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ESCUELA POLITÉCNICA SUPERIOR

DEPARTAMENTO DE ELECTRÓNICA
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Abstract

The Raman effect is an important nonlinear effect with applications mainly

in the fields of spectroscopy and fiber optics. Since the end of the twentieth

century and thanks to the output power improvement and price reduction

of pump lasers, its application to optical amplification in optical fiber com-

munications has become widespread. In this thesis, two particular types of

Raman amplifiers are studied: ultralong Raman fiber lasers (URFLs) and

Raman polarizers.

The advantages of distributed amplification based on URFLs have been

demonstrated over the last decade in several optical communications sys-

tems, in which the efficient distribution of the gain over long distances of-

fered by these amplifiers allows for a nearly optimal balance between noise

and nonlinear effects, which leads to improved performance. Nevertheless,

one of the main sources of errors in this type of amplifiers is the RIN transfer

between the pumps and the signal.

The first chapter of results in this thesis is committed to study this im-

pairment, focusing on the numerical analysis of a specific case of URFLs,

the random distributed feedback fiber lasers (RDFLs) in which the feed-

back is distributedly provided by Rayleigh scattering, instead of relying on

a classical cavity delimited by reflectors. A second batch of results explores

three applications of URFL amplification (to distributed sensing based on
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Brillouin optical time-domain reflectometry, to gyroscopic measurements us-

ing Sagnac interferometers and to long haul, high-speed, coherent commu-

nications) from a theoretical and, in the case of long-haul communications,

experimental perspective. In all cases we demonstrate that the use of URFL-

based amplification can lead to performance improvements.

Raman polarizers are an special kind of Raman amplifiers which not

only amplify but also produce a polarized output thanks to the polarization

dependence of Raman gain. In this thesis, the first complete and general

analysis of the evolution of the state of polarization of a signal in Raman

amplification system, in the presence of other nonlinear effects, is presented.

As a result a system of differential equations which can be solved numer-

ically in order to describe the main characteristics of Raman polarizers is

presented. This system is valid for all cases of interest and requires less

computational time than previous approaches. An analytical approxima-

tion applicable to most situations of interest is also presented. Finally, a

method for the suppression of RIN in Raman polarizers based upon the fast

scrambling of the input signals is presented.



Resumen

El efecto Raman es un importante efecto no lineal con aplicaciones principal-

mente en el campo de la espectroscoṕıa y de la fibra óptica. Desde finales del

siglo XX y gracias al abaratamiento y la mejora de las fuentes de bombeo,

se ha extendido su uso para la amplificación de señales en comunicaciones

ópticas. En esta tesis se estudian dos tipos particulares de amplificadores

Raman: los láseres ultralargos (URFLs) y los polarizadores Raman.

A lo largo de la última década se ha demostrado en diversos sistemas de

comunicación que la eficiente distribución de ganancia en largas distancias

ofrecida por los URFLs permite, en diversas aplicaciones, lograr un equilibrio

casi óptimo entre el ruido y los efectos no lineales, lo cual repercute en

mejoras en el rendimiento del sistema. No obstante, una de las principales

fuentes de error en este tipo de amplificadores es la transferencia de ruido

de intensidad relativa (RIN) entre las fuentes de bombeo y la señal.

El primer caṕıtulo de resultados incide en la problemática del RIN,

centrándose en su análisis numérico para un caso espećıfico de URFL, los

láseres aleatorios de fibra, cuya particularidad radica en carecer de cavidad

delimitada, dependiendo en su lugar del scattering Rayleigh para proveer al

sistema de retroalimentación distribuida. A continuación se estudian tres

aplicaciones de los URFLs (al análisis óptico de dominio temporal basado en

efecto Brillouin para la determinación distribuida de temperatura y tensión,
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a la mejora de los interferómetros de Sagnac para medidas giroscópicas y

a las comunicaciones a larga distancia con modulación de fase) de forma

tanto numérica como, en el caso de las comunicaciones coherentes, experi-

mental, en las que el uso de este tipo de amplificación permite una mejora

del rendimiento.

Los polarizadores Raman son un tipo especial de amplificador Raman en

el cual no sólo se amplifica la señal, sino que se la polariza haciendo uso de

la dependencia de la ganancia Raman con el estado de polarización relativo.

En esta tesis se presenta el primer análisis teórico general de la evolución

del estado de la polarización de la señal en sistemas con amplificación Ra-

man, incluyendo el resto de efectos no lineales. Este análisis concluye con

la obtención de un sistema de ecuaciones diferenciales que puede resolverse

de manera numérica para describir las principales caracteŕısticas de los po-

larizadores Raman. Como ventaja, este sistema es válido en todas las situa-

ciones de interés y requiere un tiempo de cálculo inferior a otros sistemas

similares. Se expone también una aproximación anaĺıtica de aplicación a un

gran número de casos. Finalmente, se presenta un método para la reducción

de la inestabilidad de amplitud en este tipo de dispositivos basada en la

depolarización rápida de las señales de entrada.
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Esta tesis ha sido financiada por el programa FPI 2009 del MICINN

con referencia BES-2009-019601 y asociada al proyecto TEC2008-05791. La

colaboración con la Universidad de Brescia ha sido posible gracias a la acción

integradra Italia-España HI2008-0075.



Contents

1 Introduction 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Historical Perspective . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Objectives of this work . . . . . . . . . . . . . . . . . . . . . . 6

1.4 Structure of the thesis . . . . . . . . . . . . . . . . . . . . . . 7

1.5 Publications resulting from this thesis . . . . . . . . . . . . . 8

1.5.1 Chapters of books . . . . . . . . . . . . . . . . . . . . 8

1.5.2 Journal articles . . . . . . . . . . . . . . . . . . . . . . 8

1.5.3 Contributions to international congresses . . . . . . . 10

1.5.4 Contributions to national congresses . . . . . . . . . . 11

2 Preliminary concepts 13

2.1 Optical fibers . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2 Wave propagation in optical fibers . . . . . . . . . . . . . . . 16

2.2.1 Linear propagation . . . . . . . . . . . . . . . . . . . . 18

2.2.2 Nonlinear propagation . . . . . . . . . . . . . . . . . . 23

2.3 Nonlinear effects in optical communications . . . . . . . . . . 27

2.3.1 Nonlinear refraction . . . . . . . . . . . . . . . . . . . 28

2.3.2 Parametric processes . . . . . . . . . . . . . . . . . . . 29

2.3.3 Inelastic scattering . . . . . . . . . . . . . . . . . . . . 30

vii



viii CONTENTS

2.4 Amplification systems . . . . . . . . . . . . . . . . . . . . . . 35

2.5 Raman amplification . . . . . . . . . . . . . . . . . . . . . . . 39

2.5.1 Configurations . . . . . . . . . . . . . . . . . . . . . . 42

2.5.2 Sources of noise . . . . . . . . . . . . . . . . . . . . . . 44

2.5.3 Ultra-long Raman lasers . . . . . . . . . . . . . . . . . 45

2.5.4 Random distributed feedback Raman lasers . . . . . . 48

3 RIN transfer in ultra-long Raman lasers 53

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.2 RIN Transfer from pumps to first Stokes . . . . . . . . . . . . 59

3.3 RIN Transfer from pumps to the second Stokes . . . . . . . . 64

3.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4 Applications of URFLs and RDFLs 71

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.2 Ultralong Raman fiber lasers in PSK communications . . . . 72

4.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . 72

4.2.2 Schematic setup . . . . . . . . . . . . . . . . . . . . . 74

4.2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . 80

4.3 BOTDA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . 81

4.3.2 Basic theory . . . . . . . . . . . . . . . . . . . . . . . 82

4.3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.3.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . 88

4.4 Sagnac sensors . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . 89

4.4.2 Fundaments of interferometric sensors . . . . . . . . . 91



CONTENTS ix

4.4.3 Basic theory . . . . . . . . . . . . . . . . . . . . . . . 93

4.4.4 Proposed designs of amplified FOGs . . . . . . . . . . 94

4.4.5 Results and discussion . . . . . . . . . . . . . . . . . . 100

4.4.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . 107

5 Raman polarizers 109

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.2 Mathematical model . . . . . . . . . . . . . . . . . . . . . . . 112

5.3 Co-propagating Raman polarizers . . . . . . . . . . . . . . . . 119

5.4 Counter-propagating Raman polarizers . . . . . . . . . . . . . 124

5.5 Analytical simplification . . . . . . . . . . . . . . . . . . . . . 128

5.6 Suppression of RIN for WDM transmission lines . . . . . . . 135

5.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

6 Conclusions and future works 143

6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

6.2 Future works . . . . . . . . . . . . . . . . . . . . . . . . . . . 145



x CONTENTS



Chapter 1

Introduction

This thesis focuses on two different approaches to the exploitation of Ra-

man scattering in optical fiber, represented by two particular families of

nonlinear devices: ultra-long Raman lasers (URFLs) and Raman polariz-

ers. In the case of URFLs, whether based on a traditional configuration

(cavity-based) or a mirrorless one (known as a random distributed feedback

fiber laser or RDFL), our study explores their main sources of impairment

and their potential application to the fields of sensing and phase-keyed op-

tical communications, including both theoretical and experimental results.

Raman polarizers, on the other hand, are studied exclusively from a theo-

retical point of view, presenting for the first time a full mathematical model

for their study, and using it to explore different potential applications.

1.1 Motivation

Over the past couple of decades, advances in telecommunications have changed

the world. Nowadays, huge amounts of information can travel hundreds of

kilometers in the blink of an eye, and new applications (tele-medicine, video

on demand...) cause a demand for a constant increase in network capac-
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2 CHAPTER 1. INTRODUCTION

ity. Regarding this matter, optical networks remain a key technology that

shows important advantages [1] when compared to any other long-haul form

of communication. The most important ones are its extremely high band-

width and the lower signal deration that allow long-haul transmission with-

out excessive bit errors. Moreover, the alternative for very long distances is

satellite communication, in which the transmission is subject to time delays

and can be seriously affected by adverse weather conditions. Optical fiber is

basically unaffected by external conditions or electromagnetic interferences

and it presents a low latence. Finally, communication over fibers are more

secure as we can early detect any manipulation of the fiber cable.

However, among the challenges of using optical networks, there are is-

sues such as the creation of ultra-long unrepeated transmission systems for

intermediate distances of the order of a few hundreds of kms, or the de-

velopment of all-fiber devices to avoid the bitrate cap and additional losses

introduced by the use of electronic devices. Here, Raman scattering plays

an important role and the new devices proposed and studied in this thesis

can contribute to solve these problems.

The advantages of distributed Raman amplification versus other alterna-

tives for optical amplification are also well known [2]. When compared to tra-

ditional lumped amplification with Erbium-doped fiber amplifiers (EDFAs),

Raman amplification can provide a flatter gain over a broader bandwidth,

while allowing for a selection of the desired spectral window of amplifica-

tion by means of the choice of the pump wavelength. Furthermore, Raman

scattering is an intrinsic effect of fiber optics and, consequently, it is not nec-

essary to use any kind of doped and the amplification can be distributed,

reducing the build-up of amplified spontaneous emission (ASE) noise. On

the other hand, distributed Raman amplification has its own unique impair-
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ments that have to be kept under control in order to obtain the full benefit

of its comparative advantages. The most relevant of these impairments are

the increased effect of double Rayleigh backscattering noise (DRBS) and the

risk of increased relative intensity noise (RIN) due to transfer of amplitude

fluctuations from the pump source to the amplified signal.

1.2 Historical Perspective

Although the first ’optical telegraph’ was put in service in 1794 [3], optical

signals were soon replaced by electrical signals and their use was not gener-

alized again until the second half of the twentieth century. There were two

main obstacles to the use of optical networks: the available optical sources

were not coherent enough and there was not a transmission medium with

low enough losses. The first problem was solved by the invention of the laser

and its demonstration in 1960 [4]. As for the second problem, optical fiber

was suggested to be an excellent medium for the propagation of optical sig-

nals in 1966 thanks to its capability for guiding the light, in a simile to how

electrons are guided through copper wires. However, fibers available at the

time had high losses, and it was not until Kao and Hockam demonstrated

that these losses were mainly due to impurities of the fiber [5] and could be

reduced that fiber optics became a viable option. The actual breakthrough

happened in 1970 thanks to the work of Corning researchers (Kapron, Keck,

and Maurer) who obtained a fiber which losses were below 20 dB/km for

wavelengths in the proximity of 1 µm [6]. Simultaneously, GaAs semicon-

ductor lasers, capable of continuous operation at such wavelengths at room

temperature, were demonstrated [7]. After those discoveries, fiber-based

lightwave systems became worthwhile.

Since the 1970s there has been a fast evolution of optical communica-
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tions, leading to an increase in transmission capacity and distance. This

improvement was made possible because of, among others, the development

of optical amplification schemes. Initially, opto-electronic regenerators that

periodically received the optical signal, converted it to the electrical domain,

amplified it, applied noise filtering and then converted it back to the optical

domain for it to be transmitted again, were used. However, these devices had

important limitations, such as a small bandwidth and the inherent slowness

of electronics, which introduced a cap in the bit-rate of the system. To avoid

these problems, purely optical amplifiers based on rare earth doped fibers

began to be studied and developed. Within this group, the EDFA (Erbium

doped fiber amplifier), created in 1987 by Emmanuel Desurvire [8], was the

most interesting device thanks to the emission wavelength of Erbium being

close to 1550 nm (the losses in silica-based optical fibers reach a minimum

at this wavelength). Finally, over the past 15 years Raman amplifiers and

parametric amplifiers have gradually become more and more relevant, as

they offer the possibility of distributed amplification along the transmission

fiber without the need for special dopings, as well as they are able to operate

over a broad bandwidth [2]. In this thesis our interest is on the application

of Raman amplification which, as we have mentioned above and will see in

more detail later on, offers some unique advantages.

In parallel to the development of optical communications, progress in

the field of fiber optic sensors has also been considerable. The first optical

sensor was patented in 1967 [9] and was based on bifurcated fiber bundles.

Half the bundle was used to illuminate a surface whereas the other half

of the bundle received the reflection from this surface and, measuring the

delay, this device was able to provide information of the position of this

surface. In the following decade, fiber optic interferometers began to be
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used as sensors [10], exploiting the phase delay dependence on temperature,

strain or pressure [11]. A particular case of interferometer is the fiber optic

gyroscope based on the Sagnac effect, that measures the phase difference

between two counterpropagating signals in a fiber coil attached to a rotating

structure [12], this difference being proportional to the angular velocity.

Some time afterwards, the idea of distributed sensors arose [13], in which

any point along the length of the fiber can be simultaneously exploited

as a sensor. Distributed sensors are, for example, not only able to detect

atmospheric variations but also the particular position in which the change

is taking place. Amongst others, sensors that exploit Brillouin scattering

are particularly exploitable in optical fiber, thanks to the dependence of the

Brillouin frequency shift on both local temperature and strain.

What we now know as the Raman effect was first predicted theoretically

by the Austrian physicist Adolf Smekal in 1923 [14] and experimentally

discovered in 1928 simultaneously by the team of Raman and Krishnan in

India [15] and that of Mandelshtam and Landsberg [16] in the Soviet Union.

It consists of a nonlinear inelastic dispersion of the light in which the en-

ergy transfer from the photon to the medium corresponds with an optical

phonon. Its use in telecommunications was first proposed in 1980 [17] but

it was deemed non-viable at the time because of the high pump powers

required. Inexpensive lasers capable of providing high pump powers were

made available at the end of the twentieth century, and since then, multiple

configurations have been designed in order to reduce signal power variations

along the transmission fiber through distributed fiber amplification [18, 19].

In 2004, J. D. Ania-Castañón proposed the ultra-long Raman laser configu-

ration, that allowed quasi-lossless transmission in standard optical fiber by

use of a second order Raman scheme and two fiber Bragg gratings to create
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a resonant cavity [20, 21]. The potential advantages offered by this config-

uration in terms of design simplicity and reduced ASE noise build-up were

later experimentally confirmed, and the device applied to both communica-

tions [22, 23, 24] and sensing [25]. An evolution of this configuration is the

random distributed feedback fiber laser based on a mirrorless scheme and

depicted in 2009 [26], whose practical application to sensing has also been

recently demonstrated [27].

1.3 Objectives of this work

The main objectives of this thesis are:

• To study the impact of relative intensity noise (RIN) transfer on the

performance of URFL and RDFL configurations, and find under which

conditions this impairment can be reduced for the application of these

devices to communication schemes and distributed optical fiber sensing

applications.

• To study the advantages of URFLs in phase-coded communication

systems, in which the optimal balance between noise and nonlinear

impairment differs from that in amplitude coding schemes.

• To demostrate how the use of Raman amplification can be applied

to improve the sensitivity and the measurement range of distributed

optical fiber sensors and Sagnac-effect based interferometric sensors.

• To develop a tractable and computer friendly mathematical model for

polarization-dependent Raman gain, and use it to adequately design

and predict the behavior of a new kind of device, the Raman polarizer.
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1.4 Structure of the thesis

This first chapter has set up the historical context of this work, including

the motivation behind it.

Chapter 2 provides an introduction to the fundamental concepts of fiber

optic communications and fiber non-linear effects. It includes the basic

definition of fiber optics, a description of the wave propagation using the

most usual mathematical model and an enumeration and description of the

main nonlinear effects. The last part of the chapter is dedicated to Raman

scattering and its application to amplification. The concepts of ultra-long

Raman fiber lasers (URFL) and random distributed feedback Raman fiber

lasers (RDFL) are also introduced here.

The following three chapters are devoted to presenting the bulk of the

work and main results obtained during the thesis.

In chapter 3, a numerical analysis of RIN transfer in Raman amplification

schemes is described. RIN is one of the most important impairments in

Raman amplification systems and needs to be fully characterized in order to

measure its impact on the output signal. Our analysis pays special attention

to the study of RIN transfer in RDFL, which had never been studied before,

but also to the comparative performance between cavity based URFLs and

RDFLs.

Chapter 4 is entirely dedicated to a variety of novel applications of Ra-

man amplification systems (first order, URFL and RDFL). Firstly, the use

of URFL is compared with the use of traditional lumped amplification based

upon Erbium doped fiber amplifiers (EDFAs) in telecommunication systems

with phase modulation. Secondly, the improvement obtained in Raman

assisted sensors is studied. Two cases are considered here: a fiber optic

gyroscope and a Brillouin optical time domain analyzer (BOTDA). In both
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types of sensors a theoretical analysis of the performance with any Raman

configuration is carried out.

Chapter 5 includes an analysis of the evolution of the state of polarization

in transmission over standard optical fibers under the impact of nonlinear

effects. Here, the effects of SPM, XPM and Raman scattering are considered,

to present the first universal treatment of polarization in optical fibers. As

a particular case, the performance of an ideal Raman is described.

Finally, the summary and conclusions of this thesis are presented in

Chapter 6. Here, I also present some of the future lines of work that can be

derived from my thesis.

1.5 Publications resulting from this thesis

1.5.1 Chapters of books

1. V. V. Kozlov, J. Nuño, J. D. Ania-Castañón, and S. Wabnitz, Trap-

ping Polarization of Light in Nonlinear Optical Fibers: An Ideal Ra-

man Polarizer, in Spontaneous Symmetry Breaking, Self-Trapping, and

Josephson Oscillations, Springer Berlin Heidelberg pp. 227-246 (2012).

1.5.2 Journal articles

1. J. Nuño, and J. D. Ania-Castañón, RIN transfer in second-order am-

plification with centrally-pumped random distributed feedback fiber lasers,

Submitted to International Journal of Modern Physics b.

2. J. Nuño, and J. D. Ania-Castañón, Cavity and random ultralong fiber

laser amplification in BOTDAs: a comparison, Submitted to Optics

Express.
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3. J. Nuño, and J. D. Ania-Castañón, Fiber Sagnac interferometers with

ultralong and random distributed feedback Raman laser amplification,

Optics and Lasers in Engineering 54 (1), pp. 21–26 (2014).

4. V. V. Kozlov, J. Nuño, J. D. Ania-Castañón, and S. Wabnitz, Analytic

theory of fiber-optic Raman polarizers, Optics Express 20 (24), pp.

27242–27247 (2012).

5. J. Nuño, M. Alcon-Camas, and J. D. Ania-Castañón, RIN transfer in

random distributed feedback fiber lasers, Optics Express 20 (24), pp.

27376–27381 (2012).

6. V. V. Kozlov, J. Nuño, J. D. Ania-Castañón, and S. Wabnitz, Multi-

Channel Raman polarizer with suppressed relative intensity noise for

WDM transmission lines, Optics Letters 37, (21), pp. 2073–2075

(2012).

7. X. Angulo-Vinuesa, S. Mart́ın-López, J. Nuño, P. Corredera, J. D.

Ania-Castañón, L. Thévenaz, and M. González-Herréaez, Raman-assisted
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5. X. Angulo-Vinuesa, S. Mart́ın-López, J. Nuño, P. Corredera, J. D.
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Chapter 2

Preliminary concepts

2.1 Optical fibers

An optical waveguide is a structure that guides electromagnetic waves in

the optical region of the electromagnetic spectrum (ranging from 50 nm to

100 mm) from one point to another. The most extensively used optical

waveguide is the optical fiber, made of glass (silica) or plastic, due to its

flexibility, versatility and small losses. In this, the light is guided thank to

the phenomenon of total internal reflection, which has been demonstrated

in many different media as water [28, 29] or an human hair [30].

To explain the phenomenon of total internal reflection, we consider the

simplest type of optical fiber, known as step index fiber [1, 31, 32, 33]. Such

kind of fibers consist on a cylindrical glass core surrounded by a cladding

layer and, often, there is also a jacket layer to protect the fiber. The re-

fractive index in the core is slightly higher than in the cladding and total

internal reflection is possible inside the core when the light beam impinges

upon the boundary between core and cladding with an angle larger than the

13
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critical angle, defined as

θc = arcsin(
ncladding
ncore

) (2.1)

where ncladding and ncore are the refractive indexes of the cladding and

the core, respectively. In analogy with lenses, we can also define the numer-

ical aperture (NA) of the fiber as NA= ncore sin(θmax) where θmax is the

maximum angle at which the light entering the fiber will be confined in the

core. Note that θmax = π/2− θc, so this expression can be simplified to

NA = ncore cos θc =
√
n2core − n2cladding (2.2)

Apart from step index fibers, other types of fibers are available. In a

graded index fibre, the core index decreases gradually from the center with

a parabolic profile. The objective of these fibers is to reduce the differences

in transmission speed between two beams that follow different paths. More

recently developed types of fibers include microstructured fibers, of which a

particular subset is photonic crystal fibers (PCFs). PCFs have periodic op-

tical nanostructures specially designed to facilitate different nonlinear effects

for special applications [34].

