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Introduction

Abstract

Fiber optic technology has been subject of an intense evolution during last decades due to their
high capacities in communication applications. Taking advantage of this scientific and tech-
nical development, fiber optic sensors have emerged as a flexible solution to overcome some of
the main limitations of conventional sensors. E.g., fiber optic is chemically inert and electro-
magnetically passive; accordingly, fiber optic sensors can operate in explosive environments
such as fuel tanks or under high electric fields. Other important properties of fiber optic sensors
include compactness, small size, light weight and low intensity noise among others. These
properties have been exploited in multiple applications, being particularly successful the sens-
ing solutions based on fiber Bragg gratings and interferometric fiber optic gyroscopes.

Numerous sensing approaches based on fiber optic sensors have been presented up to date,
using different transducer mechanisms, interrogation or multiplexing techniques, etc. However,
there are still some aspects to be improved. Possibly the most important drawback of fiber sen-
sors is the relatively high cost compared with other well stablished technologies. Taking this
into consideration, multiplexing techniques are especially important due to their inherent cost
reduction per sensing element. Several multiplexing techniques can be employed depending on
the type of sensor and the requirements of the application. For example, fiber Bragg gratings
are particularly well suited for wavelength division multiplexing, while interferometric sensors
usually require more complex approaches. In addition to reducing the cost, other factors of
fiber optic sensors should be improved as well, such as signal-to-noise ratio, resolution, stabil-
ity and remote long-distance operation among others.

In this framework, this thesis intends to contribute to the development of new optical fiber sen-
sor networks, particularly focusing on the multiplexing capability. In accordance, interferomet-
ric and fiber Bragg grating sensors have been multiplexed in a variety of fiber optics networks.
These networks comprise multiple approaches that can be divided in two main groups: passive
networks for interferometric sensor multiplexing and active networks based on fiber lasers.
Besides multiplexing capability, multiple factors are also investigated in the different contribu-
tions, such as single-longitudinal mode operation, remote interrogation or high-resolution
measurements. Additionally, the properties of random distributed feedback fiber lasers have
been analyzed for sensing applications.

The work performed during this thesis has been developed in the Optical Communication group
at theUniversidad Publica de Navarra (UPNA) under the doctorate progtammunication
Technology for the degree of Doctor of Philosophy (Ph.D.) in Telecommunication Engineer-
ing. It should be mentioned that this work has been partially developed during a research stay
performed at City London University under the guidance of Prof. Dr. Tong Sun.
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Resumen

El campo de la fibra dptica ha sufrido una rapida evolucién durante las Gltimas décadas debido

a sus buenas prestaciones en aplicaciones de telecomunicaciones. Aprovechando este avance
cientifico y técnico en componentes fotonicos, los sensores de fibra Gptica han emergido como
una solucién flexible para solventar algunas de las principales limitaciones sufridas por los
sensores convencionales. Por ejemplo, la fibra Optica es quimicamente inerte y electromagnéti-
camente pasiva. Por lo tanto, puede trabajar en entornos explosivos como depdsitos de combus-
tible, o con campos eléctricos intensos. Otra cualidad importante de los sensores de fibra optica
€s que son compactos, pequefos, ligeros e inducen un bajo ruido de intensidad. Estas propieda-
des se han aprovechado en diferentes aplicaciones, siendo particularmente exitosos los girdsco-
pos de fibra Optica y las soluciones basadas en redes de difraccion de Bragg.

Se han presentado hasta la fecha numerosos planteamientos para interrogar sensores de fibra
Optica, utilizando diferentes mecanismos de transduccion, técnicas de multiplexacion o interro-
gacion, etc. Sin embargo, todavia quedan algunos aspectos que mejorar. Posiblemente, el ma-
yor inconveniente de los sensores de fibra, comparados con otras tecnologias asentadas, sea su
coste relativamente alto. Teniendo esto en cuenta, las técnicas de multiplexacion de sensores
son especialmente importantes debido a que supone la reduccidn del coste por cada sensor. Se
pueden utilizar diferentes técnicas de multiplexacion dependiendo del tipo de sensor y de los
requisitos de la aplicacion. Por ejemplo, las redes de difraccion de Bragg son especialmente
adecuadas para utilizarse en multiplexacién por longitud de onda, mientras que los sensores
interferométricos normalmente requieren soluciones mas complejas. Ademas de reducir el cos-
te, hay otros factores de los sensores de fibra Optica que pueden mejorarse, como la relacién
sefal-ruido, la resolucién, la estabilidad y la interrogacién remota a largas distancias entre
otros.

En este contexto, esta tesis pretende contribuir al desarrollo de nuevas redes de sensores, ha-
ciendo especial hincapié en nuevas técnicas y topologias de multiplexacion. De esta manera, se
han multiplexado sensores interferométricos y redes de difraccion Bragg siguiendo nuevos
esquemas. Estas redes incluyen diferentes planteamientos, que pueden dividirse en dos grandes
grupos: redes pasivas con multiplexacion de sensores interferométricos y redes activas basadas
en laseres de fibra. Ademas de las técnicas de multiplexacion, también se han explorado otras
alternativas, como la operacion mono-frecuencia, la interrogacion remota a largas distancias o
la realizacion de medidas de alta resolucion. Asimismo, se han analizado las capacidades de los
laseres de fibra con reflectores distribuidarsdompara interrogacién de sensores.

El trabajo realizado durante esta tesis se ha desarrollado en el Grupo de Comunicaciones Opti-
cas de la Universidad Publica de Navarra (UPNA), dentro del programa de doctorado de Tec-
nologia de las Comunicaciones para la obtencién del titulo de doctor en Ingenieria de Teleco-
municacion. Parte de este trabajo ha sido desarrollado durante una estancia de investigacion en
la City London Universitpajo la tutela de la Catedratico Dr. Tong Sun.
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Introduction

Thesis structure and personal contributions

The manuscript starts with this brietroduction where a general overview of the research line
is presented. In addition, the detailed contribution of the author to each work is shown. Follow-
ing, the main body of the manuscript is divided in four chapters.

Chapter 1 summarizes the main principles and technologies used in the research work. Initially,
the main types of fiber optic sensors are described, followed by the most important multiplex-
ing techniques. A brief explanation of the main amplification types is also included due to their
importance in the design of fiber lasers. Finally, it is incorporated the principle of operation and
main types of fiber lasers.

In Chapter 2, a study about the multiplexing capabilities and adaptation to all-polarization
maintaining of high-birefringence fiber loop mirror interferometers (HiBi FLM) is carried out.
Initially, an introduction to the operating principle and interrogation techniques of fiber loop
mirrors is included, followed by three original contributions:

 PAPER A: In this work two multiplexing structures based on HiBi FLM are validated
as sensor networks by means of a fast Fourier transform interrogation technique. This
author supervised the experiment, analyzed the experimental data and wrote the article.

 PAPER B: All polarization-maintaining versions of simple and two-section HiBi FLM
structures are demonstrated theoretically and experimentally for high-resolution meas-
urements. This author conceived the idea, performed the experiment, the simulations,
analyzed the results and wrote the article.

* PAPER C: Multi-section HiBi FLM structures are validated as sensor networks without
crosstalk, theoretically and experimentally. This author conceived the idea, performed
the experiment, the simulations, analyzed the results and wrote the article.

Chapter 3presents multiple schemes for exploiting the properties of fiber lasers in fiber optic
sensing applications, mainly focusing on single-longitudinal mode and remote ultra-long opera-
tion. Firstly, a brief analysis of the use of fiber lasers in sensing applications is performed. Af-
terward, four original contributions are included:

* PAPER D: An erbium-doped fiber laser is designed to multiplex the temperature and
strain information in the amplitude and wavelength of a single emission line. This au-
thor conceived the idea, performed the experiment, analyzed the results and wrote the
article.

« PAPER E: A multi-wavelength single-longitudinal mode erbium-doped fiber laser is
validated in L-band for sensing purposes showing improved stability. This author su-
pervised the experiment and collaborated in the analysis of the results and the writing
of the article.

 PAPER F: The versatility of DWDMs in the design of fiber lasers is shown by validat-
ing two fiber laser schemes: a multi-wavelength single-longitudinal mode erbium-
doped fiber laser and a Raman multi-wavelength fiber laser for remote sensor monitor-
ing (100 km). This author conceived the idea, supervised the experiment, analyzed the
results and wrote the article.



PAPER G: A fiber laser for remote sensor monitoring (155 km) based on Raman, Bril-
louin and erbium-doped fiber amplification is demonstrated as multiplexing scheme.
This author performed the experiment, analyzed the results and collaborated writing the
article.

In Chapter 4 the particular properties of random distributed feedback fiber laser with respect to
conventional fiber lasers are analyzed and exploited for sensing applications. The principle of
operation of random fiber lasers and main properties are described in the first section, followed
by three original contributions:

PAPER H: In this work, a narrow-linewidth random fiber laser is presented, improving
the linewidth of the narrowest random laser reported in almost ten times. This author
conceived the idea, performed the experiment, analyzed the results and wrote the arti-
cle.

PAPER I: Based on the previous contribution, a narrow-linewidth random fiber laser is
validated as high-resolution temperature and strain sensor. This author conceived the
idea, supervised the experiment, analyzed the results and wrote the article.

PAPER J: In this work, hybrid TDM/WDM sensor multiplexing in a 200 km-long sen-
sor network is achieved, relying on optical time domain reflectometry in a lasing cavi-
ty. This scheme presents superior multiplexing flexibility than other long-range meas-
urement systems in terms of position, wavelength and type of sensors multiplexed. This
author conceived the idea, performed the experiment, analyzed the results and wrote
the article.

Finally, the manuscript concludes with the ma@mclusions and future research linebere a

brief summary of the research is reported. An appendix is included at the end of the document
where all theauthor contributionsare listed. Besides the main articles [PAPER A]-[PAPER J]
mentioned in the thesis, additional journal articles [JOUR 11]-[JOUR 12] and conference con-
tributions [CONF 1]-[CONF 15] are also referenced.

up v



up

List of figures

Fig. 1.1. Refractive index profile of a fiber Bragg grating.........cccccoeeeeeeeiiiieiieeeeee, 3
Fig. 1.2. Basic operating principle of a fiber Bragg grating..............cceeeeveeeiiiiiiiiiiiiieiiieiiieieeneeennnes 3
Fig. 1.3. (a) Refractive index profile of a phase-shifted fiber Bragg grating and its (b)

transmitted and (c) reflected optical SPECIIUM. .........uuiiiiiiii e 5
Fig. 1.4. (a) Transmitted and (b) reflected spectrum of a long-period grating..............ccccccvvvvennee 6
Fig. 1.5. Schematic of an (a) extrinsic and (b) intrinsic Fabry-Pérot interferometer. ................... 7
Fig. 1.6. Simulated spectral response of a Fabry-Pérot interferometer with finesse 100 (black)

=10 o 0 I (1= ) R 7
Fig. 1.7. Basic scheme of an all-fiber Mach-Zehnder interferometer. ..............oevvvviiveiiivivieniinnnnnn. 8
Fig. 1.8. Schematic of an all-fiber Michelson interferometer. ...............cc 9
Fig. 1.9. Schematic setup Of @ NG rESONALON. ...........ceviiiieiiiieiiieiiieeiiierieerr e a—————— 9
Fig. 1.10. Simulated spectral response of a ring resonator at (a) output 1 and (b) output 2 of

o Tt SRR 10
Fig. 1.11. Basic setup of a Sagnac interferOmeter..........coooeeeeeiiiiii e, 10
Fig. 1.12. Principle of operation of (a) index-guided and (b) bandgap-guided microstructured

(o] o1 Tor= 1IN 11 o 1] PSPPI 12
Fig. 1.13. Cross section of a high-birefringence microstructured optical fiber [53].................... 13
Fig. 1.14. Schematic of a WDM sensor network using FBGs in a serial topology..................... 15
Fig. 1.15. Schematic of a WDM sensor network for interrogating intensity sensors in a

PArAIIE] TOPOIOGY. ...ttt a e e 15
Fig. 1.16. Modulation format of time-division MultipleXing. .........ccccoooiieiiiiriiin e, 16
Fig. 1.17. Schematic of a basic OTDR SYStEM............ccooiiiiiiiiiiieeee e 16
Fig. 1.18. Descriptive example of an OTDR traCe. ........oovveiiiiiiiiiiiiiiiiiiiieeeiieiiieeeeeeeeeeeeeeeeaeeeeees 17
Fig. 1.19. (a) Basic TDM topology used to interrogate optical sensors using OTDR and (b)

example Of the EXPECIEA IFACE. ........uuueiiiiii e aa e 18
Fig. 1.20. Simulated optical spectra of (a) two interferometric sensarsgds; and (b) their

(oT0) 00 oYL= LE 0] TS YT 19
Fig. 1.21. Obtained FFT (a) amplitude and (b) phase spectra of the optical spectrum given by

the COMDBINALION OF SANG S. .ovviiiieiie ettt et e et e et e e et e e e ae e e e e eeaereraass 20
Fig. 1.22. Schematic of a SDM fiber optic sensors network............cccccc 20
Fig. 1.23. Representation of the stimulated emiSSION PrOCESS. ........uuuuuuuummmiiaiiaeeaeee e 22
Fig. 1.24. Energy diagram of the radiative emission TiBNS. ...........cccvovevvieovieereeen e 23
Fig. 1.25. Simplified diagram of the gain spectrum of an EDFA. ..o 23
Fig. 1.26. Basic EDFA schemes for (a) co-propagating and (b) counter-propagating

AMPITICALION. ...iii i 24
Fig. 1.27. Schematic of the stimulated Raman scattering proCess. .........cccoeeuvvivrreeeeeeninsiinnenee. 24
Fig. 1.28. Diagram of the Raman gain spectrum related to the frequency shift between the

pump and the StoKesS SIgNal. .........ooiiiiiii e 25
Fig. 1.29. Basic schematic of a linear fiber [aSer. ... 28
Fig. 1.30. (a) Ideal slope efficiency of a fiber laser. (b) Ideal slope efficiencies for different

reflectance values at the output refleCtor. ............oeiiiiiiiiiii e 29
Fig. 1.31. Schematic of a simple linear cavity-based fiber [aser. ...........cccvvvvviviiiiiiiiiiiiiiiiiiiiinnn, 34
Fig. 1.32. Fiber lasers based on linear cavities using different reflectors: (a) FBGs (b) HiBi

FLM + FLM (c) circulator connected as @ MIrrOr. .........oouveviiieiiieeeieeiieieeeieeeeeeieeeeeeeeeeeneeeneees 35

Vi



up

Fig. 1.33. Basic schemes of ring fiber lasers using (a) an isolator and (b) an optical circulator

to ensure the unidirectional OPEratiON. ...........uviiiiiiiii e 36
Fig. 1.34. Basic scheme of a random distributed feedback fiber laser. ..........cccccoveeiiieeiiieniennnn. 36
Fig. 1.35. (a) Typical attenuation profile of a standard single mode fiber. (b) Schematic of an

OTDR 8. ...ttt ettt et e e e et e et e e e e e e e e et bba e e e aaeeeesbban e e eeaaeennnns 37
Fig. 1.36. (a) Cavity transmission response and (b) output spectrum of a multimode fiber

= LS T 38
Fig. 1.37. (a) Cavity transmission response and (b) output spectrum of a single-longitudinal

MOAE FIDEI TASET. ...t e e e e e e e e e e r e s 39

Fig. 1.38. Longitudinal mode distribution in a linear cavity for equal mirrors of reflectivit9 R
Fig. 1.39. (a) Spectral longitudinal-mode distribution and (b) modefaission of an open-

CAVILY RDFFL. ..ttt ettt e e e e e e ettt e e e e e e e e e s s ssb e e e e eeeeeeeeaannnnnneeeeaens 41
Fig. 2.1. (a) Schematic of a Sagnac interferometer and (b) its fiber optic version..................... 54
Fig. 2.2. (a) Schematic illustration of a fiber loop mirror. (b) Relationship between coupling

factor and transmitted/reflected power in a simple FLM.........ccooviiiiiiiiiiicce 54
Fig. 2.3. (a) Schematic illustration of a HiBi fiber loop mirror. (b) Transfer functions

(transmitted/reflected power) in a simple HiBi FLM. .............ooviiiiiiiiiiiiiiiiiiiiiiiienannns 55
Fig. 2.4. (a) Simulated optical spectra of a HiBi FLM under temperature variations and the

o= gToTo I 7= 14 = 1] o 58
Fig. 2.5. Wavelength shift of the valley located at 1551 nm under temperature variations. ...... 59
Fig. 2.6. (a) Schematic depiction of the amplitude-based interrogation technique and (b) the

results obtained for a fixed wavelength (1542.5 nM). ..., 59
Fig. 2.7. (a) Simulated transfer functions of two HiBi FLMs with different fiber lengths and

(D) ItS COMDBINALION. L.uutiiiiiiiiiiiee e r e e e e e e e e e e e e e e e e aaaaaaaaaaaaaaaas 60

Fig. 2.8. (a) FFT amplitude and (b) phase spectra of the combination of two HiBi FLMs........ 60
Fig. 2.9. (a) Simulated optical spectra of the combination of two HiBi FLMs wherg LM

subject to temperature variations while FLMmains unchanged and (b) its FFT

amplitude and (c) phase. (d) FFT phase at the spatial frequencies 0.1125 and 0:3125 nm

under temperature variations applied to FLM..........ccoooiiiiiiii 61
Fig. 3.1. Basic scheme of a linear fiber laser for FBG multiplexing and (b) its characteristic

(o] o1 o= 1 IRS] o L= £ 0 o o 79
Fig. 3.2. Basic scheme of a ring fiber laser for FBG multiplexing. ..........cccccceeveiiiiiiieeiiienieennnn, 79

Fig. 3.3. Scheme of a linear fiber laser for FBG multiplexing using a tunable filter to select
the emission line and (b) characteristic optical spectrum when the tunable filter is set in

TP PO PP UPPPPP 80
Fig. 3.4. Basic scheme of a linear fiber laser for FBG multiplexing using mode locked [7]. .... 80
Fig. 4.1. lllustration of the Rayleigh scattering in an optical fiber............................. 103
Fig. 4.2. Basic scheme of a random distributed feedback fiber laser. ............cccceeeeeiin. 104
Fig. 4.3. Power distribution along the cavity in @ RDFL........ccccoooiiiiiiiiiiii e, 104

Fig. 4.4. RDFL configurations: (a) forward-pumped, (b) forward-pumped equivalent single-
arm version, (c) backward-pumped, (d) backward-pumped equivalent single-arm version
and (e) simple SINGIE-arM VEISION. ........uuvuieiiiiiiiiiiiiirieie s 105
Fig. 4.5. (a) Schematic of a linear-cavity fiber laser. (b) Spectral response of a linear cavity
and (b) Multi-longitudinal mode emission of a linear-cavity fiber laser. .......................... 106
Fig. 4.6. (a) Schematic of an open-cavity fiber laser (RDFL). (b) Spectral longitudinal-mode
distribution of an open-cavity and (c) Modelessission of an open-cavity RDFL......... 107

Vil



up

List of acronyms

ASE
BOTDA
CDM
cw
DCF
DFB
DMUX/MUX
DWDM
EDF
EDFA
EDFL
FBG
FDM
FFT
FLM
FOG
FPI
FRR
FSR
FWHM
FWM
HiBi
LPG
MI
MOF
MZI
OADM
OCDR
OFDR
OSNR

Amplified spontaneous emission
Brillouin optical time-domain analysis
Coherence-division multiplexing
Continuous wave

Dispersion compensation fiber
Distributed feedback
Wavelength-division demultiplexer/multiplexer
Dense wavelength division multiplexing
Erbium-doped fiber

Erbium-doped fiber amplifiers
Erbium-doped fiber lasers

Fiber Bragg grating

Frequency division multiplexing

Fast Fourier transform

Fiber loop mirror

Fiber optic gyroscope

Fabry-Pérot interferometer

Fiber optic ring resonators

Free spectral range

Full width at half maximum

Four Wave Mixing

High-birefringence

Long period grating

Michelson interferometer
Microstructured optical fiber
Mach-Zehnder interferometer

Optical add and drops multiplexers
Optical coherence domain reflectometry
Optical frequency-domain reflectometry

Optical signal-to-noise ratio



up

OTDR
PC
PCF
PM
PS-FBG
RDFL
RFL
RS
SBS
SDM
SFDM
SLM
SLM
SMF
SNR
SOA
SRS
TDM
TOF
WDM

Optical time-domain reflectometry
Polarization controller

Photonic crystal fiber

Polarization maintaining

Phase-shifter fiber Bragg grating
Random distributed feedback fiber lasers
Raman fiber lasers

Rayleigh scattering

Stimulated Brillouin scattering

Spatial division multiplexing
Spatial-frequency division multiplexing
Single-longitudinal mode
Single-longitudinal mode

Single-mode fiber

Signal-to-noise ratio

Semiconductor optical amplifiers
Stimulated Raman scattering
Time-division multiplexing

Time of flight

Wavelength-division multiplexing



up

L RS 00) 0 10010 1) 0 L 0 . I

0010 0T L0 Ut 0 ) 4 11
LiSt Of fUIES....coiismsmsmsssssmsmsssssnssssssssssssssss s sssssssssssssssssssnsssssassssssssassnsssssassssnans VII
LiSt Of QCTONYIMS . ...cciimimressssmsmssssssnsssssssssssssssssssssssssssssssssssssssssasssssssssssssssasassssssssassnsssasasssssnnss IX

Chapter 1. Overview of the technologies employed

I T =T ) o (o= =T o £ R 1
O |V = V1 I 0] o L1 1SS 1
2 T o =T gl =] = o o o[- L 4] o 1P SEEEURRRR 3
1.1.3 Interferometric fiDer OPtIC SENSOIS ... ...uuiiiiiiiiiieeee e 6
1.1.4 Microstructured and photonic crystal fiIDer SENSOIS.........oiiiiiiiiiiii e 11

1.2 Fiber optic SENSOr MUILIPIEXING. .. ..uueriieiiiiieiiii e aaeeas 13
1.2.1 Wavelength-division MUtiPIEXING ........ccooiiiiiiiie e e e e e 14
1.2.2 Time-diviSiOn MUIIPIEXING ....coei i e e e e e e e e e e aaeeeaaaseesassannnnes 16
1.2.3 Frequency-diviSion MUILIPIEXING ......cooiiiiiiii et 18
1.2.4 Spatial-frequency divisSion MUItIPIEXING ........coooiiiiiiiiiiee e 19
1.2.5 Coherence-diviSion MUIIPIEXING .....coeiiiiiiiiiiiiiie e e e 20
1.2.6 Spatial-diviSion MUIIPIEXING ...t e e e e e e e e e e e e e e e e e e e e aanneeees 20
1.2.7 Comparison Of tECHNIQUES .......coiiii et e e e e e e e e e e e e e e e e e e e e s 21

1.3 Optical @mpPlifiCALION ........ooiiiiiiiiiiiiiiii s 21
1.3.1 Erbium doped fiber amplifiers ... 22
1.3.2 Stimulated Raman scattering amplifiCation...........ccccuuuuiiiiiiii e 24
1.3.3 Stimulated Brillouin scattering amplification ... 26

L4 FIDEI IBSEIS ...ttt ettt 27
A = 7= Tod (o [ o 11 o [P PRPPRR 27
1.4.2 Principle of operation and main features...........ooooiiiiiiiiii e 28
1.4.3 Fiber laser types: Considering amplification..............oooiiiiiiiiiiii 30
1.4.4 Fiber laser types: CONSIAEIING CAVILY .......uuuereiiiiiiiiiiieaaaa et e e e e e e e e e e e e e e e e e e aaaannns 34
1.4.5 Fiber laser types: Considering longitudinal mode operation.............cccoooeeiiiiiiiiciiiiiiiiiiiieeeee, 38
1.4.6 Fiber laser types: Considering number of emission iNes..............cco v, 42

1.5 REIEIENCES ...ttt e et et e e e e e et e e e e e e e e s 44

Chapter 2. High-Birefringence fiber sensor multiplexing
in fiber loop mirror structures

2.1. Introduction to high-birefringence fiber [00p MIrrors...............uveviiiiiiiiiiiiiiiieanes 53
N I T = 7= T (o {011 o [T PP RRPPP 53
2.1.2. PrinCiple Of OP@IatiON ... ...ttt ettt e e e e e e e e e e e s e eeeees 55
2.1.3. HiBi Fiber loop mirrors for sensing appliCations ............cooceciiiiiiiiiiieieeer e 57

2.2. [PAPER A] Real-Time FFT analysis for interferometric sensors multiplexing ................. 63

2.3. [PAPER B] High resolution polarization-independent high-birefringence fiber loop

1T (0] =] 1 o 67

2.4. [PAPER C] Monitoring Multiple HiBi Sensing Fibers in a Single Fiber Loop Mirror ...... 71

P T o= (=T =] [T PP PP PPUPPR TP 75

XI



up

Chapter 3. Sensor schemes based on fiber lasers

3.1. Fiber lasers in sensing appliCatiONS ...........ooviiiiiiiiiiiiiiiiiiieiiiieiiiet e eeeeeeeeeannnnnes 77
3.1.1. Fiber lasers for fiber Bragg gratings interrogation ............coooi oot 79
3.1.2. Fiber lasers for interferometers/resonators interrogation ..........ccccuvvvviiieeirerieeeeeeee e s e 81
3.1.3. Fiber lasers for remote sensing appliCatioNS .........ccooveiiiiiiicciciie e e 81

3.2. [PAPER D] Simultaneous measurement of strain and temperature using a single

(=] 1T o] o T {1 = PP PR PPPRPP 83

3.3. [PAPER E] L-band multi-wavelength single-longitudinal mode fiber laser for sensing

=T ] ][ o3= 11 [0 1= 87
3.4. [PAPER F] Experimental study of the SLM behavior and remote sensing applications

of a multi-wavelength fiber laser topology based on DWDMS............cccccviiiiveieiiiiiiiiinee 91
3.5. [PAPER G] Remote (155 km) fiber Bragg grating interrogation technique combining

Raman, Brillouin, and erbium gain in afiberlaser...................ccccccc 95
3.8, RO B ENCES ... 99

Chapter 4. Investigation on random distributed feedback
lasers for sensing applications

4.1. Introduction to random distributed feedback fiber lasers.........ccvvviviiiiiiiii e 101
g O R = - Vo] (o | {0 U T [P PUPRRURRPR 101
4.1.2. PrinCIPle Of OPEIAtION.....cciii ittt e e e e e e e et e e e e e e e aaaaaaaaaeaaaas 102
I T I 1T g o] (0] o 1T [ USSR 106
4.1.4. Random distributed feedback fiber laser in sensing applications ............ccccccoeeveviiiiicccinnnnns 108

4.2. [PAPER H] Narrow-linewidth multi-wavelength random distributed feedback laser..... 109

4.3. [PAPER I] High-resolution sensor system using a random distributed feedback fiber

= LS 113

4.4. [PAPER J] Random DFB fiber laser for remote (200 km) sensor monitoring using

YDA WDM/ITDM ittt e e e e e e e e e e e e es 117

T B = (=] 1= ol =S 121

Conclusion and future research lines........cco————— 123

Appendix I: Author’s contributions .....cccrversssmsssmssesssenmsmssmssasn—.. 129

Kl



up

Chapter 1

Overview of the technologies employed

In this chapter, an overview of the basic technologies employed during the Ph.D. work is pre-
sented. Initially, the main properties and types of fiber optic sensors are described, followed by
a brief introduction to sensor multiplexing. Next, the amplification processes employed in the
lasers designed in this work are explained. Finally, a description of the operating principle,
main properties and classification of fiber lasers is included.

