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ABSTRACT 
 

 

 

 

Fiber optic sensor technology has experienced a tremendous growth since its 

early beginnings in the 1970s, when it was envisioned for sensing physical and 

chemical parameters. Besides, the demonstration of the first fiber laser in 

1961 brought intensive research into fiber laser technology, which has 

radically changed the market situation in the industrial laser sector and 

sensing applications. Because of this, the development and experimental 

demonstration of some Rayleigh scattering-based fiber optic systems, 

including optical fiber lasers, for sensing applications has been carried out in 

this work. Two of the principal challenges of optical sensor networks have 

been addressed: multiplexing several fiber optic sensors in a single network 

ensuring good signal quality and enabling remote sensing at hundreds of 

kilometers. Most of them are based on random distributed-feedback fiber 

lasers (RDFB-FL) which are specially oriented for long distance applications. In 

addition, high resolution sensor systems have been also developed using this 

type of lasers, achieving enhanced resolution measurements for a variety of 

physical parameters. For this reason, deep study of the properties of RDFB-FL 

has an important role in this work. 
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RESUMEN 
 

 

 

La tecnología de los sensores de fibra óptica ha experimentado un gran 

crecimiento desde sus comienzos en la década de 1970, cuando se contempló 

su utilización para detectar parámetros tanto físicos como químicos. Además, 

la demonstración del primer láser de fibra en 1961 atrajo una intensa 

investigación en este tipo de láseres, lo que cambió radicalmente la situación 

del mercado en el sector del láser industrial y la interrogación de sensores. 

Debido a esto, en este trabajo se ha llevado a cabo el desarrollo y 

demonstración experimental de varios sistemas láser de fibra óptica basados 

en la dispersión Rayleigh, para su posterior utilización en aplicaciones de 

interrogación de sensores. Se han abordado dos de los principales retos de 

las redes ópticas de sensores: la multiplexación de sensores en una única red 

garantizando una buena calidad de señal y la monitorización remota de estos 

sensores a cientos de kilómetros. La mayoría de los sistemas propuestos se 

basan en láseres random de fibra, láseres de realimentación distribuida, 

especialmente adecuados para aplicaciones de larga distancia. Además, se 

han desarrollado también sistemas de sensores de alta resolución utilizando 

este tipo de láseres, consiguiendo medidas con resoluciones mejoradas para 

una variedad de parámetros físicos. Así una parte notable de esta tesis está 

dedicada al estudio de los láseres random de realimentación distribuida en 

fibra óptica. 
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CHAPTER I  

Introduction 
 

 

 

 

 

1.1. Motivation and objectives 

Modern optical fiber sensors were developed thanks to two of the most 

important scientific advances made in the 1960s: the laser and the low-loss 

optical fiber. The early 1970s was the period when low-loss optical fiber 

began to be used for sensing purposes apart from telecommunications. This 

revolutionary work quickly led to the growth of a number of research groups, 

which focused on the exploitation of this new technology for sensing and 

measurement. This field has continued to progress and has developed 

enormously since then due to the advantageous features offered by fiber 

optic sensing systems. They offer high sensitivity, dynamic range and 

reliability. In addition to these characteristics, their extraordinary resistance 
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to high temperatures, corrosion, explosion hazards and their immunity to 

electromagnetic interference allow their use in hostile environments where 

other types of sensors cannot operate properly. However, the main 

difference when comparing fiber-based sensor networks with other sensing 

technologies lies in the dual functionality of fiber. Not only can it be part of 

the sensor structure but it also forms the communication channel between 

the detection site and the central station. Thus, it removes the logistical 

inconvenience of electrical power supply in remote locations which is a 

desirable feature in long distance applications. However, increasing the 

interrogation distance can become a challenge. In relation to this, 

multiplexing of several sensors in the same optical network is a desirable 

practice since it is possible to reduce the total cost of the system by sharing a 

number of devices in the network.  

In this technological framework, this thesis wants to contribute to the 

development of Rayleigh-based fiber optic systems for sensing applications. 

With this aim in mind, different schemes are presented for sensing purposes 

being most on them based on random distributed-feedback fiber lasers 

(RDFB-FL). High resolution sensor systems and remote monitoring of optical 

fiber networks have been the focus of attention in this work.  

RDFB-FL can generate exceptional stable narrow-linewidth laser sources that 

can be exploited in many sensing applications, achieving high-resolution 

measurements. In regard to optical sensor networks, the distinctive 

properties of these fiber lasers, such as high power and long cavities, make 

them especially convenient for remote long distance sensor monitoring. In 

addition, their particular mode-less behavior is an advantageous feature for 

the generation of multi-wavelength and tunable laser sources and their use 

in multiplexing networks. In this way, two of the main challenges of optical 

sensor networks have been addressed and it has been shown that improved 

solutions can be provided using RDFB-FL as the light source. 

All the work included in this thesis has been carried out in the context of the 

activities developed in the Optical Communication group of the Public 

University of Navarra. 
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1.2. Thesis outline 

This PhD. Work has been divided into five chapters and organized as follows: 

In Chapter II, a brief overview of the most important technologies used in the 

following chapters is presented. The fundamental aspects of sensor networks 

and optical fiber lasers have been described, highlighting the different types 

of sensors, amplification mechanisms and multiplexing techniques employed 

in the present work. An extensive section has been dedicated to RDFB-FL, due 

to their great relevance in the development of this thesis. 

Chapter III provides new applications of a RDFB-FL to develop high resolution 

sensor systems. Several variations of an initial laser scheme are proposed to 

perform high resolution temperature, strain and transversal load 

measurements. Then, a comparative study of several fiber optic sensors to 

measure cryogenic temperatures is carried out. Finally, a brief study of a 

quasi-distributed vibration sensor scheme based on ultra-weak FBGs is 

presented. A post-processing method which eliminates spectral shadowing is 

also developed, improving the overall performance of the system. 

In Chapter IV, two optimization studies of new RDFB-FL structures are 

presented. Firstly, the performance of a tunable multi-wavelength fiber laser 

is optimized for its later use in a sensor multiplexing network. Secondly, the 

operation of a novel scheme that combines a double-pumped RDFB-FL and 

second-order amplification has been analyzed.  The objective of this last study 

is to maximize the output power of the system, allowing to increase the 

interrogation distance of a remote sensor network. 

Chapter V is dedicated to propose new systems that improve both the 

multiplexing capacity and the remote monitoring distance of fiber optic 

sensor networks. All the presented schemes have in common the use of 

RDFB-FL for the interrogation of the sensor structure. The schemes optimized 

in the previous chapter are used to interrogate sensor networks and test their 

performance. The advantageous features of this type of lasers for long 

distance applications are exploited to reach a maximum monitoring distance 

of 290 km, establishing a new distance milestone in remote sensing networks. 

A summary, the main conclusions drawn and future research tasks are 

gathered in Chapter VI.  



4 l 194 
 

Finally, related publications of the author concerning the work developed 

within this document are included in the appendix. 
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CHAPTER 2 

Overview of the basic technologies 

employed 

The main objective of this chapter is to present a brief overview of 

the most important technologies used in the following chapters. 

The fundamental aspects of sensor networks and optical fiber 

lasers have been described, highlighting the different types of 

sensors, amplification mechanisms and multiplexing techniques 

employed in the present work. An extensive section has been 

dedicated to RDFB-FL, due to its great relevance in the development 

of this thesis.
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2.1. Fiber optic sensor networks 

Fiber optic sensor (FOS) networks are formed by three main elements: the 

sensors or transducers, the communication channel and the interrogation 

unit. One of the main characteristics that differentiates fiber networks from 

other sensing technologies is the dual functionality of the fiber, acting as a 

telemetry path and as a sensor structure at the same time. However, the high 

cost that the interrogation unit usually presents makes it necessary to share 

the resources of the network by multiplexing several sensors. 

Sensor networks can be classified among different criteria. The most common 

are: types of sensors, amplification mechanism, network topology and 

multiplexing technique. Throughout this chapter, each of these criteria will be 

detailed, focusing especially on the most used elements in the development 

of this thesis. 

2.1.1. Background 

An FOS can be defined as a device that modulates the optical signal in 

response to a measurable environmental parameter (physical, chemical or 

biological), so that this parameter can be determined after processing the 

optical signal [1]. Fiber optic technology began with the emerging need for 

superior performances in specific applications that the existing systems did 

not provide. The remarkable advantages inherent to this type of sensors, see 

Table 2. 1, assisted their inclusion in a great diversity of markets. 

In an initial classification, sensor networks can be divided between simple and 

hybrid networks. The first ones include a single type of sensor while the 

others multiplex sensors with different operating principles. In the same 

manner, another possible subdivision splits the optical fiber sensor networks 

according to the principle of operation of the sensors that integrate them: 

transmission or reflection. 
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Advantages of FOS 

Passive-nonelectrical 

Small size, flexible, light weight 

Immunity to ionizing radiation, radio 
frequency and electromagnetic 
interferences 

Environmental robustness, high reliability 

High sensitivity, accuracy and bandwidth 

Multiplexing capability 

Remote and secure data transmission 

Biocompatible 

Cost-competitive 

Applications 

Biomedical/biologic applications 

Aerospace and industrial applications 

Operation in harsh environments: high 
temperatures, extreme vibration, high 
voltage… 

Health monitoring of structures: 
buildings, tunnels, bridges, heritage 
structures… 

Magnitude to be 
measured 

Temperature 
Pressure 
Flow 
Liquid level 
Displacement  
Vibration 
Rotation 
Magnetic fields 
Acceleration 

Chemical 
substances 
Force 
Radiation 
pH 
Humidity 
Strain 
Velocity 
Electric field 
Acoustic field 

Table 2. 1. Advantages, possible applications and measurands of fiber optic 
sensors. 
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2.1.2. Types of sensors 

There are many criteria to classify the types of sensors that form a sensor 

network. In this review, we will focus on the most used. A detailed state of 

the art regarding this topic can be found in references [1]-[6]. 

Topology 
Transducing 
approach  

Modulation 
mechanism 

Single-point 
Multi-point/Quasi-distributed 
Distributed 

 
 
Intrinsic  
Extrinsic 

 
Amplitude  
Phase  
Wavelength  
Polarization  

Table 2. 2. Classification of fiber optic sensors. 

Point, multi-point or distributed sensors 

Depending on their topology and configuration, FOS can be classified as point, 

multi-point or distributed. A single-point sensor generally present the sensing 

part located at the tip of the fiber. A multipoint FOS consists of several 

detection regions along the fiber, where each region can detect the same 

parameter or a different one. These detection regions can be physically 

separated from a few millimeters up to several meters away, according to the 

requirements of the application. The truly distributed FOS use the entire 

length of the fiber to detect one or more external features, achieving several 

tens of meters, or even tens of kilometers. This is an exclusive capability of 

fiber optic sensors and cannot be easily accomplished using traditional 

electrical detection procedures. Figure 2. 1 shows a graphic representation of 

each type of sensor according to their topology. 

 

Figure 2. 1. Classification of FOS according to their topology. 
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Intrinsic-Extrinsic sensor 

 

Figure 2. 2. Classification of FOS by transducing approach. 

Another way to classify fiber optic sensors is by considering the transduction 

approach, see Figure 2. 2. First, intrinsic or "all fiber" sensors carry out the 

detection process in the fiber itself. The second type is formed by extrinsic 

sensors which use fiber only to guide the light to a detection region. Then, the 

optical signal leaves the cable and is modulated in another medium. Fiber 

simply records and transmits the detected signal.  

Interferometric – FBG-based sensors 

Depending on the modulation mechanism, four main categories can be 

distinguished: amplitude, phase, wavelength and polarization. In the 

following work, only interferometric and FBG-based sensors have been 

employed. For this reason, only the named structures will be described. 

Fiber optic interferometers have been widely employed as physical 

parameter sensors, such as temperature, strain, pressure and refractive 

index. There are four representative types of interferometers called Mach-

Zehnder, Fabry-Perot, Sagnac and Michelson [7]. The first three have served 

as sensor structures throughout the thesis and Figure 2. 3 shows a basic 

scheme of their configuration and operating principle. 
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Figure 2. 3. Interferometric sensors employed in this work. 

Fabry-Pérot 

A Fabry-Pérot interferometer (FPI) is formed by two reflective surfaces 

separated by a certain distance L [8]-[11]. The incident light enters the cavity 

and interference occurs due to the multiple superpositions of the reflected 

and transmitted signals between these parallel surfaces. The FPI can be 

divided into intrinsic or extrinsic, depending on whether the reflector 

elements are located inside the fiber itself or not. The reflected and 

transmitted spectrum of the FPI can be explained as a wavelength dependent 

intensity modulation of the input light, caused by the phase difference 

between the reflected and transmitted beams in the cavity. 

Depending on the wavelength, these signals may be in phase or out-of-phase, 

originating maximum and minimum peaks in the spectrum. This periodic 

phase difference 𝜑𝐹𝑃𝐼 is determined by the length of the cavity L and the 

refractive index of the cavity material n, as expressed in equation 2.1. When 

any disturbance is induced in the sensor, the optical path difference (OPD) of 

the FPI varies causing a phase deviation. This deviation results in a change in 

the wavelength spectrum, which can be measured to quantify the applied 

perturbation. 

𝜑𝐹𝑃𝐼 =
2𝜋

𝜆
𝑛2𝐿                                                  (2.1) 
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Mach-Zehnder 

Mach-Zehnder interferometers (MZI) are formed by two independent arms: 

the reference and the sensing one [12][13] . A coupler is used to divide the 

light between both arms and then recombine the signals using another 

coupler. The interference of both signals depends on the optical path 

difference (OPD) between arms. To use this scheme as a sensor, the reference 

arm must be isolated and the sensing arm is subjected to variations in 

temperature, strain, etc. Analyzing the deviations of the interference signal, 

OPD changes can be determined. 

Sagnac 

Finally, the basic operation principle of Sagnac interferometer will be briefly 

described. These sensors have attracted great interest due to their simple 

structure and manufacture and also because of their environmental 

robustness [14]. A Sagnac is formed by an optical fiber loop in which two 

beams propagate in opposite directions with different states of polarization. 

Both signals recombine in a coupler, interfering at the output port. Although 

both beams travel the same distance along the interferometer, the OPD is 

generated by the different propagation speed in the fiber loop, which 

depends on the polarization state of each propagating signal. To maximize the 

dependence on polarization, highly birefringent fibers (Hi-Bi fibers) [15]-[17] 

are generally used as sensing fibers. As in the case of the FPI, the phase of the 

generated interference present a periodic behavior and is given by the 

following equation:  

𝜑𝑆𝐼 =
2𝜋

𝜆
𝐵𝐿,    𝐵 = |𝑛𝑓 − 𝑛𝑠|                                   (2.2) 

Where B and L are the birefringent coefficient and the length of the sensing 

fiber, respectively and nf and ns are the effective indices of each propagation 

mode (fast and slow). 

Fiber Bragg grating and phase-shifted fiber Bragg grating 

A fiber Bragg grating (FBG) is a periodic disturbance of the refractive index 

along the fiber that is created by applying an intense optical interference 

pattern in the core of the fiber. Among all FOS, FBGs have been widely 

employed for their advantageous properties [18]. Not only they present the 

inherent advantages of FOS, but their simplicity and versatility make them 

stand out from other type of sensors. FBGs are inscribed directly on the fiber 

and the information is encoded in an absolute parameter: the resonance 

wavelength of the structure. This fact allows these sensors to be self-
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referenced and easily multiplexable. There are several types of FBGs 

depending on the modulation of the refractive index applied. In the 

development of this thesis, conventional FBGs and phase-shifted FBGs, which 

are a particular case of the first type, have been used as sensor heads and as 

filtering elements. When the light illuminates the grating, its refractive index 

disturbance causes the light of a specific wavelength to be reflected, called 

the Bragg wavelength λBragg, which meets the following condition: 

𝜆𝐵𝑟𝑎𝑔𝑔 = 2𝑛𝑒𝑓𝑓Λ                                               (2.3) 

Where Λ is the period of the refractive index modulation and neff is the 

effective refractive index of the fiber core. The other wavelengths pass 

through the FBG without suffering any alteration. 

A particular case of these grating are the phase-shifted FBG. The distinctive 

feature of such gratings is the presence of a narrow transmission region in the 

reflection spectrum, whose total width in the maximum half could be of the 

order of a few tens, sometimes units of picometers. Several approaches have 

been proposed to fabricate phase-shifted FBGs [19]-[21]. Figure 2. 4 shows 

the principle of operation of both structures. 

 

Figure 2. 4. Principle of operation of the FBG-based sensors used in this 
thesis. 
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2.1.3. Amplification mechanism 

A simple definition of optical amplifier could be: a device that increases the 

power of an optical signal directly in the optical domain, without the need for 

electrical processing. Optical amplifiers are essential elements in sensor 

networks. They allow to increase the capacity, interrogation distance as well 

as the number of multiplexed sensors, compensating the losses of the 

network. Without the help of optical amplifiers, electronic amplification 

would be needed, which implies more expensive systems and difficulties at 

high transmission rates or in WDM systems. 

Despite their numerous advantages, optical amplifiers present several 

challenges. For example, they generate noise that decreases the signal-to-

noise ratio (SNR) of the transmitted signals. In addition, nonlinear effects can 

be enhanced by high powers in the communication channels, generating 

crosstalk between them. Finding the compromise between the generated 

noise and crosstalk is one of the main challenges of these systems [22]. 

The optical amplification is based on the stimulated emission effect (SE), 

proposed by Albert Einstein in 1917 [23]. The stimulated emission is the 

process by which an incoming photon of a specific frequency interact with an 

excited atomic electron (with an energy level E2), which causes its fall to a 

lower energy level E1. The released energy (∆E=E2-E1) is transferred to the 

electromagnetic field, creating a novel photon with a frequency ν=∆E/h 

whose phase, polarization and direction of travel are equal to the photons of 

the incident wave. This contrasts with the spontaneous emission, which 

occurs at random intervals without taking into account the ambient 

electromagnetic field [24]-[26], see Figure 2. 5. 

 

Figure 2. 5. Schematic representation of spontaneous and stimulated 
emission. 

To achieve effective amplification, the stimulated emission rate must be 

higher than the absorption rate at the frequency of the incident signal. In this 

manner, the number of excited particles must be increased by using a source 

of energy called pump. If we combine a pump source, an active medium 
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where amplification occurs, and an element that injects the pump signal into 

this amplifying cavity, we obtain what is called an optical fiber amplifier. 

Erbium amplification 

Erbium-doped fiber amplifiers (EDFA) are by far the most significant fiber 

amplifiers in the context of long-haul fiber optic communications since their 

invention in the late 1980s [27]. They can efficiently amplify light in the 1550 

nm wavelength region, where telecommunication fibers show their minimum 

loss. EDFA are based on single-mode fiber whose core has been doped with 

Er3+ and gain is provided by stimulated emission. The characteristics and 

variations of EDFAs have been widely documented in previous publications 

[28]-[36], so we will focus on their main features and use in long-range 

applications. 

Although gain can be obtained pumping at different wavelengths, the 

maximum efficiency of amplification is attained using 980nm-pump lasers. 

The amplification band extends from 1525 to 1565 nm, which is very 

convenient for wavelength division multiplexing systems. EDFAs are the 

optical amplifiers with the highest efficiency gain per pumping power, with 

values of ~8-10 dB/mW. However, their gain spectrum is not uniform 

throughout the band and flattening methods are sometimes required.  

An EDFA typical scheme is shown in Figure 2. 6. The pump lasers are injected 

into the laser cavity through two wavelength division multiplexers, mixing the 

signal and the pumping. The depicted scheme is bi-directional, but 

unidirectional schemes using a single pump laser in co or counter-propagation 

can be also implemented. Depending on the desired application, each 

configuration present some advantages compared to others. The bi-

directional scheme would be the most advantageous in terms of 

performance, with the drawback of using two pumps. In the case of co-

propagating pump, the noise in the cavity is lower. However, counter-

propagating pump presents a more efficient behavior in terms of generated 

gain. 

The combination of EDFAs and WDM technology offer exceptional capacity to 

extend the transmission capacity in long-distance fiber optic sensor networks. 

Many remote sensor systems implementing Erbium amplification have been 

proposed [37]-[39], reaching a maximum distance of 230km in [37]. Other 

approaches have attained larger monitoring distances and number of sensors 
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multiplexed combining EDFA with other amplification methods such as 

Raman [40]-[43] and Brillouin amplification [44]. 

 

Figure 2. 6. Typical bi-directional EDFA scheme.  

Raman amplification 

Raman amplification is based on the Raman scattering effect, discovered by 

the Indian physicist C.V. Raman in 1928 [45][46]. Below is described the basic 

principle operation of this process. A more detailed explanation is provided 

through the references [47]-[51].  

A Raman amplifier is an optical amplifier based on Raman gain and on the 

effect of stimulated Raman scattering (SRS). Raman scattering causes an 

incident photon to be red-shifted (decrease in frequency, longer λ) or blue-

shifted (increase in frequency, shorter λ). In both cases, a part of the energy 

of the incident photon is absorbed or emitted by the material and is 

translated into molecular vibrations or phonons. Since this process is inelastic, 

the molecules involved fall to vibration levels different from their initial state, 

as shown in Figure 2. 7. When the energy level of the molecule is greater or 

lower than the initial level it is named Stokes or anti-Stokes Raman scattering, 

respectively. 

 

Figure 2. 7. Schematic of the stimulated Stokes and Anti-Stokes Raman 
scattering processes. 
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The active Raman medium is frequently an optical fiber, although it can also 

be a bulk crystal or a cell with a liquid or gas medium. An input signal can be 

amplified if co-propagates or counter-propagates together with the pump 

beam, whose wavelength is usually a few tens of nanometers shorter. For the 

silica fibers, the maximum gain is obtained for a frequency shift of ~10-15 THz 

between the pump and the signal, depending on the composition of the fiber 

core. This frequency difference between the pump and the signal is called 

Stokes shift. The gain bandwidth is more than 40 THz wide, with a dominant 

peak close to 13.2 THz (~100nm in the 1550nm-band) (see Figure 2. 8) [52].  

 

Figure 2. 8. Diagram of the Raman gain spectrum. 

The most widely used amplification technique for remote sensor networks is 

definitely distributed Raman amplification (DRA). It has all the properties 

inherent to Raman amplification and also has very advantageous qualities for 

long distance applications, to list some of them: 

 A special type of fiber is not needed to generate amplification, 
since Raman scattering is an inherent process of the germane-
silicate fibers. The transmission fiber itself acts as the amplifier. 

 Raman gain is available over a wide region, ranging from 
approximately 0.3 to 2 mm. Gain can be generated at any 
wavelength by appropriately modifying the pump wavelength, 
even combining several pumps to obtain a wider gain spectrum.  

 The direction of propagation of the pump signal can be chosen to 
adapt the structure for the requirements of each desired 
application (noise, gain…). 

 DRA provides distributed amplification along the fiber, 
overcoming the losses at every point and improving the SNR. 

 Raman amplification has a relatively broad-band bandwidth of 5 
THz, and the gain is reasonably flat over a wide wavelength range. 
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Several works have developed this technique for remote monitoring 

applications [53]-[62]. The maximum distance achieved was 250 km in [61], 

where four sensors were multiplexed and interrogated in a remote system 

implementing Raman amplification. 

 Brillouin amplification 

While the scattering from optical phonons is known as scattering Raman, the 

interaction of light with acoustic phonons is named scattering Brillouin after 

Léon Brillouin. He theoretically predicted light scattering from thermally 

excited acoustic waves in 1922 [63].   

The basic principle of Brillouin scattering is as follows: the incident photon is 

converted into a scattered photon of slightly lower energy and a phonon. The 

coupling of the optical pump signal and the acoustic waves occurs via a 

process called electrostriction. Scattering Brillouin can occur spontaneously 

at low and also at higher optical powers, originating spontaneous and 

stimulated Brillouin scattering, respectively.  The latter involves a strong 

nonlinear optical gain for the back-reflected wave. The frequency of the 

reflected light is slightly lower than that of the incident beam and this 

difference in frequency corresponds to the frequency of the emitted 

phonons, called Brillouin frequency shift (~11 GHz). Brillouin scattering occurs 

essentially only in backward direction in optical fibers (due to phase-matching 

considerations) [64]. The Brillouin frequency shift depends on the material 

and also on the temperature and pressure of the medium. As a result, these 

dependencies can be exploited for their use in fiber sensing applications. For 

the sake of clarity, the main features of each type of amplification technique 

are gathered in Table 2. 3. 
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Amplification 
mechanism 

Principal Features  

Raman 

Based on SE and SRS 
Any pump-λ can be used 
Amplification BW ~60nm 
Raman shift ~10-15THz (13.2THZ at 1550nm) 
Low Gain coefficient ~0.43(W/Km)-1 

High generation threshold ~1W 
Co, counter and bi-directional pump can be used 

 Co-directional pump: provides ↑amplification but ↑non-
linear effects 

 Counter-directional pump: provides ↓non-linear effects 
and ↓RIN 

 Bi-directional pump: best performance, but 2 pumps are 
needed 

 Higher-order pump: distribute gain evenly and allow to 
reach longer distances 

Require long fibers for its generation 
Main noise sources: Amplified spontaneous scattering, Rayleigh 
backscattering. 

Erbium 

Based on SE 
980nm pump is more efficient 
Amplification BW ~40nm 
Co, counter and bi-directional pump can be used 
Co-directional gives ↓ noise 
Counter-directional provides ↑ gain 
Non uniform gain – flattening needed 
High gain efficiency ~8-10dB/mW 
Main noise source: Amplified spontaneous emission 
 

Brillouin 

Based on SBS – acoustic phonons 
Amplification BW ~0.001nm at 1550nm 
Brillouin shift ~11GHz 
High Gain coefficient ~249.5(W/Km)-1 

Low generation threshold ~80mW 
Counter-directional pump 
Main noise source: spontaneous Brillouin scattering and thermal noise  

Table 2. 3. Main features of Erbium, Raman and Brillouin amplification 
techniques. 
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2.1.4. Network Topology 

A network topology is defined as the arrangement of a network. There are 

several topologies that can be used to reach the sensors that constitute a 

certain network [65][66]. The main four configurations used in fiber sensor 

networks are shown in Figure 2. 9, and can be used in transmission or 

reflection mode. 

The topology is marked principally by the requirements of each application, 

taking into account some factors such the range of optical power in which the 

system works correctly. It is important to take into account the value of the 

signal level received from each of the sensors to avoid saturating the receiver 

as well as surpassing the minimum level of signal to guarantee a certain SNR. 

All the schemes proposed in this thesis follow the serial bus or the dual bus 

topology, since they are most suitable and cost-effective for long distance 

applications. 

 

Figure 2. 9. Multiplexing topologies for fiber optic sensors. 

2.1.5. Multiplexing Techniques 

In telecommunications, multiplexing is a method by which multiple signals are 

combined over a shared medium. Multiplexing divides the capacity of the 

communications channel between several logical channels, one for each 
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multiplexed sensor. The inverse process consists of extracting the original 

channels in the receiver and is called demultiplexation [66]-[68]. 

In sensor networks, the main objective of multiplexing is to share the cost of 

the active devices of the network among all the multiplexed sensors. In this 

manner, a more efficient use is achieved and the cost per sensor is reduced.  

The multiplexing process in a sensor network consists of three steps:  

 Generate a signal with adequate power, spectral distribution, 
polarization and modulation. 

 Correctly detect the signal encoded by the sensors 

 Unequivocally identify the information that corresponds to each 
sensor. 
 

 

Figure 2. 10. Multiplexing modulation formats. 

Various sensor multiplexing techniques have been proposed (see Figure 2. 

10), namely, wavelength division multiplexing (WDM), time division 

multiplexing (TDM), coherence division multiplexing (CDM), frequency 

division multiplexing (FDM), space division multiplexing (SDM) and hybrid 

combinations of the above mentioned. It is important to emphasize that any 

multiplexing technique present ideal features, but an optimal method can be 

chosen depending on each specific application. Cost, noise, bandwidth and 

flexibility are factors that should be analyzed to select the most appropriate 
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multiplexing technique. In addition, there are several interrelated factors that 

influence this decision, such as: 

 The modulation or coding of the optical signal used 

 Network topology 

 Need or not of optical amplification 

 Decoding method 

 Types of sensors to be multiplexed 

 Economic conditions 

Wavelength-division multiplexing 

Multiplexing by wavelength division is a type of FDM and consists of 

combining optical signals with different wavelengths, transmit them together 

and separate them again in reception [69]. The international 

telecommunication union (ITU) establishes two additional differentiated 

categories within these multiplexing systems: coarse wavelength division 

multiplexing (CWDM) and dense WDM (DWDM). In the first case, a small 

number of channels (4 to 8) are multiplexed with a large channel spacing (~20 

nm). In contrast, DWDM multiplex a large number of channels (more than 40) 

and consequently the spacing between channels is reduced (12.5, 25, 50 and 

100 GHz). 

In the area that concerns this thesis, which are the sensor networks, the most 

interesting technique is DWDM since it allows to maximize the number of 

sensors to be multiplexed. In WDM sensor networks, the information of each 

sensor is allocated in a particular wavelength. For this reason, FBGs are the 

most employed sensors, since their information is encoded in their λ-Bragg, 

(Chapter II, Section 2.1.2). Some of the advantages this technique presents 

are: 

 Reduces the number of fibers needed to interrogate the sensors 
network. 