Another possible classification of the fibers pays attention to the number

of transverse fiber modes allowed for radiation propagating through the fiber.

A fiber mode is each particular solution of the wave equation based on the

Maxwell equations (to be detailed in the next section). The number of

solutions is dependent on the core radius (r) and the wavelength (λ) of

the used light. The parameter V has information of the number of modes

supported by the fiber.

V =
2πr

λ
NA (2.3)
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The fiber will be single-mode if V ≤ 2.405. According to the Inter-

national Telecommunication Union (ITU) [35, 36], multimode fibers for

telecommunication applications must have a core diameter of 50 µm and

use 800 nm or 1300 nm wavelength lights whereas the core diameters of

single mode fibers must be less than 10 µm and operate with light at 1300

nm or 1550 nm. In both cases, the cladding diameter is typically 125 µm.

The operation wavelength is determined by the effects of the attenuation

and dispersion as well as the availability of light sources and detectors. The

reason for using 800 nm wavelength in primitive fibers is found on their loss

spectrum. Current fibers, on the other hand, present zero dispersion at 1300

nm and minimum attenuation at 1550 nm.

Figure 2.1: Loss spectrum of a single-mode fiber produced in 1979. Wave-
length dependence of several fundamental loss mechanisms. After [1, 37].

The loss spectrum of a standard fiber and the main mechanisms that

produce it are depicted in figure 2.1. The main causes for the combined

fiber loss are absorption losses (intrinsic or extrinsic) and scattering losses.
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Whilst intrinsic material absorbtion is negligible in the wavelength regions

of interest to optical communication, extrinsic absorption losses, due to the

presence of impurity ions, must be taken into account. The most important

extrinsic absorption loss happens at 1.38 µW due to OH− ions from water

vapor, but the absorption band for OH− ions is narrow enough not to af-

fect a signal at 1550 nm. Regarding scattering losses, during a scattering

process light is not absorbed, but instead interacts with the medium and is

scattered at a random angle. Nonlinear scattering implies a change in the

light wavelength (i.e. an energy exchange with the medium) whereas linear

scattering (Rayleigh scattering) does not introduce changes on the signal

wavelength. Rayleigh scattering is caused by small-scale inhomogeneities

produced in the fiber fabrication process, that change the medium density

or the refractive index. Attenuation occurs whenever the light is scattered

at an angle that is not supported by the fiber. Rayleigh scattering also

plays an important role when the light is doubly backscattered, leading to

double Rayleigh backscattering noise (DRBS) and multi-path interference.

In section 2.4, we will explain the use of optical amplifiers to compensate

signal attenuation due to fiber losses.

2.2 Wave propagation in optical fibers

Like all electromagnetic phenomena, Maxwell’s equations govern the prop-

agation of the light in optical fibers [38]:

∇×E = −∂B
∂t

(2.4)

∇×H = J+
∂D

∂t
(2.5)

∇ ·D = ρ (2.6)
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∇ ·B = 0 (2.7)

where H and E are the magnetic and the electric field vectors, respec-

tively; D and B are the corresponding flux densities, J is the electric current

density and ρ is the charge density. Since the optical fiber is a non conduc-

tive medium, there are not free charges and J and ρ are equal to 0. The

relationships between the field vectors and the flux densities are:

D = ϵ0E+P (2.8)

B = µ0H+M (2.9)

where ϵ0 is the vacuum permittivity and µ0 is the vacuum permeability,

P is the induced electric polarization and M is the magnetic one (zero for

a nonmagnetic material). The combination of equations 2.4-2.9 produces:

∇×∇×E+
1

c2
∂2E

∂t2
= −µ0

∂2P

∂t2
(2.10)

where the speed of the light (c) is obtained from c = (µ0ϵ0)
−1/2. The

last step consists in defining the polarization vector P as function of E:

P(r, t) = ϵ0
∫ +∞
−∞ χ(1)(t− t′) ·E(r, t′)∂t′

+ϵ0
∫ ∫ +∞

−∞ χ(2)(t− t1, t− t2) : E(r, t1)E(r, t2)∂t1∂t2 +

ϵ0
∫ ∫ ∫ +∞

−∞ χ(3)(t− t1, t− t2, t− t3)
...E(r, t1)E(r, t2)E(r, t2)∂t1∂t2∂t3

+... (2.11)

where the first term corresponds to the linear polarization (PL) and the

next terms correspond to the nonlinear polarization (PNL). Usually, the

nonlinear terms higher than the third term can be neglected and, in the
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particular case of common optical fibers, the even terms cancel each other

out because silica is a centrosymmetric molecule. Then, our interest is only

in the first and the third terms. Below, we study the linear and nonlinear

propagations separately.

2.2.1 Linear propagation

In the case of low optical power, the nonlinear term is neglected. In this

case, by introducing the Fourier transform, the equation 2.10 is simplified

to:

∇×∇× Ẽ = −ϵ(r, ω)ω
2

c2
Ẽ (2.12)

where the Fourier transform of E is:

Ẽ(r, ω) =
1

2π

∫ +∞

−∞
E(r, t)eiωt∂t (2.13)

and the dielectric constant in the frequency domain is defined as:

ϵ(r, ω) = 1 + χ̃(r, ω) (2.14)

where χ̃ is the Fourier transform of χ. This dielectric constant has a real

part and an imaginary part, which are related to the refractive index (n)

and the absorption coefficient (α) respectively as:

n(ω) ≈ 1 +
1

2
ℜ[χ] (2.15)

α(ω) =
ω

nc
ℑ[χ] (2.16)

Another simplification can be made if we consider that α = 0 and n are

independent of the spatial coordinate r in both the core and the cladding.
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After that, equation 2.12 is:

∇2Ẽ+ n2
ω2

c2
Ẽ = 0 (2.17)

A complete analysis of the linear propagation regime can be found in

[1, 39]. Here, we simply show the result. Taking spherical coordinates

(z,r,ϕ), the solution for the z component is:

Ẽz(r, ω) = Ã(ω)F (r)e±imϕeiβz (2.18)

where Ã(ω) is the amplitude term and β is the propagation constant.

Also, F(r) represents the modal distribution of each fiber mode, that usually

takes the form of a Bessel function. The constant m is restricted to take

only integer values since the field must be periodic in ϕ with a period of 2π.

The solution for the fundamental mode corresponds to m = 0.

Chromatic dispersion

Chromatic dispersion is another important impairment that affects a signal

propagating through an optical fiber. Dispersion is produced by the fre-

quency dependence of β. To explain it, β can be written as a Taylor series

around the carrier frequency ω0:

β(ω) = β0 + β1(ω − ω0) +
1

2
β2(ω − ω0)

2 + ... (2.19)

where

βi =
∂iβ

∂ωi
|ω=ω0 (2.20)

These βi parameters contain information about the phase velocity (vp)

and the group velocity (vg). The phase velocity is the rate at which the
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phase of the wave propagates through space and it is defined as the ratio

between ω and β. On the other hand, the group velocity is the velocity with

which the envelope of the wave propagates through space and it is calculated

as:

vg =
∂ω

∂β
=

1

β1
(2.21)

Although both velocities are not usually identical, their values in opti-

cal fiber transmission are similar (≈ 2 × 108 m/s). Chromatic dispersion

causes group velocity dispersion (GVD), as group velocity depends on ω.

Chromatic dispersion is typically characterized by β2, as

β2 =
∂

∂ω
(
1

vg
) =

∂τg
∂ω

(2.22)

where τg is the group delay. Typically, in addition to β2, another pa-

rameter is used to characterize dispersion:

D =
∂

∂λ
(
1

vg
) = −2πc

λ2
β2 (2.23)

D is referred to as the dispersion parameter and is expressed in units of

ps/(km·nm). As dispersion produces different delays for different frequency

components, its effect is a broadening of the pulsed signals in the time

domain. The wavelength at which D=0, denoted as the zero-dispersion

wavelength λ0, separates the dispersion in the fiber in two regions: one

with normal dispersion (the value of D is negative) and one with anomalous

dispersion (the value of D is positive). The use of fibers with zero-dispersion

at the wavelength of transmission is not convenient because of the arising of

nonlinear effects, that can not be partially canceled by dispersion and hence

dominate transmission, distorting the signal. Since in SMF dispersion is
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anomalous at 1550nm, fibers with normal dispersion are introduced after

the transmission in order to compensate this impairment.

When the transmitted signal has a broad optical spectrum, one has to

consider higher order dispersion effects or the dispersion slope S = ∂D/∂α.

The parameter S is also called the differential-dispersion parameter.

Polarization-Mode Dispersion

Even single-mode fibers are not truly single-mode, as they admit two or-

thogonal polarization modes. These modes have the same group delay in a

fiber with perfect radial symmetry but, in real fibers, there are many asym-

metries that lead to a mixing of the two polarization states by breaking the

mode degeneracy [40]. This difference is known as optical birefringence and

it is the origin of polarization-mode dispersion (PMD). The mathematical

definition of birefringence is [41]:

Bm = |nx − ny| =
|βx − βy|

k0
(2.24)

Due to this birefringence, the state of polarization of the light beam

changes during its transmission. The beat length (LB) is defined as the

propagation distance for which the polarization rotates through a full cycle.

A typical value of LB is 10 m.

LB =
2π

|βx − βy|
=

λ

Bm
(2.25)

For short fibers, PMD effects can be seen as deterministic. However, Bm

is not constant along the optical fiber, but actually a random variable. As

a result, for long distances the state of polarization (SOP) of the beam also

changes randomly and PMD effects become stochastic. The parameter used
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Figure 2.2: Representative points on the surface of the Poincaré sphere.

to distinguish between the short-length regime and the long-length regime is

the correlation length (Lc). While the input polarization is fixed (assuming

⟨P∥⟩ = 1 and ⟨P⊥⟩=0), it is equally probable to observe any polarization

state at long enough lengths (⟨P∥⟩ − ⟨P⊥⟩ → 0 for L >> Lc). By definition

[40], at Lc:

⟨P∥⟩ − ⟨P⊥⟩ =
1

e2
(2.26)

Assuming that the rate of change of the birefringence orientation (θ) is

driven by a white noise process (gθ) [42] where ⟨gθ(z)⟩ = 0 and ⟨gθ(z)gθ(z′)⟩ =

σ2θδ(z
′ − z), the fiber auto-correlation is

⟨cos[θ(z)− θ(0)]⟩ = ⟨cos[
∫ z

0
gθ(z

′)∂z′]⟩ = exp(−
σ2θ
2
z) (2.27)

which implies that Lc =
2
σ2
θ
.
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Generally, fiber manufacturers specify the PMD parameter, measured in

ps/
√
km and defined as [43],

Dp =
2
√

(2)π
√

(Lc)

LBωs
(2.28)

However, as it is explained in chapter 5, it is preferable to consider the

beat and correlation lengths separately to obtain full information about the

fiber.

To conclude this section it is convenient to introduce the Stokes formal-

ism. The Stokes formalism is a complete description of the state of polariza-

tion that we will use later in the results chapters when dealing with Raman

polarizers. In this formalism, we define a vector (S = (S1, S2, S3)) indicat-

ing the polarization of the field, whose components are S1 = ExE
∗
y +EyE

∗
x,

S2 = i(EyE
∗
x − ExE

∗
y) and S3 = |Ex|2 − |Ey|2. Moreover, the power of the

beams is described by a fourth component S0 = |Ex|2 + |Ey|2. Components

1, 2 and 3 of the Stokes vector (S) can be represented in a tree-dimensional

space. All possible value forms an unit sphere known as the Poincaré sphere.

In this sphere, linear polarizations are plotted along the equator, circular

ones are at the poles and elliptical ones are elsewhere (see figure 2.2).

2.2.2 Nonlinear propagation

Nonlinear effects become relevant when short pulses (typically of 10 ns of

less) are used. Here, the starting point for their accurate description is

equation 2.10 taking into account the linear part and non-linear part of the

polarization vector (P). As we previously pointed out, the non-linear part

of the polarization vector corresponds only to the third order susceptibil-

ity tensor. Moreover, this tensor has only four non-negligible components
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(χ
(3)
xxxx(t), χ

(3)
xxyy(t), χ

(3)
xyxy(t), χ

(3)
xyyx(t)) that, under the Born-Oppenheimer ap-

proximation [44], can be written as:

χ
(3)
ijkl(t− t1, t− t2, t− t3) = χ(3)Rijkl(t− t1)δ(t− t2)δ(t− t3) (2.29)

where the normalized non-linear responses (Rijkl) have an almost instan-

taneous term (σijkl) and a retarded term (hijkl), associated with nonlinear

scattering:

Rijkl = σijklδ(t) + hijkl(t) (2.30)

The values of σijkl and hijkl are simplified under the Kleinman symme-

try conditions[45]: σxyxy = σxxyy = σxyyx = σxxxx/3. The retarded term

has only two independent components denoted as h∥ and h⊥, that corre-

spond, respectively, to the parallel and perpendicular medium responses to

the pump polarization.

To solve the non-linear propagation problem, some simplifications can

be assumed. Firstly, polarization is considered to be maintained along the

fiber length. Although as we will see in our treatment of Raman polarisers

(chapter 5) this is not always true, it simplifies calculations and the result

is accurate for most common situations. Also, we should consider that most

nonlinear effects, except for Raman scattering, are almost instantaneous.

With these considerations, equation 2.10 is written in the frequency domain

as,

∇2Ẽ + ϵ(ω)
ω2

c2
Ẽ = χ(3)

xxxx

ω2

c2

∫ ∫ ∞

−∞
R̃(ω1 − ω2)

Ẽ(ω − ω1 + ω2)Ẽ(ω1)Ẽ
∗(ω2)∂ω1∂ω2 (2.31)

Similarly to the case of the linear analysis, a solution of this equation in
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spherical coordinates (z, r, ϕ) is found as,

E(r, t) =
1

2
x̂[A(t)F (r)exp(i(ω0t− β0z)) + c.c.] (2.32)

The nonlinear contribution is considered as a perturbation of the lin-

ear case (n = n0 + n2|E|2). The distribution of the fundamental mode is

not affected by the nonlinear effects, however they modify the propagation

constant (β) as it is illustrated in section 2.3.1. As a last step, we obtain

the equation for the evolution of the normalized complex amplitude (A) by

means of different mathematical tools. The complete process is shown in

[46]. The equation, that includes losses, dispersion and the main nonlinear

effects, is:

∂A

∂z
+
α

2
A+ β1

∂A

∂t
+
iβ2
2

∂2A

∂t2
− β3

6

∂3A

∂t3

= iγ(1 +
i

ω0

∂

∂t
)(A(z, t)

∫ ∞

−∞

1

χxxxx
Rxxxx(t1)|A(z, t− t1)|2dt1) (2.33)

where γ is a constant used to measure the nonlinearity of the fiber, known

as the nonlinear parameter, which is related to the third order susceptibility

as:

γ =
3σxxxxω0

8ncAeff
=

n2ω0

cAeff
(2.34)

n2 is the nonlinear refractive index as it is described in section 2.3.1

whereas Aeff is the effective core area of the fiber for the propagating beam,

defined as

Aeff =
(
∫ ∫∞

−∞ |F (x, y)|2∂x∂y)2∫ ∫∞
−∞ |F (x, y)|4∂x∂y

(2.35)
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This parameter measures the real area of the field inside the fiber. Since

its calculation depends on the distribution of the fundamental mode, its

value is affected by the core radius, the core-cladding index difference and

the operating frequency. A typical value for SMF with a signal propagating

at a wavelength of 1550 nm is 84 µm2.

For pulses longer than 1 ps and up to the continuous regime, it is possi-

ble to consider the medium response as instantaneous and equation 2.33 is

expressed as:

∂A

∂z
+
α

2
A+ β1

∂A

∂t
+
iβ2
2

∂2A

∂t2
= iγA|A|2 (2.36)

This equation is often referred to as the nonlinear Schrödinger equation

(NLSE) and it is generally the simplest and most efficient way to describe the

propagation of optical pulses including attenuation, dispersion and nonlinear

effects in fibers.

In some particular cases of transmission over short distances, it is possi-

ble to neglect dispersion or the nonlinear effects in the analysis of the NLSE.

To distinguish these cases, two parameters are defined:

LD =
T 2
0

β2
(2.37)

LNL =
1

γP0
(2.38)

where T0 is the input pulse width and P0 is its peak power. When fiber

length is L << LNL (nonlinear length) or L << LD (dispersion length) re-

spectively, nonlinear effects or dispersion can be neglected. Similarly, com-

paring the relative values of nonlinear and dispersion length will give us

information on whether dispersive or nonlinear effects dominate the propa-

gation of the signal.
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The last concept to explain in this section is the effective length (Leff ).

Because the nonlinearities are directly dependent on the signal power, its

relevance decreases as the signal is degraded by the attenuation. Leff is

defined from the expression,

P0Leff =

∫ L

0
P (z)dz (2.39)

Assuming that signal power is exponentially decreasing with length due

to fiber loss (α), it yields

Leff =
1− e−αL

α
(2.40)

For short distances or lossless systems, Leff = L whilst for a long dis-

tance of SMF fiber Leff ≈22 km for a wavelength of 1550 nm.

2.3 Nonlinear effects in optical communications

The nonlinear effects in optical fiber can be classified into inelastic or elastic

depending on whether energy is exchanged or not between the electromag-

netic field and the dielectric medium. Among the elastic effects there are im-

portant phenomena such as harmonic generation, four wave mixing (FWM)

and nonlinear refraction. The two first effects, also known as parametric

processes, involve the generation of new frequencies and, unless special ef-

forts are made to achieve phase matching, they are not efficient in optical

fibers. Here we firstly explain nonlinear refraction and parametric processes

and later, we focus on the inelastic effects such as Brillouin scattering and

Raman scattering, which will be of particular relevance in this thesis.
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2.3.1 Nonlinear refraction

Most of the nonlinear effects in optical fibers therefore originate from nonlin-

ear refraction or Kerr nonlinearity, a phenomenon referring to the intensity

dependence of the refractive index

n = n0 + n2|E|2 (2.41)

where the nonlinear-index coefficient (n2) has been defined as

n2 =
3

8n
Re(χ3

xxxx) (2.42)

A typical value of n2 in standard fibers is 2×10−20 m2W−1 [47]. The non-

linear refraction leads to two important nonlinear effects: self-phase mod-

ulation (SPM) and cross-phase modulation (XPM). Self-phase modulation

is a self-induced phase shift suffered by an optical field that is propagating

through an optical fiber. Mathematically, the phase shift experienced by

the optical field can be expressed as

ϕ = nk0L = (n0 + n2|E|2)k0L (2.43)

where k0 = ω/c = 2π/λ and the second term, dependent on the optical

field, is the accumulated nonlinear phase. This phenomenon is the reason for

the spectral broadening of ultrashort pulses [48]. Analyzing the combined

effect of dispersion and SPM, we note that, in the anomalous-dispersion

regime, the GVD induced pulse-broadening is reduced by the effect of SPM.

In fact, there is a particular kind of optical pulses that can propagate without

distortion, they are known as solitons [49, 50]. In the case of normal GVD,

an extra broadening occurs.
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Cross phase modulation, on the other hand, refers to the phase shift in-

duced by another optical field, with different wavelength, direction, or state

of polarization, propagating simultaneously to the affected field through the

same fiber. The total nonlinear phase shift, including both SPM and XPM

can be expressed as

ϕNL = n2k0L(|E1|2 + 2|E2|2) (2.44)

where the first term includes SPM and the second one is the XPM. An

important feature of XPM is that its contribution is twice that of SPM

[51]. Among other things, XPM is responsible for the asymmetric spectral

broadening of co-propagating optical pulses [52].

2.3.2 Parametric processes

Parametric processes in optical fiber are generally caused by third-order

susceptibility. Among them, four wave mixing (FWM) is widely studied

because of its high efficiency for generating new waves [53].

FWM can occur when at least two different frequency components (ω1

and ω2) propagate in the optical fiber. This produces a refractive index

modulation at the frequency of the difference (ω2 − ω1, assuming ω2 > ω1).

In the degenerate case, there are no other optical waves with a different

frequency and the new frequencies generated are: ω3 = 2ω2 − ω1 and ω4 =

2ω1−ω2. In the non-degenerate case, another optical wave with a frequency

ω3 propagates in the fiber and the new frequencies generated are: ω4 =

ω3 ± (ω2 − ω1) [54].

The efficiency of the parametric processes is determined by the phase

matching condition. This means that a proper phase relationship between
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the interacting waves is necessary. In the case of FWM, the maximum gain

is obtained when the accumulative phase of the two waves are identical.

To obtain this phase matching, optical waves should transmit close to the

zero-dispersion wavelength.

FWM can be used for parametric amplification or the generation of new

wavelengths [55]. On the other hand, it can be a noise source when several

channels are co-propagating with wavelength-division multiplexing (WDM).

Parametric amplifier work in the degenerative case. Initially there are

two waves at wavelength ωp (pump) and ωs (signal) and a new wave is

generated at wavelength ωi = 2ωp−ωs (idler). The equations of the evolution

of the three signals were:

dAp

dz
= iγ[(|Ap|2 + 2(|As|2 + |Ai|2))Ap + 2AiAsA

∗
p exp(i∆βz)] (2.45)

dAs

dz
= iγ[(|As|2 + 2(|Ai|2 + |Ap|2))Ap + 2A∗

iA
2
p exp(−i∆βz)] (2.46)

dAi

dz
= iγ[(|Ai|2 + 2(|As|2 + |Ap|2))Ap + 2A∗

sA
2
p exp(−i∆βz)] (2.47)

Here, only SPM, XPM and FWM are considered, neglecting other terms

(Raman, Rayleigh and fiber losses). ∆β is defined as ∆β = β(ωs)+ β(ωi)−

2β(ωp). The explanation of these equations can be found in [56, 57].