1.1 Fiber optic sensors

1.1.1 Main properties

A fiber optic sensor can be defined as an optical fiber element that translates external changes
of a measurand (physical, chemical, biological, etc.) into a modulation of one or several param-
eters of the light. Those changes are finally received at a detector which measures the varia-
tions. In this manner, a sensing system comprises four main elements:

» Light source Typically laser or broad-band light sources are used to inject the light re-
quired for the sensor interrogation.

* Optical communication channdDifferent fiber types and ranges can be used depend-
ing on the sensing approach. In some applications such as distributed sensing, the opti-
cal fiber can serve as both the channel and the transducer. In others, the optical fiber is
just a communication channel, which can range from a few meters to hundreds of kil-
ometers [1].

» Optical transducerThe fiber optic-based sensor itself. There are many types of sen-
sors depending on the magnitude to be measured, the transduction nature, the modula-
tion generated and the spatial distribution as presented in Table 1.1 [2].

» Detector It is responsible of detecting the changes induced by the transducer in the in-
put light. Again this time, the complexity greatly varies depending on the sensing solu-
tion/system.

The interest in fiber optic sensors relies on the fact that they overcome some of the main draw-
backs of conventional sensors [3]. In addition, they open new possibilities in sensor monitoring
including distributed temperature or strain sensing along tens of kilometers, which would be
unaffordable using conventional techniques. Some of the key advantages of fiber optic sensors
can be summarized as [4]:
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» Electromagnetically passivé\s a consequence they can be used in applications under
high magnetic fields, radiation, or in explosive environments such as fuel tanks.

* Chemically and biologically inerfThat implies that fiber optic sensors are immune to
most chemical agents allowing them to work in harsh and corrosive environments. In
addition, the biocompatibility and small size make fiber optic sensor suitable for bio-
medical applications.

» Small sizeDue to the size and weight of optical fibers, small and light sensors can be
designed, simplifying their integration in many applications.

» High performanceThe sensitivity, resolution and dynamic range that fiber optic sen-
sors can reach are potentially greater than the achieved by conventional sensors.

* Remote monitoring: Fiber optic sensors can be interrogated hundreds of kilometers
away without external power supply due to the low loss of optical fiber. This is of spe-
cial interest for sensors located at isolated or hostile places.

* Multiplexing capability Depending on the sensor type, tens, hundreds or even thou-
sands of sensors can be multiplexed in a single network, considerably reducing the cost
of the system.

Nonetheless, fiber optic sensors also present some disadvantages that have to be taken into
account. The main one is that even the cost is decreasing; it is generally higher than in other
conventional technologies. In some other cases, optical sensors suffer from cross-sensitivity
between measurands. This is evident for example in fiber Bragg gratings or distributed Bril-
louin-based sensing, which are affected by both temperature and strain. As a consequence, if
strain monitoring is required, two sensors have to be used to discriminate temperature from
strain changes. Taking all this into consideration, optical fiber sensors have found place in
some market niches such as medicine, large composite and concrete structures, the electrical
power industry, defense, aerospace, offshore, chemical sensing, gas and oil industry [5]. How-
ever, even presenting a higher performance, fiber optic sensors still have to compete against
well-developed technologies in other fields [6].

In the next subsections, the most significant fiber optic sensors employed in this Ph.D. work are
briefly described: fiber Bragg gratings, interferometric sensors and sensors based on micro-
structured and photonic crystal fiber.

FIBER OPTIC SENSORS

M easurand Transduction nature  Induced modulation  Spatial distribution

Electromagnetic Intrinsic Intensity Point
Mechanical Extrinsic Phase Distributed
Thermal Wavelength Quasi-distributed
Radiation Polarization
Chemical

Flow, turbulence

Biomedical

Table 1.1. Classification of fiber optic sensors.



up

Overview of the technologies employed

1.1.2 Fiber Bragg gratings

A fiber Bragg grating (FBG) is an optical device that presents a periodic variation of the refrac-
tive index along the fiber length (see Fig. 1.1). Depending on the nature of the FBG, they can
behave as an optical filter in reflection, transmission or both. They have also been validated as
fiber optic sensors for several parameters including as axial strain, temperature, vibrations,
pressure, dynamic electric or magnetic fields and some chemical agents among others.

The principle of operation of a FBG is based on the Fresnel reflection, by which light traveling
between two media is partially reflected. The central wavelength reflected in a FBG is defined
by two times the effective refractive index of the cayigand the pitch\ (period of the refrac-

tive index variation) as follows:

Az =2 NN\ (1.1)

In this manner, light with wavelengthh entering the FBG will be reflected while every other
wavelength will be transmitted as depicted in Fig.1.2. Other parameters of particular interest in
a FBGs are the difference between the refractive index variations 4n of the core and the number
of refractive index variationBl. In general terms, highein and Nimplies higher peak reflec-

tion; however, the bandwidth of the FBG is also proportionainso achieving narrow and
high-reflective gratings is not straightforward. Many types of FBGs can be designed depending
on the length, the periodic structure of the refractive index variations (uniform, chirped, tilted,
etc.) or the shape of the variations (positive-only, apodized, phase shifted, etc.). Extended in-
formation about FBGs can be found in [7]. Regarding the sensing capabilities of fiber Bragg
gratings, their most important sensing applications are as temperature and axial strain sensor.

Taking into account that the Bragg wavelengtiyiven by (1.1), changes induced in both
and/ by temperature or strain can be detected just by monitégirig the case of axial strain,
it directly affects the pitclt of the FBG but it also modifies the effective refractive indgx
due to photo-elastic effects.

neff

Z

Fig.1.1. Refractive index profile of a fiber Bragg grating.
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Fig. 1.2. Basic operating principle of a fiber Bragg grating.




As a result, the relative wavelength shifts induced by an axial strain variatigxt can be
expressed as:

Mg =25 (1-p,)Ae (1.2)

Beingp, the photo-elastic coefficient:

2
Py :%[:012 _U(p11+p12)} (1.3)

Wheren is the refractive index of the core, andp;; are components of the optical fiber
strain-optic tensor and is the Poisson’s ratio. Common values for those constanis are
0.252,p,;,=0.113 and = 0.16. Consequently, it can be derived from (1.2) and (1.3) a sensitivity
around 1.2 pm/gifor standard single-mode fiber in the C-band (around 1550 nm) [8].

Equivalently, the response to temperature of a FBG can be also derived from:

Ay = Ay (a +&)AT (1.4)

Where a represents the thermal expansion coefficient &l the thermo-optic coefficient;
being this last the most influential parameter in the sensitivity of FBGs to temperature. Typical
values for temperature sensitivities are around 10 pm/°C at 1550 nm [9].

As previously mentioned, one of the main problems of some fiber optic sensors is the crosstalk
between measurands. It is evident considering (1.4) and (1.2), that there is cross-sensitivity
between temperature and strain since both parameters modify the pitch and the effective refrac-
tive index of the FBG. The complete relationship between Bragg wavelength, temperature and
strain can be written as:

My = Ag[ (@ +&)AT +(1- p, ) Ac ] (1.5)

Consequently, it is not possible to directly discriminate between Bragg wavelength shifts in-
duced by temperature, strain, or both of them. Much research has been done in this respect us-
ing photonic crystal fibers combined with FBGs [10], long period gratings (LPGs) [11], multi-
mode fibers combined with FBGs [12], superstructured-gratings formed by writing FBG on a
long-period gratings [13] among many others.

Even though conventional FBGs are the most extended because of their wide applicability [9],
there are many other types of fiber Bragg gratings with significantly different properties such as
sensitivity, spectrum shape, bandwidth, etc. Two particular classes will be briefly described due
to the importance in this Ph.D. work.

Phase-shifted fiber Bragg gratings

The concept of phase-shifted FBGs (PS-FBGs) originated from a technique used to tailor the
transmission spectrum of distributed feedback semiconductor lasers and it was firstly proposed
in 1976 by Haus and Shank [14]. This approach was also validated to design fiber Bragg grat-
ings in 1994 by Agrawal and Radic [15].

upha



up

Overview of the technologies employed

@ (®) Transmitted © Reflected
neff P P
L ‘
W A
z Ag ) Ag A

Fig. 1.3. (a) Refractive index profile of a phase-shifted fiber Bragg grating and its (b) transmitted and (c) re-
flected optical spectrum.

The main difference with simple FBGs is that the periodic index variation in the fiber core pre-
sents one or several phase shifts that modify the transmitted/reflected spectrum of the device.
As a consequence, depending on the phase change and position, different narrow transmission
peaks (bandwidth of several picometers) will arise in the rejected band of the transmitted spec-
trum. In the simplest case a Pi phase shifted can be includé?, supposing thdt is the total

length of the FBG as depicted in Fig. 1.3(a). As a result, a narrow transmission peak will appear
in the middle of the notch band as represented in Fig. 1.3(b) and (c). Other configurations can
be written in the FBG in order to attain a determined number of transmission peaks. For exam-
ple, three transmission peaks can be achieved by including three phase shifts at the positions
L/4, U2 and 314 [15].

In the same manner as simple FBGs, PS-FBGs can also operate as fiber optic sensor but they
are especially interesting used as narrow filters when combined with other filtering devices. In
this work, the narrow bandwidth afPS-FBGs will be used as wavelength selector (and high-
resolution sensor) in fiber lasers.

Long period gratings

This particular type of fiber Bragg grating has a different operating principle than conventional
FBGs like the described above. It was explained that FBGs have a sub-micron period so they
couple light from the forward-propagating mode of the optical fiber to a backward counter-
propagating mode [7]. However, in the case of long period gratings (LPGs), the period of the
refractive index perturbations is much greater, in the range of 100 um to 1 mm. Instead of re-
flecting back the light, they induce coupling between the propagating core mode and the co-
propagating modes of the cladding. Due to the high losses of the cladding modes, attenuation
bands appear at spectral regions given by the coupling at each cladding mode [16]. The attenua-
tion bands will appear at a wavelengtivtien the following condition is satisfied [17]:

A= (A) =My (1) A (1.6)

Wherene; is the effective refractive index of the propagating core mode at wavelenthy,
is the refractive index of thieth cladding mode and i the pitch of the LPG.

The transmitted spectrum will present attenuation bands at the different cladding modes-
coupling, being the bandwidth of the filter of several nanometers; clearly overpassing typical
bandwidth values of less than a nanometer for simple FBGs. As depicted in Fig. 1.4 there is not
reflected light in the LPG response.
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Fig. 1.4. (a) Transmitted and (b) reflected spectrum of a long-period grating.

Referring to the applicability of LPGs as sensors, they present different behavior than conven-
tional FBGs. Even though the mechanisms that affect the wavelength of the LPG are the same
(pitch variations, thermo-optic and strain-optic effects), the contributions of those variables
vary depending on the order of the coupling modes. As a consequence, by an adequate choice
of the LPG period it is possible to balance the contributions and obtain temperature or strain-
insensitive sensors [18]. On the other hand, the sensitivities can be enhanced to achieve tem-
perature or strain responses much higher than the offered by conventional FBGs (e.g. 2.75
nm/°C in [19]).

1.1.3 Interferometric fiber optic sensors

Interferometric fiber optic sensors have emerged as the natural advance of well-developed
measurement devices in bulk optics [20]. This sensing technique relies on the principle of su-
perposition to combine electromagnetic waves so the result of this combination somehow rep-
resents the relative phase between the waves. For example, the combination of two waves with
equal frequency and dissimilar phase will result in an interference pattern dependent on the
relative phase between them. Using different approaches, this relative phase can be modified by
external agents including strain, vibration, temperature, etc. Consequently, interferometric fiber
optic sensors can be exploited in a variety of sensing applications such as real time monitoring
of deformation, fiber optic gyroscopes, magnetometers, etc. [21]. Compared to other technolo-
gies, this solution offers large dynamic ranges, and high accuracy and sensitivity [22].

Diverse interferometric approaches have been reported up to date, being the most important:
Fabry-Pérot, Mach-Zehnder, Michelson, ring resonator and Sagnac interferometer. Before

briefly describing the types it must be said that in every case it is considered that the coherence
time of the laser source is much higher that the differential delay between waves.

Fabry-Pérot interferometer

A fiber Fabry-Pérot interferometer (FPI) is typically composed by two reflecting parallel sur-
faces with some space between them. As explained in the Fabry-Pérot cavity subsection in fiber
lasers, interference arises due to the multiple combinations of the reflected and transmitted
waves between the reflectors. Two main classes of FPI sensors can be defined [22]:

» Extrinsic: It employs the reflection from an external cavity created out of the optical fi-
ber [23] as depicted in Fig. 1.5(a) for an air cavity. High finesse values can be attained
by using high reflecting mirrors [24]. Additionally, extrinsic FPI are relatively simple
and cost-effective. On the other hand, they present low coupling efficiency, require
alignment and their packaging is not simple [25].
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Fig. 1.5. Schematic of an (a) extrinsic and (b) intrinsic Fabry-Pérot interferometer.

* Intrinsic: The cavity in this case is formed in the fiber itself as can be seen in Fig.
1.5(b). There are many solutions that can be used to generate the cavity such as fiber
Bragg gratings [26], chemical etching [27], micro machining [28] and thin film deposi-
tion [29] among others.

The transfer function of a Fabry-Pérot interferometer is given by [30]:

1

T= 1+F sin’(¢/ 9 (1.7

Where Fis the finesse, related with the reflectivity inside the cavity in the following manner:

F=2R_ (1.8)
(1-R)
And ¢ is the phase difference given by:
o= 27”2nL (1.9)

Being 2 the wavelength of the incident light,the refractive index in the cavity ahdis the

length of the cavity. The simulated transfer functions of two FPI interferometers with finesse
values of 1 and 100 are displayed in Fig. 1.6. It should be noted that for low finesse values (i.e.
low reflectivity inside the cavity) the transfer function can be approximated to a cosine func-
tion. In this manner, for a FPI operating in reflection with a low reflectivity (R<5%) the transfer
function is very similar to the obtained in two-beam interferometers:

T :[R+ R1- F§2 +2 R1- r)a} cowp (1.10)

——F=100
rrrrrrrrrrr F=1

Transmission
o
S

L
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Fig. 1.6. Simulated spectral response of a Fabry-Pérot interferometer with finesse 100 (black) and 1 (red).
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Considering (1.9) it is clear that variations in the cavity length or in the refractive index will be
reflected in the transfer spectrum of the FPI. Therefore, physical variations that modify one or
both parameters can be detected and measured by the system.

Mach-Zehnder interferometer

In a Mach-Zehnder interferometer (MZI) the input light is split and redirected into two arms,
one used as reference and the other exposed to the measurand. Another optical coupler is used
to recombine the waves and obtain an interference pattern which will reflect the phase differ-
ence between the optical paths. Figure 1.7 presents the schematic of a MZI formed by two opti-
cal couplers.

The transfer functions obtained at each coupler port supposing ideal 50:50 optical couplers are
as follows:
T, :1{1— co{z—” nALﬂ
2 A

T, =1 1+ co{z—ﬂnALJ
2 A

WhereAL is the path difference betweé&n andL,. Thus, the transfer function in this case is
independent of the length of each branch but only depends on the dissimilarity between the
arms. In addition, the signal output at the ports 3 and 4 is in quadrature, effect that has been
used to stabilize MZI against environmental phase shifts [31].

(1.11)

Many modifications of the basic setup have been presented for increasing the compactness, the
sensitivity or for making the system sensitive to other physical parameters. In this manner,
LPGs have been used instead of couplers for combining light propagating by the cladding
modes with the light propagating internally [32]. Another approach employs fiber fused with a
slight core mismatch so part of the light couples to the cladding [33]. Even though it is arguable
that they are strictly MZIs, other tactics used to deflect light into the cladding include collaps-
ing the air-holes of photonic crystal fiber (PCF) [33], inserting sections of multimode fiber
[34], using a piece with smaller core [35] or tapering the optical fiber [36].

Sensing arm

Input L1 Port 3

___________

Reference arm Port 4

L,

Fig. 1.7. Basic scheme of an all-fiber Mach-Zehnder interferometer.
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Sensing arm

_________

Reference arm

LZ
Fig. 1.8. Schematic of an all-fiber Michelson interferometer.

Michelson interferometer

Michelson interferometers (MIs) are very similar to Mach-Zehnder interferometers but instead
of recombining the signals in a second optical coupler, they are reflected back using mirrored
fiber ends so they interfere at the input coupler. A basic scheme can be seen in Fig. 1.8.

Similarly to MZIs, the transfer function of a Michelson interferometer is given by:

T =1{1— co{z—ﬂn ALH (1.12)
2 A

However, in this case the period of the interference is given by two times the path difference.
The main advantage of Ml over MZI is the easier installation in practical applications, especial-
ly when the access to the measurand is difficult or dangerous. Additionally, they can also be
multiplexed in parallel (unlike MZIs). On the other hand, the mirror used in the optical fiber
might suffer degradation decreasing the visibility of the interference. In any case, fabrication
techniques and topologies can be extrapolated from MZIs, such as using LPGs for coupling
light into the cladding [37].

Ring resonator

Fiber optic ring resonators (FRR) are based on the constructive interference of light at the reso-
nant wavelength (related to the ring’s length) during multiple round-trips in the ring. The sche-
matic of a ring resonator using an optical coupler can be seen in Fig. 1.9.

Input Output
> A

Coupler

Output 2
’f

Fig. 1.9. Schematic setup of a ring resonator.
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Fig. 1.10. Simulated spectral response of a ring resonator at (a) output 1 and (b) output 2 of Fig. 1.9.

The transfer function at the output port for the resonance condition is described as [38]:
(1-k )°
2 (2
1+k™+ 2k su-(/‘ nLj

Wherek: is the coupling factor of the optical coupler dnts the length of the ring. Note that

the response depends on the length of the ring, the refractive index of the fiber. As a result
those parameters can be used for sensing applications [39]-[43]. The transfer function is in
practice reasonably similar to the obtained for a Fabry-Pérot interferometer. It should be said
that another optical coupler can be inserted to extract part of the light from the cavity (output 2
in Fig. 1.9), obtaining the complementary functioifi. 1ISimulation of both outputs are depicted

in Fig. 1.10.

T=1- (1.13)

Sagnac interferometer

The composition of a Sagnac interferometer is very simple and consists of an optical coupler in
which the output ports are connected between them as displayed in Fig. 1.11.

Neglecting birefringence, insertion loss and non-linearities, the transfer function of the device
is directly related with the coupling factkrof the optical coupler. In addition, there is a func-
tion of the reflected light that is complementary to the transfer function. In this manner:

T =(1-2k)°
R=1-T

(1.14)

As a result, the system can act as a partial reflector with a reflectivity directly related to the
coupling factor of the optical coupler. This simple device is also known as fiber loop mirror or
reflector [44]

Input

Reflected Q =

N

Transmitted

Fig. 1.11. Basic setup of a Sagnac interferometer.
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Furthermore, if the interferometer is rotated, a phase shift is generated between the waves prop-
agating in the clockwise and counter-clockwise. This phase /&}ifis related with the time

delay induced between the waves and it can be expressed as a function of the fiber thagth
diameter of the loo (supposing a circular loop), the wavelength of operatjdhe speed of

light c and the rotation speed ®hus, the phase shift can be defined as follows:

2nc( - chw) _ 2D 0

Ap =——(1
@ Ac

; (1.15)

As a consequence, the transfer function obtained including the phase shift between the waves is
given by:

T =%(1— 2k)° (1+ cofg ) =( & R)Z( co%%”fj (1.16)

Therefore, the Sagnac interferometer can straightforwardly detect rotation. This effect has been
extensively exploited in the development of fiber optic gyroscopes (FOG), which are up to date
one of the most successful applications of fiber optic sensors [45]. The sensitivity of a basic
Sagnac interferometer to rotation is relatively small but as can be deducted from (1.15) that it
can be improved by extending the length and diameter of the loop. Accordingly, FOGs typical-
ly use a multiple-loop interferometer. Many other modifications of the initial setup have signif-
icantly improved the performance of FOGs [45], also generating new interferometers for meas-
uring many different parameters.

One of the most important types is based on including a section of high birefringence (HiBi)
fiber in the loop. It is known as HiBi fiber loop mirror or simply Sagnac interferometer even
though the interference is not caused in this case by the phase shift generated during a rotation.
The operating principle this time relies on the phase shift induced between the polarization axes
of the light traveling at different speeds in the HiBi fiber [44]. Consequently, due to the use of
HiBi fiber for generating the interference, the sensing properties of the interferometer are con-
siderably improved. The multiplexing capability of HiBi fiber loop mirrors and its adaptation to
all-polarization maintaining fiber is presented in Chapter 2. A more detailed description of HiBi
fiber loop mirrors can also be found there.

1.1.4 Microstructured and photonic crystal fiber sensors

In standard fiber optics, the guidance mechanism is based on the total internal reflection in-
duced by the refractive index difference between the fiber core and cladding. Nonetheless, oth-
er approaches for confining the light within an optical fiber can additionally be attained. In
1996 the first photonic crystal fibers were presented, with a geometry defined by a periodic
arrangement of longitudinal air holes in the optical fiber [46]. These fibers are known as micro-
structured optical fibers (MOF) while photonic crystal fibers (PCF) refer to microstructured
fibers that use the photonic bandgap guidance mechanism [47]. However, there is not a clear
distinction in literature, being microstructured fibers commonly named PCFs without consider-
ing the underlying guidance mechanism.

The properties and type of guiding principle of MOFs are mainly defined by four parameters:
the diameter of the core, the diameter of the air holes, the distance between air-holes and the
refractive index chosen for the fiber. Consequently, the election of those parameters will result

11



in different fiber types. There are two main guiding mechanisms exploited in MOFs: the index-
guiding and bandgap-guidance. In general, index-guiding MOFs have a solid core and air holes
in the cladding. Those air holes lower the effective refractive index of the fiber surrounding the
solid core. In this manner, the light is guided by total internal reflection like in conventional
fibers Fig. 1.12(a) [48]The bandgap-guiding on the other hand confines the light inside a hol-
low core with a refractive index lower than the presented in the cladding. The bandgap is a
consequence of multiple Bragg reflections in the transverse axis of the fiber that lead to the
wavelength dependence in the transmitted light [49] as depicted in Fig. 1.12(b) [48]. These two
classes can be divided into many subclasses depending on the optical properties and fiber struc-
ture [48].

In the case of MOFs, the mode behavior can be described by the V-parameter as in convention-
al step-index fibers. In a standard fiber, the V-parameter is related to the core radius, the wave-
length of operation and the refractive indexes of the core and cladding. In the case of solid-core
MOFs the formula is slightly different including the distance between holes instead of the core
radius [50]:

V(A)===AynZ, -1

core clad
A

(1.17)

Wheren.. andn.q are the effective refractive indexes of the core and the cladding respective-
ly and A represents the distance between air-holes. The V-parameter election determines not
only the cut-off frequency and multimode/single-mode behavior, but also the confinement dis-
tribution in the core. This is of special interest for gas sensing applications, where the interac-
tion between the gas filling the cladding holes is required [51].

It is clear that a MOF presents more parameters than conventional fibers to be considered in the
fabrication process. As a result, diverse aspects of the propagation properties of the fiber can be
tailored. That is the case of birefringence.

Birefringence can be defined as an optical property of a material that presents different refrac-
tive index depending on the transversal axe. Conventional single mode fibers are ideally circu-
lar in the traverse plain. Nevertheless, imperfections during the manufacturing process generate
slight birefringence changes in the fiber so the polarization states in conventional single mode
fiber are mostly unpredictable. To overcome this limitation, optical fibers can be designed to be
highly-birefringent. In this manner, linearly polarized light appropriately coupled into the fiber
preserve its polarization state along the length of fiber. Those fibers are known as polarization
maintaining (PM) or high-birefringence (HiBi) fibers.

@ (b)

9232
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Fig. 1.13. Cross section of a high-birefringence microstructured optical fiber [53].

MOFs can be designed so that the polarization modes corresponding to the fast and slow bire-
fringence axes exhibit high birefringence. It can be quantified using the modal birefringence,
which can be expressed as:

B=|n -n| (1.18)

Wheren, andn, are the refractive indexes of the orthogonal modes. Another way of measuring
birefringence is the beat-length that can be defined as the distance by which the polarization
rotates 360 degrees,44/B.

There are numerous manners of inducing birefringence in optical fibers, such as using an ellip-
tical core or inserting other material rods for creating stress-induced birefringence (e.g. bow-tie
or PANDA fibers). In MOFs, the effective refractive index of the polarization axes can be mod-
ified by varying the geometry of the air holes. The first HiBi microstructured fiber was present-
ed in [52], obtaining a beat length of 0.4 mm at 1540 nm. In this Ph.D. work, a commercial
HiBi microstructured fiber will be used as sensor device (Fig. 1.13).

Due to the high capabilities of MOFs for sensing, they have opened a wide spectrum of applica-
tions for sensing devices based on fiber optics. MOF-based sensors can be made to present
negligible temperature sensitivity, which is of crucial importance for avoiding crosstalk in the
strain measurements as previously commented. In addition, the air holes of the cladding and
core can be filled with gas, modifying the guidance properties and allowing its detection. The
fact that they are optical fiber permits their inclusion in all-fiber sensing schemes including
fiber lasers of interferometers for enhanced detection/multiplexing. On the other hand, MOF
sensors still present some weaknesses such as high losses, difficult handling and fragility. In
any case, MOF sensors have been validated for measuring curvature [54], temperature [55],
axial strain [56], magnetic field [57], electric field [58], vibration [59], pressure [60], torsion
[61], refractive index [62], humidity [63][64], molecules [64], pH [65] and gases [66] among
others.