 The placement of the sensors is flexible. 

 Allows to interrogate all sensors continuously, without the need 
to assign them a time-slot. 

Time-division multiplexing 

This technique consists of combining several optical signals, transmit them 

together and separate them again based on the different arrival times of each 

one. In sensor networks implementing TDM, each sensor is assigned to a 

specific time-slot, being able to use all the available bandwidth in that time 
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interval. This contrasts with what happens in WDM networks, where the 

bandwidth is shared between all the multiplexed sensors. 

Pulsed light sources are required in TDM systems, which desirably emit pulses 

of short duration, high extinction ratio and low timing jitter. Since each sensor 

is identified by the time that takes the pulse to travel from the source to the 

sensor along the network, it is important for the sensors to be placed in 

separate locations. If necessary, optical delays should be introduced between 

them to avoid overlapping and crosstalk. Another important consideration in 

TDM networks is the excess loss induced by the couplers that divide the signal 

to reach each sensor [66]. 

Optical time domain reflectometry 

Some TDM approaches can be found as: 

 Optical time domain reflectometry (OTDR) 

 Optical frequency domain reflectometry (OFDR) 

 Coherence-OTDR or phase-OTDR 
 

Techniques such as OTDR and phase-OTDR have been employed in this thesis. 

For this reason, a brief description of their principle of operation is described 

below. 

These systems are based on the phenomenon known as Rayleigh scattering 

(RS). In silica optical fibers, it represents the predominant event of 

attenuation between 600 and 1600 nm. Nevertheless and as in many fields in 

technology, an undesirable effect can be exploited efficiently to get 

advantage of it. 

Rayleigh scattering 

When an optical wave propagates in a material, it interacts with its 

constituent elements (atoms and molecules). This interaction originates a 

wave radiated in a direction different from that of the incident wave, 

originating what is known as scattering. If the elements involved in this 

process are of a much smaller dimension than the incident wavelength, it is 

called Rayleigh scattering. This mechanism is elastic, so the optical frequency 

of the reflected signal is the same as that of the incident signal. In addition, 

all waves scattered within a scattering center are in phase and interfere 

constructively. In the case of optical fibers, not all scattered light is coupled 

back to the guided mode, causing loss. The part of the light that is recaptured 
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by the fiber and propagates in the opposite direction to the incident wave is 

called Rayleigh backscattering. This concept is widely used throughout the 

development of the thesis, especially in random distributed feedback fiber 

lasers, which are described in the following sections. If we consider a uniform 

fiber and an optical incident pulse of width dz, the elementary power 

backscattered in z and detected at the input of the fiber dPB (z) is given by: 

𝑑𝑃𝐵(𝑧) = 𝑃𝑖(𝑧)𝐵𝑐(𝜆, 𝑧)𝛼𝑠(𝜆, 𝑧)𝑑𝑧 = 𝑃0(𝑧)𝐵𝑐(𝜆, 𝑧)𝛼𝑠(𝜆, 𝑧)𝑒−𝛼𝑧𝑑𝑧      (2.4) 

Being P0 the pulse peak power at z=0, Pi (z)=P0 (z)e-αz the pulse peak after a 

propagation distance z, α the attenuation of the fiber and Pb (z) the power 

backscattered in z. A schematic representation of these parameters is shown 

in Figure 2. 11. Finally, αs (λ, z) represents the local scattering coefficient, 

which gives the amount of scattered light per unit of length, and Bc (λ, z), 

which is the local backscatter capture fraction. This dimensionless parameter 

provides the fraction of scattered light that is re-captured in the fiber and 

backscattered. 

 

Figure 2. 11. Definition of P0 (z), Pi (z), Pb (z) and PB (z). 

OTDR systems and their variants carry out the analysis of the backscattered 

signals in the time domain. Pulses are sent from the header to the fiber 

sensors and the backscattered signal is measured as a function of time. These 

sensing systems can be classified according to the optical property of the 

backscattered signal analyzed, which is where the measurable external 

parameter (temperature, strain, vibration...) is encoded, namely: 

 Optical power (OTDR) 

 Polarization state (POTDR) 

 Phase (phase-OTDR or C-OTDR) 
 

Since OTDRs allows the localization of losses along an optical fiber, any 

perturbation that induces a power loss along the fiber can be detected and 
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measured. The basic scheme of an OTDR and a typical detected trace are 

depicted in Figure 2. 12. A light source injects a pulse in the fiber under test 

(FUT) using an optical circulator. The backscattered light is redirected through 

the optical circulator to the photodetector and then the signal processing 

unit. The latter averages the detected signals for several emitted pulses to 

enhance the SNR. 

 

 

Figure 2. 12. a) Basic configuration of an OTDR and b) example of a real OTDR 
trace. 

In these systems, the time scale is easily translated into the distance scale 

using the group velocity parameter vg. Then, an emitted pulse of finite 

duration T presents a finite width W, being W=vgT. It is important to note that 

the spatial resolution ∆z in the system is determined by half the width of the 

emitted pulse (W/2). In this manner, the contributions of each interval (z-

W/2, z) along the fiber can be distinguished unequivocally in the header. As a 

consequence, the total backscattered power detected at the header is given 

by the integration of equation (2.4) in the interval (z-W/2, z). Assuming that 

αs and Bc are constant within half the pulse width, the total backscattered 

signal at point z is given by [70]: 

a) 

b) 
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𝑃𝐵(𝑧) = 𝑃0𝐵𝑐(𝜆, 𝑧)𝛼𝑠(𝜆, 𝑧)
𝑊

2
𝑒−𝛼𝑧                            (2.5) 

This expression assumes that the coherence length of the source (Chapter II, 

section 2.2.3) is much smaller than half the pulse-width emitted, so that all 

contributions in the integration interval are added together without taking 

into account their phases.  However, this consideration does not apply in the 

case of phase-OTDRs, where highly-coherent sources are employed and 

coherence noise is superimposed on the typical trace of the OTDR, which is 

mainly a straight line. An example of a real trace measured in a phase-OTDR 

scheme is depicted in Figure 2. 13. This noise is the result of the coherent 

interactions (interferences) between the backscattered signals within the 

backscattering interval (z-W/2, z). To illustrate this effect, let us consider a 

piece of optical fiber (see Figure 2. 14), where each circle represents a 

scattering center. 

                

Figure 2. 13. Example of a real phase-OTDR trace. 

 

Figure 2. 14. Scheme of the scattering centers. 
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The electric field resulting from the signal backscattered in z and detected at 

the input of the fiber can be written as [71]: 

𝐸𝐵(𝑧) = ∑ 𝐸0𝑎𝑖𝑒
−𝛼𝑧𝑖𝑒−2𝑗𝛽𝑧𝑖𝑁

𝑖=1                                 (2.6) 

Being N the number of scattering centers in the integrating zone (z-W/2, z), 

E0 the input field amplitude, ai the fraction of electric field backscattered in 

the scattering center i, α the attenuation coefficient of the fiber, β=ωn/c the 

propagation constant and zi the distance to the scattering center i. 

The backscattered power measured at the header PB (z) is proportional to the 

square value of EB (z): 

𝑃𝐵(𝑧) ∝ |𝐸𝐵(𝑧)|2 = 𝑓(𝜙𝑖𝑗)                                 (2.7) 

𝜙𝑖𝑗 =
2𝜔

𝑐
𝑛(𝑧𝑖 − 𝑧𝑗)        (𝑖 = 1 → 𝑁, 𝑗 = 1 → 𝑁, 𝑖 ≠ 𝑗)        (2.8) 

PB (z) is a function of the phase delay ϕij, which represents the phase 

difference between the signals backscattered in zi and zj. The interference 

pattern generated presents a random behavior because of the randomly 

distributed scattering centers along the fiber. However, it remains constant 

for each integrating interval if no external perturbation is applied, thus 

modifying the phase difference. From equation (2.8), ϕij depends on both the 

refractive index n and the distances between the scattering centers. 

Temperature, intrusion or vibration modify these parameters and so any 

deviation can be detected using the phase-OTDR technique. 

Since these systems are based on RS, they present low SNRs. One of the 

proposals to improve this point is to include weak FBGs (FBGs with low 

reflection coefficient) inscribed along the fiber. In these schemes, a highly-

coherent light source emits pulses centered at the λ-Bragg of the inscribed 

FBGs, increasing the SNR in certain sections of interest [72]-[75]. External 

disturbances are detected by measuring the amplitude variations detected in 

the areas where the FBGs are located. Figure 2. 15 shows an example of a 

characteristic graph obtained with this particular type of scheme, superposing 

several traces detected over an interval of time. In Chapter III section 3.5, the 

operation and features of phase-OTDRs combined with weak FBGs are 

explained in more detail, as well as vibration measurements carried out using 

this technique. 
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Figure 2. 15. Real phase-OTDR trace implementing the weak-FBG technique. 

Moreover, an Optical Backscatter Reflectometer (OBR 4600, Luna 

Technologies) based on optical frequency domain reflectometry (OFDR) is 

employed in Chapter II section 3.2.2 to perform distributed temperature 

measurements [76]. The basic principle of operation of an OFDR system is as 

follows: a tunable laser illuminates an interferometer formed by a reference 

arm internal to the instrument and a sensing arm, which is connected to the 

fiber under test (FUT). Then, this CW laser source completes a sweep in a 

determined optical frequency range and the interference signal between 

both arms is detected. Finally, a Fourier Transform is applied to the received 

signal. As a result, the reflection events (such as R, at position zR) produced 

along the FUT can be observed as a function of the optical time delay, which 

occurs as the light propagates from and back to the device.  

 

Figure 2. 16. Basic OFDR measurement set-up. 

It is important to note that the two interfering signals are characterized by 

different optical frequencies since the optical source is linearly swept. This 

frequency difference is proportional to the time delay between the reference 
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and the sensing signal, and consequently to the distance zR. However, this can 

only be assumed if the states of polarization of the interfering beams are 

identical. In practice, the intrinsic birefringence of the FUT may cause a 

degradation of the interference process and a modified scheme 

implementing polarization diversity detection must be applied, such as in 

Luna’s OBR 4600. This particular device is formed by two Mach-Zehnder 

interferometers placed in cascade, two polarization controllers and a 

polarization beam splitter and is able to identify the backscattered events 

present along the FUT after applying a Fourier analysis. 

Coherence-division multiplexing 

CDM is a technique that allows multiplexing several interferometric sensors 

(Chapter II, Section 2.1.2.) into a single fiber using the coherence properties 

of short-coherence length light sources. As in WDM, CDM allows all the 

sensors to be continuously monitored, separating the signals corresponding 

to each sensor spatially and not temporarily. Several configurations have 

been proposed to carry out this technique, namely: series, extrinsic-reference 

ladder and intrinsic-reference ladder [77]. 

CDM sensor networks must be carefully designed so that the OPD of each 

interferometric sensor is much longer than the coherence length of the light 

source employed (Chapter V section 5.5). In this manner, it is guaranteed that 

the signals traveling through the interferometer interfere coherently. The 

main drawbacks of this technique are: 

 It can only be used with interferometric sensors. 

 It presents a poor SNR. 

 The insertion losses are considerable as the number of 
multiplexed sensors increases. However, this drawback has been 
studied and power loss can be kept relatively modest by choosing 
the coupling constants of the couplers appropriately [78].  

Other techniques and comparison 

As well as the previous techniques, frequency division multiplexing (FDM) and 

spatial division multiplexing (SDM) can be employed in multiplexed fiber 

networks. On the one hand, in FDM the sensor information is encoded in a 

specific frequency of the electric domain (such as carriers, amplitude, 

frequency or phase modulated of different frequencies). Then, electronic 

devices are needed to differentiate each sensor [79]. On the other hand, the 

concept of using SDM to increase the multiplexing capacity of an optical fiber 

network is almost as old as optical fiber communications itself [80]. This 
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technique occupies as many channels as sensors are multiplexed. The most 

obvious approach for implementing this technique is the use of fibers 

containing multiple cores, which can be exploited as parallel channels for 

independent signals. If the number of fibers is not an issue for a particular 

application, CDM is a very flexible approach without crosstalk between 

sensors. In Table 2. 4, the main pros and cons of the explained multiplexing 

techniques are gathered. 

Mux Technique Advantages  Drawbacks 

WDM 

 High measurement speed 

 Flexible placement of 
sensors 

 Continuous monitoring of 
all the sensors (sensors are λ-
separated) 

 Expensive and 
specialized equipment 
required 

 A tunable laser or a 
broadband light source are 
needed 

TDM 

 High measurement speed 

 High multiplexing 
capability 

 Simple and efficient 
schemes 

 A single optical source is 
required 

 Specialized equipment 
required 

 Synchronization needed 

 Non-continuous 
monitoring of the sensors 
(sensors are temporally-
separated) 

 Sensor allocation must 
be carefully designed 

 

CDM 

 Continuous monitoring of 
all the sensors (sensors are 
spatially-separated) 

 Simple equipment 
required 

 Provide absolute and 
insensitive to power 
fluctuations measurements 

 Low measurement 
speed 

 Low multiplexing 
capability 

 Sensor geometry must 
be carefully designed 

 

Table 2. 4. Main pros and cons of the multiplexing techniques used along the 
development of the thesis. 
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2.2. Fiber lasers 

2.2.1. Background 

The term “laser” originated as an acronym for “light amplification by 

stimulated emission of radiation”. The first laser was built in 1960 by 

Theodore H. Maiman at Hughes Research Laboratories, based on the 

theoretical work of Charles Hard Townes and Arthur Leonard Schawlow. The 

chronological evolution of lasers is shown in Table 2. 5, starting with Albert 

Einstein in 1917, who proposed the process that makes lasers possible: 

stimulated emission (see Chapter II section 2.1.3). 

Year Event 

1917 
Albert Einstein describes the theory of stimulated emission– the 
principle of lasers [23]. 

1940s 
Invention of the MASER (microwave amplification by stimulated 
emission of radiation) by Charles Townes, Arthur Schawlow et al. of 
Bell Laboratories in New Jersey [81]. 

1954 
Townes et. Al built the first MASER, sending a beam of excited 
ammonia molecules into a resonant cavity. 

1958 Schawlow and Townes proposed the laser [81] . 

1960 
Theodore H. Maiman demonstrated the first Ruby laser in Hughes 
Laboratory in Malibu, California [82]. 

1961 
E. Snitzer demonstrates the first fiber laser using a neodymium-
doped glass [83][84]. 

1966 The telecommunication potential of optical fibers is discussed [85]. 

1970s 

Low loss glass fibers were manufactured for the first time by 
Corning. 
Silica-based fiber lasers are first presented [86][87]. 
Raman fiber laser is demonstrated. 

1980s Rare-earth-based fiber amplifiers and lasers are presented. 

1986 
First Erbium-doped fiber laser developed in Southampton 
University by Mears et al. [88]. 

1990s 
First practical Raman fiber lasers appear, together with high-power 
lasers and fiber Bragg gratings [89][90]. 

Table 2. 5. Historical evolution of lasers. 

The beam of light generated by a typical laser presents unique properties 

when compared to other light sources. Lasers generally show a narrower 

frequency distribution, much higher intensity and degree of collimation or 

shorter pulse duration. All this features make lasers a specialized light source 

that should be used only when their unique properties are required, such as 

communications systems, military targeting or medical applications, as well 
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as many other areas [91]. A fiber laser (FL) is a type of laser in which the active 

medium is an optical fiber generally doped with rare-earth elements such as 

erbium, ytterbium, neodymium, dysprosium, praseodymium, thulium or 

holmium. FLs are closely related to doped-fiber amplifiers, previously 

explained in this chapter Section 2.1.3, which provide light amplification 

without lasing. Fiber laser technology developed in the laboratory has found 

its place in the commercial market for its various advantages over other types 

of lasers. Alternative amplifying technologies, such as solid-state, gas and 

semiconductor based amplifiers, are well developed and could provide 

competitive solutions. For instance, semiconductor fiber lasers are formed by 

a semiconductor gain medium, such as a semiconductor optical amplifier 

(SOA), and a fiber resonator [92][93]. The technology of these lasers 

competes with that of rare-earth-doped fiber lasers. SOA-based lasers 

provide more compact set-ups, containing a small semiconductor chip with 

electrical and fiber connections. In addition, SOA-based lasers require lower 

operation powers which often leads to lower costs. However, the output 

power that can be achieved is limited and also implies stronger nonlinear 

distortions (self-phase modulation and four-wave mixing) and higher noise 

figure. Due to their wide amplification bandwidth, several works have been 

presented for their use in WDM sensor networks applications. Multi-

wavelength [94]-[100] and narrow-linewidth tunable lasers [101][102] have 

been developed using SOA amplification combined with fiber ring structures. 

 

Figure 2. 17. Diagram representing the four main merits of fiber lasers. 

Nevertheless, if we compare these systems with all-fiber lasers, the latter 

show lower coupling losses of the amplifying medium to the fiber. In addition, 

FLs are outstanding reliable structures, with low operation and maintenance 

cost which guarantee a high efficiency and beam quality. These are merits 

that make them suitable for many industrial applications. From plastic and 

metal marking applications to the perfecting of diamonds and assistance in 

medical surgeries, fiber lasers are truly one of the most versatile and 

adaptable equipment on the market. However, FLs have to deal with several 

challenges that limit their performance. First, the high powers required for 
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laser generation can cause fiber damage and very short resonators are 

difficult to achieve, due to the limited gain and pump absorption per fiber unit 

length.  

2.2.2. Types of fiber lasers 

Fiber lasers can be classified following different criteria. Among them, the 

most used ones are their amplification mechanism and their laser cavity 

configuration. It should be noted that a fiber amplifier can be converted into 

a fiber laser by placing it inside a cavity designed to provide optical feedback. 

Lasing will occur when the total gain overcomes the total cavity losses. For 

instance, Erbium, Raman or Brillouin fiber lasers can be developed exploiting 

Erbium, Raman or Brillouin amplification, respectively, and also hybrid 

combinations of them. Regarding the laser cavity, linear/Fabry-Pérot, ring or 

distributed cavities can be carried out [103], see Figure 2. 18. 

 

Figure 2. 18. Examples of different types of laser cavities, a) Linear b) Linear 
using FBGs as reflectors, c) Unidirectional ring and d) distributed-feedback 
cavity laser. 
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On the one hand, Fabry-Pérot-cavity fiber lasers offer a compact and simple 

configuration. Two mirrors of high reflectivity delimit the gain medium. 

Linear-cavities are frequently used when compact single-longitudinal lasers 

or high output powers are needed. However, the efficiency of this scheme is 

reduced when the pump must pass through the dielectric mirrors to enter the 

cavity. Using WDM to inject the pump into the cavity or exchange the mirrors 

by fiber loop mirrors or FBGs are possible solutions to this drawback. In fact, 

efficient all-fiber cavities are achieved using FBGs, since they act as a mirror 

for the lasing wavelength but are transparent to the pump radiation. 

On the other hand, ring cavities are characterized by the round-trips in 

different directions that light makes inside them. In some cases, isolators and 

polarization controllers are included to ensure unidirectional laser operation 

and to control the variable polarization in the cavity, respectively. It should 

be remarked that ring-cavity fiber lasers have no mirrors; for this reason, they 

are simple all-fiber schemes and provide a more efficient gain mechanism 

than linear-cavity fiber lasers. Nevertheless, power fluctuations and non-

constant polarization are some of the challenges of these lasers, in addition 

to the limitations imposed by the cavity length itself. For instance, 1-100m-

length cavities give free spectral ranges (FSR) from 1-100 MHz. The free 

spectral range of an optical resonator or cavity is of great importance since it 

determines the frequency spacing of its axial (Gaussian-shaped) resonator 

modes. Therefore, the radiated laser beam is not arbitrary in ring-cavity 

lasers, but is determined by the axial (length) and cross-sectional dimensions 

of the cavity. The so-called longitudinal and transversal modes establish a 

frequency and spatial-dependent output beam, respectively [104]. 

This drawback affecting the performance of traditional-cavity lasers (linear or 

ring cavities), does not influence distributed-feedback cavity lasers. They are 

generally formed by a resonator which consists of a distributed reflecting 

structure containing a gain medium. Then, the system acts as a distributed 

reflector in the wavelength range of the laser action. A specific type of these 

lasers are random distributed feedback fiber laser (RDFB-FL), which have 

been extensively used in the development of this thesis for its outstanding 

features, and whose principle of operation is described further in this chapter. 

2.2.3. Random distributed-feedback fiber lasers 

Random fiber lasers differ from the traditional laser concept formed by an 

optical resonator encapsulating a gain medium. The optical resonator is an 

important part of the laser and, as explained above, feedback is necessary to 
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achieve the lasing emission. In random distributed feedback lasers, the 

feedback is generated by the multiple scatters distributed randomly along a 

fiber. This fiber can be also the gain medium or an especially altered one 

[105]. The advantages of both random lasers and traditional fiber lasers are 

joined in random fiber lasers.  For instance, they provide good directionality 

and high efficiency together with an outstanding stability [106]. In 2009, 

Baptista et al. proposed a Raman FBG laser sensor for strain and temperature 

measurements, which could be considered the first laser system 

implementing a random distributed-feedback based cavity [107]. It was in 

2010, when after the work presented by Turitsyn et al. [108], this type of 

lasers began to be called random distributed feedback fiber lasers (RDFB-FL). 

In fact, at the same time Pinto et al. proposed a multiwavelength RDFB-FL 

using a photonic crystal fiber FLM [109]. However, random lasing was 

discovered many years before by Ambartsumyan et al. in 1966 [110]. In their 

experiment, an incoherent feedback was obtained by replacing one of the 

mirrors of a ruby laser with a diffusive surface. Then, the first distributed 

feedback fiber laser was proposed in 1970s [111]. After these events, many 

configurations have been proposed, among them: random lasing using 

powdered laser crystal [112], colloidal solutions [113], zinc oxide powder 

[114] and even in bone tissue and cold atoms in 2010 and 2013, respectively 

[115][116]. 

 

Figure 2. 19. Examples of laser cavities. a) Traditional, b) random c) random 
distributed-feedback fiber lasers proposed by Turitsyn et al. 
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In recent years, RDFB-FL have received a lot of attention from researchers 

which has resulted in a wide range of applications and improvements. Many 

studies have been carried out to enhance the already promising inherent 

features of RDFB-FL, for instance, the optimization of the output power [117]-

[120], relative intensity noise (RIN) transfer [121][122] and thermal noise 

[123]. In addition, their spectral and statistical properties have been analyzed 

in [124]-[126] and a variety of configurations have been proposed 

implementing polarized pump or linearly-polarized outputs [127]-[130], 

mixing different fibers in the gain media [131], short cavities [132][133] and 

tunable [134], multi-wavelength [109][135]-[140]  or super-continuum 

output [141][142]. Finally, RDFB-FL schemes allow to combine the 

traditionally employed Raman amplification with other amplification 

mechanisms such as Erbium. In fact, recent works have proposed new 

schemes for random distributed feedback generation based on Erbium-doped 

fiber or implementing Brillouin random lasing, Ytterbium-Brillouin or Erbium-

Brillouin [140][143]-[151]. 

The distinctive properties of these lasers use to include high power and long 

cavities, which make them especially convenient for long-haul 

telecommunications or sensing applications [152]-[158]. Besides, RDFB-FL 

present mode-less behavior, which is useful in multiwavelength and tunable 

laser sources [134]-[140] since the undesired mode competition or mode 

hoping are eliminated. Their ability to generate outstanding stable narrow-

linewidth laser sources can be exploited in many sensing applications [159]-

[163], being able to achieve high-resolution measurements [164]. In addition, 

RDFB-FLs can be internally modulated without frequency restrictions or self-

mode-locking effects. Contrary to conventional lasers, the feedback does not 

correspond to a fixed length. As a result, the length of the laser cavity does 

not distort the analog internal modulation and does not determine the 

repetition rate of the generated pulses. An internally modulated RDFB-FL 

could be used to interrogate a sensor array by TDM as it was proposed in 

[158], where ten FBGs were monitored at 200 km applying this technique. 

After presenting a general vision of the main characteristics and possible 

applications for which we can exploit this type of lasers, their principle of 

operation will be described. 

Principle of operation 

There are many aspects that differentiate RDFB-FLs over conventional lasers, 

such as their principle of operation. Most of them are based in two 
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mechanisms: Rayleigh distributed-feedback and stimulated Raman scattering 

(SRS). Both effects have been described separately before in this chapter (see 

Chapter II section 2.1.5 and 2.1.3), but below they will be explained in the 

context of RDFB-FL generation. 

In RDFB-FLs based on Raman scattering, the laser medium is a conventional 

optical fiber. In the telecommunications C-band, attenuation is mainly 

determined by RS, with a backscattering coefficient as low as ~4.5x10-5 km-1. 

Although the total backward radiation in the fiber is negligible small (<0.1%), 

the situation changes if the scattered reflection is amplified. Distributed 

random feedback originates from the RS generated in the naturally 

disordered refractive index of the fiber core. The gain mechanism is generally 

based on the SRS: the injected pump power excites a number of molecular 

vibrations of the silica glass during an inelastic scattering process and losses 

part of its energy. The residual energy is absorbed by the Stokes photon, 

which has lower frequency than the pump photon. This frequency difference 

between the pump and the Stokes photons (Stokes shift) is determined by 

the structure of vibration levels of the media (see Figure 2. 7). The total 

amplification of the Stokes wave in a fiber span L can be expressed as exp 

(gRPpL) and so increases exponentially with the length of the fiber. gR and Pp 

are the frequency-dependent Raman gain coefficient and the pump wave, 

respectively. However, this gain is limited in practice by the pump wave 

attenuation αp along the fiber, Pp (z) ~exp (-αpz), determining what it is called 

effective length of the fiber, which can be approximated by Leff~1/αp (i.e. Leff 

~35km in SMF-28 fiber using a pump power of 1.6W) [108]. From this effective 

length, the transmitted signal is no longer amplified and the output power 

suffers an exponential decay as it is transmitted along the fiber, see Figure 2. 

20. This fact is of particular importance in long distance applications. 

 

Figure 2. 20. Scheme of the gain/loss balance along the RDFB-FL cavity. 

In conventional lasers, stimulated emission is spatially coherent and the 

frequencies of operation (longitudinal modes) are determined by the 
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resonator’s dimensions. Nevertheless, non-resonant feedback occurs in 

random lasers by reflecting photons from a phase-scrambling medium (the 

optical fiber). The amplified photons scatter multiple times and do not return 

to their initial location periodically, avoiding the possibility to form a spatial 

resonance. As a result, the emitted light has no spatial coherence and is 

undefined in phase. Due to the absence of resonant feedback, the spectrum 

emitted is continuous. Nevertheless, CW-operation is only achieved if the 

lasing threshold is surpassed. If not, the pronounced SBS (see Chapter II 

section 2.1.3) near the generation threshold causes a different temporal 

behavior from the steady state.  

Near the threshold, irregular pulses are generated with pronounced 

components in radio-frequency signal at 11GHz (Brillouin shift). A simplified 

explanation of this effect is as follows: photons with complex trajectories are 

captured in the cavity but there are some that return back to their initial 

locations more often than others. Then, when the amplification surpass the 

losses in the laser cavity, these resonant photons reach the lasing condition 

first, leading to the generation of narrow stochastic components. These 

narrow-band spectral components cause Brillouin instabilities, since the 

resonant light photons interact with the acoustic phonons. As the pump 

power increases, the residual cavity coherence disappear and laser operation 

becomes continuous-wave.  

At moderate pump-powers, some optical fiber non-linearities can arise and 

cause deeper mode-mixing, affecting the phases of the cavity modes. For 

instance, cross-phase modulation may be a reason that causes the frequency 

perturbation in the cavity. If this happen and the frequency of the “resonant” 

photons keeps changing due to non-linear interactions, the light field would 

not belong to any precise mode. As a result, any residual cavity resonances 

would be eliminated. RDFB-FLs typically generate a well-confined optical 

spectrum with a 1nm-width, much narrower than the spectral profile of 

Raman gain (~10nm). Below the generation threshold power, the spectrum is 

broader and corresponds to the amplified spontaneous emission (ASE) 

spectrum. The abrupt narrowing of the spectrum proves that real lasing is 

achieved. In Figure 2. 21, real measured experimental spectra illustrate the 

evolution of the RDFB-FL output spectra as the pump power is increased.  



38 l 194 
 

 

Figure 2. 21. Evolution of the generated spectra with the increasing pump 
power a) below lasing threshold (ASE spectrum) b) near the threshold (SBS 
effect) c) above threshold (near Gaussian profile CW mode). 

In addition to the pump power requirement, a minimum fiber length of ~2Leff 

is necessary to guarantee RDFB-FL generation. However, once this 

requirement is satisfied, a further increase on the fiber length L>>2Leff has 

little impact of the lasing threshold. In fact, it tends to a constant value for 

long lengths and increases at L<2Leff~70Km. This contrasts with linear cavities, 

in which the threshold power grows linearly with the cavity length, exceeding 

at some point the threshold for RS-based lasing [108].  

Regarding the many configurations that can be performed to obtain a RDFB-

FL, three main schemes can be distinguished: forward-pumped, backward-
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pumped and single-arm configuration. These configurations are depicted in 

Figure 2. 22. 

