystal fibers are a kind of fiber optics that present a diversity 

of new and improved features beyond what conventional optical 

fibers can offer. Due to their unique geometric structures, photonic 

crystal fibers present special properties and capacities that lead to an 

outstanding potential as fiber sensors. The main motivation for this 

PhD work was to use photonic crystal fibers as fiber sensors, to 

measure a variety of parameters both physical and chemical.  

Moreover, a new research field concerning optical sensing has been 

developed with the merge of microstructured optical fibers and 

chemical depositions on tip and inside the fiber cavities, becoming in a 

very productive synergy that allows to combine the advantages of 
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both structures. This new structures enable new targets to be 

monitored with photonic crystal fibers maintaining their main 

properties. Several field tests have been carried out to verify the 

sensor’s performance. 

To complete the sensing systems, a multiplexing technique for the 

developed sensors has been characterized and demonstrated allowing 

a reduction of the general economic cost of the sensing systems. 

A part of the motivation was also the research of new knowledge and 

professional skills, which lead to very clear objectives: 

 Study of interferometric structures based in photonic crystal 
fibers. 

 Study of fiber Bragg gratings. 
 Study of the combination between photonic crystal fibers and 

fiber Bragg gratings with chemical depositions for sensing 
applications.  

 Development of new sensors based on the technologies above 
mentioned. 

 Study and verification of multiplexing systems for the 
developed sensors 

 

1.2 Thesis outline 

This PhD. work has been structured into 6 chapters organized as 

follows: 

In Chapter 2 of this document, the perspective of the most important 

technologies in the fiber optic sensors field is developed. The 

fundamental aspects of photonic crystal fibers, their types and 

properties; the sensing structures used along the PhD work to 
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measure different parameters as well as the deposition techniques 

and agents on/and in the fibers; finally, a general description of the 

main multiplexing techniques used nowadays and a particular 

description of the spatial-frequency-division technique used in this 

work. These technologies are the basis of the experimental section in 

chapters 3, 4 and 5. 

Chapter 3 is fully dedicated to physical parameter sensing with optical 

fibers transducers such as optical tapers, photonic crystal fibers and 

fiber Bragg gratings. Vibration (section 3.2), strain (section 3.3) and 

temperature (section 3.4) are measured within the above mentioned 

fibers in different interferometric structures. 

Chapter 4 provides a review of this work related to optical sensors for 

chemical parameters. Tilted fiber Bragg gratings and microstructured 

fibers with chemical depositions are used depending on the parameter 

measured. Refractive index (section 4.2), pH (section 4.3), volatile 

organic compounds (section 4.4), gas (section 4.5) and relative 

humidity (section 4.6) sensors are developed in this chapter. 

In Chapter 5 is devoted to the development of multiplexing sensing 

systems for the sensors developed in chapters 3 and 4. High 

birefringent optical fibers are multiplexed within a fiber loop mirror in 

section 5.2, multiplexing systems for microstructured optical fibers are 

presented relying in the multimodal and birefringent interference in 

section 5.3 and Fabry-Pérot structures in section 5.4. 

The main conclusions of this work and future research tasks are 

reported in Chapter 6.  

Finally, related publications of the author concerning the work 

developed within this document are attached in the appendix. 
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2.1. Introduction 

This chapter is mainly dedicated to introduce briefly the most 

important technologies in the fiber optic field that have been 

employed in chapters III, IV and V.  

An optical fiber sensor may be defined as a device in which the 

parameter to be measured (physical, chemical, biological or others), 

introduces modifications or modulations in some of the characteristics 

of light in an optical system [1]. The basic block of an optical sensor 

system is shown in Fig. 2.1.  

 

Fig. 2.1. Conceptual block diagram of an optical sensor system. 

The optoelectronic device usually includes a laser source and its signal 

is transmitted through an optical fiber towards the optical transducer. 

This last element interacts with the parameter to measure, and 

experiments a change of one or several optical characteristics of the 

signal: intensity, phase, wavelength or polarization. These changes are 

detected and measured in the optoelectronic unit by a detector [2]. 

Fiber optic sensors can be classified following different approaches: 

the domain of the magnitude to be measured, the nature of the 

optical transduction process, the measurand modulation or the spatial 

distribution of the measurand. This generic classification is presented 

in Table 2.1. A deep state of the art of each fiber-optic sensor type can 

be found in [1]. 

Table 2.1. General classification of fiber-optic sensors. 
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Most part of the structures developed along this Ph.D. work are based 

on microstructured optical fibers (MOF), therefore this is the first 

point presented in this chapter in addition with a numerical analysis of 

the particular used fibers. Next, the fundamental aspects 

interferometric structures (definition, merits, classification or transfer 

functions) are also provided. Chemical agents for deposition in MOF 

fibers and the deposition techniques utilized are also described. 

Afterwards, the general fundamental aspects of fiber sensors 

multiplexing (types of multiplexing systems) and the particular 

features of the Spatial-frequency division multiplexing (SFDM) are 
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shown as well. A brief working principle explanation of two employed 

commercial optical interrogators is depicted at the end of the chapter. 

 

2.2 Microstructured optical fibers 

The development of optical fiber sensors experienced a substantial 

change with the appearance of photonic crystal fibers (PCFs) in 1996 

[3]. PCF geometry is mainly characterized by a periodic array of air 

holes running along the entire length of the fiber, which surround a 

solid or hollow core. Microstructured optical fibers (MOFs) fulfill this 

geometrical characteristic, however PCFs are those that also satisfy a 

photonic band gap (PBG) light guidance condition [4]. 

MOF structures provides unprecedented properties for sensing in 

comparison with standard fibers: the possibility of light guiding in a 

hollow core; the filling of the holes with gases or liquids, improvement 

of the strain sensitivity, temperature insensitive sensors [5], and other 

advantages which will be described in this work. 

Due to their versatility, MOF sensors have been used to measure a 

wide variety of physical and chemical parameters: bend/curvature [6-

9]; strain/displacement [10-12]; temperature [13, 14]; simultaneous 

strain/temperature [15-18];electric field [19, 20]; magnetic field [21, 

22]; pressure [23, 24]; torsion [25, 26]; refractive index [27, 28]; 

vibration [29]; DNA [30]; humidity [31, 32]; and gases [33-35]. 

Standard fibers are based on a doped solid-core enclosed by a solid-

cladding. A schematic example is shown in Fig. 2.2 a). This 

configuration implies a refractive index difference between the core 

and the cladding that enables the light guidance through total internal 

reflection (TIR) mechanism.  
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Microstructured optical fiber’s geometry consists of a solid or hollow 

core, enclosed by an array of air holes running along the entire length 

of the fiber. Therefore, MOFs can be divided in two families based on 

their geometry: solid-core and hollow-core. Solid-core MOFs present a 

solid-core that can be surrounded by a periodic array of microscopic 

air-holes, as in Fig. 2.2 b) or by a set of big holes obtaining a 

suspended-core MOF as shown in Figure 2.2 c). On the other hand, 

hollow-core (HC) microstructured fibers present an air-hole working as 

core, which is enclosed by a microstructured air-hole cladding (Figure 

2.2 d)). Light propagation in HC fibers is no longer ruled by TIR but by 

PBG principle. 

 

Fig. 2.2. Drawing of the cross section of (a) standard fiber, (b) Solid-core MOF, 

(c) Suspended-solid-core MOF and (d) Hollow-core MOF. Colors: Blue-silica, 

black-doped silica, white-air. 

There are three key parameters in the design of a MOF; the diameter 

of the core (ρ), the diameter of the air-holes in the cladding (d) and 

the distance between the center of two consecutive air holes, or pitch 
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(Λ) [36]. These three physical parameters in combination with the 

choice of the refractive index lead to more versatile fibers in 

comparison with standard ones. There are four different guidance 

mechanisms depending on the MOFs geometry and core/cladding 

materials [37]: 

 Index-guiding – guides in a solid-core through modified total 
internal reflection (TIR). 

 Hollow-core – guides through PBG effect in a hollow-core. 

 All-solid PBG - guides by PBG anti-resonant effect in a solid-
core. 

 Hybrid – guidance through simultaneous PBG and TIR. 
 

The following sections are focused on solid-core MOFs because these 

fibers have been used for the development of the most part of the 

sensors presented in this Ph.D. work. 

 

Principal characteristics exploited 

2.2.1 Modal characteristics: 
 

The modal behavior of standard step-index fibers can be described by 

using the normalized frequency or V-parameter: 

𝑉𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑓𝑖𝑏𝑒𝑟 (𝜆) = 𝜋
2𝜋

𝜆
a√𝑛𝑐𝑜

2 − 𝑛𝑐𝑙
2          (1) 

Where a is the core radius and, nco and ncl are the refractive index of 

the core and cladding, respectively. The V-parameter determines the 

cutoff condition and the number of modes propagated in a fiber [38]. 

For a single mode fiber, V must be less than 2.405. 
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In solid-core MOFs the core refractive index is greater than the 

effective (average) index of the cladding, consequently the guiding 

mechanism is via total internal reflection as in standard fibers. 

Therefore, there are guided modes characterized by a propagation 

constant β included in the following limits [39]: 

𝛽𝐹𝑆𝑀 < 𝛽 < 𝑘𝑛𝑐𝑜    (2) 

Where βFSM is defined as: 

 𝛽𝐹𝑆𝑀 = 𝑘𝑛𝑐𝑙(𝑀𝑂𝐹)     (3) 

Where k = 2π/𝜆 is the wavenumber and nco is the refractive index of 

the fiber core. Therefore βFSM represents the lower β allowed by the 

cladding. The lower limit for β in a step-index fibers is kncl, in the same 

way for a MOF. 

Consequently in solid-core MOFs the TIR guidance mechanism 

depends on the properties of the core and the air-holes distribution. 

Consequently, the V-parameter for these kind of fibers is defined as 

[40]: 

𝑉𝑠𝑜𝑙𝑖𝑑 𝑐𝑜𝑟𝑒 (𝜆) = 𝜋
2𝜋

𝜆
Λ√𝑛𝑐𝑜

2 − 𝑛𝑐𝑙(𝑀𝑂𝐹)
2    (4) 

Where Λ is the fiber pitch and ncl(MOF), is the cladding effective 

refractive index defined as in equation (3). 

However, for the case of a suspended-core MOF, due to its structure, 

the core can be considered as a micro-fiber enclosed by air. This way, 

the V-parameter can be approximated using the same equation as for 

standard fibers (1), taking into account that nco  is  the refractive index 

of the core and ncl(MOF) is the effective refractive index of the cladding.  
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The choice of the V in the design of a MOF, not only determines its 

single-mode or multimode behavior, but also their confinement in the 

core. Mode confinement has special relevance in humidity, gas 

sensors and refractometers where an interaction between the core 

and the agents introduced in the cladding holes is possible. 

 

I. Specific MOFs employed 
 

In this particular work, four suspended core microstructured optical 

fibers with different morphological properties were used as 

transducers, as will be detailed in the next chapters. These fibers have 

been fabricated at XLIM, Limoges (France). 

I.1 MOF-4-Bridge fiber: 
 

A “four-bridge double-Y-shape-core MOF” (from now on it will be 

named as MOF-4-Bridge”) was developed and fabricated using the 

stack and draw process. It presents four large air holes divided by four 

thin bridges (~800 nm), showing a suspended core of 6.5 μm by 806 

nm and exhibiting a double Y shape, as can be seen in the SEM 

pictures shown in Fig. 2.3. This MOF presents multimodal and 

birefringence features. Birefringence in the 1550 nm region was 

theoretically estimated in ~6.8x10-3 with a beat length of 350 μm. 
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Fig. 2.3. MOF-4-Bridge cross section. 

This particular structure has interesting properties for gas sensing and 

chemical deposition processes; the presence of the four longitudinal 

air holes directly in contact with the fiber core allows the light guided 

in the core and the surrounding medium to interact directly through 

the evanescent field. In the same manner, materials as for example 

metallic-oxides, can be deposited onto the air holes using chemical 

deposition, allowing the interaction between the metallic-oxide film 

and the evanescent field of the guided light. 

I.2 MOF-1, MOF-2 and MOF-3 fibers: 
 

The suspended core MOFs were also fabricated using the stack and 

draw process. Three different MOFs were employed: they all are 

formed by four large air holes divided by four bridges from the 

cladding to a “X-shape” core, but there are differences between them: 

MOF-1 showed a solid core of 2.62 μm by 1.02 μm (Fig. 2.4 a)) 

whereas MOF-2 has a 3.1 μm by 4.4 μm one (Fig. 2.4 b)); finally, MOF-

3 also showed a core (2.73 μm by 4.2 μm) and a hole (with a diameter 

of 761.1 nm, Fig. 2.4 c)) in its center. 
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Fig. 2.4. a) MOF-1, b) MOF-2 and c) MOF-3 cross section. In c), it can be 

appreciated a detail of the hole located in the center of the optical fiber. 

 

II. Numerical mode field simulations 
 

The full analysis of an optical fiber sensor transducer based on MOFs  

includes the study of multiple modes inside the fiber. However, for 

many realistic device designs, it is difficult to compute the modes by 

ordinary analytical techniques. Thus, numerical simulation schemes 

must be used to optimize those optical devices. Nowadays, more 

complex simulation tools such as those that use finite difference time 

domain (FDTD) and finite element method (FEM) are crucial. 

The advantage of using numerical methods of analysis is that they 

allow to solve problems where the geometry of the structure is 

complicated as in micro- or nanostructured fibers. In these cases, 1-D 

reductions such as the effective index method cannot be used, or are 

not good approximations. On the other hand, the numerical methods 

of analysis make it possible to carry out studies of the intensity of 

electric and magnetic fields throughout the structure. Also, to have a 

graphical environment, or 3D simulations, among other advantages. 

The disadvantage of this type of tools is the high consumption of 

computing memory, which leads to a high processing time. 
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FDTD consists of solving partial differential equations in the time 

domain, being easier to understand and it is a highly used method to 

solve basic problems. For example, for simple structures, FDTD is 

easier to implement than FEM. The resolution of the partial 

differential equations (PDEs) using FEM is based on the construction of 

sub-elements within the structure to be studied (mesh). In this 

structure, the calculations of the field equations are represented 

discreetly in a system of algebraic equations and are solved by an 

eigenvalue method. Due to the high computational consumption of 

methods such as FDTD, FEM methods are usually used when a variable 

resolution is needed within different regions of the simulation. The 

drawback in using the FEM is that in order to reduce the 

computational cost, the method to reduce the PDEs to a system of 

algebraic equations increases its complexity. 

The study, calculation and implementation of the FEM in this work was 

carried out by using COMSOL Multiphysics program. 

The COMSOL Multiphysics has multiple modules with different tools in 

each module. In this work, the RF module and the physics module, 

called electromagnetic waves frequency domain was used. These 

modules allows the study of high frequency magnetic and electric 

fields, and their Poynting vectors by using Maxwell's equations.  

Also, in COMSOL it is possible to define the different optical properties 

of the analyzed structure such as its electric and magnetic parameters 

(permittivity and permeability), dispersion, conductivity and refractive 

index. These properties can be defined through the equation defined 

by the user, using the models predefined by the program (Lorentz and 

Drude) or using materials predefined by the COMSOL. 

Finally, a good choice of mesh is critical in FEM since it determines the 

quality of results of the simulation, and many times it is necessary to 
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repeat the simulations to adjust the mesh. A good approach is to use 

smaller elements in regions where the fields have a sharper variation. 

On the other hand, smother variation of the field can be sampled by 

large elements. 

The results obtained were analyzed through the linearly polarized (LP) 

modes nomenclature. It is worthwhile to summarize this 

nomenclature.  

The transverse refractive index profiles of many optical fibers are 

radially symmetric, i.e., the refractive index depends only on the radial 

coordinate r and not on the azimuthal coordinate φ. Also, the index 

profiles of nearly all fibers (except for photonic crystal fibers) exhibit 

only a small index contrast, so that the fiber can be considered as a 

weak guiding waveguide. In this situation, the calculation of the fiber 

modes is greatly simplified. The propagated modes are degenerated 

ones and real TE, TM, HE and EH modes groups two by two or four by 

four showing the same propagation constant. These groups are called 

linearly polarized or LP modes. 

In cases with stronger guidance, one would need to distinguish the 

real modes. In any optical fiber there are TE and TM modes, where 

only either the electric or the magnetic field is exactly perpendicular to 

the fiber axis. There are also hybrid modes of HE and EH type, having a 

non-zero longitudinal components of both electric and magnetic field. 

The case of non- weakly guiding waveguides applies, for example, to 

nanofibers where a glass/air interface provides the light confinement. 

This last case also concerns the MOF fibers employed along these PhD 

work. 

LP modes have a couple of sub-indexes (lm). l is the azimuthal index 

and starts from l=0, and the index m starts from 1 and ranges to some 

maximum value, depending on the waveguide core dimensions. 
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The LP lowest-order mode (LP01) in symmetrical waveguides such as 

SMFs has an intensity profile which is similar to that of a Gaussian 

beam, particularly in cases where the V number is not too high.   

The higher the V number of the fiber is, the more guided modes exist. 

In a step index profile fiber, for V below 2.405, there is only a single 

guided LP mode. For larger V, the number of modes can be 

approximated by V2/2. In Fig. 2.5 some of the transmitted modes in a 

step index fiber can be found. 

 

Fig. 2.5. Example of LP modes in a step index profile fiber. 

The main target in this section was to obtain the mode field 

distributions of the main propagated modes in the MOF studied fibers. 
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All our MOF transducers were excited through a SMF-MOF transition. 

Thus MOF modes were excited through a Gaussian field following the 

SMF LP01 fundamental mode (10.2 μm of modal diameter). Therefore 

a two-step mode analysis was implemented: firstly, a SMF LP01 is 

obtained and used as input value for the second step: the MOF fiber  

 

II.1 MOF-4-Bridge fiber: 
 

The lowest order mode found in this MOF fiber (theoretically LP01) is 

showed in Fig. 2.6. 

 

Fig. 2.6. Lowest order propagated mode for fiber MOF-4-Bridge. 

These results show a theoretically unexpected field distribution for the 

LP01 fundamental mode. This mode is usually symmetrical and, 

theoretically it would illuminate simultaneously both sides of the fiber 

core. This strange behavior makes mandatory to perform a detailed 

study of its propagating properties following the supposition that not 

only the fundamental LP01 mode is being propagating within 1.3654 

effective refractive index, but there are more modes being propagated 

simultaneously. 
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With the objective to clarify how many modes and to identify which of 

them are present within the same effective refractive index, a modal 

study for different core bridge thickness were performed. Initially a 

bridge diameter of 2 μm was taken, being reduced down to 1 μm with 

steps of 200 nm. Mode field simulations for the fiber with a 2 μm 

central bridge diameter are shown in Fig. 2.7. 

 

Fig. 2.7. Modal field distributions for LP01 and LP11 with a core thickness of 2 
μm  

Fig. 2.7 a) illustrates the mode field distribution for the LP01 mode and 

Fig. 2.7 b) shows the mode distribution for LP11 mode. Their effective 

refractive index is 1.4026 and 1.3955 respectively and they can be 

easily differenced one from the other. In both figures it can be 

concluded that each mode is different, showing different field 

distributions inside the core.  

Results for MOF-4-Bridge with 1.8 μm thick central bridge are 

represented in Fig. 2.8. 
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Fig. 2.8. Mode field distributions for LP01 and LP11 with a core thickness of 1.8 

μm.  

As shown in Fig. 2.7, Fig. 2.8 a) illustrates LP01 mode field distribution 

and Fig. 2.8 b) shows LP11. The bridge dimensions reduction leads to a 

loss of confinement for both modes, going towards separate optical 

power locations in both sides of the fiber. Moreover, as it could be 

expected, the reduction of silica effective area also leads to a 

reduction of the propagated optical power peak. This silica area 

reduction also leads to an effective refractive indexes decrease for 

both propagating modes, being them now 1.3945 and 1.3937 for LP01 

and LP11 respectively. The difference between these refractive values 

has been decreased in comparison with Fig. 2.7 and for this case, both 

modes effective refractive indexes are closer. 
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Fig. 2.9. Mode field distributions for LP01 and LP11 with a core thickness of 1.6 

μm.  

Fig. 2.9 shows the mode field distributions for the fiber with a central 

bridge diameter of 1.6 μm for LP01 and LP11 in a) and b) respectively. 

Following the same trend, both modes have experimented a loss of 

field confinement and modes are becoming more isolated in each side 

of the fiber core. They also show a reduction of the overall optical 

power and of their effective refractive indexes. In this case, LP01 and 

LP11 are being propagated with 1.3918 and 1.3912 effective refractive 

indexes respectively. The difference between both indexes has been 

reduced again from the previous studied example becoming 0.006. 
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Fig. 2.10. Mode field distributions for LP01 and LP11 with a core thickness of 

1.4 μm.  

In Fig. 2.10 a) and b) (central bridge diameter of 1.4 μm) an 

interference between both LP01 and LP11 appears for the first time. 

Depending on the distribution of the asymmetric mode LP11, the 

interference is constructive or destructive in each side of the fiber 

core. In this case the difference between indexes has been reduced to 

0.002. 

 

Fig. 2.11. Mode field distributions for LP01 and LP11 with a core thickness of 

1.2 μm. 
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Fig. 2.11 shows the results for the fiber with a bridge diameter of 1.2 

μm and it can be easily noticed that the interference is stronger than 

in the previous studied example, and the difference between both 

effective indexes has been reduced down to 10-6. 

The last example was the calculation carried out with the dimensions 

of the real fiber, 1 μm of central silica bridge. Results are those 

showed previously in Fig. 2.8. It is clear that in this case, the 

interference between both modes is almost totally making the optical 

field in the case of destructive interference almost negligible. 

Fig. 2.12 shows the results of the difference in the effective refractive 

indexes of both modes depending on the diameter of the central 

bridge. 

 

Fig. 2.12. Effective refractive index difference between LP01 and LP11 modes 

depending on the bridge dimensions. 

As results pointed out, there is a decrease of the effective refractive 

index difference when reducing the core bridge dimensions, leading to 

scenarios where both modes present the same effective refractive 
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index and therefore they propagate simultaneously and interfere with 

each other depending on the distribution of the asymmetric mode 

LP11. This degeneration of the first order modes when the refractive 

index of a waveguide decreases in the center had been previously 

studied in [41]. 

As a main conclusion, it can be assured that the lower order LP mode 

that MOF-4-Bridge holds is a combination of degenerate LP01 and LP11 

modes, when both modes converge to the same effective index, 

producing an orthogonal interference in both sides of the fiber core. 

 

 

II.2 MOF1, MOF2 and MOF3 fibers: 

 
Analogously as for fiber MOF-4-Bridge, the modal propagation 

properties of fibers MOF-1, MOF-2 and MOF-3 were studied though 

COMSOL© software. 

These microstructured fibers present a rectangular core that is 

suspended through 4 thin silica bridges. Holding bridges present 

similar dimensions than MOF-4-Bridge and they differ from each other 

in the core dimensions. Additionally, fiber MOF-3 presents a 

longitudinal air hole placed in the center of the rectangular silica core. 

For the numerical simulations, a Gaussian input excitation with 

10.2μm of modal diameter was used to excite the propagating modes. 

The working wavelength is 1550nm. 

LP01 and LP11 resulting propagated modes for fiber MOF-1 are shown 

in Fig. 2.13 a) and b) respectively. 
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Fig. 2.13. Mode field distributions for fiber MOF-1: a) LP01 and b) LP11. 

For this fiber no higher order modes were calculated due to the 

reduced dimensions of the fiber core that do not allow any other 

solutions at the working wavelength. As expected, due to the core 

size, on the one hand the optical power is low confined in the core, 

showing a remarkable evanescent field; and on the other hand it 

presents low transmitted optical power. This reduced optical power is 

due to the difficulty to couple optical power from the input Gaussian 

excitation into the MOF fiber. 

MOF-2 presents a bigger core than MOF-1 and therefore higher order 

modes are calculated for this fiber. Fig. 2.14 presents some of the 

modes distributions calculated for this fiber. 
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Fig. 2.14. Mode field distributions for fiber MOF-2: a) LP01, b) and c) LP11, d) e) 

and f) LP21. 

Due to the difference in the core size, fiber MOF-2 presents a more 

confined optical power distribution than fiber MOF-1 and additionally, 

the transmitted optical power is also significantly higher. 

Finally, fiber MOF-3 presents similar dimensions than MOF-2 but it 

includes a small longitudinal air hole placed in the center of the core. 
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Fig. 2.15. Mode field distributions for fiber MOF-3: a) LP01, b) and c) LP11, d) 

and e) LP21. 

Mode field distributions show a loss of confinement of the optical field 

due to the presence of the central air hole and also a decrease of the 

optical power of the LP01 mode. This difference in relation with MOF-2 

comes from the fact that MOF-2 presents its maximum power in the 

center of the core, just where the air hole is placed. This loss of power 

of LP01 mode leads to a higher optical power carried in higher order 

modes such as LP11. 

Taking these results into account, these fibers in general and MOF-3 in 

particular present a great potential to be used as substrates for 

chemical depositions. These depositions maximize the interaction of 

the guided light and the deposited sensitive layer (as it will be detailed 

in Chapter IV). 
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2.2.2 Evanescent field 
 

Guided modes in optical fibers show an exponential decay of their 

intensity outside the core of the fiber. This part of the mode inside the 

cladding is usually called evanescent field. Using ray theory, the 

penetration depth of the optical field into the cladding can be 

approximated by [42]: 

𝑑𝑝 =  
𝜆

2𝜋𝑛1(𝑠𝑖𝑛2𝜃− 𝑛21
2 )

1
2

          (5) 

where 𝜆 is the free-space wavelength of the light arriving at the 

interface core-cladding with an incident angle 𝜃 with respect to the 

normal to the interface; n21 = n2/n1 and n1 and n2 are the refractive 

indices of the core and cladding, respectively. If the cladding shows 

absorption (i.e., its refractive index has a non-negligible imaginary 

component) the intensity of the propagated mode is attenuated. The 

attenuation increases with the propagation distance of light along the 

fiber. If this absorbing cladding is used for sensing, the greater the 

attenuation is, the higher will be the sensitivity of the sensor. 

 

Fig. 2.16. a) Evanescent field in an optical fiber and b) principle of operation 

of an evanescent field transducer. 
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An unclad optical fiber, where the surrounding medium of the core 

acts as cladding, will be very useful as an attenuated total reflectance 

(ATR) sensing element.  

Due to this, a number of studies based on ATR spectroscopy at the 

surface of an unclad multimode optical fiber have been reported in 

the literature [43-46]. 

The evanescent absorption and hence the sensitivity can be increased 

by decreasing the diameter of the core as well as by increasing the 

penetration depth of the evanescent field. It can be noted from 

equation (5) that it increases as the angle 𝜃 approaches the critical 

angle 𝜃c of the sensing region where 𝜃c = sin-1(n2/n1). Thus the 

evanescent absorption depends on the launching condition of the ray 

𝜃 and on the radius of the fiber core r. 

 

2.2.3 Birefringence 
 

In a theoretically perfect fiber, all polarization components should 

propagate at the same speed. However, real fibers present variations 

in the morphology of their core along the fiber length. These 

imperfections of the fiber produce a different propagation velocity of 

the orthogonally polarized fiber modes and thus, the polarization of 

light at the fiber output is unpredictable. In order to avoid the random 

birefringence in a fiber, one solution is to use highly birefringent 

fibers, which introduce deliberately birefringence into the fiber [38]. 

The modal birefringence is defined by: 

𝐵 =  |𝑛𝑥 −  𝑛𝑦|              (6) 
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where nx and ny are the refractive indexes applied to the orthogonally 

polarized fiber modes. Birefringence produces a phase lag between 

the orthogonally polarized modes. The distance needed to cause a 

polarization rotation of 360 degrees or, in other words, the distance 

along which the two eigenmodes come into the same phase 

difference [47] is defined as beat length (Lb) and can be described as: 

𝐿𝑏 =  
𝜆

|𝑛𝑥− 𝑛𝑦|
=  

𝜆

𝐵
          (7) 

In optical fibers, birefringence can be modified by altering the shape of 

the refractive index profile, for instance, making the core elliptical. 

Also by doping the cladding material which surrounds the core as in 

bow-tie or Panda OFs [47], with beat lengths around 4 mm at 1550 

nm. Birefringence in microstructured optical fibers appear as a 

consequence of the asymmetry of the core, due to the distribution of 

the air holes that enclose it. The first Hi-Bi MOF was presented in 2000 

[48], where the birefringence was obtained by a regular array of air 

holes of two different sizes surrounding the solid core, with a twofold 

rotational symmetry (Fig. 2.17 a)). This fiber presented a Lb = 0.4 mm 

at 1540 nm, which is shorter than standard birefringent fibers. 

Another design of Hi-Bi MOF was proposed in 2001 [49]. This fiber was 

used for the sensor transducer presented in Chapter IV, in its 

commercial version PM-1550-01 from NKT Photonics [50]. In this MOF 

birefringence was introduced by enlarging two of the central air-holes 

(Fig. 2.17 b)), providing a Lb = 3.65 mm at 1550 nm. 
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Fig. 2.17. Microscopic picture of the a) Hi-Bi MOF developed in [48] and b) 

the PM-1550-01 from NKT [50]. 

 

2.2.4 Young Modulus 
 

The elastic modulus describes the resistance of a material to elastic 

deformations when an external force is applied. When the external 

force is a tensile stress along one axis the specific elastic modulus is 

known as Young modulus [51]. This is the case of fiber strain sensors, 

where a tensile stress is applied along Z (propagation) axis, generating 

an extensional strain in this axis. 

The Young modulus is defined as follows: 

𝐸 =  
𝜎

𝜀
=  

𝐹

𝐴𝜀
          (8) 

Where 𝜎 and 𝜀 are the tensile stress and the extensional strain, 

respectively. F is the force applied and A the cross-section area 

through which the force is applied. 
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In Chapter III are presented optical fiber transducers based on 

suspended core MOFs spliced between SMFs. Therefore, the relation 

of the Young modulus between both kinds of fibers is an important 

parameter to take into account when analyzing these type of sensors.  

 

2.2.5 Temperature dependence 
 

Microstructured optical fibers present another interesting feature in 

comparison with standard fibers: a lower sensitivity to temperature 

variations. As a direct consequence of their fabrication using a single 

material, a low temperature sensitivity is achieved. Conventional 

optical fibers contain two different materials with different thermal 

(thermal expansion coefficient) and mechanical properties (Young’s 

modulus and Poisson’s ratio), which generate high thermal stress 

when temperature variations are applied to the fiber. Nevertheless 

MOFs are made of a single material and therefore, there is no thermal 

stress. 

Temperature effect is remarkable in birefringent fibers, where the 

different materials of these fibers (bow-tie, elliptical core, or Panda) 

generate a non-uniform deformation in the core with temperature 

changes and consequently, a change in the birefringence applied to 

the fundamental mode. Therefore, in strain sensors based on 

birefringence interference, temperature changes affect significantly to 

strain measurements leading to crosstalk. On the other hand Hi-Bi 

MOFs are made of a single material and present absence of thermal 

stress showing a negligible effect in strain measurements [52]. 
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2.3 Sensing structures 

2.3.1  Interferometric structures used in this work 

Optical fiber interferometers have been widely investigated for 

precision metrology. An interferometer is an optical structure which 

converts phase changes of light to intensity changes of the 

transmitted signal. When two or more optical coherent signals with a 

phase difference are combined, the result is an interference, which 

supposes a periodical intensity variation of the output signal. Thus, if 

the phase difference is generated by a parameter to be measured, it 

can be monitored. A polarimetric sensor in a single-mode fiber can be 

regarded as an interferometer in which the phase difference is 

generated by the orthogonal polarization components of the modes in 

the fiber [53, 54]. 

There are different interferometers that can be classified depending 

on the method used to generate the phase difference and therefore, 

to measure the different physical or chemical parameters. The main 

interferometric structures used for the development of this PhD work 

are presented below. 

 

I. Fabry-Pérot and Low-Finesse Fabry-Pérot 
 

The Fabry-Pérot (FP) interferometer consists of two mirrors of 

reflectance R1 and R2 separated by a cavity of length d, as in Fig. 2.18. 

It was first described by Charles Fabry and Albert Pérot in 1899. A 

cavity can be formed when two mirrors are accurately positioned in 

parallel. A light beam entering the cavity is reflected multiple times 

between the mirrors. Each beam has a fixed phase difference with 

respect to the preceding one; this phase difference corresponds to the 
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extra path length travelled in the cavity. If the multiple parallel beams 

are brought into a common focus point, for instance using a lens, in 

this point the actual multiple beam interference takes place. Since its 

invention, the bulk-optics FP interferometer has been widely used for 

high-resolution spectroscopy. It was only in the early 1980s, that the 

first fiber optic versions of the FP interferometer were reported. Not 

long after this, fiber FP interferometers began to be applied to the 

sensing field, measuring physical parameters such as temperature, 

strain and ultrasonic pressure in composite materials [55, 56]. 

 

Fig. 2.18. Fabry-Pérot interferometer schematic illustration. 

In fiber optics, Fabry-Pérot interferometers are very sensitive to 

perturbations induced to the optical path length between the two 

mirrors. Even more, the cleaved end of a fiber can be used as a mirror 

since it has the Fresnel reflection (about a 4%) associated to it 

(fiber/air interface). Nevertheless, this sensing region can be 

extremely compact, turning this kind of cavity an ideal transducer for 

many smart structural sensing applications, including those in which 

the sensor must be embedded in composite materials. These 

characteristics enable Fabry-Pérot fiber interferometers as versatile 

devices for the measurement of temperature, strain, refractive index, 

and even as a laser cavities. 



II Overview of the basic technologies employed 
 

 38 | 362 

 

The individual mirrors in the fiber FP interferometer can be 

characterized by transmittances Tj and reflectances Rj, where j=1,2, 

and  Tj + Rj = 1 (neglecting the portion of the incident power absorbed 

or scattered out of the beam by the mirror, i.e, excess loss). The Fabry-

Pérot reflectance RFP and transmittance TFP are given by: 

𝑅𝐹𝑃 =  
𝑃𝑟

𝑃𝑖
=  

𝑅1+ 𝑅2+ 2√𝑅1𝑅2cos (𝜙)

1+ 𝑅1𝑅2+ 2√𝑅1𝑅2cos (𝜙)
      (9) 

𝑇𝐹𝑃 =  
𝑃𝑡

𝑃𝑖
=  

𝑇1 𝑇2

1+ 𝑅1𝑅2+ 2√𝑅1𝑅2cos (𝜙)
       (10) 

Where φ is the round-trip propagation phase shift in the 

interferometer: 

𝜙 =  
4𝜋𝑛𝑑

𝜆
       (11) 

Where n is the refractive index of the region between the mirrors and 

𝜆 the freespace optical wavelength. The characteristic Fabry-Pérot 

reflectance RFP and transmittance TFP are periodic in the optical 

spectrum. The repetition period is called Free Spectral Range, given in 

the wavelength domain by: 

𝛥𝜆𝐹𝑆𝑅 =  
𝜆2

2𝑛𝑑
   (12) 

A Low-Finesse FP interferometer exploit the cleaved distal endface of 

the input optical fiber as one interface and an external reflecting 

surface as the other, or simply the two air-glass interfaces of a length 

of optical fiber. These cavities have the advantages of being simple 

and compact, offering high resolution.  

Because of the small value of the reflectivity of the air-glass interface, 

it is usually assumed that higher-order reflections in the optical cavity 

can be neglected, and the transfer function of the interferometer is 
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then approximated by the two-beam (or Fizeau) case. This is the 

starting point for any further signal processing that is required to 

recover the phase information. 

II. Fiber optic taper 
 

Single-mode tapered fibers are fabricated by reducing the core 

diameter via heating a section of the fiber while pulling its ends (one 

single end or both at the same time). Thus, biconical transition regions 

are created, with a relatively long waist region. The waist diameter can 

be made to be only a few microns over a length of a few centimeters. 

Under these conditions, the original fiber core becomes so small that 

it has no significant influence anymore and we can consider that the 

light is then guided solely by the air-glass interface. If the taper angle is 

large, the fundamental core mode couples power to one or more 

cladding modes guided by the cladding-air interface due to the large 

refractive index difference between air and glass. If it is assumed that 

the taper is axially symmetric, then the fundamental mode LP01 can 

couple only to the symmetrical higher order modes. The interference 

between these modes results in oscillations in the output spectrum. 

When the fundamental core mode propagates in single mode optical 

fiber from untapered region to tapered region, it excites higher order 

modes in the tapered region. It is clear from the geometry of the 

tapered fiber as shown in Fig. 2.19 that the fundamental modes and 

higher order modes are coupled together in the untapered region, 

forming interferometric pattern due to the large difference in indices 

of air and glass and the waist length corresponding to the physical 

length of the interferometer. 
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Fig. 2.19. Schematic diagram of single mode tapered fiber. 

In Fig 2.19, a denotes the transition regions where the coupling and 

recombination of modes occur. The waist diameter is d and L is the 

waist length. 

To further understand this interferometer, we can initially consider for 

simplicity that only two modes exist in the uncollapsed section of the 

SMF and the effective indices of these modes are n1 and n2. Thus, the 

resultant intensity at the end of the SMF is [57]. 

𝐼𝑇 =  𝐼1 +  𝐼2 +  √𝐼1𝐼2cos (𝜙)      (13) 

Where I1 and I2 are the intensities of the two interfering modes and φ 

is the phase difference between the two interfering modes, i.e. the 

phase of the resultant interferometric intensity pattern. Since two 

modes of the taper are excited, we will have an interferometer of 

physical length L, shown in Fig. 2.19 but showing different effective 

optical lengths for each mode due to the difference in the effective 

indices of each mode. We define the difference in effective indices as 

∆n = n1 − n2. Thus the relative phase difference between the two 

interfering modes can be described by [58]: 

𝜙 =  
2𝜋

𝜆
𝛥𝑛𝐿    (14) 

Where λ is the central wavelength of the light source.  
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The free spectral range (FSR) defined as the distance between two 

adjacent peaks/valleys in the optical spectrum pattern is defined as: 

𝛥𝜆𝐹𝑆𝑅 =  
𝜆2

𝛥𝑛𝐿
    (15) 

From equation (15), it is clear that the FSR strongly depends on the 

change in refractive indices as well as on the waist length. Changes in 

the outer medium modify the refractive indices of the core and the 

cladding modes thus, the interference fringes will shift accordingly.  

When more than two modes interfere significantly in the taper, the 

spectral interference pattern is no longer sinusoidal and the 

processing of the detected signal becomes more complex. 

The single mode tapered fiber interferometer-based sensors have the 

advantages of a compact structure, good stability, and easy fabrication 

[59]. 

III. HI-BI Fiber loop mirror 
 

A highly birefringent (Hi-Bi) fiber loop mirror (FLM) interferometer is 

based on a Sagnac configuration. In a FLM, the optical coupler splits 

the input light to form two counter-propagated signals that travel 

along the loop as shown in Fig. 2.20. 

 

Fig. 2.20. Schematic diagram of a Hi-Bi fiber loop mirror structure.  
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If the Hi-Bi fiber is not considered, light coupled across the coupler 

suffers a π/2 phase lag with respect to light traveling straight through. 

Therefore the transmitted intensity in the output port is the sum of a 

clockwise field of arbitrary phase φ and an anticlockwise field of 

relative phase φ - π, both of equal amplitude. This results in a zero 

transmitted intensity and by conservation of energy all input light is 

reflected back along the input port. However, if a Hi-Bi fiber is 

introduced in the loop, a variation of the optical path length with 

polarization angle is caused due to its birefringence. Therefore, an 

interference pattern is generated when both signals are recombined 

at the coupler, which is wavelength dependent [60, 61]. The 

transmission spectrum of the Hi-Bi FLM (T(𝜆)) and its wavelength 

spacing (Δ𝜆) between two maxima (or minima) can be described as: 

𝑇(𝜆) =  [cos (
2𝜋

𝜆
𝐿𝑏)]

2
      (16) 

𝛥𝜆 =  
𝜆2

𝐿𝑏
       (17) 

Where L and b are the length and the birefringence of the Hi-Bi fiber. 

 

 

2.3.2  Other utilized optical structures and components  

I. Antirresonant reflecting optical waveguides (ARROW) 

In an ARROW waveguide, light confinement is realized by choosing the 

cladding layer thicknesses such that an antiresonant Fabry-Pérot 

reflector is created for the transverse component of the wavevector at 

the design wavelength. Even though the ARROW mode is a leaky one, 

low-loss propagation over large distances can be achieved. Up to now, 
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integrated waveguides with ARROW confinement in lateral or 

transverse direction have been realized only using solid-state 

waveguide cores and were mainly used for semiconductor lasers [62, 

63]. 