2.3.3 Inelastic scattering

A scattering process is the dispersal of a beam of radiation into a range of

directions as a result of physical interactions. In fiber optics, three scattering

processes are particularly important: Rayleigh scattering, Raman scattering

and Brillouin scattering. Other forms of light scattering, such as Mie scat-

tering, have very limited relevance and only in very specific situations (e.g.

at the core-cladding interface of polymer optical fibers). Simplified energy
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Figure 2.3: (a) Energy diagram for different scattering processes. (b)
Schematic frequency shift differences for different scattering processes.

diagrams for those three main processes are depicted in figure 2.3(a). The

simplest is Rayleigh scattering, a linear and elastic process (the frequency

of the radiated light is identical to incident light). In optical communica-

tions, Rayleigh effect contributes to increasing losses by scattering photons

beyond the critical angle, and DRBS is a critical source of noise in Raman

amplification [58, 59].

Raman and Brillouin effects are nonlinear and inelastic scatterings, de-

pendent on the intensity of the incident light and leading to wavelength

shifts. In the basic quantum-mechanical representation, an incident pho-

ton (called the pump photon) is absorbed by the silica molecule which then

radiates a photon at lower frequency (Stokes wave), and emits a phonon

to preserve both energy and momentum. The creation of an anti-Stokes

wave (emission at higher frequency) is generally a much less probable occur-

rence because it requires the scattering molecule to be already on an excited
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state, with the corresponding phonon energy available to be transferred to

the emitted photon.

A particular case is the stimulated scattering (stimulated Raman scatter-

ing, SRS or stimulated Brillouin scattering, SBS) [60, 61], that happens when

two signals (a pump and a signal) are propagating by the same medium. As

a condition, the pump has to be enough intensive and the signal frequency

has to be close to the Stokes frequency. Part of the energy of the pump

is absorbed and the generated photons are a copy of the signal photons.

Occasionally, a signal generated by spontaneous scattering can act as a seed

for following stimulated processes. This is the basis of the performance of

Raman lasers.

A simple mathematical description of SRS is,

∂Ip
∂z

= ±gR
νp
νs
IpIs

∂Is
∂z

= gRIpIs (2.48)

where gR is the Raman gain coefficient and the sign in the first equa-

tion varies if the signals are co-propagating (-) or counter-propagating (+).

Replacing gR by gB (Brillouin gain coefficient), we obtain the equation that

governs the SBS. The value of gR (or gB) is variable with the frequency

shift between the pump and the signal and it is affected by the composition

of the core of the fiber. A representation of the Raman-gain spectrum for

fused silica is in figure 2.4. As can be seen, gR is not null over a large fre-

quency range (up to 40 THz) and the maximum is reached for the frequency

component shifted from the pump frequency by about 13.2 THz [62]. This

is a typical behaviour of amorphous materials such as fused silica. In these

materials, molecular vibrational frequencies extend into bands that overlap
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Figure 2.4: Raman-gain spectrum for fused silica at a pump wavelength
λp = 1.45µm.

and create a continuum [63]. On the other hand, in other materials, Raman

scattering only happens at specific well-defined frequencies. In any case, the

structure of vibrational levels is univocally linked to the molecular structure

of the medium. This is one of the reasons why Raman scattering is so useful

in spectroscopy.

The main physical difference between Raman and Brillouin effects lies

in the form of the generated phonon: an optical phonon (Raman effect) or

an acoustic phonon (Brillouin effect). In the Brillouin effect, the generated

acoustic wave produces a modulation of the refractive index of the core. It

produces the scattering of the incident beam and, as the acoustic wave is

moving with a velocity υA, the scattered light is downshifted in frequency

due to the Doppler shift.

This difference leads to important differences in the resulting scattering

spectrum for both effects. A fundamental one is that SBS only happens be-

tween counter-propagating signals whilst SRS can occur in both directions.
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This is because the Brillouin shift (Ωb) satisfies the standard dispersion re-

lation:

Ωb = υA|kA| = υA|kp − ks| ≈ 2υAkp sin(θ/2) (2.49)

where kA,kp and ks are the wave vectors of the acoustic, the pump

and the Stokes waves, respectively. For the first equality, the momentum

conservation is considered. Secondly, we use |kp| ≈ |ks|. Then, the Brillouin

shift reaches the maximum value for the counter-propagating direction and

it vanishes for the co-propagating direction.

Other difference is relative with the gain spectrums. In contrast with

SRS, the Brillouin-gain spectrum is narrow (on the order of tens of MHz)

and gB is maximum for a shift of approximately 10 GHz [64].

As we previously point out, another feature of SRS and SBS is that they

only occur when the pump power exceeds a threshold. This threshold is

also different for Brillouin and Raman. It can be calculated for long fiber

distances (L >> 1/α) by [65],

IthR ≈ 16
α

gR

IthB ≈ 21
α

gB
(2.50)

In practice, SRS arises for pump powers around 1 W and SBS for pump

powers of 10 mW in standard SMF at the typical wavelengths for optical

communications.

Due to the gain spectrum differences, SRS is more used in amplification

systems, whereas sensor applications take advantages of SBS. In the next

section, we explain the different kind of amplifiers.
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2.4 Amplification systems

As we have seen above, signals propagating through an optical fiber suffer

mainly from three limiting factors: attenuation, dispersion and nonlinear

effects. All three problems increase as the fiber length increases, and conse-

quently, the use of mitigation techniques is required for optical fiber systems

to be able to operate at long transmission distances.

Of the three, the distortion caused by nonlinear effects is the hardest to

compensate from a fundamental point of view, and although techniques such

as optical phase conjugation [66] have been applied successfully, they present

technological challenges and have limited application. Still, the negative

impact of nonlinear effects can usually be managed by keeping signal powers

under constraint.

Chromatic dispersion can be periodically compensated through the use

of dispersion compensating optical fiber with dispersion of the opposite sign

to that of the transmission fiber, or through the introduction of lumped

dispersion compensating elements such as chirped fiber Bragg gratings.

Attenuation, on the other hand, requires some form of amplification,

and this, on itself, introduces yet another undesirable but also unavoidable

element: noise. In the early ages of optical fiber communication, optical

signals were converted to electrical signals, regenerated, converted again to

the optical domain and re-launched into the fiber. This solution was ex-

pensive and complex for wavelength-division multiplexed (WDM) lightwave

systems, and the speed of the electronics introduced a cap in the maximum

bit-rate of the system. In the 90’s the possibility of using all-optical amplifi-

cation become a reality with the advent of semiconductor optical amplifiers

(SOAs) [67], and later doped fiber Amplifiers (DFAs) [8] and nonlinear am-

plifiers such as distributed Raman amplifiers (DRAs), distributed Brillouin
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Figure 2.5: Energy-level diagram of erbium ions in silica fibers.

amplifiers (DBAs) and parametric amplifiers (PAs).

Doped-fiber and nonlinear-effect based amplifiers will be dealt with in

more detail below. As for semiconductor optical amplifiers (SOAs), they in-

clude a semiconductor (InP, GaInAsP...) as active medium inside a Fabry-

Perot cavity with anti-reflection elements at the endfaces [68]. SOAs are

usually less expensive than other optical amplifiers, because its small size

and they are electrically pumped. Another advantage is the possible integra-

tion of the SOA with the receiver. However, performance-wise they present

some important disadvantages: high noise, low gain, moderate polarization

dependence and interchannel crosstalk due to high nonlinearities and large

coupling losses. For these reasons, SOAs have limited application as the

main source of amplification in long-haul optical communication schemes,

although they have proven very useful in the development of compact and

integrated photonic devices.

The most commonly used optical amplifiers make use of optical fibers

doped with rare-earth elements as their gain medium. A rare-earth doped

amplifier is basically, a small span of silica fiber that has been doped by

one rare-earth element, introducing a transition that can be exploited to

transfer energy from a pump to a fixed range of frequencies. Hence, a pump
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laser excites the doping ions to a higher energy level. Decay from this ex-

cited states can be made very efficient by stimulated emission of photons

at the signal wavelength. The operating wavelengths and the gain band-

widths are determined by the energy-level diagram of the dopant element.

Erbium-doped fiber amplifiers (EDFAs) are specially attractive in optical

communications, since Erbium has emission in the optical C-band typically

used in telecommunication applications (centred around 1.55µm) [69] and

part of the L-Band (around 1.59µm). The energy-level diagram of Erbium

and the spectrum of a typical EDFA are shown in figures 2.5 and 2.6, re-

spectively. The pumping wavelengths for EDFAs are 980 nm and 1480 nm.

Efficiencies as high as 11 dB/mWwere achieved in early EDFAs with 0.98µm

pumping [70], and have improved notably since then. Apart from the pump-

ing wavelength, a large number of parameters affect the EDFA gain, such

as erbium-ion concentration, core radius, amplifier length and pump power.

The main source of impairment in EDFAs is amplified spontaneous emission

(ASE). Some of the electrons in the upper energy level can decay by spon-

taneous emission and the emitted photons interact with other dopant ions

to be amplified by stimulated emission. The ASE power spectral density is

written as [71],

SASE = (G− 1)hυnsp (2.51)

where h is the Planck’s constant, υ is the energy of the photon, G is the

gain and nsp is the spontaneous emission factor defined as,

nsp =
ηN2

ηN2 −N1
(2.52)

N2 and N1 are the electron densities in the ground and the excited state,
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Figure 2.6: Absorption and gain spectra of an EDFA. After [1, 72].

respectively and η has information of the cross sections for the spontaneous

emission and the absorption processes. The minimum value of nsp is 1,

reached when the total population inversion is produced (N1 ≈ 0).

Given the high cost of doped fibers and their high conversion efficiency,

doped fibers are not adequate for transmission, but are perfectly suited to

be used as lumped amplifier elements that are periodically inserted into the

transmission line to boost the depleted optical signal back to high intensity

levels. Of course, this process introduces ASE noise, and if the intensity

of the transmitted signal is allowed to drop too much before amplification,

the introduced ASE will seriously degrade the optical signal-to-noise ratio.

This means that a balance must be found between keeping signal intensity

from being too low, which leads to noise limited transmission, and using a

too high intensity, which leads to nonlinear-distortion limited transmission.

An optimal solution would be to reduce the spacing between amplifiers, so

power could be kept at a close-to-constant optimal level, but this would be

too costly to achieve with doped fibers.

Fortunately, the use of doping ions is not the only way to achieve energy
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conversion from a pump to the signal wavelength. As we have seen in the

nonlinear effects section above, inelastic scatterings and four wave mixing

can achieve a similar effect, albeit not as efficiently. Still, nonlinear-effect

based amplifiers can exploit the whole length of the transmission fiber in-

stead of a few meters, and so the levels of efficiency of an EDFA are not

required to achieve signal amplification. Within the whole family of non-

linear amplifiers, Raman amplifiers are the most popular thanks to their

remarkable features, which are described in detail in the next section.

2.5 Raman amplification

Raman amplifiers exploit SRS, as previously explained, to transfer energy

from a pump source to a signal at the corresponding Stokes wavelength. In

this process, the two optical beams are launched into the fiber. The pump

photons are absorbed by the molecules of the material, which get excited into

a virtual state, and then emitted at a longer wavelength (lower energy) while

part of the energy is stored in the molecule in the form of excited vibrational

levels (phonons). The effectiveness of the process is determined by the profile

of the Raman gain (see figure 2.4) and parameters such as the attenuation

of the fiber at both the pump and its Stokes wavelength. The Raman gain

curve for Silica spans over 40 THz with a gain peak obtained for a shift of

approximately 13.2 THz. At typical telecommunication wavelengths, this

corresponds to about 100 nm.

From the physics of SRS, some of the advantages of Raman amplifiers

are obvious. The first advantage with respect to EDFAs comes from the

fact that SRS can take place in any optical material, and hence in stan-

dard fibers, without the need for any additional doping. This allows us to

use the same fiber to transmit the signal and compensate the attenuation
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losses over kilometric distances with a relative low cost. Secondly, Raman

gain is available at any wavelength for which a suitable pump source can be

found, while EDFAs are limited to operate in the C and L bands. Systems

with Raman amplification are useful over the entire transparency region

of fibers, the only requirement to amplify a desired wavelength being the

correct selection of the pump wavelength and careful management of the

interactions between pumps in a multi-wavelength pump setup. The possi-

bility of combining several pumps to cover a broad bandwidth is on itself

a third advantage. Moreover, gain flatness over very broad bandwidths (in

excess of 100 nm) can be achieved by optimizing the relative contribution

from each pump [73]. The pumps themselves can be spectrally broadened to

reduce the number of required sources to achieve a certain level of flatness

[74]. Finally, and perhaps more importantly, Raman amplifiers present a re-

duced ASE noise build-up than EDFAs and other lumped optical amplifiers.

Raman amplifiers are always a fully inverted system, that is the population

of the second level (N2) is much higher than the population of the lower

level (N1). Furthermore, as they can also operate in a distributed manner

the signal is kept from dropping too low and reduces accumulation of ASE

noise.

Despite their potential, Raman amplifiers were not developed until the

late 1990s. The main problem was the high power required from the pumps,

which were on the order of 1 W, as opposed to the case of EDFAs, where a few

milliwatts would suffice. This problem was sorted out by the development

of high power Raman fiber lasers. While Raman fiber lasers have allowed

for a rapid expansion of Raman amplification, they are still far from ideal

pump sources, as they are inherently afflicted from relative-intensity noise

which, as we will see, can be transferred to the signal.
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Equation 2.49, including the attenuation losses, can be solved to deter-

mine the evolution of the average pump and signal power inside the fiber. In

general, pump depletion (pump losses due to SRS) can be neglected when

pump power is more than three orders higher than signal power. Assuming

that signal and pump are co-propagating, the value of the signal intensity

at any point is,

IS(z) = IS(0) exp(gRIP (0)Leff − αSL) (2.53)

where Leff is dependent on αP . From here, the Raman gain in the

unsaturated regime is:

GR(z) =
IS(L)

(Raman)

IS(L)
= exp(gRIP (0)Leff ) (2.54)

It is worth noting that for long distances, the effective interaction length

can be found to be equal to Leff , whose value for SMF is capped at approx-

imately 20 km [2]. In order to know the Raman gain in saturated regime,

we solve numerically the complete set of equation including pump depletion

[75],

GR,sat =
1 + r0

r0 +G
−(1+r0)
R

(2.55)

where r0 = ωp/ωsPs(0)/Pp(0). Because of the values of Pp, the sat-

uration power in Raman amplifiers is much larger compared with other

amplifiers.

Those equations have been obtained for a pump co-propagating with the

signal. Similar equations describe the gain when the pump and signal are

counter-propagating. In the following section we will show the general model
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for a bi-directionally pumped system with ASE and Rayleigh scattering

components.

2.5.1 Configurations

In terms of its architecture, there are three basic configurations for a single-

Stokes Raman amplifier, depending on the pumping point of choice. To

illustrate the particularities of each scheme, we have simulated a 100 Km

amplified link with a total pump power of 645 mW and input signal power

of 0.1 mW. The evolution of the power of its different spectral components

is shown in figure 2.7 for each of the three configurations.
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Figure 2.7: Theoretical signal evolution in a transmission fiber for different
pumping configurations.

The most intuitive case is the forward-pumping configuration. Here am-

plification is obtained in the first kilometers of fiber and, initially, the signal

is over-amplified to compensate for the attenuation that it will suffer beyond

the effective gain length. In the example, the signal reaches the maximum

value at 28 km (ten times the initial value). Due to this, this kind of con-
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figuration is bound to be more prone to nonlinear distortion. On the other

hand, the contribution of the noise (Rayleigh and ASE) is slightly lower.

Considering an initial signal-to-noise ratio equal to 20 dB and a bandwidth

of the noise equal to 125 GHz, the degradation is less than 0.3 dB.

Another possibility would be to launch the pump from the receiver end,

so it counter-propagates with the signal. Now the signal power is kept low,

since amplification takes place mainly in the last kilometers of fiber. Nonlin-

ear effects are avoided but noise is higher (the degradation is approximately

3 dB in the simulation).

Finally, bidirectional pumping combines the advantages of the other two

configurations as amplification is more evenly distributed, and takes place

all along the fiber. In our simulation, the noise degradation is approximately

0.8 dB.

Other, more complex configurations, include pumping at various wave-

lengths for increased bandwidth or second order (cascading) pumping. We

will see more of the second case later.

A complete mathematical description of the bidirectional pumping scheme

including ASE and double backscattering Rayleigh (DBR) for the evolution

of the average powers (Pj) and the noises (ns) can be written as,

dP±
p

dz = ∓αpP
±
p ∓ υp

υs
g

Aeff
(Ps + n+s + n−s

+2hυs∆υs(1 +
1

e

h(υp−υs)
KBT −1

))P±
p ± ϵpP

∓
p (2.56)

dPs
dz = −αsPs +

g
Aeff

(P+
p + P−

p )Ps (2.57)

dn+
s

dz = −αsn
+ + g

Aeff
(P+

p + P−
p )(n+ + hυs∆υs

(1 + 1

e

h(υp−υs)
KBT −1

)) + ϵsn
− (2.58)
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dn−

dz = αsn
− − g

Aeff
(P+

p + P−
p )(n− + hυs∆υs

(1 + 1

e

h(υp−υs)
KBT −1

))− ϵs(Ps + n+) (2.59)

where h is is Plank’s constant, KB is Boltzmann’s constant, T is the

absolute temperature of the fiber. The (+) and (-) superscripts represent

forward and backward propagation and p and s subscripts identify the pump

and signal. The υi are the corresponding frequencies of the pumps and signal

and ∆υs represents the effective bandwidth. In the next section, the main

impairments included in this model are briefly explained.

2.5.2 Sources of noise

There are three main sources of noise in Raman amplifiers. The first is

the DRBS, caused by two scattering events (one backward and the other

forward) [76] affecting a signal photon. DBRS noise is particularly problem-

atic, as Rayleigh scattering is an elastic and random process, which means

that DRBS carries no information, but follows the exact same spectrum as

the signal. While the efficiency of the double backscattering process is very

low in non-amplified fibers, in a distributed amplifier the scattered photons

make a double pass through the gain medium, which can greatly increase

efficiency. In Raman amplifiers, this noise is dependent on length and the

total gain and can be on occasion the main source of signal degradation.

The second source is the usual ASE. This is the main source of noise

in EDFA-amplified systems, and even though its contribution is lower in

distributed Raman amplifiers, it remains important. The ASE noise advan-

tage of Raman amplifiers is typically exploited to achieve longer spacings

between pumps, reducing costs.

The last relevant source of noise is the RIN transfer from the pump power
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to the signal. RIN describes the instability in the power level of an optical

signal. In systems based on Raman amplification, the RIN of the pump lasers

can be transferred to the signal. Due to the fast gain dynamics of the Raman

effect, this transfer is a potentially important source of impairment for these

amplification systems [77]. RIN transfer in ultralong lasers, focusing mainly

on the novel case of random distributed feedback lasers, is studied in chapter

3.

To conclude, another important feature of Raman amplification is its

dependency on the state of the polarization of the pump and signal. If the

pump and signal states of polarization are parallel, the gain is maximum.

This characteristic is extended in chapter 5.

2.5.3 Ultra-long Raman lasers

In higher order Raman pumping schemes or cascade Raman lasers, more

than two signals at different wavelengths interact. Some schemes use sev-

eral pumps separated by the Stokes frequency shift and the higher frequency

pumps are used to amplify the lower frequency pumps, with the lowest fre-

quency pump amplifying the transmitted signal. This configurations pro-

duce a more uniform amplification along a longer span of fiber, by pushing

the effective gain length further away from the pumping point. Some ex-

amples of higher order Raman amplifiers have been presented in the last

decade [78, 18].

An example of second order Raman amplifier is the ultra-long Raman

fiber laser (URFL), proposed in 2004 [20] and experimentally demonstrated

in 2006 [21]. This configuration, whose scheme is depicted in figure 2.8, was

initially proposed used to amplify a signal in the vicinities of 1550 nm. This

device consists of a cavity delimited by two fiber Bragg grating reflectors
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Figure 2.8: Schematic description of the URFL.

(FBGs) resonant at 1455 nm wavelength. A 1366 nm pump is launched

from the both ends of the transmission span and, by Raman scattering, a

1455 nm secondary pump is created and confined inside the cavity. This

secondary pump is the one that provides amplification to the 1550 nm input

signal.
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Figure 2.9: Evolution of the signal and total pumps in a URFL.

As can be seen in figure 2.9, the first Stokes signal (1455 nm) is very

efficiently distributed over the total length. Hence, the gain provided to
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the 1550 nm signal is almost uniform and signal excursion is very small.

Moreover, noise degradation is also very low for 100 km. Another important

feature of this configuration is that, due to the natural bandwidth of the

Raman gain profile, and the superposition of the Raman gain curves of the

1366 nm and 1455 nm pumps, the system can provide flat gain over a 20 nm

bandwidth for WDM communications [22]. This has been used to achieve

simultaneous spatio-spectral transparency over 20 nm and 20 km [79].

The complete mathematical model for the evolution of the signals in this

configuration is described in [20] and reproduced below,

dP±
p1

dz = ∓αp1P
±
p1 ∓

υp1
υp2

g1
Aeff

(P+
p2 + P−

p2 (2.60)

+2hυp2∆υp2(1 +
1

e

h(υp1−υp2)

KBT −1

))P±
p1 ± ϵp1P

∓
p1

dP±
p2

dz = ∓αp2P
±
p2 ∓

υp2
υs

g2
Aeff

(Ps + n+s + n−s (2.61)

+2hυs∆υs(1 +
1

e

h(υp2−υs)

KBT −1

))P±
p2 ±

g1
Aeff

(P+
p1 + P−

p1)Pp2 ± ϵp1P
∓
p1

dPs
dz = −αsPs +

g
Aeff

(P+
p2 + P−

p2)Ps (2.62)

where sub-index 1 and 2 has been chosen to distinguish the primary

pump and the generated pump, respectively. Equation for the evolution

of the noise have not changed. Note that the boundary conditions for the

secondary pump are that P+
p2(0) = R · P−

p2(0) and P
−
p2(L) = R · P+

p2(L).

Since their inception, URFLs have found a large number of applications,

including long distance communications [80], classical soliton transmission

over tens of soliton periods [81], extremely flat supercontinuum generation

in conventional fibers [82], improving of the sensitivity and measurement

range of distributed sensors [25], and many others.
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2.5.4 Random distributed feedback Raman lasers

An important issue in the analysis of ultralong Raman fiber laser is the

physical mechanisms that restrict the boundless increase of a fiber laser

cavity length. Increasing the fiber length leads to new physical phenomena

underlying the light generation regimes. In particular, the huge number of

longitudinal modes present in an ultralong laser cavity weakly interacting

between them via four-wave mixing, produces interesting properties that

resemble the random behavior associated with the so called weak wave tur-

bulence [83]. If this weak interaction were the main cause for the broadening

of the cavity modes, one could expect to see a resolvable mode structure for

cavities of up to 1000 km [84], provided power in the laser is kept very low.