 

Figure 2. 22. RDFB-FL configurations. 

In the first one, the generation wave extracted from the laser is co-

propagating with the pump wave. This configuration can be carried out in two 

technical ways: a symmetrical scheme based on two fiber spans of length L 

and two pump lasers injected in the center of the fiber or an equivalent 

scheme using only one pump laser. The symmetry of the first system is 

exploited and a mirror of 100% reflection, such a fiber loop mirror, is placed 

at one end of the scheme. The main advantage of the reduced scheme is that 

two times less fiber and only one pump laser are needed for the laser 

generation. Secondly, in the backward-pumped configuration, the output 

generation wave is counter-propagating with the pump wave. This scheme 

can be modified to obtain a reduced version, as in the forward-pump laser 

configuration. Finally, the third set-up is named single-arm scheme and 

comprises a fiber span of length L and only one pump laser. Since there are 

not any point-based reflector, the laser is operated via the random 

distributed feedback only. 

Laser properties 

Mode-less behavior 

One of the most interesting properties of RDFB-FLs is their mode-less 

behavior. This particular feature makes them suitable for sensor networks 

multiplexing and high-resolution sensing applications since the space 
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between modes is not predetermined. This feature is latter exploited in a 

high-resolution sensing system in Chapter IV. In order to explain this concept 

and how unlimited-resolution measurements can be obtained, the mode 

generation in traditional laser cavities and in RDFB-FL must be compared.  

A traditional linear or ring cavity has a fixed cavity length L, establishing a fixed 

longitudinal mode spacing. This condition implies the generation of standing 

waves, which are longitudinal modes located at different frequencies. These 

modes occur at wavelengths or frequencies within the gain bandwidth of the 

laser. The total number of modes generated in a laser cavity is determined by 

a separation L between the mirrors that form the cavity as well as the 

bandwidth of the laser. The laser frequencies generated are separated a 

distance Δf following the expression Δf = c/2nL where n is the refractive index. 

 

Figure 2. 23. Multi-mode cavity resonance modes before a) and after b) 
applying the gain profile. c) FBG-filtered single-longitudinal-mode laser for 
sensing applications. 

In sensing applications with traditional-cavity lasers, a wavelength selective 

device, such as an FBG, is generally employed to filter and select a single-

mode of the laser cavity. In this manner, only one mode reaches the lasing 

threshold at a time corresponding with λFBG. If the FBG selecting the lasing-
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mode experiences an external temperature or strain variation, λFBG will move 

accordingly. Then, any deviation can be determined by tracking the lasing 

wavelength shift. If the λFBG displacement is greater than the separation 

between modes ∆f, the lasing mode will switch to the adjacent mode, see 

Figure 2. 23 c). It is important to note that the maximum obtainable resolution 

using this technique is limited by the separation between modes, since 

wavelength variations smaller than ∆f cannot be properly detected. 

On the contrary, RDFB-cavities are not length-fixed and the multiple lasing 

longitudinal modes degenerate in a collective mode which fills the entire gain 

bandwidth, see Figure 2. 24 a). If the previous sensing technique is performed 

with a RDFB-FL, a single-longitudinal-mode behavior will be also achieved at 

the λFBG. However, if the λFBG varies due to an external perturbation, the lasing 

wavelength will shift continuously along the laser spectrum, see Figure 2. 24 

b). The absence of a fixed mode separation leads to unlimited-resolution 

measurements, without taking into account the limitations that can be 

induced by the measurement devices themselves. 

 

Figure 2. 24. RDFB-FL cavity modes a) without filtering and b) FBG-filtered 
single-longitudinal mode for sensing applications.  

In conventional fiber lasers which have cavity modes, the spectral profile of 

each individual mode reflecting at each round-trip leads to narrowing after 

many round-trips. On the contrary, in RDFB-FL with broadband RS reflection, 

only the gain spectral profile determines narrowing at each round trip. Then, 

this laser can be treated as a single-mode one with a continuous spectrum 

which width and central wavelength is defined by the gain profile. Since the 

Raman gain spectrum present two peaks of maximum gain, see Figure 2. 8, 

lasing could be achieved in two wavelength bands (near 1555 and 1565 nm, 

separately or at the same time) depending on the system configuration and 

the pump power injected in the system. The radio frequency spectra of a 
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RDFB-FL does not present longitudinal mode beating, which would arise in 

any cavity of a fixed length. For this reason, these lasers can be treated as 

mode-less. 

Coherence length 

The coherence length is a parameter that quantifies the degree of temporal 

coherence as the propagation length (and therefore propagation time) over 

which coherence degrades significantly, dropping to the value of 1/e. For a 

light beam with a Lorentzian optical spectrum, the coherence length can be 

calculated as: 

𝐿𝑐𝑜ℎ =
𝑐

𝑛Δ𝑓
=

𝜆2

𝑛Δ𝜆
                                           (2. 9) 

where c is the speed of light in a vacuum, n is the refractive index of the 

medium, Δf is the full width at half-maximum (FWHM) linewidth, λ is the 

signal central wavelength and ∆λ is the FWHM width of the wavelength range 

of the light source.  

The term coherence length is often used instead of coherence time. The 

reason is that the optical time delays involved real experiments are often 

determined by optical path lengths, which are easier to determine. For 

instance, an interferometer shows pronounced interference fringes only if 

the coherence length of the laser light which illuminates it is at least as long 

as the optical path-length difference (OPD) of the two arms. Some lasers, 

particularly single-frequency solid-state lasers, can present coherence lengths 

as long as 9.5 km for a Lorentzian spectrum with a linewidth of 10 kHz. 

On the contrary, low-coherence broadband sources such as light-emitting 

diodes (LED) are widely employed in fiber optic low-coherence interferometry 

(FOLCI) applications or also called fiber optic white-light interferometry. As 

their spectral width varies from 30 to 60 nm, they offer short coherence 

lengths (compared to laser sources) and narrower interferograms are 

obtained. Given that the inherent line-width of RDFB-FLs is much narrower 

than the spectral width of LED sources, they present a considerably wider 

output spectrum in comparison with traditional lasers (∆λ3dB~1-2 nm, 

depending on the fiber used for laser generation). Therefore, their coherence 

length may be short enough to be compatible with low-coherence 

interferometry systems. FOLCI technique allows the absolute measurement 

of parameters such as displacement, temperature, strain, pressure, among 

others. In addition, the precision of the measurements is insensitive to optical 
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power variations along the fiber link, which is very desirable for remote 

sensing applications. This concept has been exploited in a remote sensor 

interrogation application using an RDFB-FL as the light source in Chapter V. 

The theoretical coherence length of an RDFB-FL can be calculated applying 

the equation 2.9. Considering that their spectrum profile can be 

approximated to a Lorentzian function, a central laser wavelength λ~1550nm 

and a laser bandwidth of ∆λ3dB~1.9nm, the resulting coherence length is 

~0.8mm. This value has been measured experimentally using a RDFB-FL with 

these feature as the light source in a FOLCI scheme. An experiment carried 

out and the obtained results are detailed in Chapter V, section 5.5. The 

experimental coherence length is in accordance with the theoretical value of 

0.8mm.  

Polarization features 

The polarization of a laser emission is defined as the direction of the electric 

field oscillation of the laser beam. If the laser output is polarized, it generally 

means that it presents a linear polarization state (the electric field oscillates 

in a certain direction perpendicular to the direction of propagation). 

However, elliptical polarization is also possible. Other lasers do not generate 

a polarized output but this does not imply that the laser output is strictly 

unpolarized. The polarization state may simply be unstable due to i.e. 

temperature drifts or randomly switch between different directions. For 

generating a truly un-polarized laser beam, some kind of polarization-

scrambling optical device is commonly required. 

RDFB-FLs using conventional single-mode fibers and depolarized-pumps 

generate randomly polarized or unpolarized light. This affirmation has been 

verified by measuring the degree of polarization (DOP) at the output of a 

RDFB-FL scheme used in the framework of this thesis. The DOP is a value that 

describes the portion of an electromagnetic wave which is polarized. A 

perfectly polarized wave presents a DOP of 100%, while an unpolarized wave 

may show a DOP of 0%. A partially polarized wave, formed by a superposition 

of a polarized and unpolarized component, will give a DOP somewhere in 

between 0 and 100%. The DOP is calculated as the fraction of the total power 

that is carried by the polarized component of the wave DOP = Ipol / (Ipol+Iunpol). 

The DOP and the Poincare sphere was measured for different pump powers 

(from 0.2 to 1.7W) using a polarization analyzer device (Agilent N7781B and 

polarization-NAVIGATOR software), see Figure 2. 25 a). The Poincare sphere 

describes the polarization and changes in polarization of a propagating wave. 
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Any given polarization state corresponds to a unique point on the sphere. The 

pump laser injected in the cavity shows an initial DOP = 0.7. However, the 

proportion of polarized light decreases to almost 0 as the pump power rises 

and the laser threshold is exceeded (~1.6W), see Figure 2. 25 b).  This confirms 

the statement established in previous works, which affirms that the beam of 

light generated by a RDFB-FL is unpolarized. The attempts carried out to 

govern the polarization state of the RDFB-FL output faced some problems, 

being unable to achieve higher DOP if a linearly-polarized pump is not applied. 

 

 

Figure 2. 25. A) Experimental set-up used for polarization measurements and 
b) Poincare spheres and evolution of the DOP measured at the RDFB-FL 
output. 

b) 

a) 
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If linearly-polarized output beams are needed for a particular application, 

many adjustments must be implemented in the basic scheme of the RDFB-FL. 

For instance, using a linearly polarized pump results in the generation of 

partially polarized output radiation. In addition, the features of the laser (laser 

threshold, power output, efficiency and degree of polarization) have been 

proved to be significantly influenced by the polarization state of the pump 

used [165]-[170]. However, the efficiency of the schemes implementing 

linearly-polarized pumps is considerably reduced compared to depolarized 

pumping structures. One of the proposed solutions to this inconvenience is 

to combine a polarized-pump with an all-PM all-fiber scheme. In [171], they 

use a linearly-polarized pump whose propagation axis is aligned with the PM-

fiber slow-axis used. As a result, the Raman gain generated for other 

components of the polarization is severely discriminated, creating a single 

component with linear polarization. This proposal enables high-efficiency and 

linearly-polarized laser generation. 
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CHAPTER III  

High resolution sensor systems 
 

 

This chapter provides new applications of a random distributed 

feedback fiber laser to develop high resolution sensor systems. 

Several variations of the laser scheme are presented to perform high 

resolution temperature, strain and transversal load measurements. 

Then, a comparative study of several fiber optic sensors to measure 

cryogenic temperatures is carried out. Finally, a brief study of a 

distributed vibration sensor scheme based on ultra-weak FBGs is 

presented. A post-processing method which eliminates spectral 

shadowing is also developed, improving the performance of the 

system.1 

 

______________________________________ 

1This Chapter has been partially published in the papers entitled: High 

Resolution Sensor System Using a Random Distributed Feedback Fiber Laser 

in Journal of Lightwave Technology, Study of Optical Fiber Sensors for 

Cryogenic Temperature Measurements in Sensors and Spectral shadowing 

suppression technique in phase-OTDR sensing based on weak fiber Bragg 

grating array in Optics Letters. 
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3.1. Introduction 

Since the late 1970s, optical fibers have been proposed for sensing both 

physical and chemical parameters. The growing need to improve the 

performance of optical fiber sensors for industrial, civil work and aerospace 

applications has involved a lot of research and work since then [1]-[3]. 

From the point of view of the industry, fiber optic sensors (FOS) present 

several interesting qualities. They offer high sensitivity, dynamic range and 

reliability. Their packages are compact, lightweight and for some applications, 

they offer a competitive cost. In addition to these characteristics, their 

extraordinary resistance to high temperatures, corrosion, explosion hazards 

and their immunity to electromagnetic interference (EMI) allow their use in 

hostile environments. In these situations, traditional sensors such as 

electronic strain or capacitance gauges cannot operate properly. For all these 

reasons, FOS are the most suitable for solving these difficulties. They are key 

elements in improving industrial processes, quality control systems, medical 

diagnosis and control of anomalies. 

FOS have demonstrated their ability to measure all the common parameters 

needed for controlling industrial processes and structures: temperature, 

strain, liquid level, flow, position and vibration among others [4]. What 

differentiates all these sensors is the method by which the parameter of 

interest modulates the light transmitted through the fiber, i.e. intensity, 

phase, polarization or wavelength modulation. 

In general, the sensor´s response against a stimulus is characterized by two 

parameters which are closely connected: sensitivity and resolution. The 

sensitivity determines the degree of reaction of the sensor to physical or 

chemical variations. Then, the resolution sets the accuracy of this 

measurement. When monitoring any changes in a system, it is just as 

important to detect the smaller shifts as to detect them accurately. In order 

to control any process, high resolutions are desirable, especially when it 

comes to processes where a lack of accuracy can be a danger. FOS are 

characterized by their high sensitivity and resolution compared to other types 

of sensors [4]. Table 3. 1 shows a brief state of the art of high resolution fiber 

optic sensor systems. Temperature, strain and transversal load are the main 

parameters analyzed. 
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Year/Ref Technology 
Measured  

parameters 
Max Resolution 

1990/[5] Thin film Temperature 10-4 °C 

1998/[6] LPG Strain 0.5 με 

2006/[7] OTDR 
Temperature 

Strain 
0.01 °C 
0.1 με 

2007/[8] DBR fiber laser 
Temperature 

Strain 
0.05 °C 
9.3 με 

2008/[9] FBG Strain 5x10-6 με/√Hz 

2009/[10] FBG-FPC 
Temperature 

Strain 
0.014 °C 
0.11 με 

2009/[11] OTDR 
Temperature 

Strain 
0.01 °C 
0.1 με 

2010/[12] FBG Strain 2.6x10-3 με 

2010/[13] Fabry- Pérot Strain 10 με 

2011/[14] Fabry- Pérot PDH Strain 5.8x10-3 με 

2015/[15] DBR fiber laser 
Strain 
Load 

4.73 με 
77x10-6 g 

2016/[16] RDFB-FL 
Temperature 

Strain 
0.01 °C 
0.2 με 

2016/[17] RDFB-FL Load 1 g 

2017/[18] Fabry-Pérot Temperature 0.12 x10-9 °C 

2017/[19] 
Heterodyne 

spectroscopy 
Temperature 5.5 x10-6 °C 

2018/[20] 
Heterodyne 

spectroscopy 
Temperature 0.005°C 

2018/[21] Fabry-Pérot 
Temperature 

Strain 
0.1°C 
0.8 με 

Table 3. 1. State of art of high resolution fiber optic sensor systems. 

Cryogenic temperature systems are becoming more important in the energy 

sector, transportation, and medical technology. It is essential to guarantee a 

safe operation of the systems in these areas providing continuous monitoring 

of the temperature. However, monitoring at cryogenic temperatures requires 

greater care than equivalent measurements at room temperature, due to 

thermal problems of sensor placing and heat sinking. 
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For the majority of cryogenic sensing measurements, resistive, diode, and 

thermocouple based sensors are commonly used [22]. Although FOS offer 

many advantageous properties, their low intrinsic thermal sensitivity at low 

temperatures [23] is a main drawback, limiting their utilization at cryogenic 

temperatures.  

 
Figure 3. 1. Thermal expansion coefficient of materials. Graph extracted from 
[23]. 

To overcome this limitation, FBGs have been widely used [23]-[26] but 

embedded in (or bonded) to substrates with larger thermal expansion 

coefficients than silica fibers, which increase their sensitivity. In Table 3. 2, a 

brief state of art of FOS for measuring cryogenic temperatures is shown. 

Although these techniques significantly increase the sensitivity with 

temperature, the flexibility of the optical fiber drops since the sensor is 

bonded to a rigid substrate. 

Contrary to FBG sensors, which can be considered as point fiber optic sensors, 

distributed fiber optic sensing presents unique characteristics over other 

conventional sensing techniques. The ease to measure temperature and 

strain continuously along a single fiber is particularly interesting for 

monitoring large structures, such as pipelines, flow lines, oil wells, and dikes 

[37], but also for structural health monitoring [38]. A few applications using 

distributed sensors at cryogenic temperatures have been developed lately. A 

distributed liquid level sensor for liquid nitrogen and helium tanks was 

developed in [39]. In addition, a Brillouin distributed sensor monitored the 
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temperature of the supra-conductive magnets in CERN Laboratory (Geneva) 

[40], and MilliKelvin resolution was reached in [41]. 

Year/Ref Technology 
Sensitivity 

(pm/°C) 
Temperature 

(°C)  

2001/[27] Teflon-bonded FBG 39 -196 

2006/[28] Pressurized FBG 24 Below -73 

2008/[29] Indium–coated FBG 15 -258 

2011/[30] LPG 60 -185 

2011/[31] PMMA-coated FBG 37.69 -178 to -123 

2012/[32][9] ORMOCER-coated FBG 2.4 -223 to 26 

2015/[33] Phase-shifted LPG 30 -223 to 26 

2016/[34] Indium-coated FBG 50.8 -223 to 25 

2017/[35] 
Lead-coated FBG 

Indium-coated FBG 
22 
28 

-268 to-223  

2018/[36] 
Polymer resin-coated 

FBG 
48 -180 to 25 

Table 3. 2. State of art of cryogenic fiber optic sensors based on FBG. 

This chapter provides new applications of a random distributed feedback 

fiber laser (RDFB-FL) to develop high resolution sensor systems. In section 3.2, 

a system based on this type of lasers is proposed for high resolution 

temperature sensing at different temperature ranges. Subsequently, 

variations of this structure are presented to perform high resolution strain 

and transversal load measurements. The strain and transversal load sensors 

are shown in sections 3.3 and 3.4 respectively. Within section 3.2, a 

comparative study of several FOS to measure cryogenic temperatures is 

carried out. In section 3.5, a brief study of a distributed vibration sensor 

scheme based on ultra-weak FBGs is presented. A post-processing method 

which eliminates spectral shadowing is also developed, improving the 

performance of the system. 
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3.2. High resolution temperature systems 

In the first part of this section, a high resolution temperature system based 

on a RDFB-FL is demonstrated. The particular properties of these lasers are 

exploited to interrogate a π-phase shifted fiber Bragg grating (PS-FBG, 

Chapter II section 2.1.2) as a temperature sensor. The modeless behavior of 

the laser delivers high frequency stability because of the distributed cavity, 

obtaining a measured temperature resolution under 0.01 °C. 

The second part shows a study of different optical fiber sensors for cryogenic 

temperature measurements. A distributed sensor, several interferometric 

and FBG-based fiber optic sensors are analyzed, comparing their advantages 

and drawbacks. 

3.2.1. High resolution temperature system based on a 

RDFB-FL 

a. Description of the system 

The proposed setup in Figure 3. 2  is a modified version of a forward-pumped 

RDFB-FL, previously described in Chapter II section 2.2.4.  

 
Figure 3. 2. Experimental setup of the proposed laser for temperature 
measurements. 

A laser cavity consists of reflectors or a loop that recirculates light into a gain 

media. The first reflector in our system is a distributed mirror along 50 Km of 

SMF, providing a weak feedback due to Rayleigh scattering. A wavelength 

division multiplexer (WDM) injects the pump laser power (IPG RLD 3-1445) 

into the fiber, which acts as the active medium for the Raman amplification 

induced by the stimulated scattering effect (see Chapter II section 2.1.3). A 

fiber loop composes the second reflector, which collects the back-scattered 
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(and amplified) light and re-injects it into the cavity. Light enters into the loop 

mirror through the port 2 of a four-port optical circulator.  

The typical line-width of an RDFB-FL without filtering is several nanometers 

wide [42]. Since a narrower laser line is required in this scheme, various 

filtering elements are employed. The main purpose of this loop is to allocate 

these filtering elements. Two different types of FBGs operate together to 

achieve this: a PS-FBG and a tunable FBG. The transmitted central peak of the 

PS-FBG filtered with a tunable FBG selects and narrows the emission line, as 

displayed in Figure 3. 3.  

 
Figure 3. 3. Filtering spectrum given by the tunable and the phase-shifted fiber 
Bragg gratings.  

It must be noted that the PS-FBG is working in transmission and the tunable 

FBG in reflection. The full width at half maximum of the tunable FBG is 0.35 

nm and it is located at the port 3 of the optical circulator. The PS-FBG is the 

sensing element of the set-up, acting as a filter and as a sensor at the same 

time. Its wavelength transfer function is shifted with temperature. As a result, 

temperature variations can be measured by tracking the wavelength of the 

emission line of the laser. It should be noticed that the role of the tunable FBG 

is just to filter the transmission peak of the PS-FBG and has not influence on 

the sensing process. 

An isolator is placed at the output of the laser to avoid undesired reflections 

that could destabilize it. Finally, a WDM 1550/1445 is located after the 

isolator to remove the residual pump power from the cavity. Although the 

output of the laser can also be located at the header, it is established at the 

end of the fiber cavity. At this point, a higher peak power emission line is 

obtained, enhancing the detection process. 



64 l 194 
 

Heterodyne detection technique 

In order to obtain a higher resolution in the measurements, a heterodyne 

detection process is chosen to monitor the PS-FBG wavelength shift. This 

method was previously proposed in [43], where a narrow erbium-doped fiber 

single longitudinal mode laser was beaten and detected in the electrical 

domain. 

The resolution given by electrical devices, such as an electrical spectrum 

analyzer (ESA), is several orders of magnitude higher than the given by optical 

spectrum analyzers (OSA). To take advantage of this, an external tunable laser 

source (TLS), with a line-width of 100 kHz, is mixed with the output signal of 

the laser using an optical coupler. The combined signal is detected by a 12 

GHz bandwidth photodetector and measured by the ESA. In order to protect 

the photodetector, a variable attenuator limits the received power at its 

input. 

Using this technique, the detected beat signal will be placed at a frequency 

given by the difference between the TLS and the frequency of the laser. If the 

TLS is positioned at a frequency shifted from the emission line, a beat signal 

located at this frequency difference will be detected within the ESA. Since the 

TLS remains steady at a set frequency, any variation in the frequency of the 

electric beat signal will be caused by a temperature change in the PS-FBG. 

RDFB-FL are especially suited for their use in combination with the 

heterodyne detection technique, taking advantage of their mode-less 

behavior (Chapter II, section 2.2.3). If heterodyne detection is applied with 

conventional fiber lasers, the maximum resolution is limited by the 

intermodal distance between the longitudinal modes. From the theory, the 

lasing longitudinal modes of a fiber laser are fixed by the cavity and they are 

spaced by the intermodal distance. Since the cavity length in RDFB-FL is 

indefinite, it does not limit the maximum resolution of the system. 

b. Experimental results 

Let us first start with the RDFB-FL optical spectrum, shown in Figure 3. 4. The 

output spectrum was measured with the external TLS switched OFF. A signal-

to-noise ratio of more than 40 dB was reached with a peak power of 11 dBm 

and a line width of 4 pm.  
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Figure 3. 4. Optical spectrum of the RDFL used for temperature sensing.  

Two initial experiments were carried out to demonstrate that the emission 

line obtained corresponds to a RDFB-FL. First, the variation of the peak power 

with the increasing pump power was measured, see Figure 3. 5.  An abrupt 

power increase is noticeable at 1.32 W, corresponding to the lasing threshold 

of the system.  

 
Figure 3. 5. Study of the output power vs pump power injected for the 
temperature sensor system.  

Secondly, the lack of longitudinal modes was verified by observing the self-

heterodyne signal of the laser in the electrical domain. Figure 3. 6 presents 

the self-beating electrical spectrum of the laser measured with the ESA (black 

line). The distributed nature of the cavity is demonstrated by the continuous 

spectrum measured at any resolution. Otherwise, longitudinal-modes (peaks) 

would arise. The noise floor of the detector is also represented (grey line) in 

the same figure to avoid any misunderstanding due to the continuous 

spectrum of the random laser. 
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Figure 3. 6. Electrical spectrum of the laser´s self-beating for different spans 
(4 GHz and 5 kHz inset) and resolutions (10 MHz and 300 Hz inset) in the 
temperature sensor setup (black line). Noise floor of the detector (grey line).  

After verifying the adequate behavior of the system as a RDFB-FL, the high-

resolution temperature measurements were carried out. In order to 

determine the response of the sensor to temperature, it was placed in a 

climatic chamber. During the temperature increase in the chamber, the peak 

frequency of the beat signal was monitored. Figure 3. 7 shows an example of 

the electrical spectrum of the beat signal detected with the ESA. The obtained 

results are presented in Figure 3. 8, obtaining a linear temperature sensitivity 

of 0.837 GHz/°C. 

 
Figure 3. 7. Electrical spectrum of the beat signal received.  
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Figure 3. 8. Frequency shift of the PS-FBG with temperature.  

To demonstrate that the developed system is valid for high resolution 

temperature measurement, an additional experiment was performed. In this 

test, the PS-FBG sensor was placed inside a partially isolated chamber, so the 

temperature change is minimized. This action was necessary to obtain a 

sufficient temperature control in the measurement process. A reference 

probe with a maximum resolution of 0.01 °C was placed together with the PS-

FBG inside the chamber. A slow increase in temperature induced by different 

temperatures between the chamber and the laboratory was measured. The 

reference temperature given by the probe and the frequency shift of the beat 

signal were recorded for 10 min, every 5 s and 30 s, respectively. In the 

experiment, the frequency resolution of the ESA was 1.5 MHz. However, this 

factor did not limit the performance of the system since the maximum 

resolution of the ESA is 1 Hz. 

The frequency shifts of the beat signal were converted to temperature 

variations using the previously measured sensitivity (0.837 GHz/°C). In this 

manner, the results acquired with both systems can be compared. From 

Figure 3. 9, we can infer that the proposed technique using a PS-FBG in a 

RDFB-FL surpasses the probe resolution of 0.01 °C.  
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Figure 3. 9. Temperature measured by the PS-FBG (black) and a reference 
sensor (grey). 

Given the values of sensitivity and resolution, a frequency stability study 

would complete the characterization of the RDFB-FL system. However, it 

cannot be directly measured due to its dependence on temperature. From 

the experimental results, a frequency instability lower than 8.37 MHz can be 

inferred. In the present study, a maximum temperature variation of 10 °C has 

been measured. The temperature range of the system is limited by the 

photodetector’s bandwidth. As a result, this range can be selected by 

choosing a suitable photodetector. Another option for increasing the 

temperature range could be to tune the external TLS, although the accuracy 

of this device should be taken into account in the measuring process. 

3.2.2. Study of optical fiber sensors for cryogenic 

temperature measurements 

In the following section, the performance of four different fiber optic sensors 

at cryogenic temperatures is examined. The RDFB-FL system presented in the 

previous section is also tested for cryogenic temperatures measuring. In 

addition, four more fiber optic sensors were attached in the same cryogenic 

set-up to offer a broader comparative study. A photonic crystal fiber (PCF) 

Fabry-Pérot interferometer and two Sagnac interferometers complete the 

group of sensors analyzed. Additionally, their behavior is compared with a 

classical FBG sensor and a distributed sensor based on a commercial optical 

backscatter reflectometer.  

The outline of this subsection is as follows: a description of the sensors is 

provided, followed by a detailed explanation of the experiment to obtain 
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cryogenic temperatures. Then, a comparison of all the analyzed sensors is 

carried out and future work improvements are proposed. 

a. Description of the sensors 

Interferometric fiber optic sensors 

We will briefly define the technique used to interrogate the interferometric 

sensors before entering into their detailed description. The technique is 

based on the fast Fourier transform (FFT) of the optical spectrum as in [44]. 

This approach was selected due to the higher resolution offered if compared 

to conventional techniques, such as monitoring the wavelength shift of a 

fringe of the interference. A commercial interrogator (SM125, SMARTEC) is 

used to monitor the response of the sensors. The FFT of the measured optical 

spectrum is computed every second by using Matlab, offering real-time 

information of the sensor system. Each sensing element is represented by a 

component located at a certain spatial frequency in the FFT. Temperature 

changes can be monitored by tracking the corresponding FFT phase in the 

spectrum.  

PCF-FP 

The PCF Fabry-Pérot interferometer, see Chapter II Section 2.1.2, is formed of 

a linear cavity made by splicing a standard single mode fiber to a four-bridge 

double-Y-shape-core micro-structured optical fiber (MOF), shown in Figure 3. 

10. The MOF is cleaved at the other end, obtaining a cavity length of 570 μm 

[45]. 

 
Figure 3. 10. Four-bridge double-Y-shape-core microstructured optical fiber 
(MOF). 
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Figure 3. 11. Fiber based Fabry-Pérot (PCF-FP) sensor: (a) Optical spectrum 
and (b) its fast Fourier transform (FFT) module. 

The optical spectrum of the PCF-FP and its Fast Fourier transform (FFT) are 

shown in Figure 3. 11. During the experiment, the FFT phase corresponding 

to the spatial frequency located at 0.575 nm-1 was monitored.  

Sagnac interferometers 

Both of the Sagnac interferometers consist of a high-birefringence fiber loop 

mirror fully made of polarization-maintaining (PM) Panda fiber, Chapter II 

Section 2.1.2. Their design is based on [44], using the three section analysis. 