1.2 Fiber optic sensor multiplexing

Multiplexing can be defined as the simultaneous transmission of multiple information channels
along a common path [67]. However, in fiber optic sensor multiplexing, sensors can be multi-
plexed without sharing a common path or sharing just a section of this path. Consequently, a
more general definition describe a multiplexed sensing system as a sensor network where the
number of sources, channels or detectors is smaller than that which would be required if an
equal number of sensing elements were assembled as individual measurement systems [68]. |.e.
the key aspect of a multiplexing scheme is sharing elements of the network.
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Multiplexing has been deeply developed in optical communications for improving the perfor-
mance of telecommunication networks but it has also been considered in fiber optic sensing
since the very first start. The most evident benefit in sensor multiplexing schemes is the reduc-
tion of the cost per sensing element by sharing the light source, the detectors or the fiber (which
installation is sometimes the most expensive part of the system). One of the main drawbacks of
fiber optic sensors compared with other technologies is typically their higher cost, which even
though is decreasing with the development of equipment for optical communications, is still
relatively high. Accordingly, sharing the cost per sensing element by means of multiplexing
techniques is mandatory for increasing the competitiveness of fiber optic sensing. In this man-
ner, numerous works are focused on this aspect of optical sensing, demonstrating the feasibility
of interrogating hundreds or even thousands of sensors in a single network [69].

Another limitation of fiber optic sensors is the crosstalk between measurands. One of the most
remarkable examples is the crosstalk between temperature and strain of fiber Bragg gratings.
Consequently, instead of using two sensing systems, using multiplexing techniques for reduc-
ing as much as possible the number of elements needed for strain/temperature monitoring is
highly necessary.

The design of the multiplexing solution strongly relies on the requirements of the network. In
this manner, the cost, noise, dynamic range, type of measurand, number and finally, location of
the sensors will define the approach used in each multiplexing scheme. For example, if multiple
sensors have to monitor a single point, time-division multiplexing techniques, even possible
would be initially less adequate. Another possible application might require long-distance mon-
itoring; therefore, reducing the number of fibers installed would significantly decrease the cost.

There are three main aspects of multiplexing to be considered: the network topology, the type
of modulation of the sensor and the multiplexing technique itself (i.e. the mechanism used for
univocally identifying each sensor). Those three concepts are interrelated so by choosing a
multiplexing approach, the type of sensors and topologies might be limited. In the following
subsections the main multiplexing techniques will be described.

1.2.1 Wavelength-division multiplexing

In wavelength-division multiplexing (WDM) each sensor is identified by its wavelength loca-
tion in the optical spectrum. This approach owes much of its success to its intense development
in optical communications. Consequently, multiple devices related to WDM networks have
become available and reduced their manufacturing costs. In general, WDM do not match the
multiplexing capability of other approaches like time-division multiplexing (TDM), but it is a
very flexible and simple solution, especially after the emergence of commercial optical fiber
Bragg grating interrogators. Furthermore, hybrid WDM/TDM solutions can multiplex a large
number of sensors, overpassing the maximum number achievable by other approaches [70].
One of the main advantages of WDM networks is the usually low crosstalk between sensors
since their adequate band allocation is fairly simple.

Fiber Bragg gratings are the type of sensors most suitable for WDM schemes. However, since
the sensor information is typically encoded in its wavelength, a guard-band between sensors is
required. In this manner, high dynamic range of the FBG sensors will imply a wide guard-band
to avoid crosstalk, reducing the maximum number of FBGs.
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Fig. 1.14. Schematic of a WDM sensor network using FBGs in a serial topology.

A basic WDM network using FBGs is presented in Fig. 1.14. It consists of a usually broadband

light source (it can also be a tunable laser) that interrogates an array of FBGs positioned in se-
ries. The reflected light is then redirected to a spectrum analyzer by a circulator. A schematic
depiction of the obtained spectrum can be seen in the inset of Fig. 1.14, where the wavelength
of each FBG encodes the sensing information.

It should be noted that FBGs operate in transmission as well; presenting a deep valley in the
spectrum. Accordingly, the detector can be located at the end of the array so the information of
the sensors should be retrieved by monitoring the wavelength shift of the valley [71]. The serial

configuration is the most basic scheme but WDM can be used with almost any other topology.

On the other hand, other types of sensors can also be monitored in WDM networks. For exam-
ple, intensity sensors can be interrogated in combination with wavelength-selecting devices
such as fiber Bragg gratings or wavelength-division multiplexers. A simple solution is depicted
in Fig. 1.15 where fiber Bragg gratings are used this time as wavelength selectors to reflect the
intensity-modulated signal of the sensor. In the same manner, wavelength division multiplexers
can be employed in combination with simple reflectors instead of FBGs. The main advantage
of this approach is that dense wavelength division multiplexing can be employed since almost
no guard-band is required. On the downside, it is usually required a reference signal to correct
possible power fluctuations in the system.

Equivalently, WDM is able to interrogate interferometric sensors using wavelength-selecting
components. However, monitoring the phase shift of the interference provided by an interfer-
ometer requires an optical band of several nanometers [72]. As a consequence, wavelength
division (WDMs) or optical add and drops multiplexers (OADMSs) are preferred. An example
can be found in [73], where OADMs were used to interrogate (in amplitude) up to four fiber
loop mirrors.

Summarizing, WDM is a simple technique that presents a moderate multiplexing capability that
it is frequently used in combination with other approaches. Different types of sensors can be
interrogated but it is always needed a wavelength-selective device such as a FBG, WDM or
OADM. Multiplexing approaches that combine WDM and TDM have theoretically validated
the feasibility of interrogating up to 1000 weak FBGs in a single network [74].
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Fig. 1.15. Schematic of a WDM sensor network for interrogating intensity sensors in a parallel topology.
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Fig. 1.16. Modulation format of time-division multiplexing.

1.2.2 Time-division multiplexing

Time-division multiplexing (TDM) is based on identifying each individual sensor by the time
required for light to travel from the source to the detector across the sensor and the network
(Fig. 1.16). This time lapse is known as time of flight (TOF). Depending on the properties of
the network, if the sensing elements are located at different positions, the fiber length required
might be enough for modifying the TOF between sensors. Otherwise, optical delay elements
have to be used.

This is one of the firstly reported multiplexing techniques due to its simplicity, high efficiency
and great multiplexing capability. Traditionally, this solution has been employed for monitoring
interferometric and intensity-based sensors, but nowadays many other types of sensors can be
interrogated by modifying the scheme or by using hybrid techniques. Several TDM approaches
can be found such as [68]:

* Optical time-domain reflectometry (OTDR)
e Optical frequency-domain reflectometry (OFDR)
» Optical coherence domain reflectometry (OCDR)

Due to the utilization of OTDR techniques in the research work performed during this thesis, a
brief description of its principle of operation is also included.

Optical time-domain reflectometry (OTDR)

The extensive deployment of fiber optic networks for optic communications resulted in the
necessity of devices able to diagnose and detect failures or breaks in the fiber. One of these
devices was the optical time-domain reflectometer, which can measure the loss and other re-
flective events of the optical fiber. The first proposal of such system was done by Barnoski and
Jensen in 1976 [75].

The principle of operation of OTDRs can be understood as an adaptation of the radar to fiber
optics [76]. In this manner, a pulsed optical source is injected in the fiber so the location of an

event along the fiber under test is given by the time lapse between the pulse launch and the
detection of the reflection. A simple scheme of an OTDR can be seen in Fig. 1.17.

i

Fiber under test

<> <>
<> <>

Fig. 1.17. Schematic of a basic OTDR system.
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To further explain the operation of OTDRs it must be taken into account that at every point of
the fiber, the optical power scattered is given by:

P(2=a,A3=a, R & (1.19)

Whereas is the scattering coefficient af{z) is the light intensity at the positiary which is
subsequently related to the input powgraidd the total loss.dA small amount of this scattered
light, defined by the physical properties (numerical aperture and refractive index) of the fiber,
is coupled back into the fiber. Accordingly the total backscattered power at a ppsitinrbe
expressed as:

Ps(2)=R(2 Sa; P& (1.20)

Where S=(NA/nf/4 (for a step index fiber [77]) quantifies the amount of light coupled back.
Finally, the power detected at the photodetector will travel twice the distance to the measured
point. As a result, the OTDR detection trace will be defined as [78]:

POTDR( Z) = aS I:)in $ Z_éaz

(1.21)
Where /is the spatial resolution, defined as:
Az= Bt (1.22)
v

g
Being v, the group velocity andt the pulse duration. Consequently, the attenuation profile of

the fiber can be measured, but also events like fiber splices, connectors, fiber breaks, etc. can be
identified depending on the amount of power reflected and dissipated. For example, fiber con-
nections can be identified by the Fresnel reflection and the fiber end by a high power loss
reaching the noise floor (with or without reflection depending on the type of ending: angle
cleaved, index matched, mirrored, etc.). An example of a typical OTDR trace is seen in Fig.
1.18.

The performance of an OTDR is mainly defined by two parameters: the dynamic range and the
spatial resolution. The dynamic range quantifies the maximum loss that the system can detect;
it consequently limits the maximum measurement distance. It is affected by the peak power of
the input pulse and by the pulse width so wider pulse implies a higher dynamic range. The spa-
tial resolution is affected by the pulse width and the bandwidth of the photodetector. Common-
ly the photodetector is chosen to maximize the spatial resolution, being finally the pulse width
the most limiting factor. The spatial resolution is directly proportional to the pulse width as
defined in (1.22). As a consequence, shorter pulses imply better spatial resolutions but at the
cost of lower dynamic range and vice versa.
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Fig. 1.18. Descriptive example of an OTDR trace.
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Fig. 1.19. (a) Basic TDM topology used to interrogate optical sensors using OTDR and (b) example of the
expected trace.
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Besides network diagnosis, a direct application of OTDRs is optical sensing [1], [79]-[82].
Different type of sensors can be monitored, especially those based on amplitude modulation,
operated in reflection or using an auxiliary device to reflect the sensor’s signal. Therefore, the
sensors are identified by their location along the fiber. Accordingly, the topologies that can be
used in combination with TDM (OTDR in particular) are not limited, but the number of optical
couplers is an important factor to be considered. An example of a sensor network interrogated
by an optical OTDR and the expected trace are schematically depicted in Fig. 1.19.

The light source of the OTDR is also a decisive factor in the performance of the system, partic-
ularly for sensing applications. It must be noticed that the reflections retrieved in the OTDR
trace are wavelength dependent. This has no influence if the reflection is given by a full reflec-
tor or a mirror. However, if a FBG is used as sensor or for inducing a reflection, the wavelength
and bandwidth of the light source will have a key impact in the results. In this regard, some
works have proposed tunable laser sources for retrieving the reflection trace at different wave-
lengths and detect network failures in dense-WDM systems. In Chapter 4 a tunable random
distributed feedback fiber laser will be employed in combination with OTDR techniques for
interrogating FBG sensors wavelength multiplexed in an ultra-long range network.

OTDRs have demonstrated their applicability in optical sensing, in particular due to capability
of real-time monitor the deformation in large civil structures its suitability for structural health
monitoring. In addition, due to the high development of commercial OTDRS, sensors located as
far as 253 km can be interrogated without external amplification [1].

1.2.3 Frequency-division multiplexing

In frequency division multiplexing (FDM) each sensor is identified by the frequency of the
carrier in which the information is encoded [68]. This technique includes considerably different
approaches due to the relatively wide definition.

The most basic approach implies the allocation of the sensor information to a particular fre-
quency band of the electrical domain so the sensor data is encoded in carriers that can be ampli-
tude (AM), frequency (FM) or phase (PM) modulated. In these systems, the sensor signals are
electronically distinguished (normally in the radiofrequency spectrum) by frequency selection

in the demodulation electronics. The frequency separation between sensors is required to be
enough for preventing the FM carrier sidebands from generating crosstalk [83].

Optical frequency-domain reflectometry (OFDR) is sometimes included as a frequency division
multiplexing technique. However, the sensor multiplexing itself, even achieved by discriminat-
ing the spatial-frequencies of each interference, is reflected in the spatial (i.e. time) domain by
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means of the inverse fast Fourier Transform; thus it is mainly considered a TDM solution. In
this manner OFDRs compete with OTDRs but reaching higher resolutions at the cost of lower
measuring range [68], [70].

Spatial-frequency division multiplexing is also considered by some authors as a particular case
of FDM. But without regard to discussions about the classification and considering the im-

portant impact of this technique in the Ph.D. work, it is independently considered in the next

subsection.

1.2.4 Spatial-frequency division multiplexing

Spatial-frequency division multiplexing (SFDM) can be understood as a multiplexing technique

in which each sensor is identified by its particular spatial frequency. In general terms, it can be
understood as a WDM in the spatial-frequency domain; that is obtained after applying the fast
Fourier transform (FFT) in the optical domain. As a result, the different components that modu-
late the optical spectrum can be identified.

This technique is of special interest for monitoring interferometric sensors that generate an
interference pattern, typically periodic, in the optical spectrum. In the case of a single interfer-
ometer, the sensing information is commonly encoded in the period of the interference; howev-
er, in some cases the period change so small that it is reflected as a phase change in the optical
spectrum. In this respect, the use of the FFT has an important advantage, which is the inde-
pendence between the FFT phase and amplitude spectrum. Thus, the phase of the interference
can be simply monitored independently from the interference magnitude.

Furthermore, when multiple sensors are multiplexed, the optical spectrum is formed by a com-
bination of the sensor interferences as exemplified in Fig. 1.20. In the figure a simple adding
combination has been used to illustrate the effect but as it will be explained in Chapter 2, the
topology used for multiplexing the sensors will result in a final spectrum formed by different
sensor contributions. Nevertheless, it is clear that monitoring the phase shift or period varia-
tions of one of the interferometers in the combined spectrum is not straightforward. After per-
forming the FFT to the optical spectrum, the contribution of each interferometer (that must
present different interference periods to avoid overlapping) can be identified [Fig. 1.21 (a)].
Afterwards, the sensor information can be retrieved by analyzing the FFT amplitude and/or
phase spectrum. Consequently, depending on the sensor type, the information could be recov-
ered from the amplitude, the spatial frequency or the phase shift of the interference.
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Fig. 1.20. Simulated optical spectra of (a) two interferometric sensaadS$ and (b) their combination
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Fig. 1.21. Obtained FFT (a) amplitude and (b) phase spectra of the optical spectrum given by the combina-
tionof § and S.

Further details about spatial-frequency multiplexing employed for interrogating HiBi fiber-loop
mirror interferometers can be found in Chapter 2. Besides fiber loop mirrors, other types of
interferometers can be spatial-frequency multiplexed such as single mode-multimode-single
mode interferometers [84], graded-index multimode fiber interferometers [85], Fizeau interfer-
ometers [86] or Fabry-Pérot sensors using hybrid WDM techniques [87] among others.

1.2.5 Coherence-division multiplexing

In coherence-division multiplexing (CDM), interferometric sensors are interrogated in a single
network by exploiting the properties of a short-coherence light source. Together with FDM, this
Is one of the firstly investigated techniques due to the short coherence length of the early light
sources [70]. However, unlike FDM, this approach was not adapted from other technologies
since the effect of coherence has a stronger impact in optical devices.

The network design in this multiplexing method relies on the basis that at a certain time, the
path difference of a single interferometer is within the coherence length of the light source;
ensuring that only this sensor will interfere coherently. Even though this technique cannot
compete in general with TDM or WDM, it can be attained without the need of expensive and
specialized equipment. However, the adequate design of the network is not simple and the max-
imum multiplexing capability is moderate with a low signal-to-noise ratio [83].

1.2.6 Spatial-division multiplexing

Spatial division multiplexing (SDM) is the simplest approach for multiplexing a number of
sensors in a single network. In this case, as depicted in Fig. 1.22, the sensors are inserted in
different fibers so the path itself is different for each sensing device. A common solution is
using an optical coupler to illuminate the channels. As a result, using eolxd\er in a scheme

with N sensors reduces the number of optical sourcesNroonl, which implies an important

saving in equipment. Additionally, since each sensor is monitored at a time, there is not cross-
talk between sensors.

Coupler
IxN

Light
source

Fig. 1.22. Schematic of a SDM fiber optic sensors network.
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FIBER OPTIC SENSORSMULTIPLEXING

Technique Mcl;ggﬁ:(tl;g Sensor type Mea;gent Spati?ilornmolu-

WDM Medium A B, D E Very high
TDM High A B,DE High 10°m (OFDR)
FDM Medium A, B, D Medium
SFDM Medium B, C High
CDM Low A B, C Low 10%m
SDM Low A B,C,D,E Very high

WDM+TDM Very high A, B, D E Medium 10%m

SDM+WDM Very high A, B,DE Very high

Table 1.2. Summary of the properties of the basic multiplexing techniques (A, Intensity; B, Interferometric;
C, Polarimetric; D, FBGs; E, Long-period gratings).

This is a flexible solution for undemanding applications and it is commonly used in combina-
tion with other multiplexing techniques such as TDM or WDM [88]. One of the main draw-
backs is that the power of the optical source is split between the different branches, reducing as
a consequence the maximum number of sensors multiplexed.

1.2.7 Comparison of techniques

As it has been shown, there are multiple multiplexing techniques that can be employed in fiber
optic sensor networks. The limit between types is sometimes not clearly defined such as be-
tween TDM and coherent FDM; but in any case the operating principle is entirely different.

The described types are the most significant but hybrid solutions are indeed those that present
the best performance. In order to give a general idea of the relative performance of each multi-
plexing technique, a brief summary of their main properties can be seen in Table 1.2 [70], [83].

1.3 Optical amplification

In general terms, an optical amplifier can be defined as system that increases the optical power
of a signal in the optical domain. These devices have had a great impact in optical communica-
tions since the amplification takes place in the optical domain without the need of regenerative

repeaters with optoelectronic systems. Nowadays they have been largely developed, being key
elements in multiple applications besides communications, such as the design of fiber optic

lasers or optical sensor networks [89].

Optical amplification relies on the stimulated emission effect, theoretically proposed by Albert
Einstein in the context of the old quantum theory [90]. Stimulated emission is the process by
which a photon entering a material can interact with an excited particle (with an energy level
E.), generating an energy drop of the excited particle to a lower energ\Elevidie released
energyAE= E,—FE; is transferred to a new photon of frequemeyAE/h that presents equiva-

lent phase, polarization and direction as the incoming photon (Fig. 1.23). In this manner, light
travelling through an excited medium can be amplified keeping its properties, in contrast to
spontaneous emission, where some parameters of the emitted light are random.
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Fig.1.23. Representation of the stimulated emission process.

To achieve net amplification, the rate of stimulated emission must be higher than the absorption
at the frequency of the input signal. In order to reach this condition, the number of excited par-
ticles should be increased by using another energy source called pump. Accordingly, an optical
amplifier basically consists of three elements: an active medium where the amplification oc-

curs; a pump energy source; and an extra device for combining pump and input light in the
active medium.

Different amplification techniques can be developed, depending on the active medium and op-
erating mechanism. It must be clarified that even though stimulated emission have to be ex-
plained as the most basic mechanism of optical amplification, not all the amplification tech-
niques rely on this effect. For example, approaches based on non-linear scattering effects do not
involve the excitation of media to higher energy levels. However, virtual energy levels are of-
ten used to describe the process.

An initial classification can be done considering the active media used. As a consequence two
main groups can be differentiated: amplifiers using optical fiber or integrated optics wave-
guides. The last group comprises, among others, semiconductor optical amplifiers (SOAs). This
type of amplifier uses semiconductor material as the active medium and presents a structure
similar to a Fabry-Pérot laser diode but using anti-reflection coatings. As a result the laser op-
eration is avoided. SOAs present many advantages over other approaches, such as small and
compact size and low cost. In addition, the gain spectrum can overpass 100 nm and can be easi-
ly flattened. On the other hand, they are not all fiber elements so the coupling with optical fiber
generally induces optical losses. The noise level is usually higher than in other techniques and
exhibit strong polarization dependence [89].

Regarding the fiber optic-based amplifiers, there are four main classes: using fibers doped with
rare earths, stimulated Raman scattering, stimulated Brillouin scattering and parametric ampli-
fiers. In the following sections, the amplifiers based on erbium-doped fiber, Raman and Bril-
louin scattering will be briefly described due to their importance in the research work presented
in Chapters 3 and 4.

1.3.1 Erbium doped fiber amplifiers

Erbium-doped fiber amplifiers (EDFAS) are nowadays the most extended optical amplifiers due
to their versatility, appropriate gain bands, high efficiency, low dependence on polarization and
low intrinsic noise. Unlike other rare earth-doped amplifiers, EDFAs present a gain spectrum
around 1550 nm (in the communications band); being this the reason of its success and large
development. The active medium is optical fiber doped withi@s and the emission mecha-

nism relies on stimulated emission [89].
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Fig. 1.24. Energy diagram of the radiative emission i iBns.

In this case, the pump energy is typically given by a diode laser at 980 or 1480 nm that stimu-
lates erbium ions to an excited state. In the case of 980nm pump, this'lig frstate from

which a rapid non-radiative decay happens to the long-life fexgl(excited state for the 1480

nm pump). Finally, spontaneous or stimulated emission takes place asthenergy state.
Consequently, if there is an incoming signal in the gain band, it will be amplified [91]. A dia-
gram of the process can be seen in Fig. 1.24.

In the case of spontaneous emission the generated photon will be emitted randomly so it is con-
sidered optical noise, which is known as amplified spontaneous emission (ASE). It might also
happen that an incoming photon is absorbed by the medium (absorption), reducing the light
intensity by inducing a transition to an upper level. In order to achieve amplification, popula-
tion inversion must occur; i.e. the excited level population must be higher than the population at
the lower level [2].

As it is represented in Fig. 1.24, both the ground state and the excited state are not purely dis-
crete but they are a collection of closely spaced energy levels of different energy. Accordingly,
the radiative transition is not fixed in energy (and frequency) and comprises an amplified band
around 1525 — 1565 nm. Nonetheless, the gain spectrum is not flat and depends on the pump
power and also on the input signal amplified. A simplified depiction of the gain profile of an
EDFA (ASE spectrum) without input signal can be seen in Fig. 1.25.

An important factor to be considered in amplifiers is the gain efficiency, which quantifies the
maximum optical gain achieved per unit of pump power. In the case of EDFAs, the gain effi-
ciencies are around 8-10 dB/mW using 980 nm pumping [77], [92].
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Fig. 1.25. Simplified diagram of the gain spectrum of an EDFA.
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The basic scheme of an EDFA is formed by at least one pump wave injected by an optical cou-
pler or wavelength-division multiplexer to a few meters of erbium-doped fiber. Depending on
the relative direction of the pump wave with respect to the input signal, two main schemes can
be considered: co-propagating and counter-propagating amplification. In the first case, depicted
in Fig. 1.26(a), the pump wave and the input signal propagate in the same direction while in the
counter-propagating [Fig. 1.26(b)] scheme, the signals travel in opposite directions. This option
is commonly more efficient; however, the co-propagating approach generates less noise [2]. As
a consequence, the most appropriate solution should be chosen for each application, taking into
account also the adequate amount of dopant, length of doped-fiber, pump wavelength or pump
power. Specific information about the use of EDFA in the design of fiber lasers can be found in
this chapter, Section 1.4.

1.3.2 Stimulated Raman scattering amplification

Stimulated Raman scattering (SRS) amplifiers rely on the stimulated emission effect related to
the Raman scattering [83], by which part of the incident light (pump) suffers a frequency drop.
Pump photons with frequenoy, can excite a molecule up to a virtual energy level (non-
resonant state) from which it decays to a lower energy level, emitting a photon with frequency
vs. A schematic of the stimulated emission process can be seen in Fig. 1.27. The frequency dif-
ference between the pump and the emitted photon is referred as Stokes shift.

The Raman scattering interactions between the pump and the Stokes waves (in CW operation)
can be expressed as [94]:

di

Uls _
= =Orlpls—ad s
(1.23)
dle ——UPg llo—a )
dz U, R'P's P
Virtual level
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pump photon Es=hv,
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Fig. 1.27. Schematic of the stimulated Raman scattering process.
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Fig. 1.28. Diagram of the Raman gain spectrum related to the frequency shift between the pump and the
Stokes signal.

Whereap andas refer to the attenuation of the pump and Stokes wawandls are the optical
intensities of the pump and Stokes wave (in ¥y/amdgg is the Raman gain coefficient. It is

clear from (1.23) that the Stokes wave suffers an amplification directly related to the Raman
gain coefficient and the pump wave intensity. On the other hand, the pump wave loses more
energy than the transmitted to the Stokes wave. The reason is that in fact a pump photon is con-
verted in a Stokes photon plus a phonon, which energy corresponds to the energy difference
between the photons. This energy is mostly dissipated as heat. The vibrational states of the fiber
determine the phonon energy and subsequently the Stokes shift. Consequently, the Raman gain
spectrum shows the vibration modes of the fiber structure [94], [95]. In the case of pure silica,
the peak of the Stokes shift is about 13.2 THz at 1550 nm, as schematically depicted in Fig.
1.28.

It is clear that the Raman gain directly depends on the frequency shift of the signal with respect
to the pump and on the pump intensity, which are both related to the vibration states of the fi-

ber. As a result, the Raman gain is strongly determined by the type of fiber, dopants (if any),

material, structure, etc. The presence of dopants in the fiber significantly modifies the perfor-

mance of Raman amplifiers; however, they are not required. In fact, one of the main advantages
of Raman amplifiers over EDFAs is that standard silica fiber can be the active medium for the

amplification.

Several other fundamental properties have to be taken into account for an adequate design of a
Raman amplifier. Some of the most crucial are [89]:

* Frequency shift between pump and Stokes walesgain band is generated at a fre-
quency relative to the pump wave. That implies that amplification can be generated at
almost any spectral band between 0.3 to 2 um. This is of special interest for develop-
ing laser operating at wavelengths which are not covered by other amplifications
mechanisms. Additionally, the combination of pumps allows tailoring the gain profile
so broad-band Raman amplifiers can be attained.

* Independence on the relative direction of propagation: Raman gain amplifies signals
co-propagating or counter-propagating with respect to the pump. In the case of co-
directional propagation, the noise figure is lower but at the cost of higher non-
linearities. On the other hand, counter-directional setups offer reduced non-linear ef-
fects. A hybrid solution is the bidirectional pumping, but two pump lasers are required.
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e High polarization dependencd&he polarization dependence should be taken into ac-
count in Raman amplifiers since the peak coupling between pump and signal around
ten times larger if signal and pump are co-polarized [96].

« Fiber type:As it was remarked before, Raman amplification takes also place in stand-
ard single-mode fiber; however, the gain factor is relatively low so long fiber lengths
(tens of kilometers) are required for an effective amplification. To overcome this limi-
tation other fiber types can be used reducing the fiber length to a few kilometers [97].

« Distributed gain:As a consequence of the previous point, the amplification can take
place in a distributed manner during tens of kilometers if standard silica fiber is used.
This is a useful property especially for long range communication or sensor systems.