However, there is another physical mechanism that limits cavity length:

distributed Rayleigh backscattering. From the full model from the previ-

ous section, it can be calculated that, for a long enough cavity, most of the

photons propagating through the fiber are not being back reflected at the

fiber Bragg gratings, but have instead been randomly Rayleigh backscat-

tered by the medium molecules before traversing the whole cavity. Specifi-

cally, at a threshold length of about 270 km for standard fiber, longitudinal

cavity modes become blurred, and the laser can be assumed to present in-

stead multiple effective resonators of randomly varying length due to this

backscattering [85].

Random distributed feedback Raman lasers (RDFL) are a particular

case of URFLs that take advantage of distributed Rayleigh backscattering

to remove the external mirror [26]. In figure 2.10, we present the scheme

of a typical random laser used to amplify optical signals at 1550 nm. The

1366 nm-wavelength pumps are launched from the central point. The pro-

cess to generate the first Stokes signal is identical to the process in other
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Figure 2.10: Schematic description of the RDFL.

Raman lasers but, as there are no mirrors, the feedback is mainly produced

by Rayleigh backscattering. As we mentioned before, Rayleigh scattering

occurs in all directions, but only a small part (< 0.1%) of the radiation is

scattered back into the core of the fiber. In the vicinities of the pumping

point, the process is made dramatically more efficient due to amplification

of the scattered light.
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1550nm. From [26].
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A comparison between URFL and RDFL in terms of pump power thresh-

old versus length is shown in figure 2.11. While the generation threshold in

URFL increases with the cavity length, the threshold tends to a constant

value in RDFL. For long fibers, the threshold is identical in both configura-

tions because the feedback effect of Rayleigh backscattering is higher than

the effect of mirrors (i.e. any long-enough cavity laser becomes a random

distributed feedback laser).
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Figure 2.12: Evolution of the power signals for the RDFL configurations with
L=140Km and the required power pump to compensate all the attenuation
losses. To enable comparison, the evolution of the 1550nm in URFL is
included.

RDFLs present similar characteristics to other random lasers, but in

contrast to classical random lasers, RDFLs deliver well-confined stable laser

radiation in a narrow bandwidth similar to conventional lasers.

The first application reported for RDFLs was their use for remote sensing

with FBGs [86], but they have also been used to provide amplification in

ultra-long communication links [87], as well as to achieve multi-wavelength

lasing [88]. Its use for providing amplification has been simulated and in
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Figure 2.13: Scheme of all signals in RDFL.

figure 2.12, the evolution of the pump and signal power is described for a

140 km length RDFL. The power of the first Stokes signal is enough to

compensate losses at 1550 nm in the fiber. The excursion of the 1550 nm

signal is similar to that observed in a cavity URFL.

To model this configuration, we solve the set of equations 2.60-2.62 from

z=0 to z=L/2 taking advantage of the symmetry of a centrally-pumped

RDFL. We consider a virtual mirror at z=L/2 and the boundary conditions

are:

P+
p1(0) = 0; P+

p2(0) = 0; P+
s (0) = Ps,in

P−
p1(L/2) = Pp,in + η · P+

p1(L/2); P
−
p2(L/2) = η · P+

p2(L/2)

where Ps,in and Ps,in are the initial signal power and initial pump power

and η is the efficiency of the connection (1 for the ideal case). The solution

for the range from L/2 to L, is totally symmetric when there is no signal

(Ps,in = 0):

P+
p1(0 : L/2) = P−

p1(L : L/2); P+
p2(0 : L/2) = P−

p2(L : L/2)

P−
p1(L/2 : 0) = P+

p1(L/2 : L); P−
p2(L/2 : 0) = P+

p2(L/2 : L)
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When RDFL are used for amplify transmitted signal, the signal and

noises are not symmetric. For this reason, we again solve the set of equations

from z=L/2 to z=L using the values at z = L/2 previously calculated as

initial conditions. Figure 2.13 includes all the signals of interest in order to

understand the symmetry of the configuration.



Chapter 3

RIN transfer in ultra-long

Raman lasers

In this chapter, the relative intensity noise (RIN) transfer from the pump

sources to lower Stokes in ultra-long Raman lasers, including both cavity-

based and random distributed feedback lasers, is analysed. Previous studies

on RIN transfer have focused on the RIN transfer from the pumps to the

output laser component in standard (not ultralong) Raman fiber lasers [89]

or the RIN transfer from the primary pumps to the amplified signal in

cavity ultra-long fiber laser amplification schemes [90]. Here, for the first

time, we present the analysis of RIN transfer in random distributed feed-

back lasers (RDFLs) configurations, as well as offer a comparison between

the impact of this impairment in RDFLs and cavity ultra-long Raman fiber

lasers (URFLs). This is particularly relevant when considering each of the

two ultralong laser option for amplification in areas such as distributed sens-

ing, where the relatively long duration of the pulses (of the order of tens of

ns) makes them particularly vulnerable to the impact of RIN.

The complexity of studying the transfer of amplitude fluctuations in

53
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higher-order cascaded amplification schemes, such as ultralong Raman fiber

lasers, makes it necessary to rely on a numerical approach, since the system

of equations governing the noise exchange is not directly integrable. To

develop a mathematically accurate model for the description of RIN transfer,

we begin from the well known set of ordinary differential equations (ODE)

describing the evolution of the average powers of all the spectral components,

used widely in our numerical analysis of URFLs and RDFLs [20]. This set

must be extended with a set of equations containing information on the

evolution of the average level of the fluctuations in signal power due to

RIN. The complete system is numerically solved for fluctuations of frequency

ranging from a few Hz to beyond 10 MHz. The results are grouped in two

sections. In section 3.2, our interest is on the RIN transfer from the pumps

to the first Stokes signal while section 3.3 shows the RIN transfer from the

pumps to the transmitted signal.

3.1 Introduction

RIN describes the instability in the output power of a laser or, in other

words, its intensity fluctuations. These fluctuations can be produced by

many causes, such as small variations in the gain medium or the cavity

length of the pump laser, or the dependence of gain on a randomly varying

polarization, to name a few. Polarization dependent-gain (PDG) as a source

of RIN will be explored in some more detail on chapter 5. Here, our interest

is not in the origin of the intensity fluctuations in the pump source, but on

how these fluctuations get transferred from the pump lasers to the amplified

signals.

The fast response time of the Raman effect makes it possible for slow

intensity fluctuations in pump power to transfer into variations of the gain
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and, consequently, into amplitude fluctuations of the amplified continuous

or modulated the signal. When signal and pump are propagating in the

same direction, the nonlinear interaction between them is limited only by the

attenuation they suffer and the transmission delay between the two different

spectral components caused by group velocity dispersion. This relative delay

effect is known as temporal walk-off and produces an averaging of the noise

caused by fast intensity fluctuations, limiting the efficient transfer of RIN to

a limit frequency of about 10 MHz or less. In the counter-propagating case,

the overlapping time of signal and pump is much smaller and, consequently

the averaging out of the fluctuations takes place for lower cut-off frequencies.

Here, the cut-off frequency (also referred to as corner frequency or 3-dB

frequency) is defined as the frequency at which RIN transfer is 3dB lower

than the RIN transfer at a frequency equal to 0.

To model the RIN transfer process, our analysis is based on the RIN

transfer analysis in first order Raman amplification scheme found in [77,

91, 92]. We consider the pump power is dependent on z and t as Pp(t, z) =

P p(z)+△Pp(z, t), with a constant average power part, P p, and a fluctuating

part depending on time, △P (t). We assume that the spectral density of the

fluctuating part △Pp(z, t) may be written as

dN±
p

dz
+ iβ±p ωN

±
p = ∓αpN

±
p ∓ υp

υs
gNsP

±
p ∓ υp

υs
gPsN±

p ± ϵpN
∓
p (3.1)

dNs

dz
= −αsNs + g(N+

p +N−
p )Ps + g(P+

p + P−
p )Ns (3.2)

Taking the group velocity of the signal (Vp) as the reference velocity, the

walk-off constant of the pump is β±p = 1
Vp

∓ 1
Vs
. Simplifying β+ = D(λs−λp)

and β− ≈ 2/Vs where D is the chromatic dispersion. The normalized RIN
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in the linear scale is defined as

RIN =
|Ni|
P i

(3.3)

where the subindex i represents p or s for pump and signal, respectively.

And the RIN transfer function is defined as,

H =
RINsignal

RINpump
(3.4)

Note that the RIN transfer function provides a relative measure of the

amount of RIN transferred from the pump to the signal. As such, it turns

out to be independent of the initial value of the RIN set to the pump.

This means that, knowing the value of the RIN noise of the pump at a given

frequency, we will be able to infer the value of the RIN at the same frequency

in the output signal.

In the case of first order Raman amplification and for long fibers, the

RIN transfer function has the form of a low-pass filter with a -3dB frequency

equal to f±c =
αp

2πβ± . In the counterpropagating configuration, attenuation is

the dominant factor that defines the cut-off frequency. For standard fibers,

the cut-off frequency is close to 1 kilohertz at wavelengths close to 1500

nm. In the co-propagating configuration, the cut-off frequency is mainly

dependent on the dispersion. Therefore, the cut-off frequency in standard

fiber is close to 10 MHz but is increasing as the used wavelengths are close

to zero dispersion wavelength. For very short lengths of fiber or very low

loss, dips will arise on the RIN transfer function for frequencies higher than

the corner frequency. Note the differences between short length and long

length in the RIN transfer in figure 3.1.

To extend this analysis to the cases of URFL and RDFL, a three level
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Figure 3.1: RIN transfer for co-pumped and counter-pumped amplification
schemes. The results are obtained for two fiber length: 10 km and 60 km.
The gain is always equal to 8.3 dB

set of ODEs is necesary,

dN±
p1

dz + iβ±p1ωN
±
p1 = ∓αp1N

±
p1 ∓

υp1
υp2
g1(N

+
p2 +N−

p2)P
±
p1 (3.5)

∓υp1
υp2
g1(P

+
p2 + P−

p2)N
±
p1 ± ϵp1N

∓
p1

dN±
p2

dz + iβ±p2ωN
±
p2 = ∓αp2N

±
p2 ∓

υp2
υs
g2NsP

±
p2 ∓

υp2
υs
g2PsN

±
p2 (3.6)

±g1(N+
p1 +N−

p1)P
±
p2 ± g1(P

+
p1 + P−

p1)N
±
p2 ± ϵp2N

∓
p2

dNs
dz = −αsNs + g2(N

+
p +N−

p )Ps + g2(P
+
p + P−

p )Ns (3.7)

In the case of a typical URFL, the pump is launched from both sides.

We consider that the RIN in the backward and the forward pump laser are

identical, and evenly distributed between the real and imaginary part (al-

though this choice will have no bearing on the final results). The generated

first Stokes signal is reflected by the FBG at both ends. Consequently, the

initial RIN of the copropagating signal is equal to the RIN of the coun-

terpropagating signal at z=0 and viceversa at z=L. At the second Stokes
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level, corresponding in a quasi-lossless transmission setup with the 1550 nm

component, we suppose an initially RIN-free signal, so all the output RIN

at this wavelength comes from RIN transfer. The initial conditions are

Re(N+
p1(0)) = Im(N+

p1(0)) = Re(N−
p1(L)) = Im(N−

p1(L)) =
√
2N0
PT

Re(N+
p2(0)) = R ·Re(N−

p2(0)) Im(N+
p2(0)) = R · Im(N−

p2(0))

Re(N−
p2(L)) = R ·Re(N+

p2(L)) Im(N−
p2(L)) = R · Im(N+

p2(L))

Re(Ns(0)) = Im(Ns(0)) = 0

where N0 is the RIN of a pump laser, PT is the total pump power and

R is the reflectivity of the FBG.

The mirrorless case is slightly more complex due to the fact that the

pump is typically injected from the center of the laser into both directions.

Note that the problem is divided in two symmetric sections. Hence, it is only

necessary to solve the set of equations between 0 and L/2 (See figure 2.13 to

clarify). At z=0, only the signal at the second Stokes level is launched, which

we consider, as in the cavity URFL case, to be free of initial RIN. At z=L/2,

the primary pump is launched and the symmetry of the problem allows

for all the co-propagating Stokes to behave as if reflected into a counter-

propagating signal with their associated RIN. Note that it is necessary to

include another equation for the counter-propagating signal at the second

Stokes level.

Re(N+
p1(0)) = Im(N+

p1(0)) = Re(N+
p2(0)) = Im(N+

p2(0)) = Re(N+
s (0)) =

Im(N+
s (0)) = 0 Re(N−

p1(L/2)) =
√
2N0
PT

+ η ·Re(N+
p1(L/2))

Im(N−
p1(L/2)) =

√
2N0
PT

+ η · Im(N+
p1(L/2))

Re(N−
p2(L/2)) = η ·Re(N+

p2(L/2)) Im(N−
p2(L/2)) = η · Im(N+

p2(L/2))

Re(N−
s (L/2)) = η ·Re(N+

s (L/2)) Im(N−
s (L/2)) = η · Im(N+

s (L/2))

Here η means the effectiveness of the connection.
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3.2 RIN Transfer from pumps to first Stokes

In this section, the RIN transfer between the pump and its first Stokes in an

RDFL is analyzed. We consider that the wavelength of the primary pumps

is 1455 nm in this case, for easiness in comparison with most of the exist-

ing literature on random distributed feedback fiber lasers, and consequently,

the wavelength of the first Stokes signal is 1550 nm. The method and con-

clusions, though, are easily translatable to the case in which the primary

pump is set at 1366 nm and the first Stokes at 1455 nm, as it would be

required from second-order amplification schemes. In table 3.1, the main

values of SMF for the wavelengths used in the simulation are summarized.

The Raman gain from the pump to its first Stokes is 0.42 W−1km−1. the

transmittance of the central connection in the RDFL is 0.85 in either direc-

tion.

λ (nm) α (dB/km) ϵ (m−1) n

1455 0.263 6.0×10−8 1.4996
1550 0.197 4.28×10−8 1.5004

Table 3.1: Main parameters in the simulation.

Our analysis begins with the study of the evolution of the RIN noise

transfer function across the gain medium, for a Stokes signal propagating

from the left to the right of the laser. This kind of spatial analysis is not

a feature usually present in the published literature analyzing RIN perfor-

mance in lasers, but it becomes relevant in ultralong structures, particularly

if they are going to be used for distributed sensing, since sensitivity and

sensing range will depend on the noise distribution along the line.

In the case of the RDFLs, given that the pumping beams are launched

bi-directionally from a central point, the results show two well-differentiated

sections from the standpoint of a Stokes component propagating from left
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to right. In the first section, the Stokes signal is counter-propagating with

the launched pump, with a small amount of co-propagating pump power

being present due to Rayleigh backscattering. In the second section, past

the mid-point at L/2, the Stokes signal is co-propagating with the launched

pump, although a small amount of Rayleigh-backscattered pump-power is

presented. Both cases are depicted in figure 3.2. As it was expected, the

cutoff frequency for the counter-propagating case is 10 KHz while it is higher

for the co-propagating case (approximately 80 MHz). On the other hand, the

transfer figure remains almost uniform along the distance and, consequently,

the amount of impairments imposed by RIN transfer to the local sensitivity

in a distributed sensing scheme would be similarly uniform along the sensing

line.

There is another special feature of this RIN transfer function, namely

the appearance of small fluctuations in the spectrum after the value of the

cutoff frequency for the counter-propagating case. Such fluctuations have

been also observed on traditional Raman lasers [89] and they are caused by

the interaction between the generated counter-propagating signals. Their

separation (the frequency difference between oscillations) is equivalent to the

resonant cavity frequency in traditional lasers, as it has been observed in the

literature, whereas in the random laser it depends on the distance between

the pump point and the observation point as: fc = 1/(2πL), where L is this

distance. These oscillations have also a much smaller amplitude in the case

of RDFLs, and are often non-observable in standard-fibre configurations,

except for cavities longer than 80 km and total pump powers above 2.8 W.

In order to find the optimal configurations that could minimise noise

transfer while still offering a meaningful performance in terms of amplifi-

cation and output power, the most relevant parameters of our system were
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Figure 3.2: Evolution of the RIN transfer versus frequency along the
fiber length for the situation where the amplification is mainly counter-
propagated (top) or co-propagated (bottom). The total pump power is 3 W
and the total length is 100 km.

varied over broad ranges, scanning the multi-dimensional parameter space.

In figure 3.3 total pump power and total length have been varied between 2

and 3.8 W and between 30 and 200 km, respectively.

Note that the higher the total pump power launched, the less RIN is

transferred. Nevertheless, increasing the total pump power beyond 3.8 W is

not practical, since that is the threshold for the second Raman Stokes, which

would cause a rapid depletion of the signal, as well as introduce in most cases

an excess gain in the signal that would lead to nonlinear distortion. Note also

that the cut-off frequency is slightly, but linearly, dependent on the pump
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Figure 3.3: Variation of the RIN transfer vs. frequency with the total pump
power (top) and the total length (bottom). In the first case, the total length
is 100 km and, in the second case, the total pump power is 3W.

power. Finally, the most important source of impairment to be considered

when the pump power increases is related with the fluctuation described

previously: for total pump powers higher than 2.8 W the peak of maximum

RIN transfer is reached in the oscillations taking place after the cut-off

frequency (usually in one immediately after the first drop corresponding to

the cut-off frequency for the counter-propagating component).

As can be seen in figure 3.3, the minimum RIN transfer is obtained for

the longest laser. However, from our pump and signal power calculations

we can observe that the peak output power is reached at 58 km length. The

cut-off frequency itself is not affected by the fiber length. Regarding the
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Figure 3.4: Comparative between the RIN transfer for the RDFL configu-
ration and the traditional RFL in a logarithmic scale (left side) and a linear
scale (right side).

oscillations, their separation decrease with length, and so will do their peak

intensities.

Although this configuration is mirrorless, and so no reflector character-

istics can be optimized, it is interesting to know if some control over RIN

transfer can be achieved by using fibers with different Rayleigh scattering

parameters. In this case, the maximum RIN transfer is inversely propor-

tional to the Rayleigh scattering coefficient, as is output power. Generally

speaking, the RIN transfer function is in most cases below 10 dB, compa-

rable to those seen in distributed Raman amplification systems based on

standard fiber operating at similar gain values and power levels.

Finally, a comparison between RDFL and an ultra-long cavity Raman

laser pumped from both ends is provided. In both configurations, we con-

sider the transfer between the pump at 1455 nm and the generated signal at

1550 nm along a 100 km fiber span. The reflectivity R in the cavity URFL

gratings is set to 0.9. In order to obtain an equivalent power level for the

generated Stokes signal in both lasers, the total pump power in the shown

example needs to be much higher in the RDFL laser (2.7 W) than in the

URFL (1.7 W). The results are shown in figure 3.4. The average level of
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the RIN transfer is similar in both configurations but the oscillations are

noticeable only in the ultra-long cavity laser case. For this reason, the use

of the ultra-long cavity configuration can be useful to reduce RIN transfer of

specific spectral components in the pump laser, as we can chose the length

of the cavity to minimize its effect at a particular frequency. Obviously, ul-

tralong cavities also have a clear advantage in terms of conversion efficiency

except in the case of extreme cavity lengths [26, 93]. In cases in which these

two issues are not a priority, the use of an RDFL configuration could prove

more convenient given the reduced level of the RIN oscillations, their lack

of a power-dependent effective reflector response [94], and their comparative

advantage in terms of tunability.

3.3 RIN Transfer from pumps to the second Stokes

As it was previously explained, the main application of RDFLs and cavity

URFLs can be found in the second order amplification of an input signal.

In this section, the RIN transfer from the pumps to a signal at the second

Stokes wavelength in RDFLs is analyzed and compared with the results

obtainable in cavity URFLs. In this case, the pump wavelength is 1366

nm, the first Stokes wavelength is 1455 nm and the signal wavelength is

1550 nm. The main values used in the simulation are summarized in table

3.2. The reflectivity (R) of the FBGs is 0.9 in the case of URFL and the

transmittance of the connection (η) in the RDFL is 0.85.

λ (nm) α (dB/km) ϵ (m−1) n gR (W−1km−1)

1366 0.328 1.01×10−7 1.4996
1455 0.263 6.0×10−8 1.4998 0.508
1550 0.197 4.28×10−8 1.5004 0.42

Table 3.2: Main parameters in the simulation.
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Figure 3.5: Variation of the RIN transfer vs. frequency with the total length.

Now, we consider the variation of three parameters: the total length, the

initial signal power at 1550 nm and the total pump power. In the first case,

the total length is varied from 60 km to 140 km, whereas the initial signal

power is 1mW and the total pump power has been chosen for compensat-

ing all the losses during the transmission (Ps(0) = Ps(L)). As we can see

in figure 3.5, the longer the RDFLs, the more RIN is transferred between

the pump and the signal. This performance is similar to the performance

observed in URFLs [90]. The first cut-off frequency, corresponding to the

counter-propagating case, arises between 0.5 and 0.9 KHz. This cut-off fre-

quency is minimum when the fiber length is 110 km. For frequencies higher

than the cut-off, some oscillations appear. The first oscillation is the most

visible with minimum RIN transfer at approximately 2 KHz independently

on the length of the system. The second 3-dB frequency, corresponding

to the co-propagating case, takes place at approximately 10 MHz and it is

higher for longest RDFLs.

Figure 3.6 represents the variation of the RIN transfer function vs. fre-

quency when the total fiber length is kept constant (100 km) and the initial

signal power is varied from 1 mW to 50 mW. The total pump power is auto-
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Figure 3.6: Variation of the RIN transfer vs. frequency with the input signal
power.

matically adjusted so that all signal losses at 1550 nm are compensated via

Raman gain. As can be seen, RIN transfer is reduced as the power of the

1550 nm signal is increased, and the effect of pump depletion is definitely

relevant. Now, both counterpropagating and copropagating cut-off frequen-

cies are dependent on initial signal power. The higher the input signal power

launched, the higher the cut-off frequencies.

Figure 3.7: Variation of the RIN transfer vs. frequency with the total pump
power at each arm.