They comprise two PM fibers fused to the sensing fiber with a 45° rotation 

angle offset. These fibers act as communication channels. In the first 

interferometer (Sagnac 1), the communication fibers present a length of 0.97 

and 0.61 m each, while the sensing fiber is 0.57 m long. The communication 

fibers that are used in Sagnac 2 have the same length (0.3 m), while the 

sensing fiber is 0.45 m long.  

The optical spectra of the Sagnac interferometers and their FFT are shown in 

Figure 3. 12. In the case of Sagnac 1, several components are generated in the 

FFT magnitude spectrum, corresponding to the sensing fiber, the virtual 

section given by the different length of the communication fibers and their 

combination [44]. In the second case, with Sagnac 2, the contributions of the 

communication fibers are suppressed. As a result, only birefringence changes 

on the sensing fiber are detected. The temperature measurement is retrieved 

by monitoring the contributions given by the sensing fibers. Then, the FFT 

phases located at 0.125 nm-1 and 0.1 nm-1 were tracked for Sagnac 1 and 2, 

respectively.  
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Figure 3. 12. Sagnac interferometers: (a) Optical spectrum and (b) its FFT 
module. 

FBG-based fiber optic sensors 

PS-FBG in RDFB-FL configuration 

As previously stated, the system presented in Section 3.2.1 was tested to 

measure cryogenic temperatures. The original scheme was slightly adapted 

to satisfy the requirements of the new experiment. In particular, the fiber 

loop at the laser header was modified as shown in Figure 3. 13. The tunable 

FBG which filters the transmission spectrum of the PS-FBG was replaced by a 

programmable filter (Wave Shaper Finisar 1000S) with a tunable band-pass of 

0.1 nm. It was inserted in the fiber loop, in series before the PS-FBG. It should 

be noted that the position of the programmable filter inside the fiber loop, 

before or after the PS-FBG, does not affect the final emission line. 

Both elements, programmable filter and tunable FBG, perform exactly the 

same function. The first one presents higher insertion losses, although this 

does not prevent from laser generation. The aim for this variation is to 

facilitate taking measurements over a wider temperature range. It should be 

noticed that if the temperature change is high enough, the transmission peak 

of the PS-FBG will leave the bandwidth of the band-pass filter. As a result, 
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laser generation will cease. In order to avoid this, the central wavelength of 

the filter must move according to the displacement of the PS-FBG 

transmission peak. In this experiment, a wide range of temperatures is 

measured, from -160 to 80 °C. Although the tunable FBG could be also 

employed, the modified scheme with a programmable filter facilitates the 

measuring process. 

 
Figure 3. 13. Schematic diagram of the proposed random distributed feedback 
fiber laser (RDFB-RL) using a π-phase shifted fiber Bragg grating (PSFBG) 
sensor. 

Commercial FBG 

A commercial FBG with no coating was chosen to act as a reference. FBGs are 

representative wavelength selective sensors whose behavior at cryogenic 

temperatures were previously studied and is widely known [23]-[33]. 

Comparing its behavior to the ones obtained with the other sensors gives a 

notion of the reliability of their performance as cryogenic sensors. Its central 

wavelength, 1544.9 nm at room temperature, was directly monitored every 

second employing the FBG interrogator. 

Distributed Sensing Using an OBR 

Distributed temperature measurements were obtained using a three-meter 

long SMF fiber and a commercial OBR (OBR 4600, LUNA TECHNOLOGIES) 

whose operation is based on optical frequency domain reflectometry [46]. 

The OBR uses swept wavelength interferometry (SWI) [47] to measure the 

Rayleigh backscatter as a function of length 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, like a variation in temperature or 

strain, 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, 
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with a spatial resolution of 1 cm. Then, it 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 that is used in the 

experiments is shown in Figure 3. 14. The fiber is placed in an Expanded 

Polystyrene (EPS) box used for measurements that is fully described in 

3.2.2.b.  Different sections of the fiber under study can be identified: the first 

two meters correspond to the pigtail connected to the OBR. Then, a 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 EPS box is 

framed in blue (from 2.8 m to 3.9 m). Finally, the region where the fiber is 

rolled upwards a copper cylinder, located inside the box and which has a total 

length of around 38 cm, is highlighted in red color. 

 
Figure 3. 14. Trace detected by the optical backscatter reflectometer (OBR). 

b. Description of the experiment 

The purpose of the experiment is to prove the feasibility of using different 

FOS to measure cryogenic temperatures. In fact, one of the analyzed sensors 

was not been previously used for this intent, such as the PCF-FP. As discussed 

above, sensitivity is significantly reduced at cryogenic temperatures due to 

the low thermal sensitivity of fiber. The PS-FBG in a RDFB-FL scheme [16] and 

the Sagnac interferometers [48] have demonstrated high resolutions at room 

temperature, 0.01 °C and 6.2 × 10-4 °C, respectively. Despite the reduction in 

sensitivity, their high resolution could make them suitable to perform 

measurements at low temperatures.  
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The scheme used to attain cryogenic temperatures is shown in Figure 3. 15. It 

consists of an Expanded Polystyrene (EPS) box and a solid copper cylinder, 

located inside the box. A solid copper cylinder was selected because of its high 

thermal conductivity. Its diameter and height are 4 cm and 5.2 cm, 

respectively. In order to have an effective transmission of the temperature, 

the point sensors were fixed on top of the cylinder, directly in contact with 

the copper. Due to their length, the Sagnac interferometers were coiled 

around the top part of the cylinder, as seen in Figure 3. 15. All of the sensors 

were analyzed simultaneously in this work. A thermocouple type K was placed 

next to the sensors to provide a temperature reference in real-time. That 

thermocouple was connected to a data acquisition system and temperature 

was recorded every second. The FBG and all of the interferometric sensors 

were interrogated by the commercial FBG interrogator, Smartec SM125, with 

a spectral range from 1510 to 1590 nm, a scan frequency of 1 Hz, and a 

resolution of 5 pm. 

 
Figure 3. 15. Schematic setup for cryogenic measurements. 

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 were carried out. Since the transmission of 

temperature in the copper cylinder is not perfect, several points at different 

heights were chosen to verify the temperature variations along the cylinder, 

taking into account that lower temperatures are expected at the point that is 

closest to liquid nitrogen. The SMF fiber that was used for distributed sensing 

was rolled upwardly around the copper cylinder in four loops, as it is shown 

in Figure 3. 16. 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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Figure 3. 16. Photographs of the setup: (a) placement of the sensors used in 
the experiment (b) placement of the fiber used for distributed measurements 
and (c) EPS box and copper cylinder. 

With the aim of characterizing the behavior of the sensors, a temperature 

sweep was performed at higher temperatures. For this purpose, the copper 

cylinder was located inside a climatic chamber Binder FD23 together with the 

sensors, measuring the temperature range between room temperature and 

80 °C. 

Cooling process 

A simple technique was used to decrease the temperature of the sensors to 

cryogenic temperatures. 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, having a homogenized 

temperature on its surface. Since the sensors were located close to each 

other, a single thermocouple was used as the temperature reference for all 

of them. 
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After adding the liquid nitrogen, the box was covered to avoid the 

condensation around the sensors, temperature gradients and also to reduce 

as much as possible the evaporation rate of the nitrogen, which would lead 

to fast temperature changes. This fact was verified after several tests. 

Following this procedure, a stable temperature of -160°C was achieved. 

Although liquid nitrogen’s boiling temperature is -195.8°C at one atmosphere, 

the copper cylinder could not reach such a temperature because the box was 

not perfectly isolated. Furthermore, the transmission of the temperature in 

the copper cylinder is not ideal. To reach such temperatures, all of the sensors 

should be submerged in liquid nitrogen, which could damage the sensors in 

some cases. 

When the box is filled with liquid nitrogen, the temperature decreases and 

remains at around -160°C until all of the nitrogen is evaporated. This process 

can take several hours. Once the liquid nitrogen is fully evaporated, the 

temperature rises until it reaches the room temperature, at around 100°C/h. 

Measurements were carried out during the heating process of the copper 

cylinder, since it is a gradual process without sudden temperature changes.  

Even though the previous experiment provides an idea of the response time 

of the sensors, an additional test was carried out to offer an approximate 

numerical value for the response time of each sensor. In this simple test, the 

EPS box was filled with liquid nitrogen, which boiling temperature is -195.8°C, 

and the sensors were submerged in the liquid. All of them were interrogated 

by the commercial FBG interrogator, using a scan frequency of 2Hz. In this 

manner, the time it takes for each sensor to respond to the change in 

temperature (200°C temperature gradient) was measured.  

c. Experimental results 

Characterization at temperatures below 0°C 

The results of the characterization of the sensors from –160°C to 0°C are 

shown in Figure 3. 17 (a), for all of the interferometric sensors, and in Figure 

3. 17 (b), for both FBG-based optical fiber sensors. 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. 
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Figure 3. 17. (a) Interferometric, (b) FBG-based  fiber optic sensors response 
versus temperature. 

Figure 3. 18 provides the results obtained in the secondary experiment. The 

point sensors like the FBG, the PS-FBG and the PCF-FP present similar 

response times, approx. 3 s with a temperature gradient of more than 200 °C. 

The Sagnac interferometer sensor presents a longer response time, around 

15 s. In order to compare their performance as cryogenic sensors, a summary 

table gathering some relevant features is displayed in Table 3. 3. Sensitivity, 

resolution and response time are analyzed.  
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Figure 3. 18. Response time of the sensors. 

Type of 
Sensor 

Sensor 
Sensitivity 

above 
–100 °C 

Resolution 
above 
–100 °C 

Response 
time 

(200 °C 
gradient) 

FBG-based  

Commercial 
FBG 

11.6 pm/°C 0.4 °C ~3 s 

PS-FBG 
random laser 

9.5 pm/°C 0.21 °C ~3 s 

Interfero-
metric 

PCF Fabry-
Pérot 

0.0147 π 
rad/°C 

1.15 °C ~3 s 

Sagnac 1 
0.185 π 
rad/°C 

0.38 °C ~15 s 

Sagnac 2 
0.4023 π 

rad/°C 
0.1 °C ~15 s 

Table 3. 3. Summary of the results. 

From the results shown in Figure 3. 17, it can be inferred that all the sensors 

except the Sagnac interferometers present similar behavior with 

temperature. From 0 °C to -100 °C, a linear trend is observed. 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 [23] justifies this fact, leading to lower 

sensitivities and resolutions in the measurements. Concerning the Sagnac 

interferometers, two main linear trends are distinguished. This performance 
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is caused by the slow response of the sensor (see Figure 3. 18) and the likely 

coupling of some axial strain, due to the copper cylinder expansion with the 

increasing temperature. In Figure 3. 17 (a), where the response of both 

Sagnac is represented, the effect of the possible parasite strain due to the 

thermal expansion of the cylinder has not been compensated. 

Characterization at temperatures above 0 °C 

The results of the characterization of the sensors from 0 °C to 80 °C are shown 

in Figure 3. 19 for the FP-PCF and for both FBG-based optical fiber sensors. 

However, the performance of the Sagnac interferometers is not included. The 

measurements in the climatic chamber were not performed under the same 

conditions with regard to the placement of the sensors that are coiled around 

the cylinder. The inherent characteristics of the materials that are employed 

in the experiment did not allow for achieving identical placement conditions. 

A different location of the sensors would lead to the generation of a parasite 

strain related with the expansion of the cylinder, altering the measurements. 

For this reason, we decided not to include that results. 

 
Figure 3. 19. Fiber optic sensors response versus temperature above 0 °C. 

Distributed Temperature Measurements 

Distributed measurements were carried out in a total span of 3 m, with a 

spatial resolution of 1 cm using a 3 m length SMF fiber and Luna’s Distributed 

Temperature and Strain Software. The SMF fiber was rolled upwards the 

copper cylinder, in order to determine how the temperature varies at 

different heights of the cylinder. Some examples of the distributed 

temperature traces taken during the heating of the cylinder are shown in 

Figure 3. 20 represented in different colors. The temperature evolution of the 

four reference points along the distributed sensing fiber is represented in 
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Figure 3. 21. Despite the good thermal conductivity of the copper cylinder, 

the zones of the sensing fiber that are closer to the liquid nitrogen were 

expected to experience lower temperatures. Different sections can be 

identified in Figure 3. 20: 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 an 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 (Figure 3. 16), parasitic strain 

may be applied at these points of the fiber, originating a noisy profile. 

However, the shape of the traces remains constant at the four reference 

points, whose temperature trend was monitored and is represented in Figure 

3. 21. 

 
Figure 3. 20. Example of optical backscatter reflectometer (OBR) traces: 
distributed temperature sensing. R1 to R4 represent the reference points (see 
also Figure 3. 16 (b)). 
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Figure 3. 21. Temperature evolution at the reference points measured with 
the OBR versus thermocouple temperature. 

From the multiple experiments carried out, several key factors that are worth 

mentioning were noted when measuring cryogenic temperatures. Firstly, the 

response time of the sensors is directly related to the size of the sensor and 

the presence or absence of coating. The Sagnac interferometers present a 

much higher response time, mainly because they are ten times longer than 

the other sensors (which can be considered as punctual sensors). All of the 

sensors lack of coating except the Sagnac interferometers. As a consequence, 

the last ones present a higher response time. Moreover, it has been noticed 

a direct influence on the results related to the placement of Sagnac 

interferometers in the setup: the number of turns around the cylinder, the 

strain caused by the adhesive tape that holds the sensors, the overlap of the 

fiber turns one on top of another, etc. All these aspects affect the results and 

need to be considered when using this type of sensors in practical 

applications at cryogenic temperatures.  

In terms of the sensitivity and resolution, Sagnac interferometers offer 

greater sensitivity and resolution than PCF-FP because of their higher length. 

Their sensing capability is based on the phase shift generated by the high-

birefringence fiber, which is directly related with the fiber length. Then, 

longer fiber lengths generate larger phase shifts, i.e. higher sensitivities. As a 

consequence, higher temperature resolutions can be attained employing the 

same interrogation equipment [48]. However, the use of these sensors at 

cryogenic temperatures is extremely affected by the placement of the sensing 

fiber. This fact limits their use, not being the most suitable sensors for 
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reduced spaces because of the large curvatures to which the fiber is 

subjected. 

On the other hand, the size of the PCF-FP allows its use in compact spaces and 

its location does not significantly affect the measurements, giving the 

temperature of a single point at a time. Its properties, like the absence of 

coating and size, give a significantly lower response time to the detriment of 

the sensitivity and endurance. The condensed vapor inside the sensor may 

solidify at cryogenic temperatures and cause the breakage of the photonic 

crystal fiber or modify the interference that occurs in the FP cavity, thus 

avoiding its use. 

With regard to the FBG-based fiber optic sensors, the PS-FBG used in a RDFB-

FL configuration and the FBG present comparable sensitivities. This fact is 

intrinsically related to the properties of the gratings used and independent 

from the interrogation technique. Using the heterodyne detection technique 

of the narrow RDFB-FL, two times higher resolution is obtained. Below -160 

°C, the sensitivity of both the gratings is expected to decrease, and so increase 

the error in the measurement when using a commercial interrogator. On the 

contrary, if the heterodyne-based technique in the electrical domain is used, 

temperatures below -160 °C are expected to be accurately measured. In 

future works, these results could be improved simply by automating the 

measuring method employed, since is a limiting factor in dynamic 

measurements. It should be noticed that enhanced resolution at ultra-low 

temperatures could be obtained if this measurement technique is combined 

with coatings and substrates applied to the gratings [25]-[29]. 

Regarding the distributed measurements, the results confirmed the expected 

behavior. Point R1, which is located in the lowest position around the 

cylinder, experienced the lowest temperature, and as the distance from the 

nitrogen increases, the temperature also increases. When comparing the 

OBR’s temperature traces with the temperature given by the thermocouple, 

which is closer to Reference 4, a similar behavior is observed when compared 

to the sensors analyzed previously. From room temperature to -100 °C all of 

the curves follow a linear trend. Then, the slope of the curves is reduced and 

below -140 °C almost any change in temperature is detected. Improved 

measurements could be obtained by adjusting the scaling coefficients that 

are used in the Luna’s OBR software for distributed temperature 

measurements. 
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3.3. High resolution strain system 

This section proposes a scheme for axial high resolution strain measurements. 

As in the previous system for high resolution temperature measurements, 

two emission lines are generated and beaten between them. In this approach 

no external source is required and the detected signal in the electrical domain 

reflects the strain variations, and self-compensating is possible when 

temperature changes. The strain resolution attained in this setup is under 0.2 

µε. 

a. Description of the system 

 

 
Figure 3. 22. Experimental schematic of the proposed laser for strain 
measurements. 

Fiber Bragg gratings not only react to temperature variations but also to axial 

strain changes. For this reason, axial strain cannot be measured directly due 

to the influence of temperature. Figure 3. 22 shows the proposed scheme to 

avoid temperature crosstalk and achieve high resolution strain monitoring. 

Two emission lines are generated by two twin phase-shifted FBGs (PS-FBG1 

and PS-FBG2). PS-FBG2 is exposed to the same temperature than PS-FBG1, but 

it is also subject to axial strain. In this manner, both PS-FBGs shift their 

wavelength simultaneously with temperature but only the PS-FBG2 reflects 

the strain changes. The use of a second grating avoids doubling the whole 

setup to compensate temperature variations.  

These gratings differ from the used in the high resolution temperature system 

previously presented in section 3.2.1, being narrower and located at 1545.25 

nm. For this experiment, a programmable filter with a tunable band-pass of 

0.1 nm was chosen to filter the transmission peak of the PS-FBGs. Due to the 

programmable filter and the couplers inserted in the fiber loop, loss inside 

the cavity increased considerably (around 12 dB) with respect to Figure 3. 13 
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scheme. To compensate this deficit without increasing excessively the pump 

power, 50 km of True Wave single-mode fiber are used for the laser’s cavity. 

Summarizing, two emission lines are obtained at the output of the scheme: 

one located at a wavelength affected by temperature and a second one 

placed at a wavelength affected by both temperature and axial strain. As a 

result, the electrical signal detected at the output of the set-up appears at a 

frequency given by the frequency difference between the two emission lines. 

I.e. the frequency will be driven by the strain applied at the PS-FBG2. It should 

be noted that temperature does not affect the frequency of the beat signal 

since both emission lines shift equally (the frequency difference between 

them remains constant).  

b. Experimental results 

The generated emission lines are presented in Figure 3. 23. They were 

measured independently using a pump power of 1.5 W. They are displayed in 

individual graphs for the sake of clarity since they overlap during the 

operation of the laser. The peak power of the emission lines is 3.2 and 4.1 

dBm, corresponding to PS-FBG1 and PS-FBG2 respectively. Their line-widths 

are 3.3 and 4.5 pm and the signal-to-noise ratio (SNR) is around -15 dB. The 

pronounced Stokes and anti-Stokes waves induced by the Brillouin scattering 

(Chapter II, section 2.1.3) cause a reduction in the SNR. 

 
Figure 3. 23. Optical spectrum of the emission lines generated by the PS-FBG1 
and (b) PS-FBG2.  

Again, a previous test was carried out to confirm that the emission lines 

correspond to a multi-wavelength RDFB-FL. As in Section 3.2.1, the lasing 

1543 1544 1545 1546 1547
-30

-25

-20

-15

-10

-5

0

5

10

1543 1544 1545 1546 1547

 

 

P
o

w
e

r(
d

B
m

)

Wavelength (nm)

PS-FBG
2

 

 

Wavelength (nm)

PS-FBG
1



Chapter III. High resolution sensor systems. 

85 l 194 
 

threshold and the absence of longitudinal modes were verified.  The laser 

behavior of both emission lines is confirmed by Figure 3. 24, showing a lasing 

threshold at 1.39 and 1.4 W for PS-FBG1 and PS-FBG2, respectively.               

Figure 3. 25 depicts the self-beating signal of both emission lines detected at 

the ESA, proving again the absence of longitudinal modes. 

 
Figure 3. 24. Study of the output power vs pump power injected for the strain 
sensor system.  

 
Figure 3. 25. Electrical spectrum of the laser´s self-beating for a resolution of 
300 Hz.  

Finally, the appropriate operation of the system as high resolution strain 

sensor system was verified. For this purpose, the sensor PS-FBG2 was fixed to 

a translation stage controlled by a computer. In order to minimize the 

temperature difference between gratings, the PS-FBG1 was placed nearby PS-

FBG2. Otherwise, a temperature difference between them may cause a 

frequency shift unrelated to the axial strain. In the test, an axial strain sweep 

of 2.6 με with steps of 0.2 με was carried out. The frequency shift of the 

electrical beat between the two emission lines (see Figure 3. 26) was recorded 
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every step. It can be seen that the SNR is smaller than in Figure 3. 7, mainly 

due to the high quality of the reference laser used for the beating in the high 

resolution temperature system and the effect of the ASE noise. Further work 

in this regard could probably improve the results, for instance, by including 

filtering elements before the detection. Figure 3. 27 depicts the results of the 

strain response of the system, showing a linear behavior with a sensitivity of 

0.151 GHz/με.  

 
Figure 3. 26. Electrical spectrum of the beat signal for the strain setup.  

 
Figure 3. 27. Frequency response to strain variations.  

Note that the negative slope of the sensitivity is due to the relative position 

of the PS-FBG2 with respect to PS-FBG1, but it has no influence in the 

performance of the system. The translation stage gives an error that varies 

from 0.1 to 0.12 με in each step. This fact is due to the short distances moved, 

close to the accuracy limit of the translation stage. To show this effect, the 

axial strain set in the translation stage (with the error provided) versus the 

measured strain is showed in Figure 3. 28. 
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Figure 3. 28. Comparison between measured and set axial strain in the 
translation stage.  

From the graph it can be noticed that the measured strain is under the error 

given by the translation stage. As a result, the axial strain applied to the sensor 

can be determined with a resolution under 0.2 με.  

 
Figure 3. 29. Results of the stability test of the strain setup.  

To quantify the stability of the system, a final set of measurements was 

carried out. The frequency of the beat signal was recorded every 30 s for 28 

minutes while the setup was kept at a constant strain. In addition, the room 

temperature was monitored during the test using an electrical reference 

probe with a resolution of 0.01 °C. The obtained results are shown in Figure 

3. 29. The beat frequency remains stable regardless of the temperature rise 

of the sensors, demonstrating the adequate behavior of the self-

compensating setup. The average measured instability of the beat signal is 

22.7 MHz with a 95% of the samples presenting a deviation under 14 MHz. 

However, this instability is mainly affected by vibrations coupled to the 
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experimental setup. Then, better results would be expected if the sensors 

were fixed to a rigid element. 

3.4. High resolution transversal load system 

In this section, a high resolution transversal load system based on a RDFB-FL 

is demonstrated, obtaining a sensitivity of 3.95 GHz/Kg and a resolution of 1 

g. The modeless behavior of the laser provides high frequency stability and 

eliminates instabilities related to mode hopping and mode competition, 

which are present in previous approaches [15][49]-[52]. A full description of 

the system and experimental results are provided.  

a. Description of the system 

The presented setup (Figure 3. 30) is a modified version of the scheme 

presented before in Figure 3. 13 . A polarization controller and a polarizer are 

included at the output of the laser, just after the variable attenuator. These 

elements were used to adjust the power of the two generated emission lines 

and thus enhance the beating between them in the detection stage. The 

signal was firstly monitored in the optical domain using a BOSA (Brillouin 

Optical Spectrum Analyzer). Then, it was filtered, detected by a 12 GHz-

bandwidth photodetector and finally monitored on an ESA. A variable 

attenuator was used at the output of the laser to limit the power received 

and protect the devices. 

 
Figure 3. 30. Schematic diagram of the proposed laser for transversal load 
measurements; inset is the loading configuration. 
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Sensing principle 

Typically, PS-FBGs present two transmission peaks due to the different 

refractive indexes along the orthogonal directions. When a transverse force 

is applied to the sensor, those transmission lines will separate due to the 

change in the PS-FBG birefringence. The frequency spacing between the two 

transmission peaks along the two orthogonal polarization states is given by 

[53]: 

00n
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                                  (3.1) 

Where n0 is the average index of the fiber, λ0 is the Bragg wavelength of the 

fiber grating and B is the load-induced birefringence, given by  
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And p11 and p12 are the components of the strain-optical tensor of the optical 

material, υp is the Poisson’s ratio, E is the Young’s modulus of the fiber, θ is 

the angle between the direction of the force and the polarization axis of the 

fiber, r is the radius of the fiber and F is the linear transverse load (force per 

unit length). Thanks to the load-interrelated transmission lines along the 

orthogonal polarization directions, two emission lines are generated at 

different frequencies. The beating between these two signals generates a 

third signal whose frequency is a function of the load induced birefringence. 

As a result, the transverse load applied to the PS-FBG can be determined by 

measuring the beat frequency. 

b. Experimental results 

In the experiment, a PS-FBG with transmission peaks located around 1545.3 

nm was used. A programmable filter with a tunable band-pass of 0.1 nm 

filtered the transmission peaks of the PS-FBG. As in previous sections, the 

verification of achieving a RDFB-FL was carried out. Firstly, Figure 3. 31 (a) 

shows the abrupt increase of the peak power corresponding to the lasing 

threshold of the system (1.32 W). Additionally, the lack of longitudinal modes 

was verified by observing the self-heterodyne signal of the laser in the 

electrical domain (see Figure 3. 31 (b)).  
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Figure 3. 31.(a) Study of the output power vs pump power injected in the 
system and (b) electrical spectrum of the laser´s self-beating for different 
spans (120 KHz and 4 GHz inset) (black line). Noise floor of the detector (red 
line). 

The optical spectrum of the laser can be seen in Figure 3. 32 measured by 

means of a BOSA. A pump power of 1.46 W was injected and a peak power of 

-13.7 dBm was obtained, with an optical signal to noise ratio of around 10 dB. 

 
Figure 3. 32. Optical spectrum of the random DFB fiber laser used for 
transversal load sensing. 

After demonstrating the adequate behavior of the system as a RDFB-FL, the 

transversal load measurements were carried out. When transversal load is 

applied, the wavelength spacing between the two polarization peaks 

increases as seen in Figure 3. 33 (a); consequently, the electrical beating 

moves to higher frequencies (see Figure 3. 33 (b)). 

Thus, it is possible to measure transversal load in both optical and electrical 

domain. However, measuring in the electrical domain with an ESA has two 

important advantages. The first is its higher resolution. The second is the 

simplicity of the measurement process, since the frequency of a single peak 

has to be monitored. For this reason, transversal load was measured 

following the electrical beating of the emission lines in the ESA. These 

measurements were taken at room temperature with a load step of 65 grams. 
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The results, displayed in Figure 3. 34 (a), show a clear linear behavior with a 

sensor sensitivity of 3.95 GHz/Kg. It can be observed a good linear fitting of 

the measurements with an error R2= 0.996.  

 
Figure 3. 33. (a) Measured optical spectra of the two emission lines and (b) 
measured electrical spectra of the beating signal when different transversal 
loading is applied. 

 
Figure 3. 34. (a) Variation of the beating frequency between the two emission 
lines versus transversal loading and (b) Stability measurements of the beating 
frequency at constant loading during 30 min. 

The main reason of the mismatch with the linear fitting is mainly caused by 

the experimental setup itself. The employed method did not allow to keep 

constant the angle of the load applied on the PS-FBG during the measurement 

process. As a result, possible variations of this angle could have caused a small 

mismatch in the measurements. Accordingly, to quantify the maximum 

possible resolution of the system, the instability of the laser was measured at 

room temperature and at a constant load. The beating of the two emission 

lines was measured every 30 s for a total period of 30 min. The laser instability 

results are shown in Figure 3. 34 b), from which a resolution of 4 MHz can be 

derived. Thus, a maximum resolution of 1 g can be obtained using this system. 
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3.5. Distributed systems 

The ability to detect internal failures and provide early warnings of structural 

damages or decays becomes crucial in engineering constructions. The main 

parameters to consider when interrogating the health condition of structures 

are load, deformation, strain, temperature and vibration. Optical fiber 

sensors present specific advantages to be exploited in structural health 

monitoring (SHM) systems. Among them, FBGs offer a huge capacity for 

mechanical sensing applications [54]. In addition, they allow multiplexing and 

then multipoint sensing schemes, placing many gratings within a single optical 

fiber. However, the number of sensing points is limited by the spectral ranges 

of the emitting and detecting devices. One way to solve this restriction is by 

using distributed optical fiber sensing systems.  

Several previous works confirm that fiber optic distributed systems are 

especially suited for structural health monitoring (SHM) applications [55]-

[58]. They show a large-scale monitoring range, large number of monitored 

points, simple deployment, and geometric versatility if compared with point 

sensors [59]. Among the existing distributed systems, phase-sensitive optical 

time domain reflectometry (phase-OTDR, or φ-OTDR) has proven to be a 

powerful tool for real-time distributed sensing. Various events can be 

monitored, such as borderline intrusion, seismic waves and train movement 

[60]-[62]. In phase-OTDR systems, a light source with a narrow linewidth and 

minimum frequency shift is employed. Light is pulsed and later injected into 

a conventional single-mode fiber. The multiple scattering centers within the 

resolution cell generate backscattered light components that interfere 

coherently at the phase-OTDR detector. By measuring the variation of the 

coherent superposition of the backscattered light, any perturbation can be 

identified and localized along the sensing fiber. 