A proof-of-principle experiment for hollow-core ARROWs was 

demonstrated by placing a glass plate in the vicinity of two 

nitrocellulose pellicles [64]. An integrated version was proposed using 

a combination of MEMS fabrication and wafer bonding [65] and 

considering core diameters down to 16 µm. Since the ARROW cladding 

layers have thicknesses on the order of 100 nm, the alignment 

tolerances for wafer bonding between two halves of the structure are 

demanding, especially for cores with smaller thicknesses than the ones 

considered in [65]. 

 

II. Fiber Bragg grating, phase-shifted fiber Bragg grating and 

tilted fiber Bragg grating 

A fiber Bragg grating is an optical filter based on a periodic 

perturbation of the refractive index along a certain length of an optical 

fiber. FBGs have been thoroughly used as sensing elements for 

physical and chemical measurements [66] and can be used as 

narrowband filters/reflectors in fiber lasers. Fig. 2.21 shows the 

working principle of the FBG. By varying the core perturbation 

inscription, its parameters, such as reflectivity or bandwidth can be 

tuned. 
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Fig. 2.21. Operation principle of a fiber Bragg grating. 

Basic FBGs present a resonance frequency which is defined by: 

𝝀𝑩 =  𝟐𝒏𝒆𝒇𝒇𝜦    (18) 

Where neff is the effective refractive index of the fiber core and Λ is the 

pitch, or period of the refractive index modulation. When the incident 

light match with 𝜆B, an amount of light proportional to the FBG 

reflectivity is reflected and the rest is transmitted. 

A variation of FBGs, that also have been used along this thesis, are the 

phase shift fiber Bragg gratings (PSFBGs). These optical components 

present a phase shift in the periodic perturbation of the refractive 

index, generating a narrow pass band at the central wavelength (Fig. 

2.22) [67]. 
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Fig. 2.22. Operation principle of a phase shift fiber Bragg grating. 

The central wavelength of the FBGs and PSFBGs are defined by 

equation (18). As can be seen, it depends on neff and Λ, parameters 

which are susceptible to temperature and strain changes. Therefore, 

the FBG/PSFBG wavelength experiments a shift according to these 

physical parameters. 

When longitudinal strain is applied to FBGs or PSFBGs, these 

components experiment an expansion of the grating pitch and axial 

compression of the fiber. This also induces modifications of the 

refractive index due to photoelastics effects. The relative wavelength 

shift, Δ𝜆B, for an applied longitudinal strain Δ𝜀 is given by: 

𝜟𝝀𝑩 =  𝝀𝑩(𝟏 −  𝝆𝜶)𝜟𝜺      (19) 

Where 𝜌𝛼 is an effective optical-strain constant defined as: 

𝝆𝜶 =  
𝒏𝒆𝒇𝒇

𝟐

𝟐
[𝝆𝟏𝟐 − 𝒗(𝝆𝟏𝟏 + 𝝆𝟏𝟐)]    (20) 
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Where 𝜌11 and 𝜌12 are the components of the strain-optic tensor, and 

n is the Poisson’s ratio. For a typical optical fiber 𝜌11 = 0.113 ε-1, 𝜌12 = 

0.252 ε-1, v = 0.16, and neff = 1.482 [66]. 

The normalized strain response at constant temperature is found to 

be [68]: 

𝟏

𝝀𝑩

𝜟𝝀𝑩

𝜟𝜺
=  𝟎. 𝟕𝟖 · 𝟏𝟎−𝟔 𝝁𝜺−𝟏    (21) 

Regarding the temperature effect, this occurs principally through the 

effect on the induced refractive index change. However, the thermal 

expansion affects also to the Bragg pitch. The relative wavelength 

shift, Δ𝜆B, for an applied temperature change of ΔT, is given by: 

𝜟𝝀𝑩 =  𝝀𝑩(𝜶 −  𝝃)𝜟𝑻    (22) 

Where 𝛼 and 𝜉 are the thermal expansion and the thermo-optic 

coefficients, respectively. For a standard fiber these coefficients are 

approximately 𝛼 = 0.55·10-6 ºC-1 and 𝜉 = 8.6·10-6 ºC-1 [66]. 

The normalized temperature response at constant strain is found to 

be [68]: 

𝟏

𝝀𝑩

𝜟𝝀𝑩

𝜟𝑻
=  𝟔. 𝟔𝟕 · 𝟏𝟎−𝟔 º𝑪−𝟏   (23) 

Thus fiber Bragg gratings present a resonance which changes with 

physical parameters such as temperature and strain. Therefore, this 

property makes FBGs interesting transducers for sensing. 

Typical FBG has only one strong resonance, i. e. a dip in transmission 

or a peak in reflection at the wavelength that corresponds to the 

Bragg condition for this grating period in that particular fiber. This 

resonance is called the Bragg resonance. The wavelength of the Bragg 
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resonance (λB) is always the longest because the effective index of the 

single core guided mode is the highest. In addition to the Bragg 

resonance, in transmission, the FBG spectrum has a large number of 

additional weak resonances. The cladding mode resonances are not 

desirable in most applications of FBGs where a high spectral purity for 

filtering or multiplexing sensors is desired. 

When the grating planes are tilted the most outstanding (and only) 

effect is the enhancement of the cladding mode resonances, at the 

expense of the Bragg resonance. The closest resonance to λB, which is 

usually stronger than its cladding mode neighbors on the short 

wavelength side, is called the “ghost” mode resonance [69] because it 

shares many properties of the Bragg resonance but actually consists of 

the super position of several low order cladding modes. Fig. 2.23 

shows the transmission and reflection spectra of a pair of gratings that 

are identical apart from the fact that one of the two has grating planes 

tilted by 10 degrees. Near 1530 nm in the TFBG transmission spectrum 

there is a cutoff in the cladding mode envelope. After this 

discontinuity the resonance amplitudes is reduced harshly. This is due 

to a transition from guided cladding modes to leaky cladding modes 

[70]. 
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Fig. 2.23. Measured power transmission and reflection spectra for typical FBG 

and TFBG (measured in water) [70]. 

Light incident on a grating is diffracted efficiently if two conditions are 

met, momentum conservation and beam forming [71, 72]. 

Momentum conservation, also known as phase matching, imposes 

that the wavevector of the diffracted beam is equal to the vector sum 

of the wavevector of the incident beam plus the grating wavevector. 

For efficient diffraction, beam forming further requires that some light 

is actually scattered from the individual grating planes in the direction 

of the resulting wavevector (by Fresnel reflection from individual 

grating planes for instance). In the case of coupling between fiber 

modes, the wavevectors of all the fields to be coupled lie along the 

fiber axis. This is because the guided modes of an axially uniform 

structure have, by definition, flat phase planes that are perpendicular 

to the guide axis and their magnitude is given by βi= 2πNi
eff/λ, where 

Ni
eff is the effective index of mode “i” at wavelength λ [70]. Similarly, 
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the magnitude of the grating wavevector is βG= 2π/Λ where Λ is the 

grating period as measured along the axis of the fiber. Therefore, the 

phase matching condition between mode i and mode j can be 

expressed as follows [71]: 

𝜷𝒊  ±  𝜷𝑮 =  𝜷𝒋    (24) 

Where the ± sign comes from the fact that the grating wavevector has 

no “direction”. 

For an un-tilted FBG, the grating planes are perpendicular to the fiber 

axis and beamforming favors diffraction of the light directly 

backwards, i. e. as a reflected core mode. By equation (24) this occurs 

only at the wavelength for which the magnitude of βG is exactly twice 

the magnitude of the core mode wavevector βi. This explains the 

single dominant peak observed in the reflection (and transmission) 

spectrum of the standard FBGs. At longer wavelengths it is impossible 

to satisfy equation (24) for the same grating because the wavevectors 

become too short. At shorter wavelengths, βi becomes too large for 

Bragg reflection of the core mode upon itself, but coupling to cladding 

modes can occur because their effective indices are smaller and 

equation (24) can be satisfied at unique wavelengths corresponding to 

individual cladding modes. In such cases, a loss dip in the transmission 

spectrum indicates that light is lost from the core at these 

wavelengths. Back-reflected cladding modes usually do not appear in 

reflection spectra because these modes are strongly attenuated by 

scattering and absorption at the cladding boundary. 

While equation (24) predicts that any grating can couple to cladding 

modes at certain wavelengths shorter than λB, Fig. 2.23 shows that 

such coupling is much weaker for FBGs than for TFBGs. This difference 

can be explained by the beam forming aspect of Bragg diffraction: 

light from the core mode strikes the individual grating planes of the 
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FBG at right angles and reflects directly backwards, i. e. in the 

direction of the core. When the grating planes are tilted, reflections 

become off axis and each grating plane emits a little bit of light 

towards the cladding, thereby contributing to the growth of a 

backward propagating cladding mode at phase matched wavelengths. 

The tilt angle then determines which of the cladding modes will couple 

most strongly, as shown in Fig. 2.24. 

 

Fig. 2.24. TFBG transmission spectra as a function of tilt angle [70]. 

The phase matching condition (equation (24)) can be rewritten in a 

more practical form for the resonance wavelength λr of a FBG/TFBG 

resonance between the core mode and another mode labeled “r”: 

𝝀𝒓 =
(𝑵𝒆𝒇𝒇

𝒄𝒐𝒓𝒆(𝝀𝒓)+ 𝑵𝒆𝒇𝒇
𝒓 (𝝀𝒓))𝜦

𝐜𝐨𝐬 (𝜽)
      (25) 

Where Λ is the period of the interference pattern that is used to 

create the grating, θ is the tilt angle of the grating planes relative to 
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the plane of the fiber cross section Ncore
eff(λr) is the effective index of 

the single mode guided by the core at the wavelength where the 

resonance is observed (λr), and Nr
eff(λr)is the effective index of mode r 

at the same wavelength. It is important to take dispersion into account 

(i. e. re-calculating effective indices at the wavelength of the 

resonances) because cladding mode resonances occur over a relatively 

wide spectral range (over 100 nm in the case of a tilt angle of 10 

degrees for instance). 

Back to the FBG case, the small cladding mode resonances observed in 

Fig. 2.24 a) arise from the fact that for this fiber the grating pattern is 

limited to the core area (the cladding is not photosensitive). Therefore 

the evanescent field of the core mode strikes the edge of the grating 

pattern and diffracts weakly towards the cladding. This is best 

explained by the fact that these resonances can be removed by 

making part of the cladding photosensitive so that the grating planes 

are larger than the cross-section of the incident mode (these 

“cladding-mode-suppressed” optical fibers are used to make high 

quality wavelength demultiplexing devices for telecommunications) 

[72]. 

Finally, as the wavelengths get shorter, the effective index of the 

cladding modes that fit the phase matching condition may become 

lower than the refractive index of the outer medium. When this 

happens, total internal reflection condition at the cladding-

surrounding medium interface is lost and the modes become leaky. 

Resonances are still observed (beyond 1530 nm in Fig. 2.24 d)) but 

they are weaker and overlaid on a continuous absorption spectrum. 

The TFBG response can be made very sensitive to the deposition of 

any kind of thin coating on the fiber, and to changes in these coatings. 

As was previously mentioned, in evanescent-field based optical 
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sensors the sensitivity depends on the overlap between the guided 

waves and the coating, which in turn depends on the refractive index, 

absorption, and thickness of the coating, as well as on the medium 

external to the coating. The large number of cladding mode 

resonances generated by TFBG ensures that at least some of the 

resonances will indeed have the necessary characteristics for optimal 

sensing of many kinds of coatings. 

 

III. Surface plasmon resonances. 

The application of TFBG to refractometry and sensing of changes in 

functionalized coatings remains a relatively standard extension of 

other types of evanescent wave optical waveguide sensors, with 

comparable sensitivities. One way to improve this is to use surface 

plasmon polaritons, or electromagnetic waves that are confined by a 

metal dieletric interface [73]. The peculiar properties of these waves, 

combined with their highly controlled excitation by TFBGs, can be used 

to make high resolution sensors for changes occurring in very thin 

layers near the fiber surface. 

While the canonical plasmon polariton occurs at the boundary 

between two semi-infinite media, one of which must have permittivity 

with a negative real part, such ideal waves rarely occur in practice. The 

effective index of pure plasmons is larger than the magnitude of the 

wave vectors of light at the same frequency in the two media: this is 

what confines the wave along the boundary. Furthermore, the 

effective index of the plasmon is strongly dependent on the 

permittivities of the two media but only over a thickness comparable 

to its short decay lengths in those media: therefore plasmon waves 

can be observed on the interfaces of relatively thin films.  
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Surfrace Plasmon Resonances (SPR) can be seen as an electromagnetic 

wave that propagates along the interface between metal and 

dielectric. The maximum electromagnetic field associated with SPR at 

the resonance is achieved at the interface and exponentially decays 

into both metal and dielectric. The penetration depth and propagation 

length of the plasmons are determined by the dielectric constant of 

metal and its thickness, as well as the refractive index of the adjacent 

dielectric as illustrated in Fig. 2.25. When the surrounding refractive 

index (SRI) of the outer medium is smaller than that of the fiber, a 

propagating wave incident from the core can be totally internally 

reflected at the fiber-metal boundary. Simultaneously, the wave can 

be phase-matched to a quasi-plasmon excitation at the outer 

boundary of the metal. For excitation of SPR to occur, the propagation 

constant of the incident light must match that of the SPR (kSPR): 

𝒌𝑺𝑷𝑹 = 𝒌𝟎(
𝜺𝒎𝜺𝒔

𝜺𝒎+𝜺𝒔
)𝟏/𝟐        (26) 

Where εm = Re(εm) + iIm(εm) and εm and εs are the dielectric constants 

of the metal and dielectric, respectively; and k0 = w/c is the free-space 

wave number, where w is the angular frequency of the incident light, 

and c is the speed of light in vacuum. Equation (26) describes a guided 

mode (SP wave) only if Re(εm) < -Re(εs). This condition is, in general, 

fulfilled for a metal and dielectric interface [74].  

The metallic layer must be thin enough to let some light to interact 

with the external medium. It is the tunneling wave that excites the 

quasi-plasmon and when coupling occurs, the reflected wave loses 

power. This condition can be probed by changing the wavelength and 

the SPR is detected by a dip in the reflection spectrum: this is known 

as the Kretschmann configuration. SPR sensors detect shifts in the SPR 

position in response to changes in the medium immediately adjacent 

to the outer metal layer. 
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Fig. 2.25. Excitation of a SPR scheme. 

The extension of this principle to TFBGs is straight-forward since 

cladding modes are essentially propagating waves inside the glass that 

are totally internally reflected by the cladding boundary. A cylindrically 

symmetric Kretschmann structure is obtained by coating the TFBG 

cladding with a thin metal layer (such as gold). So if the effective 

indices of plasmon waves allowed by a given outer medium fall within 

the range of cladding mode effective indices, those cladding modes 

that are phase matched to plasmons (and have the correct, i. e. radial, 

polarization at the boundary) will become very lossy. 

 

IV. Ring laser resonator 

Fig. 2.26 shows a schematic of a fiber ring without mirrors where the 

gain medium is placed inside the ring. This kind of schemes can 

achieve laser emission without a mirror, as the ring acts as a 

recirculating element. In these type of lasers, there exists several 

methods to select a particular lasing wavelength. The most extended 

method is the use of FBGs in reflection in combination with 

circulators. This configuration not only allows the wavelength 

selection but also the ASE filtering, improving the OSNR of the fiber 



II Overview of the basic technologies employed 
 

 55 | 362 

 

laser [75]. Other techniques are based on different interferometric 

filters: Fabry-Perot [76], Mach-Zehnder [77], Sagnac [78], 

polarimetrics [79] and others. These last kinds of filters are usually 

used for multiwavelength lasers generation with equally spaced 

emission lines. However, they present the issue of the equalization of 

the individual wavelengths and the amplitudes of the emission lines 

are defined by the shape of the gain spectrum. 

 

Fig. 2.26. Schematic of a unidirectional ring cavity fiber laser. 

Typically ring cavities use the gain provided by the gain medium more 

efficiently when compared to linear cavities [80]. In a ring cavity, the 

light can do round trips in both directions. Therefore, is often 

necessary to ensure unidirectional laser operation through the 

insertion of isolators or optical circulators. These optical components 

evade the spatial hole burning effect. Theoretically, a polarization 

controller is also needed for conventional doped fiber that does not 

preserve polarization. However, some works have demonstrated that 

the polarization control has reduced influence on the multiwavelength 

regime [81]. 

As in linear cavities, ring configurations also generate a resonant 

condition that depends on the fiber length. The main difference relies 
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on the separation of their longitudinal modes which is twice the 

achieved using the same cavity length in linear cavities. It is defined as: 

𝜟𝝀 =  
𝝀𝟐

𝒏 𝑳
       (26) 

Where λ is the operation wavelength of the laser, n is the refractive 

index of the fiber and L the length of the cavity. 

 

2.4 Deposition techniques and materials for the 

developed sensors 

Aiming the idea of sensing, the question that arises is if it is also 

possible to measure chemical parameters: to achieve it, a material 

sensitive to the parameter to be detected has to be deposited on the 

fiber. In this manner, the guidance of the light is altered by this 

compound, so that if its optical properties change, they will modify the 

photonic signal traveling through the fiber. This constitutes the 

transduction principle of most part of optical fiber sensors for 

chemical measurements. 

There is a wide variety of applications were these type of devices can 

be used: bio sensing [82], pH measuring [83], detection of Volatile 

Organic Compounds (VOCs) [84], monitoring of relative humidity [85] 

or gas sensing [86], just to mention some important categories. 

In most of the schemes, the sensing compound has to be embedded 

into a supporting matrix, which is almost as important as the sensitive 

material itself. On the one hand, the coating has to keep the reagent 

attached onto the fiber and, therefore, be robust to chemical attacks 

as well as to aging. On the other hand, it must allow the target 

molecules and the sensing material to interact between them, so the 
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transduction can take place (in some cases, the supporting matrix 

itself is sensitive to the target parameter). As it can be inferred, the 

morphology of the coating plays a relevant role, and it should be 

adjusted at a micro- or even nanometric level: in other words, micro 

and nanostructured materials have to be used. 

Of course, the final thickness of the coating is very relevant: in the 

case of optical fiber, is has to be below a few microns because 

otherwise, the transduction will not reach the light traveling along the 

fiber. 

2.4.1  Deposition techniques 

There are several manners to deposit sensing coatings onto and into 

optical fibers. The small dimensions of the fiber is one of its 

advantages, but is also makes difficult coating films that have to be as 

uniform as possible. Therefore, different approaches have been 

adapted to handle with this substrate. In any case, a high 

reproducibility is compulsory to validate the sensor construction 

process. The used procedures for the developed sensors in this PhD 

work are briefly described along this section  

I. Dip coating 

This method is one of the easiest to perform: it just consists of dipping 

the fiber vertically into the solution or dispersion where the sensing 

material is dissolved or dispersed and then, the fiber is removed from 

the solution as shown in Fig. 2.27. The key parameter is the 

withdrawal speed: the fastest it is, the thicker is the resulting coating. 

Other important factor is the viscosity of the solution and also a post 

curing to ensure that any solvent remains are evaporated. 
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The process can be repeated as many times as required to get the 

desired thickness. Moreover, there is no control on the film thickness 

in the case the material is to be coated at the end of the fiber; 

actually, the shape of the deposition looks as a matchstick. 

 

Fig. 2.27. Sensing configurations applicable for dip coating (reflection and 

transmission configurations). 

Dip coating is typically used for the deposition of sol gel and plastic 

matrices. Furthermore, it is commonly the first approach employed to 

test a sensing material or supporting layer and, thereafter, their 

deposition is optimized following other methods. There are some 

variations for transmission sensors, for instance, drop casting [87, 88]: 

a drop of the solution is hold at the exit of a needle, and then, the 

drop is moved along the segment with no coating.  

 

II. Sputtering 

Metallic materials are easy to deposit by physical vapor deposition or 

sputtering. This method uses a target of the compound to be 

deposited an it is located in a chamber at a high vacuum conditions: 
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thereafter, an inert gas under a strong field generates plasma; these 

gas ions also act as  energetic particles that bombard the solid target 

provoking the ejection of particles from the target [89]. The resulting 

coating is uniform, and its morphology depends on the sputtering 

mainly, as well as the vacuum level and the signal used to generate the 

electrical field. DC and AC signals are employed to deposit metals and 

metal oxides, but currently there are available devices working with 

Radio Frequency signals that allow a wider variety of materials to be 

deposited. In the case of optical fiber, it has been found a high 

reproducibility when preparing the sensors. In this manner, it can be 

used for both reflection and transmission configurations as Fig. 2.28 

illustrates: for the first one, the growing of the nanocoating can be 

monitored by the reflected signal (FP interferometry), whereas for the 

second one, by registering optical resonances (LMRs) or 

interferometric shifts produced by the increase thickness of the 

deposition. 

 

Fig. 2.28. Sputtering deposition for a reflection sensor (on the left) and for a 

transmission one (on the right). 
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2.4.2  Sensitive materials 

I. Metal oxides 

There are several reasons that explain why metal oxides are a 

promising material for sensor development: they are thermally robust, 

showing also an optimal mechanical robustness; their properties are 

not affected by aging and they have a good resistance to chemical 

degradation [90]. The ones that we used for sensor development are 

semiconductors, so that when they react to the target analyte, the 

electrical conductivity changes. As can be inferred, the first developed 

sensors based on metal oxides were electronic and variations in the 

electric resistance were measured; however, the oxidation/reduction 

reaction that produces conductivity changes required heating the 

material up to some hundreds of Celsius degrees, which is not feasible 

for volatile organic compound (VOC) measurement. Therefore, other 

changes produced by the presence of the reacting agent have been 

used: luminescent properties or variations in the refractive index are 

some examples. Another way to prepare sensors by metal oxides 

consists of coating a thin layer that generates optical LMRs which 

depend on the refractive index of the media surrounding this layer. In 

this section, the two metal oxides used in this work are presented. 

 

I.1 Tin dioxide (SnO2) 

Tin dioxide (SnO2) is a widely used metal oxide in electronic sensors for 

VOCs and moisture measuring. As it has been mentioned, these 

devices required the material to be heated up to promote the 
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oxidation-reduction on its surface, which is not suitable for certain 

environments. This material shows a relatively high refractive index: 

this property has been employed to induce LMRs by depositing thin 

layers of the oxide around optical fiber segments where the cladding 

has been removed. The technique followed is sputtering, so that the 

final thickness of the layer can be controlled mainly by the deposition 

time, among other factors. In any case, the final width is usually below 

1 micron to ensure the transduction. 

The resulting coating induces lossy cladding modes which are affected 

by the refractive index of the layer itself and the environment: these 

changes produce a registrable spectral shift in the sensor’s optical 

spectrum. Optical fiber sensors have been reported to detect and 

measure relative humidity based on LMRs [91]; interferometers 

prepared with photonic crystal fibres were also prepared with SnO2 

with this aim [92]. Recent works are working on its potential use for 

VOC and gases detection. 

 

I.2 Indium Tin oxide (ITO) 

Indium tin oxide (ITO) was one of the first oxides used to prepare 

sensing devices. This conducting material shares some properties with 

others but, due to its refractive index, it also induces LMRs. The first 

studies followed the dip coating procedure to deposit the oxide using 

a sol gel based mixture: the thickness of the final thin layer was 

optimized to 170 nm [92]. ITO coatings are affected by refractive index 

changes, so, taking that into consideration, coatings sensitive to 

different materials can be deposited onto the ITO thin layer to 

implement sensing devices: in this manner, Layer-by-Layer 

nanostructures [93] were used to develop humidity sensors. Due to 
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the same fact, surrounding medium refractive index changes can be 

also measured directly using the adequate substrate. 

Thanks to the chemical nature of the oxide, it can be also deposited by 

sputtering, which shortens the construction process [94]. Other 

compounds can be coated around the sputtered ITO film: it is the case 

of polyvinylidene (PVdF), a conducting polymer that is sandwiched 

between two ITO layers to get a tunable optical filter by electric 

signals: it can be used for electric field sensing too [95]. 

Another relevant property of ITO coatings is that the morphology can 

be adjusted not only by the deposition time but also by a post thermal 

treatment under different conditions. This effect was studied by 

preparing four different ITO coated surfaces [96]. After the metal 

oxide sputtering, they were annealed at 500ºC for 4 hours under 

different conditions: vacuum, nitrogen, atmosphere and the forth one 

was not treated. As a result, the fourth coating was amorphous and 

show the poorest performance; the morphology of the other three 

ones is crystalline like, which makes easier the interaction with the 

environment. It is important to remark that refractometers exhibiting 

giant sensitivity have been prepared by sputtering ITO on D shaped 

optical fibers [97]: they show a great potentiality in many sensing 

applications. 

 

II. Polyaniline 

A unique combination of electrical, optical, magnetic, chemical and 

other properties of polyaniline (PANI) [98] has attracted a 

considerable attention to using this polymer in sensing [99, 100]. 
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In particular, the known PANI property to participate in acid–base 

interactions leading to changes in its spectral and electrical 

characteristics [101, 102] is a good prerequisite for its application as a 

sensing element. For instance, in devices based on different working 

principles (e.g. measurements of PANI electrochemical responses, 

conductivity, weight, optical parameters etc. [103-109]). In most cases 

the fast and reversible reactions of PANI with bases (when it is in 

doped state - emeraldine salt, ES) and acids (when it is in undoped 

state—emeraldine base, EB) are the chemical basis of these working 

principles. Corresponding chemical, color and conductivity changes in 

PANI during such reactions are shown schematically in Fig. 2.29: 

 

Fig. 2.29. PANI changes during acid–base reactions. 

These reactions display a dual chemical nature of PANI, which 

becomes apparent in case of dedoped (dopant removed from the 

material) or fully doped PANI macromolecule. In case of an 

intermediate degree of doping, PANI (or its derivatives) demonstrates 
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“amphoteric-like” behavior in reactions both with ammonia and HCl 

[110, 111]. Therefore, PANI potentially allows preparation of two 

types of sensing materials. In particular, in doped state (ES) PANI is 

suitable for sensing the basic substances [103–109]. In undoped state 

(EB) it can be used for effective sensing the acidic substances [112]. 

To measure the optical responses of PANI based sensors, different 

technical solutions have been applied. They vary from developing 

simple devices based on light reflection [108] or absorption [110-112] 

of the sensing material, to complicated ones based on registration of 

surface plasmon resonance [113]. 

Polyaniline has many different oxidation states as shown in Fig. 2.30. 

The basic form of polyaniline, commonly known as emeraldine base, 

can be reduced to the leucoemeraldine base or oxidized to the form of 

pernigraniline base. 

 

Fig. 2.30. a) Scheme of the synthesis of emeraldine base polyaniline. b) 

Structure of polyaniline. 
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2.5 Multiplexing technique 

A commonly accepted definition of multiplexing is: the simultaneous 

transmission of multiple information channels along a common path 

[114]. However, sometimes in sensor multiplexing networks, the path 

or a part of this path is not shared. Therefore, a more general 

definition describe a multiplexed sensing system as a sensor network 

where the number of sources, channels or detectors is smaller than 

that which would be required if an equal number of sensing elements 

were assembled as individual measurement systems [115]. I.e. the 

main aspect of a multiplexing system is to share elements of the 

network. 

Multiplexing has been widely studied in communications for improving 

the performance of telecommunication networks but, since its 

inception, it has been also utilized in fiber optic sensing. A usual 

consequence of sensor multiplexing schemes is the reduction of the 

economic cost per sensing element by sharing the light source, the 

detectors and/or the fiber (the installation of the fiber usually 

comprises the most expensive task). One of the main disadvantages of 

optical fiber sensors in comparison with other technologies is typically 

their higher cost. Although this cost is being reduced with the 

development of optical communications technology, it is still relatively 

high. Hence, sharing the cost per sensing element through 

multiplexing techniques is compulsory for increasing the 

competitiveness of fiber optic sensing networks. In this regard, various 

works have been reported on this aspect, proving the capability of 

interrogating hundreds or thousands of sensors in a single network 

[116]. 
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Another handicap when multiplexing several fiber optic sensors is the 

crosstalk between measurands. One typical example is the crosstalk 

between temperature and strain of fiber Bragg gratings.  

The network requirements determine the design of the multiplexing 

solution. The number of multiplexed sensors, type of mesurand, noise, 

cost, dynamic range, and location of the sensors will determine the 

approach used in each multiplexing system.  

2.5.1  Types of multiplexing 

Three main characteristics difference each multiplexing technique: the 

network topology, the type of modulation of the sensor and the 

multiplexing technique itself (i.e. the mechanism used for univocally 

identifying each sensor). Those three concepts are interconnected so 

by choosing a multiplexing approach, the type of sensors and 

topologies might be limited. The main multiplexing techniques are 

described below: 

Wavelength-division multiplexing (WDM): each sensor in the 

network modulates a particular wavelength band 

independently of the other sensors on the network. The 

interrogation of a WDM sensor network could be achieved by 

using a tunable laser [117], a broadband source [67, 118], or 

even, by using some sensors as “sensing mirrors” which 

contributes to develop a multiwavelength fiber laser that 

actuates as “self-interrogator” [119, 120]. 

Time-division multiplexing (TDM): a different time slot is 

assigned for each transducer. A pulsed source is usually used 

to achieve this assignment. This way, using optical delay 

elements (fiber coils), the modulated signal by the sensor is 

detected in the different slot times [121, 122]. This technology 
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presents the advantage that only a common source and 

detector are needed. However, they precise a pulsed source 

(or an external modulator), a wide-band detector and also 

delay elements that increments notably the network 

complexity. 

Frequency-division multiplexing (FDM): FDM topologies use a 

different sub-carrier frequency of the light for each sensor 

[123].The challenge of source-induced optical coherent noise 

can be reduced in FDM networks by using multiple sources but 

obviously they will increase the economic cost of the system. 

Coherence-division Multiplexing (CDM): by using the 

coherence properties of a short coherence length light source 

several interferometric sensors can be multiplexed onto a 

single fiber. In a CDM network, each sensor comprises an 

optical path difference (OPD) which is within the coherence 

length of the source. The interrogation of the sensing network 

is carried out scanning the OPD of each sensor in the receiver 

interferometer [124]. 

Polarization-division multiplexing (PDM): based on the 

assignment of a polarization state to each transducer. The 

main issues of this technique are the polarization changes that 

standard fibers continuously suffer and cross-polarization 

modulation. Consequently, it is necessary the use of 

polarization maintaining devices in the network. 

Spatial-frequency-division multiplexing (SFDM): Spatial-

frequency division multiplexing (SFDM) can be understood as 

a multiplexing technique in which each sensor is identified by 

its particular spatial frequency. It can be understood as a 

WDM in the spatial-frequency domain; that is obtained after 
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applying the fast Fourier transform (FFT) to the spectral 

transference response of the network. As a result, the 

different frequency components that modulate the optical 

spectrum can be identified. 

In this PhD work, SFDM is used to multiplex the different types of 

sensors developed. Therefore, it is worth to explain it in detail. 

2.5.2  Spatial-frequency-division multiplexing 

SFDM present suitable characteristics for monitoring interferometric 

sensors that generate an interference pattern, typically periodic, in the 

optical spectrum. In the case of a single interferometer, the sensing 

information can be contained both in the interference period of the 

optical spectrum or in its phase. In this regard, the use of the FFT 

supposes important advantage, which is the independence between 

the FFT phase and amplitude spectrum. Therefore, the phase of the 

interference can be simply monitored independently from the 

interference amplitude. 

Moreover, when multiplexing several sensors, the optical spectrum 

results a combination of the sensor’s interferences as exemplified in 

Fig. 2.31. In this example, a simple adding combination has been used 

to illustrate the effect but as it will be explained in Chapter V, the 

topology used for multiplexing the sensors will result in the final 

spectrum formed by different sensor contributions. Nevertheless, it is 

clear that monitoring the phase shift or period variations of one of the 

interferometers in the combined optical spectrum is not 

straightforward. When performing the FFT to the optical spectrum, 

the contribution of each interferometer can be identified as shown in 

Fig. 2.32 a). It is important to notice that each multiplexed sensor 

must present different interference period in order to avoid 

overlapping in the FFT domain. Finally, each individual sensor 
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information can be retrieved by analyzing the FFT amplitude and/or 

phase spectrum. Depending on the sensor type, the information could 

be recovered from the amplitude, the spatial frequency or the phase 

shift of the interference. This interrogation technique allows the 

combination of different sensors in the same network. 

 

Fig. 2.31. Simulated optical spectra of two interferometric sensors A and B 

and their combination A +B. 
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Fig. 2.32. Obtained FFT (a) amplitude and (b) phase spectra of the optical 

spectrum given by the combination of S1 and S2. 

Chapter V will show the multiplexing of HiBi fiber-loop mirrors, 

multimode and Fabry-Pérot interferometers using this technique in 

networks with different topologies. 

As remarked before, there are multiple multiplexing techniques that 

can be employed in fiber optic sensor networks. The limit between 

some types sometimes is not clearly defined. For instance between 

TDM and coherent FDM; but in any case the operating principle is 

entirely different. 

In order to give a general idea of the relative performance of each 

multiplexing technique, a brief summary of their main properties can 

be seen in Table 2.2 [125, 126]. The described types are the most 

significant but hybrid solutions are indeed those that present the best 

performance. 
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Table 2.2. Summary of the properties of the basic multiplexing 

techniques (A, Intensity; B, Interferometric; C, Polarimetric; D, FBGs; E, 

Long-period gratings). 

Fiber optic sensors multiplexing 

Technique Multiplexing 

capability 

Sensor 

type 

Measurement 

speed 

Spatial 

resolution 

WDM Medium A, B, 

D, E 

Very high - 

TDM High A, B, 

D, E 

High 10-5 m 

FDM Medium A, B, D Medium - 

CDM Low A, B, C Low 10-2 m 

PDM Low D High - 

SFDM Medium B, C High - 

WDM + 

TDM 

Very high A, B, 

D, E 

Medium 10-2 m 

SDM + 

WDM 

Very high A, B, 

D, E 

Very high - 
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2.6 Interrogation devices 

With typical sensor wavelengths operating within a few nanometers, 

optical interrogators must be capable of performing measurements 

with a resolution of a few picometers, a very small value to quantify. 

Features such as remote and real time monitoring are often desired in 

real applications.  

In this section two key devices for this PhD work development are 

presented. 

 

2.6.1  Optical backscatter reflectometer 

An optical backscatter reflectometer (OBR 4600) from Luna INC was 

employed in this PhD work to characterize and study the optical 

behavior and propagation characteristics of different structures. The 

working principles of the OBR were presented by the manufacturer in 

[127]. This equipment is formed of two Mach-Zehnder 

interferometers in cascade, two polarization controllers, a polarization 

beam splitter and three photodiodes (A, S and P) schematically placed 

as shown in Fig. 2.33.  

 

Fig. 2.33. Basic structure of an optical backscatter reflectometer. 

The first Mach-Zehnder interferometer creates two time-shifted, 

orthogonal polarization states which simultaneously interrogate the 

device under test (DUT). Hence, the photodiode “A” controls the 

correct alignment of the polarization by minimizing the fringe 
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amplitude at the detector. The second polarization controller, PC2, 

ensures that the field components associated with the two branches 

of the first interferometer are divided equally between the orthogonal 

polarization states defined by the polarization splitter. Finally, the field 

that propagates through the upper branch of the second 

interferometer experiences a polarization dependent loss and phase 

shift due to the DUT. Thus, the detected fields in S and P are the 

interference of the two orthogonally aligned polarization states; and 

applying a Fourier analysis, a reconstruction of the backscattered 

events along the DUT can be performed. 

2.6.2 Optical FBG interrogators  

Several methods for interrogating optical sensors can be chosen. 

Interferometers can provide high-resolution optical spectrum 

measurements.  

A rugged method involves the use of a charge-coupled device (CCD) 

and a fixed dispersive element, sometimes referred to as wavelength-

position conversion. With this method, a broadband source 

illuminates the sensor (or multiple sensors in an array). The reflected 

light wave is passed through a dispersive element that distributes the 

various wavelength components of the reflection to different locations 

on a linear CCD sensor, as shown in Fig. 2.34 with an FBG as 

transducer. 
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Fig. 2.34. Wavelength-Position Conversion Method of Interrogating FBG 

Optical Sensors. 

This method can yield fast, simultaneous measurements of all FBGs in 

an array, but it offers limited resolution and signal-to-noise ratio 

(SNR). For example, detecting an FBG peak shift of 1 pm over an 80 

nm range requires a linear CCD with at least 20,000 pixels. 

Additionally, the power of a broadband source is spread across a wide 

wavelength range, producing low-energy FBG reflections that can be 

difficult to detect. 

Some optical interrogators use fast and high-power sweeping laser, 

replacing the traditionally weak broadband light source. A tunable 

laser concentrates energy in a narrow band, providing a high-powered 

light source with an excellent SNR. The optical power generated by 

this architecture enables a single light source to be coupled with 

multiple fiber array channels, which reduces cost and complexity for 

multichannel interrogators. Interrogators based on this tunable-laser 

architecture operate by sweeping a very narrow band of light across a 

wavelength range while synchronously using a photodetector to 

measure the reflections from the sensors. A basic scheme of its 

components is shown in Fig. 2.35. 
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 Fig. 2.35. Wavelength-Position Conversion Method of Interrogating FBG 

Optical Sensors. 

In this PhD two FBG optical interrogators where widely used: SM125 

and SI155 both from Micron Optics. 

SM125 interrogator presents 4 independent optical channels, a 

wavelength range between 1510 nm and 1590 nm with a resolution of 

5 pm and a maximum frequency scan of 1 Hz.  

SI155 interrogator also presents 4 independent optical channels, a 

wavelength range between 1500 nm and 1600 nm with a resolution of 

10 pm and a maximum frequency scan of 1000 Hz.  

Both devices are controlled remotely though a MatLab custom 

software run in Windows (64 bits). This software enables to perform a 

wavelength tracking as well as FFT (module and phase independently) 

analysis in real time. 

 

2.7 Conclusions 

Throughout this chapter, the fundamental aspects of the main 

technological concepts used for the development of this thesis have 
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been addressed. All these tools will be employed in the specific 

sections presented in the following chapters. 
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3.1. Introduction 

Physical optic sensors measure physical parameters such as 

temperature, curvature, displacement, torsion, pressure, electric field 

and vibrations. The measurement, monitoring and control of these 

parameters are of vast interest for a number of applications. Physical 

sensors that assess strain/displacement, curvature/bend, transversal 

load, torsion and temperature are critical for structural health 

monitoring. Civil structures like buildings, piles, bridges, pipelines, 

tunnels, and dams need continuous monitoring with the purpose of 

controlling and preventing abnormal states or accidents at an early 

stage. This control avoids casualties and gives maintenance and 

rehabilitation advices [1]. Physical fiber sensors are well suited for this 

purpose, since they provide in-situ, continuous measurement and 

analysis of key structural and environmental parameters under 

operating conditions [2-4].  

Throughout this chapter, new configurations of optical fiber sensors 

for monitoring these parameters are presented. In section 3.2 a 

vibration sensor based on a tapered optical fiber is presented. In 

section 3.3 two PCF based strain sensors are characterized. Section 3.4 

comprises a range of different temperature sensing heads for 

temperature measurements. Section 3.5 presents the conclusions of 

this chapter. 

 

3.2 Vibration Sensing 

Vibration can be defined as any persistent motion around a mean 

position and over a given frequency threshold. The spectrum of 

vibration frequencies, or a vibration signature, is taken as an indicator 
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of mechanical condition, with changes being a recognized hallmark of 

equipment degradation [5]. Vibration signature analysis can be used to 

prevent components deformation, machine failure, and propagation 

of intense acoustic fields. Proper control of vibration can also prevent 

unwanted vibrational sound hazards, for example. Applications of 

solid-state lasers with fiber-optic technologies are providing a new 

approach to vibration monitoring in electromechanical equipment. 

Thus, optical-fiber vibration sensors are promising devices for unusual 

vibration measurements in a special equipment or environment. For 

example, in high-voltage transformers or high electromagnetic noise 

environments, because of the dielectric nature of fiber optic 

transducers. This fact opens new measurement applications that 

sensors based on a capacitive [6] or piezoelectric [7] working 

principles cannot achieve. 

Fiber-optic vibration sensors can be classified in three main types: 

intensity ones [8-11], interferometers [12-17], and fiber Bragg gratings 

[18-22] based sensors. In areas such as tribology [23, 24] and 

structural health monitoring [25], humidity and vibration 

measurement are essential issues. Simultaneous measurement of 

these parameters can significantly decrease the cost and complexity of 

current sensing systems [26]. 

This kind of optical structures often show better properties than 

standard optical fiber interferometers such as a stable performance 

without any complementary parts (feedback control loop or optical 

filters), no requirement for the coherence properties of the light 

source, and insensitivity to the surrounding temperature changes. A 

summary of the most significant vibration optical fiber sensors 

developed until today is presented in Table 3.1. 