* Noise sourcesTwo main types of noise sources should be considered in Raman dis-
tributed amplifiers. Firstly, the amplified spontaneous scattering is an unavoidable
source of noise which is broad bandwidth, randomly polarized and bidirectional in the
fiber. Secondly, Rayleigh backscattering can be added to the signal due to the double-
backscattering effect that generates a large number of weak replicas of the signal with
random delays and phases but at the same frequency of the signal.

Summarizing, Raman amplification presents some particularities that stand over other ap-
proaches such as its operation in standard silica fiber, the arbitrary frequency amplified or the
distributed nature of the amplification. However, there are also some factors that have to be
carefully taken into consideration. Two of those factors would be avoiding reflections in the
amplification cavity and the enhancement of non-linearities under some circumstances. In any
case, Raman amplification is increasing its presence due to the aforementioned properties and
the availability of new high-power laser sources to be used as pumps. In this manner, they are
being intensely researched for the design of fiber lasers, in communications or in sensing appli-
cations [99].

1.3.3 Stimulated Brillouin scattering amplification

Spontaneous Brillouin scattering might appear even at low powers due to the coupling of the
optical signal (pump) to the acoustic waves due to electrostriction. Accordingly, an incoming
photon is converted into a scattered photon of slightly less energy (commonly traveling in the
opposite direction) and a phonon. This effect can be stimulated at high optical powers so the
pump signal can strongly amplify a weak signal propagating in the opposite direction.

Optical amplification based on stimulated Brillouin scattering (SBS) can be seen, in terms of
principle of operation, similar to stimulated Raman scattering amplification. Again this time the
effect is caused by nonlinearities in the medium by which an incident wave (pump) induces a
Stokes wave at shorter frequencies. Nonetheless, there are a number of important differences in
the properties of the amplifiers based on SBS which have resulted in notably dissimilar applica-
tions.

A crucial difference between SBS and SRS amplifiers is the amplified bandwidth. As previous-
ly stated, the bandwidth of amplification in SRS is of tens of nanometers. On the other hand,
the bandwidth of amplification in silica fiber is around 20 MHz (0.16 pm) at 1550 nm and var-
ies with 2% This bandwidth can range from tens to hundreds of megahertz depending on the
geometry and composition of the fiber.
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Furthermore, in contrast to SRS, SBS mostly occurs in counter-propagating topologies due to
phase-matching considerations. The Stokes wave induced travels in opposite direction to the
pump at a frequency= vpump- ve; being g the frequency shift generated by the SBS, given by:

_2ny,
Ug = 1

(1.24)

Wheren is the refractive index of the fibev, is the acoustic velocity in the fiber (typically

5.96 km/s for silica fibers [94]) amtdis the wavelength of operation. A typical frequency shift

in silica fiber at the communications window (1550 nm) is around 11 GHz. As a result, SBS
only appears in the backward direction and with a frequency shift of ~11GHz in contrast to the
~13 THz shift in SRS between the pump and the amplification band. A direct consequence is
that SBS amplifiers are not useful devices for designing fiber lasers at frequency bands which
are difficult to achieve, since the pump laser must be closely located. As it can be deducted
from 1.1, changes in the refractive index and/or the acoustic velocity of the fiber will modify
the Brillouin frequency shift. As a result, this frequency shift can be exploited in sensing appli-
cations. The combination of this sensing technique with time-domain analysis gave rise in the
late 80s to Brillouin optical time-domain analysis (BOTDA) sensors, which can measure tem-
perature and strain in a distributed manner [99].

Considering the gain coefficient in single mode fiber, SBS overpasses in two orders of magni-
tude the coefficient of SRg= 249.5 Km/W againgjz=0.43 Km/W [77]). In accordance, the
power threshold of stimulated Brillouin scattering is lower than in SRS. In fact, the threshold
for SBS is in the order of tens of miliwatts in contrast to the several hundred of miliwatts re-
quired for SRS [77]. Additionally, the gain coefficient will be maximized for highly-coherent
laser sources: i.e. narrow-linewidth lasers will generate higher amplification.

To summarize, SBS is a very strong nonlinear process induced at low powers that exhibits high
gain in the backward direction, with a frequency shift relatively small. Therefore, this nonline-
arity can be extremely detrimental in systems which employ narrow bandwidth lasers with high
power [94]. Optical amplifiers based on SBS can be manufactured [100] but their impact up to
date is limited beyond the design of fiber lasers (see Section 1.4 in this Chapter).

1.4 Fiber lasers

1.4.1 Background

The first fiber laser was proposed by E. Snitzer in 1961, using a neodymium-doped fiber [1]. A
series of works followed this initial demonstration [102]-[104] but it was five years later, in
1966 when the potential applicability of optical fiber was evaluated for telecommunications
[105]. In this manner, the first works that used silica-based fiber in the development of lasers
were published in 1973 and 1974 by J. Stone and C.A. Burrus [106]-[107]. However, it was not
until 1985 that practical rare earth-based fiber amplifiers and lasers were developed [108]. Ini-
tially, the main dopant used for the amplification in was neodymium due to its high efficiency,
being presented the first erbium-doped fiber laser in 1986 [109]. Since then, fiber lasers based
on erbium-doped fiber have been extensively studied. There are of particular interest for tele-
communication applications due to the radiative transition GfaEound 1550 nm, which is the

27



up

transmission window that offers minimum loss in silica fiber [110]. Optical amplifiers can also
be produced using other rare-earth ions liké*Hbm'3, and YB® but up to date, erbium-doped
fiber amplifiers (EDFAS) are still dominant.

Nonetheless, rare earth-doped fiber amplifiers are not the only solution for developing fiber
lasers. Stimulated scattering Raman can be also used as a mechanism for the amplification in a
fiber laser. The first work presenting a Raman laser using an optical fiber as the active medium
was demonstrated in 1976 by Ken O. Hdillal.[111]. Due to the high power required for the

laser generation, the first Raman fiber laser for practical application appeared late in the nine-
ties, when high-power pumps became available. Other effects like stimulated Brillouin scatter-
ing of four-wave mixing can be used to provide amplification [112]; however, EDFA and Ra-
man amplification are the most used in fiber lasers.

1.4.2 Principle of operation and main features

Basically, two elements are required to form a fiber laser: a gain medium that generates ampli-
fication and a feedback, generally given by a resonator in which the light recirculates. In this
manner, the laser emission will initiate when the total gain in the cavity overcomes the total
losses. The amplification effect is generally provided by an active medium in which the inver-
sion of population is induced by an external source of energy commonly known as pump. A
simple scheme of a fiber laser formed using a linear resonator can be seen in Fig. 1.29, where
two reflectors are located at the ends of an optical fiber of ldngtith an active medium of
lengthl,.. Photons recirculating inside the cavity are successively amplified until the total gain

in the resonator reaches the total losses in the cavity.

That limit is defined as lasing threshold, and can be defined as the lowest excitation level at
which stimulated emission dominates over spontaneous emission. Supposing the basic scheme
presented in Fig. 1.29, the total losses of the resonator in a round trip are induced by the reflec-
tors (R; and R) and by the attenuation inside the cavity of lerigtfon the other hand, the total

gain of the cavity is defined by the gain coefficignand the length of the fiber that acts as
active medium,,. Consequently, the lasing threshold in a linear resonator, assuming steady-
state operation, can be derived from:

RR €™ &% =1 (1.25)
Pump
Reflector Reflector
Rl RZ
K Active medium j:| l
: : Output
Im (1-R2)

L

Fig. 1.29. Basic schematic of a linear fiber laser.
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Fig. 1.30. (a) Ideal slope efficiency of a fiber laser. (b) Ideal slope efficiencies for different reflectance values
at the output reflector.

Above the lasing threshold, the linewidth and the efficiency slope (pump power vs laser power)
of the emitted light become orders of magnitude smaller. If the total losses of the cavity are
constant for different pump powers, which is the most usual case, the efficiency slope of a fiber
laser is linear as displayed in Fig. 1.30(a). This efficiency is evidently affected by the reflector
used for the power extraction. Consequently, an increment of the power ratio extracted from the
laser (i.e. decreasing the reflector’s reflectivity) increases the laser’'s output power, but as ex-
pressed in (1.25), it also increases the lasing threshold. In this manner, the selection of the out-
put ratio of the laser typically implies a compromise between high slope efficiency and low
pump power threshold as schematically depicted in Fig. 1.30(b). As a result, some basic aspects
to be taken into account in a laser design are the reflectivity of the mirrors used (in the case of a
linear cavity), the attenuation of the fiber, the cavity length and the properties of the amplifica-
tion process.

Normally, the power efficiency of fiber lasers ranges between 30-70%, using other laser
sources as pumping (laser diodes in particular). The wavelength of operation of fiber lasers
depends in general on the amplification medium, but includes infrared, mid-infrared, visible
and ultraviolet bands. Filtering elements, such as fiber Bragg gratings, can be included in the
laser design to force the laser emission at a given wavelength. In this manner, wavelength tun-
ing is possible over tens of nanometers. This range is usually related to the amplification band-
width given by the gain medium [113]. Other properties of fiber lasers include, for example, the
capability of being mode-locked to generate ultra-short (femtoseconds) optical pulses [114]. In
this Ph.D. work, all the lasers designed/used operate in continuous wave (CW) except in [PA-
PER J], where the laser is internally modulated.

Comparing fiber lasers with other laser types such as solid-state or diode lasers is not straight-
forward. In general terms, in contrast with solid-state lasers, fiber lasers are simpler, more
compact, reliable and can be pumped using laser diodes (which in fact implies that fiber lasers
can be considered as wavelength converters). Additionally, compared with laser diodes, fiber
lasers present a cleaner optical spectrum and better capabilities when modulated (less distortion
and less chirp). Furthermore, due to the fiber design, fiber lasers offer ideal compatibility with
optical communication systems. In addition, fiber lasers present some important features over
other types of lasers [83], [115]-[116]:
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» High pump intensityDue to the small core diameter of optical fibers, the mode field
diameter of the pump wave guided through an optical fiber yields higher pump intensi-
ty in a fiber laser that in bulk devices. This is reflected in a reduced lasing threshold.

» Signal and pump light wave-guidinmproved efficiency operation is attained due to
the excellent mode overlapping between the signal and pump light and the guaranteed
parallelism between the two light beams.

» Independence of pump spot size and active medium lddgéhto the independence
between the pump and the active medium length, the density of the dopant can be kept
low enough to avoid undesired ion-ion effects like cooperative up-conversion. In this
manner, weak pump absorption lines can be utilized to excite the laser transition. This
can result of practical importance for exploiting weak radiative transitions, as in L-band
erbium doped fiber amplifiers.

» CompactnesDepending on the amplification type, the active medium can be arbitrari-
ly long, and it can also be compact. Some silica-based fibers can be coiled and pack-
aged with a bend radius smaller than 1 cm.

* Heat dissipationThe small diameter of the optical fiber implies good heat dissipation.
Consequently, heat-related unwanted effects have a limited impact in fiber lasers.

 Beam quality Even at high output powers, fiber lasers in single-mode optical fiber
provide diffraction-limited beams.

* RobustnessAll-fiber lasers are in general more robust and reliable under mechanical
perturbations than free-space lasers. Thanks to the guiding provided by the optical fi-
ber, there is no need of alignment.

* Flexible designMany different laser cavities, configurations and variations can be im-
plemented. Setups can be easily assembled using fiber connectors or splices without the
need of optical alignment. Consequently, fiber lasers are less cumbersome and more
stable than free-space lasers.

These merits, plus the potential low cost [113], make fiber lasers a promising technology in
applications like material processing, telecommunications, optical metrology, surgery and opti-
cal sensing. However, there are also some aspects of fiber lasers that limit their performance
and need to be addressed. Some examples are that fiber can be damaged at high powers; the
pump wave absorbed per length unit is limited; and finally, nonlinear effects can impose a limi-
tation in the laser operation. In this regard, numerous works have been published handling these
limitations and have proposed different types of fiber lasers for each specific application. As a
result, there are different aspects that should be taken into account to define each fiber laser: the
type of amplification, the topology, the longitudinal mode distribution or the number of emis-
sion lines. In the next subsections these main classifications will be briefly considered to give a
better overview of the technology that will be developed in Chapters 3 and 4.

1.4.3 Fiber laser types: Considering amplification

The type of amplification employed in the laser generation is a crucial aspect that has an im-
portant impact in the final performance of the laser. There are many amplification approaches
(and hybrid combinations) that can be used for designing a laser. As a consequence, a classifi-
cation of fiber lasers can be done depending on the amplification type. In this subsection the
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most important are briefly explained, emphasizing on the erbium-doped fiber and Raman-based
solutions since they will be utilized in the research works presented in Chapter 3 and 4.

Erbium-doped fiber lasers

Nowadays, fiber lasers based on erbium-doped fiber amplification are present in numerous
applications such as dense wavelength-division multiplexing, optical signal processing, sensor
multiplexing, optical spectroscopy and soliton sources among others [117]-[121]. Despite the
fact that erbium-doped fiber lasers (EDFLs) can be designed to operate at different frequency
bands, the most important development has been done in the C-band (1530-1565 nm). The
main reason of this evolution is the application for optical communications, since the silica-
based optical fibers present minimum loss at those wavelengths.

In order to appropriately design an EDFL that fulfils the requirements of each application, dif-
ferent parameters have to be considered. First of all, the length of doped fiber used in the setup
is a crucial factor. Long fiber lengths increase the absorbed pump power, accordingly increas-
ing the output power. However, if the doped fiber section is too long, the un-pumped fiber will
induce a strong attenuation in the cavity, which will consequently increase the lasing threshold.
On the other hand, if the doped fiber length is short, part of the pump wave might not be ab-
sorbed, limiting the maximum output power. Thus, there is a trade-off between these effects, so
the length of doped fiber has to be appropriately chosen to obtain the adequate output power,
lasing threshold and slope efficiency.

Another important element that has to be taken into account is the erbium concentration in the
doped fiber. Experimental data indicates that high erbium concentrations imply also high lasing
thresholds and low slope efficiencies. Nevertheless, high dopant concentrations allow reducing
the length of the cavity required in the laser, which can be exploited in the development of sin-
gle-longitudinal mode fiber lasers [116].

The pump laser used in the amplification process is a key factor to be considered. Many pump
wavelengths are obtainable through semiconductor diode lasers: 670, 800, 980, 1480 and
1530nm [122]-[127]. But two pumping approaches are the most extended up to date: at 980 nm
and 1480 nm. The election of one of the choices is not easy since each option has its own ad-
vantages. High-power diode lasers are available at 1480 nm which also offers higher slope effi-

ciency. On the other hand, pumping at 980 nm pump presents the highest gain efficiency [128].

In any case, both solutions have been successfully used in numerous works [129]-[133]. Typi-

cally, a combination of 980 nm and 1480 nm pumps is used in commercial erbium doped fiber

amplifiers.

The properties of the EDFL strongly depend on the spectral filters used in the wavelength se-
lection. The emission line will initiate at the optical wavelength with a highest relationship
between gain/loss in the cavity. Consequently, including optical devices in the laser that modify
the losses in the cavity at certain wavelengths can residtdimg the laser emission at some
frequencies. Many different optical filters have been used for the wavelength selection, among
others, the most frequent are Mach-Zehnder filters [110], arrayed waveguide gratings (AWG)
[121], Fabry-Pérot filter (FPF) [134], fiber loop mirrors (FLM) [44], high-birefringence fiber
filter [133] and FBGs [135]-[136]. Every option presents its specific upsides and downsides,
being preferred in this work the FBG approach due to the narrow linewidth, temperature/strain
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sensing capability and individual wavelength tuning control which is especially interesting for
multi-wavelength systems.

Regarding the amplification process, those are the main aspects to be considered in the design
of an EDFL. However, many other parameters should be taken into account like the spectral
bandwidth of amplification, which is a key aspect in the development of widely tunable lasers
and EDFLs used in wavelength division multiplexing applications [131]-[137].

Raman fiber lasers

The amplification induced by the stimulated Raman scattering can be also used to develop fiber
lasers. These lasers are known as Raman fiber lasers (RFL) and have been subject of intense
research since the first published work in 1976 [111]. As previously shown in Section 3 of
Chapter 1, Raman amplification takes advantage of the inelastic interaction between photon and
molecules. This interaction can lead to a drop in the energy of the photon which is consequently
translated in a frequency drop. In this manner, if a Raman pump is launched into a cavity, a
Stokes wave will be generated at a frequency~13 THz lower than the pump power. If there is
another signal located at these frequencies, it will be amplified. In the same manner, part of the
Stokes light can b&apped in the cavity using reflectors (like FBGs) and successively ampli-

fied until the lasing threshold is reached, obtaining a Raman fiber laser [138].

As in any other fiber laser, also in this case the pump laser used for the gain generation is a key
element in the laser’s design. In contrast to erbium-doped fiber lasers, the wavelength operation
of the pump laser is necessarily fixd@-THz above the gain band. It is preferred as well to use

an unpolarized laser source due to the strong polarization dependence of the Raman gain. In
addition, the power of the pump source should be high (hundreds of miliwatts) due to the small
Raman gain coefficient. Finally, relatively broad pump sources are desired to avoid the genera-
tion of Brillouin scattering [139]. An important advantage of Raman-based amplifiers is that
multiple pump sources can be combined to tailor the shape of the optical gain spectrum due to
the fixed frequency shift between the pump and the Stokes wave [140]. This also implies that
Raman amplification can be used to produce fiber lasers at almost any frequency, in particular
when combined witltascadeoperation. In the cascading technique, th&tbkes wave is con-

fined and amplified to generate a laser, s8%Stkes wave is induced and so on [141]. This
process can be repeated to obtain amplification (or lasers) at higher wavelengths. This effect
has been successfully used in the fabrication of fiber lasers at 1480 nm to be used as erbium-
doped fiber amplifiers pump.

Concerning the gain medium, Raman fiber lasers also differ from EDFL. In this case, since the
gain process is based on the interaction between photons and particles, Raman scattering occurs
in germanosilicate glass, which is commonly used in the core of standard single-mode fibers.
Therefore, the fiber used in the laser’s cavity acts as the active medium for the amplification as
well. Nevertheless, the Raman gain coefficient can be enhanced if different fiber types are used.
For example, dispersion compensation fiber (DCF) and nonzero dispersion fiber (NZDF) pre-
sent gain coefficients much higher than the standard single-mode fiber (SMF), being this espe-
cially useful in the development of more compact Raman fiber lasers. Thus, the type and quan-
tity of dopant used in the fiber used as active medium have an important impact in the laser’s
performance [142]. For example, Raman fiber lasers with cavity lengths as long as 270 km
[143] and as short as 2.4 km [144] can be attained using SMF or DCF fiber respectively.
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In the same manner as in EDFL, the optical devices used for the wavelength selection and the
feedback source strongly define the properties of the Raman laser. Accordingly, numerous ap-
proaches have been proposed, selecting the wavelength of operation of the laser by means of
Fabry-Pérot filters [145], FBGs [146] and high-birefringence fiber loop mirrors [147]-[148]
among others. Regarding the topology used, ring and linear cavities have been validated; addi-
tionally, distributed cavities based on the feedback provided by the Rayleigh scattering have
been proposed [149]. It is worth also noting that an important advantage of RFLs is the inho-
mogeneous broadening gain provided by the stimulated Raman scattering. This effect is of
particular interest in multi-wavelength lasers since the gain competition between lines is re-
duced [150].

Due to the abovementioned properties, Raman fiber lasers have been proposed as a good solu-
tion in a number of applications such as long-distance remote sensing [151]-[153], optical to-
mography or super continuum generation among others [138]. In addition, RFLs have shown to
be especially useful for soliton-based systems and in applications for quasi-lossless optical
communications [154].

Brillouin fiber lasers

Similarly to Raman fiber lasers, Brillouin fiber lasers exploit the amplification generated by
stimulated Brillouin scattering (SBS), which is also an inelastic non-linear optical effect. In this
case, a pump wave propagating induces a Stokes wave in the direction opposite to the pumping.
For liquids and gases, the Stokes frequency shift is typically of the order of 1-10 GHz. In the
case of standard SMF, this value is around 10-11 GHz for the C-band.

In this manner, as in Raman-based approaches, the gain provided can be used to generate a
laser emission as demonstrated in a pioneer work published also in 1976 and by the same re-
search group as the first Raman fiber laser [155].The gain bandwidth induced by Brillouin scat-
tering has much narrower bandwidth than Raman-based lasers but it requires lower pump pow-
ers. In this case, the pump laser should have a narrow linewidth since SBS is favored by highly
coherent pumps. The type and length of fiber in the amplification is also a decisive factor in a
Brillouin laser, because each class of fiber can present different SBS parameters (like Stokes
frequency).

Cascaded operation is a key parameter in Brillouin fiber lasers as well, due to the low pump

power required and the narrow bandwidth of the gain [156]. But it has to be taken into account
that in the case of using ring instead of Fabry-Pérot topologies, the frequency separation of the
cascade effect will be double in each direction of propagation. Many fiber laser schemes have
been presented up to date exploiting stimulated Brillouin scattering; however, most of them

include a second amplification technique like erbium [156]-[158] or Raman. [159]

Other rare-earth doped fibers

Besides erbium ions, other rare-earth dopants can be used in the gain generation of a fiber laser.
As mentioned above, the first fiber laser used Neodymium as dopant in the active fiber [106]-
[107]. Other rare-earths employed are for example Praseodymium idH)s\Rich have been

used to fabricate fiber lasers operating at 1310 nm [160]. Pr-doped fiber lasers have also
demonstrated capability to operate at 1050 nm using a dye laser as pumping at 592 nm [161].
Thulium-based fiber lasers attracted significant attention due to their potential applications,
such as optical-based hydrocarbon sensing [162].0n the other hand, Holmium-doped fiber la-

33



sers have been considered due to their capability to operate around 2000 nm, which is of special
interest in medical and other eye-safe applications. In [163] a Ho-doped fiber laser pumped at
800 nm generated an output power of 10 mW and a wavelength tunable between 2037 — 2096
nm. Finally, Ytterbium-doped fibers have been used to generate amplification in fiber lasers
operating around 1010 nm with a tunable wavelength range of 60 nm [164]. Additionally, more
than 200 mW of output power with a quantum efficiency of 80% was attained using a silica-
based Yb-doped fiber laser pumped at 869 nm [165].

1.4.4 Fiber laser types: Considering cavity

First of all, it is worth clarifying that the use cévityis a misnomer (that is related to a closed
cavity employed at microwave frequencies). Insteachefty it would be more appropriate the

use ofoptical resonator However, the term cavity is broadly extended in the literature and it
seems to be largely accepted so in this work both terms are used without distinction. In either
case, they refer to the space in which the light is confined in a closed path during the laser gen-
eration. In this manner, the optical cavity/resonator provides the feedback required for the laser
emission. The type of cavity used in the design of the laser has an important role in the final
performance. Most practical schemes take use of hybrid approaches, but it can be considered
that the basic topologies are the ring and the linear (or Fabry-Pérot) cavities. It will also be
described in this section a third topology that might not strictly be a different type by itself.
Nevertheless, due to the special importance in this work and completely different properties,
the random distributed feedback cavity will also be illustrated.

Linear/Fabry-Pérot resonator

The linear cavity, also known as Fabry-Pérot cavity consists of an optical fiber section between
two reflectors in which the light travels back and forth as depicted in Fig.1.31. The main differ-
ence between linear and ring resonators is that in linear resonators the light necessarily propa-
gates simultaneously in both directions. This implies that light reaches every component placed
within the cavity two times per round-trip, except in the case of the reflectors. As a conse-
guence, undesired effects like spatial hole-burning can arise.

Spatial hole-burning can be defined as a modification of the gain shape in a laser medium
caused by saturation effects of a standing wave. If two waves travel in different directions sim-
ultaneously in a resonator, interference between these waves will produce a so-called standing-
wave, with a period equal to half the wavelength. This interference effect in turn might produce
changes in the amount of saturation in the active medium. As a consequence, it can result in the
deformation of the spectral shape of the gain.
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Fig. 1.31. Schematic of a simple linear cavity-based fiber laser.
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Fig. 1.32. Fiber lasers based on linear cavities using different reflectors: (a) FBGs (b) HiBi FLM + FLM (c)
circulator connected as a mirror.

Other drawbacks of basic linear resonators are lower efficiency and broader emission lines than
the obtained using ring cavities [115]. On the other hand, they are very simple topologies that
allow the design of very short cavities, which can be exploited for developing single-
longitudinal mode fiber lasers [166]. In order to decrease the total loss in the cavity, the pump
wave is typically inserted in the cavity through a wavelength-division multiplexer (WDM) in-
stead of an optical coupler [167]. Regarding the type of reflectors used, a widespread solution
uses FBGs as wavelength-selecting mirrors in one or both ends of the fiber cavity as depicted in
Fig. 1.32(a) [168]. In the same manner, other filtering devices like fiber loop mirrors can be
used; both as wavelength-selectors (by inserting a section of Hi-Bi fiber in the loop) or as sim-
ple mirror devices as in Fig. 1.32(b) [44]. Other approach used to attain simple all-fiber reflec-
tors is to enhance the Fresnel reflection of the fiber end by a highly reflective coating, such as
silver or gold-based solutions. Finally, a flexible solution is to use a circulator connected as a
reflector like displayed in Fig. 1.32(c). The main advantage of this solution is that optical de-
vices can be placed in the single-direction loop formed in the circulator, like filters operating in
transmission or couplers used in the power extraction. On the downside, the total length of the
cavity is extended. It should be also said that this solution can be considered in fact as a hybrid
topology between linear and ring cavity. In any case, using a circulator to create a loop reflector
is used in several works presented in Chapter 3 and 4.

Ring resonator

The second simplest topology to be presented is the ring cavity. In this case there is no need of
reflectors since the light path is closed by connecting/fusing the optical fiber in a closed loop.
The main advantages of ring resonators over linear cavities are the more efficient use of the
optical gain and the double free spectral range (FSR) obtained for an equal cavity length [110].
In addition, ring-based fiber lasers can operate in unidirectional regime if an optical isola-
tor/circulator is placed in the cavity; avoiding detrimental effects such as hole burning. A basic
scheme of a unidirectional linear fiber laser is presented in Fig. 1.33(a), where the pump power
can be inserted in the cavity using for example a WDM or an optical coupler. A polarization
controller should be also included in the loop if conventional doped-fibers are used for the am-
plification. Nevertheless, it has been demonstrated that that the polarization control has little
influence on multiwavelength-fiber lasers [169].
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Fig. 1.33. Basic schemes of ring fiber lasers using (a) an isolator and (b) an optical circulator to ensure the
unidirectional operation.

One of the main drawbacks of ring resonators is that the cavity length is typically much longer
than in linear topologies. This can be an issue if short cavities are desired for achieving single-
longitudinal mode operation. Additionally, ring topologies are commonly more susceptible to
power fluctuations [170].