However, the SNR of a phase-OTDR is limited by the weak Rayleigh 

backscattering generated in the fiber. The utilization of an FBG array can 

improve the SNR in certain zones of the sensing fiber and also provides a high-

precision dynamic strain measurement capability [63]-[65]. FBGs can act as 

individual scattering centers with well-defined positions and reflectivities. 

Therefore, the phase-OTDR is required to register the FBG reflections rather 

than the Rayleigh backscattered light from the fiber. By interrogating an array 

of FBGs, it is possible to detect any phase variation appearing between two 

of them, as long as they are separated by a distance smaller than the 

resolution cell and the resolution cell only covers two FBGs at a time [66][67]. 
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In this manner, we prevent signals from more than two FBGs to interfere 

simultaneously [66]. 

This section is divided in two main parts. In the first one, the performance of 

a phase-OTDR sensing system based on the concatenation of identical low-

reflective fiber Bragg gratings is investigated. Then, a post-processing 

procedure to reduce spectral shadowing crosstalk, which represents an 

undesirable effect in these systems, is presented and validated. 

3.5.1. Performance evaluation of Phase-OTDR sensing 

system 

We present a performance analysis of a phase-OTDR sensing system based 

on the succession of identical low-reflective FBGs. In addition, the 

performance limit of the system is estimated by means of simulations, 

identifying the influence of the design parameters such as FBG reflectivity, 

dynamic range, spatial resolution and SNR. 

a. Description of the system 

The proposed sensor scheme is shown in Figure 3. 35. An equally spaced 

sequence of N+1 identical FBGs are illuminated by optical pulses (of width W) 

injected by the phase-OTDR source.  

 
Figure 3. 35. Proposed sensor scheme of (N+1) cascaded FBG sensors, 
including power levels of the corresponding phase-OTDR signature. 

When the resolution cell (RC=W/2) is greater than the distance L between two 

successive FBGs in the array, the reflected signals interfere over trace sections 

of a particular length equal to RC-L. Due to the narrow linewidth of the laser, 

the coherence is maintained when the reflected signals overlap at the 

detector and interference occurs. These interference sections, represented 

as IF in Figure 3. 35, together with the zones between them (where the signal 

is reflected from only one FBG) form the phase-OTDR signature.  
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Figure 3. 36. Scheme of the theoretical analysis of reflected signals from a 
single FBG pair, including power levels of the corresponding phase-OTDR 
signature.  

Let us analyze one of these interference sections, IFN&(N+1), created by the 

superposition of the electric fields EN and EN+1 (i.e. optical signals reflected 

from FBGN and FBGN+1, see Figure 3. 36). The optical power of the reflected 

signal from FBGN (FBGN+1) detected by the phase-OTDR is denoted by PN (PN+1) 

and the optical power of the interference signal by PN&(N+1). The complex 

reflection coefficient, rN, and the complex transmission coefficient tN for FBGN 

are determined as a function of known parameters, namely grating length, 

grating pitch, and average refractive index modulation 1.2. Given a complex 

electric field Ein at the Fiber under test (FUT) input, the electric fields EN and 

EN+1 can be represented as 

𝐸𝑁 = 𝐸𝑖𝑛𝑇2(𝑡)𝑟𝑁(𝑡)                                        (3. 3) 

𝐸𝑁+1 = 𝐸𝑖𝑛𝑇2(𝑡)𝑡𝑁
2 (𝑡)𝑟𝑁+1(𝑡)𝑒−𝑖Δ𝜙(𝑡)                        (3. 4) 

where T (t) is the complex transmission coefficient of the FUT between its 

input and FBGN and Δϕ (t) is twice the phase difference between FBGN and 

FBGN+1. Using (3. 3) and (3. 4), the interference signal EN&(N+1) at the detector 

resulting from EN and EN+1 is given by: 

𝐸𝑁&(𝑁+1) = 𝐸𝑁 + 𝐸𝑁+1 = 𝐸𝑖𝑛𝑇2(𝑡)𝑟𝑁(𝑡) + 𝐸𝑖𝑛𝑇2(𝑡)𝑡𝑁
2(𝑡)𝑟𝑁+1(𝑡)𝑒−𝑖∆𝜙(𝑡)    

(3. 5) 
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The power reflected from the FBG pair and detected by the phase-OTDR 

shows three different zones (see Figure 3. 36) with corresponding powers PN, 

PN+1 and PN&(N+1): 

𝑃𝑁 = 𝐸𝑁𝐸𝑁
∗ = |𝐸𝑖𝑛|2|𝑇(𝑡)|4|𝑟𝑁(𝑡)|2                       (3. 6) 

𝑃𝑁+1 = 𝐸𝑁+1𝐸𝑁+1
∗ = |𝐸𝑖𝑛|2|𝑇(𝑡)|4|𝑡𝑁(𝑡)|4|𝑟𝑁+1(𝑡)|2               (3. 7) 

The detected power corresponding to the interference region can be 

calculated as 

𝑃𝑁&(𝑁+1) = (𝐸𝑁 + 𝐸𝑁+1)(𝐸𝑁 + 𝐸𝑁+1)∗ = 

                      = |𝐸𝑖𝑛|2|𝑇(𝑡)|4|𝑟𝑁(𝑡)|2 + |𝐸𝑖𝑛|2|𝑇(𝑡)|4|𝑡𝑁(𝑡)|4|𝑟𝑁+1(𝑡)|2 +

2|𝐸𝑖𝑛|2|𝑇(𝑡)|4|𝑡𝑁(𝑡)|2 |𝑟𝑁(𝑡)||𝑟𝑁+1(𝑡)|cos(Δ𝜙(𝑡) + 𝜃(𝑡))           (3. 8) 

where 𝜃(𝑡) = arg (𝑟𝑁+1(𝑡)/𝑟𝑁(𝑡)).  When a perturbation is applied 

somewhere along the FUT, it may result in fiber strain and/or a local change 

in refractive index. In our simulations, the expression developed in equation 

(3. 8) is implemented based on the setup of Figure 3. 37 a). The first 

perturbation (SHR1) is applied on FBG4, while the second one (SHR2) 

influences the fiber section between FBG5 and FBG6. The vibration induced by 

the shakers is simulated by introducing local variations in the effective 

refractive index. On the one hand, if the perturbation is directly applied on 

the grating, e.g. FBG4 in Figure 3. 37 a), the r and t coefficients of this FBG 

vary. This will also cause a phase change in the neighboring gratings, as 

observed for the zones IF3&4, FBG4, and IF4&5 (see Figure 3. 37 b). On the other 

hand, if a perturbation is applied on the fiber section between two FBGs, the 

result will be a modulation of the phase difference Δϕ (t) between them. This 

effect is tested between FBG5 and FBG6 (see Figure 3. 37 a)) and can be 

noticed in the IF5&6 zone in Figure 3. 37 (b).  

Performing a Fourier analysis of the phase-OTDR signature at the 

perturbation-influenced positions over many successive measurements 

allows determining the frequency content of the perturbation. This 

procedure is known as slow-time analysis. 
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Figure 3. 37. (a) Simulated sensor scheme, (b) successive simulated phase-
OTDR traces for N=10, two perturbations are applied: directly on FBG4, and on 
the fiber section between FBG5 and FBG6. SHR: Shaker. 

b. Experimental results 

Experimental work was carried out to validate the vibration frequency 

extraction scheme. A direct detection phase-OTDR was used to interrogate 

ten cascaded FBGs that were placed after a lead fiber of 1.5 km. The center 

wavelength of each identical FBG is 1552.5 nm with a bandwidth of 0.2 nm. 

The gratings were manufactured using Noria FBG manufacturing facilities 

(phase mask technique). A Draka BendBright G.657 single mode fiber was 

employed, showing an effective refractive index of 1.4471. Re-coating was 

not implemented after inscription. The FBGs presented a length of 4 mm, a 

grating periodicity of 535 nm and an average refractive index modulation of 

~10-5. The reflectivity of the FBGs was 0.02%. 

 
Figure 3. 38. Phase-OTDR Source and receiver structure. 

b) 

a) 
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The phase-OTDR interrogator structure is represented in Figure 3. 38. A highly 

coherent ultra-narrow linewidth laser (NLL) is used as the light source, giving 

a signal with 0.1 kHz linewidth centered at 1552.51 nm and 40 mW 

continuous output power. Later, the input signal is modulated by an acousto-

optic modulator (AOM), which applies a frequency shift of 160 MHz to emit 

probe pulses with a repetition frequency of 20 kHz. These pulses are amplified 

by an Erbium doped fiber amplifier (EDFA), followed by a 0.9 nm band-pass 

filter. These four elements form the source unit. Finally, the receiver unit is 

composed by a photo-detector (PD) and a data acquisition card (DAQ). The 

reflected signature of the FBG array is detected by the PD, with a 5 MHz 

electrical bandwidth, and then is sampled at 1 GHz using the DAQ. 1850 

consecutive traces were recorded for each measurement, resulting in a slow-

time window of about 90 ms. The total measurement time is given as the 

number of pulses times the pulse separation.  

 

 
Figure 3. 39. (a) Comparison of experimental traces for the pulse-widths of 10 
ns (RC=1 m) and 60 ns (RC=6 m), (b) variation of phase-OTDR trace over slow-
time window (zoomed at 0-20 ms portion) at 32 m (IF5&6). 

To perform the vibration experiments, the fiber section between FBG5 and 

FBG6 was glued onto a 2 m long, 16 mm diameter plastic tube that was 

clamped at both ends. The distance between the FBGs was 4 m, and 

consequently the resolution cell was chosen between 4 m and 8 m. The 

measurements were therefore carried out with a pulse width of PW= 60 ns, 

corresponding to a 6-m resolution cell. Perturbations were applied at two 

different positions as indicated in Figure 3. 37 a). A shaker SHR1 applied 300 

Hz, 1 g acceleration vibrations on FBG4. In addition, the midpoint of the plastic 
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tube between FBG5 and FBG6 was excited by shaker SHR2, giving an 

acceleration of 0.1 g at frequencies 1 - 6 kHz. A reference trace was taken with 

PW=10 ns to determine the FBG positions in the FUT. For the sake of 

simplicity, only the last 60 m section of the FUT including the 10 FBGs is shown 

in Figure 3. 39 (a). 

In order to obtain the frequency components of the applied vibrations, a 

Fourier analysis was performed on certain zones of the OTDR signature. The 

frequency of shaker SHR2 can be identified in the IF5&6 zone (at the position 

32 m in the analyzed section shown in Figure 3. 40 a), while the frequency of 

shaker SHR1 was observed in three different sections (IF3&4, FBG4, IF4&5). The 

FFT analysis performed in the FBG4 zone is shown in Figure 3. 40 b). The 

provided graphs verify the ability of the proposed scheme to monitor the 

presence and the frequency content of the perturbations along the FUT.  

 

 
Figure 3. 40. (a)  FFT at 32 m for IF5&6, (b) FFT at 25 m for the FBG4 - only 
reflection zone. 

So as to offer a more complete study of the system, the theoretical number 

of FBGs that can be interrogated was estimated. Given the present phase-

OTDR system, at least 4000 FBGs could be interrogated, maximizing the 

dynamic range of the system and having more than 5 dB margin to the RMS 

noise level (see Figure 3. 41). This estimation was carried out considering a 

maximum detectable reflected power of 100 µW, a fiber loss of 0.2 dB/km, 

an FBG reflectivity of 0.02% and an experimental RMS noise level of 0.50 µW. 
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Figure 3. 41. Maximum number of FBGs possible to interrogate with the setup 
using 0.02%, 0.1% and 1% reflectivity FBGs, respectively. 

This maximum number of FBGs is based on identical FBGs inscribed along the 

fiber, assuming no splices or connectors along the way giving additional loss. 

In addition, the pulse quality is assumed to be good enough for the 5 dB noise 

margin to enable power detection from the last FBG. It is also based on the 

fact that not only all the interference powers but also the reflected powers 

from all individual FBGs should be measured. Under the same conditions, a 

setup with identical 1% (0.1%) reflectivity FBGs results in a maximum of 250 

(2000) FBGs in the array. 

3.5.2. Spectral shadowing suppression in Phase-OTDR 

sensing systems 

Spectral shadowing 1.2 is a limiting factor in phase-OTDR systems using arrays 

of FBGs. The interrogating light needs to pass all upstream FBGs to reach a 

specific FBG. As a result, the light illuminating a certain FBG in the array carries 

the spectral features of all the previous ones, shadowing the response of the 

actual FBG. The resulting error was studied in [69] in the context of a quasi-

distributed fiber sensor interrogated by an OFDR (Optical Frequency Domain 

Reflectometer). The parasitic effects present in the scheme were simulated 

and enhancement treatments proposed. 

In this section, the spectral shadowing effect in a phase-OTDR system based 

on an array of FBG pairs is analyzed. A detailed study of the signals involved 

in the scheme allowed the development of a post-processing method which 

reduces the spectral shadowing effect. The performance of the compensation 

technique is demonstrated by simulations and then experimentally for 

vibration measurements.  
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a. Description of the system 

For this study, an adaptation of the system proposed in the previous section 

is used. For this reason, the theoretical study of the signals involved, see 

Figure 3. 36, and the already presented mathematical analysis set the starting 

point to develop the post-processing technique.  

First, it is important to remark that T(t), which is the complex transmission 

coefficient of the FUT between its input and FBGN, depends on the spectral 

properties of the preceding FBGs. For this reason, it has an influence on the 

power detected for the interference signal PN&(N+1). Using equations (3. 6) and 

(3. 7), the expression (3. 8) can be re-written as:  

𝑃𝑁&(𝑁+1) = 𝑃𝑁(𝑡) + 𝑃𝑁+1(𝑡) +

           +2|𝐸𝑖𝑛|2|𝑇(𝑡)|4|𝑡𝑁(𝑡)|2 |𝑟𝑁(𝑡)||𝑟𝑁+1(𝑡)|cos(Δ𝜙(𝑡) + 𝜃(𝑡))           (3. 9) 

And then developing (3. 9), the following formula can be calculated: 

𝑐𝑜𝑠( Δ𝜙(𝑡) + 𝜃(𝑡)) =
𝑃𝑁&(𝑁+1)(𝑡)−𝑃𝑁(𝑡)−𝑃𝑁+1(𝑡)

2[(𝑃𝑁(𝑡))1/2(𝑃𝑁+1(𝑡))1/2]
                   (3. 10) 

By reading out the three power values from the phase-OTDR trace, e.g. PN, 

PN+1 and PN&(N+1), the change in the phase component Δ𝜙(𝑡) + 𝜃(𝑡) occurring 

upon any events between FBGN and FBGN+1 can be monitored. As a direct 

consequence, the undesired spectral shadowing from preceding FBGs can be 

eliminated. 

In Figure 3. 42, the experimental setup proposed to validate the post-

processing method is presented. It shows the same structure as the previous 

scheme in Figure 3. 38. In this case, a NLL with a linewidth of 0.1 kHz and a 

central wavelength of 1553.1 nm was employed. As before, the probe pulses 

generated after the AOM are amplified and filtered before entering the FUT. 

The backscattered/reflected light in the FUT is directed to the receiver 

through port 3 of a 3-port optical circulator for detection. The receiver 

remains the same as in the previous set-up. Finally, the variation in detected 

power over time is registered and analyzed. 
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Figure 3. 42. Experimental set-up.  

Spectral shadowing crosstalk becomes relevant when a light source 

illuminates a concatenation of FBGs with overlapping spectral features. 

Consequently, distortion builds up along the fiber. To study its effects, two 

pairs of low reflectivity (~1%) FBGs have been employed. The four FBGs 

inscribed in the FUT essentially share the same characteristics, having a center 

wavelength of ~1553.4 nm, a 3 dB bandwidth of ~1 nm and a length of 4 mm. 

The grating pitch is 536.73 nm and the average refractive index modulation is 

1.6x10-5 with an effective refractive index of 1.4471. A lead-in fiber spool of 

1.5 km is followed by the set of FBGs and a terminating fiber spool of 1 km 

length. The two pairs are separated by approximately 35 m and the two FBGs 

in each pair are separated by 5 m. In the present study, the large distance 

applied between the FBG pairs is for visibility reasons. However, the 

formalism and suppression technique developed can directly be applied to 

equidistant FBG arrays. The 5 m fiber length between the first two FBGs (FBG1 

and FBG2) and FBG2 itself are attached to a plastic tube connected at its 

midpoint to a shaker (SHR1), leaving FBG1 static. Additionally, the 5 m section 

between FBG3 and FBG4 is attached to another plastic tube connected at its 

midpoint to shaker SHR2, while FBG3 and FBG4 are static. Both plastic tubes 

have their ends clamped. In the experiment, SHR1 and SHR2 are driven by a 

sinusoidal signal at 300 Hz and 2 kHz, respectively, with a 1 g (0.04 g) 

acceleration amplitude. 
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b. Experimental results 

Simulations were performed based on the setup in Figure 3. 42 to validate the 

spectral shadowing compensation technique. They were performed in Matlab 

by computing 1000 phase-OTDR traces with a time separation of 50 µs and a 

sampling resolution of 0.1 m. Each trace was computed as a function of the 

pulse position using equations (3. 6)-(3. 8), considering a rectangular pulse 

shape and neglecting the Rayleigh backscattering signal as well as the fiber 

attenuation. The vibration induced by the shakers was simulated by 

introducing variations in the effective refractive index, Δn(t)= Δnm sin (2πft),  

in each part of the FUT being subject to vibration. As in the experimental 

setup, the frequency of vibration f was set to 300 Hz (2 kHz) for SHR1 (SHR2), 

assuming a maximum refractive index change Δnm of 10-6 (10-8) induced by 

the vibration. 

 
Figure 3. 43. Simulated (a) reflected signal power versus position over time (b) 
FFT for zone IF34 at 62.5 m (inset: zoom around 300 Hz) (c) FFT for zone IF34 at 
62.5 m after applying the compensation formula (inset: zoom around 300 Hz) 
with a 300 Hz (2 kHz) vibration applied at the first (second) FBG pair.  
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Figure 3. 44. Detected (a) reflected signal power versus position over time (b) 
FFT for zone S34 at 60 m (inset: zoom around 300 Hz) (c) FFT for zone S34 at 
60 m after applying the compensation formula (inset: zoom around 300Hz) 
with a 300 Hz (2 kHz) vibration applied at the first (second) FBG pair.  

Figure 3. 43 a) shows the superposed phase-OTDR traces obtained from a 

simulation with the given parameters. The characteristic reflection zone can 

be identified for the two FBG pairs, with the interference zones IF12 = 20-25 

m and IF34 = 60-65 m showing the largest change in detected power over time. 

As before, FFT analysis was applied at a position within the IF34 zone to 

determine the frequency of the applied vibration. Likewise, the frequency of 

vibration at other points of the FUT can be determined. In zone IF34 spectral 

shadowing may appear due to the perturbation applied on FBG2 by shaker 

SHR1, resulting in a time-varying transmission coefficient t2 of FBG2. Figure 3. 

43 b) shows the FFT result at 62.5 m, i.e. at the midpoint of the interference 

zone IF34. Two frequencies are distinguished: 2 kHz and 300 Hz, the last one 

with a lower amplitude. The optical signal transmitted through the first FBG 

pair reaches the second FBG pair, modulating the input signal of FBG3. As the 

FBGs have overlapping spectral properties, the interference signal generated 
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by the second pair contains the spectral information of the previous FBG. For 

this reason, the 300 Hz component is noticed in the FFT although no vibration 

of that frequency is present at that position.   

 

In order to avoid this undesirable effect, equation (3. 10) is applied to 

eliminate the influence of spectral shadowing, using the simulated detected 

power PN&(N+1), PN and PN+1 over time at the midpoints of the three zones (IF34, 

FBG3 and FBG4) around 62.5 m. The signal obtained after applying the 

compensation formula, Figure 3. 43 c), is dimensionless and power variations 

are cancelled out. Spectral information about the local perturbation is not 

removed since it is contained in the phase term Δ𝜙(𝑡) + 𝜃(𝑡). As shown in 

Figure 3. 43 c), the 300 Hz component is suppressed. 

 

The above analysis procedure was also applied on experimental phase-OTDR 

traces recorded under similar conditions. The experimental traces and the 

FFTs obtained for the IF12 and IF34 zones are presented in Figure 3. 44 a) and 

Figure 3. 44 b), respectively. As in the simulation analysis, the compensation 

formula (3. 12) was applied to the detected power over time PN&(N+1), PN and 

PN+1 at the midpoints of the three zones IF34, FBG3 and FBG4, demonstrating 

its capability to suppress the 300 Hz FFT component as shown in Figure 3. 44 

c). The experimental results agree with the simulations and show the 

feasibility of employing this technique for the suppression of the spectral 

shadowing effect. 
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3.6. Conclusions 

The main purpose of Chapter III was to present a novel set of applications of 

RDFB-FL for high resolution measurements. In Figure 3. 2, an initial scheme is 

proposed to measure temperature with a resolution as high as 0.01 °C. Then, 

three variations of this primary scheme were developed to perform high 

resolution cryogenic temperature (Figure 3. 13), strain (Figure 3. 22) and 

transversal load (Figure 3. 30) measurements. 

In summary, this chapter aims to offer a possible answer to two main 

problems of high resolution systems, taking advantage of the intrinsic 

properties of RDFB-FL. 

 First, sensing schemes based on fiber lasers commonly present an 
inherent limited resolution. This fact is mainly caused by instabilities given 
by effects like mode hopping and mode competition.  

 Secondly, the resolution provided by optical devices is reduced if 
compared to the one offered by electrical devices. Heterodyne detection 
is a simple implementation solution, but it requires a narrow and stable 
laser line width.  

In this regard, the main part of fiber lasers do not satisfy these requirements 

but RDFB-FL can contribute to solve these issues. Their mode-less behavior 

and high stability, in both frequency and amplitude, allows the creation of 

high resolution sensor systems compatible with heterodyne detection.  

In the proposed scheme and its variations, the spectrum of the laser was 

narrowed by several filtering elements, depending on each application. PS-

FBGs were chosen to filter and reduce the line width to a few picometers. 

Since the filtering elements are gratings, the wavelength of the emission line 

is sensitive to all the parameters to which a grating reacts. Consequently, 

temperature, strain and transversal load can be measured just by tracking the 

displacement of the emission line of the laser. In this manner the intrinsic 

properties of RDFB-FL were exploited in pursuit of the objective: to perform 

high resolution measurements. 

After explaining the main motivation of the chapter and the solutions 

provided to carry out our objective, we can draw some conclusions from the 

accomplished experiments as following: 

 The proposed system in section 3. 2. 1 demonstrated its capability to 
perform high resolution temperature measurements. Variations under 
0.01 °C were successfully detected although the maximum resolution of 
the system was limited by the resolution of the temperature probe used 
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as reference. In future work, the accuracy of the system could be 
improved by further narrowing the line-width of the emission line or 
combining this system with improved-sensitivity FBGs (coated or bonded 
FBGs). 

 In section 3. 3, a high resolution axial strain sensor system with a 
measured resolution of 0.2 με is presented. One of the main advantages 
of this setup is that there is no need of using an external laser source to 
beat the output of the laser. In addition, its structure self-compensates 
temperature variations, avoiding crosstalk with the axial strain 
measurements. 

 Transversal load measurements were also performed, completing the 
range of parameters measured with this RDFB-FL system. A resolution of 
1 g was obtained, although it could be further improved by simply 
modifying the technique which apply load to the sensor. This set-up has a 
margin of improvement; however, it offers twice or more sensitivity 
compared with other previously published works, being a system with 
great potential. 

The subsection 3. 2. 2 is dedicated to examine the performance of four 

different fiber optic sensors at cryogenic temperatures. As a general 

conclusion, performing measurements at cryogenic temperatures is complex 

for the following reasons: 

 Firstly, the reduced spaces needed to perform the measurements might 
cause large power losses and sometimes damage the sensors due to the 
difficult handling.  

 Although the presented approach is very simple, it cannot reach pure 
cryogenic temperatures. Several attempts were 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 equipment used, such as the reduced space and the large temperature 
gradients in the cryostat, did not allow to obtain reliable measurements. 

 The isolation plays a significant role since temperature does not remain 
constant for long periods of time and a fast response of the sensors is 
required in dynamic measurements. Accordingly, sensors with high 
response time are not suitable for dynamic measurements at cryogenic 
temperatures using the proposed cooling technique.  

 In addition, temperature gradients in the measuring locations, affect the 
temperature detected by the sensors, and so the accuracy of the results, 
which limit the resolution of the measurements.  

From the experiments carried out in this work, the most outstanding aspects 

of each sensor are grouped in Table 3. 4. Two main categories are 

distinguished: advantages and drawbacks in relation to their application in 

cryogenic temperature measurements. 
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Studied 
sensor 

Advantages Drawbacks 

PCF-FP 

Reduced size  
 
Usable in reduced spaces 
Low response time 

 Lower sensitivity 
 Reduced endurance 

Sagnac 

Larger size 
 
Higher sensitivity 
 

 

 Non-usable in reduced 
spaces 

 High response time 
 Greatly influenced by 

placement 

PS-FBG in 
RDFB-FL 

Reduced size  
 
Usable in reduced spaces 
Low response time 

 More complex measuring 
technique - requires 
further automation 

 Extreme bends must be 
avoided to guarantee laser 
operation 

Table 3. 4. Comparison of the sensors. 

Finally, several conclusions can be drawn from the work done on distributed 

systems.  

 The results presented in section 3. 6 verify that quasi-distributed systems 
are a powerful tool to monitor all types of structures. The proposed 
system was capable of detecting where fiber vibration occurs, as well as 
extracting the vibrational frequency at that particular point and along the 
entire sensing fiber. The use of weak-FBGs inscribed along the fiber 
allowed to improve the SNR and the general precision of the vibration 
detection system. A maximum number of 4000 gratings with identical 
0.02% reflectivity has been estimated to be interrogated with the 
available devices. 

 In addition, an extensive theoretical analysis of the signals involved in the 
system has allowed to develop a post-processing method that reduces the 
spectral shadowing crosstalk and improved the overall performance of the 
structure. It is important to remark that only two pair of gratings were 
monitored to verify in a simple manner the validity of the proposed 
technique. However, the formalism and suppression technique developed 
can directly be applied to equidistant FBG arrays. In the case of 
interrogating an array of dozens of gratings, the spectral shadowing 
crosstalk accumulated at the end of the fiber may degrade the quality of 
the detected signal and can lead to poor fault detection. For this reason, 
the proposed method would be an interesting technique to implement in 
this type of applications. 

These results have originated the publications in references 

[16][17][70][71][72]. 
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CHAPTER IV  

Random distributed-feedback fiber lasers 

optimization studies for remote sensor 

monitoring applications 
 

In this chapter, two optimization studies of RDFB-FL structures are 

presented. Firstly, the performance of a tunable multi-wavelength 

fiber laser is optimized for later use in a sensor multiplexing 

network. Secondly, the operation of a novel scheme that combines 

a double-pumped RDFB-FL and second-order amplification has 

been analyzed.  The objective of this last study is to maximize the 

output power of the system, allowing to increase the interrogation 

distance of a remote sensor network. 1 

 

______________________________________ 

1This Chapter has been partially published in the papers entitled: Fully 

switchable multi-wavelength fiber lasers based on random distributed 

feedback for sensors interrogation in Journal of Light. Tech., Fully switchable 

multiwavelength fiber laser assisted by a random mirror in Optics Letters 

and Ultra-long (290 km) remote interrogation sensor network based on a 

random distributed feedback fiber laser in Optics Express. 
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4.1. Introduction 

Multi-wavelength fiber lasers (MWFL) have attracted a lot of interest recently 

due to their great potential in a variety of applications. Among them are 

included: communications based on wavelength-division-multiplexing 

(WDM), high resolution spectroscopy and sensor monitoring [1]-[5]. Several 

researchers have focused their attention on proposing new multi-wavelength 

sources which allow tuning the output spectrum for sensing purposes [6][7]. 

In fact, the use of this type of fiber lasers to multiplex fiber optic sensors 

allows reducing the total cost of the system, by sharing a number of devices 

of the network. 

MWFL can be classified by their gain medium, as well as by the generation 

process of the emission lines. Some of the gain media used in previous works 

are: erbium doped fiber [8]-[10], stimulated Raman scattering (SRS) [11]-[13], 

stimulated Brillouin scattering (SBS) [14] or a hybrid combination of the above 

[15][16]. Besides, the emission lines can be generated passively or actively. 

Within the first category, passive filtering systems such as fiber  Bragg  

gratings  (FBGs)  [17],  Fabry-Pérot  filters  [18],  Sagnac  loop  mirrors  [19],  

and  Lyot  filters  [20]. Then, some examples that would enter into the 

category of active generation are SBS or four wave mixing [21].  

When the emission lines are generated by passive elements, the central 

wavelength and separation between lines can be simply configured. The 

reconfiguration of the distance between emission lines is very useful for the 

aforementioned applications of MWFL. Thus, fiber lasers that can generate a 

comb of multiple wavelengths with a tunable separation are suitable 

candidates for dense-wavelength division multiplexing (DWDM) systems [22]. 