Table 3.1. State of the art in vibration fiber optic sensors. 
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Year / Ref. Type / Configuration Sensitivity 

1992 / [17] FBG accelerometer - 

1995 / [18] Fiber optic coils 430 rad/g 

1995 / [19] Silicon micromachined cantilever - 

1998 / [20] FBG accelerometer 212.5 με/g 

1999 / [21] Michelson accelerometer - 

2001 / [22] FBG accelerometer 0.369 v/g 

2001 / [23] Fiber optic coils - 

2003 / [24] Fiber optic coils - 

2003 / [25] FBG accelerometer 0.125 v/g 

2004 / [26] Tapered optical fiber coupler 0.56 V 

mbar-1 

2006 / [27] Mild steel disc - 

2006 / [28] Mild steel disc - 

2007 / [29] Numerical study - 

2008 / [30] TFBG - 

2010 / [31] Fabry-Pérot-PCF Cantilever 0.3386 v/g 

2015 / [32] SMF- no core fiber – SMF - 
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2016 / [33] Asymmetric Mach-Zenhder - 

2017 / [34] SMF- multicore fiber -SMF -4225 

pm/N 

 

In this section a mechanical vibration fiber sensor was developed 

based on a SMF (single-mode standard Corning SMF-28) taper or 

microwire. The manufacture of the microwires has been done by the 

flame-brushing procedure as shown in [35]. Following this procedure, 

a standard optical fiber has been tapered from its nominal outer 

diameter of 125 µm until get an adiabatic taper with a 4 µm uniform 

waist diameter. That means a tapering ratio of 31.25. 

The transition between the unperturbed optical fiber and the uniform 

waist is gradually decreased with an approximate length of 44.6 mm. 

With this system, a uniform waist around 20 mm length for total taper 

length of about 110 mm was fabricated in a single step. Afterwards, 

the microwire has been carefully fixed on a semi-rigid cylindrical 

substrate for easy handling purposes. This microwire renders a λ/r 

value of 0.775 with a normalized frequency V of about 8.4 as it was 

previously carried out in [36]. Even with these relatively high values of 

V, the evanescent fields are strong enough to interact with the outer 

medium. 
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Fig. 3.1. Schematic illustration of the microwire for RH and mechanical 

vibration sensor and its disposition with the substrate. 

Fig. 3.1 illustrates the fiber taper with a diameter of 4 µm and a length 

of about 20 mm used as sensor. The light is efficiently launched into 

and picked up from the external medium through the evanescent field 

interaction [37, 38]. In addition to this, it was not needed any kind of 

chemical coating to develop the sensor´s sensitivity. This microwire 

used as a vibration sensor could be also multiplexed along a network 

through the FFT analysis. In this work, the microwire sensors are 

employed as transducers to measure mechanical vibrations. 
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Fig. 3.2 illustrates the experimental set up of the proposed microwire 

for humidity and mechanical vibration sensing. As it was presented in 

[36] a commercial interrogating sensor equipment was used to 

illuminate the network and also to analyze the spectrum of the signal 

guided through the microwire sensor. This equipment was originally 

commercialized for FBG sensors monitoring and allows us to 

interrogate sensors in real time (as described in Chapter 2) [39]. An 

optical circulator was employed to couple the light towards the 

sensing unit.  

 

Fig. 3.2. Experimental setup. 

A variable frequency mechanical wave driver was employed to induce 

transversal vibration on the sensing fiber as can be seen in Fig. 3.2. 

This device allows to create a continuous sinusoidal vibration between 

0.1 Hz and 5 kHz with an amplitude of 7 mm for a vibration of 1 Hz. 

This amplitude decreases when increasing the frequency. 

Fig. 3.3 a) shows the transmission spectrum of the sensing head which 

presents different frequency components due to the multiple modes 

interference. 
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Fig. 3.3. (a) Optical transmission spectrum of the sensor at 25ºC and 20% 

humidity, and (b) its fast Fourier transform spectrum. 

Fig. 3.3 b) shows the FFT of the microwire transmission spectrum. This 

figure evidences three major frequency components f1, f2 and f3 

which corresponds with 0.25 nm-1, 0.5 nm-1 and 1.25 nm-1, 

respectively. 

The analysis of the vibration is carried out by using the relation 

between the vibrations with the position of the peaks in the spectrum 

of the FFT. Fig. 3.4 illustrates four examples of the shift induced in the 

peaks of the FFT module due to the vibration induced by a mechanical 

shaker. As it can be seen, these spatial frequencies do not overlap with 

the intrinsic microwire peaks (in the frequency range 300-1300 Hz). 

Those microwire intrinsic peaks appear due to the mode beat of the 

fiber and are located at lower spatial frequencies (below 1.5 nm-1) 

than the peaks which correspond to external vibration (over 1.5 nm-1). 
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Fig. 3.4. FFT magnitude peaks for 470 Hz, 700Hz, 860 Hz and 1010 Hz induced 

sinusoidal vibration. 

The spatial frequency position was monitored for each vibration 

frequency in the range of 320 Hz – 1300 Hz. As Fig. 3.5 illustrates, the 

peak position presents a linear shift with the vibration frequency, 

showing a sensitivity of 0.0051 nm-1/Hz. The sensor system was tested 

in room conditions of 42% RH and a constant temperature of 24ºC. 

 

Fig. 3.5. Characterization of the spatial frequency peaks location with the 

vibration frequency. 
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Additionally, this sensing head was also tested for humidity 

measurements (although humidity is not generally considered a 

physical parameter, it is worth taking the opportunity to explain its 

suitable performance towards humidity). In order to verify the proper 

operation of the sensing head, the humidity-sensing performance of 

the nanowire in the atmosphere of different RHs at room temperature 

(about 25ºC) was experimentally carried out. 

The phase evolution of the three frequency components, shown in Fig. 

3.3 b), was characterized in order to determinate its sensitivity to 

relative humidity (RH). The characterization was carried out by using a 

climatic chamber in the humidity range from 20% to 70%, 25ºC 

constant temperature, and taking samples each minute for about 3 

hours. Fig. 3.6 shows the evolution of the phase of each frequency 

interference with humidity. In this figure, f3 presents the maximum 

phase sensitivity and range, followed by f2. However, f1 presents a 

behavior that can’t be used for measuring. The sensitivity of f2 and f3 

was about 0.045 rad/% humidity and 0.14 rad/% humidity, 

respectively. 
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Fig. 3.6. Representation of the phase shift of each frequency component as a 

function of humidity. 

The sensor response presented a hysteresis effect (see Fig. 3.6) 

observed at high humidity in the descent cycle (the climatic chamber 

uses a digital humidity probe to check the real humidity value). This is 

due to part of the water molecules are trapped in the porous surface 

of the cardboard substrate used during the fabrication process. This 

effect could be minimized only by using another kind of hydrophobic 

substrates in the fabrication process. 

The stability of the system was also analyzed. The phase variations of 

frequencies f2 and f3, were tested during 20 minutes for a 30% RH 

and 22ºC, showing an instability of around 0.007π rad and 0.012π rad 

in that order, as Fig. 3.7 illustrates. 

 

Fig. 3.7. Phase fluctuations of frequencies f2 (a) and f3 (b) along 20 minutes 

for a 30% RH and 22ºC. 

Finally, a characterization of the sensor system as a simultaneous 

sensor for RH and vibration was carried out. The fringe 

characterization depends on the parameter to be measured: for RH 

the study was focused on the peak f3 located at 1.25nm-1 (see Fig. 3.3 

(b)) by following its FFT phase. Likewise, as can be seen in Fig. 3.4, new 
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FFT peaks appear when vibration is applied to the sensor. For the 

characterization as simultaneous sensor, the crosstalk between peaks 

was experimentally analyzed. Fig. 3.8 shows the phase stability of f3 at 

40% RH with vibrations ranged 300 Hz – 1300 Hz with 100 Hz steps 

between them. Ten measurements were attained for each vibration 

frequency, obtaining a phase instability of 0.006π rad in the worst 

scenario. 

 

Fig. 3.8. f3 component phase stability (40% RH) for different vibration 

frequencies. 

In order to test the crosstalk with constant frequency vibration and 

variable RH the system was introduced inside the climatic chamber to 

induce variable-controlled RH changes. In Fig. 3.9 the results of the 

crosstalk are shown. The independence between measures of RH and 

vibration is probed. Applying RH variations from 20% to 70% with 10% 

steps a stability of 0.0125 nm-1 was achieved. This instability is given by 

the interrogating sensor device resolution. 



 III. Physical Sensors 
 

 104 | 362 

 

 

Fig. 3.9. Spatial frequency stability for a 470 Hz vibration frequency with 

variable RH. 

The sensor’s performance enables it for simultaneous and 

independent vibration and humidity measurements in hazardous 

environments, where standard sensors are unable to operate with 

great linearity. Furthermore, the signal tracking method makes it valid 

to monitor the vibration/humidity without crosstalk measuring based 

on the FFT phase measuring method. 

 

3.3 Strain Sensing using MOFs 

There are a number of applications of practical interest in which the 

monitoring of strain/displacement induced changes is important. 

These application areas are: experimental mechanics, aeronautics, 

wind turbines, metallurgy, and health monitoring of complex 

structures, among others. In order to meet the increasing 

measurement requirements of modern industry, different types of 

strain/displacement sensors based on electrical or fiber-optic 
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techniques have been developed. The electrical gauges are the most 

mature and widely used strain/displacement sensors. The use of the 

electrical sensor presents several drawbacks such as short lifetime 

under high temperature, nonlinear distortion, and susceptibility to 

electromagnetic interference. Compared with the electronic 

displacement or strain sensors, the fiber-optic based sensors have the 

advantages of immunity to electromagnetic interference, light weight, 

remote sensing ability, and multiplexing capability. 

The use of PCFs for strain/displacement sensing allows new 

possibilities and enhanced solutions. To the date a number of designs 

using PCFs have been demonstrated and they are summarized in table 

3.2. 

Table 3.2. State of the art in PCF based strain sensors. 

Year / 

Ref. 

Type of sensor Sensitivity 

(pm/με) 

Resolution 

(με)  

2010 / 

[40] 

Fiber loop mirror 0.456 22 

2010 / 

[41] 

Fiber loop mirror 1.1 0 9.1 

2011 / 

[42] 

Fabry-Pérot 2.30 4.3 

2011 / 

[43] 

Modal interference 0.93 11 

2012 / 

[44] 

Mach-Zehnder 

interferometer 

11.22dB/με 0.9 
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2012 / 

[45] 

Fabry-Pérot 15.40 0.7 

2013 / 

[46] 

Mach-Zehnder 

interferometer 

0.31 32 

2013 / 

[47] 

Mach-Zehnder 

interferometer 

2.10 4.8 

2014 / 

[48] 

Long period grating 5.62 1.8 

2014 / 

[49] 

Mach-Zehnder fiber ring 

laser 

2.10 4.8 

2015 / 

[50] 

Mach-Zehnder 

interferometer 

1.14 - 

2015 / 

[51] 

Mach-Zehnder 

interferometer 

0.12 166 

2016 / 

[52] 

Multicomponent filled 

PCF 

2.08 5 

2016 / 

[53] 

Fabry-Pérot 9.67 1.1 

2017 / 

[54] 

Fabry-Pérot 2.23 4.5 

2017 / 

[55] 

Mach-Zehnder 

interferometer 

61.80 0.2 

2017 / Modal interference 13.01 0.8 
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[56] 

2018 / 

[57] 

Fabry-Pérot 31.58 0.3 

 

In this section, two different PCF based strain sensors were 

characterized. Both of them are based on the birefringent behavior of 

the MOF used but in two different schemes. 

I. Modal interferometry: 

 
The first sensor is a MOF-4-Bridge based optical sensor. The sensing 

head was fabricated by splicing a commercial SMF to a 4-bridge MOF 

with its end facets cleaved, using a Fitel S175 fusion splicer with a 

custom developed fusion program designed for this special MOF and 

operated in manual mode. This splicing special program performs a 

robust splice maintaining simultaneously the inner structure of the 

MOF. As a remind, the fiber is composed by four big air holes divided 

by four thin silica bridges, approximately 900 nm thick, and presents 

an elongated core of 3.2 µm by 10.07 µm exhibiting a double Y shape. 

This specific shape provides great possibilities for interferometric 

sensing with multimode and birefringent features. The cross-section of 

the four-bridge MOF and its core details are presented in Fig. 3.10. 
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Fig. 3.10. 4-bridge MOF cross section and close-up on the core details. 

Fig. 3.11 shows the experimental set-up used to characterize the 4-

bridge MOF sensor. The point 1 of the fiber was fixed, and a maximum 

longitudinal strain of 380 με was applied to point 2, being the length 

of the MOF fiber equal to 14.5 cm. 

 

Fig. 3.11. Experimental setup for strain measurements. 

The commercial interrogator of optical fiber sensors Smartec SM125, 

previously introduced in Chapter II, was used to illuminate the 

network and also to analyze the spectra signals guided through the 

MOF sensor. The FFT is computed in MATLAB also every second, 

providing real-time information of the sensor system [39]. 
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The interrogation technique is based on the Fast Fourier Transform of 

the sensor’s optical spectrum, as was previously done in section 3.2. 

Now, by monitoring the phase of the Fast Fourier Transform, 

wavelength shifts in the optical spectrum can be monitored without 

the noise influence or signal amplitude variations and this enables 

multiplexing several sensors within a single interrogator’s channel as it 

was detailed explained in Chapter II. Amplitude undesired variations of 

the optical spectrum of the signal lead to changes in the amplitude of 

the module of the FFT, but do not affect the FFT phase. 

Sensor 0 (S0) was made of 24 cm of MOF, showing an interferometric 

spectrum as seen in Fig. 3.12 a). This optical spectrum is composed by 

several interferometric contributions. As Fig. 3.12 b) illustrates, there 

are three main components. The lowest component located at ~0.27 

nm-1 is a Fabry-Pérot undesired contribution produced at splice. S0 F1 

(related to Sensor 0 Frequency 1) is a result of the birefringence of the 

MOF due to the asymmetric core of the MOF. The period of this 

interference is given by: 

                                                Δ𝜆 = (LB × 𝜆) / L                        (1) 

Where Δ𝜆 is the interference period spacing, LB = 3.96×10-4 m is the 

MOF simulated beat length [58] and L (expressed in m) is the MOF 

length. In this particular case, the sensor is measured in reflection and 

therefore the fiber length must be multiplied by a factor 2. As a result, 

it appears an interference due to the fiber birefringence with 

frequency located at 0.8 nm-1. 
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Fig. 3.12. a) Optical spectrum of S0 and b) its FFT. 

S0 F2 is an interference produced as a result of the beating of two 

modes that propagate in the sensing head fiber, which shows a 

multimode behavior. Other less strong multimodal beating 

interferences appear, which come from the interference of high order 

modes propagating along the fiber. These modes are less powerful, as 

their interferences are as well. 

Strain variations affect in a different manner to both refractive index 

values of the transversal section of the core, depending on the 

longitudinal position into the fiber. Therefore, the birefringent nature 

of the MOF fiber implies a strain sensitivity. 

 The strain characterization was performed using two translation 

stages at 14.5cm from each other, one remaining fixed (point 1 in Fig. 

3.11 a) while the other moves applying strain (steps of 17 nm) to the 

fiber (point 2 in Fig. 3.11 a) at room temperature (23ºC). Both spatial 

frequencies S0 F1 and S0 F2 were simultaneously monitored to ensure 

the measurements independence. 

Fig. 3.13 illustrates the FFT phase response of both frequencies 

towards strain variations. As it can be noticed the S0 F1 phase 

presents an almost linear response to strain variations (due to the lack 
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of tightness in the fiber during the strain measurements in the range 

located from 0 to 50 με, the measured results show a slight deviation 

from the linear fit). 

 

Fig. 3.13. Performance of the spatial frequencies towards applied strain. 

This is due to the birefringent character of the interference related to 

the F1 spatial frequency, showing a strain sensitivity of 0.018π rad/με 

and a resolution of 0.262 με. Overhanging these results to the optical 

domain, the sensitivity to strain is -19.1 pm/με. 

II. Fiber loop mirror interferometer: 

 
The second strain sensor was based on a different type of MOF fiber 

(and also on a different configuration). In this study, two different 

sections made of all-silica microstructured fiber PM-1550–01 (NKT 

Photonics, LB= 1.75 mm) where fused with determined angles 

between them in a FLM structure in order to fabricate a multipoint 

strain sensor as Fig. 3.14 illustrates. In this configuration another 

section of Panda type fiber (SM15-PS-U25A, LB= 3.98 mm) was 
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employed as temperature sensor to complete the system as it will be 

explained in Section 3.5. Each fiber section comprises an isolated 

single sensor. 

As it will be extensively explained in Chapter V, this setup comprises a 

multiplexing system of several sensing fibers achieving no crosstalk 

between measurements. In the current section, the target is to focus 

on the strain sensitivity of the MOF PM fibers towards strain variations 

and the multiplexing characteristics will be discussed at a later section. 

 

Fig. 3.14. Scheme of the three-section Hi-Bi-FLM. 

The setup used for the experiment (Fig. 3.14) comprises three Hi-Bi 

sensing fibers, a polarization controller and a 50:50 optical coupler. 

In Chapter II the operation principle of a simple fiber loop mirror (one 

single sensing fiber) was described. When more sensing fibers are 

concerned, the transfer function becomes more complex. The phase 

delay matrixes of the Hi-Bi fiber sections and the rotation matrixes of 

the polarization state induced by each angle θi have to be taken into 

consideration in both counter-propagating paths. The simplified result 

of the transfer function is as follows (the term βn is a simplified 

parameter involving the fiber length ln, its birefringence bn and the 

operation wavelength 𝜆): 

                                         𝑇 = [𝐶1 + 𝐶2 + 𝐶3 + 𝐶4]2                               (2) 
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Where: 

𝐶1 = cos (
𝛽1 + 𝛽2 + 𝛽3

2
) sin(𝜃𝑐) cos(𝜃2) cos(𝜃3)

= 𝑘1 ∙ cos (
𝛽1 + 𝛽2 + 𝛽3

2
) 

𝐶2 = cos (
−𝛽1 + 𝛽2 + 𝛽3

2
) cos(𝜃𝑐) sin(𝜃2) cos(𝜃3)

= 𝑘2 ∙ cos (
−𝛽1 + 𝛽2 + 𝛽3

2
) 

𝐶3 = cos (
𝛽1 + 𝛽2 − 𝛽3

2
) cos(𝜃𝑐) cos(𝜃2) sin(𝜃3)

= 𝑘3 ∙ cos (
𝛽1 + 𝛽2 − 𝛽3

2
) 

𝐶4 = −cos (
𝛽1 − 𝛽2 + 𝛽3

2
) sin(𝜃𝑐) sin(𝜃2) sin(𝜃3)

= 𝑘4 ∙ cos (
𝛽1 − 𝛽2 + 𝛽3

2
) 

𝛽𝑛 =
2𝜋 𝑙𝑛𝑏𝑛(𝜆)

𝜆
+ Δ𝜙𝑛         𝑛 = 1, 2, 3 

The angle θc= θ1 + θ4 (angel rotation between the coupler ports) 

where θ1 and θ4 represent the rotation angle of the polarization state 

when the light enters the Hi-Bi MOF sections l1 and l3, is fixed by the 

polarization controller. Angle θ2 symbolizes the rotation angle 

between the fiber sections l1 and l2. In the same manner, θ3 is the 

rotation angle between the fiber sections l2 and l3. Finally, Δφn denotes 

the phase variation due to physical perturbations in the n-th fiber. The 

expansion of equation (2) results in numerous components generated 

at the different frequency combinations of β1, β2 and β3. The majority 

of them are not significant for sensing purposes due to the crosstalk 
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between sensors. However, the independent factors cos(βn) encode 

the crosstalk-free sensing information. After the adequate expanding 

of (2), secondary and main contributions can be identified as follows: 

                                             𝑇 = 𝑇𝑚𝑎𝑖𝑛 + 𝑇𝑠𝑒𝑐                              (3) 

Where: 

𝑇𝑠𝑒𝑐 =
1

2
(𝑘1

2 + 𝑘2
2 + 𝑘3

2 + 𝑘4
2 + 2𝑘2𝑘4cos(𝛽1 − 𝛽2)

+ 2𝑘1𝑘3cos(𝛽1 + 𝛽2) + 2𝑘2𝑘3cos(𝛽1 − 𝛽3)

+ 2𝑘3𝑘4cos(𝛽2 − 𝛽3) + 2𝑘1𝑘4cos(𝛽1 + 𝛽3)

+ 2𝑘1𝑘2cos(𝛽2 + 𝛽3) + 𝑘1
2 cos(𝛽1 + 𝛽2 + 𝛽3)

+ 𝑘2
2cos(𝛽1 − 𝛽2 − 𝛽3) + 𝑘3

2cos(𝛽1 + 𝛽2 − 𝛽3)

+ 𝑘4
2cos(𝛽1 − 𝛽2 + 𝛽3)) 

 

𝑇𝑚𝑎𝑖𝑛 = ((𝑘1𝑘2) − (𝑘3𝑘4))cos(𝛽1) + 

+ ((𝑘2𝑘3) − (𝑘1𝑘4))cos(𝛽2) +  

+((𝑘1𝑘3) − (𝑘2𝑘4))cos(𝛽3) 

                              = 𝑚1cos(𝛽1) + 𝑚2cos(𝛽2) + 𝑚3cos(𝛽3) 

Selecting the appropriate angles θc, θ2 and θ3, will define the influence 

of each component in the final interference As it will be detailed in 

Chapter V, the angles between fibers chosen for the experimental 

setup are θ2=θ3=30°. As a significant improvement, the Hi-Bi fibers are 

fused between them (using a fusion splicer Fujikura FSM 100P,) with a 

fixed rotation angle so there is no need of using PCs between fibers as 

in [39]. Thus, the number of PCs is reduced from three to one, 

decreasing the losses and easing the operation of the system.  
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The optical spectrum is measured using the mentioned commercial 

fiber Bragg grating sensors interrogator Smartec SM125, with a 

resolution on 5 pm and a scan frequency of 1 Hz. The FFT is computed 

in Matlab also every second, providing real-time information of the 

sensor system. 

The first fiber section is a Panda type one of length l1=1.77 m while the 

second and third sensing fibers are l2=0.94 m and l3=2.24 m sections of 

all-silica MOF PM. Consequently, the main contributions of each 

sensing fiber are located at the spatial frequencies: Sf(l1)=0.2875 nm-1, 

Sf(l2)=0.35 nm-1 and Sf(l3)=0.825 nm-1. Fig. 3.15 a) shows the 

interference measured for the three-section Hi-Bi FLM. It can be noted 

in the figure that the classical technique of monitoring the sensors by 

following a peak or a valley in the spectrum is not possible due to its 

complexity. However, after performing the FFT (Fig. 3.15 b)), the three 

main contributions of the sensing fibers can be clearly seen at the 

spatial frequencies Sf(ln). Note also that other secondary combinations 

can be seen (e.g. Sf(l1+ l3)= 1.125 or Sf(l2- l1)=0.065 nm-1). 
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Fig. 3.15. a) Measured spectrum of the three-section FLM measured using an 

optical interrogator and b) FFT magnitude of the interference. 

Additionally, theoretical simulations of the setup were performed for 

the angles θ2=θ3=30° and θc=60°. It can be seen in Fig. 3.15 b) that the 

results agree, specially taking into consideration that the angle θc has 

to be set manually using the polarization controller. The birefringence 

dispersion with wavelength was neglected and not taken into account 

in the simulation. However, the good agreement between simulation 

and experimental measurements evidences the limited influence of 

this effect. 

Axial strain variations were applied to fibers l2 and l3. Therefore, a 

section of 14 cm (considered as the axial-strain sensor) of the fiber 

(central part of each fiber to avoid splices) under test was fixed to a 

programmable translation stage (shown in Fig. 3.11), and a sweep was 

carried out to 2000 µε every 12 µε. This fiber length is chosen due to 

the physical limitations of the strain setup (longer lengths enable to 

apply higher strain and therefore higher resolutions would be 

achieved).The results of the experiments can be seen in Fig. 3.16 a) 

and b) for the fibers l2 and l3 respectively. As expected, the phase of 

the strained fibers varies linearly with sensitivities of -0.128 and -0.14 

π rad/mε (l2 and l3 respectively). It is verified the free-crosstalk 



 III. Physical Sensors 
 

 117 | 362 

 

operation of the sensor. Slight variations in the phase of Sf(l1) can be 

seen, but these are due to small temperature variations during the 

strain tests. Taking into consideration the instability values obtained 

for each sensing fiber, the resolutions obtained are 9.4µε and 10.7 µε 

for the sensing fibers l2 and l3 respectively. 

 

Fig. 3.16. FFT phase behavior of the sensors vs applied strain: a) l2 response 

and b) l3 response. 

In summary, this interferometer has been validated as sensor scheme 

by adequately monitoring strain sensors (all-silica fibers 2 and 3) 

without crosstalk between them. Different physical parameters can be 

measured just by using other types of Hi-Bi fiber.  

 

3.4 New techniques and structures for optical 

Temperature Sensing  

Fiber optic sensors have proven to be very useful in measuring 

temperature in many fields such as metal and glass productions, in 

critical turbine areas or ovens [59, 60] (which often generate large 

electrical fields, disturbing conventional sensors). Another applications 

where OFs based temperature measurement is well suited is in high 
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temperature processing operations in cement and chemical industries 

[61]. Electric power industry also takes advantage of OFs remarkable 

characteristics in temperature sensing, especially in fusion, sputtering 

and crystal growth processes [62]. Industries such as civil, aerospace 

and defense also make use of this kind of sensors to monitor and 

control their structures health [63, 64]. Consequently, with the advent 

of microstructured optical fibers, temperature based PCFs sensors 

were quickly developed aiming to produce new sensors with improved 

characteristics, mainly improved sensibility and stability. 

Fabry-Pérot (FP) structures that combines standard single-mode 

optical fibers with a PCF are an ever more common structures. Since 

they use two different elements in the cavity, they are commonly 

called hybrid FP cavities. A review of the state of the art of PCF based 

temperature sensors is presented in table 3.3. 

Table 3.1. State of the art in PCF based temperature fiber optic sensors. 

Year / 

Ref. 

Type of sensor Sensitivity 

(PM/ºC) 

Resolution 

(ºC)  

2010 / 

[65] 

Fabry-Pérot 143.5 0.007 

2010 / 

[66] 

Fabry-Pérot 8.2 1.2 

2011 / 

[67] 

Fabry-Pérot 14 0.7 

2011 / 

[68] 

Modal interferometer 71.5 0.14 
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2012 / 

[69] 

Fabry-Pérot 13.8 0.7 

2012 / 

[70] 

Fiber loop mirror 2.6 3.8 

2013 / 

[71] 

Germanium doped PCF 78 0.13 

2013 / 

[72] 

Mach-Zehnder hole-

filled-PCF interferometer 

16500 0.0006 

2014 / 

[73] 

Mach-Zehnder hole-

filled-PCF interferometer 

1830 0.005 

2014 / 

[74] 

Multimodal 

interferometer 

29 0.34 

2015 / 

[75] 

Mach-Zehnder polymer-

filled-PCF interferometer 

1595 0.006 

2015 / 

[76] 

Fabry-Pérot 12.82 0.78 

2016 / 

[77] 

Multimodal interference 0.006 

rad/ºC 

2.8 

2016 / 

[78] 

Mach-Zehnder 

interferometer 

16 0.6 

2017 / 

[79] 

Mach-Zehnder 

interferometer 

55.81 0.2 

2017 / Tapered Fabry-Pérot 14.68 0.4 
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[80] 

2018 / 

[81] 

Mach-Zehnder 

interferometer 

26.03 0.4 

2018 / 

[82] 

Fabry-Pérot 15.61 0.6 

 

In this section, several technologies involving optical fiber tapers, FBGs 

and microstructured optical fibers (MOF) were studied.  

I. Fiber optic taper based fiber laser: 

 
In a first approach, a stable microwire based optical fiber ring laser for 

temperature sensing applications was experimentally demonstrated. 

The microwire was fabricated following the same method presented in 

Section 3.2. It has a multimodal interferometric spectrum as Fig. 3.17 

shows. The microwire is used as a transducer inside the ring laser 

configuration as shown in Fig. 3.18. 

 

Fig. 3.17. Microwire optical spectrum. 
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It can be inferred that although there are multiple modes interfering 

inside the waveguide, it presents a main interference component with 

fringe spacing of 3.4 nm 

 

Fig. 3.18. Experimental setup of the proposed system. 

This setup comprises an Erbium-doped fiber amplifier (EFA-P18F from 

MPB Communications) with an operational range between 1527 and 

1567 nm, a polarization controller (PC), a 1x2 optical coupler and an 

optical spectrum analyzer (OSA) with a resolution of 0.01 nm.  

The output spectrum of the microwire ring laser for a 9 dBm pump 

power is illustrated in Fig. 3.19.The output power level can be tuned 

through the polarization controller, reaching values of -38 dBm 

(including OSA’s insertion loss of 18 dB); and an optical signal to noise 

ratio (OSNR) of about 40 dB was measured. Multiwavelength lasing 

behavior can be achieved by varying the polarization controller but 

decreasing the SNR. In this study the PC was tuned to attain only one 

lasing wavelength centered at 1531.3 nm. 
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Fig. 3.19. Ring laser optical spectrum. 

The microwire was inserted into a climatic chamber where 

temperature ranges from 30ºC to 90ºC were applied to evaluate its 

response to this parameter. Laser peak behavior towards temperature 

variations is shown in Fig. 3.20. It presents linear behavior with a 

sensitivity of 2 pm/ºC which is lower than an FBG based laser in the 

same configuration (~10 pm/ºC).  

 

Fig. 3.20. Sensor response to temperature: a) wavelength shift and b) 

sensitivity. 



 III. Physical Sensors 
 

 123 | 362 

 

Finally, with the purpose of testing the stability of the system, the 

output power level and wavelength variations were tested during 100 

minutes and 25 ºC; showing very low instabilities of 0.1 dB and 0.001 

nm in that order. These results are depicted in Fig. 3.21 a) and b) 

correspondingly. As can be noticed, the wavelength instability is given 

by the OSA optical spectrum analyzer resolution and not by the laser 

instability (which is lower than the OSA’s resolution). Thus the 

resolution presented is considered a maximum value. 

 

 

Fig. 3.21. Sensor stability: a) power stability, and b) wavelength stability. 

 

II. FBG and fiber loop mirror sensors: 

 
The second temperature sensing study is a measurement comparison 

at low temperature using different fiber optic sensors: a standard FBG, 

two Hi-Bi fiber loop mirrors and a distributed sensor working at 

cryogenic temperatures. More specifically, a Luna 4600 Optical 

Backscatter Reflectometer attached at a standard SMF was used as 

the distributed temperature sensor. All sensors were compared with 

the results given by a thermocouple for cryogenic temperature 

measurements. Cryogenic temperature systems are becoming more 
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important in the energy sector, transportation and medicine 

technology. It is essential to guarantee a safe operation of the systems 

in these areas providing continuous monitoring of the temperature. 

Besides, monitoring cryogenic temperatures requires greater care 

than equivalent measurements at room temperature, due to thermal 

problems of sensor placing and heat sinking. 

The system used to attain cryogenic temperatures consists of an 

Expanded Polystyrene (EPS) box and a solid copper cylinder, which has 

a high thermal conductivity, located inside the box (Fig. 3.22). The 

diameter and height of the copper cylinder are 4cm and 5.2cm 

respectively. A section of Corning SMF-28 fiber was monitored 

employing a commercial backscatter reflectometer, obtaining 

distributed measurements around the copper cylinder. These 

distributed measurements were performed to compare the obtained 

results with the given by the other sensors. In addition, knowing the 

temperature distribution along the copper cylinder may lead to a 

better understanding of the sensors’ behavior with temperature, as 

the measuring method is not ideal.  

In order to have an effective transmission of the temperature, the FBG 

was fixed on top of the cylinder, directly in contact with the copper. A 

thermocouple type K was placed next to the sensor to provide a 

temperature reference in real-time and it was connected to a data 

acquisition system where the temperature was recorded every 

second. Due to their length, the Sagnac interferometers were coiled 

around the top part of the cylinder, as seen in Fig. 3.22. The optical 

sensors were interrogated again by the commercial fiber Bragg grating 

interrogator (Smartec SM125) with a spectral range from 1510 to 

1590 nm, a scan frequency of 1 Hz and a resolution of 5 pm. 
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Fig. 3.22. a) Schematic setup and b), c) real pictures of the sensors location. 

Both Sagnac interferometers consist of a high-birefringence fiber loop 

mirror fully made of polarization-maintaining (PM) Panda fiber which 

design is based on [39], using the three section analysis. They 

comprise two PM fibers which act as communication channels fused 

to the sensing fiber with a 45° rotation angle offset between them. In 

Sagnac 1, the communication fibers used have 0.97 and 0.61 m long 

each while the sensing fiber is 0.57 m long. The communication fibers 

used in Sagnac 2 have had the same length (0.3 m) while the sensing 

fiber was 0.45 m long. The optical spectra of the Sagnac 

interferometers and their FFT are shown in Fig. 3.23. In the first case, 
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it should be noted that, as explained in [83], several components are 

generated in the FFT magnitude spectrum. One is given by the virtual 

section formed by the different length of the communication fibers, 

another one from the sensing section itself and finally, their 

combination. In the second case with Sagnac 2, the contributions of 

the communication fibers are suppressed, being only detected the 

birefringence changes on the sensing fiber. The temperature 

measurement is retrieved by monitoring the FFT phase located at 

0.125 nm-1 and     0.1 nm-1 for Sagnac 1 and 2 respectively, which are 

the contributions given by the sensing fibers. 

Fig. 3.23. Sagnac interferometers: a) Optical spectrum and b) its FFT module. 

In order to study the temperature distribution along the copper 

cylinder and to have a clear view of the temperature differences inside 

the setup, distributed measurements have been carried out. Since the 

transmission of temperature in the copper cylinder is not perfect, 

several points at different heights have been chosen to verify the 

temperature variations along the cylinder, taking into account that 

lower temperatures are expected at the point closest to liquid 

nitrogen. The SMF fiber used for distributed sensing was rolled 

upwardly around the copper cylinder in four loops, as it is shown in 

Fig. 3.22 c). Four measurement points were selected (R1 to R4), 

forming a vertical line, R1 being at the lowest position (closer to the 

liquid nitrogen) and R4 at the highest one. 
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The distributed temperature measurements have been obtained using 

a 3-meter long SMF fiber and a commercial OBR mentioned above 

(OBR 4600, LUNA TECHNOLOGIES) that operates based on optical 

frequency domain reflectometry [84]. The OBR uses swept wavelength 

interferometry (SWI) [85] to measure the Rayleigh backscatter as a 

function of length in optical fiber with ultra-high spatial resolution (10 

μm in a span of 30 m) and a backscatter-level sensitivity. If an external 

stimulus is applied to the sensing fiber (such as temperature or strain 

change), spectral and temporal shifts in the Rayleigh backscatter 

pattern are induced. When using the OBR for distributed temperature 

and strain measurements, the device is able to measure these shifts in 

a span of 70 m, with a spatial resolution of 1 cm, and scales them, 

giving a distributed temperature or strain measurement, with 0.1°C 

and 1 με resolutions respectively. An example of the reflected signal 

detected by the OBR used in the experiments is shown in Fig. 3.24. 

 

Fig. 3.24. Trace detected by the OBR 

Different sections of the fiber under study can be identified: the first 

two meters correspond to the pigtail connected to the OBR. Then, a 
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reflection peak at 2 m determines the position of the first connector 

and the beginning of the sensing fiber, which ends at 5.2 m. The zone 

located inside the EPS box is framed in blue (from 2.8 m to 3.9 m) and 

the region where the fiber is rolled upwards the copper cylinder, 

which has a total length of around 38 cm, is highlighted in red color. 

With the aim of characterizing the behavior of the sensors, a 

temperature sweep has been carried out at higher temperatures. For 

this purpose, the copper cylinder has been located inside a climatic 

chamber Binder FD23 together with the sensors, measuring the 

temperature range between ambient temperature and 80°C. 

The technique used to interrogate the Sagnac sensors is based on the 

fast Fourier transform (FFT) of the optical spectrum as in previous 

sections. The FBG sensor was tracked by simply monitoring the optical 

spectrum reflection peak evolution (central wavelength of 1544.9 nm 

at room temperature). 

Decreasing the temperature of the sensors to cryogenic temperatures 

was achieved using a simple technique: the EPS box was partially filled 

up with pure liquid nitrogen, so that the liquid did not reach the 

sensors. In this manner, the temperature of the copper cylinder 

gradually decreased. The sensors were placed on the top part of the 

copper cylinder, which was chosen due to its high thermal 

conductivity, having a homogenized temperature on its surface. Since 

the sensors were located close between them, a single thermocouple 

was used as the temperature reference for all of them. 

After adding the liquid nitrogen, the box was covered to avoid the 

condensation around the sensors, temperature gradients and also to 

reduce the evaporation rate of the nitrogen as much as possible, 

which would lead to fast temperature changes. This fact was verified 

after several tests. Following this procedure, a stable temperature of -
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160°C was achieved. Although liquid nitrogen’s boiling temperature is 

-195.8°C at one atmosphere, the copper cylinder could not reach such 

temperature because the box was not perfectly isolated and the 

transmission of the temperature in the copper cylinder is not ideal. To 

reach such temperatures, all the sensors would have need to be 

submersed in the liquid nitrogen, which in some cases might damage 

the sensors.  

When the box is filled with liquid nitrogen, the temperature decreases 

and remains at around   -160°C until all the nitrogen is evaporated. 

This process can take several hours. Once the liquid nitrogen is fully 

evaporated, the temperature rises at around 100°C/hour, until it 

reaches the room temperature. Measurements have been carried out 

during the heating process of the copper cylinder, since it is a gradual 

process without sudden temperature changes. Although this approach 

is very simple it cannot reach pure cryogenic temperatures. Several 

attempts have been carried out to reach lower temperatures using a 

cryostat and liquid Helium, which presents a boiling temperature of      

-269°C. However, the technical difficulties associated with the 

materials used, such as the reduced space and the large temperature 

gradients in the cryostat, did not allow to obtain reliable 

measurements. 

The results of the characterization of the sensors from -160°C to 0°C 

are shown in Fig. 3.25 a), for the Sagnac sensors, and in Fig. 3.25 b), 

for the FBG sensor. The measured data is represented as a function of 

the temperature given by a thermocouple type K, which has a 

standard limit error of ±2.2°C. 



 III. Physical Sensors 
 

 130 | 362 

 

Fig. 3.25. a) Sagnac, b) FBG sensors response towards temperature. 

From the FBG results, from 0°C to -100°C, a linear trend is observed; 

nevertheless, from -100°C to -160°C, the slopes of the curves are 

significantly reduced with an exponential decay, becoming almost flat 

at -160°C. The fast reduction of the coefficient of thermal expansion 

below -100°C [86] justifies this fact, leading to lower sensitivities and 

resolutions in the measurements. Concerning the Sagnac 

interferometers, two main linear trends are distinguished caused by 

the slow response of the sensor and the likely coupling of some axial 

strain, due to the copper cylinder expansion when the temperature 

increases. In the results shown in Fig. 3.25 a) regarding both Sagnac 

interferometers, the effect of the possible parasite strain due to the 

thermal expansion of the cylinder has not been compensated. 

On the one hand, Sagnac sensors present very high sensitivity due to 

their length but on the other hand they present higher response time 

than FBG sensors due to the same reasons. A comparison between bot 

sensors’ response time is shown in Fig.3.26. 
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Fig. 3.26. Response time for Sagnac and FBG sensors. 

Distributed measurements have been carried out in a total span of 3 

m with a spatial resolution of 1 cm using a 3-meter length SMF fiber 

and Luna’s Distributed Temperature and Strain Software. The SMF 

fiber has been rolled upwards the copper cylinder, in order to 

determine how the temperature varies at different heights of the 

cylinder. Some examples, represented in different colors, of 

distributed temperature traces taken during the heating of the 

cylinder are shown in Fig. 3.27 a). The temperature evolution of the 

four reference points along the distributed sensing fiber is 

represented in Fig. 3.27 b). 

 

 



 III. Physical Sensors 
 

 132 | 362 

 

 

Fig. 3.27. a) Example of OBR traces: distributed temperature sensing and b) 

temperature evolution at the reference points measured with the OBR versus 

thermocouple temperature. 