It is also interesting for illustration to consider the case in which fiber
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Figure 3.8: Comparison between the performance of RDFL and URFL for
L = 100 km and (top) Pin = 1 mW or (down) Pin = 10 mW.

length and signal power are kept fixed, while total pump power varies. In

figure 3.7 fiber length is a 100 km and input signal power is 1 mW, while

total pump power (50% in each direction) is varied from 2 W to 3 W. The

results, in figure 3.7, show that RIN transfer is maximum when the total

pump power is 2.6 W. At this value, the 1550 nm signal power at z=L is

over-amplified (the output power is ten times the input power). In terms

of RIN, the best performance is obtained when the signal is slightly under-

amplified. For very low total pump powers (less than 2.1 W) or very high

total pump powers (more than 2.9 W), the RIN transfer is not maximum for
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Figure 3.9: Comparison between the performance of URFL and RDFL
pumped from the ends for L = 200 km and Pin = 1 mW.

frequencies close to 0, but instead for a frequency close to the first cut-off

frequency. The cut-off frequency itself increases as the pump power goes up.

To conclude this section, we compare the performance in terms of the

RIN of URFLs and RDFLs. Moreover, two cases of RDFLs are studied (the

typical centrally-pumped configuration and a modified alternative that is

pumped from the ends). In fact, this alternative is equivalent to the cav-

ity URFL case with no gratings. The results are summarized in figure 3.8

and both in the cavity URFL and the alternative RDFL the maximum RIN

transfer is lower than in the centrally-pumped case. The main advantage of

the centrally-pumped RDFL is that the maximum RIN transfer is typically

associated with the lower frequencies, while in the other two cases, the os-

cillations in the RIN transfer function after the first cut-off frequency can

more easily exceed its initial value. Comparing the cavity URFL and the

modified RDFL, in most of the situations the RIN transfer at zero frequency

is higher for the URFL but the modified RDFL configuration presents oscil-

lations at high frequencies that exceed the RIN transfer at zero frequency.

As it is depicted in figure 3.9, this detrimental performance is reduced when
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the fiber lenght is increased and oscillations are not visible for 200km length

simulations.

3.4 Conclusions

In this chapter, the RIN transfer function for RDFLs has been investigated.

A limited control over RIN transfer function of the laser can be applied at

the design stage through appropriate selection of fibers and choice of length.

The cut-off frequencies for the co- and counter-propagating components

appear, as expected, at positions independent of the fiber length and showing

a weak linear dependence with the pump power for the one-level RDFL.

Nevertheless, the cut-off frequencies for the RIN transfer from the pump to

the second level is dependent on both the length and the pump power.

Our results in the first part of the chapter show that optimal configura-

tions to minimize noise transfer to the first Stokes imply the use of higher

pump power and long fibers, but not long enough to allow for the quick

generation of additional Stokes, which would cause a rapid depletion of the

signal. For cavities longer than 80 km and pump powers above 2.8 W, fluctu-

ations in the RIN transfer appear, which seem to be related to the interaction

of the co-propagating signal with the counter-propagating seed generated on

the symmetric arm. These fluctuations are, nevertheless, generally smaller

in amplitude than those appearing in cavity-based laser configurations.

In the second part of the chapter, the results show that the less noise

transfer to the second Stokes is obtained when the signal is slightly under-

amplified. For lossless transmission, the RIN transfer is minimized for

shorter lengths and lower signal powers.

Overall, the behavior of RIN transfer in RDFLs should not impede their

use in communication schemes and distributed optical fiber sensing applica-
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tions, but as in the case of traditional URFLs, configurations that minimize

RIN transfer should be chosen over noisier ones.



Chapter 4

Applications of URFLs and

RDFLs

4.1 Introduction

In this chapter, three different potential applications of ultra-long Raman

laser configurations are studied, namely:

1. Distributed amplification in telecommunications with advanced phase

modulated formats, in comparison to the use of lumped amplification.

This is perhaps the most natural continuation of previous application-

oriented work on URFLs, as many of their advantages in this regard

have been previously demonstrated for amplitude-keyed transmission

formats. It is particularly interesting from an application standpoint,

though, to know if the well known advantages of URFLs hold up for

phase-keyed formats, which present an increased resilience to noise

when compared to amplitude-keyed ones, but are on the other hand

more sensitive to the effects of nonlinearity.

71
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2. Measurement range and sensitivity improvement in Brillouin optical

time-domain analysis (BOTDA) distributed sensing schemes. Recent

times have seen a number of experimental and theoretical publications

showcasing the possibility of using cavity and random ultralong Ra-

man fiber lasers to improve the performance of distributed and quasi-

distributed optical fiber sensors. This section lays its emphasis on

comparing the potential performance and design constraints imposed

by both cavity and random ultralong lasers when used in BOTDA

sensing schemes.

3. Finally, we study the possible application of cavity URFLs and RD-

FLs to the betterment of interferometric sensors, and in particular of

Sagnac interferometers. We will show that the use of first and second-

order Raman amplification can, under certain constraints, increase the

sensitivity of fiber optic gyroscopes, with direct potential application

to areas such as seismic detection.

4.2 Ultralong Raman fiber lasers in PSK commu-

nications

4.2.1 Introduction

The use of distributed Raman amplification in optical fibre transmission

links has been widely studied in recent years. Since URFLs were first pro-

posed for quasi-lossless transmission, their use for long-haul communication

systems has been studied in direct comparison to more traditional amplifi-

cation solutions on several occasions, generally in laboratory setups relying

on the use of the re-circulating loop technique. In [95], four non-modulated

channels were transmitted up to 4000 km and the losses compensated ev-
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ery 75 km by means of EDFA or URFL. For an initial OSNR of 36 dB,

the degradation of the OSNR was shown to be 4.3 dB less in the case of

URFL than in the case of EDFA. Similarly, the improvement offered by

URFL amplification for 42.7 Gb/s ASK (Amplitude shift keying) transmis-

sion has been demonstrated both in a single channel [80] and in a DWDM

(dense wavelength-division multiplexion) configurations with up to 20 chan-

nels [24]. In these cases, similar results in terms of BER (Bit error rate)

were obtained for the use of EDFAs and URFLs, despite the better noise

performance of URFLs, due to the impact of RIN noise, which is higher

in distributed amplification. Still, URFLs presented a clear advantage in

terms of signal power requirements. In this section, our objective is to per-

form a similar comparative study for 42.7 Gb/s transmission, using DPSK

(Differential phase shift keying) modulation.

In lightwave systems, there are three major digital modulation formats:

ASK (Amplitude shift keying), PSK (Phase shift keying) and FSK (Fre-

quency shift keying) depending respectively on whether the information is

encoded in the amplitude, phase or frequency of the optical carrier. ASK

is the simplest format and the most widespread, but it is very suscepti-

ble to noise interference. FSK is limited in its application by its require-

ment of twice the bandwidth of ASK and PSK. PSK, on the other hand,

is fast becoming the most popular option for next-generation communica-

tion schemes, as it is more robust (in 3 dB) to noise than ASK with a

similar bitrate - spectral bandwidth product. However, modulation and de-

modulation are more complex for PSK and, in order to extract the phase

information without ambiguity, it requires the phase of the optical carrier

to remain stable. The latter requirement can be relaxed by using DPSK,

which consists on coding the information not on the absolute phase, but on
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the phase difference between two neighboring bits. This is the format used

in our experiments.

4.2.2 Schematic setup

For this experiment, a re-circulating loop has been used. The objective of

this device is to experimentally simulate a multi-span optical transmission.

In order to achieve this, a controlled optical switch is used that allows an op-

tical signal to traverse an optical system a given number of times [96] before

being taken out to the receiver. In our configuration, for which schemes for

EDFA and Raman amplification are shown in figures 4.1-4.2 respectively, the

switching is made by means of two AOMs (acousto-optic modulators) that

select the correct input for the transmission span. During the first period,

AOM1 is closed and AOM2 is opened and the modulated signal is intro-

duced in the transmission span. For a selected number of periods, AOM1 is

opened and AOM2 is closed. Consequently, the output of the transmission

span is reinjected into the starting point of the span. In this manner, the

signal is re-circulating n times along the transmission span where n is the

number of periods during which AOM2 is closed. The driver that controls

the AOMs is also used to control the measurement elements (OSA, scope

and BER analyzer). The main reason to choose AOMs is their extintion

ratio, typically higher than 50 dB, and their polarization insensitivity [97].

We have used an analogue AOM with an extinction ratio equal to 50.6 dB

and a digital one whose extinction ratio was measured only 48.6 dB.

At the input, 8 channels centered at 1555 nm are launched, with a sep-

aration between channels of 1.5 nm. The modulation used is DPSK, the

clock rate is 42.7 Gb/s. A 216 − 1 bit pseudo-randomly generated sequence

is used. The spectrum of the input signal can be seen in figure 4.3.
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Figure 4.1: Re-circulating loop configuration using EDFA.

Figure 4.2: Re-circulating loop configuration using URFL.

The periodically repeated transmission span is 80 km long, and within

it the losses are compensated by the use of one EDFA or the URFL con-

figuration. In the EDFA configuration the amplifier is placed at the end

of the 80 km span. The option of placing the EDFA at the beginning of

the 80-km transmission span has also been tested, but the results obtained

were worst in term of both noise and BER. For the URFL configuration, a

typical symmetrical, quasi-lossless, cavity-based set-up is used, with pumps

at 1366 nm and a set of identical FBGs at 1450 nm on the extremes to feed

the amplifying Stokes wave back into the cavity.

In each circulation, for both configurations, the signal is spectrally fil-

tered and dispersion is compensated. The signal is passed through a band-

pass filter designed to remove part of the ASE noise outside the signal re-

gion. The bandwidth of the filter is 13 nm and the losses in all channels are
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Figure 4.3: Initial spectrum of the 8 channels signal.

identical. Dispersion, on the other hand, is compensated by a DCM (dis-

persion compensation module) that consists on a small span of dispersion-

compensating fiber whose total dispersion and slope is matched to that of

the transmission fiber, to cancel out the dispersion accumulated by the signal

over the transmission span. Hence, this DCM fully compensates dispersion

in all the channels. Finally, an auxiliary EDFA compensates the extra losses

generated in the AOMs, the DCM and the filter. It is important that the

signal power will be equal at the outputs of the two AOMs.

On the receiver side, a tuneable filter selects the channel of our interest.

The bandwidth of the filter is set to 1.5 nm. The OSA can be situated before

the filter or after the filter to control the spectrum of all the channels or only

one channel. Signal detection is performed by means of a APD (avalanche

photodiode). For the demodulation, a clock recovery and a delayer are also

necessary. The demodulated information is analyzed in a scope to observe

the eye diagram and by a BER analyzer that compares the initial sequence

and the recovered sequence and counts the number of errors. The maximum
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sensitivity of our device is equal to 10−11, which means 1 error per 1011 bits.

4.2.3 Results

In this experiment, our interest is mainly on two parameters: noise and

number of errors.

1545 1550 1555 1560 1565
−45

−40

−35

−30

−25

−20

−15

−10

Wavelength (nm)

S
ig

na
l p

ow
er

 (
dB

m
)

1545 1550 1555 1560 1565
−40

−35

−30

−25

−20

−15

−10

−5

0

Wavelength (nm)

S
ig

na
l p

ow
er

 (
dB

m
)

Figure 4.4: Spectrum of the 8 channels signal after 800 km for the URFL
configuration (up) and EDFA amplification (down).

In terms of noise, the best results are obtained by means of the URFL

set-up. The spectra after 10 recirculations (800 km) for both configurations
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can be seen in figure 4.4. As much EDFA as URFL spectrum are not flat

enough with an excursion between channels up to 20 dB. However URFL

shows a small bandwidth (6nm) where the channels are almost equalized.

To improve this performance, a flat-top tunable filter can be used. In figure

4.5, all the channels in transmission with Raman amplification have been

equalized by the use of this filter. The main disadvantage of using these

filters is that they increase optical losses. For this reason, the rest of the

results shown in this section have been obtained without equalization.
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Figure 4.5: Spectrum of the 8 channels signal after 800 km for the URFL
configuration using a tunable filter.

The evolution of the OSNR along transmission has been studied for the

4th channel. This channel is centered at 1554.7 nm and, as it is one of

the central channels, is expected to suffer more from channel cross-talk,

showing higher signal distortion and worse performance than outer ones. A

direct comparison between the EDFA and URFL cases can be seen in figure

4.6 up to 22 recirculations, which is equivalent to 1760 km transmission

length. The difference in OSNR degradation is practically not visible for

transmission distances shorter than 700 km, but becomes obvious at longer



4.2. ULTRALONGRAMAN FIBER LASERS IN PSK COMMUNICATIONS79

distances. At 1760 km, the OSNR is 13.2 dB for URFL and 10 dB for the

lumped amplification scheme. As expected, this result is similar to those

obtained for transmission of non-modulated signals and transmission using

ASK modulation.
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Figure 4.6: Evolution of the OSNR in the 4th channel for 1760 km trans-
mission.

The second part of the experiments consisted on measuring the number

of errors. Typically, the decimal logarithm of the BER has been used for this

analysis. Here, the measurements are also taken for the 4th channel. The

power launched at the beginning of the SMF has been modified to obtain

the best results. The optimization has been made after 800 km. For the case

of EDFA amplification, this point is obtained when the total signal power is

10 dBm. For the URFL, the optimal signal power is 3 dBm, meaning that

the optimal balance between nonlinear affects and noise is reached at much

lower input powers in the distributedly amplified scheme.

For very short distances, less than 400 km, the number of errors is higher

for EDFA configuration. The hypothesis is that errors are produced by

nonlinear effects due to the launched power being much higher. For longer
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Figure 4.7: Evolution of the log(BER) in the 4th channel for 1760 km trans-
mission.

distances, the noise is the limiting factor and the BER results are similar

in both cases. The evolution of the BER can be observed in figure 4.7.

Note that, using phase modulation schemes, the transmission is more robust

against the noise that using ASK modulation. Finally, as already seen in

ASK modulated systems, it can be concluded that RIN noise acts as the

limiting factor keeping URFL schemes from performing notably better than

lumped amplification ones, which showcases the need for using low-noise

Raman pumps in order to extract the maximum performance from this kind

of quasi-lossless transmission setups.

4.2.4 Conclusion

A comparative study of the transmission of DPSK signal with either lumped

EDFA amplification and distributed amplification based on URFL has been

made. The spectra out of the URFL-amplified system is slightly more flat

without the use of equalization filters. Considering a central channel, the

OSNR after 1760 km is approximately 3 dB better in the URFL-amplified
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system. However, this improvement does not translate directly into a con-

siderable reduction of the number of errors. The main advantage is that

this performance is reached for only 3 dBm signal power whereas the best

performance is reached for 10 dBm using EDFAs, suggesting a clear advan-

tage of URFL-amplified schemes in situations in which nonlinear distortion

becomes the primary cause of error.

4.3 BOTDA

4.3.1 Introduction

Brillouin Optical Time Domain Analysis (BOTDA) [98, 99] has established

itself as the preferred option for distributed sensing of strain and temper-

ature applied to the real-time monitoring of large structures and transport

networks. The basis for this technology is the local dependence of the charac-

teristic Brillouin frequency shift in optical fibers with both temperature and

fiber strain, which can be retrieved with a given spatial resolution through

time domain analysis.

In recent years, different techniques have been proposed to improve reso-

lution, measurement range and precision in this kind of sensors, among them

distributed Raman amplification [100, 101], which has been shown to allow

measurement distances in excess of 100 km with resolutions of 2 m. A po-

tential drawback of this technique in some situations is the need to address

issues such as RIN transfer from the Raman pumps to the sensing signals,

as well as signal broadening from Kerr nonlinearity. Here, we study the

performance differences and specific design constraints for each of the two

studied amplification approaches: cavity URFLs and RDFLs. The use of

these approaches in BOTDA has already been suggested and experimentally
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demonstrated [25].

4.3.2 Basic theory

In a typical BOTDA temperature or strain sensor, the light sources are

two lasers, one emitting a pulsed light and the other emitting a continuous

wave, situated at both ends of the fiber. Generally, the pulsed light is

stronger and acts as the pump that generates a Brillouin gain in the fiber.

The maximum energy transfer to the continuous ligth is obtained when the

difference between its frequency and the pump frequency is equal to the

Brillouin frequency shift. As this shift is dependent on the temperature and

the strain of the fiber, the frequency of the pump is varied in order to measure

temperature or strain variations. Moreover, distributed measurements of

temperature or strain along the fiber with a spatial resolution that is dictated

by the pulse duration.

The performance of these sensors is determined by the measurement

range and the spatial resolution. The first one is limited by the attenuation,

that increases the measurement uncertainty toward the end of the fiber,

whereas the second one is dependent on the pulse duration. Nevertheless,

the use of shorter pulses reduces the effective distance and increases the

measurement uncertainty because of the spectral broadening. Therefore, a

balance between the resolution and the measurement range should be found.

The use of Raman amplification has been proven as a solution to enhance

the measurement range without compromising the resolution.

In this section, we are going to numerically simulate the broadening due

to SPM and RIN in second order Raman assisted BOTDA. The schemes

of the two configuration are in figure 4.8. Both schemes are similar with

the only difference of the use of FBGs. The typical RDFL configuration,
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Figure 4.8: Schematic depictions of the two kinds of amplification se-
tups used for extended the range of a BOTDA system. The top scheme
corresponds to a standard cavity ultra-long Raman fiber laser with high-
reflectivity gratings, whereas the reflector-free bottom one relies on Random
distributed feedback lasing.

centrally pumped has not been simulated because of its difficult implemen-

tation.

For our numerical simulations, we have considered different Brillouin

pump pulse peak powers, as well as different degrees of amplification, over

measuring lengths ranging from 20 to 200 km, for input pulses of 20 ns du-

ration (e.g. a spatial resolution of 2 m), close to the current operational

limit at long distances. The evolution of the average power of the differ-

ent spectral components in the system can be accurately modelled using

the well known system of steady-state equations for URFL. The impact

of SPM on the Brillouin pulsed probe is inferred through direct split-step

Fourier method simulations of the nonlinear Schrödinger equation govern-

ing the propagation of the Brillouin pump pulse, using the effective gain-loss

coefficient calculated from the system of steady state equations for the corre-
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λ (nm) α (dB/km) g/Aeff (W−1km−1) ϵ (km−1)

1366 0.38 0.51 1.0×10−4

1455 0.27 0.42 6.0×10−5

1550 0.19 N/A 4.3×10−5

Table 4.1: Characteristics of the SSMF optical fiber used in the simulations.

sponding ultralong laser, and assuming a supergaussian time profile for the

pulse. Finally, the calculated broadening of the pulse is used to calculate the

z-dependent SPM-induced reduction of the Brillouin gain coefficient along

the fiber, and the gain traces obtained by taking into account such varia-

tion on the Brillouin gain coefficient between Brillouin pump and probe. At

all times, the fiber spans in both amplification setups are assumed to be

comprised of identical ITU G.652 standard single-mode fiber (SSMF), with

characteristics summarized on table 4.1, where α represents fiber attenua-

tion, ϵ is the Rayleigh backscattering coefficient, g/Aeff is the Raman gain

coefficient and Vg the corresponding group velocity at the specified wave-

length. The initial Brillouin gain coefficient for the unbroadened 20 ns pulse

was assumed to be 0.155 W−1m−1 after experimental measurements, and

scales inversely with the bandwidth of the Brillouin probe pulse.

4.3.3 Results

As an example of our results, figure 4.9 displays the required pump power

vs. measurement range for each of the two set-ups, in the case of Brillouin

square-like pump pulses of 10 mW and a period T = 20 ns (spatial resolution

of 2 m), as well as a counter-propagating continuous probe of 0.2 mW.

Operation was set in this case in the condition of transparency (overall

zero gain-loss for the Brillouin pump over the complete transmission length)

and symmetric Raman pumping. It is worth noting that such conditions

may be far from ideal, and depending on the specific sensing scheme, we
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might indeed be interested in undercompensating the fiber losses or using an

asymmetric scheme to minimize system impairments nonlinear broadening

[25]. Nevertheless, such optimization can be made with independence of

the specific amplification setup, and setting identical conditions for both

URFL and RDFL allows for a fair comparison of the impact of the different

impairments on each case.
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Figure 4.9: Required Raman pump power at each side for the ultra-long
and the random laser to compensate the attenuation as function of the fiber
length.

As can be seen, the lack of cavity feedback leads to a much lower ef-

ficiency, i.e. a higher (up to 6 times) required Raman pump power in the

case of the RDFL, which makes RDFL-based systems more prone to main-

tenance issues, even if their non-reliance on a grating reflectors keeps them

from displaying power leakage due to nonlinear spectral broadening [94]. It

is also interesting to point out that, unlike in the URFL case, in which the

longer the sensing fiber length, the more pump power is required, the RDFL

shows a drop in the required pump power after 100 km and up to approxi-

mately 160 km, where Rayleigh backscattering-based feedback saturates, af-



86 CHAPTER 4. APPLICATIONS OF URFLS AND RDFLS

ter which point the required pump power grows again with distance. Given

the higher pump powers required for RDFLs, local gain is in most cases

higher near both ends of the fiber, with gain distribution being smoother

in cavity URFLs. Away from the extremes, the evolution of the signal is

similar in both configurations, and relatively similar total power excursions

(differences between maximum and minimum Brillouin pump power along

the fiber) are obtained in both cases, particularly at longer lengths.

As mentioned in the introduction, a potential source of impairment in

amplified BOTDAs is the impact of SPM broadening in the pump pulse.

This translates into a reduction of the sensor contrast due to the lower-

ing the Brillouin gain coefficient, as well as an increase in the uncertainty

in the frequency shift detection, reducing the effective temperature/strain

resolution.

Figure 4.10 shows the effect of the SPM for each configuration as a func-

tion of the fiber length and initial Brillouin pump power. The broadening is

higher for RDFL and directly dependent on both fiber length and, mainly,

pump power. For pump pulses below 5 mW the impact is notably reduced

in both configurations, with broadenings at the end of 160 km is only a 70%

or an 86% for URFL and RDFL respectively. At higher peak powers, on

the other hand, broadening becomes more important, and the width of a

25 mW pulse is tripled over only 130 km and 100 km respectively over the

URFL and the RDFL schemes.