In the case of unidirectional operation, filtering devices operating in transmission can be placed
inside the resonator, which is not possible using a basic linear cavity. However, in the same
manner as in linear topologies, the contribution of another device like an optical coupler or
circulator is needed to insert in the cavity filters that operate in reflection. A common solution
is presented in Fig. 1.33(b) that uses an optical circulator both as an isolator and to redirect the
power into an optical filter in reflection such as a FBG [171]. Again this time, this could be
considered a hybrid solution since the light’s path includes both linear and ring sections.

Random distributed feedback cavity

Finally, it is worth mentioning a different type of topology that even though it might not strictly
be a different type by itself, it is also described due to its particularities and importance in the
design of random distributed feedback fiber lasers [172]. The random distributed feedback-
cavity is sometimes also referred as random cavity or open cavity. This scheme consists of a
single linear cavity of optical fiber in which at least in one of the ends the light is not mirrored
by a point reflector. In this manner, the feedback required for the laser generation is provided
(from at least one of the cavity sides) by the Rayleigh scattering (RS) effect. An example of this
setup can be seen in Fig. 1.34 in where single mode fiber is used to generate RS feedback in a
double-arm topology. It should be noted that the optical fiber can act as both, gain medium for
the amplification and RS generator. In the case of using Raman amplification (the most com-
mon), tens of kilometers of SMF are typically used as active medium and distributed reflector
simultaneously [149].
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Fig. 1.34. Basic scheme of a random distributed feedback fiber laser.
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Fig. 1.35. (a) Typical attenuation profile of a standard single mode fiber. (b) Schematic of an OTDR trace.

The Rayleigh scattering in optical fibers is an elastic scattering of light due to its interaction
with particles much smaller than the wavelength of the radiation. It is a linear effect by which
the incoming light interacts with the random density fluctuations created in the fiber during the
manufacturing process. This interaction results in some of the incoming radiation emitted out of
the fiber, being RS the most important cause of attenuation in standard optical fibers at 1550
nm [Fig. 1.35(a)]. Operating at higher wavelengths benefits from less Rayleigh scattering since
it is inversely proportional to the fourth power of the wavelength, being expressed as [173]:

a= %ﬂj n®p°B.KT. (1+cosd ) (1.26)
Where4 is the wavelength of the light, is the fiber refractive index is the average photo-
elastic coefficient[Tr is the fictive temperature (approximately the temperature of fabrication),
K is the Boltzmann’s constant, is the isothermal compressibility & andé is the scattering
angle. Most of the radiation is coupled out of the fiber; however, a small amount of the light
(about~1/1000) is coupled back into the fiber, being this quantity related to the numerical aper-
ture and geometrical dimensions of the fiber [174].

As a result, Rayleigh scattering provides an optical feedback that even weak, has been used
since the 1970s to monitor the loss of optical fiber using optical time-domain reflectometry
(OTDR) [175]. An example of the trace obtained using OTDR can be seen in Fig. 1.35(b),
where the reflected light due to Rayleigh scattering can be seen together with other local effects
in the optical fiber. Under some circumstances, the feedback provided by RS can be enough to
stimulate the laser generation. In 2009, it was demonstrated that the feedback provided by a
FBG in an ultra-long (270 km) linear cavity was lower than the given by RS [143]. Few years
ago, the demonstration of a fiber laser solely based on the feedback provided by RS was pre-
sented [149]. Since then a lot of attention has been paid to this new type of fiber lasers, known
as random distributed feedback fiber lasers (RDFLs) [172],[176].

In this manner, a random distributed feedback cavity can be considered as a combination of a
vast number of linear cavities with different fiber lengths and extremely weak reflectors. As it
will be later explained, that implies that no longitudinal modes are present in the cavity, which
is the main difference with linear and ring topologies. As in linear cavities, the light propagates
in both directions simultaneously so complementary optical devices can be also included in the
cavity to allow the integration of filters operating in transmission. In the first demonstration of

a RDFL, a single fiber cavity without any reflector was used. However, a single-arm version
with one reflector and an open cavity can also attain similar results (using a half of the pump
power) [172]. Typically, Raman amplification is used with this topology due to the distributed
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nature and high gain attained in long cavities; nevertheless, also Brillouin or EDFA can be uti-
lized [177].

As it will be further explained in Chapter 4, RDFLs have some important differences over con-
ventional fiber laser, being those singularities mainly related to the use of RS as the feedback
source. During this Ph.D. work, research has been carried out exploring the capabilities of such
RDFLs for sensing applications.

1.4.5 Fiber laser types: Considering longitudinal mode operation

As it has been mentioned previously, the laser cavity is in fact a resonator, in which the physi-
cal features of the guiding medium (length, refractive index, etc.) define the resonance modes.
The cross-section properties of the fiber, like cladding/core refractive index difference and fiber
radius determine the transverse modes. In the case of single-mode fibers, only the fundamental
mode is supported, mostly presenting a Gaussian profile.

The resonance modes in the axial direction of the cavity are known as longitudinal-modes and
are defined by the length of the resonator and the refractive index of the core. The longitudinal
modes (frequencies) that are allowed to propagate inside a resonator must fulfil the following
condition:

d=NIMA (1.27)

Whered is the total distance in a round-trid,is an integer andis the resonant wavelength. In

this manner, only certain frequencies can circulate in the cavity with a frequency distance be-
tween them dependent on the length of the cavity. During the laser generation, if the total gain
overcomes the total losses in the cavity for a number of longitudinal modes, they will start las-
ing. The number of longitudinal modes lasing will be determined by the correlation between the
cavity length and the gain bandwidth. As a consequence, only one (single-longitudinal mode
fiber laser), or multiple longitudinal modes can emit simultaneously (multi-longitudinal mode
fiber laser). Additionally, it is also considered in this section a particular case(esopera-

tion) in which no longitudinal modes can be identified in the fiber laser.

Multi-longitudinal mode operation

Typically, the amplification inside a fiber laser’s cavity has a gain bandwidth that is wider than
the intermodal distance. In this manner, many longitudinal modes can be sufficiently amplified
to overcome the total losses of the cavity and start lasing. This effect can be seen in Fig. 1.36,
where multiple longitudinal modes fall within the gain bandwidth and emit simultaneously.
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Fig. 1.36. (a) Cavity transmission response and (b) output spectrum of a multimode fiber laser.
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In this manner, if multiple longitudinal modes reach the lasing threshold, the laser emission is
considered as a multi-longitudinal mode laser which free spectral range (FSR) in the case of a
single-material cavity can be derived from:

rv=— (1.28)

n L

Wherec is the speed of light in vacuum, represents the refractive index of the fiber dns
the round-trip distance of the resonator. It must be noted that in Fabry-Pérot cavities, this dis-
tance is related with two times the cavity length while in ring resondtissdefined by the
length of the ring. However, not only the gain bandwidth and the intermodal distance define the
number of emitting longitudinal modes, also the laser bandwidth and type of broadening pre-
sent (homogeneous or inhomogeneous) have to be taken into account. In addition, the formula
(1.28) has to be modified if multiple materials are present in the cavity:

_ c __c
nMn el sy

i=1

Av

(1.29)

Wheren, refers to the refractive index of tlkeh material andl, refers to its effective length
(double in the case of a linear cavity).

Multi-longitudinal mode laser emission is the most common since typically the free spectral
rangeAv for a fiber laser with a cavity lengbetween 10-100 m is around 1-10 MHz. Accord-
ingly, it is extremely difficult to achieve single-longitudinal mode (SLM) operation without
complementary techniques. Thus, the bandwidth of a multi-longitudinal mode fiber laser is a
multiple of the mode spacing. Nevertheless, some applications require narrow laser emissions
so reliable single-longitudinal mode fiber lasers designs are also of interest.

Single-longitudinal mode operation

As explained in the previous subsection, the number of longitudinal modes that can be excited
in a laser emission depends on the relationship between the cavity length and the gain band-
width. As a consequence, a single longitudinal mode laser emission (also known as single-
frequency fiber lasers) can be attained by increasing the free spectral range, reducing the gain
bandwidth, or generally, a combination thereof (Fig. 1.37).
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Fig. 1.37. (a) Cavity transmission response and (b) output spectrum of a single-longitudinal mode fiber la-

ser.
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In order to increase the free spectral range, short cavity lasers have been designed [166]. In
those setups, highly-doped fiber is mainly used due to the high gain provided in a very short
linear cavity. As a result, linear cavities with about 5 cm of doped fiber have been presented,
corresponding with a free spectral in the order of gigahertz. This high FSR together with nar-
row filter devices allowed achieving single-longitudinal mode fiber lasers using a linear cavity.

In addition, other resonator types, such as Fox-Smith interferometers, can be used to increase
the FSR of the system [178]. Moreover, compound laser cavities can be formed so the allowed
longitudinal modes have to satisfy the conditions imposed by multiple resonators [179].

Apart from simple FBGs, other optical devices and combinations of filters can be used to limit
the gain bandwidth of the fiber laser. Phase shifted Bragg gratings present a transmission line
that in general is narrowerlQ times) than the given by regular FBGs, so combining PS-FBGs

in transmission with additional filtering elements can be used for achieving SLM operation
[180]. A different approach for reducing the gain bandwidth in the resonator consists of using
saturable absorbers for both reducing the gain bandwidth and enhancing the laser stability. For
example, a section of doped fiber can be inserted in the resonator to induce some losses in the
cavity, which are lower for high optical intensities [181].

In the case of single-longitudinal mode fiber lasers, the behavior of the system is significantly
affected by the profile of the longitudinal modes. An example of the shape of the longitudinal
mode distribution in a linear cavity can be seen in Fig. 1.38. It is worth noticing that the full
width at half maximum (FWHM) of the longitudinal modes depends on the reflectivity of the
cavity mirrors so a narrower linewidth is obtained if high-reflectivity mirrors are used in the
laser setup.

However, even though the linewidth of SLM fiber lasers can be of a few kilohertz, the laser is
affected by wavelength-instabilities that can reach hundreds of megahertz or even some giga-
hertz. The most important effect is called mode hopping, and refersjtortheof the emission

line from a valid mode to another (not necessarily adjacent). This effect might be induced by
different causes, like temperature variations in the filtering device or gain medium, external
random noise, mirror vibrations or changes in the pump power. In any case, reducing mode
hopping is a crucial factor in SLM fiber lasers. As a consequence, besides of reducing the ex-
ternal sources of instability, increasing the FSR and reducing the gain bandwidth as much as
possible definitely reduce mode hopping.
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Fig. 1.38. Longitudinal mode distribution in a linear cavity for equal mirrors of reflecRvity
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Other interesting effect that can be used in favor of SLM operation is mode competition. In the
case of homogeneous broadening, optical waves from different longitudinal modes that share a
gain medium compete for the energy provided by the amplifier. This leads to cross-saturation
effects, where stimulated emission by one mode causes gain saturation not only for itself (self-
saturation), but also for other longitudinal modes. Therefore, in a situation with strong mode
competition, the mode with the highest gain can saturate the gain so it equals its losses; accord-
ingly any other longitudinal mode would then experience a negative net gain, which would
prevent it from lasing.

Modeless operation

Finally, a last type of longitudinal-mode behavior should be consideredndtelessopera-

tion. This case takes place in fiber lasers with random distributed feedback cavities where at
least one of the reflectors of a linear resonator is replaced by a distributed mirror like depicted
in Fig. 1.34.

The reflection is typically provided by Rayleigh scattering in the optical fiber, without the need

of point reflectors in at least one of the laser arms. That is a distributed weak reflection along
the fiber but under certain circumstances (high gain) the system can initiate the laser emission.
In this scheme, the laser resonator can be understood as the combination of numerous broad
low-Q longitudinal modes, in contrast to the narrow high-Q modes induced in a Fabry-Pérot
resonator [172]. As a consequence, the cavity does not impose any spectral selectivity, being
the feedback frequency-independent [Fig 1.39(a)].

If the total gain inside the cavity overcomes the high losses of the cavity, the system will start
lasing at a frequency given by the maximum of the gain profile like represented in Fig. 1.39(b).
When the lasing threshold is reached, a continuous collective mode formation is generated,
presenting a linewidth which is typically a few nanometers wide in a system without wave-
length-selective elements. In contraposition to single-longitudinal mode fiber lasers, the lin-
ewidth of the emission line is not mainly defined by the shape of the longitudinal modes but by
the response of the filtering elements used, if any. Otherwise, the laser form will be mainly
characterized by the gain profile.

—~
)

(b)

Gain profile

Cavity 4 \
response 1 \

Cavity transmission
Output power

S~ao

Cavity loss
Frequency

Frequency

Fig. 1.39. (a) Spectral longitudinal-mode distribution andrib)ielesemission of an open-cavity RDFL.
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This modelessehavior has some important implications in the laser properties, which are in
some aspects completely different from the presented by conventional lasers. As a result, some
applications can benefit from these particularities. Random distributed feedback fiber lasers are
analyzed in detail in Chapter 4, studying their capabilities in particular for sensing applications.

1.4.6 Fiber laser types: Considering number of emission lines

The number of emission lines is also an important parameter to define fiber lasers. Thus, two
main groups of fiber lasers can be conceived: single-emission and multiwavelength fiber lasers.
In the previous sections single-emission lines were mainly considered; however, modifications
can be included in the fiber laser scheme to emit multiple emission lines simultaneously. Those
lasers are known as multiwavelength fiber lasers.

Multiwavelength laser sources have attracted special interest in applications like optical com-
munications, instrument testing, optical processing and optical sensing mainly due to their ad-
vantages over single-emission fiber lasers, such as reduced cost, high power and low insertion
loss among others [146]. Dense wavelength division multiplexing (DWDM) in particular has
powered the development of multiwavelength laser sources for high-capacity communication
systems due to its cost-effectiveness. In general, the desired properties of multiwavelength la-
sers include: high number of laser lines over a broad bandwidth, moderate output {i@@ers (

MW per channel), high OSNR, precise and stable wavelength spacing and small power fluctua-
tions among others. In addition, it is also advisable the single-longitudinal mode operation, the
wavelength tunability of each emission line and the independent power equalization of each
channel [145]. Nevertheless, fulfil all those requirements simultaneously is very challenging
since satisfying some properties prevent others to be attained. As a consequence, numerous
approaches have been presented up to date using different amplification processes, topologies,
wavelength selectors, etc.

Schemes based on semiconductor optical amplifiers (SOAs) present stable operation at room
temperature but on the other hand they are not all-fiber structures. As a result, they suffer from
relatively high insertion losses, large polarization dependence and high sensitivity to tempera-
ture changes [182].

Other approaches use stimulated Raman scattering amplification for the laser generation, ap-
pearing as a successful solution to avoid some of the disadvantages given by other amplifica-
tion media. Multiwavelength Raman fiber lasers have been deeply analyzed due to the inhomo-
geneous broadening behavior, which significantly improves the wavelength stability by reduc-
ing the gain competition between lines. That also implies that depending on the configuration,
independent control of the power of each emission like can be attained. Other advantages of
such lasers are the high extinction ratio and wide wavelength flexibility. It should be noticed
that the wavelength region amplified by stimulated Raman scattering is located at a frequency
13 THz lower than the pump wave. In this manner, wide amplification ranges can be obtained
by combining pump lasers at different frequencies. Accordingly, multiwavelength Raman fiber
lasers are appropriate for DWDM applications. However, as mentioned previously, each laser
line bandwidth is commonly broader than the achieved using erbium doped fiber amplification.
Regarding the devices employed for the wavelength selection, multiple methods have been
reported such as Hi-Bi fiber loop mirrors [146], fiber Bragg gratings [152], long period gratings
[183] or photonic crystal fibers [144].
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Finally, the third main amplification technique used is based on erbium doped fiber. In this
case, multiwavelength schemes present high power conversion efficiency and low threshold. In
addition, as presented in this Ph.D. work, single-longitudinal mode operation of erbium-based
multiwavelength fiber lasers is also feasible. Even though equalizing and maintaining the sim-
ultaneous emission of multiple lines is difficult due to the cross-gain saturation in the homoge-
neous gain broadening, some techniques can improve the stability of the system enough to re-
main in stable multiwavelength SLM operation. For example, previous publications have
demonstrated that SLM operation can be reached by avoiding the mode competition when two
emission lines are generated with similar power levels, due to the interaction of the seed light
produced from one channel to the other and vice versa [171]. Other techniques exploit effects
such as Four Wave Mixing (FWM) [184], polarization hole burning [185] or the cooling of the
doped fiber in liquid-nitrogen [186].

Considering the topologies used in the design of multiwavelength fiber lasers, there are three
main approaches. Initially, the simplest solution is to use different active medium and cavity for
each emission line and to multiplex the obtained laser lines. In this case, each laser emission
can be considered independent from the others; however, this approach presents high cost,
complexity and low flexibility [187]. Another technique achieves the multiwavelength opera-
tion sharing a single amplification medium and the whole cavity, selecting the emission lines
by the insertion of optical filters like HiBi fiber loop mirrors or comb filters. Numerous emis-
sion lines can be obtained using this solution, but the power stability deteriorates if using EDF
amplification due to its homogeneous gain broadening effect [186]. The last practical method
used in multiwavelength fiber lasers is to share part of the cavity using different active media
(easier power equalization) [188] or a single one [171]. In addition, as in the first solution, easy
wavelength tunability can be obtained if independent optical filters such as FBGs are used for
the wavelength selection.
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Chapter 2

High-Birefringence fiber sensor
multiplexing in fiber loop mirror structures

In this chapter, the multiplexing capability of high-birefringence fiber loop mirrors and their
adaptation to full polarization-maintaining schemes are studied. The use of a fast Fourier
trans-form-based monitoring technique, together with the direct splicing between fibers and an
adequate interpretation of the theory allowed the design and validation of several new fiber
loop mirror-based topologies.

2.1. Introduction to high-birefringence fiber loop mirrors

2.1.1. Background

Since the first demonstration by Georges Sagnac in 1913 [1], numerous works have been pub-
lished exploiting and analyzing the capabilities of Sagnac interferometers. The basic principle
is simple: light is injected through a beam splitter, so it travels around a loop in two opposite
directions [Fig. 2.1(a)]. If the loop is rotated, the light travelling in the direction of the rotation
will reach the beam splitter at a later time than the light travelling counter-directionally to the
rotation. As a consequence, that phase shift induced by the rotation can be detected using opti-
cal interferometry.

The adaptation of this system to fiber optic was performed in 1976 [2]. The main advantage of
this scheme is the sensitivity increment by using a multiple turn loop instead of the single loop
used in the original Sagnac experiment [Fig 2.1(b)]. This initial fiber optic gyroscope (FOG)
was followed by numerous works analyzing the performance of the system. After an intense
development, FOGs are up to date one of the most successful fiber optic sensors. As a result of
the exploration of the Sagnac interferometer properties, different solutions/devices have been
created, such as optical fiber Sagnac current sensors [3], Sagnac interferometer-based hydro-
phones and geophones [4], and fiber loop mirrors among others.

Fiber loop mirrors (FLM) are simple all-fiber optical interferometers in which the ports of an
optical coupler are spliced together so a variable amount of incoming light is redirected to the
output port or it is otherwise reflected to the input channel. In this case, the length of the loop is
very short compared to FOGs, being minimal its sensitivity as rotation-detector.
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Fig. 2.2. (a) Schematic illustration of a fiber loop mirror. (b) Relationship between coupling factor and
transmitted/reflected power in a simple FLM.

Taking into account the schematic shown in Fig. 2.2(a) and the transfer matrix of an optical
coupler, ideally (neglecting birefringence, etc.) the transfer function of a fiber loop mirror can

be derived as follows:

E =J1-yVk E +iJ1-yVI-k B

(2.1)
E = |\/1—_y\/ﬁ E, +\/H/\/|_( &
Where:
£, = E¢™ =1-yVk E, & (22)
2.2
E,=E&" = N1-yVI-k E &
Accordingly:
E, =2i(1-y)Vkvi-k E, ™
(2.3)

E =(1-y)(1- %) E,&”
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Therefore, the transfer functions can be derived:

(2.4)

Wherek is the coupling factor angd represents the insertion loss of the optical coupler. Ne-
glecting the constant factor related with the insertion loss of the coupler, it is clear that the
transmitted and reflected power of the device depend entirely on the coupling factor of the opti-
cal coupler as depicted in Fig. 2.2(b). This simplified study offers an overall idea of the sys-
tem’s performance; however, additional factors also influence the response of the FLM and can
be consequently used to create different optical devices. For example, very fast optical switch-
ing can be attained by means of the cross-phase modulation generated by the Kerr effect, which
can induce a differential delay in the counter propagating waves [5]. Moreover, small birefrin-
gence changes can generate a phase shift between the polarization states in the fiber loop, alter-
ing the operation of the FLM. David B. Mortimore thoroughly studied this topology and the
birefringence repercussion to be used in the development of fiber lasers [6]. The effect of bire-
fringence can be enhanced, being of special interest the case that arises when a section of high-
birefringence optical fiber is inserted into the fiber loop mirror. This topology is known as
highly-birefringence fiber loop mirror (HiBi FLM) and has been subject of a deep study during
the past years due to its interesting properties.

2.1.2. Principle of operation

Figure 2.3(a) presents the schematic depiction of a high-birefringence fiber loop mirror that
comprises a fused taper optical coupler which output ports (made of single-mode fiber) are
fused to a HiBi fiber section. In this case, the strong birefringence in the loop generates a phase
shift between the fast and slow polarization axes of the light, generating an interference pattern
at the optical coupler.

To simplify the analysis of the structure, the loss in the fiber and the insertion loss of the cou-
pler are neglected, neglecting also birefringence in the single-mode fiber. However, it is taken
into account birefringence in the HiBi fiber and the relative rotation angles between the polari-
zation axes of the input field and its alignment with the HiBi fiber.
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Fig. 2.3. (@) Schematic illustration of a HiBi fiber loop mirror. (b) Transfer functions (transmitted/reflected
power) in a simple HiBi FLM.
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Accordingly, the output fields would be as follow:
E, =VKE,
E, =iv1-KE,
E =ivV1-KM_E, +~KM, E,
E =vVkM,E + W1-kM,E,

Wherek is the coupling factor of the coupldf,=[E in, Eiq is the input field and; and M,
represent the transfer matrices of the clockwise and anticlockwise turn:

(2.5)

M.=RTR
(2.6)
M, =R'LR’
BeingR, the rotation matrix of the polarization state induced by the rotation angle 4
_(cosg,  —sing, 27)
“|sing, cod, '

And T,the phase delay matrix induced by the HiBi fiber seatievith lengthl,, wavelength
and refractive indices, andne.

Lemdy (1 0
T,=e _27(no=re)ly (2.8)
0 e A

Consequently, after evaluation of the equations, the obtained transfer functions are:

Iin

T=l=(1- 2k)2{sinz(91+92)co§(Mﬂ .
R:I'—':4k(1— k){sinz(aﬁﬁz) coé[MH = T

Therefore, in a HiBi FLM, the rotation anglésbetween the ports of the coupler and the HiBi
fiber section modulate the amount of power reflected/transmitted. The angle relationship is
typically controlled by a polarization controller placed in one of the SMF fiber sections. How-
ever, the most important conclusion is that the length and birefringginea byb=|n, — n| of

the HiBi fiber section generates a sinusoid modulation of the transfer function as depicted in
Fig. 2.3(b). Moreover, in contrast to conventional Sagnac interferometers, the generated inter-
ference depends on the length of HiBi fiber instead on the total length of the loop. In addition,
the interference pattern does not depend on the polarization state of the input light. FLMs were
initially presented as a new approach to the design of wavelength-division multiplexers [7], but
many other applications have been also proposed. Other uses have been found, such as flatten-
ing the response of an erbium doped-fiber amplifier [8], eliminating the polarization depend-
ence of acousto-optic filters [9] or as dispersion-compensation filters [10]. Fiber lasers have
also benefited from HiBi FLMs, being of special interest the use as a filter for multiwavelength
laser generation with doped-fiber lasers [11] and semiconductor amplifiers [12] but also with



up

High-Birefringence fiber sensor multiplexing in fiber loop mirror structures

Raman amplification, even in combination with random cavities [13]. Tunability and switching
capability are also achieved using PM fiber in a fiber loop mirror [14]. Furthermore, it is of
particular significance the potential of HiBi FLMs to be used in the optical sensing field.

2.1.3. HiBi Fiber loop mirrors for sensing applications

As stated before, the original aim of Sagnac interferometers was to detect and measure rotation.
However, the loop distance in HiBi fiber loop mirrors is typically not enough to detect rotation,
being the cause of the interference in this case the phase shift induced by the high-birefringence
fiber. As a consequence, changes in the phase shift between the counter-propagating fields gen-
erated by the HiBi fiber can be detected and measured. Considering that a 50/50 optical coupler
is used in the setup, the transfer function of a one-section HiBi FLM is the following:

T(/l)zsinz(01+02)co§(%j (2.10)

Thus, variations in the birefringenbeor in the lengtH of the HiBi fiber cause a variation in

the interference. Those changes can be induced by different physical parameters as temperature
or strain among others. Typically, a change in the physical parameter produces a simultaneous
variation in both birefringence and length of the fiber. In this manner:

T(A) =sin2(61+62)co§(ﬂ(b+Ab)(l+Al)J

A
(2.11)
=sin? (6, +6,) cos (% + A(p}
Where:
Ag(A) =§(bAI +12b +A|Ab)=§(bm +12b) (2.12)

Thus, a variation in the birefringence and/or fiber length can be understood as a phase change
in the transfer function of the HiBi fiber loop mirror. Different physical parameters can induce
birefringence or fiber length variations, as a consequence, the appropriate type of HiBi fibers
have to be selected depending on the application. For example, conventional PM optical fibers
(e.g. PANDA fibers) contain two materials with different thermal (thermal expansion coeffi-
cient) and mechanical properties (Young’'s modulus and Poisson’s ratio), which generate high
thermal stress-strain with temperature variations, so they are highly sensitive to temperature
[15]. In addition, fiber can be doped to induce higher birefringence variations and increase the
sensitivity [16]. On the other hand, microstructured HiBi fibers made of a single material pre-
sent a negligible strain-induced birefringence change [17], so the sensitivity to temperature is
very limited, up to 55 times smaller than a common PANDA fiber [18]. That is the reason why
single-material microstructured fibers are preferred for axial-strain sensing applications, espe-
cially taking into account that the temperature-insensitivity can be increased by striping the
PCF fiber [19]. Besides strain and temperature, numerous physical parameters can be also inter-
rogated by means of HiBi FLMs, such as torsion [20], pressure [21], liquid level [22], bending
[23] refractive index [24] or humidity [25]. Additionally, chemical sensors can also be attained
by employing different fiber types [26]. Finally, several parameters can be simultaneously
monitored by combining FLMs with other sensing techniques like a hybrid FLM-MZI (Mach
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Zehnder interferometer) [27] or a combination of a FLM with a long-period grating pair for
measuring temperature and strain simultaneously [28].