Concerning the measurements showed in Fig. 3.27, despite the good 

thermal conductivity of the copper cylinder, the zones of the sensing 

fiber which are closer to the liquid nitrogen are expected to 

experience lower temperatures, and as the distance from the nitrogen 

is enlarged, the temperature increases. Different sections can be 

identified in the graph: the section outside the EPS box is located from 

2.5 m to 2.8 m and from 3.9 to 4.5 m. The temperature in this zone 

remains stable at ambient temperature (around 25°C). The area after 

2.8 m is located inside the EPS box but it is not in contact with the 

copper cylinder, nevertheless it detects the decrease of temperature 

inside the box, which is almost constant in every point. Finally, the 

four reference points are located from 3.2 m to 3.6 m, which are in 

direct contact with the copper cylinder. In this last section, peaks and 

valleys are observed in specific points, which amplitudes increase at 

lower temperatures. Since the sensing fiber is attached with aluminum 

tape to the cylinder, as seen in Fig. 3.22, parasitic strain may be 

applied to the fiber at these points, originating a noisy profile. 

However, the shape of the traces remains constant at the four 
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reference points, whose temperature trend has been monitored and 

represented in Fig. 3.27 b). 

III. Fabry-Pérot MOF sensors: 
 

To conclude this section, temperature MOF based sensors but in 

different configurations were widely studied: an intermodal MOF 

interferometer and a MOF-Fabry-Pérot cavity. The first one was 

previously presented in Section 3.4. As it was stated, S0 is formed by a 

4-bridge-MOF section of 24 cm spliced to a SMF in one of its sides and 

cleaved in the other in order to work in reflection. The optical 

spectrum of S0 and its associated FFT were showed in Fig. 3.12. 

S0 presents two main FFT frequency components: S0 F1 and S0 F2 

each one related to an interference from different origin. S0 F1 was a 

result of the birefringent properties of the MOF fiber and was 

demonstrated to have optimal characteristics to work as an almost 

insensitive to temperature strain sensor. The other frequency, S0 F2 is 

a result of the beat of two propagating modes through the fiber. Due 

to the multimodal characteristics of the MOF, several high order 

modes are propagated. As can be seen in Fig. 3.12 b), many low power 

frequency components appear in the FFT spectrum, but S0 F2 

corresponds to the beat between the two most powerful modes and 

therefore its interference stands out of the others. 

Due to the nature of this interference, each beating mode is affected 

differently by the refractive index of core and cladding as each one 

propagates with its own propagation constant. Temperature variations 

modify these properties while strain does not (at least not in the same 

order of magnitude). 
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In order to verify the operation of the sensor S0 as temperature 

sensor both S0 F1 and S0 F2 were simultaneous monitored within the 

same interrogation setup shown in Fig. 3.28. 

 

Fig. 3.28. Experimental setup for temperature measurements 

The temperature characterization was carried out by using an oven in 

the temperature range going from 30ºC to 75ºC with 5ºC per step 

applying 0 nm of strain to it. 

 

Fig. 3.29. Performance of the spatial frequencies towards applied 

temperature. 

On the contrary to S0 F1, S0 F2 presents linear response to 

temperature variations and very low sensitivity to strain variations as 

can be seen in Fig. 3.29. This is due to multimodal behavior of the 

MOF fiber as it was suggested. Sensitivities to strain and temperature 

are respectively of 0.00073π rad/με and -0.15π rad/ºC and resolution 
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of 0.039ºC. Overhanging the results to the optical domain sensitivities 

to strain and temperature are -0.74pm/με and 127.5pm/ºC 

respectively. This sensitivity makes the sensor suitable for high 

resolution applications. 

 

The second studied structure is a Fabry-Pérot cavity made of a small 

section of 4-Bridge-MOF. Its operation principle is different from the 

previously presented one: S0 was based on the intermodal 

interference and the influence of temperature on the modal beat. The 

FP-sensor is based on the behavior of the cavity towards temperature 

variations. It was made by splicing a single mode fiber to one side of a 

four-bridge double-Y-shape-core MOF. The MOF was cleaved at the 

other end, leaving the cavity with a length of ~500 μm. Fig. 3.30 shows 

the microscope picture of the resulting Fabry-Pérot cavity. The splice 

was made using a conventional arc-electric fusion splicer machine, in 

manual mode with a special developed program for this fiber. Since 

this MOF has high air filling fraction, the typical arc power and 

duration used for SMF-SMF fusion induces the MOF to collapse. As so, 

a study was made on the arc power and duration settings in order to 

develop a new adapted program. This program allowed splicing the 

SMF and MOF without collapsing the MOF, through a series of 20 

splices with very low arc power and duration. To insure that the SMF 

and MOF’ cores were aligned before splicing, the manual 

approximation of both fibers was made while illuminating the SMF and 

retrieving the signal at the MOF’s other end. Through the output at 

the MOF it was possible to observe the amount of light transmitted 

from one core to the other. 
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Fig. 3.30. Microscope photograph of the Fabry-Pérot cavity fabricated. 

The low-finesse Fabry-Pérot interferometer consists of two mirrors 

separated by a cavity of length d. This cavity of length d can be made 

by a MOF, since its core refractive index is different from the SMF’s 

core refractive index. When splicing a piece of MOF to a SMF two 

mirrors are formed at the extremities of the MOF: (1) in the interface 

SMF-MOF due to the discontinuity in refractive index between both 

fibers and (2) at the interface MOF-air, since this high discontinuity 

provides Fresnel reflection (R = 3.3%). The low-finesse Fabry-Pérot 

interferometer is created when a light beam enters the cavity (MOF) 

and is reflected multiple times between the interfaces (1) and (2). 

Each beam has a fixed phase difference with respect to the preceding 

one, and this phase difference corresponds to the extra path length 

travelled in the cavity. The interferometric signal of this cavity has a 

period corresponding to Δλ = λ2/(2nd), where λ is the wavelength of 

operation and n is the cavity refractive index. 

The Fabry-Pérot cavity sensing head was characterized using two 

different setups, presented in Fig 3.31. In one setup, in Fig. 3.31 a), 

illumination was provided through a broadband light source, working 

in the L-band, and a circulator, being the output signal collected by an 

optical spectrum analyzer (OSA) Advantest Q8384. In the other setup, 

in Fig. 3.31 b), light from an optical backscatter reflectometer (OBR) 



 III. Physical Sensors 
 

 137 | 362 

 

4600 Luna Technologies, was injected into the FP cavity, and collected 

back in to the OBR. The OBR uses swept-wavelength coherent 

interferometry to measure minute reflections in an optical system as a 

function of the wavelength. 

 

Fig. 3.31. Illustration of the experimental setups used to characterize the 

Fabry-Pérot interferometer. a) Using a broadband light source and b) using an 

optical backscatter reflectometer (OBR). 

For the polarization measurements, an optical polarization controller 

was added between the illumination source and the sensor head, in 

both configurations. 

The obtained output signal of the Fabry-Pérot cavity, when measured 

by two different setups, can be seen in Fig. 3.32. The low-finesse 

Fabry-Pérot interferometer presents an interferometric fringe pattern 

with a wavelength spacing of 1.6 nm. This periodicity corresponds to 

the interference between the light beam reflected in the interface 

between the input single mode fiber and the MOF fiber and the beam 

originated by the Fresnel reflection at the far end of the MOF fiber.  
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Fig. 3.32. Output signals of the hybrid Fabry-Pérot cavity measured by the 

two different optical instruments (optical spectrum analyzer (OSA) and 

optical backscatter reflectometer (OBR)). 

When temperature variations are enforced into the FP cavity, its 

interferometric signal suffers a wavelength shift. In order to 

characterize this wavelength shift, the FP cavity was placed in an oven 

working in a temperature range of 30 to 270 °C. The observed 

wavelength shift with temperature is presented in Fig. 3.33. Within a 

peak wavelength range (~1.6 nm), the sensor presents the ability to 

accurately and unambiguously measure 90 °C. 
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Fig. 3.33. Sensor performance towards temperature variations. 

The Fabry-Pérot cavity presents a linear response with temperature 

with a sensitivity of 12.5 pm/°C, for both setups. The sensitivity of this 

FP cavity is higher than the one of the mature fiber Bragg grating 

technology (typical sensitivity of ~10 pm/ºC), and then other MOF 

based hybrid structures. This sensitivity might be due to the symmetric 

structure of the four-bridge double-Y-shape-core MOF and the 

coupling conditions of the Fabry-Pérot cavity.  

Another interesting characteristic of this Fabry-Pérot sensing head is 

its sensitivity to polarization changes. When illuminating the Fabry-

Pérot cavity with polarized light and changing the polarization 

controller state, different interference dynamic ranges were found, as 

can be seen in Fig. 3.34. It can be observed that the polarization of the 

illumination light seems not to affect the location of the maxima and 

minima of the interferometric spectrum. As mentioned before, the 

reason stands on the fact that the periodicity of the observed 

spectrum is, to a rather large extent, determined by the optical path 

imbalance associated with the extension of MOF fiber (500 μm), 

whatever of the x or y polarization states of the illumination light. In 
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other words, the birefringence of the MOF fiber has a second order 

impact in the proposed configuration. Anyway, by careful examination 

of Fig. 3.34 it can be observed that the fringe maxima of the 

interferometer corresponding to the two polarizations coincide in the 

left side wavelength region (around 1525 nm), but some dephasing 

can be noticeable in the other end (1550 nm), a consequence of the 

different effective refractive indices (birefringence) connected with 

the two polarizations. 

 

Fig. 3.34. Output signal for different polarization states. Black line: Maximum 

polarization state; Blue line: Minimum polarization state. 

Anyhow, Fig. 3.34 also shows that the polarization of the input light 

has a noticeable effect on the visibility of the fringes of the 

interferometer, with the peak-to-peak amplitude of one fringe pattern 

being smaller compared with the other related with the orthogonal 

polarization. Observing the 4-Bridge-MOF cross section, it is clear the 

situations of vertical or horizontal polarization of the propagating light 

are not equivalent concerning losses, considering in one case the light 

wave propagates essentially in silica, while in the other situation there 



 III. Physical Sensors 
 

 141 | 362 

 

is propagation in glass and air via evanescent field, this asymmetry is 

also the source of the fiber birefringence. This feature has influence 

on the measurement dynamic range. The measurement of 

temperature is made by measuring each point (wavelength, output 

power) of the interferometric spectrum for each temperature. A 

maximum visibility of 8 dB was measured for the best polarization 

state using the OSA. However, for the worst polarization state, the 

visibility can be as lower as 3 dB. As can be seen in Fig. 3.35, the 

measured wavelength shift for best and worst polarization states only 

changes 0.4 pm/°C. This allows sensor customization, since through 

the polarization control we can optimize the output sensor properties. 

 

Fig. 3.35. Wavelength shift of the hybrid low finesse Fabry-Pérot 

interferometer with the temperature for polarization maximum and 

minimum. 

Additionally, with the intention of determining the Fabry-Pérot cavity 

sensing head output signal’s stability, the power and wavelength 

fluctuations of this cavity were measured during one hour, in time 

intervals of 2 min. Fig. 3.36 a) presents the optical power fluctuations 

and Fig. 3.36 b) the wavelength fluctuations of the Fabry-Pérot sensing 
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head using each of the setups presented in Fig. 3.31. In a time window 

of one hour, the Fabry-Pérot cavity sensing head presented maximum 

power variations of ~0.297 dB and ~0.498 dB when measured with the 

setups of Fig. 3.31 a) and b) respectively. Regarding the wavelength 

response over time, it was observed that the maximum wavelength 

variations were of ~30.4 pm and ~39.76 pm when measured with the 

setups of Fig. 3.31 a) and b) respectively. 

Fig. 3.36. Output signal’s fluctuations over time: a) power fluctuations and b) 

wavelength fluctuations. 

This FP structure but within a different sensing head, this time made 

of 570 μm of 4-Bridge-MOF, was also tested for cryogenic 

temperatures following the methodology shown in Fig. 3.22. The 

optical spectrum of the PCF-FP and its FFT are shown in Fig. 3.37.  
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Fig. 3.37. PCF- FP sensor: a) Optical spectrum and b) its FFT module. 

The FP-MOF sensor was placed next to the FBG sensor in direct 

contact with the copper cylinder as shown in Fig. 3.38. 

 

Fig. 3.38. Experimental setup with the MOF sensor next to the FBG location. 

During the experiment, the FFT phase corresponding to the spatial 

frequency located at 0.575 nm-1 was monitored though the SM125 

optical interrogator as explained at the beginning of the current 

section for the Sagnac interferometers. 

The results of the characterization of the sensor from -160°C to 0°C 

are shown in Fig. 3.39. The measured data is represented as a function 

of the temperature given by the thermocouple type K, which has a 

standard limit error of ±2.2°C. 
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Fig. 3.39. FP-MOF performance at cryogenic temperatures. FBG performance 

has been plotted simultaneously to allow comparison. 

FP-MOF sensor presents similar behavior as the FBG: from 0°C to -

100°C, a linear trend is observed; nevertheless, from -100°C to -160°C, 

the slopes of the curves are significantly reduced with an exponential 

decay, becoming almost flat at -160°C. There is a difference in the 

slope (sensitivity) of both sensors from -100°C and on, this can be due 

to the different sensing length of each sensor. The fast reduction of 

the coefficient of thermal expansion below -100°C justifies this fact, 

leading to lower sensitivities and resolutions in the measurements. 

Above -100°C the FP-MOF sensor presents a sensitivity of 0.0147π 

rad/°C   with a resolution of 1.15°C. Moreover, both sensors present 

similar time response being ~3 times faster than the Sagnac based 

sensors but much less sensitive. 

As far as we know, this is the first time that a microstructured optical 

fiber is characterized for cryogenic temperatures. 

Finally, the FP-MOF sensor was used in field measurements framed in 

the ECOAL project: Ecological Management of Coal Waste Piles in 

Combustion (2012-2015, SUDOE – Interreg IV B program). This project 
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combined geological and geosciences expertise with optoelectronic 

competences and complementary know-how in fiber optic sensing, 

ranging from fundamentals up to system development and field tests. 

Its goal was to contribute to the management of the environmental 

problems associated to the self-burning coal waste piles, involving a 

continuous assessment of their status and identification of evolution 

scenarios, looking for the implementation of corrective/preventive 

actions to minimize the impact of these natural combustion processes. 

Coal fires are related to spontaneous combustion or ignition caused by 

extrinsic factors of coal and coal-rich materials that lead to the self-

combustion process over variable periods of time (frequently over 

decades). The self-heating propensity of coal and coal-rich materials 

due to the oxidation of sulfides promotes the ignition. The self-

combustion of coal may occur in unmined coal seams, during coal 

mining operations, handling, and transportation, storage and in coal 

mining waste deposits, being responsible for significant losses of 

natural energy resources. The geological materials most frequently 

involved in coal-related fires are the coal in seams and the host rocks, 

the whole coal in storage piles, and the rejected and overburden 

material resulted from coal mining and beneficiation (containing a 

mixture of fragments of coal and host rocks). The self-combustion 

process of coal and coal-rich materials is responsible for the 

mobilization of large quantities of pollutants caused by the 

volatilization of elements present in coal and associated mineral 

matter. The environmental impacts caused by coal-related fires 

includes the emission of harmful gases and particulate matter into the 

atmosphere, mobilization and leaching of hazardous elements into soil 

and water, and the formation of solid byproducts (coal fire gas 

minerals).  
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As a consequence, the pollution of air, soils, sediments, surface and 

groundwater, and effects on human health and biodiversity occur. The 

uncontrolled release of these pollutants, namely greenhouse gases, 

volatile organic compounds, particulate matter, and toxic elements, 

represents a risk to the environment and to human health. The risk is 

even more severe when the process occurs near populated areas, 

since some of the pollutants are known to be toxic and human 

carcinogens. 

The Douro Coalfield (NW of Portugal) represents the most important 

coal-bearing deposit in Portugal with a NW–SE alignment, a variable 

width (30–250 m) and approximately 53 km in length. 

Despite the importance of mining in the Douro Coalfield, its 

exploitation and consumption inevitably impacted the environment. 

The rejects and overburdened material that resulted from the 

exploitation of the Douro Coalfield were discarded in at least 28 waste 

piles placed over the old mine sites and adjacent areas, representing a 

significant environmental impact associated with the mining activities 

in the region. Three of these waste piles, namely, S. Pedro da Cova, 

Midões, and Lomba, started burning in 2005 after ignition caused by 

forest fires, further adding to environmental concerns. The S. Pedro da 

Cova waste pile is still undergoing a self-combustion process and is 

located close to the oldest center of mining activities in S. Pedro da 

Cova and near to a population center and social infrastructure. 

Fiber optic sensing technology was selected for the build-up of the 

coal waste pile monitoring system, which has two components, one 

relative to the emission of methane (CH4), ammonia (NH3), and carbon 

dioxide (CO2) in certain points of the waste pile, and the other 

associated with distributed temperature measurement. 
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Framed in this project, a FP-4-Bridge-MOF sensor was developed, pre-

characterized, protected, installed and verified. The sensing head 

comprised a MOF cavity of ~510 μm and was protected with a ceramic 

capillary in order to protect it from mechanical impacts or preventing 

from dust or water getting in contact with the MOF sensing head. It 

showed a sensitivity of 12.3 pm/°C (preliminary laboratory 

characterization).  

The geographical layout of the deployed fiber optic sensing system is 

illustrated in Fig. 3.40. 

 

Fig. 3.40. Aerial view of S. Pedro da Cova coal waste pile (red contour), 

showing: i) region of distributed temperature measurement cable with 

approximately 1300 m (yellow line); ii) gas and temperature measurements 

spots (end of green lines); iii) optical fiber cable path to the data collection 

station (blue line). 

The FP-MOF sensor was installed inside one of the western hot-spot of 

the burning slope (Fig. 3.41 a)). In these spots were installed metallic 

tube structures with a height of ~ 1.6 m which isolated the 
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temperature sensors from the nearby coal pile material as Fig. 3.41 b) 

and c) show. The burning pattern of the coal waste pile is a dynamic 

process, quite often changing with time in a no-foreseeable way. The 

temperature could achieve up to 270°C as thermographic measured 

pointed out in Fig. 3.42. The hotspot was located 1.1 km away from 

the data collecting station where the optical interrogator and the 

controlling PC were installed. Therefore, the measurement system 

implied a remote temperature monitoring configuration. 

 

Fig. 3.41. a) General view of the burning slope of S. Pedro da Cova waste pile 

where the gaseous emissions and burnt vegetation are visible, b) the hotspot 

installation process and c) the hotspot final state. 

 

Fig. 3.42. Thermographic temperature measurement in the hotspot. 

Real time temperature measurement was performed in the western 

spot indicated in Fig. 3.40 (from 18th June to 22th June 2015). Fig. 

3.43 shows the results obtained (SM125 interrogator and the FFT 
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technique were applied to interrogate the sensor). It is visible the daily 

temperature variation, as well as the change of the average 

temperature along this period associated with small changes in the 

burning dynamics of the coal waste pile. 

 

Fig. 3.43. a) Evolution of temperature measurements during five days in the 

western hotspot of Fig. 38 and b) detail of variation along 24 hours (June 

19th/20th 2015). 

Results show good agreement with meteorological results involving 

these days (temperature increasing sunny days with maximum and 

minimum temperatures of 29 and 12°C) and as can be seen in Fig. 

3.43, temperature differences of 18°C can be observed between day 

and night periods. 

 

3.5 Conclusions 

In this section several new sensors have been presented to measure 

different physical parameters such as vibration, refractive index, strain 

and temperature. 

A new vibration sensor based on a tapered optical fiber was 

characterized. The interrogation technique is based on the generation 
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and tracking of new FFT peaks when mechanical vibration is applied to 

the microwire. A linear response, with a sensitivity of 0.0051 nm-1/Hz 

and resolution of 0.0125nm-1, has been experimentally obtained when 

this microwire was made to operate within the range of 320 Hz – 

1300Hz. 

These results have been published in [87]. 

Two strain sensors from different nature have been demonstrated. 

The first one based on a MOF fiber and using its birefringence 

behavior is reported. The interrogation of the sensing head has been 

carried out by monitoring the FFT phase variations of two of the MOF 

cavity interference frequencies. The sensor presents a linear response 

up to 450 με with sensitivity and resolution of 0.018π rad/με and 

0.262με respectively. The second sensing system is based on a Hi-Bi-3-

section-fiber loop mirror. By setting correctly the angle between the 

birefringent fibers no crosstalk is achieved between sensors. Two 

strain sensors were studied simultaneously and presented sensitivities 

of -0.128 and -0.14 π rad/mε respectively, depending on the section 

length showing no crosstalk between them. 

These results have been published in [88] and [89]. 

Finally, several temperature sensors were studied. First of all a 

microwire in an optical ring laser for temperature variations was 

studied. This sensor has been operated within a temperature range 

(30ºC-90ºC) with a maximum achieved sensitivity of 2pm/ºC and a 

resolution of 0.5ºC. Fiber laser output power and wavelength 

variations were also studied during 100 minutes at constant 

temperature (25°C) giving instabilities of 0.1dB and 0.001nm 

respectively. 
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Other well-known structures such as FBG sensors were employed to 

measure cryogenic temperatures down to -160°C and compared with 

the measures given by a type K thermocouple and distributed 

measurements of an OBR. In the same experiments, two Hi-Bi-Sagnac 

sensors were tested for the first time simultaneously in the same 

cryogenic conditions. The FBG performance was verified showing two 

different behaviors depending on the temperature: sensitivity of ~10 

pm/°C until -100°C and another one when going below this 

temperature almost non sensitive. Sagnac interferometers don´t show 

those two clearly defined and show much higher sensitivity. On the 

contrary, FBG sensors present lower response time than Sagnac based 

ones. Moreover, a study of the temperature profile in the copper 

cylinder inside the utilized cryogenic box has been performed using a 

distributed temperature sensor. It is based on a SMF fiber and an OBR, 

with a spatial resolution of 1 cm in a 70 m range. The results that were 

obtained are consistent with expectations, following the same trend as 

the other sensors, although some differences are observed when 

compared to the thermocouple temperature. 

Results have been published in [90]. 

Finally, two different 4-Bridge-MOF based sensors were presented. 

The first one is based on the multimodal interference produced in a 24 

cm long section of MOF fiber in reflection configuration. The utilized 

setup was the same than used for strain measurements. By monitoring 

the multimodal interference though the FFT phase method, linearity in 

the range 30-80°C was achieved, showing a sensitivity of -0.15π 

rad/°C, a resolution of 0.039°C and no crosstalk with strain 

measurements. 

Results have been published in [88]. 
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A short Fabry-Pérot cavity made of a ~500 μm of 4-Bridge-MOF was 

designed leading to a low-finesse cavity for temperature 

measurements ranged between -160°C and 270°C in two different 

experiments. The interrogation technique employed depends on the 

experiment: FFT phase based technique for the cryogenic 

measurements and wavelength peak monitoring through an OSA and 

OBR for the positive temperature characterization. The Fabry-Pérot 

hybrid cavity showed accurate measurement of temperature in a 240 

°C range, with a sensitivity of 12.5 pm/°C; as well as maximum power 

fluctuations of 0.297–0.498 dB and maximum wavelength fluctuations 

of 30.4–39.76 pm, in one our readings. Due to the cavity birefringent 

behavior, it presents sensitivity to polarization changes of signal. For 

cryogenic measurements another similar cavity was studied and 

compared with an FBG performance showing the same two-slope 

performance with sensitivity for temperatures above -100°C up to 0°C 

of 0.0147π rad/°C   with a resolution of 1.15°C. 

Results have been published in [58]. 

This low-finesse Fabry-Pérot MOF cavity was also used in field 

measurements framed in the SUDOE ECOAL project. Its objective was 

to remote monitor the temperature variations (1.1 km away from the 

acquisition equipment) inside a hot-spot buried in the burning slope of 

the objective area. The sensing head performed unstopped 

measurements for 5 days showing good agreement with meteorology 

data.  

These results have been published in [91]. 
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4.1 Introduction 

One of the advantages of optical sensing is based on the possibility of 

“sterile sensing”: biological samples, food, or bioreactors may be 

sensed through the walls of a (glass or plastic) container without the 

need of opening it or inserting a probe, both processes been known to 

be associated with a high risk of contamination. The design of 

chemistries for indicator-based sensing of clinical parameters is 

another active area of research. Since numerous “chemistries” for 

these species have been described but lack temporal stability, 

schemes for referencing measurements are sought. 

The same is true for the second major area of application, which is 

environmental sensing or probing (the terms sensors and sensing refer 

to continuous monitoring, while probe and probing refer to 

discontinuous or single-shot testing). 

Other major fields of applications are in industrial production 

monitoring, (bio)process control, and the automotive industry. Since 

several ion indicator chemistries and sensors for organics are unlikely 

ever to be specific, and since the presence/concentration of more 

than just one species is desired to be known, a trend can be seen that 

makes use of multiple sensors, most of them being nonspecific, but 

giving different response patterns to each species. Data evaluation 

using artificial neural networks (ANNs) is the remedy to this situation. 

Throughout this chapter, different configurations of optical fiber 

sensors for monitoring chemical parameters are presented. In section 

4.2 a refractive index sensor is presented. A pH sensor based in a TFGB 

structure is characterized in section 4.3. A volatile organic compound 

(VOC) presence sensor is presented in section 4.4 and a study of the 

microstructured optical fiber’s (MOF) parameters is performed. 
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Section 4.5 presents an optimization of the deposited thickness study 

for gas sensors. In section 4.6 a MOF based relative humidity sensor is 

characterized and an application for soil moisture is analyzed. Finally, 

Section 4.7 presents the conclusions to this chapter. 

 

4.2 Refractive Index Sensing 

Refractive index is a fundamental property of materials. Consequently, 

its accurate measurement is important in many applications. In food 

or beverage industries, the monitoring of refractive index is crucial in 

the quality control, and the development of simple and compact 

refractometers is particularly relevant. 

Optical fiber refractive index sensors are attractive, owing to their 

small size, flexibility in their design, immunity to electromagnetic 

interference, network compatibility, and the aptitude for remote and 

in situ measurements. Table 4.1 summarizes the state of the art of 

refractive index sensors  

Table 4.1. State of the art in refractive index fiber optic sensors. 

Year / Ref. Type of sensor Sensitivity / Resolution 

2005 / [1] PCF - Taper - / 1x10-5 RIU 

2007 / [2] PCF – FBG - / 6x10-6 RIU 

2007 / [3] PCF – LPG - / - 

2007 / [4] Hollow core PCF - / 2×10-6 RIU 

2008 / [5] PCF – LPG 440 nm/RIU / - 
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2008 / [6] PCF – LPG 10-7 RIU / - 

2008 / [7] PCF – LPG 1500 nm/RIU / - 

2008 / [8] PCF - Taper - / - 

2008 / [9] PCF interferometer - / 1x10-4 RIU 

2008 / [10] PCF - / 10-6 RIU 

2009 / [11] PCF - Coupler 30100 nm/RIU / - 

2009 / [12] SMF – PCF –SMF 

interferometer 

- / 2.9×10-4 RIU 

2009 / [13] Hollow core PCF - FBG 1400 nm/RIU / - 

2011 / [14] PCF – LPG - / - 

2011 / [15] SMF – PCF –SMF 

interferometer 

- / 3.4×10-5 RIU 

 2011 / [16] PCF – Four Wave Mixing 8.8x103 nm/RIU / - 

2012 / [17] PCF – multimodal 

interferometer (MMI) 

- / - 

2012 / [18] PCF- Mach-Zender - / 7.8x10-5 RIU 

 

As it was stated in Chapter 2, tilted fiber Brag grating (TFBG) structures 

are particularly suitable for surrounding environment refractive index 

variations. As mentioned before, TFBG consists of a periodic 

modulation of the refractive index of the core of an optical fiber, 
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which is angled with respect to the fiber longitudinal axis. It couples 

light propagating through the core into multiple cladding modes, each 

of them with a corresponding effective refractive index value. Thus, as 

soon as this value approaches the one of the surrounding medium, the 

cladding modes get coupled out of the fiber, producing a change in 

the grating transmitted spectrum. Although TFBGs are inherently 

highly accurate refractometers, their sensitivity can be enhanced 

through a thin metallic coating. This permits to excite a surface 

plasmon wave at the interface between the metallic film and the outer 

medium when the input light is linearly polarized in the plane of the 

grating tilt direction. 

In this section, a TFBG based refractive index sensor with a gold 

coating was developed and interrogated through two different 

techniques. These interrogations approaches intend to reduce the 

sensing system overall cost as will be discussed. 

For the fabrication of the sensor used in the experiments a 6° TFBG 

was first photo-inscribed in the core of a hydrogen-loaded 

photosensitive optical fiber (FiberCore PS-1250). The inscription was 

carried out by UV irradiation from a continuous wave (CW) frequency-

doubled Ar-laser emitting at 244 nm and finally passing through a 

phase mask with a pitch of 1070 nm, before reaching the fiber. Both 

the mask and the fiber were placed perpendicularly to the writing 

beam, but the first was rotated around the axis of the beam, in order 

to get the desired tilted pattern on the grating planes. The TFBG was 

next kept into an oven at a temperature of 85 °C for about 12 hours to 

stabilize its behavior at room temperature. Finally, a gold thin film with 

a thickness of 50 nm was deposited around the grating [1] by means of 

a sputtering process (Leica EM SCD 500). After sensor fabrication, it 

was immersed into a solution consisting of distilled water and lithium 
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chloride (LiCl) so the plasmon wave could be excited in an aqueous 

environment. 

The gold coating deposited around the optical fiber at the TFBG 

location defines a metal-dielectric interface between the metallic film 

and the solution in which the sensor was immersed. When properly 

polarized cladding modes reach this interface, a surface plasmon wave 

is excited, producing a characteristic shape on the transmitted 

spectrum. As it can be seen in Fig. 4.1 a), the surface plasmon 

resonance (SPR) mode is highlighted, while the adjacent modes on its 

left are the ones sensitive to refractive index changes in the 

surrounding medium. In this case, the most sensitive mode is the one 

illustrated in Fig. 4.1 b), which exhibits the most significant change in 

optical power. 

 

Fig. 4.1. a) Transmitted spectrum of the plasmonic TFBG sensor, b) 

wavelength shift of the most sensitive mode with respect to surrounding 

refractive index changes and c) experimental setup for the transmitted 

power-based technique. 

The basis of the first interrogation technique is to exploit this power 

change produced on the transmitted spectrum to measure the 

changes in the refractive index of the outer solution. As it is 
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schematized in Fig. 4.1 c), the setup consists of a tunable laser source 

(TLS) configured to emit at the wavelength of the most sensitive 

mode, that is radially polarized before reaching the sensor, which 

response is finally measured with an optical power meter (dBm Optics, 

Model 4100). In this way, the measured transmitted power is 

proportional to the refractive index of the medium. 

For the second technique, the same sensor is interrogated in terms of 

optical power change but some modifications are carried out in order 

to be able to perform the measurements in reflection. As shown in Fig. 

4.2, a uniform FBG is first photoinscribed just after the sensor through 

Lloyd’s mirror interferometry [20] to finely establish its central 

wavelength and match it to the one of the aforementioned mode, 

acting as an optical filter. What is obtained is thus a wavelength-gated 

[21] response composed by the reflection spectrum of the FBG that is 

partially attenuated by the most sensitive mode of the sensor. In this 

way, the surrounding refractive index changes will produce a variation 

of the optical power comprised inside the main lobe of the FBG. As in 

this case a broadband analysis is performed, a LED source (Amonics 

ALS-CL-17-B-FA) was used, together with a linear polarizer with the 

purpose described before. An optical circulator is finally used to direct 

the reflected light towards the optical power meter that will integrate 

the optical power in a wide region of the spectrum and hence will be 

able to compute the variation, obtaining refractometric 

measurements. 
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Fig. 4.2. Experimental setup of the reflected power-based technique, with 

details of the spectrum measured in three different points along the optical 

path. 

The refractive index of the solution in which the sensor was immersed 

was changed by modifying its concentration and monitored with a 

digital refractometer (Reichert AR200). Plasmonic TFBG sensors are 

usually applied to measure tiny variations in the outer medium, so the 

solution was slightly modified in such a way that its refractive index 

changed in an approximate range of 26 x 10-4 RIU. The fabricated 

sensor was tested in these conditions by both interrogation 

techniques and a comparative analysis was carried out in order to 

evaluate their relative performances. 

The sensor response with respect to each interrogation technique is 

shown in Fig. 4.3. It exhibits a linear behavior for this refractive index 

range, as it was expected due to the characteristics of these sensors. A 

quantitative analysis provides sensitivities of -2212 dB/RIU and -61 

dB/RIU and expected resolutions of 4.5 x 10-6 RIU and 1.6 x 10-4 RIU 

with the TLS and LED approaches respectively. For the first technique 
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the TLS is extremely narrow, so that the changes of power affect the 

whole region of the spectrum where the power is confined. As the 

noise level is sufficiently low, the value integrated by the power meter 

is assumed to be the optical power value of the transmitted power 

through the sensor. In addition, the cladding mode resonance not only 

suffers a power change but also a wavelength shift due to the outer 

refractive index change. As soon as this shift is produced, the laser 

begins to point to the edge of the mode, that has a severe slope, and 

hence the power changes are even higher. However, the second 

technique relies on the optical spectrum reflected by a FBG, which is 

known to have a main lobe but also lower power side lobes, also 

integrated by the power meter. As the sensor most sensitive mode 

only attenuates a portion of the main lobe, the changes in power are 

not so significant and comprise just a fraction of the total integrated 

optical power. That is why the difference between the two techniques 

in terms of sensitivity is high, although the power change produced in 

the sensitive mode is the same. 

 

Fig. 4.3. Sensitivity obtained: a) with the tunable laser source configuration 

and b) with the LED approach. 

Furthermore, there are some features worth to highlight to compare 

the two techniques. First, the TLS-based method is not able to 
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differentiate if a power change has been due to a refractive index 

alteration or to a temperature variation. Since the interrogation is 

carried out just for the most sensitive mode, if temperature changes, 

this mode will exhibit a wavelength shift that will ruin the 

refractometric measurement. However, both the Bragg mode of an 

fiber Bragg grating (FBG) and the cladding modes of a plasmonic TFBG 

sensor have the same temperature sensitivity, that being around 10 

pm/°C. For this reason, the LED-based technique can be considered to 

present a temperature-insensitive behavior. Furthermore, to protect 

the interrogation system from a possible power fluctuation arisen in 

the light source, the second method could be improved by self-

referencing techniques using a second detector [22].  

Both interrogation techniques allow to exploit the plasmonic TFBG 

based sensors for refractive index measurements showing a great 

sensitivity and reduced economical and technical complexity costs. 

 

4.3 pH Sensing 

Optical and fiber-optic pH sensors complement the glass electrodes 

for pH monitoring [23] and offer numerous advantages such as 

immunity from electrical interference, miniaturization, robustness, 

possibility of remote and real time sensing and in vivo measurements. 

Conducting polymers possess both the mechanical properties of 

polymers and the electrical properties of conductors, having a big 

potential in many technological applications. Among polymers, 

Polyaniline (PAni) is a well-known conducting polymer, which is easy to 

synthesize, shows excellent stability, biochemical compatibility [24] 

and has rapid and reversible adsorption or desorption kinetics [25]. It 

has attracted much attention in numerous sensing applications such 
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as gas detection [26-28], ascorbic acid detection [29], multi-electrode 

sensor arrays [30], coatings for quartz crystal microbalance sensors 

[31] and chemiresistors using single walled carbon nanotubes (SWNT) 

[32]. 

Among chemical sensors, pH sensors are one of the most studied 

applications. Table 4.2 summarizes some relevant pH sensors 

developed. 

Table 4.2. State of the art in pH fiber optic sensors. 

Year / Ref. Type of sensor pH range 

2006 / [33] Stainless steel-316L on MMF 3 - 8 

2010 / [34] Sol-gel on MMF 2 – 8 and 9 - 13 

2013 / [35] Graphene SPR on plastic optical 

fiber 

- 

2013 / [36] Polymer multilayer on TFBG 4.66 – 6.02 

2014 / [37] Fluorescence MMF 10 -13 

2015 / [38] Polyvinyl alcohol/polyacrylic 

acid hydrogel on PCF 

2.5 -6.5 

2016 / [39] Sol-gel on plastic clad silica fiber 3 - 11 

2017 / [40] Organic-modified 

silicate (OrMoSils) sol-gel on 

twisted MMF 

6.2 – 7.9 
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2017 / [41] Gold coated MMF-SMF-MMF 1.346 – 1.388 

2018 / [42] Hydrogel on MMF-SMF-MMF 1 -12 

 

As was mentioned before, tilted fiber Bragg grating sensors have 

proven to exhibit really interesting features when applied to chemical 

sensing [43]. Due to the main properties of this combination, PAni-

TFBG pH sensors could have applications in various domains such as 

medical smart textiles [44], bioelectrical and in vivo measurements 

[45-48], pipeline corrosion monitoring [49] or remote real-time 

multipoint for liquid solution measurements. 

In the present section, a novel pH sensor consisting on a polyaniline 

deposition on the surface of a TFBG is presented and characterized.  

The sensor centerpiece was a 1 cm long 6° TFBG photo-inscribed in 

the core of a hydrogen-loaded FiberCore PS-1250 single-mode 

photosensitive optical fiber using a frequency-doubled Ar laser 

emitting at 244 nm and a 1095 nm pitch uniform phase mask. After 

the photo-inscription process, the grating remained inside an oven at 

85 °C for 12 hours to get rid of the residual hydrogen content and 

stabilize its behavior.       

 

Fig. 4.4. Experimental setup used to interrogate the TFBGs in transmission. 
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Fig. 4.4 shows the experimental setup implemented to characterize 

the PAni-TFBG sensing heads. An FBG interrogator (NI PXIe-4844 + 

MicronOptics module) with a scanning frequency of 10Hz and a 5 pm 

resolution was employed to interrogate the TFBGs in the optical range 

1510-1590 nm. 

The cleaned TFBG was immersed in a 1 molar (M) hydrochloric acid 

solution containing 0.1 M of aniline hydrochloride and 0.1 M 

ammonium persulfate. The polymerization reaction was carried out in 

several samples for 10, 20 and 30 min at room temperature. The 

formed film was then rinsed with deionized water and treated with 0.1 

M hydrochloric acid before it was used for pH measurement. 

Fig. 4.5 a) displays the transmitted amplitude spectrum of an uncoated 

TFBG (blue curve) and after 20 minutes of PAni deposition (red curve). 

The PAni coating modifies (rises) the external refractive index of the 

TFBG leading to a higher number of resonant cladding modes coupled 

to the external medium and inducing a wavelength shift and an 

amplitude variation on the remaining cladding guided ones. These 

refractive index modifications, and therefore the sensitivity of the 

sensing head, directly depend on the deposition thickness. The 

exceptional features provided by the TFBG enable direct interaction 

between the cladding coupled light and the bounding medium, 

without the need for any additional processing treatment. 
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Fig. 4.5. a) Transmitted amplitude spectrum of the TFBG before and after the 

PAni deposition and b) wavelength shift of the most sensitive TFBG cladding 

mode resonance during the PAni deposition. 

A study of the saturation time in terms of wavelength shift was carried 

out and the obtained results are shown in Fig. 4.5 b). In order to 

investigate the sensing performances, two TFBGs were immersed 

simultaneously in the PAni precursor solution. For each sensor, the 

wavelength shift of one of their most sensitive cladding mode 

resonances was monitored during the deposition process. In both 

cases, a saturation of the evolution was obtained for a deposition time 

of around 20 minutes. Above this deposition time, the PAni coating 

continued growing but due to the penetration depth of the TFBG 

cladding modes, no difference could be noticed. Attending to the 

morphology of the PAni layer, its thickness increases with the 

deposition time forming a homogeneous film around the optical fiber 

up to 30 minutes. Beyond this turning point the film is no longer 

homogeneous, generating “big spots” of PAni around the TFBG that 

peel off from the fiber when they become too big, creating “holes” on 

the thin film. It was observed that the sensor sensitivity increased with 

the deposition time but meanwhile undesirable effects arised 

dramatically such as hysteresis and response time. 
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For a 20 minutes deposition, at the limit of the saturation time, the 

PAni coating on the TFBG had a thickness of about 5 µm and exhibited 

a uniform distribution around the entire TFBG. Fig. 4.6 shows the SEM 

pictures of the coating surface at this stage with two magnifications 

and Fig. 4.7 presents the results of the surface roughness 

characterization with by means of a profilometer. These figures show 

that the deposition is quite homogenous although there are some 

bigger aggregates on the surface. At high magnification, a classical 

cauliflower structure is observed, being the typical size of the clusters 

about 200 nm. The roughness profile of the deposit shows a uniform 

layer (roughness of the order of 0.1 µm) with some aggregates 

confirming the SEM observations. 