In Table 4. 1, recent works on fixed and tunable multi wavelength lasers are 

collected. It gathers parameters such as maximum number of emission lines, 

wavelength range and if power equalization of the emitted lines is applied 

or not. Finally, the spacing flexibility is also compared. 
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Year 
Ref 

Princ. Operation 
Number 
emission 

lines 

Range 
(nm) 

Spacing Equalization 

2004 
[23]  

Semiconductor 
(SOA) 

17 13 
Fixed 

(0.8nm) 
No 

2012 
[24]  

Erbium 17 15 
Fixed (0.8 
or 1nm) 

No 

2007 
[25]  

Brillouin-Erbium 70 11 
Fixed 

(0.088nm) 
No 

2007 
[26] 
[34] 

Erbium 11 50 
Fixed 

(0.8nm) 
No 

2007 
[27]  

Raman+ Erbium 
17 (for 
0.4nm 

spacing) 
10 

Tunable 
0.2,0.4 and 

0.8nm 
No 

2008 
[28]  

Broadband 
source 

8 19 1.6-9.6nm No 

2009 
[29]  

Brillouin 5 35 
Fixed 

(0.08nm) 
No 

2010 
[30] 

Parametric 
Amplification 

129 25.6 
Fixed 

(0.2nm) 
No 

2011 
[31] 

Brillouin-Erbium 150 6 
Fixed 

(0.075nm) 
No 

2011 
[32] 

Random DFB-FL 160 16 
Fixed 

(0.09nm) 
No 

2012 
[33] 

Erbium 28 10 0.3-1.5nm No 

2014 
[34] 

Random DFB-FL 18 15 Tunable Yes 

2015 
[35] 

Random DFB-FL 25 30 Tunable Yes 

2016 
[36] 

Brillouin-Erbium 4 1.1 Tunable No 

2017 
[37] 

Erbium 4 8 
Fixed 

(1.1nm) 
No 

2017 
[38] 

Erbium 14 13 Tunable No 

2017 
[39] 

Erbium 4 36 Tunable No 

2018 
[40] 

Erbium 60 5 Tunable No 

2018 
[41] 

Erbium 48 13 Tunable No 

2018 
[42] 

Brillouin 7 50 
Fixed 

(0.088nm) 
No 
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2018 
[43] 

Erbium 11 23 
Fixed 

(1.9nm) 
No 

Table 4. 1. State of art of reconfigurable multi-wavelength fiber lasers. 

As well as multiplexing several sensors, another important challenge in sensor 

networks is to increase the maximum interrogation distance. Optical 

amplification is frequently applied in order to reach hundreds of kilometers, 

such as Erbium doped fiber or semiconductor amplifiers, or those based on 

Brillouin or Raman effects, or hybrid combinations [44]. Several attempts 

have been carried out during the last years. For instance, four fiber Bragg 

gratings were interrogated at a 250 km distance using Raman amplification in 

[45]. The largest distance reached up to 2018 was 253 km, monitoring only 

one displacement sensor in [46]. In order to extend the monitoring distance, 

schemes that use two pump lasers simultaneously have been proposed [47]-

[50]. In the same line, higher-order pumping structures [51][52] have been 

proposed because this procedure reduces the difference between the gain 

and loss coefficients along the propagation. For instance, it has been 

exploited in second-order Raman amplification schemes, obtaining quasi-

lossless transmission along the fiber [53][54]. 

Random distributed feedback fiber lasers (RDFB-FL) [55], previously explained 

in Chapter II Section 2.2.3, have been subject of many studies and 

experimental investigations during the last years due to their particular 

properties compared to conventional fiber lasers [56]. Due to the long cavities 

commonly used, they are especially well suited for ultra-long remote sensing 

applications [57]-[59]. For this reason, in the present work we have tried to 

combine the advantages of RDFB-FL for remote sensor monitoring with 

double-pumped and second order amplification schemes. In this manner, the 

purpose of our experiments is to extend the interrogation distance of the 

remote sensor network, surpassing the limits established in previous 

approaches. 

In the following sections, two main optimization experiments are developed. 

In Section 4.1, a tunable multi-wavelength fiber laser baser on a RDFB-FL is 

analyzed. The main features of the multi-wavelength fiber laser source such 

as number of emission lines, output power, separation between lines and 

wavelength range are examined. Then, a new double-pumped second-order 

amplification scheme based on a RDFB-FL is detailed in Section 4.2. With the 

aim of its later use to interrogate a remote sensor network, its optimum point 

of operation has been obtained. 
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4.2. Optimization of a fully-switchable multi-wavelength 

fiber laser source based on a RDFB-FL 

In this section, an optimization study of a reconfigurable multi-wavelength 

fiber laser (MWFL) based on a RDFB-FL is presented. With the aim of using 

this MWFL to multiplex a remote sensor network, the following parameters 

have been optimized: wavelength range, number of lines generated, line 

width and power stability. Although any multi-wavelength configuration can 

be created with the proposed schemes, the specifications of the ITU grid have 

been taken as reference. In particular, the separation distances of 200, 100 

and 50 GHz between the generated lines were tested. 

a. Description of the system 

First, two schemes were proposed to carry out the following optimization 

studies, see Figure 4. 1. Both consist of a forward pumped RDFB-FL, see 

Chapter II section 2.2.3. In the first one, the Raman gain medium consists of 

a 50 km SMF coil. In the second one, a fiber spool of 2.5 km of dispersion 

compensating fiber (DCF) forms the gain medium, presenting a                                     

-343ps/(nm·km) first order dispersion coefficient and an effective area of 

21μm2. 

 

Figure 4. 1. MWFL schemes using two different Raman gain medium. 

Both active media act also as a distributed mirror in the laser cavity. The other 

mirror limiting the cavity is located on the left part of the schemes. It is 

formed by a fiber loop created by connecting the input and output ports of a 

circulator, as shown in Figure 4. 1. It performs the filtering of the light in the 

cavity and selects the profile of the laser spectrum. The dynamic filtering is 
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achieved by a programmable filter (Finisar 1000S). In addition, an erbium 

doped fiber amplifier (EDFA) was included in the loop after the filter so a 

wider combined spectrum is obtained (up to ~30nm), with an output power 

of 10 dBm. A customized program was developed to control the 

programmable filter, selecting the comb of desired wavelengths. 

b. Experimental results 

To begin with, the spectra generated at the output of the proposed schemes 

were measured, in both cases, with the programmable filter disconnected 

and injecting a pump power of 1.6 W. The main difference between both 

spectra is the greater width of the spectrum obtained with the SMF. However, 

the peak power is reduced compared to the DCF spectrum. The obtained 

results are shown in Figure 4. 2 a). Besides, the output power evolution with 

the increasing pump power (see Figure 4. 2 b)) and the power stability (Figure 

4. 2 c)) were also obtained. For these measurements, a non-equalized filter of 

23 emission lines separated by a distance of 100 GHz was applied (see Figure 

4. 6 a)).  

          

 

Figure 4. 2. a) Laser spectrum when the programmable filter is off b) laser 
power evolution versus pump power and c) power stability evolution obtained 
with both fibers.  

The emission line with the highest peak power was tracked. A lower lasing 

threshold (~200mW) is observed when using DCF instead of SMF as the gain 

c) 

a) b) 
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media.  This is due to the fact that the non-linearities are more prominent in 

the DCF, so the Raman amplification effect is enhanced when this fiber is 

used. In both cases, the laser behavior is verified. The measured instability of 

the output power is less than 0.2 dB in both cases, which is in accordance with 

the usual behavior of RDFB fiber lasers. In order to reduce the power 

instability of the generated lines, this parameter was analyzed with respect 

to the injected pump power and depicted in Figure 4. 3.  

 

Figure 4. 3. Graphical demonstration of the pump power choice. The lasing 
power evolution versus the pump power (a) is compared with the system 
stability (b), which depicts the emitted power difference for the best and worst 
cases.  

From the graph, we can verify that the minimum instability is achieved with 

pump powers of 1.5 and 1.6 W. Although these pump powers reduce the 

efficiency of the scheme, greater stability is obtained. For this reason, a pump 

power of 1.6 W was selected for the following experiments. The power 

instability at low pump powers is due to the gain competition between the 

emission lines, caused by a prevalence of the EDFA gain. 

Once determined the pump power that minimizes the instability of the 

system, we continued with the study of the line width. This parameter is of 

great importance in the design of the fiber laser, since its behavior is related 

to its line width. The generation of Brillouin scattering and other nonlinear 

effects are accentuated as the line width is narrowed. This effect cause a 

greater line depletion as it propagates through the fiber. However, the 
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greater the width of the emission line, the lower the amplification efficiency, 

establishing a compromise.  

In Figure 4. 4 a), the evolution of the output power with respect to the line 

width is shown for both fibers at a fixed 1.6W pump power.  Optimum values 

of 0.2 nm and 0.25 nm were obtained for the cases of DCF and SMF, 

respectively. Nevertheless, more factors must be taken into account when 

optimizing a MWFL, such as the maximum number of lines generated, 

stability and pump power needed. For this reason, optimum values of 0.24 

nm and 0.17 nm were selected for DCF and SMF, respectively. These values 

offer the best laser performance, maximizing the number of lines generated 

and maintaining the power stability. Finally, the emission lines were 

measured using a high resolution Brillouin optical spectrum analyzer (BOSA), 

see Figure 4. 4 b). Each line shows a Gaussian distribution, with a measured 

full width at half maximum (FWHM) of 72.8 pm and a separation between 

peaks of 0.789 nm. These results confirm a perfect fit with the ITU grid 100 

GHz specification. 

        

Figure 4. 4. a) One emission line output power evolution when the line width 
is varied and b) high-resolution measuring of the lasing wavelengths by the 
BOSA (DCF fiber).  

The proposed schemes allow to extract the output signal of the laser both in 

the header (point A) and at the end of the gain medium (point B), as shown 

in Figure 4. 1. The results obtained in both points are depicted in Figure 4. 5, 

with a maximum number of 18 emission lines equalized in power with a 

separation of 100 GHz between them. Several differences are perceived 

between both graphs. The most evident is the difference in power, since only 

10% of the power present in the laser cavity is detected at point A. On the 

contrary, all the power is detected in point B. The only advantage of taking 

point A as the output port is the reduction of noise as well as contributions 

from four-wave mixing. Considering its use in remote interrogation 

a) b) 
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applications, it is more interesting to use point B as the output port. For this 

reason, point B is considered the output port for all the following 

measurements. 

 

Figure 4. 5. Equalized results for the 100 GHz ITU grid measured in points “B” 
(a) and “A” (b) labeled in red in Figure 3. 1. with DCF fiber as gain media.  

As previously advanced, the developed programmable filter control software 

includes the function of equalizing the power of the different emission lines. 

This is a key factor of the system, since it allows to increase the number of 

emission lines and maintain a flat multi-wavelength spectrum. The operating 

principle is as follows: the software compares the difference in power 

between all the lines and the one with the lowest power. Then, it applies a 

proportional attenuation to each line so that they all present the same power. 

This process is repeated until the power difference between lines is less than 

a limit set by the user. This value establishes the precision in the equalization 

process. It is important to emphasize that the software does not introduce 

unjustified losses in the cavity. 

For the sake of clarity, Figure 4. 6 shows the initial spectrum without 

equalization, followed by the attenuation profile calculated dynamically by 

the software and the final spectrum equalized. These graphs were obtained 

for 23 and 25 emission lines with a separation of 100 GHz for DCF and SMF, 

respectively. The maximum power difference between lines was fixed to 0.5 

dB, considering that this limit should not be lower than the system worst 

instability. In the same manner, in Figure 4. 7 the maximum number of 

equalized emission lines with separation of 200 and 100 GHz are shown for 

both fibers. Finally, the graphs obtained with a 50GHz separation between 

lines are represented Figure 4. 8. The main differences detected in the graphs 

comparing both fibers are: the number of emission lines and the output 

power. Using SMF as the gain media allows a higher number of emission lines, 

while using DCF provides higher output power.  
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Figure 4. 6. Maximum number of emission lines for the DCF (left column) and 
SMF (right column) without equalization and the attenuation profile to 
equalize the spectrum with the result illustrated below.  

 

Figure 4. 7. Maximum number of emission lines for the 200 and 100 GHz ITU 
grid measured for (a) and (c) the DCF and (b) and (d) the SMF.  

When the distance between emission lines is reduced, the equalization 

process becomes more complicated. Due to this fact, a greater difference is 

observed in the maximum number of equalized lines (11 lines of difference 

using SMF or DCF fiber) when the separation between lines is 50 GHz. This 

variance may be caused by the different gain spectra of each fiber, as well as 
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the arising non-linear effects. In the case of DCF, the amplification is 

concentrated in a smaller effective area, enhancing the non-linear effects and 

making the equalization process more challenging. On the contrary, these 

effects are distributed over a greater fiber length in the SMF case, thus 

affecting the output spectrum to a minor extent. 

 

Figure 4. 8. Maximum number of emission lines for the 50 GHz ITU grid 
measured for the (a) DCF and (b) the SMF.  

To conclude this study, we present the experiment that justifies the use of a 

gain system that combines RDFB and EDFA amplification. First, the stability of 

both cavities were analyzed individually: the distributed mirror based cavity 

and the EDFA based linear cavity. A filter of 30 emission lines with a 

separation of 100 GHz was applied. The output power of the emission lines 

was monitored for 60 minutes, obtaining the results presented in Figure 4. 9. 

Gain competition between emission lines is higher in the EDFA based linear 

cavity causing large instabilities, in contrast to the stable response obtained 

with RDFB amplification. 

 

Figure 4. 9. Output power variations of the multi-wavelength random laser in 
comparison with a non-distributed (EDFA based) laser cavity.  
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In addition, the spectra obtained with each of the amplification methods were 

analyzed individually and also combining both, see Figure 4. 10. In this latter 

case, a wider amplified spectrum is obtained. These results demonstrate the 

importance of the mixture of both amplification methods to achieve a more 

stable and wider performance. 

 

Figure 4. 10. Comparison of different spectra when different amplification 
media is used.  
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4.3. Optimization of a double pumped fiber laser source 

based on a RDFB-FL 

In this section, a fully experimental optimization study of a double-pump 

scheme based on RDFB-FL is presented. The main objective is to determine 

the configuration that maximizes the output power of the system, for its later 

use in remote interrogation of sensor networks. 

 

a. Description of the system 

 

Figure 4. 11. Scheme with two pump lasers analyzed. 

A separation distance of 50 Km of SMF between pump lasers was introduced. 

Previous experiments confirmed the need to use a distance of tens of 

kilometers between pump lasers to satisfy the laser condition: the distributed 

gain generated along the fiber must exceed the losses introduced by it. 

Bearing this in mind, the behavior of the scheme depicted in Figure 4. 11 was 

analyzed. In addition, the performance of a similar set-up was also tested by 

inverting the order of the serial pump lasers, i.e. first 1445 nm followed by a 

1360 nm pump laser. The results acquired did not improved the ones 

measured with the previous configuration and led to an unstable laser 

behavior. As a consequence, we decided to continue with the initial order of 

pump lasers. 

This configuration is a single-arm forward-pumped distributed fiber laser, 

where a loop mirror recirculates the scattered light back into the cavity. This 

loop redirects light through port 2 of a 3-port optical circulator. A distributed 

mirror is formed by the 50 km + 270 km of standard single-mode fiber (Sterlite 

OH-Lite-E, with an attenuation of 0.19 dB / km), which provides a weak 

feedback along the fiber due to the effect of Rayleigh scattering, see Chapter 

II section 2.1.5. Two wavelength division multiplexers (WDM) were used to 

inject two pump lasers (RLD-5K-1360 and RLD-5K-1445) into the distributed 
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cavity. As stated before, both WDM are connected in series separated by a 

reel of 50 Km of SMF fiber.  

 

Figure 4. 12. Scheme employed to measure the spectrum at various points of 
the laser cavity. 

The evolution of the spectrum was analyzed by including three measurement 

points distributed along the laser cavity, i.e. A, B and C in Figure 4. 12 The first 

one (A) is located in the header. A coupler was employed to extract 10% of 

the backscattered power, obtaining the results showed in Figure 4. 13. The 

second measurement point was set just before the WDM injecting the second 

pump laser (point B in the scheme). Finally, it has been measured the 

spectrum at the end of the cavity (point C). 

b. Experimental results 

The graphs depicted in Figure 4. 13 and Figure 4. 14 show the evolution of the 

spectra for different values of the injected pump powers and the purpose of 

using a 50 km reel between pump lasers. This fiber allows the generation of a 

secondary pump near 1445 nm (first Stokes) and initiates the generation of a 

second Stokes line near 1550 nm. The latter is assisted by the 1445 nm pump 

laser. In this way, the laser pump at 1445 nm is combined with the first Stokes 

wave generated by the pump at 1360 nm. The resulting emission generates 

and amplifies an emission line at 1550 nm along the cavity. 

Since this scheme is intended to be used for the remote interrogation of 

sensor networks, the maximum output peak power detected along the 

1550nm- 1560nm band was measured for different pumping combinations 

with the available pump lasers. 
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Figure 4. 13. Measured spectra at A, the header of the laser cavity for several 
pump power combinations. 

 

Figure 4. 14. Measured spectra at B, an intermediate point of the laser cavity 
for several pump power combinations. 



Chapter IV. Random distributed-feedback fiber lasers optimization studies 

for remote sensor monitoring applications. 

129 l 194 
 

In the graphs below, see Figure 4. 15, the maximum power reaching the 

sensors after 270 km is shown. The graph on the right is just a zoom of the 

one on the left. Higher pump powers contribute to the generation of gain in 

the 1650nm-band (third Stokes), which is not desirable for this concrete 

application. Among all the combinations that provide the same maximum 

output peak power (1445 nm @3W and 1360nm @≥3W) we have chosen the 

one that need the lower pump power to get the maximum output power. 

More pump values could have been tested, and also theoretical analysis could 

bring more accurate results. However, we considered that experimental 

results were clear enough to choose adequate values, since differences 

between the most evident combinations were small. 

   

Figure 4. 15. Maximum output peak power measured at point C for many 
pump power combinations. 
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4.4. Conclusions 

The main objective of this chapter was to optimize RDFB-FL structures for 

their use in remote sensor interrogation applications. Two studies have been 

carried out, improving two important aspects in this field, such as increasing 

the interrogation distance and enhancing the multiplexing capacity of the 

network.  

In section 4.2, a multi-wavelength fiber laser scheme is presented. This study 

aims to maximize the number of emission lines in the L-band. Two different 

fibers have been employed as the gain medium of the laser. Although the DCF 

guaranteed a higher output power, the SMF ended being the best candidate 

in this particular case. With this fiber, the number of multiplexed sensors can 

be greater and its low losses per km make it more suitable for long haul 

applications. Some of the conclusions drawn from the experiments developed 

are as follows: 

 It is of great importance the choice of the gain-media fiber in the RDFB-FL. 
Due to the nature of this type of lasers, based on Rayleigh scattering along 
a length of fiber, it affects notably the generated spectrum. In fact, each 
fiber can lead to a different shape, power and central wavelength of the 
spectrum, as well as to modify the lasing threshold. This fact need to be 
considered so the laser cavity is adapted according to the requirements of 
the application. 

 The software developed to control the programmable filter provides great 
versatility, improving the overall performance of the system. In addition, 
this method has demonstrated an easy integration and control from the 
header fiber loop. 

 It should be noted that thanks to this software, the MWFL generated can 
be employed in optical communications applications as well as in 
multiplexing of sensor networks. The customized filters satisfy the ITU grid 
specifications, meeting both the separation and width requirements of 
the channels. The system showed a more convenient performance for 
separations greater than 100 GHz between lines. Smaller distances 
enhanced non-linear effects, which decrease the power stability of the 
emission lines.  

 To increase the number of emission lines and thus extend the multiplexing 
capacity of the system, two methods have been combined. First, a hybrid 
amplification scheme was tested: RDFB-FL together with EDFA 
amplification. The results showed a wider output spectrum. However, its 
non-flat profile leaves the lines located at the lower and upper ends of the 
gain spectrum unusable. This inconvenient has been solved through the 
power equalization of the emission lines, exchanging power between 
them and thus increasing the number of usable lines. 
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In section 4.3, an experimental optimization study of a RDFB-FL structure for 

long-haul applications is presented. On this occasion, the aim of the 

experiment was to increase the output power so greater monitoring distances 

can be applied. In previous works, sensors located at a distance of 250 Km 

were interrogated using a single pump laser at 1445nm. In other proposals, 

second order laser generation or double pumped schemes were employed to 

improve the monitoring distance [47]-[54]. As a result, the work presented in 

this section offers a new scheme that increases the interrogation distance, 

combining the two ideas mentioned before. This system uses two pump 

lasers connected in series and takes advantage of second-order laser 

generation. The order of the pump lasers, their separation distance as well as 

the pump powers injected were optimized. The conclusions derived from this 

optimization study are: 

 There must be a distance of tens of kilometers between the pump lasers 
connected in series. First Stokes laser generation must be achieved in the 
fiber section that separates both pump lasers. In this manner, the 
generated signal (first stokes) will be reinforced by the following pump 
laser. 

 Theoretical and simulation studies could be carried out to try to improve 
the obtained results.  

 

As a final conclusion, the studies presented in this chapter improve some 

features of previous works, such as the number of emission lines, flexibility, 

bandwidth, low gain competition between lines and output powers. All these 

progresses can be used for remote interrogation applications of sensor 

networks, improving the results reported previously. 

These results have originated the publications in references [34][35][60]. 
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CHAPTER V  

Random distributed-feedback fiber lasers for 

remote monitoring applications 
 

 

In this chapter, new systems are proposed to improve both the 

multiplexing capacity and the remote monitoring distance of fiber 

optic sensor networks. All the presented schemes have in common 

the use of random distributed-feedback fiber lasers for the 

interrogation of the sensor structure. The advantageous features of 

this type of lasers for long distance applications are exploited to 

reach a maximum monitoring distance of 290 km, establishing a 

new distance milestone in remote sensing networks.1 

 

______________________________________ 

1This Chapter has been partially published in the papers entitled: Fully 

switchable multi-wavelength fiber lasers based on random distributed 

feedback for sensors interrogation and Random DFB fiber laser for remote 

(200 km) sensor monitoring using hybrid WDM/TDM both in Journal of 

Light. Tech. and Ultra-long (290 km) remote interrogation sensor network 

based on a random distributed feedback fiber laser in Optics Express.  
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5.1. Introduction 

A remote monitoring system presents the ability to observe and verify the 

performance or quality of any structure located hundreds of kilometers away 

from a central station. This capability can be exploited in many applications 

for the control of structures as well as to avoid possible disasters. Some of the 

most widespread ones include structural health monitoring of bridges, 

tunnels and oil or gas pipelines [1]-[8], tsunami detection [9]-[10], railway 

maintenance [11]-[12] and geodynamic control [13]-[14], to name but a few.  

Optical fiber offers helpful features for these applications, fulfilling a double 

functionality. Not only can it be part of the sensor structure but it also forms 

the communication channel between the detection site and the central 

station. Thus, it removes the logistical inconvenience of electrical power 

supply in remote locations. However, increasing the interrogation distance 

can become a challenge. Another important property of sensor networks is 

their competence for recovery or self-healing, as well as multiplexing as many 

sensors as possible. Resilience guarantees the continuity of the service in case 

of failure of the network. This is of great importance when the monitored 

structure is of high value or in critical human safety situations. Some work has 

been done to improve this capacity [15]-[18], although more research should 

be addressed combining long distance and resilience [16]. Multiplexing allows 

to interrogate two or more sensors using a single monitoring station [19]-[26]. 

As a result, the cost per sensor and the network complexity are reduced. In 

addition, some constructions present large dimensions so numerous sensors 

are needed to monitor the entire structure. 

Sensor networks can be classified by different criteria (Chapter II, section 2.1): 

types of sensors used (point or distributed), amplification mechanism 

(Raman, Brillouin, SOAs, Erbium or hybrid combinations), network topology 

(star, bus and double-bus/ladder) as well as multiplexing technique 

(Wavelength division multiplexing (WDM), time division multiplexing (TDM), 

frequency division multiplexing (FDM), coherence division multiplexing 

(CDM), polarization division multiplexing (PDM) or a combination of them). 

In previous reviews [27]-[30], the most outstanding contributions about 

sensor networks have been gathered. In this chapter, we will focus on remote 

sensor networks that involve random distributed feedback fiber lasers (RDFB-

FL). In Table 5. 1, the state of art of RDFB-FL sensor networks is presented. 

The references in bold refer to the work developed in this thesis. 
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Year 
Ref 

Amplif. 
Method 

Type 
sensor 

Num. 
of 

sensor 

Mux 
tech. 

Network 
topology 

Network 
length 
(km) 

2011 
[31] 

Raman FBG 1 - Bus 150 

2012 
[32] 

Raman FBG 2 WDM Bus 100 

2013 
[33] 

Raman FBG 11 WDM Ladder 200 

2015 
[34] 

Raman+ 
EDFA 

FBG+ 
Inter. 

7+11 
WDM/ 
TDM 

Ladder 50 

2016 
[35] 

Raman FBG 
9 

10 
WDM/ 
TDM 

Bus 
170 
200 

2016 
[36] 

Raman+ 
EDFA 

Inter. 1 - Ladder 225 

2018 
[37] 

Raman Inter. 
1 
2 

CDM Ladder 
290 
270 

Table 5. 1. State of art of remote sensing networks with RDFB-FL 

In the following sections, several fiber optic sensor networks based on RDFB-

FL are proposed. Different types of sensors and multiplexing techniques have 

been combined, offering enough flexibility to get an optimal scheme for each 

required application. The previous longest distance achieved by Bravo et al. 

in [38] has been surpassed in this work, establishing a new distance 

milestone. In addition, the compatibility of RDFB-FL with a large variety of 

multiplexing techniques has been demonstrated.  

The developed works are presented from the shortest to the largest 

monitoring distance achieved, detailing in each case the multiplexing 

techniques employed. 
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5.2. Fully switchable multi-wavelength fiber laser for 

remote (50 km) sensor interrogation 

Multi-wavelength lasers show a great potential for communication channels 

that implement wavelength division multiplexing (WDM) and also for sensor 

networks. In Chapter IV section 4.1, a brief state of the art of this type of lasers 

is presented. Below, the characterization and experimental demonstration of 

a fully-switchable multi-wavelength fiber laser (MWFL) based on a RDFB-FL is 

performed. In addition, it has been used for the first time as proof of concept 

for the multiplexing of two remote sensor networks of different technologies. 

a. Description of the system 

The scheme of the laser structure proposed is shown in Figure 5. 1. The 

programmable filter selects the profile of the spectrum and allows an easy 

reconfiguration of it. On the other hand, the EDFA contributes with its broad 

gain spectrum and widens the initial bandwidth of the generated RDFB-FL, as 

it was explained in Chapter IV Section 4.2. This allows multiplexing a greater 

number of sensors and facilitates the power equalization of all the generated 

channels. The distributed mirror for the laser generation is formed by a SMF 

spool, achieving a remote monitoring distance of 50 km. 

 
Figure 5. 1. Schematic representation for the multi-wavelength RDFB-FL. 

 
Figure 5. 2. Schematic setup: proof of concept of the remote sensor network. 
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Figure 5. 2 displays the proposed remote multiplexing sensor networks. These 

networks are connected to the RDFB-FL in Figure 5. 1 at point A. Both sensor 

networks are based on completely different operation modes: 7 high 

birefringence photonic crystal fiber (Hi-Bi PCF) intensity based strain sensors 

(SN1) and an array of 11 fiber Bragg gratings (FBG) temperature/strain sensors 

(SN2). They are both connected to a remote powered by light fiber optic 

switch (RFOSw), which commutes and selects the network to be monitored. 

The residual Raman pump, extracted from the distributed mirror by the 1445 

port of a 1445/1550 WDM, feeds the RFOSw, as previously reported in [39]. 

The RFOSw converts 125 mW of the residual Raman pump into 35 mW of 

electrical power using a photovoltaic power converter (PCC) PCC9LW made 

by JDSU. The laser signal enters an optical circulator and illuminates the 

selected sensor network. Only if SN1 wants to be monitored, a control signal 

centered at λc will be generated in the multi-wavelength RDFB-FL and enter 

the first circulator. Then, it would be reflected by the FBG located afterwards 

and redirected to the control port of the optical switch. Therefore, when the 

control signal is ON, the Hi-Bi PCF sensor network is selected (SN1) and when 

is OFF, the FBG sensors array is interrogated (SN2). The second circulator 

illuminates and collects the responses of the selected sensor network. This 

information is send to the output of the system placed at the header through 

a 50 km SMF spool. 

Hi-Bi sensor Network 

The Hi-Bi PCF sensor network consists of seven PCF interferometric strain 

sensors. They are formed of ∼1.5 m of Hi-Bi PCF (PM-1550-01 from NKT 

Photonics) connected into a Sagnac loop mirror structure (Chapter II, section 

2.1.2). A fixed wavelength illuminates each interferometer connected to an 

8-channel WDM (from 1536.61 to 1547.72 in 200 GHz ITU grid spec.). The free 

channel was connected to a FBG which acts as a reference. When strain is 

applied to the fiber loop, a shift in the interference pattern is caused. 

Accordingly, the amplitude of the incident wavelength is modulated 

proportionally to the interference position. Measuring the intensity variation 

of each wavelength, the applied strain can be determined. 