Interrogation techniques

Several interrogation techniques can be employed to measure the phase shift in the transfer
function of a HiBi FLM. In this section, the most basic ones are described and compared, par-
ticularly focusing on the method used in the experimental work of this thesis, which is based on
the fast Fourier transform. In order to compare the performance of each technique, a series of
simulations has been performed considering a FLM with a HiBi fiber length of 30 cm and a
beat-length of 1.75 mm. To illustrate the phase change induced by a temperature or strain shift,
it is considered a simple case where the HiBi fiber is subject exclusively to temperature varia-
tions between 0 and 20°C with a sensitivity of 0.16 rad/°C.

As it has been previously shown, when birefringence/fiber length variations occur in a HiBi
FLM, the period of its transfer function is modified. In this manner, the first and most evident
interrogation technique is to monitor the period of the transfer function and evaluate its varia-
tion with the physical parameter under study. However, the period change is minor in practice,
being generally under the resolution achieved by the optical devices used to retrieve the optical
spectrum. To illustrate this effect, it is depicted in Fig. 2.4(a) the simulated transfer functions of
a HiBi FLM subject to temperature changes. Figure 2.4(b) shows the results measuring the
distance between peaks (period) using an optical spectrum analyzer with a resolution of 5 pm.
It is evident observing the picture that even using that high optical resolution, the results are not
accurate. The results can be improved by measuring the wavelength distance between a number
of periods but in any case, the resolution achieved is relatively low. As a conclusion, this tech-
nigue provides low resolution, requiring two maxima/minima to be monitored simultaneously.

It can be inferred for Fig. 2.4(a) that such a slight period variation generates in practice a phase
shift of the transfer function. As a consequence, the fiber loop mirror can be interrogated just
by tracking the wavelength of a peak or a valley in the optical spectrum. As it can be seen in
Fig. 2.5, the results show in this case a good linear fitting. It must also be taken into account
that the uncertainty of the period and the peak/valley tracking would be higher in experimental
applications due to the difficulty of precisely retrieve the peak/valley value in practice. An ex-
ample of this effect will be shown in [PAPER B] where the resolution obtained using the
peak/valley tracking technique is significantly lower than the theoretically expected. In any
case, this technique is up to date the most extended due to its simplicity and reasonably accu-
rate results; however, it still requires the detection and tracking in the optical spectrum of a
peak or a valley.
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Fig. 2.4. (a) Simulated optical spectra of a HiBi FLM under temperature variations and its period variation.
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Fig. 2.6. (a) Schematic depiction of the amplitude-based interrogation technique and (b) the results obtained
for a fixed wavelength (1542.5 nm).

To simplify the equipment required in the interrogation, other basic approach can be conducted
needing just a DFB laser and a power-meter. It is based on monitoring the transmission loss in
the fiber loop mirror for a given wavelength. To achieve this, a DFB laser source is located at a
fixed wavelength in the linear slope of the transfer function. In this manner, the reading of the
sensor is obtained by detecting the received power at the output port. Figure 2.6(a) illustrates
this process, in which the DFB laser (arrow) experiences different attenuation depending on the
phase shift of the interference. It should be noted that the simulation data is in every case
equivalent to the used in the previous interrogation techniques [Fig. 2.4(a)]. The reading of the
transmitted power at 1542.5 nm is depicted in Fig. 2.6(b). It can be clearly seen that the main
drawback of the system is the limited linear region in which the DFB has to be located. This
significantly restricts the range of the physical parameter to be measured. On the other hand,
this technique is not limited by the wavelength resolution like the previously presented. Fur-
thermore, it provides the easiest measuring process requiring just a reading of the power value.
In theory, the resolution attained by this approach can clearly overcome the previous techniques
(in practice it will depend on the DFB stability and the detector’'s accuracy). Additionally, in
order to compensate possible power variations in the fiber, a reference line is typically em-
ployed.

Nevertheless, these techniques present a major issue that is the limited capability to interrogate
interferometric sensors in multiplexing networks. The main difficulty that arises when HiBi
FLMs (interferometric sensors in general) are multiplexed is that the total transfer function of
the system is given by a combination of the interferometric sensors multiplexed. In this manner,
the interrogation technigues previously presented cannot be used straightforwardly. To over-
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come this limitation, a technique based on the fast Fourier transform (FFT) can be used. The
FFT is a mathematical tool that decomposes a signal into the frequencies that compose it.
Therefore, in the case of a HiBi FLM, the Fourier transform of the transfer function has an am-
plitude spectrum with a peak placed at a spatial frequency related with the period of the transfer
function. In addition, the phase spectrum of the fast Fourier transform encodes the phase infor-
mation of the FLM-related sinusoid. Taking into account that the sensing information can be
related to a phase variation in the optical spectrum (as in the peak/valley tracking technique);
the sensing information of a FLM can be retrieved from the FFT phase spectrum.

To exemplify the process, Fig. 2.7(a) displays the transmission of two HiBi FLMs with differ-
ent fiber lengths and equal birefringence and Fig. 2.7(b) represents the combination of those
transfer functions. The FFT of the combined transfer function can be represented in the spatial
frequency domain by two spectra: One corresponding to the FFT amplitude and other corre-
sponding to the phase as depicted in Fig. 2.8. The two main contributions can be seen in the
amplitude spectrum at the spatial frequencies given by the relatid@hipl ./(/o L,) between

the HiBi fiber lengthJ, the central wavelengthand the beat-length of the fibey. It should be

noticed that the beat-length is related with the birefringence as follgwsty/b. To perform

the simulations, the optical spectrum is based on the specifications of a commercial fiber Bragg
grating interrogator (like in the previous interrogation techniques) with a resolution of 5 pm and
a wavelength range between 1510 and 1590 nm (that corresponds to a 16001 pts FFT).
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Fig. 2.7. (a) Simulated transfer functions of two HiBi FLMs with different fiber lengths and (b) its combina-
tion.
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To show the measurement procedure of this technique, the combination of the transfer function
of the two HiBi FLMs [Fig. 2.7(a)] has been used, where HiBi klidvequivalent to the exam-

ple used in the previous techniques. Supposing that physical variations are applied only to the
HiBi FLM 4, the transmission of the system would vary as represented in Fig. 2.9(a). It is evi-
dent that in this case the previous techniques cannot be directly used due to the influence of the
second FLM interference. As expected, Fig. 2.9 (b) shows that the FFT amplitude spectrum
remains unchanged since the period variation in the transfer function is almost negligible. On
the other hand, the FFT phase spectrum [Fig. 2.9(c)] presents important variations that might
appear random. However, if the spatial frequencies that correspond to the FLM contributions
(Sf(FLMy)=0.1125 nrit andSf(FLM,)=0.3125 nrit in the example) are monitored as depicted

in Fig. 2.9(d), it is clear that the phase variation at those points comprises the sensing infor-
mation of each HiBi FLM.

As a conclusion, the FFT-based interrogation technique presents important advantages with
respect to the period and peak/valley tracking and to the amplitude-based technique; being the
most important feature its capability to interrogate multiplexing schemes. Furthermore, the
spatial-frequency analysis allows discerning between the different contributions in multimodal
interferometers [29]. The measuring process is very simple, like in the amplitude-based tech-
nigue, being only needed the evaluation of a single point (one per sensor) in the FFT phase
spectrum. The robustness of the FFT-based technique is also superior to the amplitude-based
due to the immunity of the FFT phase to amplitude variations in the spectrum. Referring to the
measurement range, it is confined betweerrragians but this limit can be easily handled by
software [30]. As an advantage, the amplitude-related approach offers the simplest setup which
is more cost-efficient than the other techniques where optical spectrum analyzers are required.
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On the other hand, the wavelength-based techniques offer less resolution than the FFT tech-
nique, but they are more intuitive and relatively simpler.

The evaluated techniques can be considered the most common and simplest, but numerous
variations, combinations and other complex techniques can be utilized. For example, by com-
bining the period and the peak tracking techniques, absolute temperature measurements can be
attained using a HiBi FLM [31]. Other approaches take advantage of lasing architectures in
combination with amplitude measurements for a fixed wavelength [32]. In the works reported

in this chapter, the FFT-based interrogation technique is mainly used due to its high resolution,
easy measuring process when implemented in a commercial interrogator and its capability to
interrogate multiplexing networks.
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2.2. [PAPER A] Real-Time FFT analysis for interferometric sen-
sors multiplexing

Due to the aforementioned properties, numerous works based on HiBi FLMs have been pub-
lished during the last years. The input polarization independence, the high sensitivity and the
dependence of the transmitted spectrum with the length of the HiBi fiber instead of the total
length of the loop are the main advantages of HiBi FLMs over regular FLMs. Those features
are of special importance in optical sensing, where different physical parameters can be moni-
tored, like rotation, axial strain, temperature, liquid level or curvature. However, compared to
other technologies like fiber Bragg gratings, HiBi FLMs have important downsides. The most
important is the limited multiplexing capability. Typically, a valley or a peak of the optical
spectrum is tracked to interrogate a FLM. However, this is not possible when multiple interfer-
ometric devices are multiplexed, since the resulting optical spectrum is the combination of the
transfer functions of the interferometers. Another advantage of FBGs over FLMs is that many
commercial devices have been designed to interrogate FBG networks in real time.

Taking all this into consideration, the motivation of this work was to present the spatial-
frequency multiplexing by means of the fast Fourier transform as an interrogation technique
that offers a high multiplexing capability for FLMs, without deteriorating (actually improving)
the results. In addition, this study was also aimed to show that a commercial FBG interrogator
can be easily adapted by software to monitor multiple interferometric sensors, considerably
enhancing the capabilities of the interrogator. In accordance, the main contributions of this
work are:

e Superior interrogation techniquéfhe FFT-based interrogation technique is pre-
sented as a better solution for interferometric sensor multiplexing. In addition to be
used for interrogating multiplexing schemes, this technique offers better resolution,
easier measuring procedure and less dependence on the amplitude of the interfer-
ence.

* FBG technology adaptatiorCommercial FBG interrogators are shown to be able
to real-time interrogate interferometric sensor networks after simple software pro-
cessing.

* New interferometric sensor networl&ased on FLM structures, new multiplexing
setups are validated experimentally and confirmed by means of simulations.

o Star topology: Up to four HiBi sensing fibers are monitored simultaneously
in a multiple-loop FLM using a 2x8 optical coupler.

o0 Two-section HiBi FLM: Two HiBi sensing fibers are placed in series and
independently measured in a single FLM.

» Sensor validationBoth structures are validated as sensor multiplexing networks by
applying axial strain to each sensing element. The sensor’'s reading is extracted
from the FFT phase, obtaining linear results without crosstalk between sensors.

» Further work: As a result of this work, the study in depth of the multi-section HiBi
FLM structure allowed the design of new systems such as the all-PM HiBi FLMs
presented in [PAPER B].
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High-Birefringence fiber sensor multiplexing in fiber loop mirror structures

2.3. [PAPER B] High resolution polarization-independent high-
birefringence fiber loop mirror sensor

There is an important factor to be taken into account in every HiBi FLM which, although criti-
cal, is barely mentioned in the literature: that is the polarization control inside the cavity. In
every HiBi FLM structure, at least one polarization controller (PC) is required to set the angle
difference of the polarization states of the light entering to the ports of the optical coupler.
However, in research works about HiBi FLMs, it is usually obviated that the polarization states
of the light propagating through a single-mode fiber gradually vary in a random an uncontrolled
manner. This is due to the fact that single-mode fiber is not purely symmetric; presenting cer-
tain degree of birefringence that depends on many factors like bending or temperature changes.
In practice, that implies that once the PC of the cavity is set, the single mode fiber sections of
the loop must remain steady. Even then, the PC has to be periodically adjusted, being this effect
a serious constraint in practical applications.

Using polarization-maintaining (PM) fiber in the whole setup can be considered a direct solu-
tion, but the ports of a PM coupler are made of HiBi fiber as well. As a consequence, in the
simplest case, the loop of a full-PM FLM is formed by two HiBi fiber sections. Accordingly,
the two-section FLM analysis validated in [PAPER A] is required for an adequate design of the
structure. The aim of this work was to design all-PM versions of the classical HiBi FLMs with-
out the need of polarization control inside the loop, expecting a significant increase in the sys-
tem’s performance. As a result, the main findings of this study are:

» Easier operation, increased performancdl-PM HiBi FLM schemes present su-
perior performance with respect to their classical counterparts (using SMF optical
couplers). No polarization control is needed in the loop, being this of special im-
portance in long-term measurements where all-PM FLMs present more accurate re-
sults. That increase in performance and reliability makes the system a better candi-
date for practical applications.

* FFT-related resolution increas@he FFT-based monitoring technique offers a res-
olution more than 100 times higher than the conventional method (monitoring the
wavelength of a peak or a valley in the optical spectrum).

» High-resolution: Temperature measurements (under 0.001 °C) can be attained by
combining the FFT-based technique with the all-PM FLMs schemes. Higher resolu-
tions could be straightforwardly obtained by increasing the length of sensing fiber.

» Tailored transfer functionAn appropriate control of the rotation angles between fi-
bers allows tailoring the total transfer function of the FLM. For instance, two fiber
sections located at different positions can act as a single fiber piece (with a length
given by the length difference between the two fibers) if a rotation angle of 90° is
set between them.
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2.4. [PAPER C] Monitoring Multiple HiBi Sensing Fibers in a Single
Fiber Loop Mirror

If more than two sections of HiBi fiber are multiplexed in a single fiber loop mirror, the behav-
ior of the system becomes significantly more complex. The transfer function of a single-section
FLM has just a main contribution; modulated by a polarization controller. On the other hand,
the transfer function of the two-section FLM presented in [PAPER A] presents two main and
two secondary contributions, requiring in this case two polarization controllers to be appropri-
ately set. As a consequence, due to the fast increase in the possible combinations, a large num-
ber of secondary contributions are expected if more sensing fibers are multiplexed in the loop.
This implies that the length of the fiber sections must be precisely chosen to avoid overlapping
between the main and the secondary contributions, which would lead to crosstalk in the meas-
urements. In addition, more polarization controllers have to be operated (one per sensing fiber),
significantly complicating the operation of the system.

Considering all these aspects, the main motivation of this work was to explore the experimental
functionality (for sensing purposes) of fiber loop mirror schemes that multiplex more than two
sensing fibers. Again this time, the FFT-based monitoring technigue is used to interrogate the
spatial-frequency multiplexed sensing elements; real-time monitoring the system using a com-
mercial FBG sensor interrogator as in [PAPER A] and [PAPER B]. It is worth saying that this
work is an extended version of the oral contribution presented Bdth@ptical Fiber Sensors

(OFS 24)conference that took place in Curitiba (Brazil) in October 2015 [CONF 2]. [PAPER
C] includes some of the preliminary results which were expanded for the full-paper version
with a complete theoretical study and a new full-polarization maintaining scheme. As a result,
the main contributions of this paper are:

 Two new multiplexing schemeshe theoretical and experimental studies of two
new HiBi FLM interferometers for sensing applications are presented. The first one
is a three-section HiBi FLM and the second is the modification of the setup to all-
polarization maintaining fiber.

» Saving polarization controllerdnstead of placing a polarization controller to select
the rotation angle between fibers, the HiBi fibers were fused together with an angle
offset between themThat greatly simplifies the operation of the system and reduc-
es the loss inside the loop. As a consequence, the number of required PCs is reduced
from 3 to 1 in the first scheme. No PCs are needed in the all-PM version.

* Maximizing main contributionsA theoretical study of the two setups under the
three and four-section FLM theory allowed the main contributions (with the sensing
information) to be maximized by finding the optimal rotation angles of the polariza-
tion states along the loop.

» Last stageln theory, a higher number of HiBi fibers can be included in the FLM to
be used as sensing elements. However, the large number of secondary contributions
would imply a complex and precise selection of the fiber lengths, limiting the prac-
tical applicability of the system.

C The timeline of the papers presented in this chapter would be the following: [PAPER A], [CONF 2], [PAPER B]
and [PAPER C]. That is the reason why the use of splices with a fixed rotation angle to avoid using polarization
controllers is claimed as a contribution of this work instead of [PAPER B].
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Chapter 3

Sensor schemes based on fiber lasers

In this chapter, fiber lasers are presented as suitable systems for optical sensing due mainly to
their high flexibility. Different types of fiber lasers are developed: from single-longitudinal
mode fiber lasers using short cavities to fiber lasers for remote interrogation of sensors located
100 or 155 km away. Multiple topologies and gain processes are also employed, including
Raman, erbium-doped fibers and Brillouin amplification.

3.1. Fiber lasers in sensing applications

As it has been previously described in Chapter 1, fiber lasers can be formed by adding a feed-
back to an optical gain medium, achieving total loss inside the cavity lower than the total gain.
Different amplification methods can be employed to achieve the stimulated emission, such as
fiber doped with rare earths (erbium, praseodymium, ytterbium, neodymium and thulium
among others). Each type of doping induces amplification at different wavelength bands, being
this is an important factor to be considered in the design of the laser. In addition, non linearities
of the fiber can be exploited to generate amplification; typically stimulated Raman or Brillouin
scattering. In this case the wavelength of the amplification is related to the wavelength of the
pump laser. More information about amplification types can be found in Chapter 1.

The type of feedback is also a crucial factor in the laser development. If the feedback is wave-
length-selective, it caforce the laser emission at certain wavelengths. Furthermore, the band-
width of the wavelength-selective reflector (together with the cavity length) has a decisive im-
pact in the longitudinal-mode behavior of the laser. In this manner, using highly selective re-
flectors can stimulate the single-longitudinal mode operation of the laser. This is highly pre-
ferred in some applications such as interferometry with coherent sensors due to the narrow
linewidth (few kilohertz) and hence very long coherence lengths of the lasers. To obtain single-
longitudinal mode operation, a long free spectral range (FSR) is required, which implies that
the cavity length should be short. Additional techniques can be used to increase the FSR such
as employing composed cavities. Moreover, stable multi-wavelength single-longitudinal mode
fiber lasers are especially interesting for their potential use in optical fiber sensing, sensor net-
work multiplexing schemes, microwave photonics systems and instrument testing among others

[1]-[3].

The topology used in the laser design also influences the final behavior of the laser; for exam-
ple, half FSR is obtained by using a ring cavity instead of linear (supposing equal cavity
length). Furthermore, each type of topology favors the use of different spectral filters inside the

77



up

cavity. E.g. ring topologies can easily integrate FBG filters in transmission, while reflecting
filters would require including complementary devices such as circulators or couplers.

Taking all those main aspects into account, fiber lasers present a very flexible design, with no-
tably different properties depending on the type of amplification, cavity, longitudinal-mode
behavior and number of emission lines. For example, very short cavities (a few centimeters)
can be formed to achieve SLM operation but if remote sensing is desired, ultra-long cavities
(more than one hundred kilometers) can be formed. In this manner, those main features define
and should be considered to describe a fiber laser:

- Amplification: Raman, Brillouin, erbium-doped fiber, etc.

- Cavity: Ring, linear (Fabry-Pérot), hybrid.

- Longitudinal-mode behaviorSingle-longitudinal mode, multi-longitudinal mode fiber
lasers.

- Number of emission lineSingle, dual or multiwavelength fiber lasers.

- Band of operation: C-band, L-band, etc.

Those are the key aspects used to describe fiber lasers such as the presented in this Ph.D. work.
However, there are many other remarkable aspects such as pulsed or continuous-wave (CW)
operation, multi-mode or single-traverse mode operation but these aspects are not considered
here since every laser presented is single-traverse mode and operates in CW regime. More in-
formation about fiber lasers can be found in Chapter 1.

Fiber lasers present significant advantages over other lasers such as robustness, compactness,
reliability, all-fiber setup, flexible design and potential low cost. As a consequence, fiber lasers
are interesting for many applications such as material processing, telecommunications, optical
metrology, surgery and optical sensing [4].

It is evident the wide applicability of fiber lasers as light sources in optical sensing. However,
instead of using fiber lasers as light sources to monitor sensors, this chapter is focused on fiber
lasers as sensing systems themselves. l.e. the sensors are an active part of the fiber laser so the
properties of the laser will be modified with the sensor variations. This approach presents some
advantages such as the high compatibility with wavelength multiplexing techniques. In this
manner, a single fiber laser can generate multiple emission lines, each one encoding the sensing
information from a sensor (or even more). A second important advantage of fiber lasers em-
ployed in sensing applications is that the active operation of the sensor generally results in
higher signal-to-noise ratio [5]. This is particularly evident in the case of using FBGs as wave-
length selector in a laser. Even using a low reflectivity FBG, a laser line with an optical signal-
to-noise ratio higher than 40 dB can be attained. In addition, the linewidth of the laser line can
be orders of magnitude narrower than the bandwidth of the sensor itself.

There are several laser properties that can be used to encode the sensing information. The most
common are the wavelength, amplitude, polarization, free-spectral range between longitudinal
modes, polarization mode beating and wavelength spacing between emission lines among oth-
ers. Thus, multiple sensing principles can be exploited in combination with fiber lasers. The
most significant for this Ph.D. work are described in the next subsections. It should be noticed
that the application of random distributed feedback fiber lasers for optical sensing is addressed
in Chapter 4. Consequently they are not considered in this chapter.
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Sensor schemes based on fiber lasers
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3.1.1. Fiber lasers for fiber Bragg gratings interrogation

One of the key advantages of fiber lasers for optical sensing is the possibility of using fiber
Bragg gratings simultaneously as transducers and as filtering element in the cavity. Many inter-
rogation techniques use a broadband source with a low power (under 100 pW), to monitor the
wavelength shift of the fiber Bragg gratings. However, output power higher than 1 mW can be
attained using a FBG in the laser cavity, with the consequent benefit in the signal-to-noise ratio

[6].

The most basic implementation of a fiber laser for temperature or strain measuring can be seen
in Fig. 3.1(a). It consists of a linear cavity with a reflector placed at one end of the cavity and
FBGs at the other. The amplification process takes place inside the cavity; being in the most
basic scheme given by a type of rare-earth doped fiber amplification. Therefore, the emission
lines are selected by the FBGs [Fig. 3.1(b)], reflecting the changes in temperature and strain
suffered by the sensors. Due to the wavelength selectivity of FBGs, they are very well suited
for wavelength-division multiplexing as stated in Chapter 1. The most straightforward FBG
multiplexing technique is based on including multiple sensors located is series at different spec-
tral bands.

Some of the different topologies presented in the Section 4 of Chapter 1 can be adapted for
including FBGs and consequently operate as sensor devices. For example, ring cavities can be
used in the same manner as linear, just by including an optical circulator (or even a coupler) as
shown in Fig. 3.2 for wavelength division sensor multiplexing.

Regarding the detection method, the previous examples require an optical spectrum analyzer
but simpler devices can be utilized. Additionally, simultaneous lasing of multiple lines can be
limited in multi-wavelength architectures by the available pump power or by adverse effects
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such as gain competition. To overcome this restraint, a tunable filter can be inserted into the
cavity so it performs a wavelength shift as depicted in Fig 3.3 [7]. If the bandwidth of the filter

is narrower than the wavelength distance between sensors, one FBG can be selected at a time
[8]. As a consequence, only one laser line emits so there is not gain competition or limitation by
the pump power. Furthermore, if the wavelength of the tunable laser is known, a simple power
detector can be employed to reconstruct the optical spectrum, considerably reducing the cost of
the system.

Another fiber laser that can be exploited for interrogating FBGs is the mode locked type. The
principle of operation of this fiber laser is based on generating a fixed phase between the longi-
tudinal modes of the laser. The interference between modes causes the generation of a train of
pulses, being this effect known phase-lockedr mode-locked. There are many methods to
mode-lock a fiber laser. In [9], @ modulator is inserted into the cavity as depicted in Fig. 3.4.
When the frequency of the modulation matches with a multiple of the cavity mode spacing, a
train of pulses is generated. Since the longitudinal mode spacing is proportional to the length of
the cavity, two FBGs can be identified by their different lock frequencies. As a result, when the
frequency of one of those gratings is selected it will lase, while the other cavity will suffer
higher losses (not lasing if the pump power is set close to the threshold). A more advanced
setup is proposed in [10] where a tunable filter is inserted in the cavity, so each FBG can be
identified by its locking frequency and by its wavelength, achieving hybrid TDM/WDM multi-
plexing.

Those are the most basic schemes to interrogate FBGs using fiber lasers but numerous ap-
proaches have been published up to date to monitor different classes of FBGs and using multi-
ple topologies, detection systems, multiplexing techniques, bands of operation, amplification,
etc. In this chapter, four fiber lasers are designed in combination with fiber Bragg gratings for
varied sensing applications: striving for remote long-range operation, single-longitudinal mode
operation or multi-parameter monitoring.
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Sensor schemes based on fiber lasers

3.1.2. Fiber lasers for interferometers/resonators interrogation

It is evident that the resonant properties of the laser, like longitudinal mode spacing, will
change if the cavity length is modified. This effect can be exploited for measuring displace-
ments/axial strain. Besides using the properties of the laser resonator as transducers, compound
cavities can be formed to select the wavelength operation like in [11]. In that work, a ring reso-
nator is included in the laser cavity to generate multiple laser lines which total power varies
with a micro-bending sensor placed inside the ring. The results using a laser setup are com-
pared with the obtained employing a passive interrogation, showing a stability increase from 12
to 0.1 dB.

Combining interferometers with fiber lasers is of special interest for monitoring PCF-based
sensors. For example, HiBi fiber loop mirrors (FLM) are frequently used in the cavity as a re-
flectors in order to select the wavelength of operation of multi-wavelength lasers. If the HiBi
fiber is employed as micro-bending sensor, the total power of the multi-wavelength laser will
be modified [12]. Additionally, the wavelength shift of each of the laser emission reflects the
physical changes in the HiBi fiber section (such as strain or temperature). Other interferometers
can be equivalently employed as in [13], where a Fabry-Pérot cavity based sensor using a sec-
tion of microstructured suspended core fiber is used as temperature sensor. However, the inter-
rogation technique is this time based on the relationship between the power of the emission
lines calculated by means of a quadrature phase-shift method. A simpler manner to monitor
interferometric sensors placed inside a laser cavity is presented in [14]. In this case the wave-
length selection is achieved by a FBG, with different wavelength for each interferometer (up to
six were interrogated). Thus, each interferometer is employed to modulate the amplitude of its
corresponding laser line.

As mentioned in Chapter 2, fiber optic gyroscopes based on Sagnac interferometers are one of
the most successful fiber optic sensors up to date. This field of application has been object of
intensive investigation the last decades, creating numerous solutions that also include fiber
optic lasers. Some of these approaches include Brillouin ring fiber lasers [15], mode-locked
fiber optic gyroscopes [16] or fiber lasers that combine a Sagnac with a Fabry-Pérot interfer-
ometer [17].