The evolution of the Brillouin pump signal and its broadening due to

SPM affect the recovered Brillouin sensor gain traces for a homogeneous

temperature fibre. Figure 4.11 shows the maximum and minimum gain for

each configuration. In a cavity URFL assisted BOTDA shorter than 100

km, the gain is almost constant along the fiber but the difference between
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Figure 4.10: Percentage (%) of SPM broadening as function of the fiber
length and the initial pump power for URFL (a) and RDFL (b).

the maximum gain and the minimum is increasing as fiber length goes up.

In RDFLs, the difference between the maximum and the minimum power

(signal excursion) is higher for short distances but reduces as the measure-

ment range goes up. The minimum difference point is reached at approx-

imately 135 km for a 10 mW pulse pump. Increasing the Brillouin pump

power, the measurement range at which the positions of lowest maximum

and highest minimum gain for RDFLs are reached evolve as detailed on the

inset of figure 4.11. As can also be seen, the range at which the maximum

gain in cavity URFLs becomes higher than in RDFLs remains constant.

Gain traces produced by a 10 mW pump pulse over three different fiber

lengths are displayed on figure 4.12. Here we can see that even though power

excursion goes from being much larger to slightly smaller in the RDFL am-

plification scheme as length increases, the contrast in the far end of the fiber

is always lower in the RDFL case due to the excess nonlinear broadening.

Finally it is particularly relevant to study the issue of noise performance.

While ASE noise is similar in both schemes and rarely critical, RIN is indeed

a serious source of impairment in Raman-assisted BOTDA sensing, making

it convenient to rely on low-RIN Raman pump sources in general,and even
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Figure 4.11: Maximum and Minimum Brillouin gain as function of the mea-
surement range for RDFL and URFL for a 10 mW pump power. On the
inset, vs. Brillouin pulse peak power: A - Measurement range at which the
crossing point when maximum RDFL gain becomes lower than maximum
cavity URFL gain, B - position of the lowest maximum RDFL gain, C -
Position of the highest minimum gain for RDFL.

more so for the co-propagating direction. A complete analysis of the RIN

transfer has been done in the previous chapter. The conclusion was that the

configuration of RDFL used here minimize the impact of low-frequency RIN

transfer but the high-frequency RIN transfer can exceed the zero-frequency

transfer, specially for short distances.

4.3.4 Conclusions

We have presented a complete numerical comparison of two configurations

of Raman assisted ultra-long BOTDAs, using cavity URFLs and RDFLs.

BOTDAs longer than 140km presented a similar power excursions for the

pulsed Brillouin pumps power and, consequently, similar Brillouin gain traces,

but worse performance in terms of contrast and sensitivity on the extremes

of the fiber. URFLs required in all cases lower Raman pump powers and led

to reduced SPM broadening, which explained the observed advantages in
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Figure 4.12: Evolution of the Brillouin gain for both kinds of amplification
schemes along three different fiber lengths (100 km, 140 km and 160 km)
for a 10 mW Brillouin pump power.

the Brillouin traces. The only potential advantage of RDFLs appears when

considering RIN transfer from the Raman pump to the Brillouin pump and

probe with long measurement distances, which is lower than in the case of

cavity URFLs. Still, the much lower Raman conversion efficiency of the

RDFL scheme imposes the requirement of extremely high pump powers for

the RDFL configurations (up to 6 times higher than for URFLs) that renders

their use impractical for most situations.

4.4 Sagnac sensors

4.4.1 Introduction

Over the past two decades, fiber Sagnac interferometers have been steadily

replacing more traditional setups in rotation sensing and gyroscopic ap-

plications [102], because of their high precision, robustness, simplicity and

reduced cost. Sagnac sensitivity depends directly on spool length and ra-

dius, meaning that highly-demanding applications such as the measurement

of rotational seismic waves [103, 104, 105], require kilometric-length fiber

Sagnac loops. The length of such kilometric loops (typically based upon

low-cost standard single-mode fiber) and consequently their sensitivity, is
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limited by fiber attenuation [106]. The use of amplification in the loop has

been suggested as a potential method for extending loop length, enhanc-

ing detection sensitivity [106], but amplification in the interferometer would

lead to non-reciprocity in the Sagnac loop, with small variations in gain

causing nonlinear phase differences between the interfering beams. In this

regard, the use of a distributed Raman amplification scheme seems partic-

ularly promising, thanks to the improved noise performance offered by dis-

tributed amplification in comparison to lumped amplifier solutions, which

would allow the use of relatively low signal powers [107] and the minimiza-

tion of the potential impact of nonlinear phase differences. The possibility

of using Raman amplification to improve the sensitivity of a fiber-optic gy-

roscope (FOG) was first proposed in 1988 by Desurvire et al. [108], who

showed that distributed gain could be used to increase the number of signal

recirculations in a relatively short (1200 m), polarization maintaining loop.

Over the years, other possibilities have also been considered, such as the use

of erbium-doped fiber amplification within the reentrant path [109, 110],

leading to a 6.56-fold increase in rotation response factor in a 200 m gyro-

scope. All of these solutions have been always considered in the context of

relatively short gyroscopic sensors, possibly under the assumption that the

amount of gain required to compensate losses in a much longer setup would

bring with it a larger signal nonlinearities and non-reciprocity in the loop.

As we will see, many of such expectable difficulties can be undercut by the

use of advanced distributed amplification schemes, including those based on

ultra long and Random distributed feedback fiber lasers.

Very recently, the intriguing idea of using conventional communication

networks as giant gyroscopic sensors has been proposed [111], although such

undertaking would no doubt have to face plenty of technical challenges of its
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own. Here we elaborate on the idea of amplified FOGs and its possibilities.

Please note that although the ultimate sensitivity of any particular device

will be conditioned by the specific performance of the electronics used as

well as quantum noise limitations, the analysis of specific examples with a

fixed hardware is beyond the scope of our study. Our interest is, rather,

on maximizing the applicability of our results, and hence we will focus on

the differences, in terms of potential advantages and limitations, that would

appear between traditional, non-amplified FOGs and different realisations of

distributedly amplified FOGs. We will assume, when necessary for numerical

illustration, lower limits for the performance of the electronics, basing those

assumptions on those of readily available commercial equipment in order to

ensure that our conclusions are as general as possible.

4.4.2 Fundaments of interferometric sensors

Fiber optic interferometers can be categorized into four types: Fabry-Perot,

Mach-Zehnder, Michelson, and Sagnac [102]. Prior to the analysis of Raman

assisted Sagnac sensors, a brief description of the other three types is pre-

sented and I also explain the reason why the idea of other kilometric fiber

optic interferometers has been dismissed.

The most general idea of the fiber optic Fabry-Perot interferometers

(FPIs) is a span fiber inside a cavity formed by two parallel reflecting sur-

faces. The magnitude to be measured (temperature, strain, pressure...) is

relative with variation of the round-trip propagation phase shift, (ϕ) defined

as,

ϕ =
4πn

λ
L (4.1)

where λ is the wavelength of the free-space optical energy (the wave-

length of the optical beams), L is the cavity length and n is relative index
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of the fiber. The variation of the phase shift is due to a variation of either

the length or the relative index. Therefore, increasing the fiber length, the

sensitivity of the sensor is improved.

A Mach-Zehnder interferometer uses two couplers to split and recombine

the optical beams. Each beam goes through a different path and, after the

recombination, the phase shift of the interference has information of the

difference between path lengths. Michelson interferometer is similar but it

only uses one coupler to split and recombine the beams at the same point.

The signals go back to this point by means of two mirrors or FBGs situated

at the end of the optical paths.

As has been said above, for either Fabry-Perot or Mach-Zehnder or

Michelson, the measured phase depends on the fiber length. And, if we

are interested on measuring temperature changes, the relative variation of

the phase can be expressed as,

∆L

L
= αth∆T (4.2)

where the coefficient of thermal expansion αth is 5.5× 10−7 ◦C−1 [112].

Thank to this value, a small variation of temperature is easily measured

by kilometric interferometers. However, this great sensitivity is impractical

and the atmospheric conditions are difficult to stabilize. This is the main

reason why our interest is on Sagnac interferometers. These devices are

insensible to small variation of the fiber length caused by temperature or

strain changes since optical signals travel by the same optical paths.
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4.4.3 Basic theory

The physical phenomenon that explains the operation of an optical gyro-

scope was first presented by Georges Sagnac [113, 114]. We consider a ring

interferometer where two light beams are propagating in opposite directions.

The path lengths are equal for both light beams whenever the ring is in a sta-

tionary position. On the other hand, if a rotation is introduced, a difference

appears between the optical path [115].

As an example and without loss of generality, let us consider a rotation

with an angular velocity Ω in the clockwise direction. The path lengths for

the clockwise (Lcw) and the counterclockwise beam (Lccw) are respectively

Lcw = 2πR + RΩtcw = ctcw and Lccw = 2πR − RΩtccw = ctccw, where R

is the ring radius and c is the free-space speed of the ligth. From here, the

time difference in the interference is,

δt = tcw − tccw = 2πR/(c−RΩ)− 2πR/(c+RΩ) ≈ (4πR2/c2)Ω (4.3)

with the assumption that c2 >> R2Ω2. Consequently, considering a

fiber-optic gyroscope with N fiber loops, there is a phase difference between

the two signal beams equal to,

δϕs = (2πc/λ)δt = (8π2NR2/λc)Ω = (4πLR/λc)Ω (4.4)

where λ is the wavelength of the free-space optical energy (the wave-

length of the optical beams), L is the fiber loop length and c is the speed

of light in the vacuum. Therefore, the two obvious ways to increase detec-

tion sensitivity are either extending the fiber length, which would bring an

increase in the loop losses, or enlarging the loop radius, which increases the

risk of non-reciprocity between the two optical paths by making local fiber
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Figure 4.13: Schematic explanation of the Sagnac effect. The first coil (left)
is not rotating and the optical paths are equal. The second coil (right) is
rotating and, consequently the optical paths are different.

conditions less controllable. In our case, we chose to increase the fiber length

and to use Raman amplification to compensate the fiber losses.

4.4.4 Proposed designs of amplified FOGs

The most commonly used configuration for a FOG is the open-loop biasing

scheme [116]. In this scheme, a polarizer is used to prevent the arrival of the

signals to the detector in different polarizations. Then, the intensity in the

CW and CCW waves is equalized to ensure that the output phases of both

beams are, in the absence of rotation, identical. Typically, this configuration

includes a piezoelectric transducer (PZT) that acts as a phase modulator.

A phase modulation allows for the gyroscope to be biased to its maximum

sensitivity point. The typical photodetector response to a phase change has

a cosine form. Hence, the sensor is less sensitive for small variations, as well

as being incapable of detecting the direction of the rotation. For this reason,

a nonreciprocal phase shift bias is usually introduced to improve sensitivity.

The basic open-loop biasing scheme is described in figure 4.14. Our scheme is

based on this configuration, also used for rotational seismometers [103, 104].

The proposed configurations are summarized in the scheme depicted in

figure 4.15. We consider the used lock-in amplifier has similar specifications
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Figure 4.14: Schematic of FOG with the open-loop biasing scheme

than mid-range commercial lock-in amplifiers, able to detect variations of the

order of 0.001 ◦ (≈ 1.8× 10−5 rad). We will use this typical value as a limit

for the acceptable nonlinear phase differences in the system. Considering the

extreme length of the loop, the system is assumed to operate on depolarized

light [117], which can be guaranteed with the use of depolarizers at the

source output and in the sensor loop [104]. We will consider operation in the

optical C-Band (1530 to 1565 nm) in order to take advantage of the reduced

fiber attenuation and the availability of high-grade commercial components

designed for telecommunication.

Figure 4.15: General schematic depiction of our proposed configurations.
Pump power is 1455nm in the first order configuration and 1366nm in the
second one. Two fiber Bragg grating reflectors (FBG) centered at 1455nm
are included only in the ultra-long Raman laser configuration. The signal is
centered at 1550 nm.
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Without amplification considerations, the minimal rotation speed of

Ωmin measured detectable by an interferometric FOG in the shot noise limit

can be expressed [118] as

Ωmin =
λc

4πRL
·

√
Bhc

ηλPPD
(4.5)

where η is the photodetector efficiency, B is the sensor bandwidth, h is

the Planck constant, c is the speed of light in a vacuum and PPD is the

power at the photodetector. To enhance gyro accuracy it is thus necessary

to increase the product RL
√
PPD. PPD, though, is dependent on the loop

length through the fiber attenuation coefficient:

PPD = P0 exp (−αL+ σ) (4.6)

where P0 represents input power, α represents fiber attenuation at fre-

quency λ and σ accounts for the rest of the optical losses in the system

(splices, connectors, depolarizers...). Hence, in a non-amplified system, an

increase of L leads to either a lower power at the photodiode or to the use of

higher input signal powers. Too high an input power will lead to enhanced

Kerr nonlinearity induced nonlinear phase differences, which might affect

resolution and take us away from the shot-noise limited case. Increasing

coil radius R, on the other hand, makes the gyroscope less manageable and

more vulnerable to environmental factors. Lumped optical amplification be-

fore the photodiode could increase PPD without an increase of input signal

power, but once again at the cost of increased optical noise.

Distributed amplification, on the other hand, has been shown [107] to of-

fer the best trade-off between induced nonlinearities and accumulated noise,

and could allow the use of increased loop lengths without having to stray
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from the shot-noise limited case. For this application, we propose three al-

ternative amplification schemes and study their potential performances. In

all the cases the system has been devised to compensate for the whole at-

tenuation generated in the fiber, effectively making PPD independent from

the loop length L.

These alternatives proposed here are:

• A fist-order distributed amplification scheme, using a single 1455 nm

pump injected into the fiber loop just before the last coupler, resulting

in bi-directional amplification at wavelengths in the vicinities of 1550

nm.

• A cascaded second-order distributed amplification scheme, based on

URFL configuration. The injection point for this 1366 nm pump is

once again just before the last coupler, but two fiber Bragg grating re-

flectors are added at both ends of the coil, tuned at 1455 nm. As in the

previous configuration, the 1455 nm component provides distributed

Raman amplification in the C-Band.

• A similarly cascaded second-order scheme, this time without grating

reflectors, in which the feedback is provided by randomly distributed

Rayleigh scattering, i.e.: a RDFL.

In order to provide an accurate analysis of the behaviour of the optical

section, all relevant sources of impairment need to be considered. While

fiber birefringence can be considered a problem in non-depolarized FOGs,

its effect on a depolarized CW-based sensing scheme such as ours can be ne-

glected. Variations on local environmental conditions across the coil, which

could give rise to the Shupe effect[119], are similarly controllable through

appropriate winding and can be considered independent on the amplification
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scheme[120], and fiber temperature variations due to the high powers of the

Raman pumps are symmetrical for both propagation directions. Noise, on

the other hand, both arising from amplified spontaneous emission and from

interference with single and from Rayleigh backscattered radiation, as well

as differences in nonlinear phase shift due to the Kerr effect, might become

particularly relevant in an amplified system such as the proposed ones, and

their impact needs to be carefully gauged. Additional optical sources of

noise, such as relative-intensity noise (RIN) transfer from the pumps can

be effectively minimized at the pump power levels considered in this study

through the use of laser diode pumps, and will not be considered in our

analysis.

We numerically model the behaviour of the amplification system through

a set of steady state ordinary differential equations (ODEs) for the proposed

schemes, obtaining the power distribution of the different spectral compo-

nents along the coil length, or equivalently the effective gain-loss coefficient,

as well as the evolution of the optical signal-to-noise ratio. This approach,

commonly used in the context of fiber communications, allows for the calcu-

lation of accumulated nonlinear phase shift, as well as an accurate evaluation

of the impact of noise, taking into account not only amplified spontaneous

emission noise generation within the fiber coil, but also Rayleigh backscat-

tering noise, which might cause multi-path interference and in an amplified

system such as ours has the potential to be the most important source of

optical noise. The effect of pump depletion on power evolution is also taken

into account.

The clockwise (counter-clockwise) - propagating signal beam will accu-
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mulate a nonlinear phase shift that can be expressed by the equation:

ϕNL =

∫ L

0
γ(Pa + 2Pb)dz (4.7)

where Pa and Pb are the clockwise (counter-clockwise) and counter-

clockwise (clockwise) - propagated signals, respectively, γ is the nonlinear

coefficient, L represents the propagation distance, and the phase shift pro-

duced by the presence of the pumps has been deliberately left out, as it

adds a constant term identical for both propagation directions. Please note

that although both pump and signal are bi-directionally injected into the

loop, their clockwise and counter-clockwise components for each of them are

generated from a single laser diode (signal) or pump laser (Raman pump).

That is, the output of a single depolarized Raman pump is split in two and

injected into the loop, just as the sensing signal is split at the coupler. By

design, any intensity oscillations on the loop are symmetrical in the clock-

wise and counter-clockwise directions, and hence can be safely removed from

the equation.

It is convenient to create a figure of merit that quantifies the reduction

of non linear effect when amplification is included. This created figure, (κ)

is defined by the equation

κ =
ϕ2
ϕ1

(4.8)

where ϕ2 is the accumulated non linear phase when amplification is

present, and ϕ1, the same with no amplification, for the same output power.

κ is represented in figure 4.16 as function of the fiber length. Obviously,

κ decreases when the fiber length is increased and nonlinear phase shift be-

comes reduced to a 50% when the length is approximately 28km. URFL and

RDFL configurations offer a similar performance than the first-order case
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Figure 4.16: Relative improvement in terms of reduced nonlinearities ob-
tained when the fiber loop is pumped to amplify the signal, as defined by
the figure of merit κ. Inset: Signal power evolution for the specific case of
a 50 km loop, for identical output powers, in the cases of no amplification
and second order amplification.

shown in the figure in terms of total accumulated nonlinear phase shift.

4.4.5 Results and discussion

In order for the signal to be properly detected, we have to ensure that ampli-

fication noise does not grow to the point of becoming a problem in detection.

For this reason, optical signal-to-noise ratio (OSNR) levels, defined as the

ratio of the optical signal output power to the integrated noise power over

a given bandwidth, are calculated for all the studied configurations. The

lower limit for the input signal OSNR, calculated over a 1 nm bandwidth,

is assumed to be a very conservative 33 dB, perfectly achievable for most

commercially available sources. Under this conditions we observe that the

lowest OSNR is about 22 dB for the case of the RDFL considered up to

a 70 km spool length. For illustration, figure 4.17 shows the evolution of

the OSNR vs. distance for the two limit signal powers considered, 100 µW
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and 20 µW and the second order amplification case. Interestingly, the main

source of noise on both cases, and hence for all intermediate ones, is Rayleigh

backscattering at the signal wavelength. This is not surprising, given that

a FOG is by design a bidirectional system, in which single back reflections

from one of the two propagating beams couple into the other. This noise is,

as expected, enhanced by the presence of bidirectional distributed amplifica-

tion, but not to a point in which it constitutes a problem. For all the spool

lengths and powers considered the combined ASE and Rayleigh backscat-

tering noise are low enough for their effect to be considered negligible in the

detection process.

Figure 4.17: Evolution of OSNR vs. distance and the contribution of ASE
and Rayleigh in the case of ultra-long Raman laser configuration for:(a)
Input power = 100 µW (b) Input power = 20 µW

Nonlinear phase differences are generated when the counter-propagating

beams experience different intensities along their optical path, depending

on their clockwise or counter-clockwise rotation, and can also limit the min-

imum rotation speed detectable by the FOG. They may be caused by a
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Figure 4.18: Maximum variations in signal power (in %) acceptable for a
second order amplification scheme with gratings (ultralong laser.

non-optimal splitting of the signal beam, environmental variations of the

local loss in the fiber or, to a much larger extent, to variations on the am-

plification, experienced by the optical beams due to oscillations in pump

power, whether due to a non-ideal pump split or to a temporal variation

of the splitter response when continuously operating at high powers. As

mentioned above, the use of a distributed amplification scheme helps keep-

ing signal excursion low, hence reducing nonlinear phase differences. This

effect becomes more obvious the flatter the gain distribution becomes, so it

is to be expected that the second-order amplification schemes will be more

resilient to nonlinear phase induced impairments. In practice, though, sig-

nal excursion is very small in all cases, and the improvement offered by the

more complex scheme is only noticeable at coil lengths over 40 km. Still, the

main immediately noticeable handicap for the mirrorless random distributed

feedback laser is its requirement of much higher pump powers than the rest

of the configurations, as we will see below.

Figure 4.18, shows the maximum variation in input signal power ac-

cepted by the system, assuming perfectly symmetric pumping. The figure
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has been obtained by finding the power variation that leads to a nonlinear

phase equal to 1.8 × 10−5 rad (the sensitivity of a typical commercial de-

tector). Logically, this threshold for acceptable variation will be reduced

for increasing input signal power and length. The length limit for the coil,

conditioned by the system’s signal power variation, will be thus the one for

which the nonlinear phase difference reaches the sensitivity of our lock-in

amplifier. The values in the figure correspond to the second order amplifi-

cation scheme, however there is not big difference with the other two cases.

Figure 4.19: Nonlinear phase shift vs. fiber length and input power when
the pump power is not balanced (49% is launched in one direction and 51%
in the opposite one) for the mirrorless second-order amplification scheme (a)
the first-order one (b) and the ultra-long Raman laser (c). When the shift
is higher than the stablished limit of 1.8× 10−5, the contour plot is filled in
white so the operative boundary is easily observed.

The effect of pump asymmetry is summarized on figure 4.19, where the

maximum spool length, for which the nonlinear phase difference reaches the

limits of the detector sensitivity, is plotted against input signal power and

pump power split. As can be observed from the figures, the improvement

provided by the URFL scheme is apparent in this case, allowing the use of
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Figure 4.20: Fiber length that produces a nonlinear phase shift equivalent to
the minimal phase detectable for a commercial device when the coupler/s-
plitter is not balanced (affecting the signal power and pump power).

much longer spool lengths for similar input signal powers. Assuming a 51%

split and using the mirrorless second-order configuration, an input power of

100 µW, nonlinear phase would limit interferometer length to just 22 km.

Operating at a lower power of 20 µ W, on the other hand, leads to a much

higher limit length of 35 km. If we use a first order or URFL scheme for

the same power, spool length could be incremented to reach 40 km and 52

km respectively. This is, for example and to the extent of our knowledge,

about 5 times longer than the longest non-amplified implementation to date

in the context of seismic detection [104], and could subsequently allow a

five-fold increase in the detector sensitivity. Please note that the presence

of distributed amplification in the line does not offer any inherent protec-

tion against the uncertainty introduced by the variability of the coupling

coefficients for each port, but does keep overall variation of the transmitted

power within the transmission line low, which contributes to improving the

performance.