 

Fig. 4.6. SEM pictures of the PAni: a) 50 µm scale and b) 500nm scale. 
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Fig. 4.7. Roughness profile of the surface of the PAni layer. 

The pH sensing heads were immersed into a NaCl solution at a 

constant temperature of 20 ºC in order to perform controlled pH 

variations. HCl and NaOH were added to the NaCl solution to move 

towards acidic or basic aqueous solutions, respectively. The refractive 

index of the NaCl target solution was continuously monitored through 

a digital refractometer (Reichert AR200) with a resolution of 10-4 

refractive index units (RIU). These modifications were always tracked 

in terms of refractive index to avoid crosstalk between refractive index 

and pH measurements, assuring that the refractive index of the NaCl 

solution remained always constant and verifying that the sensor 

response results from pH variations. Likewise, the pH value of the 

solution was tracked through a digital pH meter (Lab 850 Schott 

Instruments) with a resolution of 10-3 pH units.  

pH variations induce a refractive index variation of the PAni coating 

and consequently a variation on the effective refractive index of the 

TFBG cladding mode resonances. This variation changes the 

penetration of the TFBG resonant cladding modes and are reflected on 

the TFBG spectrum, leading to a wavelength shift of these cladding 

mode resonances as described by Eq. (1). Where 𝜆cladding is the 

resonance wavelength, ΛPM is the period of the interference pattern 

that is used to create the grating, θ is the tilt angle of the grating 
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planes relative to the plane of the fiber cross section, neff,core is the 

effective index of the core-guided mode at the wavelength where the 

resonance is observed  and neff,clad,i is the effective refractive index of 

the mode i, that is the only parameter that changes as a function of 

the surrounding refractive index. 

𝜆𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔,𝑖 = (𝑛𝑒𝑓𝑓,𝑐𝑜𝑟𝑒 + 𝑛𝑒𝑓𝑓,𝑐𝑙𝑎𝑑𝑑,𝑖)
𝛬𝑃𝑀

2 cos 𝜃
        (1) 

Increasing pH is reflected by a decrease of the refractive index of the 

PAni coating and therefore in a wavelength shift of the cladding mode 

resonance towards lower wavelength values. Oppositely, decreasing 

pH leads to a wavelength shift towards higher wavelength values since 

the refractive index of the PAni coating increases. Fig. 4.8 illustrates 

the wavelength response of one of these cladding modes resonances 

with increasing pH for a sensor with a PAni thickness of 5 µm. 

 

Fig. 4.8. Wavelength shift with increasing pH of a sensor with 5 µm of PAni 

thickness. 
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To test the performance of the sensing head with respect to pH 

variations, several sensors were developed with different thicknesses 

and tested in pairs. The sensitive layers that were tested had 

thicknesses of 17 µm, 5 µm and 2 µm, each of them corresponding to 

a different stage of deposition: after the wavelength shift saturates, in 

the limit of saturation and when the wavelength shift is being 

produced, respectively. All the presented results were taken after 3 

complete pH cycles (up and down between 2 and 12 pH) to ensure the 

stabilization of the sensitive PAni layer. 

 

Fig. 4.9. Response to pH evolution of the sensors coated with a) 17μm, b) 5 

μm and c) 2μm of PAni respectively. 

The aim of the first tests was to study the result of increasing the 

deposition time above the saturation point to check if the sensor 

features in terms of sensitivity and hysteresis change with regard to 
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those achieved with a sensor whose deposition was stopped at the 

saturation point. As seen in Fig. 4.9 a), sensors have a sensitivity of 82 

pm/pH and an error due to the hysteresis of ±2.91 pH what makes the 

sensor unsuitable for almost any practical application. 

The response of the sensors with PAni thickness of 5 µm is shown in 

Fig. 4.9 b). In this case, the deposition was halted as soon as the 

resonances stop shifting during the film synthesis. As can be 

concluded from Fig. 4.9 b), these sensors present a sensitivity of 40 

pm/pH and an error due to the hysteresis effect of ±1.14 pH. 

Compared to the previous sensors, they present lower sensitivity but a 

hysteresis that makes them suitable for some industrial applications. 

Finally, the last sensors layers were fabricated with a thickness of 2 

µm, wich is close to the thinnest deposition limit. The results exhibited 

by these sensors can be found in Fig. 4.9 c). As can be noticed, they 

present a sensitivity of 30 pm/pH and a hysteresis of ±0.64 pH. As 

mentioned before, the sensitivity has slightly decreased but the 

hysteresis has been reduced almost in a factor of 2 with respect to the 

sensors with 5 µm coating thickness. The reduction of the hysteresis is 

explained by the faster diffusion in the thinner films [50]. Indeed, as 

shown in Fig. 4.6, the films are not very porous and the diffusion is 

slow. It is worth mentioning that the PAni coating was not uniform at 

all for thicknesses lower than 2 µm, leaving big areas of the TFBG 

uncovered. Therefore, sensors coated with thinner films result 

unsuitable for pH measurement. 
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Table 4.3. Summary of pH sensing features for PAni-coated TFBGs 

PAni thickness (µm) Sensitivity (pm/pH) Error due to 
hysteresis 

17 82 ±2.91 

5 40 ±1.14 

2 30 ±0.64 

 

As a summary, the results of the 3 types of thickness configurations 

are presented in Table 4.3. It can be noticed that a direct relation 

between the sensor sensitivity and its hysteresis exists, which leads to 

a compromise when choosing the proper film thickness during dip 

coating. According to the experiments, PAni-TFBG-based sensors are 

replicable (a high degree of similarity was indeed achieved between 

different sensors) and present a good long-term stability. 

Additionally, a sensor with a PAni thickness of 5 µm was chosen to 

perform a temperature study in order to evaluate the performance of 

the sensitive layer, focusing on the hysteresis of the measurements. As 

previously reported [38], the optical spectrum of a TFBG is not 

temperature independent. A TFBG can be seen as a particular case of 

a FBG, so the main properties are similar, such as its typical 

temperature sensitivity of roughly 10 pm/°C. All the TFBG spectrum 

shifts with temperature, and as seen, the cladding resonance modes 

also shift with pH variations, but 𝜆B (the core mode, also known as 

Bragg wavelength) does not. As the resonant mode reflected at 𝜆B is 

not coupled into the cladding (it is directly reflected confined in the 

fiber core), it is not affected by the variations of the effective 

refractive index of the surrounding medium and therefore it is 

insensitive to external perturbations. Therefore, by tracking 𝜆B it is 



 IV. Chemical Sensors 

 185 | 362 

 

possible to monitor continuously the temperature of the sensor and, if 

necessary, to compensate the induced wavelength shift. As a 

consequence of this particular property, a TFBG can be seen as a 

temperature independent sensing structure. 

However, the hysteresis effect is directly affected by temperature 

while sensitivity remains unaffected. Temperature tests were carried 

out for 20 °C, 30 °C, 40 °C and 50 °C, showing a comparison between 

just the results corresponding to 20 °C and 50 °C in Fig. 4.10 to ease 

the visualization of the differences. As can be seen, a reduction of the 

hysteresis effect is observed when temperature rises. This decrease of 

hysteresis is linear with temperature, giving results of 2.53 pH 

hysteresis for the sensor at 20 °C, 2.38 pH at 30 °C, 2.21 pH at 40 °C 

and 2.04 pH at 50 °C. 

 

Fig. 4.10. Temperature effect on pH-sensing with 5 µm PAni-coated TFBGs. 

Another important feature for pH sensors is the response and 

stabilization times of measurements. The second can be defined as the 

time taken by the sensor to achieve the 90% of the final relative value. 

For a 5 µm thick PAni film, the stabilization results of the sensor are 

presented in Fig. 4.11. Measurements were performed between 4.8 
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and 6 pH giving a T1 of 29 seconds for the decreasing measurement 

(from 6 to 4.8 pH) and a T2 of 67 seconds for the increasing one (from 

4.8 to 6 pH).  

 

 

Fig. 4.11. Stabilization time of the sensor response (5 µm of PAni thickness) 

for increasing and decreasing pH measurements. 

This difference on the increasing or decreasing measurement is due to 

the pH working range. Measurements performed in different regions 

are summarized in Table 4.4. Measurements for pH values 

approaching 7 take longer time to stabilize due to the sensor 

maximum sensitivity achieved in this region: very small pH variations 

cause high variations in the wavelength measured and thus high 

stabilization periods. All these results correspond to the theoretical 

performance behavior of the PAni sensitive layer to pH variations 

depending on the pH working region. The region between 4.8 and 6 

was studied in order to have the stabilization times characterized in 

the pH region of the adult human skin. 
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Table 4.4. Response time summary. 

Initial pH  Final pH  Sensor 
stabilization time 

(seconds) 

pHmeter 
stabilization 

time (seconds) 

2.5 3.5 15 31 

3.5 2.5 8 17 

4.8 6 67 84 

6 4.8 29 41 

9.2 10.2 16 33 

10.2 9.2 26 57 

 

With regard to the response time, the sensor was compared to the 

digital pHmeter used as a reference. The results of this study brought 

to light the fast response time of the sensor compared to the 

electronic device, the latter usually taking more than twice the PAni 

sensor´s time to obtain a valid measurement. 

The sensor is temperature independent and biochemical compatible 

which make it suitable for new medical smart structures, pipeline 

corrosion monitoring or remote long-distance real-time multipoint 

measurements. 
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4.4 VOCs Sensing 

The development of applications based on the detection and 

identification of Volatile Organic Compounds, individually or in 

complex mixtures, has experienced a considerable growth due to the 

relevance of the different applications where they are involved. One of 

the most relevant is related to their toxicity for humans and the 

hazard that they suppose for the environment, among other reasons 

[51–57]. In order to achieve it, sensors with a high sensitivity to 

diverse VOCs are required because of the concentrations registered in 

certain scenarios are very low, in the range of ppm and even ppb [58, 

59]. 

Electronic technology has been proposed as a solution to developed 

sensors that could detect different VOCs but it shows some drawbacks 

such as vulnerability to biasing influence, short circuit or corrosion 

resistance, just to mention a few. Therefore, its utilization non-

practical in certain environments such as places with explosion risk, 

with high humidity/temperature relative values or with high 

electromagnetic noise. 

Optical fiber sensors are a good alternative to detect and identify 

VOCs, for example, ethanol. A high number of ethanol incidents occur 

per year and they can impact the air quality and lead to a safety 

hazard. Scientific research on ethanol sensors has made considerable 

progress in the last years as shown in Table 4.5. 
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Table 4.5. State of the art in VOCs fiber optic sensors. 

Year / Ref. Target Type Resolution 

2010 / [60] Methanol, 

1-propanol, 

2-propanol, 

acetone 

Poly(dimethylsiloxane) 

(PDMS)-coated fiber 

Bragg grating 

1.63 x 10-3 

nm/% 

(sensitivity) 

2010 / [61] Toluene, 

benzene 

Calixarene coated LPG 231 ppmv 

2011 / [62] Acetone Graphene on polymer 

fiber (POF) 

44 ppm 

2011 / [63] Methanol, 

ethanol 

Polypyrrole on POF 1 ppm 

2012 / [64] Ammonia, 

methanol, 

ethanol 

Single-walled carbon 

nanotubes on two-

layer poly-methyl 

methacrylate fiber 

9 ppm 

2013 / [65] Benzene Nile red and 

polyvinylpyrrolidone 

on a side-polished 

single-mode fiber 

10  ppb 

 

2015 / [66] Ethanol Carbon nanotube 

coating on multimode 

taper 

0.8 % 
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2016 / [67] Toluene Graphene on side-

polished fiber 

79 ppm 

2016 / [68] Ethanol,    

2-propanol 

PDMS on Fabry-Pérot 

and Sagnac 

interferometers 

22 ppm 

2017 / [69] Chloroform

, benzene, 

toluene, 

acetone 

Calixarene on LPG 100 ppm 

2018 / [70] Chloroform Poly(methyl 

methacrylate) (PMMA) 

on nanofiber 

48 ppm 

 

The synergy resulting from the combination of suspended core MOF 

used to implement FP cavities together with metallic oxides is clear. 

One of the key factors is the geometry of the MOF section as it 

determines the coupling to the evanescent field, and therefore, the 

interaction with the sensing material [71].   

Considering this context, a study of distinct suspended core MOFs 

geometries in order to beat the results reported previously in terms of 

sensor kinetics and sensitivity was carried out. 

Involving VOCs measurements, in this section, three different sensors 

were fabricated by splicing a single mode fiber to ∿1mm segment of a 

new rectangular-shape core suspended core MOFs to prepare Low-

finesse Fabry Pérot interferometers: each one shows distinct 

geometries in terms of silica bridges and core. The suspended core 

MOF fibers were fabricated using the stack and draw process [72]. 
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Three different MOFs were employed: MOF-1, MOF-2 and MOF-3 as 

depicted in Chapter II, section 2.2. 

 

Fig. 4.12. a) MOF-1, b) MOF-2 and c) MOF-3 cross section. 

Theoretically, when the fiber suspended core is smaller, the 

interaction of the evanescent field with the surrounding external 

medium is stronger because the modes travel along the fiber are less 

confined; on the other hand, although this structure magnifies this 

effect, the propagated optical power is lower when the core effective 

area is reduced. Therefore, there is a trade-off between evanescent 

field interaction and optical power transmitted.    

With the purpose to study the effect of the suspended core geometry 

on the signal coupling into the evanescent fields, mode field 

distributions were simulated for the three types of fiber by the Finite 

Element Method (FEM). Each single structure was designed and 

computed with COMSOL © Multiphysics software and evaluated with 

COMSOL © Wave Optics Module. For all the simulations, silica 

refractive index was set at 1.444 and air holes one at 1. All modes are 

excited by a Gaussian beam with the same amplitude for all of them. 

The dimensions of the Gaussian beam are the corresponding to the 

mode of a SMF fiber. Analogously to a SMF optical fiber, LP01 is the 

lowest order propagated mode with the highest effective refractive 



 IV. Chemical Sensors 

 192 | 362 

 

index and which presents [73], in a symmetric SMF, a quasi-Gaussian 

optical power profile with a maximum in its center. 

Fig. 4.13 shows the LP01 mode propagated through fiber MOF-1. Due 

to the reduced dimensions of MOF-1’s core, on the one hand, low 

optical power is guided in the core showing maxima values of 50 V/m. 

On the other hand, this optical power is very low confined, showing an 

evanescent field outside the core reaching values of 38 V/m. LP01 

mode presents an effective refractive index of 1.344. 

 

Fig. 4.13. LP01 mode for fiber MOF-1. 

Likewise, the fundamental mode field distribution was simulated for 

fiber MOF-2 as Fig. 4.14 illustrates. As it can be noticed, this particular 

fiber with its core presents bigger dimensions in comparison with 

MOF-1 and therefore, the optical power is higher (reaching maximums 

of 340 V/m) and it is also more confined in the core. Although 

theoretically the evanescent field should be weaker in MOF-2 than in 

MOF-1, due to this important difference in the guided optical power, a 

stronger evanescent field (100 V/m) is observed outside the core. The 

LP01 effective refractive index is higher in MOF-2 (1.418) than in MOF-

1 because the silica core dimensions increase. 
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Fig. 4.14. LP01 mode for fiber MOF-2. 

Finally, LP01 mode field distributions for MOF-3 are displayed in Fig. 

4.15. This fiber presents almost similar dimensions as MOF-2 but it 

includes a small hole of 761nm of diameter, located in the center of 

the silica core. This air hole produces a more convenient distribution 

of the guided optical power for sensing purposes, despite a reduction 

in the peak powers (maximum of 63 V/m), but a high loss of field 

confinement. An effective index decrease (1.394) can be noticed in 

relation to MOF-2. Thus this air hole inside the core produces a 

reduction of the overall effective refractive index. 

 

 

Fig. 4.15. LP01 mode for fiber MOF-3. 
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Based on these simulations, the interaction between the evanescent 

field of the guided light along the MOF and a material deposited onto 

the walls as well as on the top of the MOF is possible if a suitable 

thickness of this material is deposited [58]. This optimal thickness 

needs to be in the same range of nanometers that the depth 

penetration of the evanescent field of the different MOFs. 

The sensing material selected was ITO. This metal oxide has high gas 

sensitivity as a consequence of the chemical reactions with organic 

vapors [74]. Another particular property of this materials is that they 

have a low selectivity towards VOCs [75]. This feature can be very 

useful if the sensor is included in a sensor array because it allows, with 

the use of post-processing techniques, the identification and the 

detection of VOCs complex mixtures, among other additional 

parameters such as temperature or humidity [76]. Those techniques 

may consist of principal component analysis (PCA) [77, 78], artificial 

neuronal networks [79] making more selective the sensing layer using 

other metals or additives [80]. Furthermore, thanks to the high 

sensitivity of ITO towards VOCs and the optimization of it that this 

paper proposes, it is possible to detect VOCs in small concentrations 

that range from ppm down to ppb [81]. 

Another important factor to be considered is that most of electronic 

devices based on metallic oxides need to work at temperatures higher 

than 150°C to obtain a proper sensitivity [82, 83] but this work 

proposes to perform the study at room temperature (25°C). At this 

temperature, the interaction between the ITO thin film and ethanol is 

due to two principle mechanisms of interaction: chemisorption and 

the oxidation/reduction reactions due to the presence of external 

agents that produces conductivity changes, as it was explained in [84, 

85]. Both mechanisms are transduced to a phase shift between the 

modes traveling through the core and the ones that are coupled to the 
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evanescent field: in this manner spectral shifts in the interferometric 

pattern can be used to characterize the sensor response. 

To prepare the different sensors, an ITO thin film was deposited onto 

the head and into the walls of the MOF using the sputtering machine 

mentioned in the previous section (Pulsed DC sputtering System, 

Nadetech Innovations). The configuration parameters were a partial 

pressure of argon of 5x10-2 mb, a current of 160 mA and a voltage of 

190 V for 10 minutes. The distance between the target of ITO and the 

head of the sensor was set at 5 cm. The MOFs sensors were placed 

into the sputtering machine as perpendicular as possible to the ITO 

target in order to obtain a homogeneous ITO thin film. The sputtering 

machine allows the final thin film thickness to be controlled with a 

high accuracy and consequently, this technique it is considered a 

reproducible process [84]. The construction parameters were the 

same for the three fibers, so that for a certain sputtering time, the 

final thickness was assumed to be similar in the three cases. Following 

these considerations, the film deposited onto MOF-3 was determined 

from images captured by a Scanning Electron Microscope: Fig. 4.16 a) 

shows the MOF-3 nanofilm thickness obtained with 10 minutes is 500 

nm ± 30 nm. The tolerance in the film thickness is produced by the 

error when placing the fiber perpendicularly to the target: its value is 

below 10%, so that it does not produce a remarkable effect on the 

sensor features. 
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Fig. 4.16. a) ITO nanofilm thickness measured for the MOF-3 using the SEM 

after 10 minutes of construction and b) experimental setup used to control 

the construction process and the amplitude of the output optical power of 

the MOFs signals. 

Fig. 4.16 b) shows the set up used during the construction process. It 

consists of a commercial optical interrogator of fiber optic sensors 

(Smartec SM 125, described in Chapter II) and the sputtering machine 

that was described above.  The optical interrogator was used to 

illuminate the MOFs and to record their reflected optical powers; at 

the same time, their signals were processed with a computer and the 

commercial software Matlab. Thanks to this set up it was possible to 

control that the amplitudes of the reflected optical power from the 

sensors were high enough to apply the FFT and, in this manner, 

characterize the sensor response. 

At this point, it is important to mention that all sensors used in this 

paper are sensitive to temperature as all of them were made of a 

MOF–FP cavity. Because of this reason, if the temperature varies 

during the exposure of the MOF sensors towards ethanol, it is 

necessary to use another sensor as a temperature reference in order 

to avoid the temperature crosstalk and its influence on the final sensor 
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sensitivity. Fig. 4.17 shows the temperature characterization curves 

for the three sensors after the deposition process. Their sensitivities, 

when they were exposed towards temperature from 25 °C to 65 °C, 

were: MOF-1: 9.025 pm/°C; MOF-2: 10.1 pm/°C; MOF-3: 12.05 pm/°C. 

 

Fig. 4.17. Characterization curves of the three different MOF sensors when 

they were exposed to temperatures from 25 °C to 65 °C. 

The set up proposed to carry out the VOCs measurements (Fig. 4.18) 

was also an in-reflection one using the same commercial optical 

interrogator. It was used both to illuminate the MOFs as well as to 

analyze the sensor responses; in this manner, it is possible to 

simultaneously measure the response of the three different sensors 

when they are exposed to VOCs. 
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Fig. 4.18. Experimental setup used to analyze the response of the sensors 

towards saturated atmospheres of ethanol. 

As mentioned in previous sections, the sensors were characterized 

using the Fast Fourier Transform (FFT) [85] as it has been described in 

Chapter II, section 2.5.2. The distance between peaks in the 

interference pattern is very small (a few nanometers) and this fact 

makes it very difficult to use traditional techniques based on following 

the shift of remarkable points of the interferometric spectral 

response, such as a transmission valley.  
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Fig. 4.19. a) Optical spectrum of MOFs and b) their FFTs after ITO deposition. 

In both figures, the vertical left axel is applied for MOF-1 and the right axel for 

MOF-2 and MOF-3. 

To study and verify the fibers performance as optical waveguides and 

the effect of the ITO thin film in their behaviors, new field simulations 

were performed taking this new material into account. The complex 

refractive index of ITO thin film was measured using an ellipsometer 

(UVISEL 2) and the result was 1.81103 + j0.051964 at 1550 nm. 

For these new simulations, symmetric and homogeneous structures as 

well as thin films were designed in order to achieve symmetric 

distributions of the LP01 fundamental mode. Asymmetries both in the 

silica structure and in the ITO thin film lead to asymmetric mode field 

distributions depending on the ITO thin film thickness in each region of 

the studied fiber. 
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Fig. 4.20. Mode field distribution for MOF-1 with ITO thin film. LP01 and LP11 

are present simultaneously in each polarization 

Fig. 4.20 illustrates the new optical field mode distribution of MOF-1 

with a theoretically homogeneous ITO thin film of 500 nm. As can be 

directly inferred from Fig. 4.19, the waveguide properties have been 

highly modified: now the light is no more guided by the silica structure 

but by the ITO thin film, becoming a one-layer antiresonant reflecting 

optical waveguide (ARROW) waveguide [86]. In addition to this, Fig. 

4.20 indicates that not only the fundamental LP01 (symmetric) mode is 

being propagated through the fiber in the showed particular cases but 

also the LP11 (asymmetric) mode. As expected in ARROW structures, 

LP01 and LP11 can have very similar effective indices [87] and appear 

simultaneously interfering one with the other. As it can be noticed, the 

effective refractive index of the propagated modes has been 

significantly increased as expected due to the higher refractive index 

of the ITO waveguide thin film. Moreover, the optical power of the 

guided modes has also been increased up to values of 147 V/m with 

evanescent fields of 70 V/m. This guided through the ITO thin film 

optical power is a result of the evanescent field of the MOF-1 fiber 

without ITO thin film that couples into the thin film and is being 

propagated along the new guiding structure. 
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Fig. 4.21. Mode field distribution for MOF-2 with ITO thin film. LP01 and LP11 

are present simultaneously in each polarization 

MOF-2 presents higher propagated optical power than MOF-1 (up to 

181 V/m) as shown in Fig. 4.21. This is due to the higher evanescent 

field of the original MOF-2 despite the fact of its bigger core 

dimensions. MOF-2 presents evanescent fields close to 90 V/m. It 

must be remarked, that in the particular case of MOF-2, the 

propagated optical power through the ITO thin film is lower than the 

original one (without ITO thin film). This is a result of the significant 

guiding effective area decrease: 3.1 μm by 4.4 μm (SiO2 core) for MOF-

2 without ITO and 0.5 μm by 3 μm for MOF-2 with ITO (ITO layer 

becomes the guiding ARROW layer). 
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Fig. 4.22. Mode field distribution for MOF-3 with ITO thin film. LP01 and LP11 

are present simultaneously in each polarization 

Finally, MOF-3 presents the highest propagated optical power values 

(up to 340 V/m) and also the most powerful evanescent field reaching 

values of 200 V/m as Fig. 4.22 illustrates. In this case, the low 

confinement of the optical power in the original MOF-3 (due to the air 

hole inside the silica core) allows higher optical power values to be 

coupled into the ITO thin film waveguide. 

In order to simplify the data obtained in every simulation, Table 4.6 

shows the maximum values of coupled optical power and evanescent 

field obtained for the different MOF structures with and without ITO 

thin film deposited. It is important to clarify that the optical power 

coupled to the ITO thin films does not only depend on the evanescent 

field of the MOF structures without ITO, but also on the part of optic 

power that this structure can be coupled to the ITO thin film which is 

inversely related to the MOF structure confinement. 
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Table 4.6. Maximum values of confined optic power and evanescent field 

obtained for the different microstructured optical fiber (MOF) sensors with 

and without indium tin oxide (ITO) thin film deposited. 

  MAXIMUM 

OPTICAL 

FIELD 

(V/M) 

MAXIMUM 

EVANESCENT 

FIELD (V/M) 

MOF-1 WITHOUT 

ITO 

50 38 

WITH ITO 147 70 

MOF-2 WITHOUT 

ITO 

340 100 

WITH ITO 181 90 

MOF-3 WITHOUT 

ITO 

63 40 

WITH ITO 340 200 

 

Based on this, when ITO thin film is deposited, MOF-3 is the structure 

with the best conditions to develop the final ethanol sensor due to the 

hole effects; this hole causes the light to travel in a less confined 

manner making it possible to couple more optical power into the ITO 

thin film in comparison with MOF-2 (see the values of MOF-2 and 

MOF-3, before and after ITO deposition). According with this fact, the 

value of MOF-3 evanescent field is also increased and in this manner, 

the sensitivity towards ethanol should also increase. 
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With the aim to confirm the ideas that are derived of the previous 

study, all sensors were exposed to saturated atmospheres of ethanol 

as it can be observed in Fig. 4.23; the three sensors showed different 

FFT phase spectral shift responses. In the first case, MOF-1 showed a 

maximum variation of 0.685 radians, which implies the lowest 

sensitivity among the sensors. As it was previously mentioned, it is a 

consequence of the dimensions of the core; it has an original low 

evanescent field power which makes difficult to couple light into the 

ITO thin film. Sensors fabricated with MOF-2 and MOF-3, with bigger 

cores, showed higher sensitivities. Although the external dimensions 

of the cores of these last fibers are similar, the maxima phase shift 

obtained for MOF-3 (5 radians) is five times greater than the maxima 

phase shift obtained for MOF-2 (1 radian). This result is in accordance 

with the results of the previous study and reinforces the idea that the 

increment in the sensor sensitivity is produced by the effect of the 

MOF-3´s core hole. This hole causes that the light travels less confined 

along the core (in comparison with MOF-2) and the evanescent field 

power is higher. Thanks to this fact, when this power is coupled to ITO 

thin film, the penetration depth of this new evanescent field is higher 

and consequently, its interaction with the ethanol. Furthermore, the 

sensors’ response was repetitive and the sensors always reached the 

baseline in a short period of time (below 100 seconds) after every 

exposure to ethanol. 
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Fig. 4.23. Phase responses of the three sensors for saturated atmospheres of 

ethanol. 

It can be inferred that the geometry of the core and its dimensions 

play an important role in the sensitivity of the MOF-sensors, so it is 

crucial its proper design and optimization. Moreover, ITO based MOF 

sensors are demonstrated for ethanol measurements. Taking into 

account, the ITO film thickness is to be optimized in future works to 

obtain enhanced sensitivities; furthermore, the study can be extended 

to other metallic oxides in order to implement a multi sensor array. 

4.5 Gas Sensing 

The development of the society and the industry causes that activities 

as driving cars, make fires, the utilization of pesticides or fertilizer and 

fossil fuel combustions among others, produce the emission of a high 

number of gases to the atmosphere [88–90]. These gases could be 

hazardous to human health or environments due to their toxicity and 

they have an associated risk to the ecosystem. For this reason, the 
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detection of gas molecules such as NO2, NH3, NO or CO is receiving 

much attention in the last years [91, 92].    

Ammonia gas (NH3) is one of them. There are three major classes of 

ammonia sources and two of them are by a natural process called 

nitrification. The first way of nitrification is the atmospheric deposition 

(it is due to the direct deposition of ammonium and nitrate salts to the 

soil, by means of the addition of these particles in form of dissolved 

dust or in rain water using, for example, fertilizers) [93]; the second 

one is the bacterial nitrogen fixation [94]. The last ammonia source, 

independent of the nitrification, is the combustion due to chemical 

industry or motor vehicles [95]; ammonia is produced by the chemical 

industry for the production of fertilizers and for the use in 

refrigeration systems. As it can be observed, the most of the ammonia 

in the atmosphere is emitted directly or indirectly by human activity 

and in the last years, the ammonia emissions have been augmented 

reaching high and worrying levels [96]. For this reason, it is necessary 

to develop ammonia gas sensors with the best sensitivity possible in 

order to prevent all living beings from the exposition to these 

hazardous levels.   

The applications areas of ammonia sensors are very wide and the 

concentrations of ammonia in these areas vary from parts per million 

(ppm) [97] to ultra-low concentrations (less than parts per billion 

(ppb)) [98] making very attractive the commercialization of this type of 

sensors. Farming areas or chemical industry [99–101] are potential 

zones due to the utilization of pesticides, fertilizer or chemical process 

which could generate ammonia. Also, the automotive industry and the 

city governments are very interested in measuring atmospheric 

pollution because of the increment in the number of vehicles sold 

[102]; this increment causes that the pollution could reach levels 

which are risky for the environment and for the health of the citizen. 
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In order to prevent this situation, ammonia gas sensors have to be 

installed in these areas. Finally, another field which ammonia gas is 

demanded is medical applications. For example, the medical 

community considers very interesting the detection of ammonia in 

exhaled air because it can be used for the diagnosis of certain diseases 

like ulcers [103–105]. 

Every application mentioned above needs to detect with high accuracy 

the level of ammonia that they are measuring in a certain moment; in 

other words, it is necessary to develop ammonia gas sensors robust, 

stable and with high sensitivities. Table 4.7 shows a summary of the 

developed works in ammonia sensors during the last years. 

Table 4.7. State of the art in ammonia fiber optic sensors. 

YEAR / REF. TYPE RESOLUTION 

2010 / [106] ZnO coated side-polished fiber 50 ppm 

2011 / [107] ZnO coated multimode plastic 

fiber 

13 ppm 

2012 / [108]  ITO and polyaniline on a plastic 

side-polished fiber 

10 ppm 

2012 / [109] Poly(diallyldimethylammonium 

chloride) (PDDA) and SiO2 

nanospheres coated LPG 

140 ppb 

2014 / [110] Poly(methyl methacrylate), 

reduced graphene oxide 

coated side-polished fiber 

10 ppm 
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2014 / [111]  CeO2 coated plastic optical 

fiber 

8 ppm 

2015 / [112] Silver nanoparticles coated 

plastic optical fiber 

5 ppm 

2016 / [113] Poly(diallyldimethyammonium 

chloride) coated LPG 

0.67 ppm 

2017 / [114] Titanium dioxide coated taper 0.1 ppm 

2017 / [115] Platinumm (Pt)-

nanoparticleincorporated 

graphene oxide (GO) coated 

taper 

1 ppm 

 

In the bibliography, metal-oxides have been used in the development 

and manufacturing of gas sensors, mostly based on SnO2 and ITO 

[116–118]. Sensors based on SnO2 or ITO are rugged, cheap and they 

can work in harsh environments such as, explosive zones or places 

with high temperature or humidity.  Regarding to the PCF, and more 

concretely the case of microstructured fiber core (MOF), they have 

several attractive advantages if the goal is developed gas sensors; the 

structure of the fiber and the dimensions of holes and core fiber [119–

122] can be customized. Thanks to this facts, materials (as metal-

oxides) can be deposited inside these holes as well as on the tip of the 

fiber allowing that the molecules of the gases can also penetrate into 

these holes improving, in this manner, the interaction between them 

and consequently, the sensitivity of the final sensor.   
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In this section, a NH3 gas sensor was developed and a detailed study of 

the parameters that directly concern on the sensitivity results was 

carried out. 

Metallic-oxides have been used in several papers with the aim to 

develop gas sensors with very good results. The reasons why these 

materials are used for the development of gas sensors are for example 

that due to its nature, they are thermally robust, rugged and 

inexpensive; their properties are not affected by aging and they have a 

good resistance to chemical degradation just to mention a few. The 

two most used metallic-oxides in the bibliography to develop fiber 

optic gas sensors are SnO2 and ITO. This is because SnO2 is a n-type 

material (give electrons), has a high adsorption capacity and it has 

highly chemical and thermal stability in air; ITO also presents these 

properties because it is a mixture of indium oxide (In2O3) and tin oxide 

(SnO2) with this percentage: In2O3 (wt%) - SnO2 (wt%) = 90:10). These 

characteristics aim to study their feasibility as ammonia gas sensor. 

In order to explain the mechanism of interaction between gases and 

metallic-oxides, many models have been proposed. Currently, it is well 

established that this mechanism is based on the principle of 

conductance change due to the chemisorption of gas molecules to the 

sensing layer [123, 124]. Metallic-oxide films consist of a large number 

of grains, contacting at their boundaries. Its electrical behavior is 

governed by the formation of double Schottky potential barriers at the 

interface of adjacent grains caused by charge trapping at the interface; 

chemisorption of oxygen from air occurs and it causes the 

immobilization of the electrons of the conduction band of the sensing 

layer, creating a depletion layer in the near surface. The height of this 

barrier determines the conductance. When the sensing layer is 

exposed to a chemically reducing gas, as for example ammonia, co-

adsorption and mutual interaction between the gas and the oxygen 
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result in oxidation of the gas at the surface. The removal of oxygen 

from the grain surface results in a decrease in barrier height. Based on 

this model, it can be inferred that the molecules of gases penetrate in 

the sensing layer and consequently, they modify the characteristics of 

it and more concretely, the effective refractive index of this layer. The 

gas concentration inside the sensing layer is not constant and 

decreases with increasing diffusion depth due to the surface reaction 

[125, 126]. This means that the interaction of the film with the gas is 

dependent on the depth from the sensing layer, in order words, it 

depends on the thickness of the sensing layer. For this reason, it is 

necessary to make a study of the thickness influence in the sensor 

sensitivity in order to improve it.     

Another conclusion that can be drawn from this theory is that metal-

oxides sensors are not selective to a specific gas. However different 

techniques have been developed that allow to manufacture more 

selective sensors such as the use of post-processing techniques; for 

example “principal component analysis” (PCA) [127], artificial neural 

networks [79] or improving the selective of the sensing layer using 

other metals or additives[80]. 

Temperature is another important factor as the oxidation of the film 

depends on it, and therefore, the chemisorption and the sensitivity of 

the sensor. The majority of metallic-oxide gas sensors have to be 

heated up to temperatures over 250 °C to achieve good sensitivities of 

the devices. Here we will work at a controlled room temperature of 

25°C ± 2°C, avoiding the necessity to heat the sensors up to these high 

temperatures [128]. 

The geometry of suspended core MOFs is very attractive to develop 

gas sensors. A sample of the 4-Bridge-MOF (described in Chaper II) 

was used to create a FP interferometer substrate (Fig. 4.24). This MOF 
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presents multimodal and birefringence features (Chapter II [72]). 

Birefringence in the 1550 nm region was theoretically estimated in 

~6.8x10-3 with a beat length of 350 µm. This particular structure has 

interesting properties for gas sensing and chemical deposition 

processes; the presence of the four longitudinal air holes directly in 

contact with the fiber core allows the light guided in the core and the 

surrounding medium to interact directly through the evanescent field; 

in the same manner, materials, as for example metallic-oxides, can be 

deposited onto the air holes using chemical deposition, allowing the 

interaction between the metallic-oxide film and the evanescent field 

of the guided light.   
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Fig. 4.24. Microscope photograph of the microstructured optical fiber 

(MOF)’s cross section. 

The four-bridge double-Y-shape core MOF (~700 μm) was used to 

fabricate a low-finesse Fabry-Pérot (FP) interferometer by splicing it to 

a single-mode optical fiber Corning SMF-28. The FP interferences 

obtained before and after deposition are showed in Fig. 4.25. 
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Fig. 4.25. FP optical spectrum. 

As it has been explained, it was necessary to make a study in order to 

determine the influence of the nanofilm thickness on the sensor 

sensitivity. Based on this fact, two different sets of sensors were 

fabricated with ITO (Sensors A) and SnO2 (Sensors B) deposited onto 

the heads of the MOF-FP sensors using the sputtering technique. This 

technique was selected because it allows to control with high accuracy 

the final thickness obtained in every deposition and time constructions 

required to make suitable coatings in the desired rage are very short 

[129]. 

ITO and SnO2 were deposited onto the heads of the MOF-FP sensors 

using the sputtering machine (Pulsed DC sputtering System, Nadetech 

Innovations); both metallic-oxide materials were purchased from 

ZhongNuo Advanced Material Technology Co. The sputtering machine 

was configured with a partial pressure of argon of 5x10-2 mb, a current 

of 150 mA and a voltage of 180 V. It is very important to set these 

parameters during every construction process as well as the distance 

between the FP sensor head and the ITO- SnO2 target in order to 
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guarantee the same construction conditions; in this case was fixed in 5 

cm.  

The two sets of sensors consisted of 4 different sensors with different 

thicknesses; it means different construction times. The times selected 

were 2, 4, 6 and 8 minutes always fixing the conditions exposed above 

with the intention to study the effect of the thickness in the range of 

0.1-1 μm. The ITO sensors were named Sensor A2 (sensor with 

nanofilm thickness of 2 minutes), Sensor A4 (sensor with nanofilm 

thickness of 2 minutes) and so on; the SnO2 sensors were named in 

the same manner just changing A by B.  

As was carried out in section 4.4, every construction process was 

monitored using a reflection set up in order to analyze the evolution 

of the spectrum during the process. Again, the set up used was only 

formed by the commercial optical interrogator (Smartec SM 125); it 

was used to illuminate the sensors and also to record the spectral 

response (see Fig. 4.26). 
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Fig. 4.26. Reflection set up used to control the construction of the SnO2/ITO 

nanofilm by means of the sputtering technique. 

The thicknesses of the two sets of sensors were measured by Scanning 

Electronic Microscope (SEM), confirming that the thicknesses obtained 

were in the range of 0.1-1 micrometer as it was the intention. Based 

on the fact that the structure of the MOFs (core and bridges) did not 

always present the same dimensions (due to the custom fabrication 

process as it is not a commercial fiber), it was needed to fix a point to 

measure the different thicknesses. The point selected was the core 

center and the thicknesses were obtained subtracting the dimension 

of the core (806 nm) from the thicknesses measured with the SEM; 

the obtained results were: Sensor A2 (248), Sensor A4 (518), Sensor 

A6 (795) and Sensor A8 (1124); Sensor B2 (192 nm), Sensor B4 (405 

nm), Sensor B6 (725nm) and Sensor B8 (1072 nm) (see Fig. 4.27).   
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Fig. 4.27. Details of Sensor B6 core after SnO2 deposition. The thickness of the 

nanofilm was measured by a Scanning Electronic Microscope (SEM).  

At this point, it is very important to understand how the light and its 

evanescent field interact with the nanofilm layer deposited and which 

is the effect of increase the thickness of the ITO-SnO2 sensing layer in 

terms of optical power guided.  With the intention to give answers to 

these questions, a numerical study of the influence of ITO-SnO2 

thicknesses on the guiding properties was performed using 

COMSOL©. The study was performed in the range that this work 

proposes (0.1-1 μm) and also for higher thicknesses, even achieving 11 

μm. 

Thus the MOF was used as substrate and thin films of ITO with 

thicknesses between 200 nm and 11 µm were studied (with special 

attention in the region 200-700 nm). Fig. 4.28 shows the modal field 

distribution of the fundamental mode LP01 for thin films of 300 nm, 

500 nm and 700 nm. In this case, ITO refractive index was set at 1.811 

+ j 0.052 at 1550 nm.  

The same study was also performed with SnO2 thin films with the only 

difference that the refractive index was set at 1.901 + j 0.022 at 1550 

nm; all results obtained were analogous (little variations on the 



 IV. Chemical Sensors 

 217 | 362 

 

effective refractive indexes of each propagated mode but no 

distribution differences). For this reason, the conclusions of this 

section for ITO thin films can be extrapolated for SnO2 thin films. 