3.1.3. Fiber lasers for remote sensing applications

Fiber optic sensors are a dominant technology for ultra-long remote measurements, achieving
interrogation distances as far as 253 km [18]. Fiber lasers are a critical part of those schemes,
serving in some of them only as light sources. However, in other systems, including the sensor
as an active part of the laser itself present important advantages.

The basis of remote sensing is to interrogate sensors located tens or hundreds of kilometers
away from the monitoring station. This is a key factor in some applications where the measur-
and is in a hostile environment. The main challenge of such methods is to reach the longest
possible distance, overcoming limitations given not only by the fiber attenuation, but also by
the Rayleigh scattering and non-linear effects such as Brillouin scattering broadening [19]. It is
also of particular interest the multiplexing capability of the system, in order to reduce the po-
tential cost of the network.
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In this respect, it is considered remote operation the absence of energy supply at the sensor
location. Moreover, active elements are only present at the monitoring station from which the
distance to the sensor is considered.

Table 3.1 summarizes the most significant remote sensor schemes for distances over 75 km
[20], presenting the maximum distance attained, the type of amplification employed, the num-
ber of sensors multiplexed and the influence of the sensor in the laser. In this manner, fiber
sensors that are an active part of the laser itself are labeled as intrinsic while sensors monitored
by an external laser source are considered extrinsic.

It is evident the importance of fiber laser in remote interrogation since every most of the
schemes require a fiber laser to operate; additionally, most of the schemes are fiber lasers them-
selves. Four of the remote systems presented in Table 3.1 are contributions related to this Ph.D.
work, being two of them included in this chapter [PAPER F], [PAPER G] while the third is
presented in Chapter 4 [PAPER J].

REMOTE SENSOR SYSTEMS

up

Distance Sensor type* Amplification type Sensors multiplexed REF
253 km Extrinsic - 1 [18]
250 km Extrinsic Raman 4 [21]
230 km Extrinsic EDFA 1 [22]
200 km Extrinsic Raman 9 [PAPER J]
200 km Intrinsic Raman 11 [23]
200 km Extrinsic Raman 4 [21]
155 km Intrinsic Raman+EDFA+Brillouin 2 [PAPER G]
150 km Intrinsic Raman 3 [24]
120 km Extrinsic - 1 [25]
100 km Intrinsic Raman 4 [PAPER F]
100 km Intrinsic EDFA 4 [26]
100 km Extrinsic - 1 [27]
100 km Intrinsic Raman+Brillouin 4 [CONF 9]
100 km Intrinsic Raman+EDFA 1 [28]

Table 3.1. Summary of remote sensor systenmr{fisic type refers to sensors that are active part of the la-

ser itself whileextrinsicrefers to sensors interrogated by an external laser source).
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3.2. [PAPER D] Simultaneous measurement of strain and tem-
perature using a single emission line

In optical sensing, the fact that many sensors suffer crosstalk between temperature and axial
strain measurements is an issue that has been subject to an intense research. This is the case of
some of the most successful optical sensors such as photonic crystal fibers, systems based on
Brillouin scattering as optical time-domain reflectometers (BOTDAS) or fiber Bragg gratings.

A simple reading of one of those sensing systems is simultaneously affected by both tempera-
ture and strain. As a consequence, one cannot identify if a sensor change is induced by varia-
tions in temperature, axial strain or both. Regarding temperature monitoring an easy solution is
to isolate the sensor from strain variations which is feasible in the case of point sensors. How-
ever, for axial strain monitoring, it is not straightforward to isolate sensors from temperature
changes. Many solutions have been proposed to overcome this effect but only a few combine
simultaneous measurements of strain and temperature with the advantages of a laser design.

The aim of this work was to design a fiber laser for simultaneous temperature and strain moni-
toring using a single laser emission. In this manner, the main contributions of the work are the
following:

* Independent strain and temperature sensimgtependent temperature and strain
measurements were attained by monitoring the wavelength and amplitude of a sin-
gle laser emission. Two types of fiber Bragg gratings were used in the setup: a sim-
ple FBG selects the wavelength of the emission line and a long-period grating
modulates its amplitude.

» Fiber laser: The setup is based on a linear cavity fiber laser with erbium doped fi-
ber amplification. A narrow emission line with high stability and high signal-to-
noise ratio (55 dB) is achieved.

» Economic bandwidth usag&he temperature and strain information of two fiber
Bragg gratings was multiplexed in a single emission line (in the wavelength and
amplitude). As a result, the system allows an economic usage of the optical spec-
trum, which is of special interest in wavelength-division multiplexing sensor net-
works.
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3.3. [PAPER E] L-band multi-wavelength single-longitudinal
mode fiber laser for sensing applications

Single-longitudinal mode fiber lasers for optical sensing are typically designed in the conven-
tional-band (C-band: 1530-1565 nm) mainly due to the reduced cost of the equipment (greatly
developed by the telecommunication industry), lower loss of the optical fiber and frequency
coincidence with the erbium-doped fiber amplification. The operating band of the laser is not a
decisive factor in the development of many sensing setups. However, in order to improve the
multiplexing capability of laser-based systems using wavelength-division multiplexing, broad-
ening the band of operation is especially interesting. Additionally, in some sensing applications,
like in direct absorption spectroscopy, the wavelength of the laser is critical but also the stabil-
ity and the linewidth of the emission line. In the case of some gases, their absorption lines are
located at higher wavelengths than the included in the C-band, which is known as the long-
wavelength band (L-band).

Taking all this into account, the main objective in this work was to design a fiber laser in the L-
band with a narrow line-width (in single-longitudinal mode operation) for multi-wavelength
operation, taking also into account the stability of the system and the wavelength tunability. As
a result, the main findings of the work are:

* L-band operationThe device was designed to operate in the long-wavelength band
(1565 to 1625 nm), with emission lines located at 1587.7 nm, 1591.9 nm, 1599.9
nm and 1610.2 nm. The wavelength of operation can be tuned by temperature/strain
changes on the FBGs used for the laser selection.

* Four-wavelength single-longitudinal mode las&imultaneous operation in single-
longitudinal mode regime of up to four emission lines was achieved by using a hy-
brid topology and the adequate power equalization of each emission line.

* Enhanced stability.The measured power instability of the system was 1.2 dB,
against the 2.1 dB measured for a conventional multi-longitudinal mode emission.

» Temperature verificationThe appropriate behavior of the system was verified for
temperature measurements. This effect also demonstrates the ability of the emission
lines to be wavelength-tuned.
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3.4. [PAPER F] Experimental study of the SLM behavior and re-
mote sensing applications of a multi-wavelength fiber laser
topology based on DWDMs

As mentioned in Chapter 1, there are many different approaches used in the development of
multi-wavelength fiber lasers. Some of them use periodic filters like fiber loop mirrors, Fabry-
Pérot or Lyot-Sagnac filters, etc. Others are based on individual wavelength selectors like fiber
Bragg gratins. In the case of sensing applications, the main purpose of multi-wavelength fiber
lasers is to be used in wavelength-division multiplexing schemes. Accordingly, the FBG-based
approach is generally the most extended since FBGs can be simultaneously used as wave-
length-selectors and sensors. In addition, in schemes that do not use FBGs for sensing, the use
of FBGs for the wavelength selection also offers more versatility because each emission line
can be individually wavelength-tuned (which is not possible using periodic filters). As it has
been shown in previous works, not only regular fiber Bragg gratings (which usually work in
reflection) are used in the sensing schemes, but also long-period or phase-shifted fiber Bragg
gratings, which usually operate in transmission.

In this manner, efficient multiplexing of fiber Bragg gratings in a single scheme is an important
aspect of the laser's design. Depending on the filter characteristics and the aim of the structure
different approaches are used, being the most straightforward the serial and the parallel config-
urations. However, serial multiplexing filters increases the length of the cavity which is crucial
in single-longitudinal mode lasers. Additionally, it does not generally allow the independent
and efficient attenuation control of each emission line. On the other hand, parallel multiplexing
allows the independent loss control but highly increase the loss of the cavity if optical couplers
are used. In this regard, the main motivation of this work was to present wavelength-division
demultiplexers and multiplexers (DMUX/MUX) as versatile elements in the laser design and
explore their advantages for different laser schemes. The main contributions of this work are:

« DMUX/MUX versatility: They allow the independent attenuation control of each
channel independently without excessively increasing the loss in the laser cavity. To
show their applicability, two antagonistic laser schemes were validated: One using
EDF amplification and striving for narrow emission lines and a second based on
Raman amplification for remote sensing applications.

» Single-longitudinal mode operatioithe SLM operation of four emission lines was
attained by using phase-shifted FBGs as filtering elements in combination with reg-
ular FBGs. Line-widths as narrow as 2.2 KHz were measured.

* Remote sensing applicabilit second version of the topology was verified for re-
mote long-range measurements. Four emission lines were generated and validated
for temperature monitoring using FBGs sensors located as far as 100 km. This sys-
tem offers two main advantages over other long-range sensing setups:

o Higher versatility in the position of the sensors along the cavity (each emis-
sion line can equalized from the monitoring station to achieve similar power
levels).

0 The sensing information of the sensors can be retrieved simultaneously, in-
stead of using tunable filters to interrogate one sensor at a time.
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3.5. [PAPER G] Remote (155 km) fiber Bragg grating interroga-
tion technique combining Raman, Brillouin, and erbium gain
in a fiber laser

The capability of fiber optic devices for remote long-range interrogation is far superior to other
technologies due to the low loss of optical fiber. As described in Section 3.1, the concept re-
mote refers to the absence of energy supply with exception to the monitoring station. The max-
imum range of the network is a crucial aspect, but also the multiplexing capability has to be
considered. Several works have been reported striving for ultra-long range sensor monitoring
by means of different approaches. Some solutions consist of fiber lasers in which FBGs are
used as sensors and wavelength-selecting devices. However, in such long cavities the feedback
provided by the amplified Rayleigh scattering can act as a distributed mirror. As a result, lasing
might initiate without the FBG contribution. A solution is using an external laser source to per-
form a wavelength sweep and interrogate the sensors but conventional narrow fiber lasers gen-
erate stimulated Brillouin scattering that degenerate the probe wave.

Considering these aspects, the main motivation of this work was to design a fiber laser for re-
mote long-range monitoring of FBGs avoiding limitations imposed by Rayleigh and Brillouin
scattering. In this manner, the commonly undesired stimulated Brillouin scattering was em-
ployed as gain medium for the laser generation. The contributions of this work can be summa-
rized as follows:

* Long-range: Two fiber Bragg gratings were interrogated 155 km away from the
monitoring station. That was the longest distance achieved for a multiplexing sys-
tem at that time.

» Laser: The pump power is adjusted so the Brillouin-induced Stokes wave is just un-
der the lasing threshold. When the tunable laser reaches the FBG, the laser emission
is initiated due to the Raman, EDF and Brillouin amplification.

* Improved OSNRHeterodyne detection of the generated laser with the pump laser is
performed. Consequently, the power increase of the laser line is translated in a pow-
er increment in the heterodyne signal located at the Brillouin frequency.

» Pump economy: After the first 55 km, the Raman amplification is negligible. Never-
theless, the remaining pump is able to induce strong amplification in a section of er-
bium doped fiber, limiting the total required pump to 0.6 W.
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Chapter 4

Investigation on random distributed
feedback lasers for sensing applications

In this chapter, the concept of random distributed feedback fiber laser is presented and used in
the design of new schemes for sensing applications. This is a relatively new type of fiber laser
based on an open cavity which properties differ in many aspects from those of conventional
fiber lasers. Initially, the theoretical concepts and basic properties of random fiber lasers are
discussed, followed by three original research works on random fiber lasers, mainly focused on
its applicability in optical sensing.

4.1. Introduction to random distributed feedback fiber lasers

4.1.1. Background

Light generation in a random active medium was firstly reported by Vladilen S. Letokhov in
1967 studying the scattering of particles withgative absorptionn interstellar clouds [1].
Following this initial concept, the field of random lasers has been intensely investigated due to
the particularities of random compared with conventional lasers. In classic lasers, the cavity
defines the main properties of the laser, such as spectral and spatial modes, directionality, po-
larization, etc. However, in random lasers the cavity is defined in a different manner, and the
generated light is characterized by the random scattering of photons in an active medium. Due
to the random nature of the feedback used in the laser generation, the properties of random
lasers might be radically different from other fiber lasers. As a result, the properties of the ma-
terial used as random media finally define the performance of the random laser itself. Some
examples of materials used in the design of random lasers are powders, plastics or polymers,
granular structures, dye materials or porous glasses. However, defining the laser performance
using these random scattering materials is in general challenging with some aspects that still
need to be addressed. For instance, due to the randomness of the reflectors, some aspects
should be improved such as the high lasing threshold, low directionality and the low signal-to-
noise ratio, with spontaneous laser oscillations at different wavelengths. On the other hand, the
properties of the random lasers can be completely different from the given by conventional
lasers, presenting for instance a longitudinal modeless behavior.
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Understanding lasing modes in random scattering active media is an attractive and complex
research challenge that is still under study. Light scattered in a random manner exhibits very
complicated paths along the active medium. Nowadays, it is assumed that the output features of
random lasers are given by the randomly embedded localized spatial modes that can coexist
with non-localized extended modes [2]-[4]. One of the most interesting properties of random
lasers compared with the conventional ones is that the spatial distribution of modes is a finger-
print of the laser’'s randomness. However, the understanding and description of the spatial mode
distribution is a scientific challenge due to its complexity.

In this manner, a lot of studies on random lasers are in progress, exploiting different lasing
properties, finding new applications and exploring multiple random materials. Some of the
main types of random lasers are specifically based on direct bandgap semiconductors, using
mainly different forms of ZnO, but also GaAs or ZnSe powders for instance [5]-[12]. Another
main class of random laser utilizes dye and polymer active materials like in [13] where a solu-
tion that contains Ti@is used as strongly scattering medium. Other approaches can use differ-
ent types of micro and nano-particles [14]-[16] or liquid crystals [17]. The scattering efficiency

of sub-wavelength size metal particles can be improved due to the presence of surface plas-
mons. As a consequence, many random laser schemes have been proposed exploiting the plas-
mon-enhanced scattering mechanism [18]-[19]. Those can be considered three classes of ran-
dom lasers but an important number of different random laser schemes working in different
gain and scattering media have been published up to date. As a result, some good reviews have
been also presented [4], [20]-[23]; focusing on different aspects of random lasers, such as sys-
tems with non-resonant and resonant feedback or random fiber lasers based on distributed feed-
back. This chapter develops new approaches for fiber optic sensing using this last type of la-
sers. Consequently, the features of random distributed feedback fiber lasers are presented in the
next subsections, stressing in particular their differences with conventional lasers and their ap-
plicability in fiber optic sensing.

4.1.2. Principle of operation

In random distributed feedback fiber lasers (RDFLs) the random reflection in the scattering
medium is given by the Rayleigh scattering effect. In this manner, the light propagating along
the fiber scatters on random variations of the fiber core following the Rayleigh distribution.
Those variations are imperfections created during the fabrication of the fiber and are random in
strength and location but they are constant over time. As represented in Fig. 4.1, the light inter-
acts elastically with the density fluctuations which result in most part of the light being trans-
mitted without changes and a small part of the light scattered at different angles. About a
1/1000 part of the scattered light is coupled back into the fiber and starts counter-propagating
(the 1/1000 ratio is given by the numerical aperture of the fiber) [24]. The scattered light not
coupled into the fiber is radiated out of the waveguide. Even though the distributed reflection
along the fiber due to the Rayleigh scattering is weak, the effect generated in ultra-long systems
(above 270 km) is comparable with the feedback given by point reflectors in conventional la-
sers [25]. In any case, the gain needed to reach the lasing threshold of a RDFL is typically high
so a strong amplification method is needed.
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Fig. 4.1. lllustration of the Rayleigh scattering in an optical fiber.

Different random lasers based on Rayleigh scattering have been presented up to date but the
most significant gain mechanism is the stimulated Raman scattering. As mentioned in Section
1.3.2, when pump light of frequeneyenters a medium, it stimulates molecular vibrations in

the material in an inelastic scattering process, losing part of its energy. As a consequence, a
wave carrying the remaining energy is induced at a lower frequency (due to the lower energy)
known as the Stokes wave. The shifted frequency is named Stokes shift, being this frequency
drop defined by the vibration levels for the material. The rate amount of stimulated Raman
scattering is defined by the Raman gain coefficient (which is frequency-dependent) and the
power of the pump and Stokes waves. In contrast to other amplification systems, the gain in
this case is distributed along tens of kilometers of fiber until the pump wave is depleted.

Therefore, a laser system can be formed using the Raman scattering as the amplifying process
in a cavity where the feedback is provided by the distributed Rayleigh scattering along the fi-
ber. As a result, the lasing threshold of such laser can be reached due to the high gain values
obtained in the cavity. The first work that described the performance of a random distributed
feedback fiber laser exploiting the weak scattering reflection given by the Rayleigh scattering
was proposed by Turitsyet al. in [26]. This initial scheme can be seen in Fig. 4.2, where the
cavity is formed by two reels of standard single-mode fiber with a total length of 83 km and the
fiber ends cleaved to avoid Fresnel reflections. Two pump lasers at 1455 nm provide stimulated
Raman scattering amplification around 1550 nm. The measured lasing threshold is about 1.6 W
of total pump power for a generated light emission with the shape of the classic Raman gain
curve of amplified spontaneous emission overlapped with random spikes and dips, similar to
classic random lasers. The emission line varies completely over 2 W of pump power, where the
laser starts operating in continuous wave regime with suppressed power variations. In the opti-
cal spectrum two stable and narrow (< 1.5 nm) peaks appear at the wavelengths of the maxi-
mum Raman gain. The optical signal-to-noise ratio is above 35 dB and the radiation of the trav-
erse mode showed a near-Gaussian profile. In this manner, it was demonstrated the stationary
laser operation in an open cavity with a feedback provided by the Rayleigh scattering.
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Fig. 4.2. Basic scheme of a random distributed feedback fiber laser.

The theoretical description of the system is based on the equation for the power evolution, tak-
ing into account the average Rayleigh backscattering [26]:

dp*

" :;aptigR(P;+ Fg)P“_rglj (3.1)

WhereP*(z) represent the generated Stokes waves difd)Rre the pump wavesjs the aver-

age Rayleigh backscattering coefficiegy,is the Raman gain coefficient and + corresponds to
the forward and backward direction of propagation. The results of the simulations show that the
laser power at 1550 nm increases due to the Raman gainqgmtilihich the gain provided by

the pump wave do not overcome the loss level of the cavity (Fig. 4.3). The valggcahn be
derived from:

L= in % (3.2)
a, a

Whereas andap are the attenuation of the Stokes and pump wgaepresent the Raman gain
coefficient and B is the lasing threshold power.

Equation (3.1) is a simplified description of the system but do not take into account effects that
also have an impact on the laser like spontaneous emission, power depletion and backscattering
of both pump and Stokes waves [26]. A more detailed modelling of RDFLs can be found in [4]
and [23] where a set of differential equations have to be solved using specific boundary condi-
tions depending on the laser scheme. For example, using the scheme shown in Fig. 4.2 the
boundary conditions would be:

R (L)=0
P (0)=PF (0) (3.3)
R (0)=R

Raman gain

Laser power

Laser power

Loss level

3
>

-L RS Z

Fig. 4.3. Power distribution along the cavity in a RDFL.
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Fig. 4.4. RDFL configurations: (a) forward-pumped, (b) forward-pumped equivalent single-arm version, (c)
backward-pumped, (d) backward-pumped equivalent single-arm version and (e) simple single-arm version.

In this case, there is not reflection at the end of the fib&;dh) = 0, the pump power is in-

jected atz = 0, and the Stokes waves in both directions are equa¥if. However, other laser
designs can be also used, depending on the number of arms and the relative direction of the
pump lasers to the output signal [27]. In this manner, ideally three main classes of laser config-
urations can be defined as depicted in Fig. 4.4: forward-pumped, backward-pumped and simple
single-arm configuration. Forward and backward-pumped have also equivalent single-arm ver-
sions in which a mirror is located at= 0, considerably simplifying the scheme (half of the
fiber and only one pump are needed). In the works presented in this chapter, the single-arm
versions are used due to equipment saving and the additional possibility of using the mirror at
= 0 for including filtering elements, modulators, etc. The last simple single arm scheme [Fig.
4.4 (e)] does not include a mirror, resulting in a higher pump power required in order to reach
the lasing threshold given by the double scattering effect inside the cavity.

The lasing threshold of RDFLs can be described by the integral gain/loss balance equation in a
roundtrip for a fiber with an effective distributed mirror given by the Rayleigh scattering. Thus,
using a saddle-point approximation forlamr> 2 Lrsthe lasing threshold for a single arm can
be defined as [26]:

P :&[Hm[%_%j}im(l ﬂJ (3.4)

Ox as 20; & T

Whereas andap represent the attenuation of the Stokes and pump wave respeectivgetiie
average Rayleigh backscattering coefficient apis ghe Raman gain coefficient. The result for

a forward-pumped double-arm scheme with a Raman pump at 1455039 km'W™) in a

single mode fiber SMF28 with=4.5(10° km™ is 0.8 W per laser arm (1.6 W in total). In the
same manner, 0.8 W of pump power are needed if the forward-pumped single arm version with
a mirror is used. However, if the simple single-arm configuration without mirror is used, the
lasing threshold is 1.75 W which is approximately two times the needed using a mirror. De-
tailed information about modelling RDFLs and comparatives between the different schemes
can be found in [4], [26]-[27], being of especial interest the theoretical modelling included in
the work published by Dmitry V. Churkin [23]. It should be noticed that the mirror’s reflectivi-

ty in the single-arm scheme has an important effect in the lasing threshold (higher reflectivity
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implies lower threshold), but also in other parameters of the laser such as the power distribution
and output power [28].

4.1.3. Laser properties

As it has been mentioned previously, RDFLs present interesting properties and particularities,
especially compared with conventional fiber lasers. Laser generation typically requires two key
elements: an amplification medium and an optical cavity where the light is confined. In this
manner, when the total gain overcomes the total loss of the cavity the lasing threshold is
reached and the laser emission is initiated. The simplest case can be represented by a linear
cavity with two mirrors like the depicted in Fig. 4.5(a). In this case only the longitudinal modes

given by u, =k ¢/ nL will propagate; wher& is an integer numbet, is the effective roundtrip

of the cavity,c is the speed of light in vacuum ands the refractive index of the medium. In

this manner, in the spectral domain, the longitudinal modes that can propagate in the linear
cavity exhibit an intermodal frequency given By =c/nL like displayed in Fig. 4.5(b). Con-

sequently, if multiple longitudinal modes reach the lasing threshold in a linear cavity (the most
common situation) the laser emission will present a multi-longitudinal mode emission like the
depicted in Fig. 4.5(c).

However, if one of the cavity reflectors is replaced by a distributed mirror like in a random
distributed feedback fiber laser [Fig. 4.6(a)], the cavity length will not be fixed and the light
will be reflected along the fiber due to the Rayleigh scattering. In this case, the spectral re-
sponse of the cavity is formed by the combination of numerous broad low-Q longitudinal
modes in contrast to the narrow high-Q longitudinal modes of a conventional fiber laser (as in
the linear-cavity based mentioned previously) [4]. Therefore, the cavity does not impose any
spectral selectivity, being the feedback frequency-independent and non-resonant as represented
in Fig. 4.6(b). When the lasing threshold is reached, a continuous collective mode formation
located at the frequency of maximum gain can be seen in the optical spectrum [26] like sche-
matically depicted in Fig. 4.6(c). However, typically this laser emission is several orders of
magnitude broader than the generated for instance by a linear-cavity erbium doped fiber laser.

(a) Amplifier
Active
medium

Mirror

I ——

(b) . : : (c)
i Av=c/2nL ]

—

Power
Power

Frequency Frequency
Fig. 4.5. (a) Schematic of a linear-cavity fiber laser. (b) Spectral response of a linear cavity and (b) Multi-
longitudinal mode emission of a linear-cavity fiber laser.
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Fig. 4.6. (a) Schematic of an open-cavity fiber laser (RDFL). (b) Spectral longitudinal-mode distribution of
an open-cavity and (&)lodelesemission of an open-cavity RDFL.

Besides the continuous spectrum of a RDFL, there are numerous implications of using an open
cavity in the laser design. As it has been said, in contrast to conventional lasers, the spectral
response of a RDFL cavity is constant. In this manner, it is feasible to internally modulate the
laser without any frequency restriction typical in other fiber lasers [29].

Additionally, the modeless behavior of random distributed feedback lasers implasstree

of mode-hopping and mode competition. This effect is associated with the manifestation of
self-organization that in a random feedback depends on the spatial-power distribution of the
waves [30]. As a result, the stability attained by RDFLs in both frequency and power is higher
than in most of conventional fiber lasers. This is especially noticeable in the case of multi-
wavelength operation, where the lack of competition between lines makes RDFLs a promising
solution for multi-wavelength devices. As a consequence, several works have been published
up to date using random distributed cavities in combination with different spectral filters. For
instance, a fiber loop mirror interferometer using PCF fiber is used in [31] to generate more
than 150 emission lines spaced 0.09 nm in a wavelength range of 16 nm, with a power instabil-
ity under 0.05 dB. All-fiber Lyot filters can be also utilized for the multi-wavelength operation

as proposed in [32] where 10-20 emission lines are generated depending on the pump power. A
classic solution for multi-wavelength emission based on Fiber Bragg gratings is presented in
[30], using 22 FBGs to generate the same number of emission lines and reaching a total genera-
tion efficiency higher than the attained using a laser with conventional feedback. The outstand-
ing performance of RDFLs in multi-wavelength operation is particularly evidenced in [33],
where a fully-switchable multi-wavelength random fiber laser is presented. Multiple emission
lines were attained (30 in the network demonstration) in a fully-switchable random laser com-
bined with erbium-doped fiber amplification.

It is worth noticing that in practice, the type of fiber used for the distributed reflection has an

important influence on the output properties of the laser. Dispersion-compensating fiber (DCF)
like the used in [31] has a high Raman gain coefficient. Therefore, the output values attained
using about 1.2 km of DCF fiber are comparable to the achieved with 50 km of standard SMF.
Additionally, the DCF fiber allows a more compact design of the random laser. In this manner,
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the type (or combination of types) of fiber used in the design of a RDFL is also an important
factor to be taken into account. For instance, in [30] 11 km of SMF fiber where used together
with 11 km of TrueWave (non-Zero dispersion) fiber.