Finally, we analyze the combined effect that the simultaneous and co-

ordinated asymmetry of pump and signal beams, which could in principle
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be expected to be the worst-case scenario, would have on the accumulation

of nonlinear phase difference. Whereas in the previous cases, asymmetries

arose at only one wavelength (signals or pumps), now both components are

affected by the deviation of the split ratio. This is summarized on figure

4.20, which represents the maximum spool length vs. split ratio and input

signal power, for the URFL scheme. As can be seen, even though such sit-

uation imposes higher restrictions on system reliability, spool length could

still be increased to between 30 km for a 20 µ W signal as long as the split

ratio is maintained within a ± 0.5 % accuracy.

The combined effect of an asymmetry of pump and signal beams could

produce a compensation of both contributions to the nonlinear phase asym-

metry. Nevertheless, using the configurations of first-order amplification and

a URFL, this compensation can take place only when the asymmetry in the

splitting of pump powers is of opposite sign to the asymmetry in the signal

powers, which is not a realistic situation, considering they both traverse the

same splitter. However, and quite surprisingly, this compensation happens

to be possible with same-sign asymmetries in the mirrorless second-order

configuration based on RDFL amplification. In figure 4.21, we observe how

this compensation is produced for two different span lengths. For a 61 km

length coil, the nonlinear phase differences between signals are totally com-

pensated when the asymmetries are identical for both pumps and signal.

This ideal length is only dependent on the Rayleigh coefficient and, conse-

quently, is not easy to predict and control at the design stage. Although

the effect is indeed very interesting and can be used to reduce nonlinear

impairments with a careful choice of splitter in a given configuration, it is

not particularly useful in the general case, as we must take into account

that the use of a RDFL setup at the long lengths required for the effect to
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Figure 4.21: Nonlinear phase shift vs. pump and signal asymmetries for 20
µW input signal powers and (up) 33Km fiber length and (down) 61Km fiber
length.

be observed would impose the use of very high pump powers, increase cost,

reduce system durability and induce a more pronounced fiber temperature

gradient in the vicinities of the pump injection points, as well as suffer from

higher relative intensity noise transfer from the pumps to the signal. From

our simulations we calculate the required pump power in the mirrorless con-

figuration to be between seven and ten times higher than in the URFL case.

Specifically, for a 61 km length FOG, 0.55 W pump power is launched in

each direction in the URFL scheme whereas the pump power required for

the mirrorless case is approximately 4.32 W.
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4.4.6 Conclusions

We have performed a study of the limitations imposed by noise and nonlinear

phase shift in distributedly amplified fiber optic gyroscopes. Our results

show that distributed Raman amplification, whether provided through first

or second order configurations relying on traditional configurations as well

as URFL and RDFL designs, can allow a meaningful increase of the spool

length, even under rather conservative assumptions about the reliability of

other system components. We have shown that in most of the meaningful

cases the effect of optical ASE noise can be considered negligible, which

makes nonlinear phase shift accumulation the main deleterious effect. In

this regard we have demonstrated that nonlinear phase shift differences can

be kept under control as long as some system design constraints over split

ratio and input power variability are exerted. This constraints allow loop

length to be increased without having to decrease the received power at the

photodiode, bringing with it a direct increase of the FOG sensitivity. In

particular, and assuming realistic performance limits for the sources and

detectors, the use of an URFL architecture has been shown to be able to

produce a nearly 5-fold increase in sensitivity to systems that currently see

their performance limited by fiber attenuation. This improvement could be

applied to the design of highly sensitive fiber-based rotational seismometers.

As an example, a 50km FOG with a similar configuration as that of ref.

[104], but operating in the C-Band, could see its performance improved

from 4.27×10−8 rad/s (for a 11.13 km loop) to ≈ 1.14×10−8 rad/s for a 52

km loop with a signal in the vicinities of 1550 nm. A similar improvement

could be applied more recent implementations of seismic detectors, such as

the one shown in [105].
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Chapter 5

Raman polarizers

The main subject of this chapter is the all-optical control over the state of

polarization (SOP) of light, understood as the control over the SOP of a sig-

nal beam through manipulation of the SOP of a pump beam. In this study,

a new mathematical model for the evolution of the SOP of two beams in ran-

dom birefringence fiber (standard fibers) is obtained. Our vectorial model

considers the interaction between pump and signal through Raman and Kerr

effects and is valid as well for fibers with low PMD. The result is computer

friendly and it can be used to explain virtually all practically relevant situa-

tions, including the interaction between co and counter-propagating beams,

under the undepleted regime as well as the depleted regime of Raman po-

larizers.

5.1 Introduction

In the past few years, motivated by the recent developments of transmis-

sion protocols based on polarization multiplexing [121], there has been an

increasing interest in developing nonlinear devices for achieving all optical

and ultrafast polarization control. Although linear polarizers are the most

109
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popular and robust optical element used to exercise control over the po-

larization state of a light beam, its use is limited due to two important

problems. Firstly, a linear polarizer transforms input beams with an essen-

tially random distribution of polarizations into beams with a well-defined

deterministic state of polarization (SOP) by wasting the orthogonal com-

ponent. The overall 50% loss of energy inherent to this method can, in

principle, be accepted in practical applications. A much more serious prob-

lem is that, in the presence of signal polarization fluctuations and as a result

of polarization dependent loss, outgoing beams acquire large intensity fluc-

tuations. Thus, the interconnection with optical devices that postprocess

these strongly fluctuating signals becomes problematic, especially if these

devices are nonlinear. Polarizers based on Kerr effect [122, 123], Brillouin

scattering [124] or Raman [125] have been studied in recent times. Here, my

interest is on the last kind: Raman polarizers.

As it was previously mentioned, the process of stimulated Raman scat-

tering (SRS) in silica fibers is highly polarization-dependent: the gain coeffi-

cient reaches its maximum value whenever the state of polarization (SOP) of

the signal is parallel to the pump SOP, whereas the amplifier gain is reduced

by two orders of magnitude if the two SOPs are orthogonal (see figure 5.1).

In a real fiber network the fiber birefringence changes stochastically along

the fiber span. The net effect of this stochastically varying birefringence is

to greatly reduce the polarization dependence of Raman gain. As a result,

the effective Raman gain reduces to its span-averaged value, which is equal

to approximately half of its maximum value. Such averaging of the gain

between two orthogonal SOPs is a favorable feature for Raman amplifiers

(as signals are equally amplified independent on its initial SOP) but not

for Raman polarizers. The first important difference between those devices
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Figure 5.1: Normalized Raman gain coefficient for copolarized and orthog-
onally polarized pump and signal beams. [126]

is that Raman amplifiers operate with relatively high values of the PMD

coefficient, whereas Raman polarizers use low PMD fibers to reduce the

averaging.

Many analyses of the Raman effect in optical fibers assume a scalar

model, which is only valid for high-PMD fibers or depolarized pumps and

signal. For the case of polarizers, the analysis should be based on the vec-

tor theory of SRS, presented in previous studies [127, 128, 129, 130]. Al-

though an analytical insight into the problem was presented in [128, 129],

its applicability was limited to the regime in which the beat length of the

fiber is substantially smaller than the birefringence correlation length. The

model presented in [130] is most general and accurate, however it is resource-

consuming in terms of computational time and since it is not formulated in

terms of deterministic differential equations, it is rather difficult to extract

from it physically transparent information about the role of the different

processes ruling the overall polarization dynamics. For this reasons, we set

out to develop a complete, physically insightful model that could also be
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used for the efficient computation of Raman polarization dependent gain

and its associated effects.

5.2 Mathematical model

Our theory is essentially the generalization of the one-beam theory in [43]

to the case of two beams interacting not only via the Kerr but also via the

Raman effect. Only two assumptions are considered in that analysis. The

first one is that the minimum between the fiber length and the nonlinear

length is longer than the correlation length of the fiber: min(LNL, L) >>

LC . This inequality holds true for almost all practically relevant situations.

Secondly, the fixed modulus model is considered for the random variation of

the birefringences, that is, the birefringence tensor is characterized by,

△B(ω) = △β(ω)(cos θσ3 + sin θσ1) (5.1)

where △β(ω) is constant and θ is the stochastic variable. The analysis

considering both parameters stochastic variables produces identical results

[42]. And σi are the typical Pauli matrices defined as,

σ1 =

 0 1

1 0

 ;σ2 =

 0 −i

i 0

 ;σ3 =

 1 0

0 −1

 (5.2)

In the most basic model of interaction of two fields within a Kerr- and

Raman-active medium, the equation of motion of the pump beam is formu-

lated in the form,

±i∂Up

∂z
+ iβ′(ωp)

∂Up

∂t
= −△B(ωp)Up − γpp

1

3
[2(U∗

p ·Up)Up

+(Up ·Up)U
∗
p ]−

2

3
γps[(U

∗
s ·Us)Up + (Us ·Up)U

∗
s
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+(Up · U∗
s )Us] + iϵpg0[(Up · U∗

s )Us] (5.3)

A similar equation (with indices s and p interchanged) arises for the

signal beam. Here Up is the pump field, written for the two-component

field vector Up = (upx, upy)
T , where upx and upy are the amplitudes of the

normal polarization modes of the fiber. β(ωp) is the propagation constant

and β′(ωp) is its frequency derivative. The upper sign (“+”) describes the

configuration when the signal and pump beams propagate in the fiber in

the same direction (co-propagating geometry), while the lower sign (“-”) is

related to the situation when they propagate in opposite directions (counter-

propagating geometry). The self-phase modulation (SPM) and the cross-

phase modulation (XPM) coefficients are denoted by γpp and γps, g0 is the

Raman gain coefficient and ϵp = −ωp/ωs whereas ϵs = 1.

The first step consists of transforming equation 5.3 to the local axes of

birefringence by performing the rotation of the field vectors as,

U j =

 cos θ
2 sin θ

2

− sin θ
2 cos θ

2

Uj (5.4)

where j = p, s. This transformation only produces a change in the form

of the birefringence tensors, which now become

△B(ωp) =

 △β(ωp) ∓ iθz
2

± iθz
2 −△β(ωp)

 ;△B(ωs) =

 △β(ωs) − iθz
2

iθz
2 −△β(ωs)

(5.5)
where θz is the derivative of θ with respect to z. It is different from

zero owing to the random changes of orientation of the birefringence axes.

Namely, the change of θ is driven by the white noise process with zero

means and ⟨θz(z)θz(z′)⟩ = 2L−1
c δ(z− z′), where Lc characterizes the typical
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distance at which θ changes randomly.

Thank to the assumption that min(LNL, L) >> LC , it is possible to

separate the fast motion related to the rapid changes of θ with the slow

motion that occurs on the scale of the nonlinear length. The transformations

are

Vp = TpUp =

 a1 a2

−a∗2 a∗1

Up; Vs = TsU s =

 b1 b2

−b∗2 b∗1

Up (5.6)

Matrices Tp and Ts has been chosen to eliminate the birefringence terms

in the motion equation. Consequently, they obey

±i∂Tp
∂z

+△B(ωp)Tp = 0; i
∂Ts
∂z

+△B(ωs)Ts = 0 (5.7)

The result brings about a vast number of cubic terms composed of dif-

ferent combinations of Vp1, Vp2, Vs1, Vs2 and their complex conjugates, mul-

tiplied by some terms that they are products of two coefficients of the form

umun, u
∗
mu

∗
n or u∗mun with n, m = 1,...,14. Products with m = n, we shall

call self-products, whilst products with m ̸= n are called cross-products.

Terms u1,...,6 correspond with the SPM and they are related to a1 and a2 as

u1 = |a1|2 − |a2|2 u2 = −(a1a2 + a∗1a
∗
2) u3 = i(a1a2 − a∗1a

∗
2)

u4 = 2a1a
∗
2 u5 = a21 − a∗22 u6 = −i(a21 + a∗22 )

(5.8)

whereas terms u7,...,14 correspond to the XPM or Raman gain and they

are defined as

u7 = a∗1b1 − a2b
∗
2 u8 = −(b1a2 + b∗2a

∗
1) u9 = i(b1a2 − a∗1b

∗
2)

u10 = −i(a∗1b1 + a2b
∗
2) u11 = a1b

∗
2 + b1a

∗
2 u12 = a1b1 − a∗2b

∗
2

u13 = −i(a1b1 + a∗2b
∗
2) u14 = i(a1b

∗
2 − a∗2b1)

(5.9)



5.2. MATHEMATICAL MODEL 115

At this point, the equations of motion for Vp and Vs are simplified by

averaging and writing ⟨umun⟩ instead of umun. This is true due to the

previous assumption that min(LNL, L) >> LC . The ergodic theorem is also

useful

⟨f(z)⟩ = lim
z→∞

1

z

∫ z

0
f(z′)∂z′ (5.10)

Before obtaining the equation to calculate ⟨umun⟩, the equations of mo-

tion for Vp and Vs are rewritten in the Stokes space (S(j) = (S
(j)
1 , S

(j)
2 , S

(j)
3 ))

for j = s, p. And the power of the beams is described by S
(j)
0 .

±∂S
(p)

∂z
+ β′(ωp)

∂S(p)

∂t
= γ(ωp)(S

(p) × J
(p)
S S(p)

+S(p) × JxS
(s)) + ϵpg0[s

(s)
0 JR0S

(p) + s
(p)
0 JRS

(s)] (5.11)

∂S(s)

∂z
+ β′(ωs)

∂S(s)

∂t
= γ(ωs)(S

(s) × J
(s)
S S(s)

+S(s) × JxS
(p)) + g0[s

(p)
0 JR0S

(s) + s
(s)
0 JRS

(p)] (5.12)

±∂S
(p)
0

∂z
+ β′(ωp)

∂S
(p)
0

∂t
= ϵpg0[JR0S

(s)
0 S

(p)
0

+JR1S
(s)
1 S

(p)
1 + JR2S

(s)
2 S

(p)
2 + JR3S

(s)
3 S

(p)
3 ] (5.13)

∂S
(s)
0

∂z
+ β′(ωs)

∂S
(s)
0

∂t
= g0[JR0S

(s)
0 S

(p)
0

+JR1S
(s)
1 S

(p)
1 + JR2S

(s)
2 S

(p)
2 + JR3S

(s)
3 S

(p)
3 ] (5.14)

Where J
(j)
S , Jx, JR are diagonal matrices that represents the contribution

of SPM, XPM and Raman, respectively, with elements J
(j)
S = diag(J

(j)
S1 , J

(j)
S2 ,

J
(j)
S3 ), Jx = diag(Jx1, Jx2, Jx3), JR = diag(JR1, JR2, JR3). These elements

are different for the counter-propagating and the co-propagating interaction

geometries and they are depended of the averages of the self-products and
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cross-products. However, all the cross-products that are of interest to us

turn out to be equal to zero. Similarly, terms of the form Re(un)Im(un)

also vanish. The values of the elements of J
(j)
S , Jx, JR are

J
(j)
S1 = 1

3⟨Re(u
2
6)⟩; J

(j)
S2 = −1

3⟨Re(u
2
6)⟩; J

(j)
S3 = 1

3 [3⟨u
2
3⟩ − 1] (5.15)

Jx1 =
2
3⟨Re(u

2
10 + u213 − u29 − u214)⟩; Jx2 =

2
3⟨Re(u

2
10 + u214 − u29 − u213)⟩

Jx3 =
2
3⟨|u9|

2 + |u14|2 − |u10|2 − |u13|2⟩ (5.16)

JR1 = ⟨Re(u214 − u210)⟩; JR2 = −⟨Re(u214 + u210)⟩

JR3 = −⟨|u14|2 − |u10|2⟩ (5.17)

JR0 = ⟨|u14|2 + |u10|2⟩ (5.18)

Basing on equations 5.7, the equations of motion of un consist on a set

of linear equation and it is necessary to construct a generator to find the

ensemble average of any function of these coefficients. A complete explana-

tion of this process is found in [43, 131]. For the self-phase terms, the sets

of linear equation take the form of

∂

∂z



S1

S2

S3

θ


=



S2

−S1

0

1


gθ +



0

∓2△β(ωp)S3

±2△β(ωp)S2

0


(5.19)

where gθ is the white noise source and the group {S1, S2, S3} can be

substituted by {u1, u2, u3}, {Re(u4), Re(u5), Re(u6)} and {Im(u4), Im(u5),

Im(u6)}. The generator (G(ψ)) for any function ψ(S1, S2, S3, θ) is

∂ < ψ(S1, S2, S3, θ) >

∂z
=< G(ψ) > ∀ψ(S1, S2, S3, θ) (5.20)
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where

G = L−1
c × {S2

2

∂2

∂S2
1

+ S2
1

∂2

∂S2
2

+
∂2

∂θ2
− 2S2S1

∂2

∂S1∂S2

+2S2
∂2

∂θ∂S1
− 2S1

∂2

∂θ∂S2
− S1

∂

∂S1
− S2

∂

∂S2
}

∓2△β(ωp)S3
∂

∂S2
± 2△β(ωp)S2

∂

∂S3
(5.21)

Our interest is on the groups {⟨u21⟩, ⟨u22⟩, ⟨u23⟩, ⟨u2u3⟩}, {⟨Re2(u4)⟩,

⟨Re2(u5)⟩, ⟨Re2(u6)⟩, ⟨Re(u5)Re(u6)⟩} and {⟨Im2(u4)⟩, ⟨Im2(u5)⟩, ⟨Im2(u6)⟩,

⟨Im(u5)Im(u6)⟩}, that are associated with {G1, G2, G3, G4} with initial

conditions given as (1, 0, 0, 0), (0, 1, 0, 0), and (0, 0, 1, 0), respectively.

The differential equation are

∂G1

∂z
= −2L−1

c (G1 −G2);
∂G2

∂z
= 2L−1

c (G1 −G2)∓ 4∆β(ωp)G4;

∂G3

∂z
= ±4∆β(ωp)G4;

∂G4

∂z
= −L−1

c (G4)± 2∆β(ωp)(G2 −G3) (5.22)

Similarly, for the term included in the cross-phase and Raman matrices,

the sets of linear equation for {S1, S2, S3, S4} equal to {Re(u7), Re(u8),

Re(u9), Re(u10)}, {Im(u7), Im(u8), Im(u9), Im(u10)}, {Re(u11), Re(u12),

Re(u13), Re(u14)} and {Im(u11), Im(u12), Im(u13), Im(u14)} take the form

of

∂

∂z



S1

S2

S3

S4

θ


=



S2

−S1

0

0

1


gθ +



△±S4

△∓S3

−△∓S2

−△±S1

0


(5.23)
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Here △± = (±△β(ωp)−△β(ωs)). Consequently,

∂ < ψ(S1, S2, S3, S4, θ) >

∂z
=< G(ψ) > ∀ψ(S1, S2, S3, S4, θ) (5.24)

where

G = L−1
c × {S2

2

∂2

∂S2
1

+ S2
1

∂2

∂S2
2

+
∂2

∂θ2
− 2S2S1

∂2

∂S1∂S2

+2S2
∂2

∂θ∂S1
− 2S1

∂2

∂θ∂S2
− S1

∂

∂S1
− S2

∂

∂S2
}

−△±S1
∂

∂S4
+△±S4

∂

∂S1
+△∓S3

∂

∂S2
−△∓S2

∂

∂S3
(5.25)

We generate the necessary equations for the groups

∂G1

∂z
= −2L−1

c (G1 −G2) + 2△±G6

∂G2

∂z
= 2L−1

c (G1 −G2) + 2△∓G5

∂G3

∂z
= −2△∓G5

∂G4

∂z
= −2△±G6 (5.26)

∂G5

∂z
= −△∓(G2 −G3)− L−1

c G5

∂G6

∂z
= △±(G4 −G1)− L−1

c G6

where we associate {G1, G2, G3, G4, G5, G6} with {⟨Re2(u7)⟩, ⟨Re2(u8)⟩,

⟨Re2(u9)⟩, ⟨Re2(u10)⟩, ⟨Re(u8)Re(u9)⟩, ⟨Re(u7)Re(u10)⟩}, {⟨Im2(u7)⟩,

⟨Im2(u8)⟩, ⟨Im2(u9)⟩, ⟨Im2(u10)⟩, ⟨Im(u8)Im(u9)⟩,

⟨Im(u7)Im(u10)⟩}, {⟨Re2(u11)⟩, ⟨Re2(u12)⟩, ⟨Re2(u13)⟩, ⟨Re2(u14)⟩,

⟨Re(u12)Re(u13)⟩, ⟨Re(u11)Re(u14)⟩} and {⟨Im2(u11)⟩, ⟨Im2(u12)⟩,

⟨Im2(u13)⟩, ⟨Im2(u14)⟩, ⟨Im(u12)Im(u13)⟩, ⟨Im(u11)Im(u14)⟩} with initial

conditions as (1, 0, 0, 0, 0, 0), (0, 1, 0, 0, 0, 0), (0, 0, 1, 0, 0, 0) and (0, 0,



5.3. CO-PROPAGATING RAMAN POLARIZERS 119

0, 1, 0, 0), respectively.

5.3 Co-propagating Raman polarizers

Hear, our goal is to explain the performance of Raman polarizers by the use

of the mathematical model introduced above. A scheme of a co-propagating

Raman polarizer is depicted in figure 5.2. This device is characterized by

a low-PMD fiber, a polarized high-power Raman pump and a unpolarized

input signal at the corresponding first-Stokes wavelength.

Figure 5.2: Scheme of a co-propagating Raman polarizer.

Equations 5.11-5.14 can be easily solved numerically, in particular in the

copropagating configuration and undepleted pump regime, which is of inter-

est to us here. Firstly, the value of Js, Jx and JR are calculated. We found

that both SPM and XPM effects have virtually no impact on the perfor-

mance of Raman polarizers operating in the undepleted pump regime. In

contrast, the form of the Raman matrix is of paramount importance. The

larger the coefficients on the diagonal, the stronger the PDG. For moderate

values of the polarization-mode dispersion (PMD) coefficient, Raman diag-

onal terms take only appreciable values near the fiber input, as illustrated

in figure 5.3. Therefore, the power of the pump beam is to be high, in order

to provide significant amplification over the first few hundreds meters of the
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Figure 5.3: Elements of the Raman matrix as a function of distance in the
fiber for LB(ωp) = 0.016 km and Lc = 0.05 km.

fiber.