Modes are excited through a Gaussian electric field following the SMF 

LP01 fundamental mode (10.2 μm of modal diameter). This excitation 

has been verified by using a two-step mode analysis: firstly, a SMF LP01 

is obtained and used as input value for the second step: the PCF fiber 

(also other modes such as LP02 could be used as input values as for 

example if using a MMF before the PCF but they are not taken into 

account in this approach). It is a very important two-step process, 

because, as it will be seen, the Gaussian input modal field diameter 

determines the guided optical power and limits the useful dimensions 

of the fiber core. 
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Fig. 4.28. LP01 distributions for ITO thin film layers: a) 300 nm, b) 500 nm and 

c) 700 nm. 

The first idea that it can be noticed is the field confinement with the 

deposition thickness. For very thin films (below 300 nm) mode field is 

not only hold inside the ITO film but also expands inside the silica 

substrate. For higher ITO thicknesses, the optical power remains inside 

the film going towards isolated ARROW propagating structures. 

The second conclusion is the relation between the sensitive layer 

thickness and the guided optical power. This relationship was 

measured by integrating the optical power inside the thin film 

waveguides. Results of this study are shown in Fig. 4.29. Deposition 

thicknesses from 200 nm up to 11 μm were simulated in order to 

verify the ARROW guide performance. 

 

Fig. 4.29. Guided optical power against film thickness; the inside graph is a 

zoom of the guided optical power behavior in thinner thicknesses. 



 IV. Chemical Sensors 

 219 | 362 

 

The optical power guided inside the thin film follows an exponential 

relation with the ITO thin film in our studying region (deposition 

thickness below 1 μm). For thicker layers, the integrated optical power 

rises as the arrow guide fits the input modal field diameter until it 

reaches its highest value close to ~5 μm of modal radius. Beyond this 

value, the optical power remains constant as all the input power is 

guided through the ARROW optical guide. 

Therefore, as it has been remarked, there are two main phenomena 

affecting the sensor’s sensitivity. On the one hand, the effective 

refractive index variation induced by the gas penetration. This 

variation is caused by the penetration of the gas molecules in the 

sensing layer, and as it has been seen, it is not uniform and presents 

higher penetration in regions close to the sensing layer-gas interface. 

Consequently, there is a gradient of gas penetration inside the sensing 

layer. The thicker the sensing layer is, the lower is relative penetration 

(gas molecules can penetrate until one determined depth for a given 

concentration, independently of the sensing layer thickness). On the 

other hand, from the numerical simulations, it has been seen that as 

the sensing layer grows, more optical power is guided through it until 

a particular value. 

Thus, there exists a tradeoff between the sensitive layer thickness and 

the sensor’s sensitivity achieved. For thinner films, the effective 

refractive index variations of the layer is higher in comparison with 

thicker films but there is less guided optical power. The optimal 

thickness cannot be obtained just through the numerical analysis as it 

does not link the layer thickness with the sensor’s sensitivity and it 

cannot be obtained neither by setting the layer thickness close to the 

penetration depth limit. An experimental study is needed in order to 

combine both theoretical results and provide an optimal deposition 

thickness for these kind of sensors. 
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The response of the two sets of sensors, Sensors A and Sensors B, 

towards ammonia gas was studied using a very accurate measurement 

set up which is divided into two parts: the first part is formed by the 

set up needed to record every spectra of the sensor responses (Fig. 

4.26) and the second one consisted on the part used to control the 

gas-flow of the gases making possible to expose the sensors to 

different concentrations of ammonia (Fig. 4.30). The gases flow was 

controlled by virtual software (LabView®) which controlled the flow 

through the EL-Mass Flow Meters (obtained from Bronkhorst). In turn, 

these devices were also connected to each one of the high purity gas 

bottles, in this case nitrogen and ammonia, respectively. This software 

allows to control the % of the valve open, obtaining in this manner the 

desired number of ppm. In this paper, the sensors were exposed to 

different concentration of ammonia gas, from 130 ppm to 10 ppm. 

Table 4.8 shows the different parameters used to obtain these 

concentrations, always integrating a constant total flow; it is important 

to mention that 10 ppm of ammonia is the lowest value that the set 

up can achieve because of its technical restrictions.   

Finally, the sensors were placed into a hermetic chamber in order to 

avoid any external contamination as for example external gases and 

ensuring constant humidity and temperature. The final set up is 

showed in Fig. 4.30. 
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Fig. 4.30. Set up used to exposed sensors to different concentrations of 

ammonia gas. 

Table 4.8. Ammonia and nitrogen flows used to obtain the different 

concentrations of ammonia (ppm). 

  NH3 N2 

Cycles PPM Flow 

(ml/min) 

% Valve Flow 

(ml/min) 

% Valve 

1 0 0 0 3512.50 87.81 

2 130 253.68 93.4 3258.82 81.38 

3 2 0 0 3512.50 87.81 

4 110 214.65 79.12 3297.85 82.45 

5 0 0 0 3512.50 87.81 
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6 90 175.62 64.84 3336.87 83.42 

7 0 0 0 3512.50 87.81 

8 70 136.6 50.56 2275.90 84.40 

9 0 0 0 3512.50 87.81 

10 50 97.57 36.28 3414.93 85.37 

11 0 0 0 3512.50 87.81 

12 30 58.54 22 3453.96 86.35 

13 0 0 0 3512.50 87.81 

14 10 19.51 7.72 3492.99 87.32 

15 0 0 0 3512.50 87.81 

 

The refractive index of the external medium changes when the 

sensors are exposed to different concentrations of ammonia as well as 

the effective refractive index of the sensing layer (due to the 

chemisorption); when it happens, a phase shift occurs. But this change 

in the effective refractive index of the sensing layer is not uniform and 

it depends on the depth penetration of the ammonia molecules in the 

sensing layer.  

Based on these facts, and if the aim is to obtain the best sensitivity 

possible for the sensor, it is necessary to reach a trade-off between 

these parameters, being the experimental method the better way to 

obtain it.  
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For these reasons, firstly, sensors B were exposed to different 

concentrations of ammonia (from 130 ppm to 10 ppm). Fig. 4.31 

shows the calibration curves of the sensors B with the corresponding 

phase shifts measured when they were exposed to the different 

ammonia concentrations: the solid shapes in the graphic represent the 

experimental data and the lines correspond to the theoretical values, 

calculated according to a lineal model. It can be appreciated that the 

highest phase shift (and obviously, the sensor with the best sensitivity) 

when the sensors were exposed to the lowest ammonia 

concentration, 10 ppm, was sensor B6 with a phase shift of 0.034 π 

radians; also, sensor B6 showed a R2=0.9888 in this specific range. At 

this point, it is important to remember that 10 ppm is the lowest value 

that the authors can obtain with their set up, not the lowest value of 

ammonia gas that sensor B6 is able to detect. This means that the 

sensor could measure lowest concentrations of ammonia gas, 

concentrations in the range of ppb. For the highest (Sensor B8) and 

lowest (Sensor B2) thicknesses, their sensitivities were the worst and 

the phase shifts measured for this concentration were almost the 

same, 0.011π radians. In the case of Sensor B2, it is due to the optical 

power guided by the sensing layer is very low and it is necessary to 

couple more to achieve better sensitivities; the case of Sensor B8 is 

the opposite. The optical power coupled is very high because the 

thickness of the sensing layer is thick. Because of this, the depth 

penetration of ammonia gas in the sensing layer is very low with 

regard to its thickness and the total variation of the sensing layer 

effective refractive index is also low, making very difficult to measure 

low concentration of ammonia gas.  Sensor B4 shows a phase shift of 

0.017 π radians when it was exposed to 10 ppm of ammonia gas. This 

sensor has not got the best sensitivity possible because there exist 

higher thicknesses which can couple more optical power and the 

penetration of the ammonia gas molecules in them gives effective 
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refractive index changes sufficiently high to improve their sensitivities 

(as it the case of Sensor B6). 

 

Fig. 4.31. Calibration curves obtained for the sensors with a SnO2 sensing 

layer when they were exposed to different concentration to ammonia gas, 

from 130 ppm to 10 ppm. 

Sensors A were also exposed to the same concentrations of ammonia 

gas in order to compare the sensibilities of the different metallic-

oxides, SnO2 and ITO. Fig. 4.32 shows, in the same manner that Fig. 

4.31, the phase shifts measured for 130, 110, 90, 70, 50, 30 and 10 

ppm of ammonia gas. Sensor 6A showed the best sensitivity for ITO 

nanofilms with a phase shift of 0.0064 π radians for 10 ppm of 

ammonia gas; Sensor 4A and Sensor 2A showed 0.0053 π radians and 

0.0041 π radians, respectively.  As it can be easily observed, Sensor 6B 

is more sensitive than Sensor 6A; Sensor B6 improves the sensitivity of 

Sensor 6A five times. It means that SnO2 is the metallic-oxide more 

appropriate to develop ammonia gas sensors.   
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Fig. 4.32. Calibration curves obtained for the sensors with an ITO sensing 

layer when they were exposed to different concentration to ammonia gas, 

from 130 ppm to 10 ppm. 

The evolution of Sensor A6 and Sensor B6 responses toward ammonia 

gas during the measurement period is showed in Fig. 4.33. It can be 

inferred that the sensitivities of both sensors are widely different. 

Their responses are repetitive and after every exposure, the sensors 

always recovered the baseline in a short period of time. But being 

more precisely, Sensor A6 showed faster recovery times than Sensor 

B6 (≥75 seconds instead of ≥90 seconds). These recovery times, the 

longest time values, were obtained when the sensors were exposed to 

highest ammonia gas concentration. When the sensors were exposed 

to lowest ammonia gas concentrations, the recovery times measured 

were shorter than these values (45 seconds for Sensor A6 and 60 for 

sensor B6). Regarding to response times, Sensor A6 was also faster 

than Sensor B6. Sensor A6 showed times shorter than 60 seconds in 

every exposure in comparison with Sensor B6 which showed 75 
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seconds (see Fig. 4.34). As the case of recovery time, these response 

times correspond to the highest value of ammonia gas concentration.    

 

Fig. 4.33. Comparative between Sensor B6 and Sensor A6 phase responses 

measured when they were exposed to different concentration of ammonia 

gas. 

 

Fig. 4.34. Recovery and response times of Sensor B6 and Sensor A6 when 

they were exposure to 50 and 30 ppm, respectively. 
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The feasibility of metallic-oxides as ammonia gas sensing material has 

been demonstrated and two of the most used were compared, ITO 

and SnO2, concluding that SnO2 has a better sensitivity to this gas than 

ITO. 

It has been probed that the combination of MOF-FP and metallic-

oxides deposited by means of sputtering technique is a good election 

to develop these type of gas sensors. Sensor B6, the sensor with the 

best sensitivity developed, showed a phase shift of 0.034 π radians 

when it was exposed to an ammonia concentration of 10 ppm. 

Moreover, the sensor response was repetitive and after every 

exposure (from 130 ppm to 10 ppm), the sensors always reached the 

baseline in a short period of time with suitable recovery and response 

times.    

 

 

4.6 Relative Humidity Sensing 

Humidity plays an important role in the fields of cultural relic 

protection, forest fire prevention [130], medical storage [131], and 

health environment [132]. Reported humidity sensors are generally 

based on semiconductor ceramic, polymer, alumina, and optical fiber. 

Compared with other types of sensors, optical fiber humidity sensors 

have attracted widespread attention in recent years [133] owing to 

their advantages of compact size, high sensitivity, strong reliability, 

cross talk, and low electromagnetic interference [134]. Fiber optic 

humidity sensing can be realized by using photonic crystal fiber [135], 

fiber Bragg grating [136], Mach–Zehnder interferometers [137], long 

period fiber grating (LPG) [138], and Fabry–Perot interferometers 

[139]. 
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Since the first experiments with microstructured optical fibers, they 

have shown relevant improved characteristics compared to 

conventional optical fibers as well as a great potential for sensing 

applications, overcoming some of the standard optical fiber limitations 

[140]. Different geometries have been proposed for this kind of fibers. 

Table 4.9 summarizes the state of the art of humidity optical fiber 

sensors. Among them, we remark the developed using suspended-

core MOFs: distinct pure silica suspended-core fibers have been 

applied for instance in temperature and curvature sensing [141], gas 

sensing [119] or micro-displacement measurements [142]. One of the 

most important type of MOF sensors are the ones based on 

evanescent field. These sensors have been used for different 

applications: simultaneous measurement of humidity and mechanical 

vibration [143], detection of biomolecules in aqueous solutions [144] 

as well as organic pollutants [145] or hydrogen detection [146, 147] 

have been reported using such a kind of transducers. 

Table 4.9. State of the art in humidity fiber optic sensors. 

YEAR / REF. TYPE SENSITIVITY RANGE 

(%) 

2010 / 

[148] 

Sol-gel coated MMF 8.8 x 10−2 

nm−1 %−1 

4-100 

2010 / 

[149] 

Hygroscopic polymer 

coated hetero-core 

fiber 

0.006 dB/% 50-93 

2011 / 

[150] 

Silica film using sol-gel 

coated MMF 

0.0087 

a.u./% 

1-70 

2011 / Poly (N-ethyl-4- 84.3 pm/% 20-90 
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[151] vinylpyridinium 

chloride) coated FBG 

2012 / 

[152] 

Chitosan coated Fabry-

Pérot (FP) 

0.13 nm/% 20-95 

2012 / 

[153] 

Polyvinyl alcohol (PVA) 

coated photonic 

crystal fiber 

0.6 nm/% 60-90 

2013 / 

[154] 

Hydrogel coated no-

core fiber 

0.196 dB/% 40-90 

2013 / 

[155] 

Cellulose acetate 

butyrate coated SMF 

0.307 nm/% 9-88 

2014 / 

[156] 

Poly(methyl 

methacrylate) (PMMA) 

coated FBG 

39 pm/% 30-90 

2014 / 

[157] 

Reduced graphite 

oxide (rGO) coated 

polished-side fiber 

0.31 dB/% 70-95 

2015 / 

[158] 

Sol-gel hybrid polymer 

coated FBG 

2 pm/% 50-95 

2015 / 

[159] 

Porous silica coated 

micro-wire FP 

0.48 deg/% 32-75 

2016 / 

[160] 

PMMA coated FBG 31 pm/% 10-90 

2017 / Poly(allylamine 8.6 x 10-4 20-95 
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[161] hydrochloride) 

(PAH) and poly(acrylic 

acid) (PAA) polymeric 

nanocoating PCF 

rad/% 

2017 / 

[162] 

SnO2 coated PCF 3 nm/% 20-90 

2017 / 

[163] 

Chitosan coated Mach-

Zehnder 

interferometer 

119.6 pm/% 10-90 

 

In this section, a SnO2 Fabry-Pérot interferometer for humidity 

measurements, implemented with the four-bridge microstructured 

optical fiber used in sections 3.3, 3.4 and 4.5, is presented and 

characterized. 

Fiber MOF-4-Bridge was used as substrate for the sensing head. The 

reduced dimensions of the MOF core and the high numerical aperture 

(due to the effective refractive index difference between the core and 

air cladding) increases the evanescent field as it has been previously 

reported [164, 165].  

A low-finesse Fabry-Pérot interferometer was fabricated by splicing a 

single mode fiber (Corning SMF-28) to ~700 µm of the four-bridge 

MOF, whose end was perpendicularly cleaved, as it is shown in Fig. 

4.35. This delicate splice was made through a custom splice program 

due to the fragility of the MOF fiber, especially given by the bridge 

thickness. There is a trade-off between the cavity robustness and the 

MOF´s structural stability once the splicing arc is applied. The splice 

was made with a Fitel S175 fusion splicer with a custom developed 
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program for this MOF and manual operation for its alignment. Results 

were obtained repeatedly as shown in [72, 166]. 

MOF

SMF FP cavity

500 μm
 

Fig. 4.35. Microscope photograph of the low-finesse Fabry-Pérot cavity. 

Due to the high loss of the MOF and the low reflectivity of the air-glass 

interface, high order reflections inside the cavity are neglected and 

therefore a low-finesse scenario is assumed which approximates a 

two-beam Fabry-Perot [167]. 

Assuming a two beam Fabry-Perot, the reflected signal obtained 

should follow equation (1), where Δ𝜆 is the optical spectrum 

wavelength spacing, 𝜆 is the working wavelength, n is the refractive 

index and d is the MOF cavity length. Experimentally, 𝜆 = 1550 nm, d = 

690 µm and neff = 1.37 [72]. 

                                               ∆λ =  
λ2

2 𝑛 𝑑
                       (1) 

As a result, the experimental reflected spectrum is shown in Fig. 4.36. 
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Fig. 4.36. Low-finesse FP reflected spectrum. 

As demonstrated in previous sections SnO2 can be deposited on top of 

the fiber and on the walls inside the holes and it can be used as 

humidity transductor. The interaction between SnO2 and H2O 

molecules is due to the phenomena called physisorption by means of 

the adsorption/desorption of these molecules [168] as described in 

the previous section. 

Sputtering technique was selected to deposit the SnO2 because it is a 

reproducible process which allows a homogeneous thickness to be 

achieved, as it can be observed in the Fig. 4.37. The nanofilm thickness 

is to be optimized because it is a critical parameter that determines 

the sensitivity of sensor. 
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Fig. 4.37. Fiber cross section after deposition. 

When the sensor is exposed to different relative humidity values, the 

refractive index of the surrounding medium changes shifting the 

interference pattern.   

In order to achieve the optimal SnO2 thin film that maximizes the 

sensitivity of the sensor, a 20 minutes long sputtering process was 

performed. During the sputtering process, a multi-LED light source 

(HP83437A) and Optical Spectrum Analyzer (OSA-HP86142A) 

combined with an optical circulator were used to monitor the 

interference pattern shift along as Fig. 4.38 illustrates. 
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Fig. 4.38. Experimental setup for SnO2 construction and breathe 

measurements. 

Fig. 4.39 illustrates the evolution of the interference pattern peaks of 

the cavity during the sputtering process. The recorded shift depends 

on the deposition thickness and therefore the thin film effect can be 

studied by analyzing these data.  In previous papers [169], it was found 

that the optimal point to stop the construction is when little thickness 

changes generate high wavelength shifts in the spectrum. In the 

current work, as it can be observed in Fig. 4.39, when the thickness of 

the sensor is increased the wavelength shift of every peak is roughly 

the same and consequently, the slope of each of them is apparently 

the same. This is an important result of the sputtering process which 

means that the spectrum continues shifting during the whole 

deposition time but the sensitivity can be compromised. As [63] 

explains, if an unsuitable thickness is deposited onto the sensor, there 

are two different scenarios regarding to the sensor sensitivity: firstly, if 

the nanofilm thickness deposited is very thin, only a small part of the 

evanescent field interacts whit it; secondly, if the nanofilm thickness 

deposited is too high, the interaction between the evanescent field 

and the nanofilm that has adsorpted the eater molecules is not 

possible. In both of cases, the sensitivity of the sensor is not the 

optimal one. 
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Fig. 4.39. Wavelength shift during construction. 

To analyze this problem and achieve the thin film thickness that 

optimizes the sensitivity of the sensor, five different devices were 

performed with distinct construction times. The times selected were 

5’, 7.5’, 10’, 12.5’ and 15 minutes respectively. The sputtering time 

determines the thin film thickness and therefore the sensors’ 

sensitivity as it can be seen in Fig. 4.40. All the resulting sensors where 

tested within 20%-90% relative humidity ranges showing different 

sensitivities. Starting from a 5 minutes deposition, the sensitivity is 

gradually increased showing the best sensitivity at 10 minutes (0.014π 

rad/%, 0.018π rad/%, and 0.047π rad/% for 5’, 7.5’ and 10’ 

respectively). Beyond 10 minutes, the SnO2 thin film becomes too 

thick (the trade-off depicted in section 4.5) and consequently, the 

sensitivity decreases (0.023π rad/% and 0.02π rad/% for 12.5’ and 15’ 

respectively). The thickness for each case was estimated by comparing 

SEM images of the sensing head’s cross section before and after 

deposition (Fig. 4.27 and Fig. 4.37 respectively). The 10 minutes 

deposited sensor presents a thin film thickness of 1.10 µm ± 0.09 µm. 
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Fig. 4.40. Phase shift of sensors with different deposition times towards 

relative humidity 

After the sputtering deposition, a precise study of the results achieved 

inside the MOF cavity was carried out through the Optical Backscatter 

Reflectometer LUNA 4600. As was mentioned in Chaper II, this device 

performs spatial measurements with a resolution of 10 µm, and allows 

the orthogonal polarizations states of light S and P to be analyzed. Fig. 

4.41 a) shows the Luna backscatter results for the MOF cavity before 

the sputtering deposition whereas Fig. 4.41 b) represents the same 

MOF cavity after the deposition. 
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Fig. 4.41. Luna backscatter optical power of the MOF cavity and orthogonal 

polarization states: a) before sputtering deposition and b) after it. 

Two main reflections are observable in Fig. 4.41 a): the first one (set as 

reference) located at 0.0 mm corresponds to the splice between the 

SMF and the MOF fibers and it produces a light reflection of -17.6 dBr; 

the second relevant reflection is located at 0.690 mm and corresponds 

to the cleaved end of the MOF cavity giving a reflection power of -10 

dBr. It must be also noticed that although there is a difference in the 

optical power reflected by the different polarization states: this 

difference is almost the same one along the whole MOF cavity (3.46 

dB).  

After the deposition, as Fig. 4.41 b) illustrates, the splice location 

remains at the same point, but the cavity end is shifted 10 µm. This 

length increase is due to the SnO2 deposition on the second interface 

of the fiber cavity, although it is not a precise measurement because 

of the LUNA resolution limit; furthermore, a new reflection peak 

appears located at 0.130 mm. This new peak means that at this point, 

there is something affecting the light propagation along the core in 

the MOF cavity: the SnO2 deposition depth limit. From this point 

towards the cleaved cavity end, the whole reflected light has changed. 

This effect is even easier to appreciate on the polarization states: 



 IV. Chemical Sensors 

 238 | 362 

 

polarization P is severely affected by the SnO2 presence giving strong 

differences in relation to polarization S behavior. By measuring the 

distance from the cavity end to the new reflection point it can be 

assumed that the deposition depth inside the cavity is about 570 µm 

which means 130 µm before the cavity physical length limit. The SnO2 

deposition inside the MOF cavity in addition to the deposition on the 

top of the fiber ensure the interaction zone between the evanescent 

field of the guided light and the deposited thin film. As far as authors 

know it is the first time that an OBR is used in order to determine a 

sputtering thickness at the end of the fiber and it complements 

perfectly the results obtained from the SEM pictures’ analysis. 

Moreover it is also the first time that an OBR is used to provide 

information of how a chemical deposition affects light inside a MOF. 

Fig. 4.42 presents the experimental set-up used to characterize the 

resulting sensor towards humidity variations. Two commercial 

interrogating sensor devices were used to illuminate the sensing head 

and also to analyze the spectra of the signal guided back from the 

sensor. The optical interrogators are remotely controlled by a MATLAB 

script which also computes the FFT real time analysis. The sensing 

head was placed into a climatic chamber where relative humidity 

ranges from 20% to 90% were applied at a constant temperature of 

25ºC ± 1ºC to evaluate its response. 

 

Fig. 4.42. Low-finesse FP reflected spectrum. 
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The two different optical interrogators present dissimilar sample rates 

and spectral resolutions. The Micron Optics SM 125 optical sensing 

interrogator with a resolution of 5 pm and a maximum scan frequency 

of 1 Hz [85] was used to perform the characterization of the sensing 

head inside the climatic chamber (Angelantoni CH 250). For human 

breath measurements application, higher sample rates were required, 

so that a Micron Optics si155 interrogator with a maximum sample 

rate of 1 kHz and 10 pm of resolution was employed. The sample rate 

was set to 10 Hz for breathing measurements. 

 

Fig. 4.43. Low-finesse FP optical spectrum and its FFT. 

A theoretically perfect periodical sinusoidal signal (such as the low 

finesse Fabry-Pérot response) in the optical spectrum domain presents 

two main components in the transformed domain (one in the positive 

part and its equivalent in the negative part) as can be seen in Fig. 4.43 

(only positive part of the FFT module is shown). Real optical signals 

present some dispersion around the main transformed component 

due to the resolution of the optical interrogator but they can be 

assumed as a single contribution. Noise present in the optical 

spectrum is present in the transformed domain as high spatial 

frequency contributions and it can be neglected. 
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Wavelength shifts in the optical domain lead to phase shifts in the Fast 

Fourier Transform domain while the FFT module stays unaltered. By 

tracking the phase of the spatial frequency component (located in 

0.8375 nm-1 in Fig. 4.43) the evolution of the optical spectrum and 

therefore the sensor can be monitored. Through this technique, 

sensors can be monitored without the influence of signal amplitude 

noise or amplitude fluctuations and furthermore, it provides a useful 

multiplexing instrument. 

To verify the sensing head performance (and the influence of the SnO2 

deposition) with relative humidity variations, the fiber sensor was 

placed into the climatic chamber, and several experiments were 

implemented with RH variations from 20% to 90% at a constant 25ºC 

±1 ºC temperature and at atmospheric pressure. The sensor response 

was measured tracking the FFT phase corresponding to spatial 

frequency located at 0.8375 nm-1. Three increasing / decreasing 

relative humidity cycles were performed in each case to assure the 

time-stability of the sensor. Data were recorded using the Micron 

Optics SM 125 every 30 seconds and they were processed following 

the FFT algorithm. Furthermore, this device allows real time 

measurements to be recorded, although a sensor´s calibration is 

required. Fig. 4.44 presents the results of the MOF-FP cavity towards 

relative humidity cycles before and after SnO2 deposition. 
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Fig. 4.44. Sensor’s phase response:  before deposition and after SnO2 

deposition. 

On the one hand, as can be noticed from Fig. 4.44 (green line) the 

MOF cavity itself, without the SnO2 layer presents negligible response 

to relative humidity variations. Direct guided light evanescent field 

interaction with the external medium do not show high variations 

giving a maximum shift of 0.015π rad from 20% to 90% RH. 

Furthermore, as it was previously commented, the high loss of the 

fiber and the low reflectivity of its core-air interface only allows a 

single round trip, which supposes a low capability to measure directly 

the surrounding medium. 

On the other hand, Fig. 4.44 (blue line) presents the MOF-FP-SnO2 

sensing head response after the sputtering deposition. It can be 

noticed that the sensitivity is improved, which sets maximum phase 

variation between 20% and 90% of 3.29π rad. Typically, the sensitivity 

of relative humidity sensors is different depending on the relative 

humidity range [153] showing 2-3 different regions with different 

sensitivities, but in our case, the sensor response shows a linear 
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behavior in the whole measured relative humidity range with a 

constant sensitivity of 0.047π rad/% RH and a resolution of 0.0026% 

RH. In this manner, continuous measures in the range 20%-90% RH 

can be performed without further calibrations. The sensor was tested 

repeatedly along two weeks to assure its repeatability, showing the 

same results in all cases. 

One important feature of this type of sensors is its phase stability 

during time. To measure this parameter, the sensing head was placed 

in the climatic chamber at constant 40% RH and 25º C for 300 minutes 

and a sample was registered every minute. Fig. 4.45 shows the 

stability results with a maximum instability of 0.007 rad which implies 

an error of 5%. 

 

Fig. 4.45. MOF-FP-SnO2 sensor’s stability. 

At this point, the influence of birefringence must be remarked. As the 

low-finesse Fabry-Pérot is highly birefringent, polarization affects its 

optical spectrum, showing important differences in the FFT module 

but slightly ones in the FFT phase. To reduce its influence, a polarizer 

and a stable optical bench were used during all the measurements. 
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Another key feature in RH sensors is the hysteresis error. Usually 

metal oxide sensitive layers present low hysteresis effects in 

comparison with the polymeric ones [170]. In the MOF-FP-SnO2 this 

tendency is also observed. 

 

Fig. 4.46. Sensor’s hysteresis. 

The sensor presents low hysteresis with a maximum deviation of 

5.03% RH showed in the high relative humidity region as Fig. 4.46 

illustrates. This result agrees with the error produced due to the signal 

phase instability and can be influenced by it. 

Another handicap in this kind of structures is the influence of 

temperature variations. The performance of a MOF-FP cavity was 

previously tested by the authors [72] but not with the SnO2 sensitive 

layer. 
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Fig. 4.47. MOF-FP-SnO2 sensor’s response to temperature. 

As Fig. 4.47 shows, the sensing head presents linear response to 

temperature variations with a sensitivity of 0.012 rad/ºC. This 

temperature influence is lower than the one reported from previous 

works [171] but it can produce crosstalk with RH measurements, 

although its effect can be compensated taking advantage of the 

system multiplexing capability:  with a proper selection of MOF 

lengths, a MOF-FP-SnO2 sensing head for RH measurements and a 

MOF-FP sensing head for temperature variations can be multiplexed. 

With the MOF-FP, temperature can be monitored independently of 

the RH and therefore it can be used as a reference for the others RH 

sensing head. 

Concerning the multiplexing capability of the sensing head, it will be 

further widely explained and demonstrated in Chapter V. The MOF 

cavity optical spectrum is directly influenced by its length (1). Varying 

appropriately the MOF length fused to the SMF it is possible to 

achieve different sensing heads with interferometric spectrums whose 

FFT modules do not overlap with each other. This way, if the main 

spatial component of each sensor in the FFT module is isolated, by 
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tracking its FFT phase it is possible to measure independently avoiding 

crosstalk with the other sensors. 

This FFT feature enables multiplexing high number of sensors within a 

single channel of the optical interrogator, reducing proportionally the 

economic cost of each sensor. Furthermore, MOF-FP sensing heads 

with different sensitive layers can be multiplexed simultaneously 

increasing the versatility of the system becoming a multi-parameter 

and multi-point real-time monitoring system. 

Finally, the sensing head was tested for two applications. In addition 

to the sensor sensitivity to RH variations, it presents two additional 

advantageous features: fast response and reversibility. These features 

make the MOF-FP-SnO2 sensor suitable to be a real time human 

breath sensor. For this purpose, two different scenarios have been 

implemented with different devices and interrogating methods. 

On the one hand the MOF-FP-SnO2 sensing head was interrogated 

with a multi-LED source an analyzed in an OSA with a zero-spam 

method. Within this set up, the optical power temporal evolution at a 

certain wavelength of the optical spectrum was monitored. The OSA 

provides a sampling rate of 100 Hz with a maximum continuous 

measured period of 10 seconds and the results are shown in Fig. 4.48. 

The sensing head was placed close to the mouth of the target person 

and the RH variations produced by the exhalation were measured. 
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Fig. 4.48. a) Sensor’s response to human breath using a zero span in the OSA 

and b) detail of one breath cycle. 

The sensor responds continuously to human exhalation showing a 

response time of 370 ms, a recovery time of 380 ms: moreover, no 

baseline drift is observed. 

On the other hand, additional measurements were performed with 

the optical interrogator Micron Optics si155 with a sample frequency 

of 10 Hz. With this device, RH can be tracked continuously and 

determined unambiguously in the whole range, as Fig. 4.49 illustrates. 

 

Fig. 4.49. a) Sensor’s response to human breath using the si55 optical 

interrogator and b) detail of one breath cycle. 
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Once again, MOF-FP-SnO2 sensor shows similar rise and recovery time 

with full recovery of the baseline as it was expected. The difference 

between both interrogating methods lies on the capability of the 

second method (with the optical interrogator) to follow slow RH 

alterations during the exhalation period and the suitability of 

multiplexing several sensors at the same time. Furthermore, the 

recording and processing time of the system can be reduced using a 

high features computer. 

The second studied application is a real soil moisture sensor. Soil 

moisture plays a key role in the hydrological cycle by controlling 

processes such as evapotranspiration, runoff and recharge of aquifers 

just to mention some of them [172-174]. Therefore, soil water content 

data are very useful for the application and evaluation of hydrological 

models that yield to irrigation programming and optimization [175]. 

Hydrological models are an essential tool for estimating water 

resources and floods in the current situation as well as in relation to 

different scenarios of global climate change and/or under different 

land uses [176]. 

The MOF-FP-SnO2 sensor is adapted for real moisture measurements 

and compared simultaneously with a commercial capacitive sensor. 

In this particular case the MOF length used was ~700 μm showing an 

interference period of 1.24 nm as Fig. 4.50 a) shows. 
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Fig. 4.50. a) Optical MOF-FP sensor´s spectral transfer function and b) its FFT 

module. 

As it can be inferred, the sensing head is very fragile and, moreover, 

dust inside the MOF holes and in contact with the SnO2 deposition 

could lead to measurement errors. In order to avoid this scenario a 

protective cap was developed: it consists of a polyvinylchloride (PVC) 

tube with 4 arrays of drilled holes (1 mm of diameter) each 5 mm and 

a cap in one of its ends enabling the access of the optical fiber. Fig. 

4.51 shows the real pictures of the protective cap and the final sensor 

installed inside the cap. 

 

Fig. 4.51. Optical sensor’s PVC drilled protective cap. 

This PVC protection prevents the optical sensor from any damage 

during installation as well undesired elements to pollute the sensing 
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material, creating a cavity inside the tube permeable to humidity, so 

that it can be measured. 

The influence of the protective cap was verified before the installation 

in the soil in order to verify the correct behavior of the sensing head. 

The protected sensing head was inserted in a climatic chamber where 

humidity ranges from 20% to 90% were applied at constant 

temperature of 25ºC. Results are shown in Fig. 4.52. 

 

Fig. 4.52. Calibration of the optical sensor. 

These results show a correct performance of the sensing head 

towards humidity changes but with a reduction of its sensitivity in 

comparison with the case where no protective cap is employed. The 

delay of the sensors in relation with the climatic chamber is due to the 

small hysteresis effect induced by the tube. This performance can be 

improved by optimizing the sputtering deposition time or through the 

design of a 3D printed protective cap to achieve optimal results as 

shown in [177]. 

A commercial FBG (sensitivity of 10 pm/ºC) was also monitored at the 

same time in order to measure the temperature variations inside the 
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soil sample and compensate the optical sensor’s deviations. 

Temperature variations affect directly on a FP cavity as they modify 

the cavity length due to the thermal expansion of the silica. These 

variations produce a wavelength shift or analogously a FFT phase shift. 

Once known the variation of temperature through the FBG and the 

sensitivity of the MOF sensing head to temperature variations it can 

be directly compensated by subtracting the wavelength shift – FFT 

phase shift to the MOF’s results. 

A Decagon 10HS capacitive sensor was used as reference for the soil 

moisture measurements. This capacitive device is a frequency domain 

reflectometry (FDR) based electrical sensor. Its operation principle 

consists of measuring the dielectric constant or permittivity of the soil 

to calculate its humidity content. It performs soil moisture 

measurements within a big volume of soil (~6.5 dm3) with great 

moisture range and is designed for any soil composition. The three 

sensors, a capacitive sensor and a FBG temperature reference where 

buried in the soil as Fig. 4.53 illustrates. 
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Fig. 4.53. Experimental set up: (a) schematic set up and (b) real picture of the 

set up. 

In this study two different types of soil were tested in order to check 

the performance of the optical sensor in comparison with the 

capacitive one. The first porous media was a silica sand specified for 

use in pool filters, water purification and sports fields. The soil texture 

was defined as sand [178], 100% sand. The second one was a mix of 

50% weight of the silica sand and 50% weight of a contrasting natural 

soil texture classified as clay loam, 28% sand, 36% silt and 36% clay 

[179]. 

Different measurements were performed to compare the behavior of 

capacitive sensors against optical fiber sensors with the two types of 

soil samples described above. Moreover, gravimetric measurements 

were also performed to verify the results. 
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As it was previously mentioned, MOF-FP-SnO2 optical sensor is 

affected by temperature variations leading to crosstalk between 

temperature and relative humidity measurements. Fig. 4.54 shows the 

response of the MOF-FP sensor towards temperature showing a linear 

response with sensitivity of 0.00375π rad/ºC. 

 

Fig. 4.54. Optical sensor’s response towards temperature variations. 

To avoid this undesirable crosstalk a commercial FBG (sensitivity of 10 

pm/ºC) was also buried close to the MOF-FP sensor and 

simultaneously monitored. This temperature reference showed the 

behavior illustrated in Fig. 4.55. Measurements shown were taken 

during a week. As can be noticed in Fig. 4.55, the FBG optical 

interrogator has a wavelength resolution of 5 pm which means a 

temperature resolution of 0.5ºC. 
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Fig. 4.55. Temperature and humidity measured during a week in Soil1. 

Results shown in Fig. 4.55 show a good agreement between the 

dynamics of humidity and temperature. Temperature shows 

oscillations of 2ºC depending on the time of the day. During day hours 

temperature rises and when sun sets (soil sample was at direct 

exposition of sun light) it decreases ~2ºC. Humidity results follows the 

same trend showing great variations (decreasing humidity) during the 

day and slower ones at night. These variations agree temporarily with 

temperature, showing bigger slopes during sunshine hours. 

With this temperature reference and being the sensitivity of the 

optical sensor to temperature variations known, its influence can be 

cancelled. Thus, the FFT phase shift induced by temperature variations 

(deduced through the FBG sensor) can be directly subtracted to the 

MOF-FP sensor’s results. This compensation can be made either in real 

time or by post processing. In this study it was directly implemented in 

the acquisition software. Results shown in Figs. 4.56, 4.58 and 4.59 are 

already temperature compensated ones. 

Long term measurements were performed in order to check the 

viability of the MOF-FP sensor. For this aim, the MOF-FP sensor was 
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buried in the soil at ~5cm deep whereas the capacitive sensor was at 

~20cm as it has been shown in Fig. 4.53 a). This difference must be 

underlined as it will affect directly on the results and it is produced 

due to the size difference of the sensors. On the one hand, MOF-FP 

sensor presents reduced dimensions allowing the moisture 

measurement within a small volume of soil while on the other hand, 

capacitive sensors need a significant soil volume (as it will be 

described) to work properly. After the sensor’s installation, water was 

carefully added to the soil until saturation (water dropping at the 

bottom of the sample – Relative humidity = 100%). All the sensors 

were monitored every 10 minutes during ~14 days uninterruptedly 

showing the results shown in Fig. 4.56. After ~12 days for Soil1 and ~9 

days for Soil2, humidity was raised again until saturation to check the 

sensor’s reversibility and adaptability to changing environments. 

 

Fig. 4.56. Capacitive and optical sensor’s response towards soil humidity: (a) 

Soil1 and (b) Soil2. 

As can be seen in Fig. 4.56 there is a discrepancy in terms of kinetics 

between both sensors. It is due to two important factors: devices size 

and type of measurements. On the one hand, capacitive sensors used 

in this study have dimensions of 14.5 x 3.3 x 0.7 cm and they give us 

volumetric measurements by measuring the dielectric constant of the 

soil as shown in Fig. 4.57. On the other hand, MOF-FP based sensors 
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have very reduced dimensions (0.7 mm x 125 μm) without the 

protective cap. This cap is a cylinder 4 cm long having 0.8 cm of radius. 

The sensing head measures the humidity directly in contact with it. 

Therefore, it can be concluded that capacitive sensors need a non-

negligible sample volume to measure in opposition to point optical 

sensors. Due to this difference, optical sensor is very sensitive to point 

humidity changes very close to the sensing head while capacitive 

measures all the humidity comprised around it, being less sensitive to 

local variations. 

Furthermore, the optical sensing head measures the humidity directly 

in contact with it while capacitive sensors integrate the moisture in a 

volume of soil. As previously commented, due to the size, the principle 

of operation of each sensor and their burial depth, optical sensor is 

able to measure localized humidity variations and therefore it 

measures moisture variations before the capacitive sensor. 

 

Fig. 4.57. Idealized measurement volume of Decagon 10HS sensor. 

Another difference in the results can be seen in the X axis of Figs. 56 a) 

and b). Fig. 4.56 a) shows the results of the natural evaporation 

process at indoor conditions. As it can be seen there is a very slow 

kinetic and humidity decreased ~30% in 12 days. To accelerate this 

process, for Soil2 measurements (Fig. 4.56 b)) two heating fans where 

placed close to the sample. Temperature variations were 
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compensated as explained before. A significant difference can be seen 

as the humidity decreased ~60% in 9 days. 

Point measurements were also performed in both soils to check and 

compare the precision of the sensors. For this kind of measurements, 

the results of both capacitive and optical sensors were compared with 

gravimetric measurements. 

Soil samples of ~3L were prepared for the test. The measuring initial 

point is with soil totally dried by an oven to get a ~0% humidity. At 

each sample, 300 mL of water were added to the soil until saturation 

was achieved. For the gravimetric measurements at each sample, just 

after performing the measures with both capacitive and optical 

sensors, a sample of soil was taken in a cylinder with a volume of 

100.14 cm3, weighed, dried in the oven and weighed again to check 

the real weight of water (difference in weight before and after the 

drying process) and as a consequence the humidity contained in the 

sample. Results shown in Fig. 4.59 illustrate the regression slopes for 

both experiments showing R2 = 0.988 for the capacitive sensor and R2 

= 0.978 for the optical sensor in Soil1 and R2 = 0.956 and R2 = 0.949 

respectively in Soil2. 