FBG sensor Network 

In this case, the laser performs a discrete wavelength sweep to interrogate 

the 11 FBGs, with a resolution of 0.01 nm. A total of 1500 emission lines are 

needed to scan the total bandwidth of the sensor network. 
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a. Experimental results 

Figure 5. 3 shows some examples of the spectra that we can generate using 

this laser structure. On the one hand, Figure 5. 3 a) shows the emission line 

generated to interrogate the SN2, performing a wavelength sweep. On the 

other hand, Figure 5. 3 b) shows the spectrum of the emission lines generated 

to interrogate SN1. It displays the 7 lines that monitor each of the 

interferometric sensors and the emission line corresponding to the reference 

FBG. Figure 5. 3 c) and d) are examples of some of the emission lines 

combinations that can be obtained with this laser scheme, demonstrating its 

high versatility. It is important to note that an equalization of the generated 

emission lines has been carried out thanks to the development of a 

customized software implemented in the programmable filter. This technique 

has allowed to increase the number of emission lines generated, achieving a 

better use of the total power of the system, as explained previously in Chapter 

IV section 4.2. 

The characterization of the 7 interferometers as strain sensors is depicted in 

Figure 5. 4.  To perform the strain measurements, 10 cm of each sensing fiber 

was glued to a high precision translation stage with a resolution of 0.017 

mε/step. The results show a sensitivity of ~2.23 dB/mε with a measurement 

uncertainty of 0.09 mε. The use of a WDM allows multiplexing all the sensors 

without crosstalk, which is demonstrated in Figure 5. 5. 

 
Figure 5. 3. Different emission lines configurations measured in A. (a) Single 
wavelength, (b) nine wavelengths, (c) 11 wavelengths, (d) 14 wavelengths.  
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Figure 5. 4. Seven HiBi PCF strain sensors power evolution versus strain and 
reference channel’s FBG reflection.  
 

 
Figure 5. 5. System’s crosstalk free demonstration. It is illustrated the CH6 
strain sensor result (red line) and CH1 sensor response (black line) while it is 
not stressed.  

In the same manner, the behavior of the FBG sensor network was analyzed.  

Eleven wavelength sweeps were carried out to identify the position of each 

FBG maximum.  A reconstruction of the 11 FBG reflection spectra is presented 

in Figure 5. 6, when the discrete wavelength sweep emission line fit each FBG 

maximum. Since all the FBGs present a similar behavior, we will show only the 

response to the temperature of one of them (centered at 1546.4nm at room 

temperature). Figure 5. 7 represents the maximum wavelength measured for 

the increasing temperature applied to the sensor. The obtained thermal 
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sensitivity of ~0.01 nm/°C agrees with the expected. A maximum resolution 

of 1°C was estimated. Therefore, the presented results validate this proof of 

concept sensor network for remote sensor multiplexing applications. 

 
Figure 5. 6. Spectral composition of the FBG sensors network interrogation 
result.  
 

 
Figure 5. 7. Temperature response of the 1546.4 nm FBG sensor.  
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5.3. Remote (200 km) sensor monitoring using hybrid 

WDM/TDM 

One of the main drawbacks of ultra-long range remote sensing applications is 

their limited multiplexing capability. For instance, WDM is limited by the 

available bandwidth of the light sources employed. In the same manner, TDM 

systems suffer from transmission loss and are limited by the intensity of the 

light source. For this reason, the combination of two or more multiplexing 

techniques may help to overcome the limitations that each technique 

presents individually. Hybrid WDM/TDM schemes have been validated 

theoretically to multiplex hundreds of sensors in a single network. In fact, it 

has been demonstrated through simulations that optical wave time domain 

reflection technology (OWTDR) can be used to multiplex up to 1000 Bragg 

gratings of weak reflection into a single fiber [40]. The use of Optical time 

domain reflectometry (OTDR) allows to achieve fully distributed sensing along 

a fiber. However, this technique is limited in distance because of the 

compromise between the pulse-width and the sensing distance. 

Bearing this in mind, the combination of OTDR techniques with RDFB-FL could 

present a great advantage for remote sensing applications. Here, the 

modulation of the cavity of a RDFB-FL has allowed to identify up to 10 sensors 

by means of time-domain reflectometry, reaching a 200 km monitoring 

distance. Two experiments have been developed in the context of this work. 

The first approach aims to demonstrate the validity of the system to 

interrogate remote sensors that operate in reflection and monitor them using 

time and wavelength-division multiplexing. On the contrary, the objective of 

the second experiment is to increase the wavelength range of the system as 

well as the distance to the sensors. 

a. Description of the system 

The sensor multiplexing scheme developed in this work can be divided in two 

parts: the laser and the sensor network. They are described in the following 

subsections together with the principle of operation of the interrogation 

technique. 

Lasers design 

As in previous schemes, a single-arm forward-pumped RDFB-FL is used as the 

light source (Chapter II, section 2.2.3). The distributed laser cavity is part of 

the sensor network, in which numerous sensors can be multiplexed. The 
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scheme of the laser used in both experiments is essentially the same, 

changing the technique that selects the central wavelength of the laser. First, 

a tunable FBG connected to a 4-port circulator filters and selects the laser 

wavelength, as shown in Figure 5. 8 a). In the second experiment, see Figure 

5. 8 b), a programmable filter connected to a 3-port circulator performs the 

filtering function. 

 
Figure 5. 8. Experimental setup of the proposed fiber laser in the (a) first and 
(b) second experiment using hybrid WDM/TDM. EOM: Electro-optical 
modulator, WDM: Wavelength division multiplexer, SMF: Single mode fiber, 
FBG: Fiber Bragg grating. 

Then, an optical coupler is employed to extract 30% of the power that 

circulates inside the loop, which is later detected and analyzed in an 

oscilloscope. The remaining 70% of the light is redirected to the loop to be 

modulated by an electro-optical amplitude modulator (EOM). A signal 

generator is connected to the modulator creating a train of pulses with a 

repetition frequency of 450 Hz and a pulse duration of 0.83 and 0.44 μs for 

the first and second experiment, respectively. Finally, the light passes through 

the circulator to the laser cavity where it is combined with the 1445 nm pump 

laser. The cavity consists of a total of 170 and 200 km of single-mode fiber for 

the first and second experiments, respectively. Therefore, a tunable and 

amplitude-modulated RDFB-FL emission is obtained at point A and B of each 

laser scheme. 

Sensor networks configuration 

Two different sensor networks were designed to perform the validation 

experiments. The sensor networks include fiber Bragg gratings centered at 
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diverse wavelengths and located at different distances from the monitoring 

station. It is worth mentioning that the design of the network allows to 

include sensors in any position of the cavity up to 200 km, depending on the 

requirements of the application. Optical couplers are placed throughout the 

cavity, which allows a percentage of the transmitted light to be extracted to 

interrogate each group of sensors. Besides, the coupling ratio is an important 

factor to take into account. If a high percentage of the transmitted power is 

extracted (high values of k), the maximum range of the system would be 

reduced. In addition, it is important to avoid strong reflections so as to ensure 

a stable operation of the laser in a random regime. Hence, a stable laser 

operation is achieved by appropriately choosing the coupling percentages. In 

addition, every fiber end was submerged in refractive index matching gel so 

undesired reflections are avoided. These actions are of great importance 

since, as explained afterwards, the principle of operation of the system lies in 

the detection of reflection peaks.  

Below are described the specific features of the sensors used in each of the 

networks. On the one hand, four groups of sensors complete the first sensor 

network, located at the kilometers 50, 100, 150, and 170 km, see Figure 5. 9 

a). The coupling ratios used in this experiment were 1%, 5%, and 30% for the 

optical couplers located at the kilometer 50, 100, and 150 as displayed in 

Figure 5. 9 a). In order to demonstrate the TDM feature, the sensors are 

composed by four pairs of FBGs with the same Bragg wavelengths: λ1 = 1545.6 

nm, λ2 = 1550 nm, λ3 =1547 nm, and λ4 = 1548.6 nm. It is also placed a single 

FBG which has a Bragg wavelength of λ5 = 1545.1 nm. The reflectivity of the 

FBGs is higher than 90% and the full-width at half-maximum (FWHM) is 0.2 

nm except for the tunable FBG used in λ4 that is 0.3 nm. 

On the other hand, the monitoring distance increases in the second 

experiment. In accordance, the coupling ratios chosen for the optical couplers 

located at the kilometers 50, 100, and 150 are 1%, 5%, and 10% respectively 

as depicted in Figure 5. 9 b). In this case, the FBGs present the following Bragg 

wavelengths: λ1 = 1545.6 nm, λ2 = 1550 nm, λ3 = 1547 nm, λ4 = 1548.6 nm, 

and λ5 = 1542.4 nm. The Bragg wavelengths of the two FBGs located at the 

end of the channel illustrated in Figure 5. 9 b) are λ6 = 1541.2 nm and λ7 = 

1543.6 nm. 
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Figure 5. 9. Experimental setup of the sensor network to be monitored in the 
(a) first and (b) second experiment using hybrid WDM/TDM. 

Principle of operation 

The operating principle of this multiplexing system is based on the particular 

properties of RDFB-FL, such as their good performance when they are 

internally modulated [41] as well as their high peak power values [42]. In 

addition, the absence of longitudinal modes (Chapter II, section 2.2.3) allow 

obtaining stable output signals both in power and wavelength.  

Initially, the laser is tuned in wavelength by the filter placed in the loop mirror 

and then it is modulated by the EOM before re-entering the distributed cavity. 

As a result, the power reflected along the fiber can be measured using an 

oscilloscope due to pulse modulation, acting as an optical reflectometer in 

the time domain. Therefore, we can obtain the voltage profile with respect to 

time for a certain wavelength. This same method can be used to determine 

the reflected power in a given wavelength range by sweeping the laser 

wavelength. If several FBGs are placed in the cavity, a reflection peak will be 

detected in the header when the central wavelength of the laser coincides 

with the Bragg wavelength of the grating. This is the principle of operation of 

the interrogating technique. 

Since the reflected wavelengths of the FBGs vary with physical parameters 

(e.g., temperature or strain), the wavelength of the reflections will encode 

the information of the sensors. This implies that sensors can be wavelength 
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and time-multiplexed since for identical wavelength, sensors can be identified 

by their position along the fiber. Similarly, FBG sensors positioned at a close 

location (limited by the pulse duration) can be wavelength-multiplexed.  

In summary, we can obtain a 3D map of our sensor network, with its three 

axes being wavelength, time/distance and detected voltage. 

b. Experimental results 

First, we confirmed that the generated laser was in the random regime for 

the entire wavelength range used in the experiment. The spectrum of the 

generated laser is shown in Figure 5. 10 a), using a pumping power of 1.4 W 

and a filter frequency of 1545 nm. In addition, the self-beating of the laser 

was detected by a photo-detector and measured in an electrical spectrum 

analyzer (ESA). As can be seen in Figure 5. 10 b), the detected signal does not 

present longitudinal modes for the whole wavelength range used in the 

experiments. This fact confirms that the laser continues to operate in the 

random regime, without noticing any influence on its performance caused by 

the gratings present in the cavity. 

 

Figure 5. 10. a) Optical spectrum of the RDFB-FL (resolution= 0.01 nm) and b) 
self-beating signal of the emission line for different wavelengths. ESA 
resolution= 300 kHz (300 Hz Inset).  
 

In the first experiment, measurements were carried out with a spatial 

resolution of 85 m and a wavelength step of 0.05 nm. In areas without 

sensors, larger steps were considered to reduce the measurement time. The 

results obtained after performing a complete wavelength sweep (from 1545 

to 1550 nm) are shown in Figure 5. 11. The graphs confirm that it is possible 

to identify each sensor without ambiguity, both by its position and by its 

wavelength. The sensors presenting the same wavelength are identified by 

b) a) 
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their position and on the contrary, the sensors located at the same position 

can be wavelength-multiplexed. This circumstance is observed in the inset of 

Figure 5. 11 b), where two sensors centered on the same wavelength and 

separated by 1 km can be easily identified. 

 

 

Figure 5. 11. Experimental results obtained for the 170 Km-setup. 
 

Finally, the appropriate operation of the proposed scheme was validated 

performing strain measurements. An axial strain of 1000 με was applied to 

the FBG (λ’3) located at 170 km. Figure 5. 12 shows the wavelength variation 

of FBG (λ3) and FBG (λ’3) located at kilometer 100 and 170, respectively, when 

the strain was applied to FBG (λ’3). The graph verifies the proper behavior of 

the multiplexing network, without crosstalk between the sensors. 
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Figure 5. 12. FBG (λ3) and FBG (λ’3) wavelength response when 1000 µε are 
applied to FBG (λ’3).  
 

As previously mentioned, in the second experiment we wanted to improve 

the multiplexing capacity of the network. For this, we have focused on three 

main objectives: increasing the maximum range of the network, its spatial 

resolution and its wavelength range. An independent study has been carried 

out in each case to determine the best configuration. To perform this task, it 

has been essential to use a programmable filter (Finisar 100S) replacing the 

tunable FBG used in the previous scheme. Thanks to this device, the 

comparative studies that are presented below have been carried out in a 

simple manner. Besides, these tests have undoubtedly improve the final 

performance of the initial sensor network. 

To begin with, a study was performed varying the bandwidth of the 

programmable filter. The objective was to find the optimal bandwidth value 

that causes a higher reflection of the sensors so the maximum range of the 

network can be increased.  Figure 5. 13 a) shows the results obtained for filter 

bandwidths between 0.22 and 0.40 nm. An increment of the reflected signal 

with the bandwidth is observed, being 0.38 nm the optimum value. As a 

result, a full width at half maximum (FWHM) of 0.38 nm was chosen for the 

filter, obtaining the optical spectrum presented in Figure 5. 13 b). 
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Figure 5. 13. a) Reflection given by a FBG for different filter bandwidth values 
and b) optical spectrum of the laser configuration used in the second 
experiment.  
 

Later, an experimental study to improve the spatial resolution was developed. 

The pulse width of the interrogation signal determines the spatial resolution 

of the system, establishing a compromise between the spatial resolution and 

the system range. The narrower the width of the pulse is, the higher spatial 

resolution can be achieved. However, this causes a reduction in the amplitude 

of the reflected signal which limits the maximum distance that can be 

reached. For this reason, a narrower pulse width has been sought that does 

not reduce the amplitude of the reflected pulse. The results of the reflection 

detected for a FBG located at 50 km using different pulse width are displayed 

in Figure 5. 14. The reflected amplitude remains constant, except in the case 

of the narrowest pulse. This decrease and the pulse deformation is mainly 

caused by the bandwidth limit of the oscilloscope. Anyhow, these results 

verify that the spatial resolution can be improved from 85 m to 45 m, slightly 

reducing the amplitude of the signal detected. Therefore, a pulse width of 

0.44 μs was generated in the second experiment. 

 

Figure 5. 14. Reflection given by a FBG for different pulse widths.  

a) b) 
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The last study deals with the extension of the wavelength range. The Raman 

gain presents a strong dependence with wavelength, causing an uneven 

amplification profile. To avoid this undesirable effect, which can destabilize 

the behavior of the laser, an automatic power equalization has been carried 

out using the programmable filter. By applying a previously determined 

attenuation profile, the laser is guaranteed to operate at constant power. The 

results obtained with and without the attenuation control are depicted in 

Figure 5. 15, showing a similar power detected for the whole wavelength 

range. The losses induced by this process were compensated by injecting a 

higher pump power (1.6 W). The power equalization allowed to increase the 

wavelength range of the network from 1540 to 1550 nm. 

 

Figure 5. 15. Attenuation profile (blue line) and optical power detected before 
(black line) and after its application (red line).  
 

Finally, the operation of the improved sensor network was tested, Figure 5. 9 

b). The results obtained after measuring the FBGs located at 150 and 200 km 

are shown in Figure 5. 16 a) and b) respectively. The sensors can be identified 

even after improving the spatial resolution from 85 to 45 m, doubling the 

wavelength range and increasing the detection distance to 200 km.  

In addition, the repeatability of the measures was verified by making nine 

consecutive sweeps. In Figure 5. 17, the measured results are displayed for a 

determined wavelength range centered at 1547 nm, showing a good 

repeatability of the measurements. 

  



Chapter V. Random distributed-feedback fiber lasers for remote monitoring 
applications. 

154 l 194 
 

 

Figure 5. 16. Experimental results for the FBGs located at the kilometers 150 
and 200. 
 

 

Figure 5. 17. Results obtained from ten consecutive sweeps to evaluate the 
repeatability of the measurements.  
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5.4. Remote (225 km) real-time interferometric sensor 

monitoring using FFT analysis 

Despite their potential application in many fields, interferometric sensors, 

such as fiber loop mirrors (FLM), are not frequently employed in remote 

sensing structures due to their limited multiplexing capacity and high loss 

compared to FBGs. Several approaches have been previously presented for 

multiplexing interferometric sensors, such as coherence multiplexing [43] and 

phase carrier techniques [44]. In addition, some recent work has provided 

other solution to solve this problem by validating multiple multiplexing 

topologies based on the Fast Fourier Transform (FFT) analysis [45]-[47], 

initially proposed in [48]. 

In this work, the combination of the FFT technique and an RDFB-FL has been 

exploited to remotely interrogate a FLM at 225 km away from the central 

station. The axial strain applied to the interferometer has been monitored, 

obtaining a good linearity and a sensitivity of 1.69 πrad/mε. 

a. Description of the system 

The set-up developed for this experiment is shown in Figure 5. 18. It consists 

of a modified forward-pumped RDFB-FL combined with a commercial 

interrogator of FBGs (Smartec SM125). The principle of operation of the laser 

is the same as in previous schemes. Nevertheless, the main difference lies in 

the use of an additional element in the head mirror, the commercial 

interrogator, which acts as a seed for the generation of the distributed 

random laser. 

 

Figure 5. 18. Experimental set-up for interferometric sensor monitoring (EDFA: 
Erbium doped fiber amplifier; PM: Polarization maintaining). 



Chapter V. Random distributed-feedback fiber lasers for remote monitoring 
applications. 

156 l 194 
 

This device performs a wavelength sweep in the 1510 to 1590 nm band every 

second and collects the signal reflected in the network. In this scheme, two 

channels of the device have been occupied: one to send the interrogating 

signal and another to receive the response of the sensor. The signal emitted 

by the SM125 enters through port 2 of a 3-port circulator and is amplified by 

an EDFA before injecting it into the laser cavity, using a 50:50 coupler. 

Amplification is required to equate the power generated in the laser cavity 

with that of the injected emission lines. By increasing the power of the latter, 

the random laser synchronizes with the interrogator, influencing the 

generation of the laser. An isolator is placed at the end of the 225 km 

distributed cavity to avoid the influence of the sensor on the performance of 

the laser.  

The sensing unit consists of a high-birefringence (Hi-Bi) FLM. The use of this 

type of fibers allows detecting external physical changes, such as temperature 

or axial strain. These physical changes lead to a wavelength shift of the 

interference measured in the optical spectrum. In our sensor, two sections of 

Panda fiber have been fused together with a 90° rotation angle and 

connected to a polarization maintainer coupler. The 90° angle fusion between 

the sections of Panda fiber eliminates the requirement of a polarization 

controller, as it is demonstrated in [49]. 

Finally, the interference signal generated in the FLM is redirected to a 225 km 

way back fiber, collected by the port 1 of the circulator and then received at 

the Smartec device. As in previous schemes, we avoid the undesired amplified 

spontaneous emission noise generated in the laser cavity using a second path 

to send the signal back to the detector. The FFT of the received signal is 

calculated in Matlab every second, giving real-time information of the sensor 

system. 

b. Experimental results 

First, we verified the achievement of an RDFB fiber laser. For this purpose, the 

maximum power of the spectrum detected at the output of the system was 

measured, varying the injected pump power from 0.8 to 1.7 W. The resulting 

curve is shown in Figure 5. 19. As expected, there is an abrupt increase in the 

output power around 1.1 W corresponding to the laser threshold, validating 

the behavior of the system as a laser. 



 

157 l 194 
 

 

Figure 5. 19. Study of the output power vs pump power injected in the system. 

Besides, some examples of the measured spectra for different pump powers 

are depicted in Figure 5. 20 a), as well as their corresponding FFT module in 

b). The interferometric signal of the sensor is properly measured for pumping 

values above 1.3 W. It is important to note that the detected spectrum does 

not fill the whole band scanned by the interrogator. We can only distinguish 

the lobes present in the band from 1530 to 1565 nm, which is the 

amplification band of the EDFA used in the header. A greater bandwidth of 

amplification would allow to obtain a higher resolution in the module of the 

FFT, thus improving the performance of the system. 

 

Figure 5. 20. Examples of the measured spectra varying the pump power and 
their corresponding FFT module. 

In spite of this, the available bandwidth has allowed to correctly monitor the 

main frequency component of the sensor. As can be observed in Figure 5. 21, 

the FFTs corresponding to the interferometer measured independently and 

the signal obtained at the end of our scheme coincide. During the strain 

measuring process, the phase change of the component located at the spatial 

frequency 0.8 nm-1 has been monitored. The obtained results, see Figure 5. 
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22, show a clear linear fit with an R2 like good as 0.9996 and a sensor 

sensitivity of 1.69 πrad/mε. As a conclusion, the proposed system has been 

validated to monitor in real time an interferometric sensor located 225 km 

away from the monitoring station.  

 

Figure 5. 21. Optical spectrum (a) and its FFT module (b) detected at the 
system’s output (in black) and measured independently (in blue). 

 

Figure 5. 22. FFT phase behavior of the sensor vs strain applied. 
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5.5. Remote (290 km) displacement sensor monitoring 

and coherence multiplexing at 270 km 

Among all the multiplexing approaches, coherence multiplexing uses light 

sources with low coherence length in interferometric configurations to 

multiplex several sensors into a single optical signal [50]. CDM avoids the 

relatively complex requirements of time [51] or wavelength-division 

multiplexing [52], such as synchronization and frequency ramping of the 

optical source, respectively. However, it requires that the geometry of the 

sensor must be carefully designed so that the optical path differences (OPD) 

of each sensing interferometer are in different ranges. Then every sensing 

signal can be de-multiplexed by selecting its OPD in the local receiving 

interferometer. Systems that apply CDM have been widely used in fiber optic 

sensing, multiplexing up to 10 sensors in [53] and measuring physical 

parameters such as temperature, displacement and strain [54]-[56]. 

Commonly, CDM is employed in sensor systems based on fiber optic low-

coherence interferometry (FOLCI) [57][58]. Temperature [59], pressure [60], 

strain [61] and refractive index [62] are some of the parameters that can be 

measured with high accuracy using this approach. Although the FOLCI 

technique is intensity-based, the measurement accuracy is ideally insensitive 

to fluctuations in optical power between the monitoring station and the 

location of the sensor. Consequently, higher resolutions are provided when 

compared to conventional intensity-based sensors. Moreover, FOLCI systems 

allow the measurement of absolute displacements without the requirement 

of a prior characterization of the sensors. Due to the intrinsic need for short-

coherence length in FOLCI, broadband light sources are generally employed. 

However, their low output power (compared to laser sources) makes systems 

based on low coherence generally not suitable for long-range applications. 

In the present study, we demonstrate that the natural coherence length of 

RDFB-FLs can be used in low-coherence interferometry and coherence-

multiplexing schemes, since it is short enough to be suitable for FOLCI. 

Besides, the remote interrogation of an interferometric sensor has been 

achieved 290 km away from the header. This is, as far as we are aware, the 

longest distance for a remote fiber optic sensing system.  

a. Description of the system 

Two experiments have been carried out to show the potential of this 

technique in conjunction with an RDFB-FL. Accordingly, two different 
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schemes have been developed for this purpose, both formed by three 

differentiated parts: the laser source, the transmission channel and the 

sensing unit (see Figure 5. 23 and Figure 5. 24). 

 

Figure 5. 23. Set-up 1.Schematic FOLCI set-up with one sensor.  

The light source used to interrogate the sensor unit is the same in both cases. 

A previous study, presented in Chapter IV Section 4.3, determined the optimal 

laser configuration which maximizes the system's performance. Then, the 

laser header is formed by two pump lasers (1360 and 1445nm), separated by 

50 km of SMF, which inject 3W each into the cavity of a single-arm forward-

pumped RDFB-FL.  

The transmission channel consists of two identical optical paths of 290 km in 

the first and 270 km in the second experiment. The first path is part of the 

distributed cavity of the laser, which illuminates the sensor unit. The second 

path guides the signal modulated by the sensor unit back to the detection 

system. The counter-propagating noise in the arm of the laser is higher than 

the sensor response. For this reason, both the illuminating signal and the 

response of the sensors cannot share the same transmission channel.  

In the first scheme, Figure 5. 23, two Mach Zehnder interferometers (MZI) 

compose the FOLCI sensing scheme: a sensing interferometer (SI) located 290 

km away from the monitoring station and a local receiving interferometer 

(LRI). Two 50:50 optical couplers (C1, C2 and C3, C4) connected by two SMF 
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arms (L1, L2 and L1', L2') compose each interferometer, respectively. The 

lengths of each arm in the SI and LRI are: L1≈L1'=2.16 m, L2=9.04 m and 

L2'=9.03 m. Two separate displacement stages, equally formed by a fixed 

platform and a mobile micro-positioner (Newport M423), apply displacement 

in L2 and L2' arms. The detected interference depends on the polarization of 

the two interfering signals that arrive at the LRI. Therefore, a polarization 

controller is connected in the LRI arm L1' so the fringe visibility of the 

interference signal is maximized. Finally, the optical power reaching the 

monitoring station is measured by an optical multimeter (ANDO AQ-2140) 

connected at the output of the LRI. 

 

Figure 5. 24. Set-up 2. Schematic FOLCI set-up with two sensors.  

To evaluate the capability of the system to achieve coherence multiplexing, a 

second setup is proposed (see Figure 5. 24). This one is composed by three 

MZI: two coherence multiplexed sensing interferometers (SI1 and SI2) located 

270 km away from the monitoring station and a LRI. The SIs are arrayed in 

parallel between the input and output buses by two optical couplers 50:50, 

CA and CB, following an intrinsic-reference ladder configuration [50]. The 

arms of CA and CB present a length of La≈ La’≈ Lb≈ Lb’= 1.08 m. The detection 

of the sensors is done by the LRI connected in series, which interrogates both 

SIs in a single displacement sweep. SI1 and the LRI are the same as in set-up 

1. The second SI (SI2) is formed by two 50:50 optical couplers (C5 and C6) 
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connected by two SMF arms (L3 and L4), with a length of 2.16 m and 9.05 m, 

respectively. As before, a polarization controller is used in the LRI arm L1’ to 

maximize the fringe visibility of the interference signal detected. 

Due to the larger number of couplers employed in this second test and the 

losses induced by them, the interrogation distance of the sensors was 

reduced to 270 km. However, power losses can be modest if the coupling 

ratios of the couplers used are properly chosen, even if several sensors are 

multiplexed [63]. 

Principle of operation 

A FOLCI system requires at least two illuminated interferometers sharing 

optical paths. The OPDs of both interferometers must differ a length several 

times larger than the coherence length of the light source (Lc). Providing this, 

no coherent interference will be generated by each interferometer 

individually. Let us consider that we are using MZ interferometers. If the 

difference between the OPDs of the SI (OPD1=|L1-L2|) and the LRI 

(OPDr=|L1'-L2'|) is tailored to be shorter than Lc, |OPDr-OPD1|< Lc, 

interference will result. Then, the optical intensity detected at the output of 

the LRI (I) will be given by: 

𝑰(∆𝑳) = 𝑰𝟎 (𝟏 + √𝑲𝟏𝑲𝟐𝑲𝟑𝑲𝟒𝒆𝒙𝒑 (−
𝟐∆𝑳

𝑳𝒄
)

𝟐

𝒄𝒐𝒔(𝒌∆𝑳))               (1) 

where ΔL=OPDr-OPD1, k is the wavenumber, I0 the total optical power 

arriving at the detector and K1, K2, K3 and K4 are the power split ratios of the 

couplers used in the SI and the LRI respectively [58]. 

In FOLCI structures, low-coherence broadband sources such as light-emitting 

diodes (LED) are widely employed. As their spectral width varies from 30 to 

60 nm, they offer short coherence lengths (compared to laser sources) and 

narrower interferograms are obtained. In our experiments, a RDFB-FL serves 

as the broadband source needed for a FOLCI system. Although the inherent 

line-width of RDFB-FL is much narrower than the spectral width of LED 

sources (several nanometers), it is considerably wider than in traditional laser 

sources. It also presents a high output power (hundreds of milliwatts) which 

combined with a coherence length under the millimeter (see Chapter II, 

section 2.2.3) make RDFB-FLs perfect candidates to allow the use of FOLCI in 

long-range schemes.  
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Figure 5. 25 a) shows an example of the normalized interferogram measured 

at the output of the FOLCI system for a single sensor. In order to verify the 

experimental results, simulations have been performed and presented in 

Figure 5. 25 b), showing a good agreement. The simulated interferogram has 

been obtained through equation (1), calculating the values of I for ΔL from       

-1.2 mm to 1.2 mm, considering a coherence length of 0.808 mm, k=2π/1550 

nm and K1=K2=K3=K4= 0.5. 

 

Figure 5. 25. Normalized a) experimental and b) simulated traces detected at 
the output of the FOLCI scheme.  