The mentioned properties of RDFLs are the most significant with respect to conventional la-
sers. However, random distributed feedback lasers offer other capabilities like tunability, high
power values inside the cavity, high efficiency and operation in spectral bands that cannot be
reached by conventional lasers based in doped fibers. Two detailed reviews on random distrib-
uted feedback fiber lasers can be found in [4] and [23].

4.1.4. Random distributed feedback fiber laser in sensing applications

Due to the particular properties of RDFLs, one of the main fields of application is in optical
sensing; nonetheless, up to date not many works have been published in this respect. The pos-
sibility of using tens of kilometers of fiber to generate the laser makes RDFLs a good candidate
for remote long-range sensing devices. In [34] two fiber Bragg gratings (FBGs) were used as
wavelength selector to monitor temperature in a 100 km system, taking advantage of both first
and second Stokes waves. Also FBGs (up to eleven) were monitored using a single-arm 200
km-long random fiber laser [35]. Apart from FBGs, other sensing devices can be used as reflec-
tors in a RDFL like optical interferometers. For instance, a Fabry-Pérot interferometer has been
used for optical sensing in combination with random cavities in [36]. Also fiber loop mirror
interferometers using a suspended-core fiber have been interrogated as displacement sensor
[37]. Four different schemes using a double-pump 300 km backward RDFLs are presented in
[38] to interrogate fiber loop mirrors or FBGs. Compound ring resonators can be used as well
as filtering elements in a RDFL as demonstrated in [39] for displacement measurements, ob-
taining improved sensitivity (10 dB) and instability (0.04 dB). As commented previously, a
fully switchable multi-wavelength laser is validated as sensor network by successfully monitor-
ing 11 fiber Bragg gratings and 7 fiber loop mirror interferometers in [33]. On the other hand,

an interesting approach to achieve temperature-independent strain measurements is presented in
[40]. In this work, the four-wave mixing effect between two lines generated by FBGs is used to
independently measure strain applied in one of the FBGs.

A few works have also combined RDFLs with distributed sensing. For example, a proof of
concept of a Brillouin optical time-domain analysis (BOTDA) reflectometer that includes a
random laser to increase the signal-to-noise (SNR) ratio was presented in [41]. A hybrid-pump
scheme was validated in [42] to increase the SNR of the furthest point of the scheme, located
154.4 km away from the monitoring station. Almost an equivalent range was measured in [43]
but with a single-pump scheme. On the other hand, other types of distributed sensing have
made use of RDFLs. A phase-sensitive optical time-domain reflectonde@TDR) was pre-

sented in [44], using a distributed cavity to increase the sensing range of the system to 175 km.

Summarizing, random distributed feedback fiber lasers have some aspects such as efficiency
and performance that are comparable or that even exceed those of conventional fiber lasers.
Some of the key properties of the generated laser emission in RDFLs include: a stationary con-
tinuous modeless spectrum that is free of mode competition, nonlinear power broadening, and
an output beam with a Gaussian profile in the fundamental transverse mode. In the works pre-
sented in this chapter, the singularities of RDFLs are exploited with the aim of proposing new
solutions for optical sensing.
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4.2. [PAPER H] Narrow-linewidth multi-wavelength random dis-
tributed feedback laser

Due to the aforementioned particularities of random distributed feedback fiber lasers, especially
when compared with their conventional counterparts, numerous studies have been conducted
analyzing their properties. The modeless behavior, high stability (due to the lack of mode com-
petition and mode-hopping), high peak power, open cavity, etc. allow the design of new fiber
laser configurations that overcome limitations previously imposed by conventional linear or
ring-cavity fiber lasers. However, in some other aspects, RDFLs present inferior performance
with respect to other lasers such as erbium doped fiber lasers (EDFL) for instance. An im-
portant drawback is its broad bandwidth which typically surpasses one nanometer. This restricts
the application of RDFLs in some systems, like in those based on dense wavelength division
multiplexing. In addition, a wide linewidth imposes the use of filtering devices in the study of
temporal and statistical properties of the laser. As a consequence, some authors have addressed
this limitation, presenting narrow-linewidth RDFLs with a bandwidth as narrow as 50 pm.

The main motivation of this work was to continue the development of narrow-linewidth RDFLs
and investigate its properties. In this manner, commercial fiber Bragg gratings have been used
as optical filters in the development of a narrow-linewidth RDFL. Moreover, the multi-
wavelength operation of the laser has been investigated due to the potential stability of RDFLs
compared with other fiber lasers (EDFLs for example). As a result, the main findings of this
publication are:

* Narrowest RDFL:The minimum linewidth achieved is 5.3 pm, which improves in
almost ten times the narrowest RDFL reported up to date.

» Laser analysisAn investigation of the characteristics of the laser was also carried
out. The influence of the loop mirror reflectivity in the linewidth, lasing threshold
and peak power was investigated.

* Multi-wavelength: A multi-wavelength version of the setup was validated. Four
emission lines were obtained with independent power control and wavelength
tunability, in contrast with previous systems where the generated lines cannot be
independently defined (in wavelength and power). High stability values were also
attained.

* New applicationsThe study of the laser revealed that the wavelength stability of
the system was given just by temperature changes in the phase-shifted FBG (even
with temperature changes under 0.01°C). This led to the development of new high-
resolution temperature, strain and transversal loading devices based on RDFLs
[PAPER I], [CONF 1].
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4.3. [PAPERI] High-resolution sensor system using a random dis-
tributed feedback fiber laser

Fiber Bragg gratings have been used extensively in optical sensing applications for years, being
of particular interest in temperature and strain monitoring. There are different techniques to
interrogate FBGs like using a broad spectrum source or a tunable laser to retrieve the reflected
spectrum of the sensors, so the characteristic wavelength of each sensor can be tracked. Other
schemes take advantage of fiber lasers to obtain higher signal-to-noise ratios, which is particu-
larly important in long-range systems. However, the resolution of optical devices is limited,
being typically around 10-5 pm in optical spectrum analyzers. In addition, systems based on
fiber lasers have a maximum resolution restricted by the length of the cavity (related to the
inter-longitudinal mode distance). Furthermore, even though conventional fiber lasers can have
a few-kilohertz bandwidth (e.g. in the case of a single-longitudinal mode EDFL), effects like
the mode hopping induce a frequency instability that degrade the sensing resolution of the sys-
tem. Thus, most FBG-based sensor systems have a limited resolution around 0.1°C, typically.
RDFLs do not have cavity-imposed limitations like other laser schemes and do not present
mode hopping or mode competition. Therefore, despite having a wider linewidth than other
lasers, the particular properties of RDFLs are promising for high-stability related applications,
like high-resolution measurement.

The aim of this study was to investigate the capabilities of narrow RDFLs for high-resolution
measurements in particular. Due to the narrow-linewidth of the laser (compared with other
RDFL schemes) and high stability, the interrogation process was performed in the electrical
domain, overcoming the maximum resolution given by the optical equipment. Initial results
were presented as an oral contribution in 248 Optical Fiber Sensors (OFS 24) conference
that took place in Curitiba (Brazil) in October 2015 [CONF 3]. Additionally, a modified ver-
sion for transversal loading measurements will be presented ifutbpean Workshop on Op-

tical Fibre SensorEWOFS) that will take place in Limerick in June 2016 [CONF 1].The
main findings of this work are:

» High-resolution: Temperature and strain resolutions under 0.01°C and 0r2-u
spectively were attained in the electrical domain, reaching the resolution limit im-
posed by the equipment used as reference.

* Heterodyne detectiorithe use of a sub-gigahertz linewidth RDFL allowed the de-
tection of the laser in the electrical domain where the equipment has higher accura-
cy.

» Self-compensated strain monitoringtrain measurements were attained without in-
direct temperature-compensation techniques. The temperature influence on the
strain measurements was directly compensated by beating two emission lines: one
exposed to temperature and strain and other exposed just to temperature variations.

» High stability: The key factor of the system is the outstanding stability of the RDFL
and its modeless behavior. Accurate results were obtained even using a relative
broad emission line (compared with EDFL for instance) due to the far superior fre-
guency stability of RDFLs.
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4.4. [PAPER J] Random DFB fiber laser for remote (200 km) sen-
sor monitoring using hybrid WDM/TDM

Random distributed feedback fiber lasers have been intensely researched during the last five
years but few works have focused on their applicability in optical sensing. However, there are
many aspects where RDFLs outperform conventional laser schemes. One of these aspects is the
possibility to be designed using a single-arm scheme with an open cavity. As a consequence,
RDFLs can be internally modulated without frequency restrictions that are otherwise imposed
by the cavity. In this manner, it is possible to use optical time domain reflectometry (OTDR)
for measuring the reflected power along a fiber length. This can be of practical use in fiber fault
detection and optical sensing for instance. A number of optical sensors can be measured using
OTDR techniques, all inserted in a reflective configuration; however, wavelength-based sen-
sors require the wavelength tuning of the light source.

Taking all these aspects into account the main motivation of this work was to explore the ex-
perimental performance of RDFLs in OTDR architectures for sensing applications. In this
manner, the open cavity of the laser, together with the capability of being internally modulated
and the high power inside the cavity make RDFLs a good candidate to ultra-long range sensing
systems using reflectometry techniques. Preliminary results of this work were presented as an
oral contribution in th@4™ Optical Fiber Sensors (OFS 24) confereticat took place in Curi-

tiba (Brazil) in October 2015 [CONF 4]. The main outcomes of this work are:

* Long-range multiplexing schem8everal FBG sensors were monitored at different
positions along the cavity in a 200 km-long sensor network.

* Hybrid TDM-WDM: The FBG sensors were identified by their wavelength and po-
sition in the network for a wavelength range of 10 nm and a spatial resolution of 45
m (maximum distance of 200 km).

» Flexibility: Compared with other ultra-long range sensor networks, this approach
offers a higher flexibility in the position, wavelength and type of the sensors em-
ployed.

» Laser cavity:The main difference with other OTDR approaches is that part of the
transmission channel is also the laser cavity. This implies that the maximum peak
power is reached 50 km away from the heading which is an advantage for long-
range monitoring. However, it also implies that variations in the cavity such as
strong reflections can modify the behavior of the laser.

* Further work This is the first time that a RDFL is adapted to be used as a time-
domain reflectometer. Those initial results can be expanded by further analyzing
different aspects of the system: multiplexing capability, noise effect, maximum
range, spatial resolution, etc. In addition, variations of the setup can be used in the
analysis and validation of RDFL's theory.
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Conclusions

Fiber optic technology has suffered a rapid evolution during the last decades due to its out-
standing capabilities in telecommunication applications. Taking advantage of this scientific and
technical advance, fiber optic sensors have emerged as a flexible solution to overcome some of
the main limitations of conventional sensors. In this regard, many sensing approaches have
been presented, using different transducer mechanisms, interrogation or multiplexing tech-
niques, etc. Fiber optic sensor technology has been successfully exploited in some specific ap-
plications, but there are still some aspects to be improved. Possibly the most important weak-
ness of optical sensors is the relatively high cost compared with well stablished technologies.
Taking this into account, multiplexing techniques are of special interest due to the inherent cost
reduction per sensing element.

In this framework, the results presented in this thesis propose new solutions based on fiber op-
tic sensors, particularly focusing on their multiplexing capability. In accordance, three original
contributions have been presented in chapter 2 related to interferometric sensor multiplexing:

« Initially, the multiplexing capability of HiBi fiber loop mirror (HiBi FLM) interferomet-
ric sensors have been analyzed and enhanced. A commercial optical fiber Bragg grating
(FBG) sensor interrogator has been simply adapted to efficiently monitor interferometric
sensor networks using the fast Fourier transform. This interrogation technique allows
individually identifying the contribution of different sensing elements, also showing su-
perior performance compared with conventional technigques. Additionally, two multi-
plexing architectures have been validated as crosstalk-free sensor networks both exper-
imentally and theoretically.

« The understanding of the principles of multi-section fiber loop mirrors allowed the im-
plementation of full all-polarization maintaining fiber loop mirror interferometers. In
this manner, polarization-maintaining versions of their conventional SMF counterparts
are validated. They present an outstanding stability and do not require polarization con-
trollers, easing the measurement process. Simulations have been also performed, agree-
ing well with the experimental results. Additionally, high resolution temperature meas-
urements (under 0.001 °C) were attained as a consequence of the better isolation of the
all-PM system to externally-induced birefringence changes.

« Finally, the multi-section analysis of a three sensing-fiber FLM interferometer was per-
formed. In this work, the study of three and four-section FLMs was carried out both the-
oretically and experimentally. Simulations were computed, matching with the experi-
mental results and validating the three-section FLM as sensor multiplexing scheme. Ad-
ditionally, the four-section theory was developed to design an all-PM version of the set-
up, which was confirmed as a crosstalk-free sensor network. It should also be mentioned
that further increasing the number of sensing fibers would be experimentally challeng-
ing due to the high number of secondary interference contributions.
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The third chapter of this Ph.D work focuses on the application of fiber lasers as sensing sys-
tems. Accordingly, the advantages of such devices have been exploited in four different setups:

In the first work, an erbium doped-fiber laser is designed to multiplex the sensing in-
formation related to strain and temperature measurements in the amplitude and wave-
length of a single laser line. This implies an economic bandwidth usage, which is espe-
cially important in wavelength-division multiplexing systems.

A completely different approach is presented in the second work, which is focused in
single-longitudinal mode operation in an alternative wavelength band. A multiwave-
length L-band erbium-doped fiber laser is validated as sensor scheme using a hybrid to-
pology with enhanced power stability.

In the next contribution it is also achieved the single-longitudinal operation of four
emission lines using a dense wavelength-division multiplexer (DWDM) for sensing ap-
plications. In addition, the flexibility of DWDMs for designing fiber lasers is shown by
adapting the system to remote long-range applications (100 km). The main advantage of
using DWDM s in the setup is that the spectral bands can be attenuated independently al-
lowing the sensors to be located at any position of the fiber.

In the same manner, the last work focuses on remote sensing applications. In this case
the maximum distance attained is 155 km using a combination of Raman, Brillouin and
erbium-doped fiber amplification. A tunable laser is inserted in the cavity so the Stokes
wave generated by Brillouin scattering reaches the lasing threshold when the wave-
length of the tunable laser meets the FBG sensors. Since the Stokes line is generated at a
fixed frequency shift from the tunable laser, the detection system can take place in the
electrical domain by monitoring the power detected at the Brillouin frequency.

Finally, in the fourth chapter of the manuscript, the particularities of random distributed feed-
back fiber lasers have been studied, emphasizing on their capabilities for sensing applications.
In this manner, the main conclusions of this chapter can be summarized as follows:

124

One of the main drawbacks of RDFL is their wide linewidth (a few nanometers) com-
pared to other conventional fiber lasers such as erbium-doped fiber lasers. In an initial
work, a random fiber laser with narrow linewidth (5.3 pm ) was achieved, improving in
almost ten times the narrowest RDFL reported up to date. A deep analysis of the setup
was carried out, also adapting the system for multiwavelength operation.

As a consequence of that initial work, it was observed a high applicability of the system
for high resolution temperature and strain measurements. Due to the outstanding fre-
quency and power stability of RDFLs and its wavelength dependence with the Bragg
wavelength of a fiber grating, temperature and strain resolutions under 0.01°C and 0.2
Ue were attained respectively. As a result of the narrow linewidth of the laser, the detec-
tion could be done in the electrical domain were more accurate equipment is available.
The inclusion of a second emission line allowed the design of a self-compensating setup
for independent strain monitoring.

A different approach for exploiting the properties of RDFL in sensing applications was
also performed. In this last work, the capability of RDFL to be internally modulated was
employed to achieve hybrid TDM/WDM sensor multiplexing in a 200 km-long sensor
network. It is based on optical time domain reflectometry in a lasing cavity, identifying
fiber Bragg grating sensors by their position in the fiber (with a spatial resolution of
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45m in 200 km) and by their wavelength (in a range of 10 nm). This scheme offers
much superior multiplexing flexibility than other long-range measurement systems in
terms of position, wavelength and type of sensors employed.

Summarizing, different fiber optic sensing solutions have been presented, which can be divided
in two main groups: based on FLM interferometers and based on fiber lasers. In the case of
interferometric sensors, the work has been focused on the multiplexing capability and adapta-
tion of the devices to all-polarization maintaining fiber. The second main group of contribu-
tions, based on fiber lasers, can be subsequently divided in two parts: in the first, single-
longitudinal mode operating and remote long range laser schemes have been designed; in the
second, the particular random distributed feedback fiber lasers have been studied, focusing on
their capabilities for sensing applications.

Conclusiones

El campo de la fibra dptica ha sufrido una rapida evolucion las Ultimas décadas debido a sus
excepcionales cualidades para aplicaciones de telecomunicaciones. Aprovechando este avance
cientifico y técnico, los sensores de fibra 6ptica suponen una solucion flexible, capaz de superar
algunas de las limitaciones sufridas por los sensores convencionales. En esta linea, han surgido
multiples planteamientos utilizando diferentes mecanismos de transduccién, técnicas de multi-
plexacién o interrogacion, etc. La tecnologia de sensores de fibra dptica ha sido utilizada con
éxito en algunas aplicaciones especificas, pero todavia tiene margen de mejora. Una de las de-
bilidades méas importantes de los sensores de fibra éptica es posiblemente el coste, que es rela-
tivamente alto comparado con otras tecnologias ya establecidas. Teniendo esto en cuenta, las
técnicas de multiplexacion son especialmente interesantes debido a la inherente disminucién de
coste que suponen por cada elemento sensor.

En este contexto, los resultados que se presentan en esta tesis pretenden contribuir al campo de
los sensores de fibra 6ptica, incidiendo en su capacidad de multiplexacién. Teniendo esto en
cuenta, se presentan en el capitulo 2 tres contribuciones originales relacionadas con la multi-
plexacion de sensores interferométricos:

« Inicialmente, se ha estudiado y mejorado la capacidad de multiplexacién de configura-
ciones en espejdilfer loop mirrorg basados en fibra altamente birrefringente (HiBi
FLMs por sus siglas en inglés). Se ha adaptado un interrogador comercial de redes de
difraccion Bragg ha sido adaptado de manera sencilla para interrogar sensores interfe-
rométricos por medio de la transformada rapida de Fourier. Esta técnica de interrogacion
permite identificar individualmente y en tiempo real las contribuciones de los diferentes
elementos sensores, mostrando asimismo un mejor rendimiento que técnicas convencio-
nales. Ademas, se han validado tedrica y experimentalmente dos esquemas de multiple-
xacion que interrogan redes de sensores que no tienen diafonia entre si.

» El conocimiento del funcionamiento de los interferémetros FLM multi-secciones ha
permitido el desarrollo de HiBi FLMs totalmente formados por fibra mantenedora de
polarizacién. De esta manera, se han validado versiones totalmente mantenedoras de po-
larizacién de interferbmetros clasicos, sin la necesidad de utilizar controladores de pola-
rizacion. También se han realizado simulaciones que han coincidido con los resultados
experimentales. Ademas, como consecuencia del mejor aislamiento del sistema ante
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cambios de birrefringencia inducidos externamente, se han realizado medidas de tempe-
ratura de alta resolucién (menor que 0.001 °C).

e Por dltimo, se ha llevado a cabo el andlisis de un interferometro FLM formado por tres
secciones de fibra sensoras. En este trabajo se ha efectuado el estudio tedrico y experi-
mental de interferémetros formados por tres y cuatro secciones de fibra altamente birre-
fringente. De nuevo se han realizado simulaciones que han coincidido con los resultados
experimentales, validando el FLM de tres secciones como red de multiplexacion de sen-
sores. Adicionalmente, se ha formulado el modelo teérico para el interferometro de cua-
tro secciones. Dicho modelo se ha utilizado para disefiar y validar como red de sensores
sin diafonia una version realizada con fibra mantenedora de polarizacion del primer es-
guema. Conviene mencionar que aumentar mas el nimero de fibras sensoras multiple-
xadas seria complicado en la practica debido al gran nimero de contribuciones secunda-
rias en la interferencia.

El tercer capitulo de la tesis se centra en la utilizacion de laseres de fibra como elementos sen-
sores. Las ventajas de estos dispositivos se han aprovechado en cuatro montajes diferentes de la
siguiente manera:

e En el primer trabajo se ha disefiado un laser de fibra dopada con erbio para multiplexar
la informacion de temperatura y deformacién en la amplitud y en la longitud de onda de
una unica linea de emision. Esto supone un uso econdémico del ancho de banda disponi-
ble, lo cual es especialmente importante en sistemas con multiplexacién en longitud de
onda.

* El segundo trabajo presenta un enfoque totalmente diferente, centrado en el funciona-
miento del laser en régimen mono-frecuencia para su operacion en una banda de trabajo
alternativa. De esta manera, se ha validado un laser multi-longitud de onda de fibra do-
pada con erbio como esquema sensor, utilizando una topologia hibrida que presenta una
estabilidad mejorada en potencia.

» También en la siguiente contribucion se ha logrado la operacion como sensor de un laser
mono-frecuencia de cuatro lineas de emision gracias al uso de un multiplexor en longi-
tud de onda (WDM por sus siglas en inglés). Ademas, se ha mostrado la flexibilidad de
los WDMs para el disefio de laseres de fibra mediante la adaptacién del sistema para
monitorizacion remota de sefiores (100 km). La mayor ventaja de utilizar WDMs en el
esquema es que las diferentes bandas espectrales pueden atenuarse independientemente.
Esto permite colocar los sensores en cualquier posicion de la fibra.

» De la misma manera, el Ultimo trabajo se centra en aplicaciones de interrogacion remo-
ta. En este caso la distancia maxima conseguida es 155 km utilizando una combinacion
de amplificacion Raman, Brillouin y de fibra dopada con erbio. Se inyecta en la cavidad
un laser sintonizable generando una onda de Stokes debido a la dispersion Brillouin. Es-
ta onda alcanza el umbral de emision laser cuando el laser sintonizable alcanza la longi-
tud de onda del sensor FBG. Ya que la onda de Stokes se genera con una diferencia en
frecuencia fija respecto del laser sintonizable, la deteccion puede llevarse a cabo en el
dominio eléctrico. De esta manera simplemente deben medirse las variaciones en poten-
cia detectadas a la frecuencia Brillouin.
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Por altimo, en el cuarto capitulo de la tesis se han estudiado las particularidades de los laseres
de fibrarandomde cavidad distribuida (RDFL por sus siglas en inglésdom distributed
feedback fiber lasejs Este analisis esta especialmente enfocado hacia sus capacidades para
aplicaciones en interrogacion de sensores Opticos. Las principales conclusiones de este capitulo
pueden resumirse de la siguiente manera:

¢ Una de las mayores desventajas de los RDFLs es su gran ancho de linea (varios nané-
metros) comparado con otros laseres convencionales como los que utilizan fibra dopada
con erbio. En un primer trabajo se ha disefiado un laser rageditira con un ancho de
linea estrecho (5.3 pm), mejorando en casi diez veces eld@skermmas fino conse-
guido hasta la fecha. Se ha estudiado en profundidad el esquema, incluyendo su adapta-
cion para operacion multi-linea.

« Como consecuencia de este trabajo inicial se observo la alta aplicabilidad del laser para
medidas de temperatura y deformacion de alta resolucién. Gracias a la destacada estabi-
lidad de este tipo de laseres tanto en potencia como en longitud de onda, se obtuvieron
medidas de temperatura y tension con resoluciones menores de 0.01°G ye32ea-
tivamente. Debido a la reducida anchura de linea del laser, la medida del sistema sensor
puede realizarse en el dominio eléctrico, donde el equipamiento es mas preciso. La in-
clusion de una segunda linea de emision permite el disefio de un esquema auto-
compensado para la medida independiente de la deformacién.

e Otro enfoque diferente para utilizar las propiedades de RDFLs en aplicaciones de inte-
rrogacion de sefiores se ha llevado a cabo en el dltimo trabajo. En este, la capacidad del
laser para ser modulado internamente se ha utilizado para lograr multiplexacion hibrida
en tiempo y longitud de onda en una red de sensores de 200 km. Se basa en reflectome-
tria 6ptica temporal en una cavidad laser, identificandose sensores FBG por su posicidn
en la fibra (con una resoluciéon de 45 m en 200 km) y por su longitud de onda (en un
rango de 10 nm). Este esquema ofrece una capacidad de multiplexacién de sensores muy
superior a otros sistemas de medida remotos para larga distancia en términos de posi-
cion, longitud de onda y tipo de sensores.

En resumen, se han presentado diferentes soluciones para interrogacion éptica de sensores, que
pueden dividirse en dos grandes grupos: basadas en interferémetros FLM y basadas en laseres
de fibra. En el caso de sensores interferométricos, el trabajo se ha centrado en la capacidad de
multiplexacion de estos y su adaptacion a esquemas totalmente formados por fibra mantenedora
de polarizacién. El segundo grupo de contribuciones basadas en laseres de fibra puede dividirse
a su vez en dos partes. En la primera se han disefiado laseres para operacion mono-frecuencia e
interrogacion remota. En la segunda parte sin embargo se han analizado las particularidades de
los laseresandomde fibra, enfocando especialmente su posible uso en aplicaciones de interro-
gacion de sensores.
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The development of new fiber optic sensing solutions will undoubtedly continue the following
years due to the continuous advance in the optical technology and the reduction of the equip-
ment costs. Additionally, it is expected that fiber optic sensors increase their weight in industri-
al applications if the reliability and cost-competitiveness of the technology keeps growing.
Moreover, besides reliability or cost reduction, effort should be made to improve the capabili-
ties of optical sensing schemes, such as resolution, multiplexing capability, noise immunity,
remote operation, etc.

Regarding the systems related to this work, new multiplexing architectures could be designed
and analyzed using the FFT method. Moreover, full polarization-maintaining interferometers
should be also investigated, since their sensing capabilities are expected to greatly overcome
the classic SMF versions. In addition, the FFT technique is commonly used as a tool in some
particular cases where the contributions of a compound interference have to be identified.
However, even in simple interferometers, the results of this method are much superior to the
obtained using other conventional approaches. Consequently, a study in depth of the capabili-
ties and limitations of the FFT-based interrogation technique would be highly valuable.

Fiber laser-based sensing systems can also improve their applicability. Narrower and more
stable single-longitudinal fiber lasers should be investigated not only for their application in
sensing schemes, but also for microwave signal generation. In addition, longer remote sensor
networks might be achieved by using assisted pumping setups and by avoiding spontaneous
Raman noise at the detector.

Finally, completely new approaches should also be explored. This is the case of random dis-
tributed feedback lasers, which properties are being intensely investigated at this moment.
Their particular properties compared to conventional lasers open an exciting new range of op-
portunities, not only in sensing applications. The design of time domain reflectometers based
on RDFLs seems to be promising due to the high energy of the laser and its capability to be
internally modulated. Additionally, ultra-narrow linewidth RDFLs would be highly desired in
numerous applications due to their inherent power and frequency stability.
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