 

Fig. 4.58. Point measurements: a) Soil1 and b) Soil2. 
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Fig. 4.59. Capacitive and optical sensor’s regression slopes: a) Soil1 and b) 

Soil2 

A feature that is worth mentioning is the performance of the optical 

sensor when humidity is close to 0% as can be seen in Figs. 4.58 and 

4.59. This is due to the different nature of the sensors. On the one 

hand capacitive sensors measure the dielectric constant of the soil and 

therefore the content of water in soil: moisture. On the other hand, 

optical sensors measure refractive index variations produced by the 

presence of soil moisture. Relative humidity can be described as 

follows: 

                                 Relative humidity =  
𝑃𝑤

𝑃𝑤𝑠
  x 100                     (2) 

Where Pw is the water vapor pressure and Pws is the water vapor 

pressure in saturation and it is a function of temperature [180].  

The term humidity usually makes reference to the presence of water 

in gaseous form but it is often used to refer to expressions which are 

related to water vapor characteristics and in the field of 

measurement, there are various terms associated with such water 

vapor measurements. In addition, the term moisture is frequently 
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interchanged with humidity even though the actual definition of 

moisture refers to the water in liquid form that may be present in solid 

materials [181]. Since humidity is a measure of water in gaseous state 

present in the environment, water vapor found in a gas mixture 

behaves in accordance with the gas laws and the amount of pressure 

it exerts equates to the partial pressure of the water vapor 

components in the gas mixture, as defined by Dalton’s law [181]. 

It is necessary to set an initial reference humidity level for capacitive 

sensors and optical sensors. When the soil is saturated, the air in holes 

inside the soil (and therefore the cavity created by the optical sensor) 

is saturated too and therefore both sensors show 100% of humidity 

and relative humidity respectively. 

As can be seen in Figs. 4.58 and 4.59 both sensors work similarly in 

high humidity scenarios. The difference arises when the soil 

approaches to 0% humidity. Due to the nature of the optical sensor 

and its operation principle measuring the water present in air it 

becomes impossible to reach 0% of relative humidity while capacitive 

sensor can reach such low values. As a conclusion, the optical sensor is 

not suitable for environments of very low humidity (under 15%). 

An important aspect to comment is the difficulty to perform accurate 

gravimetric measurements. The operation principle of this technique 

is to take a known volumetric sample of wet soil, weigh it, dry the 

sample in the oven and weigh again to analyze the water weight 

evaporated. To perform accurate measurements, the volume and 

compaction of the soil sample are critical. Although the volume is not 

a problem, to maintain the same compaction during the drying 

process of the soil is not obvious and requires complex techniques and 

devices. This difficulty led to small discrepancies as can be seen in Figs. 

4.58 and 4.59. 
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Table 4.10 shows the measured errors between optical – capacitive 

sensors and optical sensor – gravimetric measurements. As previously 

commented, gravimetric measurements present great variations due 

to the employed technique and its variability depending on the 

measuring conditions. Therefore, the errors measured between 

optical or capacitive sensors and gravimetric in some points (i.e. in Fig. 

4.59 b) at 63% RH in gravimetric measurements) are higher than 

expected as can be seen in the case of the maximum error between 

optical sensor and gravimetric measurement. 

Table 4.10. Summary of measured errors between sensors. 

  Mean Max 

Optical – 
Capacitive Sensors 

Soil1 3.5% 5% 

Soil2 3% 6% 

Optical sensor – 
Gravimetric 

measurements 

Soil1 1% 1.5% 

Soil2 3.5% 9% 

 

The SnO2-MOF sensor has been widely demonstrated and validated 

for two real applications such as real time human breathe and soil 

moisture measurements.  
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4.7 Conclusions 
In this section several sensors have been presented to measure 

different chemical parameters such as refractive index, pH, VOCs, 

gases and relative humidity. 

⦁ Two interrogation techniques for plasmonic TFBG refractive index 

sensors have been reported. The first one relies on the transmitted 

optical power and is characterized by a high sensitivity for refractive 

index measurements in a defined range. The second method uses the 

light reflected by a uniform FBG to interrogate the transmitted 

response of the sensor backwards, comprising a temperature-

insensitive and cost-effective solution, also suitable for remote 

measurements. These two interrogation techniques extend the 

possibilities to evaluate the performance of this kind of optical 

sensors. 

These results have been published in [182]. 

⦁ A new fiber optic pH sensor has been proposed and experimentally 

demonstrated. The sensing head is based on a PAni coating on the 

surface of a TFBG through the in situ chemical oxidative method. The 

interrogation of the sensing head has been carried out by monitoring 

the wavelength shift of one of the resonant cladding modes of the 

TFBG. The sensor presents different features depending on the 

deposition time with a compromise between sensitivity and hysteresis 

effect, showing a maximum sensitivity of 82 pm/pH with and error of 

±2.91 pH and a minimum of 30 pm/pH and an error of ±0.64 pH. The 

effect of the temperature on the hysteresis effect, the influence of the 

polarization state of the light and the response and stabilization times 

have also been experimentally characterized. Hysteresis decreases 

with temperature from 2.53 pH at 20 ºC to 2.04 pH at 50 ºC. The input 

state of polarization (SoP) affects the light penetration in the PAni 
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layer, varying its sensitivity. Finally, the stabilization times of pH 

measurements show different results depending on the pH region 

studied and the increasing or decreasing sense of the variation. 

Measurements around the neutral pH 7 take longer times as expected 

due to the high sensitivity of the sensor in this region. Moreover the 

sensor presents faster response than a digital pHmeter. Each type of 

sensor has been developed twice in order to evidence the 

repeatability of the process. Due to the characteristics of the sensing 

head, it is temperature independent and biochemical compatible 

which make it suitable for new medical smart structures, pipeline 

corrosion monitoring or remote long-distance real-time multipoint 

measurements. 

These results have been published in [183]. 

Different optical sensing heads based on microstructured optical fibers 

have been designed and analyzed both theoretically and 

experimentally.  The sensors heads were developed for VOCs 

detection, ammonia and for humidity measurements 

⦁ The first one was tested in ethanol saturated atmospheres. It has 

been proved that exists a tradeoff between the optical power guided 

by the original MOF (without ITO thin film depositions) and the mode 

distribution confinement. This tradeoff determines the optical power 

of the propagated modes in the MOF-ITO ARROW structure: 

geometries with small core dimensions lead to weaker core modes but 

they show high evanescent field power because the light travels less 

confined; on the other hand, wider core structures lead to more 

powerful guided modes but having more confined distributions but 

their evanescent fields are lower. When a thin film is deposited onto 

the MOFs, the guidance of the light is altered: the signal travels 

through the thin film deposited instead of the silica core of the fiber; 
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the evanescent field of the light guided is the optical power 

transmitted by the new ITO-silica waveguide. This new optical power 

and its evanescent field determine every sensor’s sensitivity towards 

refractive index variations in the surrounding environment. Moreover, 

it has been demonstrated that the inclusion of a hole at the center of 

the fiber core increments the evanescent field and therefore, the 

sensitivity of the MOF sensor: in the case studied in this paper, the 

achieved sensitivity is enhanced by a factor of 5.  Finally and based on 

every aspect studied, it can be inferred that the geometry of the core 

and its dimensions play an important role in the sensitivity of the 

MOF-sensors, so it is crucial its proper design and optimization.  

These results have been published in [184]. 

⦁ A study of the influence of the thickness of the deposited layer on 

the sensitivity of a MOF-FP for ammonia gas sensing has been also 

presented. The results corroborate that thickness is the key parameter 

on the sensitivity optimization process and when a suitable thickness 

is deposited, the sensitivity of the sensor improves significantly. But 

the thickness plays this important role on the sensor gas sensitivity 

because of two very important parameters depend on it in a very high 

way. These parameters are the optical power that a specific structure 

can guide or couple through it and the depth penetration of the gas 

molecules on the sensor sensing layer, in this case ammonia 

molecules. For this reason, this work concludes that it is necessary to 

reach a trade-off between the optical power that a structure through 

its thickness can guide and the influence that the chemisorption of the 

gas molecules has in the sensing layer and consequently, in the 

effective refractive index. This study infers that the optimal thickness 

for an ammonia gas sensor is 725nm (Sensor B6) and lower or higher 

thickness values are not appropriated to develop ammonia gas 

sensors with high sensitivities.  
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Two kinds of metallic-oxides layers as ammonia gas sensing material 

have been studied and two of the most used were compared, ITO and 

SnO2, concluding that SnO2 has best sensitivity to this gas than ITO. In 

addition, it has been probe that the combination of MOF-FP and 

metallic-oxides deposited by means of sputtering technique is a good 

election to develop this type of gas sensor. Sensor B6, the sensor with 

the best sensitivity developed, showed a phase shift of 0.034 π radians 

when it was exposed to an ammonia concentration of 10 ppm. 

Moreover, the sensor response was repetitive and after every 

exposure (from 130 ppm to 10 ppm), the sensors always reached the 

baseline in a short period of time with recovery and response times 

suitable.    

The results of this study are currently submitted to Sensors and 

Actuators B: Chemical journal. 

⦁ Finally, the MOF sensing head with a SnO2 thin film sputtered was 

tested for relative humidity measurements. The interrogation of the 

sensing head has been carried out, again, through the FFT analysis. By 

monitoring the FFT phase variations of the low-finesse FP interference 

frequencies the optical spectrum can be tracked unambiguously. This 

method is low-dependent of the signal amplitude and avoids the 

necessity of tracking the wavelength evolution of maxima or minima 

of the spectrum, which can be a handicap when noise is present; it 

also allows several sensors to be multiplexed, which reduces the 

economic cost of the system and improves its versatility. The sensor 

has been operated within a wide relative humidity range (20%–90% 

RH), obtaining a maximum sensitivity achieved of 0.14 rad/% RH a 

resolution of 0.0026% RH and a phase standard deviation of 0.007 rad 

which presents an error of ±5%. Furthermore, FFT based signal 

processing makes the sensor response linear and along the entire RH 

range. The temperature influence can be real-time-compensated due 
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to the multiplexing suitability of the interrogation technique. The SnO2 

MOF-FP sensor presents high-speed response, reversibility, high 

repeatability rate, robust and compact features. Furthermore, the 

baseline is always recovered without deviations, so that the device can 

be used for real time applications such as breath monitoring. 

⦁ This sensor has been proposed and demonstrated for first time for 

soil moisture measurements. It was temperature and humidity 

characterized in a climatic chamber before its installation in soil. A 

comparison between a commercial capacitive FDR and the optical 

sensor has been carried out in two different types of soils during two 

weeks. Results show a good agreement between capacitive and 

optical measurements in the range 15%-100% humidity and also 

match with gravimetric analysis. For humidity below 15% the optical 

sensor’s sensitivity decreases significantly. Soil moisture can be 

measured with MOF-FP sensors with the advantages that they offer in 

comparison with traditional capacitive sensors: immunity to 

temperature variations (compensated), point measurements (against 

field measurements) and high multiplexing capability. 

The sensor’s characterization results have been published in [177]. 

The second part of the results are published in [185]. 
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5.1. Introduction 

The most evident benefit in sensor multiplexing schemes is the 

reduction of the cost per sensing element by sharing the light source, 

the detectors or the fiber (which installation is sometimes the most 

expensive part of the system). One of the main drawbacks of fiber 

optic sensors compared with other technologies is typically their 

higher cost, which even though is decreasing with the development of 

equipment for optical communications, is still relatively high. 

Accordingly, sharing the cost per sensing element by means of 

multiplexing techniques is mandatory for increasing the 

competitiveness of fiber optic sensing. In this manner, numerous 

works are focused on this aspect of optical sensing, demonstrating the 

feasibility of interrogating hundreds or even thousands of sensors in a 

single network [1]. Another limitation of fiber optic sensors is the 

crosstalk between measurands. One of the most remarkable examples 

is the crosstalk between temperature and strain of the most used 

point sensors, the fiber Bragg gratings. Typically, this problem is solved 

by duplicating the number of FBGs. Fortunately, the cost of these 

sensing transducers is lower than their interrogation equipment. By 

using multiplexing techniques in a unique interrogator, the cost per 

sensing point is not duplicated when strain measurements are 

needed. 

In chapter II different multiplexing techniques has been detailed. In 

this chapter we have utilized a powerful one that is not one of the 

most utilized: Spatial-frequency division multiplexing. Although this 

technique allows multiplexing with no dependence on the network´s 

topology, it is not usual because it requires the utilization of the FFT 

and typically, post-processing of the measured data. Since [2], real 

time measurements using this technique were demonstrated and new 

Bragg grating interrogators include software to interrogate sensors 
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using this technique [3]. Spatial-frequency division multiplexing 

(SFDM) can be understood as a multiplexing technique in which each 

sensor is identified by its particular spatial frequency. In general terms, 

it can be understood as a wavelength division multiplexing (WDM) in 

the spatial-frequency domain; that is obtained after applying the fast 

Fourier transform (FFT) in the optical domain. As a result, the different 

components that modulate the optical spectrum can be identified. 

Throughout this chapter, SFDM is exploited in three different schemes 

with sensing heads with different origin. In section 5.2 up to three 

sensors are multiplexed in a fiber loop mirror (FLM) for temperature 

and strain measurements. Two microstructured optical fiber (MOF) 

based sensors for simultaneous strain and temperature 

measurements are multiplexed in section 5.3. In section 5.4 a 

multiplexing system with several MOF-FP cavities for multiparameter 

measurements is presented. Section 5.5 presents the conclusions to 

this chapter. 

 

5.2 Multisection FLM Structures 

Fiber loop mirrors (FLM), also known as Fiber Sagnac interferometers, 

have been widely studied both theoretically and experimentally 

because of their application in a number of fields such as fiber optic 

gyroscopes among others [4]. Based on the effect firstly demonstrated 

by Georges Sagnac in 1913 [5], the device consists of a beam splitter in 

which the light-waves from an optical source counter-propagates 

through a loop. If that loop is rotated, a phase shift between the 

propagating and counter propagating fields occurs, interfering in the 

splitter. Therefore, the device can detect rotation. This structure, 

originally created in bulk optics, was adapted to optical fiber by using a 
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common directional optical coupler [6]. In addition, a version of this 

system in which a high-birefringence (Hi-Bi) fiber section is used as a 

sensor was presented in [7]. 

If the light launched into a Hi-Bi fiber is aligned following one of the 

birefringent axes, the polarization of light will be preserved, even if the 

fiber is bent. Hi-Bi fibers are also known as polarization-maintaining 

(PM) fibers and have been successfully used in the design of 

interferometers for applications such as optical filtering [7], fiber 

amplification [8], fiber lasers [9], dispersion compensation [10] and 

optical sensing [11]. Hi-Bi fiber-based interferometers (FLMs in 

particular), can detect birefringence changes in the fiber due to 

external physical changes, like temperature or axial-strain [7]. That 

birefringence variation is reflected in a wavelength shift of the 

transmitted/reflected optical spectrum. The most common monitoring 

technique is consequently based on measuring this wavelength shift 

by following a peak or a valley in the optical spectrum. Typically, the 

interference obtained if several interferometric sensors are 

multiplexed is a combination of sinusoidal functions. In that case, the 

classical peak or valley tracking technique is no longer valid. This 

limitation in the multiplexing capability is one of the main drawbacks 

of interferometric sensors compared to other sensing technologies 

such as fiber Bragg gratings. This question has been addressed in a few 

works up to date [12-18], being of special interest the technique based 

on the spatial-frequency division multiplexing used in [12, 16-18], and 

firstly proposed in [19]. In this respect, the fast Fourier transform (FFT) 

analysis allows to identify the contributions given by the 

interferometers multiplexed, retrieving the sensing information from 

the FFT phase. 

Three Hi-Bi fiber sections multiplexed in a single FLM were presented 

in [18] with only one polarization controller required in the setup. That 
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is because the Hi-Bi fiber sections were fused with a rotation angle 

fixed between them, avoiding the need of PCs between Hi-Bi fibers 

and easing the setting of the system.  

A simple Hi-Bi fiber loop mirror scheme (see Chapter II) may consist of 

an optical coupler in which a polarization controller and a Hi-Bi fiber 

section are connected inside a loop as depicted in Fig. 5.1. The phase 

shift between polarization axes of the counter propagating waves 

generates a sinusoidal interference with a transmission coefficient 

following (1). 

 

 

Fig. 5.1. Schematic of the basic structure of a Hi-Bi fiber loop mirror. 

                                            𝑇 = [sin 𝜃𝐶 cos (
𝛽

2
)]

2
                               (1) 

Where 𝛽 =
2𝜋 𝑙 𝑏(𝜆)

𝜆
+ Δ𝜙𝑛         , l is the length of the Hi-Bi fiber, λ 

denotes the central wavelength and θc symbolizes the angle difference 

between the polarization states at the ports of the coupler. In 

addition, b(λ) represents the birefringence of the fiber, which is the 

refractive index difference between the fast and slow propagation 

axes. Although the birefringence slightly varies with wavelength due to 

dispersion, this effect is negligible in this work having no influence in 

the experimental results. In this manner, the birefringence value is 

considered constant in the simulations. Finally, for the sake of 
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simplicity, the propagation changes caused by external variations in 

the fiber due to physical (e.g. temperature or strain) variations are 

represented by an additional phase shift Δφ in the transfer function. 

Should be noted also that there is a reflection coefficient at the input 

R=1-T. 

The transfer function of a simple Hi-Bi FLM presented in (1) gets more 

complex if more Hi-Bi fiber sections are included into the loop (with 

the aim of increasing the number of sensing elements in a single 

device). That implies that classical monitoring techniques, such as 

monitoring the wavelength shift of a peak or valley in the optical 

spectrum, cannot be used. To overcome this restriction, an 

interrogation technique based on the fast Fourier transform (FFT) is 

used in [16-18] to monitor the sensing fibers independently. 

The first proposed system investigates the sensing capabilities of a 

three-section FLM. The schematic of this device can be seen in Fig. 5.2 

and it is formed by including three sensing fibers and a polarization 

controller in a loop, between the arms of an optical coupler. 

 

Fig. 5.2. Scheme of the three-section Hi-Bi-FLM. 

The transfer function of the structure for a 50:50 optical coupler has 

been calculated in the same manner than in [7]. The phase delay 

matrixes of the Hi-Bi fiber sections and the rotation matrixes of the 

polarization state induced by each angle θi have been taken into 
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consideration in both counter-propagating paths. The simplified result 

of the transfer function is as follows: 

                                         𝑇 = [𝐶1 + 𝐶2 + 𝐶3 + 𝐶4]2                               (2) 

Where: 

𝐶1 = cos (
𝛽1 + 𝛽2 + 𝛽3

2
) sin(𝜃𝑐) cos(𝜃2) cos(𝜃3)

= 𝑘1 ∙ cos (
𝛽1 + 𝛽2 + 𝛽3

2
) 

𝐶2 = cos (
−𝛽1 + 𝛽2 + 𝛽3

2
) cos(𝜃𝑐) sin(𝜃2) cos(𝜃3)

= 𝑘2 ∙ cos (
−𝛽1 + 𝛽2 + 𝛽3

2
) 

𝐶3 = cos (
𝛽1 + 𝛽2 − 𝛽3

2
) cos(𝜃𝑐) cos(𝜃2) sin(𝜃3)

= 𝑘3 ∙ cos (
𝛽1 + 𝛽2 − 𝛽3

2
) 

𝐶4 = −cos (
𝛽1 − 𝛽2 + 𝛽3

2
) sin(𝜃𝑐) sin(𝜃2) sin(𝜃3)

= 𝑘4 ∙ cos (
𝛽1 − 𝛽2 + 𝛽3

2
) 

𝛽𝑛 =
2𝜋 𝑙𝑛𝑏𝑛(𝜆)

𝜆
+ Δ𝜙𝑛         𝑛 = 1, 2, 3 

The angle θc= θ1 + θ4 ; where θ1 and θ4 represent the rotation angle of 

the polarization state when the light enters the Hi-Bi fiber sections l1 

and l3 as shown in Fig. 5.1. The angle θc is fixed by the polarization 

controller. Angle θ2 symbolizes the rotation angle between the fiber 

sections l1 and l2. In the same manner, θ3 is the rotation angle 
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between the fiber sections l2 and l3. The term βn is a simplified 

parameter involving the fiber length ln, its birefringence bn and the 

operation wavelength 𝜆. Finally, Δφn denotes the phase variation due 

to physical perturbations in the n-th fiber. The expansion of equation 

(2) results in numerous components generated at the different 

frequency combinations of β1, β2 and β3. The majority of them are not 

significant for sensing purposes due to the crosstalk between sensors. 

However, the independent factors cos(βn) encode the crosstalk-free 

sensing information. After the adequate expanding of (2), secondary 

and main contributions can be identified as follows: 

                                             𝑇 = 𝑇𝑚𝑎𝑖𝑛 + 𝑇𝑠𝑒𝑐                              (3) 

Where: 

𝑇𝑠𝑒𝑐 =
1

2
(𝑘1

2 + 𝑘2
2 + 𝑘3

2 + 𝑘4
2 + 2𝑘2𝑘4cos(𝛽1 − 𝛽2)

+ 2𝑘1𝑘3cos(𝛽1 + 𝛽2) + 2𝑘2𝑘3cos(𝛽1 − 𝛽3)

+ 2𝑘3𝑘4cos(𝛽2 − 𝛽3) + 2𝑘1𝑘4cos(𝛽1 + 𝛽3)

+ 2𝑘1𝑘2cos(𝛽2 + 𝛽3) + 𝑘1
2 cos(𝛽1 + 𝛽2 + 𝛽3)

+ 𝑘2
2cos(𝛽1 − 𝛽2 − 𝛽3) + 𝑘3

2cos(𝛽1 + 𝛽2 − 𝛽3)

+ 𝑘4
2cos(𝛽1 − 𝛽2 + 𝛽3)) 

 

𝑇𝑚𝑎𝑖𝑛 = ((𝑘1𝑘2) − (𝑘3𝑘4))cos(𝛽1) + 

+ ((𝑘2𝑘3) − (𝑘1𝑘4))cos(𝛽2) +  

+((𝑘1𝑘3) − (𝑘2𝑘4))cos(𝛽3) 

                              = 𝑚1cos(𝛽1) + 𝑚2cos(𝛽2) + 𝑚3cos(𝛽3) 

As a result, selecting the appropriate angles θc, θ2 and θ3, the influence 

of each component in the final interference will be defined. Typically, 
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a polarization controller is used to set each angle θn [14-17]. In 

accordance, three PCs would be needed in the proposed setup, which 

would significantly complicate the operation of the system. In this 

work, in order to decrease the number of PCs required, the rotation 

angles between Hi-Bi fibers are fixed by directly fusing them with the 

appropriate angle offset. In this manner, the handling of the system is 

simplified by reducing the number of PCs to one. That one is needed 

to control the angle difference of the polarization states at the ports of 

the coupler (θc). 

A study of the different angle combinations has been performed in 

order to find the ones that generate the strongest main contributions. 

In this analysis, the angle θc was not evaluated since it will be set 

manually using the polarization controller. Therefore, only the angles 

θ2 and θ3 have been analyzed for a fixed θc=27° (which generates the 

strongest main contributions). To evaluate the transfer function at 

each angle combination, an indicator |m1·m2·m3| was used (see (3)). 

The aim is to find the angles in which the factors of the main 

contributions mn are large and also reasonably similar between them. 

As a result, Fig. 5.3 shows the indicator factor for every angle 

combination. As can be seen in the figure, the optimum value 

corresponds to the angles θ2=θ3=27°. Nonetheless, for the sake of 

simplification and taking into account that the amplitude difference is 

not very significant, the angles chosen for the experimental setup are 

θ2= θ3=30°. 
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Fig. 5.3. Value of the indicator |m1•m2•m3| for the different angle 

combinations of a three-section FLM. 

Based on the previous system, an all-polarization maintaining version 

can be made to overcome the need of using a polarization controller 

in the setup. A typical limitation in Hi-Bi FLMs is the change induced in 

the polarization by external perturbations in the single-mode fiber, 

which significantly limits its practical usage. This implies that the FLM 

have to be kept stable; otherwise the polarization controller placed 

into the loop has to be regularly adjusted. To avoid this dependence, a 

second Hi-Bi FLM setup is presented. In this case, all the fiber of the 

system is polarization-maintaining (PM) so there is no need of 

including a polarization controller in the loop. However, a careful 

selection of the angles has to be done to be able to identify the main 

contributions of each sensing fiber. 

To design an all polarization-maintaining Hi-Bi FLM, a PM coupler must 

be necessarily used. It should be noted that in a PM coupler θc is fixed 

to 0º. This coupler is made of Hi-Bi fiber so the ports of the coupler 

themselves have to be considered as Hi-Bi fiber sections in the 

interferometer design. Consequently, if two more Hi-Bi sensing fibers 
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are included in the loop, the scheme comprises a total of four Hi-Bi 

fiber sections as depicted in Fig. 5.4 a). The theoretical expression it is 

used in the simulations. In any case, in the same manner as in [17], if 

the total rotation angle between fiber sections l1 and l4 (i.e. the ports 

of the PM-coupler) sums 90°, they act as a single section with a virtual 

length lv=l1-l4. As a consequence, if θ2+θ3+θ4=90°, the all-PM version of 

the setup can be equivalently understood as a three-section FLM (Fig. 

5.4 b)). This fact has been verified by comparing the simulations using 

the four-section formula (fiber lengths: [l1, l2, l3, l4] and angles: [θc, θ2, 

θ3, θ4]) to the results given by the three-section simulation (lengths 

[lv=l1-l4, l2, l3] and angles [θc´= θ4, θ2´= θ2, θ3´= θ3]). 

 

Fig. 5.4. a) Experimental and b) equivalent scheme of the all-PM four-section 

FLM. 

Accordingly, the transfer function of this all-PM FLM can be directly 

derived from (2) for fiber lengths [lv=l1-l4, l2, l3] and the angles [θc´= θ4, 

θ2´= θ2, θ3´= θ3] as depicted in Fig. 5.4 b). Also this time, the different 

angle combinations have been analyzed to find the optimum values of 

θ2, θ3 and θ4. In this case the indicator |m1•m2•m3| has been 

calculated for angles θ2 and θ3 between 0 and 90° being θ4=90-θ2-θ3. 

Fig. 5.5 shows the results, evidencing that the best angle configuration 
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is obtained when [θ2, θ3] = [30, 30] and consequently θ4=90-θ2-θ3=30°. 

Therefore, those angles are used in the experimental implementation 

of the system. 
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Fig. 5.5. Value of the indicator |m1•m2•m3| for the different angle 

combinations of an all-PM four-section FLM. 

As previously mentioned, the measuring technique used for the study 

is based on the FFT like in [12, 16-18]. The transfer function (3) is 

defined by a combination of sinusoids. In this manner, the FFT 

magnitude spectrum of the transfer function is represented in the 

spatial frequency domain by a combination of peaks where each one 

represents a frequency contribution. When a phase change occurs to 

a component, it will be reflected in a change in the FFT phase 

spectrum at the spatial frequency of the component. Applying this to 

the three-section FLM interference presented in (3), the FFT will 

include a number of magnitude peaks at the spatial frequencies given 

by the different secondary contributions of β1, β2 and β3 (e.g. 

cos(β1+β2), cos(β1+β3), cos(β1+β2+β3), etc.). But also, as stated in (3), 

will include the magnitude peaks corresponding to the main 

contributions, i.e. the independent fiber optic sensors: cos(β1), cos(β2) 

and cos(β3). Therefore, when strain/temperature is applied to the n-th 
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fiber section, a phase change Δφn will arise, varying also the FFT phase 

at the associated frequency. Consequently, the FFT phase of the main 

contributions located at the spatial frequencies Sf(ln)=ln/λLBn is 

monitored to obtain the reading of the sensing fibers. 

The setup used for the experiment (Fig. 5.2) comprises three Hi-Bi 

sensing fibers, a polarization controller and a 50:50 optical coupler. As 

mentioned in the previous section, the angles between fibers chosen 

for the experimental setup are θ2=θ3=30°. As a significant 

improvement, in this work the Hi-Bi fibers are fused between them 

(using a fusion splicer Fujikura FSM 100P,) with a fixed rotation angle 

so there is no need of using PCs between fibers as in [16]. That 

reduces the losses and eases the operation of the system, reducing 

the number of PCs in this setup from three to one. The optical 

spectrum is measured using a commercial fiber Bragg grating sensors 

interrogator (Smartec SM125) with a resolution on 5 pm and a scan 

frequency of 1 Hz. The FFT is computed in Matlab also every second, 

providing real-time information of the sensor system. 

To be able to obtain crosstalk-free measurements from the sensing 

fibers, the length of the Hi-Bi fiber sections must be correctly chosen 

to avoid overlapping between the secondary contributions cos(β1+β2), 

cos(β1-β3), cos(β2-β3), etc.) and the main components cos(β1), cos(β2) 

and cos(β3). Taking this into consideration, the first fiber section is a 

Panda type (SM15-PS-U25A; LB= 3.98 mm) of length l1=1.77 m. The 

second and third sensing fibers are l2=0.94 and l3=2.24 m sections of 

all-silica microstructured fiber PM-1550–01 from NKT Photonics (LB= 

1.75 mm). Consequently, the main contributions of each sensing fiber 

are located at the spatial frequencies: Sf(l1)=0.2875 nm-1, Sf(l2)=0.35 

nm-1 and Sf(l3)=0.825 nm-1. Fig. 5.6 a) shows the interference 

measured for the three-section Hi-Bi FLM. It can be noted in the figure 

that the classical technique of monitoring the sensors by following a 
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peak or a valley in the spectrum is not possible due to its complexity. 

However, after performing the FFT (Fig. 5.6 b)), the three main 

contributions of the sensing fibers can be clearly seen at the spatial 

frequencies Sf(ln). Note also that other secondary combinations can be 

seen (e.g. Sf(l1+ l3)=1.125 or Sf(l2- l1)=0.065 nm-1). 

Additionally, theoretical simulations of the setup were performed for 

the angles θ2=θ3=30° and θc=60°. It can be seen in Fig. 5.6 b) that the 

results agree, specially taking into consideration that the angle θc has 

to be set manually using the polarization controller.  

 

Fig. 5.6. a) Measured spectrum of the three-section FLM measured using an 

optical interrogator and b) FFT magnitude of the interference. 

The appropriate performance of the sensing fibers has been verified 

by applying axial strain and temperature changes to the fibers. Section 

l1 was placed inside a climatic chamber, performing a temperature 

sweep from 25 to 75°C. As can be seen in Fig. 5.7 the FFT phase at the 

spatial frequency Sf(l1) increases linearly with temperature with a 

sensitivity of 0.914 π rad/°C. The FFT phase corresponding to fibers l2 

and l3 remains stable, evidencing the absence of crosstalk between 

fibers. Note that the initial phase is arbitrary and do not limit the 

operation of the system. 



 V. Interferometric Sensor Multiplexing 

 303 | 362 

 

 

Fig. 5.7. FFT phase response to temperature changes in the fiber section l1.   

Instead of temperature tests, due to the negligible sensitivity of the 

all-silica fiber to temperature [20, 21], axial strain variations were 

applied to fiber l2 and l3. Therefore, a section of 14 cm (considered as 

the axial-strain sensor) of the fiber under test was fixed to a 

programmable translation stage and a sweep was carried out to 2000 

με every 12 με. The results of the experiments can be seen in Fig. 5.8 

and Fig. 5.9 for the fibers l2 and l3 respectively. As expected, the phase 

of the strained fibers varies linearly with a sensitivity of -0.128 and -

0.14 π rad/mε (l2 and l3 respectively). Again, it is verified the free-

crosstalk operation of the sensor. Slight variations in the phase of Sf(l1) 

can be seen, but these are due to small temperature variations during 

the strain tests. Taking into consideration the instability values 

obtained for each sensing fiber, the resolutions obtained are 3.6 m°C, 

9.4με and 10.7 με for the sensing fibers l1, l2 and l3 respectively. 
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Fig. 5.8. FFT phase behavior of the sensors vs applied strain at l2. 

 

Fig. 5.9. FFT phase behavior of the sensors vs applied strain at l3. 

After verifying the adequate operation of the three-section Hi-Bi FLM 

for sensing applications, the all-polarization maintaining version of the 

system was validated. As explained, all the fiber of the setup (depicted 

in Fig. 5.4 a)) is polarization-maintaining fiber. In this manner, no 

polarization controllers are needed in the setup, simplifying the 

operation of the system and significantly increasing its performance 

[17]. The setup consists of two sensing fibers l2=0.96 and l3=2.33 m of 

all-silica microstructured fiber (PM-1550–01 from NKT Photonics; LB= 

1.75 mm) and a 50:50 PM fused coupler (fiber type Panda SM15-PS-
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U25A with LB=3.98 mm). The output ports of the coupler were l1=0.97 

and l4=0.50 m long respectively and were directly fused together to 

the all-silica fiber with the appropriate rotation angle offset to avoid 

using PCs. As previously stated, the angles chosen for the setup were 

θ2=θ3=θ4=30°. Consequently, due to the 90° rotation between the 

sections l1 and l4, they will act as a virtual single section of length lv=l1-

l4=0.47 m. Thus, three sensing elements can be measured by 

monitoring the FFT phase at the spatial frequencies Sf(lv)=0.075 nm-1, 

Sf(l2)=0.35 nm-1 and Sf(l3)=0.882 nm-1. 

The optical spectrum of the interferometer and the magnitude of its 

FFT are shown in Fig. 5.10. In addition, the simulation of the system 

using the four-section theory (angles θc=0°, θ2=θ3=θ4=30°) is also 

presented in Fig. 5.10 b), matching with the experimental results. 

 

Fig. 5.10. a) Measured spectrum of the four-section all-PM FLM measured 

using an optical interrogator and b) FFT magnitude of the interference. 

The adequate performance of the system as sensor network has been 

validated in the same manner as the three-section FLM. The response 

of the Panda fiber lv to temperature was analyzed during a 

temperature sweep. Fig. 5.11 depicts the results, showing a linear 

increase of the phase at the spatial frequency Sf(lv) with a sensitivity of 

0.177 π rad/°C. Also in this case, the FFT phase corresponding to fibers 

l2 and l3 do not show crosstalk in the measurements. Finally, the 
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sensing capabilities of the sections l2 and l3 were studied as axial-strain 

sensors. Again, 14 cm of the fiber under test was fixed to the 

automated translation stage. A strain test was carried out, measuring 

the FFT phase of the sensing fibers up to 2000 με with steps every 12 

με. The results can be seen in Fig. 5.12 and Fig. 5.13 for strain applied 

to the fibers l2 and l3 respectively. The sensitivities obtained from the 

linear fitting are -0.13 and - 0.138 π rad/mε (l2 and l3 respectively) 

without crosstalk between sensing fibers. Consequently, the proper 

operation of the four-section all-PM FLM as sensing scheme has been 

validated. Considering the instability values measured for each sensing 

fiber, the resolutions attained in this case are 12.4 m°C, 11.5με and 

19.5 με for the sensing fibers lv, l2 and l3 respectively. 

It is worth saying that different sensor configurations can be attained 

just by using different types of Hi-Bi fibers. For instance, all-silica PCF 

fibers present a sensitivity to temperature 30-35 times smaller than 

Panda fibers [20, 21]. Thus, if high-precision strain monitoring was 

required, a temperature sensing fiber should be used to compensate 

the measurement given by the all-silica PCF. 

 

Fig. 5.11. FFT phase response towards temperature in the fiber section lv. 
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Fig. 5.12. FFT phase behavior of the sensors vs applied strain at l2 using the 

four-section all-PM FLM. 

 

Fig. 5.13. FFT phase behavior of the sensors vs applied strain at l3 using the 

four-section all-PM FLM. 

In conclusion, three sections of Hi-Bi fiber have been multiplexed and 

correctly monitored as sensors in a single fiber loop mirror 

interferometer. Theoretical results demonstrate that independent 

sensor contributions are present in the interference. Therefore, 

temperature/strain changes applied to each of the three sensing fibers 

can be measured without crosstalk by using the FFT analysis. A study 

of the different angle combinations have been performed to maximize 
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the contributions associated to the sensors, being the optimal angles 

θc=θ2=θ3=27°. Simulations have been also carried out, agreeing with 

the experimental results 

 

5.3 Multiparameter MOF structures multiplexing 

The multimode interference has been extensively used for sensing 

within standard multimode fibers. For example, multimode optical 

fiber sensors have been developed for the measurement of curvature 

[22], strain and temperature [23], refractive index [24] and also for 

dual parameter measurements [25]. The appearance of 

microstructured optical fibers, has also allowed the development of 

multimode MOF sensing structures and therefore, the use of 

multimode interferometers based on this technology [26, 27]. 

Besides that, standard highly birefringent (Hi-Bi) fibers with elliptical-

core or stress-applying elements have been successfully used as 

transducers of fiber optic sensing systems for measuring numerous 

physical parameters such as strain, temperature and pressure [28-31]. 

In this section, the utilization of a previously shown MOF-4-Bridge (in 

chapters II, III and IV) is demonstrated for simultaneous strain and 

temperature measurements, as well as a multiplexing technique for 

several sensors based on this MOF.  

The sensing head was fabricated by splicing a commercial SMF to a 

four-bridge MOF as depicted in chapters III and IV. The cross-section 

of the four-bridge MOF and its core details was presented in Fig. 3.10 

Two sensing heads with different MOF lengths were developed. S1 

was made using 34 cm of MOF fiber and S2 used 28cm of the same 
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type of fiber. Their resultant optical spectrum is formed by several 

interferometric contributions. Figs. 5.14 and 5.15 show the optical 

spectrum for S1 and S2 respectively. 

 

Fig. 5.14. a) Optical spectrum of S1 and b) its FFT. 

 

Fig. 5.15. a) Optical spectrum of S2 and b) its FFT. 

There appear different main components from different nature in 

each sensor. For S1, three FFT components can be easily distinguished. 

The lowest one, located at ~0.57 nm-1 can be produced by any 

imperfection or “bubble” in the splice, creating an undesired FP cavity. 

Component located at 1.11 nm-1 is called S1F1 and the last 

component, located at ~2 nm-1 is called S1F2. Analogously, S2 presents 

two main FFT components (the FP due to imperfections is not present 
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in this sensor). The lower component located at ~0.93 nm-1 is called 

S2F1 and the highest one at ~3.4 nm-1 is S2F2. 

As it was explained in Chapter III, section 3.3, each component comes 

from the interference produced by a different phenomenon: 

birefringence and multimodal behavior. 

Lower interferences (SxF1) are produced by the birefringent 

properties of the MOF. Due to its core asymmetry, each orthogonal 

polarization presents different effective refractive index and therefore 

different propagation constant. When both polarizations are back-

coupled in the MOF-SMF interface, they produce the presented 

interferences following (4). 

                         Δ𝜆 = (LB × 𝜆) / L                        (4) 

 

Where Δ𝜆 is the interference period spacing, LB = 3.96×10-4 m is the 

MOF simulated beat length [32] and L (expressed in m) is the MOF 

length. In this particular case, sensors are measured in reflection and 

therefore the fiber length must be multiplied by a factor 2. 

On the other hand, higher interferences (SxF2) are produced as a 

result of the beating of two modes that propagate in the sensing head 

fiber which shows a multimode behavior. Other less strong 

multimodal beating interferences appear as well. They come from the 

interference of high order modes propagating along the fiber, but 

these modes are less powerful. 

Temperature variations affects similarly to both X and Y axes and the 

interference due to the birefringence remains almost unaltered. 

However, each propagated mode presents its own effective refractive 

index that depends on the core and cladding refractive indexes and 
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they are affected differently one from each other as they are function 

of the temperature.  

Strain variations affect in a different manner to both refractive index 

values of the transversal section of the core, depending on the 

longitudinal position into the fiber. Therefore, the birefringent nature 

of the MOF fiber implies a strain sensitivity. Consequently, this strain 

will affect in the same manner to all the propagating modes. 

In order to verify the operation of the sensors S1 and S2, the strain 

and temperature performances of the MOF sensing head were 

experimentally carried out. Moreover, in order to test the capability of 

these type of sensors to be multiplexed in a single optical 

interrogator’s channel and ensure the independence of the 

measurements without crosstalk they were monitored simultaneously. 

The interrogation technique is based on the Fast Fourier Transform of 

the sensor’s optical spectrum that has been presented previously in 

other sections. 

Fig. 5.16 illustrates the equivalent scheme for the multipoint sensing 

system. In this case the MOF-FP sensing heads were tested 

simultaneously to verify the independence of measurements. Due to 

the high loss the SMF-MOF fiber connection (mainly produced by the 

core dimensions differences) and the losses related to the coupling 

ratio of the optical coupler, an optical amplifier was used to ensure a 

good signal to noise ratio of both sensors along their characterization. 