According to the theory, both traces present a Gaussian profile with a total 

width ≈ 2Lc. If any variation is caused in the OPD of the SI (OPD1), the value 

of ΔL will be modified. As a result, the fringe visibility and the phase of the 

signal detected at the output of the FOLCI system I will be shifted, altering the 

position of the central fringe. Absolute changes in OPD1 can be determined 

by measuring the displacement of the central fringe. To interrogate the 

sensors, the OPD in the local receiving interferometer (OPDr) is modified 

using a translation stage and a displacement sweep. In this manner, the 

power received at the power-meter is detected every step to reconstruct the 

interferogram. Consequently, the position of the central fringe (i.e. OPD1) can 

be inferred for every complete sweep. 

To avoid signal overlapping when interrogating more than one SI, the OPD of 

each MZ sensing interferometer must differ by at least two times the 

coherence length of the source, OPD1-OPD2 >2Lc. Increasing the difference 
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between the OPDs of each SI reduces crosstalk in the detected signal. 

Moreover, it enlarges the displacement range that can be measured without 

overlapping. 

b. Experimental results 

The aim of the first experiment was to evaluate the feasibility of monitoring 

an optical fiber interferometer at 290 km as a displacement sensor. In a 

second test, a set of measurements have been performed to validate the 

proposed system as a coherence multiplexing scheme, interrogating two MZI 

at 270 km.  

First, the optical spectra measured after 290 and 270 km (between the optical 

isolator and C1) are represented in Figure 5. 26 a) and b), showing a central 

wavelength set at 1555 nm and a peak power of -30.18 dBm and -25.21 dBm, 

respectively. 

 

Figure 5. 26. a) Optical spectrum of the random DFB fiber laser measured after 
290 km and b) 270 km.  

The development of both experiments was similar, although some 

parameters were modified. Length variations have been induced and tracked 

in OPD1. In the experiment with two sensing interferometers, the OPD in the 

SI2 was not modified during the experiment to prove the absence of crosstalk 

between them. The arm L2 of the SI (SI1 in the second test) has been fixed to 

a micro-positioner, with a resolution of 10 μm, to apply a displacement from 

0 to 1 mm with 0.1 mm steps. Equivalently, the arm L2' in the LRI was attached 

to a separate micro-positioner, with a resolution of 20 nm, to perform the 

interrogation. In this manner, a displacement sweep was performed for 2.5 

mm (10mm) every 3.4 μm (8.5 μm). After each complete sweep, it has been 
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determined the central fringe position of the detected interferogram which 

represents the displacement of the SI (SI1 and also SI2). 

The evolution of the interferograms detected in both experiments are 

presented in Figure 5. 27 a) and Figure 5. 28 a), respectively. In the first case, 

the measured signals for 0, 4 and 8 mm displacements are displayed, showing 

a clear shift of the central fringe.  In order to ease the process of locating the 

central fringe, simple post-processing was applied by calculating the moving 

average of the absolute value of the data (Figure 5. 27 b)). From the previous 

figures it can be inferred that the displacement of the central fringe position 

is clearly discernible and measurable. 

 

Figure 5. 27. a) Experimental traces detected at the output of the FOLCI set-
up 1 for three different sensor states and b) after post-processing.  

In the same manner, Figure 5. 28 a) shows the observed signals at the LRI 

output for 0 mm and 2 mm displacements. The same detected signals are 

presented in Figure 5. 28 b) after applying post-processing (as in Figure 5. 27 

b)). It can be seen in the figures that the displacement of the central fringe 

position of both SI1 and SI2 can be evidently determined. 
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Figure 5. 28. a) Experimental traces detected at the output of the FOLCI set-
up 2 for two different sensor states and b) after post-processing.  

It is also evidenced the lack of cross-talk since the interferogram of SI2 

remains in a fixed position in all the displacement sweeps while SI1 shifts as 

we modify its OPD. It should be noted that the total displacement range is 

limited by the difference between the OPDs of the sensing interferometers. 

In this experiment, the band-gap between the OPDs of the sensors is 4 mm. 

As a result, the displacement range that can be measured without 

overlapping is 4 mm. However, if the OPD difference between sensing 

interferometers is adjusted, the displacement range can be increased 

depending on the application and its requirements. 

Another aspect to be considered, common in every FOLCI system, is the total 

interrogation range, which is limited by the maximum displacement 

generated in the OPD of the receiving interferometer. In this experiment, 

simple elongation has been applied for the verification, but other solutions 

allow a wider range, such as the based on moving mirrors [53]. 

In our system, MZ interferometers with considerably long arms are used. In 

this manner, the strain applied on the fiber during its elongation is reduced 

and a larger displacement can be induced without breaking the fiber. 

However, the polarization fading can be an annoying issue for large cavity 

interferometers, especially for MZI. As a result, the amplitude of the detected 

interferograms depends also on the instantaneous polarization state of the 

signals interfering. A variation in the range of both SI2 and SI2' interferograms 

is appreciated due to these polarization changes. In order to manage and 

reduce this effect, polarization has been controlled by means of a polarization 

controller in the LRI. In each displacement sweep performed, the polarization 

state has been set at the beginning of each measurement to maximize the 

fringe visibility of the signal. However, this issue could be addressed by 
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including some polarization selective devices in the receiving interferometer, 

such as a polarization scrambler. 

Finally, the relative distance measurements that correspond to the peak of 

each trace are displayed in Figure 5. 29 a) and b). In these graphs, the 

displacement applied to the sensor versus the displacement measured shows 

a linear tendency with a slope of 1.03 (1.04), R2=0.99 (0.98) and a resolution 

of 0.02mm. Some deviations in the experimental data are observed from the 

desired unity slope line. The intrinsic error of the micro-positioners and 

vibrations during the measuring process might be the cause.  

 

Figure 5. 29. a) Experimental displacement measurements obtained using set-
up 1 and b) set-up 2.  

In order to provide a more complete study of the system, an estimation of the 

sensors that can be multiplexed vs. distance was carried out. This estimation 

was made according to the worst case scenario, taking into account the 

power losses measured experimentally. From the experimental results, we 

have determined that a single sensor can be monitored at 290 km. In the 

estimation we have considered that only one LRI is employed to interrogate 

all the sensors. As a consequence, the loss induced by this interferometer is 

the same in every case. As more SIs are added to the FOLCI system, the 

number of couplers (supposing 2x2 couplers for simplicity) increases. Each 

time the number of SIs double, the losses induced by the couplers increase in 

3dB. In addition, each 50:50 coupler present a maximum of 0.6 dB of 

measured insertion losses. Providing the gain in the cavity is negligible at 

distances over 200 km, the monitoring distance is reduced as losses increase. 

A simple scheme, see Figure 5. 30, is presented to explain these concepts: 
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Figure 5. 30. Scheme for the progressive calculation of losses of the SIs and the 
LRI. 

Considering the losses introduced by the SIs and providing that the fiber 

presents an attenuation of 0.2dB/km, the following table has been calculated: 

Maximum 
number of SIs 

(2n) 

Number of 
2x2 couplers 

(2n+2-2) 

Estimated loss 
increase (dB)    
(-3n-0.6x2n) 

Maximum 
monitoring 

distance (km) 

1 2 0 290 

2 6 -4,2 279,5 

4 14 -8,4 269 

8 30 -12,6 258,5 

16 62 -16,8 248 

From the previous table, we have inferred the formula that calculates the 

maximum interrogation distance based on the maximum number of SIs and 

the achieved maximum length: 

𝑀𝑎𝑥 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 290 −
1

2
(

3𝑛 − 0.6 ∙ 2𝑛

0.2
) 

However, it should be noted that these calculations take only into 

consideration power constrains. However, other aspects for coherence 

multiplexing should be considered in a real situation, such as OPD selection 

to avoid crosstalk, etc. [50] 
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5.6. Conclusions 

The main motivation of this chapter has been to demonstrate through a 

variety of experiments the great potential of RDFB-FL lasers for the 

interrogation of sensor networks. Most of the attention has been focused on 

increasing the interrogation distance as well as the multiplexing capacity.  

In particular, section 5.2 focuses on experimental validation of a switchable 

and reconfigurable MWFL in real-time based on a RDFB-FL. Two sensor 

networks were simultaneously monitored at 50 km using a remote powered-

by-light fiber optic switch. From the experiments, we can draw some 

conclusions as following: 

 The presented technique allows to interrogate as many sensor networks 
as outputs has the optical switch, which expands the multiplexing capacity 
of the network. Two sensor networks have been monitored 
simultaneously: one composed of 11 gratings and another composed of 7 
interferometric sensors. The spectral versatility of the RDFB-FL makes 
possible the interrogation of both networks by implementing WDM. 

 The developed scheme is also power efficient, since it uses the excess 
Raman pump to power the RFOSw. In addition, the control signal is 
generated by the MWFL together with the sensor monitoring signal, 
avoiding the need of an additional control device. 

 The inclusion of an additional method of amplification in the header of the 
laser improves its general operation. The EDFA has allowed to expand the 
usable wavelength range as well as an easier equalization of the 
interrogation channels. 

Section 5.3 is dedicated to a network of sensors which implements hybrid 

WDM/TDM and offers a promising solution to improve the limited 

multiplexing capacity of the ultra-long range remote sensing systems. 

 The modulation of the laser cavity offers a new range of possibilities and 
allows to identify the sensors using time-domain reflectometry. The ability 
to internally modulate an RDFB-FL without frequency restrictions [41] has 
permitted to implement a quasi-distributed interrogation scheme. 

 The performed experiments verify that not only WDM can be 
implemented, but also TDM can also be applied, exploiting the advantages 
offered by both multiplexing techniques used jointly. 

 From an initial proof of concept scheme, several studies have been carried 
out to optimize the general features of the system. Spatial resolution, 
maximum distance and wavelength range have been increased. The 
repeatability and general good performance of the system has been 
validated for a maximum of 10 sensors and a 200 km range. However, 



Chapter V. Random distributed-feedback fiber lasers for remote monitoring 
applications. 

170 l 194 
 

more advanced reflectometry techniques and equipment could improve 
the performance of the system. 

 The use of a programmable filter to filter the signal into the cavity instead 
of a tunable FBG has demonstrated to be an advantageous tool, since it 
improves the general features of the system and its versatility.  

Following with Section 5.4, a new sensing application of RDFB-FL is presented 

and demonstrated. It implements a real-time FFT analysis to monitor an 

interferometric sensor located at a distance of 225 km. 

 The proposed scheme demonstrates that not only gratings are suitable for 
long distance sensor networks. In addition, it offers a solution to the main 
problems of interferometric sensors, such as their low multiplexing 
capability and high losses. By combining the RDFB-FL with the commercial 
FBGs interrogator, interferometric sensors can be multiplexed and 
monitored using FFT analysis. 

 Different physical parameters could be measured using other types of 
interferometric sensors, such as MZ interferometers, and Hi-Bi fibers, 
depending on the requirements of the application. 

 The performance of the system could be improved by modifying the 
additional amplifier device in the header of the RDFB-FL. A larger 
amplification bandwidth and a higher gain will allow to increase the 
resolution of the measurements and the distance to the sensor unit. 

The last section considers a double-pumped RDFB-FL as the light source for a 

fiber optic low-coherence interferometry scheme. As far as the author are 

aware, it is the first time that this type of lasers has been used in FOLCI 

schemes. In addition, the ability of the system to achieve coherence 

multiplexing has been proved. This can be attained due to the particular 

properties of RDFB-FL, such as its high power and relatively short coherence 

length. 

 The experimental results provided in this section show the great potential 
of FOLCI schemes in remote sensing applications when using RDFB-FL as 
the light source. 

 The study presented in Chapter IV section 4.3 has served to optimize the 
performance of this light source. This has been exploited for a particular 
sensing application, establishing a new milestone of interrogation 
distance in fiber optic networks. 

 The experiments performed serve as a proof of concept, but the accuracy 
of the measurements could be enhanced by modifying the receiving 
interferometer setup (improve noise isolation or polarization control) and 
improving the accuracy of the mechanical sweep applied to both sensors, 
without crosstalk. 
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 In several of the proposed schemes it is necessary to double the fiber in 
the system to avoid the counter propagating noise. However, a cable of 
two fibers can be used instead of a single-fiber cable so it does not present 
a significant increment in the final costs of the installation.  

As a final conclusion, the experiments developed in this chapter verify the 

great versatility that RDFB-FLs offer for their use in remote monitoring 

applications. As it has been previously stated, there is no ideal solution for all 

remote sensing scenarios. However, the outstanding features of RDFB-FL 

allow their adaptation to a great variety of applications. In fact, RDFB-FL have 

demonstrated their capability to interrogate sensors of different nature (FLM, 

MZ interferometers and FBGs), to implement several multiplexing techniques 

(WDM, TDM and CDM) as well as combinations thereof, all at distances of 

hundreds of kilometers. 

These results have originated the publications in references [34]-[37]. 
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CHAPTER VI  

Summary, conclusions and open research 

lines 
 

 

 

6.1. Summary and conclusions 

Fiber optic sensor technology has experienced tremendous growth since its 

early beginnings in the 1970s, when it was envisioned for sensing physical and 

chemical parameters. Besides, the demonstration of the first fiber laser in 

1961 brought intensive research into fiber laser technology, which has 

radically changed the market situation in the industrial laser sector, optical 

communications and sensing applications. 

In this framework, an original study about novel Rayleigh scattering-based 

fiber optic systems for sensing applications has been presented in this thesis. 

Most of them are based on random distributed-feedback fiber lasers (RDFB-

FL). The schemes of all the configurations are included once again to ease the 

comprehension of the conclusions. 
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Chapter III has been mostly dedicated to presenting a new set of high-

resolution sensing applications based on RDFB-FLs. These original schemes 

aim to solve two of the main challenges faced by high resolution systems 

based on traditional fiber lasers: first, the instabilities caused by mode 

hopping and mode competition and secondly, the limited resolution provided 

by optical devices compared to the electrical ones. 

 

 

 

Figure 6. 1. RDFB-FL-based schematic diagrams proposed for high resolution 
temperature, strain and transversal load measurements, respectively. 

The first study focuses on achieving high resolution temperature 

measurements by narrowing the naturally wide output spectrum of a RDFB-

FL to a linewidth of a few picometers. A phase-shifted fiber Bragg grating has 

been chosen to act as the sensing and filtering element in the RDFB-FL cavity. 

The outstanding frequency and amplitude stability of these lasers together 

with their mode-less behavior avoid the mode-related instabilities inherent 
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to traditional-cavity fiber lasers thus providing enhanced resolution. In 

addition, the distinctive features of the generated emission line, such as a pm-

linewidth and a continuous self-beating electrical spectrum (without peaks), 

allows the application of heterodyne detection techniques. Although the 

detection process could also be performed in the optical domain by tracking 

the wavelength shift of the laser emission line, the maximum resolution of 

the system would be limited by the optical detection devices. For this reason 

and to avoid this limitation, the sensor signal has been detected in the 

electrical domain, achieving a maximum resolution of 0.01°C. 

From this initial proposal, two other schemes for strain and transversal load 

measurement have been developed introducing some variations in the 

original set-up. However, the heterodyne detection technique has been 

implemented in both systems to measure the response of the PS-FBG sensor 

and maximize their performances. A high resolution axial strain sensor system 

with a measured resolution of 0.2 με has been achieved. Among its 

advantages, its ability to self-compensate any temperature variation, 

avoiding crosstalk with the axial strain measurements, is especially 

remarkable. Then, a transversal load sensing system with a 1 g resolution is 

accomplished. Although this scheme shows a great potential when compared 

with previous published works, several improvements in this particular 

experimental set-up could be performed to increase the obtained resolution. 

The next part of the chapter has been dedicated to examine the performance 

of different types of FOS at cryogenic temperatures. In fact, the previously 

developed RDFB-FL-based temperature sensor was tested for this particular 

application. Moreover, the performances of a distributed sensor, several 

interferometric (Sagnac and photonic crystal fiber (PCF) Fabry-Perot-based) 

and FBG-based FOS have been analyzed, comparing their advantages and 

drawbacks. Their most crucial parameters such as size, response time, 

absence or presence of coating, sensitivity and resolution have been taken 

into account in this comparison. A simple experiment has been carried out 

using liquid nitrogen to decrease temperature to -160⁰C. As a general 

conclusion, performing measurements at cryogenic temperatures is a 

complex task for several reasons: 

 The reduced spaces needed to perform the measurements 
might cause large power losses and sometimes damage the 
sensors due to the difficult handling.  

 Pure cryogenic temperatures are difficult to reach and to 
maintain constant for long periods of time. Isolation and 
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temperature gradients in the measuring locations play a 
significant role and affect the accuracy and resolution of the 
measurements.  

 Due to the fast response required, sensors with larger size or 
showing high response time may not be suitable for this 
particular application. Considering these factors, reduced-size 
sensors, such as FBG-based fiber sensors or PCF Fabry-Perot 
interferometers, have proven to be more advantageous.  

Finally, a phase-OTDR system for quasi-distributed vibration measurements 

has been proposed in the last subsection of this chapter. An additional 

theoretical and experimental study has been developed to enhance the 

performance of the system. From the work done on distributed systems, 

several conclusions can be drawn: 

 The obtained results verify that quasi-distributed systems are a 
powerful tool to monitor all types of structures. The proposed 
system was capable of detecting where fiber vibration occurs, as 
well as extracting the vibrational frequency at that particular 
point and along the entire sensing fiber. The use of weak-FBGs 
inscribed along the fiber have allowed to improve the SNR and 
the general precision of the vibration detection system. 
  

 

Figure 6. 2. Phase-OTDR experimental set-up for improved performance 
vibration measurements. 

 In addition, an extensive theoretical analysis of the signals 
involved in the system has allowed to develop a post-processing 
method that reduces the spectral shadowing crosstalk and 
improved the overall performance of the structure. In this 
particular approach, only two pair of gratings were monitored to 
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verify the validity of the proposed technique in a simple manner. 
However, the formalism and suppression technique developed 
can directly be applied to equidistant FBG arrays. In the case of 
interrogating an array of dozens of gratings, the spectral 
shadowing crosstalk accumulated at the end of the fiber may 
degrade the quality of the detected signal and can lead to poor 
fault detection. For this reason, the proposed method would be 
an interesting technique to implement in this type of 
applications. 

 

The second experimental part of this work, which comprises chapter IV and 

V, provides the activity carried out in the field of remote optical sensor 

networks. Two of their major challenges have been covered, such as enhance 

their multiplexing capability and increase the monitoring distance. All the 

presented schemes have in common the use of RDFB-FLs for the remote 

interrogation of the sensor structure. However, two approaches have focused 

on increasing the number of multiplexed sensors while two other have 

focused on extending the monitoring distance. 

Regarding the need to increase the number of sensors that can be 

multiplexed on a single network while ensuring good signal quality, the 

following methods have been provided: 

 A multi-wavelength RDFB-FL for its use in a WDM sensor 
network 

 An Internally-modulated RDFB-FL for hybrid WDM/TDM  
 

 

Figure 6. 3. Schemes using two different Raman gain medium. 
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First, a multi-wavelength fiber laser (MWFL) scheme is presented in Chapter 

IV for its later use in a WDM sensor network. With this objective in mind, a 

previous experimental study has been performed in order to maximize the 

number of emission lines generated in the L-band. Two different fibers have 

been tested as the gain medium of the laser, single-mode fiber (SMF) and 

dispersion compensating fiber (DCF). Although the DCF guaranteed a higher 

output power, the SMF ended being the best candidate in this particular case. 

With the latter, the number of multiplexed sensors can be greater and its low 

losses per km make it more suitable for long haul applications. Among the 

conclusions drawn from these optimization experiments, it should be 

highlighted the importance of making a right choice of the gain-media fiber in 

the RDFB-FL, since it affects notably the shape, wavelength and power of the 

generated spectrum. From the work developed in this section, the following 

aspects should be remarked: 

 A novel software has been developed to control the 
programmable filter which tailors the laser spectrum, providing 
great versatility and improving the overall performance of the 
system. In addition, this method has demonstrated an easy 
integration and control from the header fiber loop. 

 Thanks to this software, the MWFL generated can be employed 
in optical communications applications as well as in multiplexed 
sensor networks. The customized filters satisfy the ITU grid 
specifications, meeting both the separation and width 
requirements of the channels. The system showed a more 
convenient performance for separations greater than 100 GHz 
between lines. Smaller distances enhanced non-linear effects 
and decreased the power stability of the emission lines.  

 The number of emission lines has been increased by applying 
two methods. First, a hybrid amplification scheme which 
combines RDFB and EDFA amplification allowed to enlarge the 
total amplification bandwidth. Then, power equalization of the 
uneven generated emission lines has been carried out thanks to 
the customized software of the programmable filter. 
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Figure 6. 4. Schematic representation for the multi-wavelength RDFB-FL and 
for the remote sensor network. 

The optimized MWFL scheme has been tested to interrogate two remote 

optical fiber networks, and the results obtained have been gathered in 

Chapter V. An experimental validation of this proposal has been performed, 

achieving a switchable and reconfigurable MWFL in real-time based on a 

RDFB-FL, see Figure 6. 4. Two sensor networks have been simultaneously 

monitored at 50 km using a remote powered-by-light fiber optic switch. From 

these experiments, the following conclusions can be drawn: 

 The presented technique allows to interrogate as many sensor 
networks as outputs has the optical switch, which expands the 
multiplexing capacity of the network.  

 In this proof-of-concept approach, two sensor networks have 
been monitored simultaneously: one composed of 11 gratings 
and another composed of 7 interferometric sensors. The 
spectral versatility of the RDFB-FL makes possible the 
interrogation of both networks by implementing WDM. 

 The developed scheme is also power efficient, since it uses the 
excess Raman pump to power the RFOSw. In addition, the 
control signal is generated by the MWFL together with the 
sensor monitoring signal, avoiding the need of an additional 
control device. 
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Figure 6. 5. Experimental setups of the proposed hybrid WDM/TDM sensor 
networks in the a) first approach using a tunable-FBG and b) second improved 
approach applying a programmable filter. 

Secondly, an optical sensor network which implements hybrid WDM/TDM 

has been proposed in subsection 5.3. This approach offers a promising 

solution to improve the generally limited multiplexing capacity of the ultra-

long range remote sensing systems, see Figure 6. 5. A RDFB-FL has been 

internally modulated without frequency restrictions, offering a new range of 

possibilities and allowing to identify the sensors using time-domain 

reflectometry. From an initial proof of concept scheme, several studies have 

been carried out to optimize the general features of the system. Spatial 

resolution, maximum distance and wavelength range have been increased. 

The main conclusions extracted from this work are: 
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 The performed experiments verify that not only WDM can be 
implemented in a RDFB-FL scheme, but also TDM can also be 
applied, exploiting the advantages offered by both multiplexing 
techniques used jointly. 

 The proposed system has demonstrated good repeatability and 
overall performance for a maximum of 10 sensors and a 200 km 
range.  

 The use of a programmable filter to filter the cavity instead of a 
tunable FBG has demonstrated to be an advantageous tool, 
which allows to improve the general performance of the system 
and its versatility.  

Regarding the need to enlarge the monitoring distance of the optical sensor 

network, two experiments have been carried out: 

 A 225-km remote real-time interferometric sensor monitoring 
using a RDFB-FL 

 A 290-km remote displacement sensor monitoring by a double-
pumped second order RDFB-FL scheme. 

 

In subsection 5.4, a new sensing application of RDFB-FL which implements a 

real-time FFT analysis to monitor a 225-km-remote interferometric sensor is 

presented and demonstrated, see Figure 6. 6. The combination of the FFT 

technique and a RDFB-FL has been exploited to monitor the axial strain 

applied to the interferometer, obtaining a good linearity and a sensitivity of 

1.69 πrad/mε. The most relevant conclusions derived from this work are: 

 

Figure 6. 6. Experimental set-up (EDFA: Erbium doped fiber amplifier; PM: 
Polarization maintaining). 
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 It has been demonstrated that not only gratings are suitable for 
long distance sensor networks. In addition, this proposal offers a 
solution to the main problems of interferometric sensors in 
remote sensor networks: their low multiplexing capability and 
high losses. In fact, several interferometric sensors could be 
multiplexed and remotely monitored using FFT analysis by 
combining the RDFB-FL with the commercial FBGs interrogator. 

 An extensive variety of physical parameters could be measured 
using other types of interferometric sensors, such as MZ 
interferometers, and Hi-Bi fibers, depending on the 
requirements of the application. 

 The performance of the system could be further improved by 
modifying the additional amplifier device in the header of the 
RDFB-FL. A larger amplification bandwidth and a higher gain will 
allow to increase the resolution of the measurements and the 
distance to the sensor unit. 

 

 

Figure 6. 7. Scheme with two pump lasers analyzed. 

Finally and similar to the MWFL case, an experimental optimization study of 

a double-pumped RDFB-FL structure for long-haul applications has been 

performed in Chapter IV. This optimized structure (Figure 6. 7) implements 

two pump lasers connected in series and takes advantage of second-order 

laser generation. The order of the pump lasers, their separation distance as 

well as the pump powers injected were adjusted to maximize the output 

power of the system. As general conclusions from the developed 

experiments: 

 A distance of tens of kilometers between pump lasers should be 
applied. First Stokes laser generation must be achieved in the 
fiber section that separates both pump lasers. In this manner, 
the generated signal (first stokes) will be reinforced by the 
following pump laser to achieve second-order laser generation. 

 Theoretical and simulation studies may be useful for the 
optimization process. 
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The last section of Chapter V considers the aforementioned double-pumped 

scheme as the light source for a fiber optic low-coherence interferometry 

(FOLCI) scheme, see Figure 6. 8. The remote interrogation of an 

interferometric sensor has been achieved 290 km away from the header. This 

is, as far as we are aware, the longest distance for a remote fiber optic sensing 

system. In addition, its ability to achieve coherence division multiplexing has 

been proved. The particular properties of RDFB-FL, such as their high power 

and relatively short coherence length, make them suitable for CDM and long-

haul remote applications. As conclusions, we can emphasize that: 

 

Figure 6. 8. Schematic set-up to monitor a 290-km remote optical sensor 
network implementing CDM and double-pump second-order amplification 
RDFB-FL. 

 The obtained results showed the great potential of FOLCI 
schemes in remote sensing applications when using RDFB-FL as 
the light source.  

 Although this approach can be considered as a proof-of-concept, 
the accuracy of the measurements could be enhanced by 
modifying the receiving interferometer setup (improve noise 
isolation or polarization control) and improving the accuracy of 
the mechanical sweep applied to both sensors, without 
crosstalk. 
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 This last system represents the longest range sensor system 
reported so far that includes fiber sensor multiplexing capability. 

 

As a final conclusion, the experiments developed in this chapter verify the 

great versatility that RDFB-FLs offer for their use in remote monitoring 

applications. As it has been previously stated, there is no ideal solution for all 

remote sensing scenarios. In fact, in several of the proposed schemes it is 

necessary to double the fiber in the system to avoid the counter propagating 

noise. However, a cable of two fibers can be used instead of a single-fiber 

cable so it does not present a significant increment in the final costs of the 

installation. Nevertheless, the outstanding features of RDFB-FL allow their 

adaptation to a great variety of applications. Actually, RDFB-FL have 

demonstrated their capability to interrogate sensors of different nature (FLM, 

MZ interferometers and FBGs), to implement several multiplexing techniques 

(WDM, TDM and CM) as well as combinations thereof, all at distances of 

hundreds of kilometers. 
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6.2. Open research lines 

Once the conclusions are exposed, the research lines that this works has not 

covered will be summarized, along with other details that should be 

considered in future work. 

Being consistent with the scheme followed throughout the work, the 

proposed future research directions can be classified into two groups: 

 The related with high-resolution sensor systems 
 

The first idea would be to implement other techniques that provide higher 

sensitivity and resolution measurements. RDFB-FL-based sensing systems 

have demonstrated advantageous features for this purpose although there 

are room for improvement. 

In relation to this fact, two main ideas can be applied to enhance the system 

performance. The first one would imply a further narrowing of the emission 

line-width, so the accuracy of the system could be improved. The other may 

involve the application of techniques to increase the sensitivity of the sensing 

element, such as improved-sensitivity FBGs (coated or bonded FBGs). These 

techniques would also enhance the performance of these sensors at 

cryogenic temperatures and enlarge the range of applications. 

 The associated with challenges of optical sensor networks 
 

In this thesis two of the challenges faced by optical sensor networks have 

been addressed. Reaching longer distances could be further investigated as 

well as increasing the number of sensor multiplexed in a network efficiently. 

Several schemes have been proposed to solve both demands. Regarding the 

multiplexing task, the proposal using FFT analysis may be a favorable solution 

to multiplex interferometric-type sensors. Its performance could be 

enhanced if the double-pump laser scheme (Figure 6. 7) were used as the light 

source. In this manner, the interrogation distance could be increased, making 

it possible to monitor several interferometric sensors at distances of 

hundreds of kilometers. Besides, a theoretical study simulating double-pump 

RDFB-FL would be highly valuable and could significantly expand the 

monitoring distance above 300 km. 
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Other future line may involve the internal modulation of the double-pump 

second-order amplification scheme. The use of a RDFB-FL in a time domain 

reflectometer-based scheme, see Figure 6. 5, has showed promising results 

enhancing the multiplexing capability of the sensor network and several 

approaches should be explored regarding this structure. In addition, more 

advanced reflectometry techniques and equipment could straightforwardly 

improve the performance of the system. 
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