In this particular case the optical amplifier used was an erbium-doped 

fiber amplifier (EDFA, MPB P21) with an optical gain of 17dB and a 

wavelength operation range of 1525-1565nm. 

Thus, a 2x2 optical coupler was employed as a multiplexing device. 

Two different optical couplers with different coupling ratio were 
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tested. Initially a 50:50 optical coupler was chosen to split the optical 

power equally in both sensing heads (MOFx and MOFy). It was found 

out that due to the different length of the MOFs, the shorter one had 

higher optical power levels (one order of magnitude) than the larger 

one. To solve this difference and in order to equalize both 

contributions a 70:30 optical coupler was used with the 70% arm 

dedicated to the larger MOF and the 30% arm to the shorter one.  

Two optical 3-port circulators were placed in order to recirculate the 

signals and allowing the use of a single optical channel of the optical 

interrogator. 

 

Fig. 5.16. Schematic representations of the utilized experimental setups. 

The commercial interrogator of optical fiber sensors (Smartec SM125) 

was used to illuminate the network and also to analyze the spectra 

signals guided through the MOF sensor. 

The multiplexed optical spectrum and its FFT for both sensors is 

presented in Fig. 5.17. 
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Fig. 5.17. a) Optical spectrum of multiplexed S1 and S2 and b) its FFT. 

For temperature variations S1 was placed inside an oven and 

temperature variations between 30-80 ºC were applied, while S2 

remained at constant room temperature (22 ºC). Same process was 

performed with S2 inside the oven and S1 at constant room 

temperature. All the spatial frequencies S1F1, S1F2, S2F1 and S2F2 

were simultaneously monitored. 

For strain tests 450 µε of longitudinal strain was applied to 14.5 cm of 

stacked fiber of one sensor while the other rested on the optical 

bench also at room temperature; and vice versa. 

Fig. 5.18 shows the results for both sensors being monitored 

simultaneously. As expected, on the one hand, the interference 

related to the birefringence behavior showed high sensitivity to 

applied strain and low sensitivity to temperature variations. On the 

other hand, the interference related to the multimode behavior 

showed sensitivity to temperature and low sensitivity to strain. 
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Fig. 5.18. Performance of the spatial frequencies towards strain and 

temperature variations: a) strain applied on S1, b) temperature variations 

applied on S1, c) strain applied on S2 and d) temperature variations applied 

on S2. 

For S1, S1F1 presents a linear response to strain variations with a 

sensitivity of 0.0183π rad/µε and low sensitivity to temperature of -

0.0047π rad/ºC. Complementarily S1F2 presents a linear response to 

temperature variations with sensitivity of -0.165π rad/ºC and 0.00059π 

rad/µε for strain measurements. Resolutions for strain in S1F1 and for 

temperature in S1F2 are 0.251 µε and 0.034 ºC respectively. 

The contribution of both interferences can be generally written as: 
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Δ𝜆S1 F1 = -0.0047πΔT + 0.0183πΔε 

Δ𝜆S1 F2 = -0.165πΔT + 0.00059πΔε 

These equations reveal it is possible to discriminate the strain and 

temperature effects by rearranging them in the following way: 

 

The temperature and strain measurements based on this approach 

show resolutions of δT = 0.049 °C and δε = 0.44 με and were 

calculated following the method presented in [33] considering that the 

optical interrogator has a phase resolution of δint = 0.008π. 

S2 presents similar behavior: S2F1 shows linear response to strain with 

sensitivity of 0.018π rad/µε and -0.0045π rad/ºC to temperature 

variations. S2F2 also shows a linear response to temperature with 

sensitivity of -0.14π rad/ºC and 0.00059π rad/µε to strain. The results 

can be expressed as: 

Δ𝜆S2 F1 = -0.0045πΔT + 0.018πΔε 

Δ𝜆S2 F2 = -0.14πΔT + 0.00059πΔε 

As previously shown, they can be written in matrix form to isolate 

each contribution: 

 

This method gives resolutions of δT = 0.071 °C and δε = 0.45 με. 
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In view of the results, the independence of both sensors is proved. 

Due to the isolation of the spatial frequencies given by the FFT analysis 

technique each sensor can be measured independently from the other 

one. In this particular study two sensors where simultaneously tested 

but a higher number can be multiplexed by choosing correctly the 

MOF lengths of each one and ensuring a non-overlapping FFT 

spectrum. 

 

 

5.4 MOF-FP Multiplexing structures 

Multiplexing interferometric sensors is a major target in the sensing 

field, allowing to perform multi-point and multi-parameter 

measurements within the scheme, and, therefore, reducing 

significantly the economic cost of the system.  

Multiplexing some Fabry-Pérot interferometric sensors without 

reflective layers present several difficulties due to their low reflectivity 

(4%) and their cavity length limitation (the number of multiplexed 

sensors depends on the cavity lengths chosen). Several approaches 

have been demonstrated during the last years: spatial-frequency-

division multiplexing (SFDM) and coarse-wavelength-division 

multiplexing (CWDM) schemes [34], in-line FP cavities based on FBGs 

reflectometers [35], weak fiber Bragg gratings using frequency shifted 

interferometry [36], conventional graded-index multimode fibers in 

mode-multiplexed transmission [37], photonic crystal fibers in Sagnac 

interferometers [38] or polarization-division multiplexing [39]. These 

techniques present several handicaps such as complex setups with 

high economic cost or systems whose complexity increases 

exponentially with the number of multiplexed sensors. 
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In this section, a multiplexing system with 6 FP-interferometric sensing 

heads for multiparameter monitoring is presented and characterized. 

Six different sensors were fabricated and multiplexed within a single 

optical interrogator channel as shown in Fig. 5.19. To multiplex all the 

sensors, three optical couplers were used in cascade in order to 

achieve the required number of multiplexing channels. In this 

particular case, in a first stage, a 2x4 optical coupler was used to divide 

the optical interrogator’s output in four identical optical paths. Two of 

this paths were directly used with two sensors and the others were 

used as inputs in a second multiplexing stage where two 2x2 optical 

couplers were installed. All the output channels of the 2x2 couplers 

were directly connected to their corresponding sensing head. 

 

Fig. 5.19. Multiplexing experimental setup. 

The sensor’s distribution was chosen in relation with their optical 

insertion losses. Sensors S1 and S4 presented higher optical losses and 

therefore they were directly connected to the 2x4 optical 

interrogator’s output. Sensors S2, S3, S5 and S6 were connected to the 

outputs of the 2x2 couplers. 
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The optical losses of the multiplexing system where measured before 

installing the sensors and results are shown in Table 5.1. Optical ports 

are highlighted in red color in Fig. 5.19, being port 0 the input port of 

the multiplexing system and port 1, 2, 3, 4, 5 and 6 the corresponding 

port of each sensing head. 

Table 5.1. Optical losses between optical ports. 

Ports Optical losses (dB) 

0  1 6.55 
0  2 10 
0  3 10.87 
0  4 7.15 
0  5 11.15 
0  6 10.6 

 

As it can be remarked from Table 5.1, ports 1 and 4 were the most 

suitable ones for the sensing heads with higher optical losses. 

Six Fabry-Perot based sensing heads were multiplexed and used as 

sensors in this work. These cavities were made from a microstructured 

optical fiber with particular characteristics. The MOF used was the 

same as in section 5.3. The Fabry-Pérot cavities were made by splicing 

different lengths of MOF fiber to one side of a single mode fiber 

(Corning SMF-28). The splice was made with a Fitel S175 fusion splicer 

with a custom developed program for this MOF and manual operation 

for its alignment. This manual splice leads to different insertion losses 

in each sensing head that must be taken into account.      

By splicing a piece of MOF to a SMF, a low-finesse Fabry-Pérot 

interferometer is created when a light beam reaches the cavity (MOF) 
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and it is reflected between the two interfaces several times, which 

approximates a two-beam Fabry-Perot [40].  

Assuming a two beam Fabry-Perot, the reflected signal obtained 

should follow equation (5), where Δ𝜆 is the optical spectrum 

wavelength spacing, 𝜆 is the working wavelength, n is the refractive 

index (neff = 1.37) and d is the MOF cavity length. 

                                                    ∆λ= λ2/2nd                                    (5) 

As can be seen in equation (5) the MOF cavity length determines its 

interference wavelength spacing period (Δ𝜆). Different sensors were 

obtained varying this interference period, as shown in Table 5.2. 

Table 5.2. Cavity lengths and their associated interference periods. 

Sensor MOF Cavity Length 
(mm) 

∆𝝀 (nm) 

S1 ~1.25 0.7 

S2 ~0.8 1.1 

S3 ~0.4 2.2 

S4 ~1.4 0.63 

S5 ~0.7 1.28 
S6 ~0.65 1.35 

 

The individual optical spectra of the sensors mentioned above are 

shown in Fig. 5.20. These MOF cavity lengths were chosen in order to 

get examples of sensors in a wide spatial frequency range (0.4 – 1.5 

nm-1) and also to verify their performance when other sensors are 

located in a spatial frequency close to them. 
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Fig. 5.20. Sensor’s individual optical spectrum. 

Using the setup showed in Fig. 5.19, the resulting optical spectrum is 

shown in Fig. 5.21. This optical spectrum is the result of the 

combination of all the sensor’s interferences. As can be noticed, it 

becomes impossible to track the evolution of each interference 

independently and a wavelength shift in one of the interferences 

produces a wavelength variation of the whole multiplexed optical 

spectrum. 
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Fig. 5.21. Resulting multiplexed optical spectrum. 

The commercial interrogators of optical fiber sensors (Smartec SM125 

and Smartec Si155, described in Chapter II) were used to illuminate 

the network and also to analyze the spectra signals guided through the 

MOF sensors. As was mentioned before, both optical interrogators 

allow sensors to be interrogated with a scan frequency of 1 Hz and a 5 

pm resolution for the SM125 and 1k Hz and 10pm for the Si155. Si155 

optical interrogator allowed the system performance to be verified in 

high sampling frequency conditions being possible to take measures 

up to 1k Hz. FFT is computed in MATLAB. 

It is worth remarking that this interrogation method can be used in 

any of the usual topologies of optical fiber sensors multiplexing 

networks (star, tree, bus, mesh…[41]). These typical multiplexing 

networks prefer bus topologies in order to save cabling costs. 

However, these systems require complicated 

modulation/demodulation techniques and fiber delays to identify each 

interferometric sensor [42] or FBGs placed by  the sensors to identify 

them [43]. The interrogation method is also suitable for this kind of 
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topology because the sensors´ identification is achieved in the spatial 

frequency domain and not by their position inside the networks, as 

happens in time division multiplexing (TDM) modulated systems. 

Due to the optical losses of the sensing heads and the multiplexing 

system, a pre-amplification stage was used. The objective of this 

amplification stage is to compensate all the induced losses and to 

allow long distance remote motorization (up to 75km with the sensors 

comprised in this work). This stage is composed of a 3 port optical 

circulator and an Erbium doped amplifier (EDFA). The optical circulator 

is needed in order to use the same optical interrogator’s channel to 

send and collect the light into and from the multiplexing system. 

In order to verify the performance of the multiplexing system and the 

polyvalence of its combination with this type of sensing heads, three 

kind of sensors were employed: one temperature sensor, two relative 

humidity sensors and three volatile organic compounds (VOCs) 

presence sensors. 

Relative humidity sensors were developed by creating a thin film of 

SnO2 inside the holes of the MOF fiber through the sputtering process, 

as authors previously demonstrated in Chapter IV. VOCs presence 

sensors were developed with the same technique but changing the 

sensing material to ITO [44] as in Chapter IV too. Temperature sensor 

is the FP-MOF cavity without any deposited sensitive layer as 

described in Chapter III. These thin film depositions do not vary the 

interference period of the sensing heads but reduce their amplitude 

depending on the deposition time. 

Deposition time determines the sensor’s performance (sensitivity and 

response time). In this study, the deposition time of each sensor was 

been selected in order to enable simultaneous measurement in the 

same atmosphere avoiding crosstalk between sensors. For this reason, 
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their sensitivity was not maximal when compared with the results 

showed in chapters III and IV as they were optimized. 

The interaction principle between SnO2/ITO and H2O/VOCs molecules 

has been extensively described in Chapter II. 

S1 and S2 present a SnO2 thin film sensitive layer as a result of a 2 

minutes sputtering process. S3, S4 and S5 have an ITO thin film 

sensitive. This metallic oxide changes its refractive index in presence of 

different VOCs. Thus, an ITO thin film was deposited onto the head 

and into the walls of the MOF using a sputtering technique. The 

distance between the target of ITO and the head of the sensor was set 

at 5 cm. The main transduction mechanism which governs the 

behavior of this sensor [45] is the interaction between the evanescent 

field of the guided light along the MOF and the ITO thin film deposited 

into the walls of the MOF. S6 presents no sputtering deposition in 

order to keep it insensible to relative humidity nor VOCs variations. 

External variations (in the example studied: temperature, relative 

humidity or VOCs presence for each kind of sensing head) produce a 

wavelength shift in the optical spectrum domain. In the FFT domain, 

this shift is translated into a variation of the FFT phase of the 

corresponding FFT module delta. By monitoring the FFT phase of each 

sensors’ main component, optical wavelength variations can be 

unambiguously identified. 

Typically, interferometric sensors have been multiplexed through 

wavelength division multiplexing devices (WDM) [13], [46] committing 

a certain wavelength range for each sensor. This technique allows a 

number of sensors to be multiplexed, depending on the wavelength 

range committed to each sensor and the operating wavelength range 

of the devices employed (light source, analyzer and EDFA). Moreover, 

the interference period (Δ𝜆) of each sensor and the wavelength range 
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assigned to it determines the operating  range of the device, leading 

to a tradeoff between operating range of the sensor and the number 

of sensors that can be multiplexed. 

The FFT of each optical spectrum leads to a single peak (theoretically a 

single Dirac delta) in the FFT magnitude domain as can be seen in Fig. 

5.22. The experimental FFT magnitude of each sensor is shown in Fig. 

5.22. Table 5.3 show the theoretical frequencies that should be 

obtained just by applying equation (2), where x makes reference to 

any sensor. 

                                                   Freqx=1/∆λx                                          (2)     

Table 5.3. FFT frequencies of each sensor. 

Sensor ∆𝝀 (NM) FFT frequency 

(NM-1) 

S1 0.7 ~1.43 

S2 1.1 ~0.9 

S3 2.2 ~0.45 

S4 0.63 ~1.59 

S5 1.28 ~0.78 

S6 1.35 ~0.74 
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Fig. 5.22. Sensor’s individual FFT magnitude. 

As can be seen in Fig. 5.22 theoretical frequencies matches with 

experimental FFT results of each sensors. With this technique, the 

experimental multiplexed FFT magnitude is shown in Fig.5.23. 
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Fig. 5.23. Multiplexed FFT magnitude spectrum. 

The FFT shows two single Dirac deltas in the FFT module domain (one 

in the negative part of the FFT spectrum and one in the positive part) 

due to the sinusoid optical spectrum resulting of each MOF-FP cavity. 

Experimentally, it is not a perfect Dirac delta but a broadened 

component because of the limited number of samples in each period 

of the optical interference the FFT. This is due to the FFT properties: 

the more samples are comprised within an optical spectrum 

interference period, the most defined will be the FFT delta. As a result, 

the higher the interference period is, the more number of points are 

comprised within it and therefore the resulting FFT delta is more 

defined. As an example, S3 presents an interference period of 2.2 nm 

which means 440 samples (optical interrogator’s resolution of 5 pm) 

and then, S4 has an interference period of 0.63 nm which means 126 

samples. This property involves a technical limit of the maximum 

number of sensors that can be multiplexed in a single channel. 

A scenario of six sensing heads for temperature, relative humidity and 

methanol presence was designed to test the performance of the 



 V. Interferometric Sensor Multiplexing 

 327 | 362 

 

multiplexing system and verify its capability to multiplex several 

sensors with independence of their sensing target. As presented in Fig. 

5.20, S1 and S2 monitored temperature variations, S3, S4 and S5 were 

developed to monitor methanol presence and S6 monitored 

temperature variations. The objective of the system is to be able to 

monitor each sensor independently of the others and without 

crosstalk between them. 

I. Temperature monitoring: 
 

FP-MOF based temperature sensors are fully described in Chapter III. 

In this case, all sensors are sensitive to temperature variations as all of 

them are made of a MOF-FP cavity. In order to avoid this temperature 

crosstalk, a temperature characterization was carried out as shown in 

Fig. 5.24. 

 

Fig. 5.24. Temperature characterization of all the sensors. 

In order to avoid the temperature influence in sensors S1-S5, S6 is 

used as temperature reference. For these measurements, S6 was 

inserted inside the climatic chamber (Binder KMF 115) and the other 

were placed in a box outside. All the sensors were monitored 
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simultaneously using the multiplexing setup. Temperature variations 

from 25ºC to 50ºC were applied to only S6 with 5ºC steps as Fig. 5.25 

illustrates. 

 

Fig. 5.25. S6 performance towards temperature variations. 

As can be noticed, S6 works as temperature sensor showing a 

sensitivity of 0.015π rad/ºC. S1, S2, S3, S4 and S5 show small variations 

due to the room temperature variations of ±0.4ºC but they are not 

affected by the variations induced inside the climatic chamber were S6 

is located. Therefore the system isolation capability is demonstrated. 

Knowing all sensors´ temperature sensitivities and being S6 insensitive 

to relative humidity and to VOCs concentration variations, this last 

sensor is used as a temperature reference. Consequently the system 

becomes independent from temperature variations by means of the 

suitable calibration algorithm. 

II. Relative humidity monitoring: 
 

SnO2-FP-MOF based relative humidity sensors are fully described in 

Chapter IV. S1 and S2 were deposited with a ~2 minutes SnO2 
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sputtering deposition. Firstly, S1 was inserted inside the climatic 

chamber while S2, S3, S4, S5 and S6 remained outside in an expanded 

polystyrene EPS box to avoid the room temperature variations 

influence. All sensors were monitored simultaneously. The results of 

this experiment are shown in Fig. 5.26. Secondly, S2 was placed inside 

the climatic chamber and S1, S3, S4, S5 and S6 inside the box. As 

previously all sensors were monitored at the same time which results 

are shown in Fig. 5.27. 

 

Fig. 5.26. S1 performance towards relative humidity variations. 
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Fig. 5.27. S2 performance towards relative humidity variations. 

Both sensors showed good agreement with climatic chamber’s 

variations and presented no crosstalk with sensors outside it. A little 

hysteresis effect can be seen in S1: it might be caused by the carton 

substrate used to fix the sensors as it retains water molecules easily. 

S1 and S2 showed sensitivities of 0.003π rad/% RH and 0.0021π rad/% 

RH respectively. This sensitivity difference is due to the difference in 

the sensitive layers thickness. S3, S4 and S5 also showed low 

sensitivities towards humidity variations as ITO also reacts towards 

this parameter but their sensitivities are 10 times lower than S1 and 

S2. S6 is insensitive towards humidity variations.  

Moreover, different approaches have been developed in order to 

make more selective this kind of sensors like the use of post process 

techniques as for example “principal component analysis” (PCA) [47], 

artificial neural networks [48] or making more selective the sensing 

layer using other metals or additives [49]. 

III. VOC (methanol) presence monitoring: 
 

The sensing material selected was ITO because it has been previously 

used to successfully detect VOCs.  

Fig. 5.28 shows all the system performance when S3 is exposed to fully 

saturated atmospheres of methanol. As in previous analysis, all 

sensors were monitored simultaneously. Fig. 5.29 and Fig. 5.30 

illustrates the systems results when S4 and S5 respectively are 

exposed to methanol atmospheres. 
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Fig. 5.28. S3 performance towards methanol fully saturated atmosphere. 

 

Fig. 5.29. S4 performance towards methanol fully saturated atmosphere. 

 

Fig. 5.30. S5 performance towards methanol fully saturated atmosphere. 
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As in previous results, the sensors exposed showed sensitivity to 

methanol presence and the others presented no crosstalk between 

them. With the deposition times presented, sensors showed maximal 

phase shifts of 0.15π rad, 0.16π rad and 0.31π rad respectively, 

making them suitable for escape detectors in gas bottles or containers 

applications. 

Analogously, as it happened with humidity measurements, S1 and S2 

presents low sensitivity towards methanol in comparison with S3, S4 

and S5. S6 is insensitive towards methanol variations. Due to this 

important sensitivities difference, using one sensor as reference, this 

crosstalk influence can be reduced. 

Taking into account all the results obtained during the experiments, 

the system can be used to multiplex interferometric sensors without 

crosstalk between them. Additionally, a multipoint application to 

monitor temperature, relative humidity and VOCs presence with 6 

sensing heads has been presented and characterized. The multiplexing 

system can be used with any combination of sensors and applications 

and an example has just been presented. 

 

 

5.5 Conclusions 

In this section a multiplexing technique based on the FFT analysis has 

been presented. The technique has been developed for three different 

type of sensors in different configurations, all of them based on MOF. 

⦁ Three sections of Hi-Bi fiber have been multiplexed and correctly 

monitored as sensors in a single fiber loop mirror interferometer. 
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Theoretical results demonstrate that independent sensor 

contributions are present in the interference. Therefore, 

temperature/strain changes applied to each of the three sensing fibers 

can be measured without crosstalk by using the FFT analysis. A study 

of the different angle combinations have been performed to maximize 

the contributions associated to the sensors. Simulations have been 

also made, agreeing with the experimental results. A significant 

increase in the performance of the system has been achieved by 

directly splicing together the Hi-Bi fibers with the appropriate rotation 

angle between them. In this manner, the angle between sections is 

fixed needing only one polarization controller in the setup (otherwise 

three PCs would be required). This splicing technique greatly simplifies 

the operation of the system and reduces the losses of the fiber loop 

mirror (double FFT magnitudes were attained after replacing the 

polarization controllers by the appropriate splices). The sensing fibers 

multiplexed in the loop were tested as temperature and strain sensors 

without crosstalk. 

In addition, it has been presented an improved scheme in which only 

polarization maintaining elements are used. An adequate study of the 

angles between fibers allowed the independent reading of two all-

silica fibers as strain sensors multiplexed in the loop. Moreover, the 

fiber ports of the PM coupler used in the setup can be also used as 

temperature (or strain) sensor. The main advantage of this scheme is 

that no polarization controllers are needed in the setup, avoiding the 

need of its frequent adjustment. Additionally, the absence of standard 

single-mode fiber makes the interferometer virtually immune to 

changes in the polarization due to external perturbations. This fact 

increases considerably the reliability and the practical applicability of 

fiber loop mirrors. Optimal values for the angles between fibers have 

been also found and theoretical simulations based on the four-section 

FLM theory have been calculated, matching with the experimental 
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results. Finally, the interferometer has been validated as sensor 

scheme by adequately monitoring temperature and strain sensors 

without crosstalk. Different physical parameters can be measured just 

by using other types of Hi-Bi fiber.  

These results have been published in [50]. 

⦁ A sensor system for simultaneous and quasi-independent strain and 

temperature measurements has been proposed and experimentally 

demonstrated. The sensing head is based on a microstructured optical 

fiber used to create a cavity in reflection configuration. The 

interrogation of the sensing head has been carried out by monitoring 

the FFT phase variations of two of the MOF cavity interference 

frequencies. This method is independent from the signal amplitude 

and also avoids the need to track the wavelength evolution of the 

spectrum, which can be a handicap when there are multiple 

interference frequency components with different sensitivities. 

Furthermore this technique allows to multiplex several sensors within 

a single optical interrogator’s channel with no crosstalk between 

sensors reducing proportionally the relative cost of the system. Two 

microstructured based sensors have been monitored simultaneously 

showing no crosstalk between them. Sensors presented linear 

response in temperatures ranged 30-80ºC and up to 450 με. In the 

worst case, resolutions of 0.098ºC and 0.89 με have been achieved 

after isolating each contribution. 

These results have been published in [51]. 

⦁ Finally, a multiplexing system for interferometric sensors based on 

the FFT has been presented and validated. Six sensing heads have 

been multiplexed and measured simultaneously within a single 

channel of an optical interrogator showing no crosstalk between 

sensors. The measurements have been carried out by measuring the 
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phase of the FFT component of each sensor at a scanning frequency 

from 1 Hz up to 1 KHz. The number of multiplexed sensors depends on 

the Fabry-Perot cavity lengths chosen. 

An application for temperature, relative humidity and Volatile Organic 

Compounds has been proposed and analyzed. Sensors sensitivity 

depends on the deposited thin film material and deposition time. One 

sensor is proposed for temperature measurements, two sensors for 

relative humidity (20-90%) and three sensors for methanol presence. 

All of them show great sensitivity to their parameter target and no 

crosstalk between sensors. 

This multiplexing technique is independent of the measured 

parameter by the MOF based sensors and also of the topology of the 

multiplexing network. 

The results have been published in [52]. 
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6.1. Summary and Conclusions 

The primary motivation for this PhD work was the study and 

development of new structures based in photonic crystal fibers. The 

main idea was to take advantage of the know-how of our group in 

fiber-optic communications and photonic sensing, as well as the 

recent advances in the sensing area to develop new structures based 

on the platform of microstructured fibers. 

Microstructured fibers are a kind of fiber optics that present a 

diversity of new and improved features beyond what conventional 

optical fibers can offer. Due to their unique geometric structure, 

microstructured fibers present special properties and capacities that 

lead to an outstanding potential as fiber sensors. The main motivation 

for this PhD work was to use microstructured fibers as fiber sensors, to 

measure a variety of parameters both physical and chemical.  

- In Chapter II of this document, a review of the most important 

technologies used in this Ph.D. work is carried out. This chapter shows 

the fundamental aspects of microstructured fibers, their types and 

properties; the sensing structures used along the thesis to measure 

different parameters as well as the deposition techniques and agents 

on and into the fibers. Finally, a general description of the main 

multiplexing techniques used nowadays and particular description of 

the spatial-frequency-division technique used in this work are 

presented. These technologies are the basis of the experimental 

section in chapters III, IV and V. 

- With regard to the new contributions of this thesis, Chapter III has 

been devoted to the development of different sensing structures for 

physical parameters measurements. The aim of this chapter has been 

to contribute to the sensing optimization with a combination of known 
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structures and new optical fibers that improve their sensitivity, 

stability and working range. In the first section, an introduction to 

physical parameter sensing with optical fibers is presented. 

The second section of Chapter III presents a vibration sensor based on 

a tapered singlemode optical fiber. Its sensing method relies on the 

generation and tracking of new FFT peaks when mechanical vibration 

is applied to the microwire. Linear response, with a sensitivity of 

0.0051 nm-1/Hz and resolution of 0.0125 nm-1 was experimentally 

obtained when the sensor operates within the range of 320 Hz – 

1300Hz. 

The third part of this chapter has been dedicated to the development 

of a strain sensor with microstructured optical fibers (MOF), exploiting 

its birefringent properties. The interrogation of the sensing head has 

been carried out by monitoring the FFT phase variations of two of the 

MOF cavity interference frequencies. The sensor presents a linear 

response up to 450 με with sensitivity and resolution of 0.018π rad/με 

and 0.262 με respectively. 

The last section of Chapter III has been dedicated to four different 

temperature sensors. 

A microwire in an optical ring laser configuration operated within a 

temperature range 30ºC-90ºC was demonstrated. This sensor achieved 

a sensitivity of 2 pm/ºC and a resolution of 0.5ºC. Fiber laser output 

showed instabilities of 0.1 dB and 0.001 nm during 100 minutes at 

constant room temperature. 

FBG based sensors were employed to measure cryogenic 

temperatures down to -160°C. They were compared with the 

measures given by a type K thermocouple, a distributed 

measurements of an OBR and two Hi-Bi-Sagnac sensors. The FBG 
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performance was verified showing two different behaviors depending 

on the temperature: sensitivity of ~10 pm/°C until -100°C and another 

one when going below this temperature. Then, it is almost insensitive 

to temperature variations. Sagnac interferometers did not show those 

two clearly defined working regions and showed a much higher 

sensitivity. On the contrary, FBG sensors presented a lower response 

time than Sagnac based ones. Moreover, a study of the temperature 

profile in the copper cylinder inside the utilized cryogenic box has 

been performed using the distributed temperature sensor. The results 

that were obtained for all the optical sensors are consistent with 

expectations, following the same trend as the thermocouple. 

Finally, two MOF based sensors were developed and demonstrated for 

temperature sensing. The first one is based on the multimodal 

interference produced in a 24 cm long section of MOF fiber in 

reflection configuration. By monitoring the multimodal interference 

though the FFT phase method, linearity in the range 30-80°C was 

achieved, showing a sensitivity of -0.15π rad/°C, and a resolution of 

0.039°C. 

The second structure is a short Fabry-Pérot cavity made of a 4-Bridge-

MOF for temperature measurements ranged between -160°C and 

270°C in two different experiments. The Fabry-Pérot hybrid cavity 

showed accurate measurement of temperature in a 430°C range, with 

a sensitivity of 12.5 pm/°C and maximum wavelength fluctuations of 

30.4–39.76 pm, in one hour readings. Due to the cavity birefringent 

behavior, it presented sensitivity to polarization changes of signal. For 

cryogenic measurements another similar cavity was studied and 

compared with an FBG performance. The transducer showed the same 

two-slope performance with sensitivity for temperatures above -100°C 

up to 0°C of 0.0147π rad/°C   with a resolution of 1.15°C. This Fabry-

Pérot MOF cavity was also used in field measurements framed in the 
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SUDOE ECOAL project. Its objective was the remote monitoring of 

temperature (1.1 km away from the acquisition equipment) inside a 

hot-spot buried in a burning mountainside. The sensing head 

performed unstopped measurements for 5 days showing good 

agreement with meteorology data. 

- Chapter IV is fully dedicated to the development chemical sensors 

based in different types of fibers. The main goal of this chapter has 

been to exploit optical fiber’s features in combination with chemical 

deposition techniques in order to achieve new transducers. The main 

part of the chapter is dedicated to depositions onto and inside MOF 

structures. A brief introduction of chemical sensing with optical fibers 

is presented in the first section of the chapter. 

The second section of this chapter presents two interrogation 

techniques for plasmonic tilted fiber Bragg grating (TFBG) refractive 

index sensors. The first one relies on the transmitted optical power 

and is characterized by a high sensitivity for refractive index 

measurements in a defined range. The second method uses the light 

reflected by a uniform FBG to interrogate the transmitted response of 

the sensor backwards, comprising a temperature-insensitive and cost-

effective solution, also suitable for remote measurements. These two 

interrogation techniques extend the possibilities to evaluate the 

performance of this kind of optical sensors. 

In the third section, a new pH sensor is demonstrated. The sensing 

head is based on a PAni coating on the surface of a TFBG. The 

interrogation of the sensing head is carried out by monitoring the 

wavelength shift of one of the resonant cladding modes of the TFBG. 

The sensor presents different features depending on the deposition 

time with a compromise between sensitivity and hysteresis effect. It 

shows a maximum sensitivity of 82 pm/pH with and error of ±2.91 pH 
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and a minimum of 30 pm/pH and an error of ±0.64 pH. Moreover, the 

temperature effect and stabilization times were also studied. Due to 

the characteristics of the sensing head, it is temperature independent 

and biochemical compatible which make it suitable for new medical 

smart structures, pipeline corrosion monitoring or remote long-

distance real-time multipoint measurements. 

The fourth section is devoted to the development of new volatile 

organic compounds (VOCs) sensors. The sensors are based on Fabry-

Perot cavities made with a MOF and an ITO film deposition on tip of 

the fiber and inside its longitudinal holes. Several MOF core 

geometries were tested to develop these MOFS transducers. 

Geometries with small core dimensions lead to weaker core modes 

but they show high evanescent field power because the light travels 

less confined; on the other hand, wider core structures lead to more 

powerful guided modes but having more confined distributions and 

their evanescent fields are lower. When a thin film is deposited onto 

the MOFs, most part of light is guided through the thin film deposited 

instead of the silica core of the fiber; light guided through the core is 

coupled to the ITO layer is The optical power in the layer and its 

evanescent field determine every sensor’s sensitivity towards 

refractive index variations in the surrounding environment. Moreover, 

it has been demonstrated that the inclusion of a hole at the center of 

the fiber core increments the evanescent field and therefore, the 

sensitivity of the MOF sensor: in the case studied, the achieved 

sensitivity is enhanced by a factor of 5. 

Following these results, the following section is dedicated to the study 

and optimization of the thin film layers deposited on MOFs for 

ammonia gas sensing. The results corroborate that thickness is the key 

parameter on the sensitivity optimization process and when a suitable 

thickness is deposited, the sensitivity of the sensor improves 
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significantly. Thus, the thickness plays this important role on the 

sensor gas sensitivity because of two very important parameters: the 

optical power that a specific structure can guide and the penetration 

depth of the gas molecules on the sensor sensing layer, in this case 

ammonia molecules. It is necessary to reach a trade-off between the 

optical power that a structure through its thickness can guide and the 

influence that the chemisorption of the gas molecules has in the 

sensing layer and consequently, in the effective refractive index. In our 

study and for our utilized MOFs, the optimal thickness for an ammonia 

gas sensor is 725nm and lower or higher thickness values are not 

appropriated to develop ammonia gas sensors with high sensitivities. 

Finally, a new relative humidity sensor and a field application for it are 

presented in section six. The sensing head is, again, formed by a MOF 

based Fabry-Pérot cavity with a metallic oxide deposited on it, in this 

case, SnO2. The sensor has been operated within a wide relative 

humidity range (20%–90% RH), obtaining a maximum sensitivity 

achieved of 0.14 rad/% RH a resolution of 0.0026% RH. The measured 

phase standard deviation was 0.007 rad with an error of ±5%. 

Furthermore, FFT based signal processing makes the sensor response 

linear and along the entire RH range. The temperature influence can 

be compensated in real-time due to the multiplexing suitability of the 

interrogation technique. The SnO2 MOF-FP sensor is compact and 

robust and presents a high-speed response, reversibility, and a high 

repeatability rate. Furthermore, the baseline is always recovered 

without deviations, so that the device can be used for a real time 

humidity measurements applications such as breath monitoring. 

This sensor has been proposed and demonstrated for first time for soil 

moisture measurements. It was temperature and humidity 

characterized in a climatic chamber before its installation in soil. A 

comparison between a commercial capacitive FDR and the optical 



 VI. Summary, conclusions and open research lines 

 350 | 362 

 

sensor has been carried out in two different types of soils during two 

weeks. Results show a good agreement between capacitive and 

optical measurements in the range 15%-100% humidity and also 

match with gravimetric analysis. For humidity below 15% the optical 

sensor’s sensitivity decreases significantly. Soil moisture can be 

measured with MOF-FP sensors with the advantages that they offer in 

comparison with traditional capacitive sensors: immunity to 

temperature variations (compensated), point measurements (against 

average field measurements) and high multiplexing capability. 

- Chapter V deals with the multiplexing capability of the previously 

presented sensors. The multiplexing technique based on the FFT 

analysis is developed and applied for three different type of sensors in 

different configurations, all of them based on MOF. The first section of 

the chapter is devoted to the introduction of the multiplexing 

technique. 

The first system consists of three high birefringent (Hi-bi) sections 

multiplexed in a fiber loop mirror (FLM) interferometer scheme. 

Theoretical results demonstrated that independent sensor 

contributions are present in the interference. Therefore, 

temperature/strain changes applied to each of the three sensing fibers 

can be measured without crosstalk by using the FFT analysis. A 

significant increase in the performance of the system has been 

achieved by directly splicing together the Hi-Bi fibers with the 

appropriate rotation angle between them. In this manner, the angle 

between sections is fixed needing only one polarization controller in 

the setup (otherwise three PCs would be required). This splicing 

technique greatly simplifies the operation of the system and reduces 

the losses of the fiber loop mirror. The sensing fibers multiplexed in 

the loop were tested as temperature and strain sensors without 

crosstalk. 
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In addition, it has been presented an improved scheme in which only 

polarization maintaining elements are used. An adequate study of the 

angles between fibers allowed the independent reading of two all-

silica fibers as strain sensors multiplexed in the loop. Moreover, the 

fiber ports of the PM coupler used in the setup can be also used as 

temperature (or strain) sensors.  

The third section of this chapter presents a sensor system for 

simultaneous and quasi-independent strain and temperature 

measurements based on a microstructured optical fiber. The 

interrogation of the sensing head has been carried out by monitoring 

the FFT phase variations of two of the MOF cavity interference 

frequencies: one related to the birefringent behavior and the other 

one due to the multimodal characteristics of the fiber. Furthermore, 

this technique allows to multiplex several sensors within a single 

optical interrogator’s channel with no crosstalk between sensors 

reducing proportionally the relative cost of the system. Two 

microstructured based sensors have been monitored simultaneously 

showing no crosstalk between them. Sensors presented linear 

response in temperatures ranged 30-80ºC and up to 450 με. In the 

worst case, resolutions of 0.098ºC and 0.89 με have been achieved 

after isolating each contribution. 

Finally, the last section of the chapter describes a multiplexing system 

for Fabry-Pérot cavities for chemical parameters. Six sensing heads 

have been multiplexed and measured simultaneously within a single 

channel of an optical interrogator showing no crosstalk between 

sensors. The measurements have been carried out by measuring the 

phase of the FFT component of each sensor at a scanning frequency 

from 1 Hz up to 1 KHz. An application for temperature, relative 

humidity and Volatile Organic Compounds measurements has been 

proposed and analyzed. One sensor is proposed for temperature 
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measurements, two sensors for relative humidity (20-90%) and three 

sensors for methanol presence. All of them show great sensitivity to 

their parameter target and no crosstalk between sensors. This 

multiplexing technique is independent of the measured parameter by 

the MOF based sensors and also of the topology of the multiplexing 

network. 

 

6.2 Open research lines 

Once the summary and main conclusions have been exposed, some 

open research lines should be considered as continuity of the research 

lines which has been carried out in this PhD. work.  

The development of new fiber optic sensing solutions will undoubtedly 

continue during the following years due to the continuous advance in 

the optical technology and the reduction of the equipment costs. 

Additionally, it is expected that fiber optic sensors increase their 

weight in industrial applications if the reliability, robustness and cost-

competitiveness of the technology keeps growing. Moreover, besides 

reliability or cost reduction, effort should be made to improve the 

capabilities of optical sensing schemes, such as selectivity, resolution, 

multiplexing capability, noise immunity, remote operation, etc. 

As it has been demonstrated, the use of microstructured optical fibers 

as transducers can increase the sensor sensitivity, and also can reduce 

its sensitivity to undesired parameters. Moreover, MOF transducers 

allow the simultaneous monitoring of different parameters. These 

features in combination with the development of new techniques and 

the rapidly evolution in the fabrication process, reinforce the 

convenience of research in these MOF transducers. 
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⦁ One of the main and obvious future research lines is the use of new 

chemical agents to be deposited on top and inside the MOFs. This new 

agents can increase the achieved sensitivities, reinforce the selectivity 

or enable to detect new parameters such as other hazardous gases for 

human health as CO2, risky emissions like methane or important gases 

as a result of industrial processes as hydrogen. Other type of sensors 

such as electric or magnetic field transducers could be of great 

interest. 

Related to this research line, other deposition techniques that ease to 

reach the core walls of the MOF allowing the use of biocompatible 

agents for in vivo measurements may suppose a new and interesting 

research line. 

⦁ In order to improve the sensors sensitivity, to achieve a good 

combination of guided optical power and evanescent field is needed; 

as it has been concluded in this work. In this particular issue, the 

development of new MOF structures that enhance these two 

parameters can make a difference. 

Analytical numerical mode simulations have been used in this work to 

study and understand the used MOFs characteristics, but this tool can 

be also used to optimize the MOFs design. In this way, by designing 

appropriate MOF structures before their fabrication can lead to 

specific customized fibers for each application. This fact in 

combination with the studied (and others) deposition techniques 

would enable the construction of new and more sensitive transducers.   

Also, and depending on the application, new packaging techniques for 

the developed transducers can open new possibilities for them. 

⦁ One of the main problems found in this work is the low selectivity of 

some deposited agents. As stated in Chapter IV, several techniques 
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can be studied to overcome this issue such as doping the deposited 

agents or using post processing methods. 

⦁ New hybrid structures (cascaded Fabry-Pérot interfereometers or 

tapered complex structures) can lead to new interferometric devices 

such as optical filters or transducers, showing improved properties 

that can overcome some of the actual handicaps of the existing 

devices. 

⦁ Related to the multiplexing capability of the studied sensors, the 

improving of the sensors splice losses is of great interest in order to 

avoid the use of optical amplification inside some sensing schemes 

and therefore to reduce the economic cost of the system. Additionally, 

a deep study of the FFT and the SFDM multiplexing technique can 

improve the FFT spectrum utilization and therefore its optimization in 

order to multiplex the highest number of sensors. 
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