For analyzing the performance of Raman polarizers, there are three im-

portant parameters. The first one is the degree of polarization (DOP) of the

outcoming signal, which is defined as

DOP =

√
⟨S(s)

1 ⟩2 + ⟨S(s)
2 ⟩2 + ⟨S(s)

3 ⟩2

S
(s)
0

(5.27)

As such, the DOP is the average length of the output Stokes vector over

the N realizations of the signal SOP (labeled by index) which are imposed

at the input. We shall be dealing with scrambled beams, that is, with a

set of N fully polarized beams, whose SOPs are uniformly (or randomly)

distributed over the Poincaré sphere. Given that the average DOP of the

scrambled signal is zero initially, we say that our goal is reached if the DOP

of the output beam is close to unity. In this case, we shall refer to such

Raman amplifiers as ideal Raman polarizers.



5.3. CO-PROPAGATING RAMAN POLARIZERS 121

Figure 5.4: DOP of the signal beam (black, solid curve) and alignment
parameter A↑↑ (red, dashed curve) as a function of correlation length Lc for
the four SOPs of the pump beam: (a) (1/

√
3)(1, 1, 1) (b) (1, 0, 0) (c) (0,

1, 0) (d) (0, 0, 1). The value of the birefringence length LB(ωp) is indicated
on the plots in km. The two ellipses on plot (d) indicate one (of infinitely
many) pair of points with equal PMD coefficients. Here and in figs. 5.5
and 5.6, the input signal power is 1 µW; input pump power, 8 W; g0 = 0.6
(W · km)−1; γ = 1(W · km)−1; α = 0.2 dB/km; and L =1.5 km.

The second issue is provided by the output signal SOP; namely, its rela-

tion to the pump SOP. We use the alignment parameter that measures the

relative difference between these two SOPs. It is defined as

A↑↑ =
⟨S(s)

1 S
(p)
1 + S

(s)
2 S

(p)
2 + S

(s)
3 S

(p)
3 ⟩

S
(s)
0 S

(p)
0

(5.28)

which is the cosine of the angle between the pump and the signal Stokes

vectors, averaged over the ensemble of beams with random SOPs, which

models the unpolarized signal beam. The third important quantity is the

value of gain of the Raman polarizer.

We performed extensive simulations in a configuration where the pump
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and signal beams co-propagate through a 1.5 km long fiber, and the pump

power is set to 8 W and the input power of the signal beam is set to be

equal to 1 µW . The DOP and alignment parameter are illustrated in figure

5.4 as function of the correlation length and the beat length. All four plots

demonstrate that small correlation lengths and large beat lengths favor the

efficiency of Raman polarizers. An important practical issue is the selection

of fibers for Raman polarizers. The main parameter in this selection is the

value of the PMD coefficient. In this respect, we found that for obtaining a

signal DOP close to unity, the PMD coefficient should be less than 0.0145

ps/
√
(km) for, say, 8 W of pump power. Nevertheless, we found that the

PMD coefficient does not always provide full information about the fiber.

For example, in figure 5.4(d), we can see that two fibers with equal PMD

coefficients exhibit a different performance as Raman polarizers. In one case,

the DOP is 0.25; in the other it is 0.45. For this reason, it is preferable to

consider the beat and correlation lengths separately, rather than combining

them into the single PMD coefficient, which for our model is expressed as

Dp = 2
√

(2)π
√

(Lc)/(LBωs).

Figure 5.5: Maximum and minimum DOP of the signal beam. For each
value of Lc, we perform a separate search for the pump SOPs that either
maximize or minimize the DOP. The beat length is indicated on the plots
in kilometers.

As for the alignment parameter, the hypothesis is that signal SOP is
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always attracted to the pump SOP, this is true for the model of isotropic

fibers, in which JR1 = JR2 = JR2 = 1. However, in randomly birefringent

fibers, the equality, and even positivity, of the three elements is not always

the case, as exemplified in the plot of figure 5.3. In these cases, it is re-

markable that the signal SOP is attracted to an SOP that is different from

that of the pump. In spite of this observation, we found that for ideal Ra-

man polarizers the signal SOP, on average, is attracted to the pump SOP.

Moreover, the performance of Raman polarizers (namely, DOP) sensitively

depends on the pump SOP, as demonstrated in figure 5.5.

Figure 5.6: Average Raman polarizer gain as a function of the correlation
length. The pump SOP is (1,0,0), and the signal beam is initially unpolar-
ized.

The result of the third characteristic of Raman polarizers, Raman gain

are depicted in figure 5.6. Even for a 1.5-km-long fiber with 8 W of pump

power we may have an enormous 55 dB gain that is almost twice the gain

of the same Raman amplifier but with a high value of the PMD coefficient.

This means that Raman polarizers are simultaneously very efficient Raman
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amplifiers. Such values of gain are obtained in the undepleted regime, i.e.,

for input signal powers in the microwatt range. For the miliwatt range,

which is typical of telecom applications, the analysis necessarily enters the

depleted pump regime, to which our theory can also be readily applied.

5.4 Counter-propagating Raman polarizers

In this section, we consider the case of counter-propagating Raman polar-

izers, where signal and pump are propagating in opposite directions. Now,

the simulation parameters are pump power equal to 8 W, signal power of

0.1 mW and total length equal to 2 km. Again, the effect of SPM and XPM

is firsly studied. The results for the XPM and the SPM vector are similar

to the results in the previous example. The nonlinear polarization rotation

which is due to the XPM interaction is very weak, and it has virtually no

effect on the performance of Raman polarizers operating in the undepleted

regime. The SPM effect for the signal beam has also no impact on the per-

formance of Raman polarizers. First, this is because the diagonal elements

of the SPM matrix vanish on first 100 m of the fiber for the practically

relevant range of beat lengths and correlation lengths. Second, because the

signal beam is too weak to experience a significant nonlinear self-interaction,

especially near its input end. In contrast, the SPM effect can in principle be

sizable for the pump beam. Given that the pump power is relatively high (8

W in our simulations), even the first 100 m are enough to perturb the pump

SOP. However, these perturbations remain relatively small (of the order of

0.1%) for a pump power as high as 8 W.

Although in general the signal SOP is not attracted to the pump SOP,

the analysis of the co-propagating configuration shows that in the regime

when Raman amplifiers act as ideal Raman polarizers the output signal
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Figure 5.7: Elements of the Raman matrix as a function of distance in the
fiber for LB(ωp) = 50 m and Lc = 1 m. Note that JR1 = JR2.

SOP is always almost perfectly aligned with the pump SOP. In the counter-

propagating geometry the situation is totally different. In the regime when

Raman amplifiers act as ideal Raman polarizers, the typical relation between

the diagonal elements of the Raman matrix is as shown in figure 5.7. Thus,

the first and the third components of the signal Stokes vector are attracted to

the corresponding components of the pump Stokes vector, while the second

components are repelled from each other. Therefore, whenever the pump

SOP contains an appreciable admixture of the circular polarization, the

signal SOP is never attracted to the pump SOP. For this reason the way to

define the alignment parameter in this configuration is slightly different

A↑↓ =
⟨S(s)

1 S
(p)
1 − S

(s)
2 S

(p)
2 + S

(s)
3 S

(p)
3 ⟩

S
(s)
0 S

(p)
0

(5.29)

The corresponding values of DOP and alignment parameter are shown

in the four panels of figure 5.8. The results are sligthly worst than in co-

propagating case. Altough a 2 km length polarizer has been simulated,
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Figure 5.8: DOP of the signal beam (black, solid curve) and alignment
parameter A↑↓ (red, dashed curve) as a function of correlation length Lc

for the four SOPs of the pump beam: (a) (1/
√
3)(1, 1, 1) (b) (1, 0, 0)

(c) (0, 1, 0) (d) (0, 0, 1). The value of the birefringence length LB(ωp) is
indicated on the plots in km. The two circles on plot (d) indicate one (of
infinitely many) pair of points with equal PMD coefficients. Here and in
figs. 5.9 and 5.11, the input signal power is 0.1 µW; input pump power, 8
W; g0 = 0.6(Wk̇m)−1; γ = 1(Wk̇m)−1; α = 0.2 dB/km; and L =2 km.

a signal DOP close to 1 is never obtained and, moreover, a lower PMD

is required to keep this value above 0.9. Finally, the signal DOP is also

dependent on the choice of the pump SOP. How sensitive is this dependence

is demonstrated by figure 5.9.

A more detailed information on the signal SOP is available when basing

ourselves on the following definitions of the alignment factors

A
(i)
↑↓ = ⟨

S
(s)
i

S
(s)
0

−
S
(p)
i

S
(p)
0

⟩ (5.30)

where i=1,2,3. These expressions quantify the pairwise proximity of

the components of the signal and pump Stokes vectors. In figure 5.10, the
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Figure 5.9: Maximum and minimum DOP of the signal beam. For each
value of Lc, we perform a separate search for the pump SOPs that either
maximize or minimize the DOP. The beat length is indicated on the plots
in kilometers.

Figure 5.10: Alignment factors defined in equation 5.30: A
(1)
↑↓ (black solid),

A
(2)
↑↓ (red dashed), A

(3)
↑↓ (green dotted) as function of the correlation length

for LB = 0.05 km and for two values of the pump power: (a) 6 W; (b) 8 W.

values of this parameters are depicted for two different pump power. One

may observe that the output signal SOP depends on the pump power.

Finally, let us consider the gain characteristics of Raman polarizers. Ow-

ing to their strong polarization-dependent gain, the gain of a Raman polar-

izer is sizably larger than that of typical polarization insensitive Raman

amplifiers (i.e., with high PMD values or that use polarization scrambled

pump beams), see figure 5.11. This result is similar to the co-propagating

case and it means that Raman polarizers are simultaneously very efficient

amplifiers.
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Figure 5.11: Average Raman polarizer gain as a function of the correlation
length. The pump SOP is (1,0,0), and the signal beam is initially unpolar-
ized. The value of the birefringence length LB(ωp) is indicated on the plots
in km. Other parameters are the same as in figure 5.8, except that the input
signal power is 1 µW.

5.5 Analytical simplification

The model presented previously can be numerical solved and it is also pos-

sible to write an exact analytical expression by mean of the Laplace trans-

form. However, a very simple approximate analytical solutions for the co-

propagating Raman polarizers is presented here.

Elements of the SPolM tensor drop very fast and already vanish within

the first 10 m of the fiber (see figure 5.12). Given that the length of the

Raman devices exceeds 1 km, we can safely set

JS = diag(0, 0, 0) (5.31)

The elements of the other two tensors also deceases with distance, how-
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Figure 5.12: SPolM (Js1, Js2, Js3). Parameters are: Lc = 1 m, LB(ωs) = 20
m, ωp − ωs = 13.2 THz.

ever much slowly, for the co-propagating case namely as

JX = −8

9
diag(1, 1, 1) exp(−z/Ld) (5.32)

JR = diag(1, 1, 1) exp(−z/Ld) (5.33)
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Figure 5.13: XPolM (JX1, JX2, JX3). Same parameters.

where Ld is called the PMD diffusion length and it is defined from Lc

and LB: L−1
d = 1

3(Dp∆ω)
2. Figures 5.13 and 5.14 show how well these
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Figure 5.14: Raman tensors (JR1, JR2, JR3). Same parameters.

analytical solutions reproduce the exact situation.

Thanks to this approximation in the limit when the polarizers operate

(Ld → ∞), equation 5.12 is simplified to

∂S(s)

∂z
= −γ̄(S(s) × S(p)) + g0/2[s

(p)
0 S(s) + s

(s)
0 S(p)] (5.34)

with γ̄ = 8
9γ. This equation includes two contributions. The XPolM contri-

bution is a cross-phase modulation (XPM) part of the Manakov equation,

in which the factor of 8
9 appears as the result of averaging of fast stochas-

tic polarization dynamics of each Stokes vector. Quite to the contrary, the

Raman contribution appears exactly as in the case of isotropic fibers (i.e.

in absence of the birefringence, and its stochasticity), because the mutual

polarization scrambling of the relative orientations of the pump and Stokes

vectors is very inefficient when the PMD diffusion length Ld is long. In other

words, Raman amplification is insensitive to the absolute orientation of the

individual SOPs of the signal and pump beams in the laboratory frame. It

is however sensitive to their mutual orientation. In the case of standard
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Raman amplifiers, the signal Stokes vector rotates rapidly around the pump

Stokes vector, and therefore on average “feels” no polarization dependence.

In the case of Raman polarizers, still the two vectors stochastically rotate

in the laboratory frame, but they do it now in unison, so that their mutual

orientation is almost “frozen”.

To illustrate the performance of Raman polarizers, the pump Stokes

vector is chosen to be aligned along its first component (without loss of

generality): S(p) = S
(p)
0 (1, 0, 0). Then, we may write for the signal first

Stokes component:

∂zS
(s)
1 = (g0/2)S

(p)
0

[
S
(s)
0 + S

(s)
1

]
(5.35)

If initially the signal Stokes vector is also aligned with its first compo-

nent, then the signal amplification coefficient is g0. This value should be

contrasted to the value of g0/2, which is characteristic to standard Raman

amplifiers. The other two components of the signal Stokes vector are am-

plified less efficiently than the first component. Indeed, their equations of

motion are:

∂zS
(s)
2 = −γ̄S(p)

0 S
(s)
3 + (g0/2)S

(p)
0 S

(s)
2

∂zS
(s)
3 = γ̄S

(p)
0 S

(s)
2 + (g0/2)S

(p)
0 S

(s)
3 (5.36)

Here, the gain is only g0/2. These equations are solved analytically for

the undepleted regime where P ≡ S
(p)
0 (z) =const,

S
(s)
0 (z) =

1

2

[
S
(s)
0 (0)− S

(s)
1 (0)

]
+

1

2

[
S
(s)
0 (0) + S

(s)
1 (0)

]
eg0Pz

S
(s)
1 (z) = −1

2

[
S
(s)
0 (0)− S

(s)
1 (0)

]
+

1

2

[
S
(s)
0 (0) + S

(s)
1 (0)

]
eg0Pz
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S
(s)
2 (z) =

[
S
(s)
2 (0) cos(γ̄P z)− S

(s)
3 (0) sin(γ̄P z)

]
e

1
2
g0Pz (5.37)

S
(s)
3 (z) =

[
S
(s)
2 (0) sin(γ̄P z) + S

(s)
3 (0) cos(γ̄P z)

]
e

1
2
g0Pz

In order to calculate the DOP and alignment parameter, we shall calcu-

late the mean quantities. We assume that the signal is initially unpolarized,

so that ⟨S(s)
1 (0)⟩ = ⟨S(s)

2 (0)⟩ = ⟨S(s)
3 (0)⟩ = 0. Then, at z = L, we get

⟨S(s)
0 (L)⟩ = 1

2
S
(s)
0 (0) [1 + exp(g0PL)]

⟨S(s)
1 (L)⟩ = 1

2
S
(s)
0 (0) [−1 + exp(g0PL)]

⟨S(s)
2 (L)⟩ = 0 (5.38)

⟨S(s)
3 (L)⟩ = 0

So, the signal SOP at the output is aligned with the pump SOP. The

degree of polarization is,

DOP = 1−G−1 (5.39)

where G has been defined as G = ⟨S(s)
0 (L)⟩/S(s)

0 (0) = 1
2 [1 + exp(g0PL)].

The higher the gain, the larger the DOP. Already 20 dB gain is enough to

get a DOP as high as 0.99.

The other important quantity which characterizes a Raman polarizer is

the alignment parameter A↑↑, defined as the cosine of the angle between

the output signal SOP and the output pump SOP. The closer the alignment

parameter to unity, the better the alignment of the output signal and pump

Stokes vectors. In our simplification, we get

A↑↑ =
⟨S(s)

1 (L)⟩
⟨S(s)

0 ⟩
= 1−G−1 (5.40)

Although this value coincides with the value of DOP, these two quantities
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have different physical meanings as it is mentioned in other sections.

Finally, the measure of the polarization-dependent gain (PDG) is ana-

lyzed. Different SOPs of the signal beam experience different amplifications.

The signal beam with a SOP parallel to the pump Stokes vector is ampli-

fied most efficiently, while the orthogonal polarization experiences no gain.

Indeed, as it follows from the solution in equation 5.37, Gmax = exp(g0PL)

and Gmin = 1. We introduce the PDG parameter ∆ as ∆ = Gmax − Gmin,

and get for the ideal Raman polarizer ∆ = 2(G − 1). The PDG parame-

ter acquires high values for a high-gain Raman polarizer. Note that for an

“ideal Raman amplifier” ∆ = 0.

The high value of the PDG parameter points out that along with the

desirable property of strong re-polarization of the signal beam, this device

is characterized by a high level of unwanted relative intensity noise (RIN).

By varying the signal SOP at the input we get pronounced variations of the

intensity at the output, even if the incoming beam had a steady intensity in

time. In order to characterize the output power fluctuations, let us calculate

the variance

σ2s =
⟨S2

0(L)⟩
⟨S0(L)⟩2

− 1 = (1−G−1)2/3 (5.41)

For large G, σs ≈ 3−1/2 ≈ 58%.This level of RIN may be detrimental

for some optical devices, particularly nonlinear ones. The price to be paid

is the totally stochastic signal SOP at the output fiber end.

A reasonable question to ask is whether it is possible for a Raman po-

larizer to keep the useful property of re-polarization and at the same time

to suppress RIN down to an acceptable level. One solution are proposed in

the next section.

Now, we focus on the counter-propagating case. As regarding the theory,

one can repeat derivations with the opposite sign of z-derivative in the equa-
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tion governing evolution of the pump beam. As shown in section 5.4, this

reversing of the sign brings some changes in the components of the XPolM

and Raman tensors. They become

JX = −8

9
diag(1,−1, 1) exp(−z/Ld) (5.42)

JR =
1

3
diag(1,−1, 1) exp(−z/Ld) (5.43)

The presence of the factor 1
3 in front of the Raman tensor immediately

leads us to the conclusion that the counter-propagating Raman polarizer is

significantly less effective in re-polarization than its co-propagating analog.

In order to get similar performances we need either to increase the pump

power or lengthen the fiber, or both. Let us evaluate the performance of

this device.

First of all, we start with the solving the equation of motion in the

undepleted-pump regime. We get

S
(s)
0 (z) = 1

2

[
S
(s)
0 (0)− S

(s)
1 (0)

]
e

1
3
g0Pz + 1

2

[
S
(s)
0 (0) + S

(s)
1 (0)

]
e

2
3
g0Pz

S
(s)
1 (z) = −1

2

[
S
(s)
0 (0)− S

(s)
1 (0)

]
e

1
3
g0Pz + 1

2

[
S
(s)
0 (0) + S

(s)
1 (0)

]
e

2
3
g0Pz

S
(s)
2 (z) =

[
S
(s)
2 (0) cos(γ̄P z)− S

(s)
3 (0) sin(γ̄P z)

]
e

1
2
g0Pz (5.44)

S
(s)
3 (z) =

[
S
(s)
2 (0) sin(γ̄P z) + S

(s)
3 (0) cos(γ̄P z)

]
e

1
2
g0Pz

We immediately observe that the difference in amplification coefficients

of the first Stokes component and the second (and third) Stokes component is

given by 2
3g0−

1
2g0. The contrast is much weaker than for the co-propagating

case, where we had g0 − 1
2g0. The average gain of the counter-propagating

Raman polarizer is

G =
1

2

(
e

2
3
g0PL + e

1
3
g0PL

)
(5.45)
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which is significantly smaller than for a Raman polarizer operating in the

co-propagating configuration, although it is still larger than for an ideal

Raman amplifier. For the same value of the product PL, the DOP for the

counter-propagating configuration is also smaller:

DOP = 1− 2
(
e

1
3
g0PL + 1

)−1
≈ 1−

√
2G−1/2 (5.46)

For G = 20 dB in the co-propagating case the DOP was as high as 99%,

while in the counter-propagating configuration it is only 86%. For input

unpolarized light, the alignment parameter coincides with the DOP.

The PDG parameter ∆ = Gmax −Gmin is easily calculated, resulting in

∆ =
1

2

(
e

2
3
gPL − e

1
3
gPL

)
=

1

2

(
1 + 2G−

√
1 + 8G

)
(5.47)

Its value is considerably less in the co-propagating configuration, par-

ticularly for moderate values of gain. This observation again points to the

relatively poorer performances of the counter-propagating Raman polarizer.

At the same time, the RIN is expected to have a lower level. In order to

demonstrate this, let us evaluate the variance of the signal intensity,

σ2s =
1

3

[
1− 2

(
e

1
3
gPL + 1

)−1
]2

(5.48)

5.6 Suppression of RIN for WDM transmission

lines

At the output of the Raman polarizers, the beam acquires a high level of

RIN, even if the initial unpolarized light had steady in time intensity. This

RIN is directly caused by PDG, and should not be mistaken for other forms
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of RIN arising, for example, from amplitude noise in the pump beam. The

situation here is similar to the propagation of unpolarized light through a

conventional passive polarizer, in which the output signal intensity will be

dependent on the relation between the random state of polarization of the

arriving signal and the polarization angle set in the polarizer.

One possible way to suppress this RIN is to operate the Raman polarizer

in the depleted regime, as suggested in [132]. However, this method has

some limitations when applied to telecom systems: (i) the method becomes

ineffective for a pulse stream with low extinction ratio, because “zeros” are

amplified in the undepleted regime and therefore experience stronger gain

than “ones” which are amplified in the depleted regime, finally resulting

in a severe degradation of the extinction ratio; (ii) while working perfectly

for one channel, the method is not scalable to multi-channel (wavelength-

division multiplexed (WDM)) operation, when the competition for gain of

temporally overlapping pulses from different channels introduces its own

RIN into each channel; (iii) the RIN ratio R defined as R = max(I)/min(I)

(where I is the output intensity of the “one” bit) and which characterizes

the gap between the maximally and the minimally amplified “one”, is very

high, thereby pointing to the inevitable (though maybe rare) failure in device

performance. Other alternatives used in the single-channel case include a

more complex configuration with two-section fiber [133, 134].

Figure 5.15: A sketch of the setup and the evolution of a pulse.
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In the proposed configuration, the main idea here is to scramble the SOP

of each bit prior to launching it into the Raman polarizer, as shown in the

scheme of figure 5.15. We may bring each pulse from the sequence into a

highly unpolarized state. At first sight it might seem counterintuitive that,

in order to get a fully polarized light out of the device, we first need to

depolarize it as strongly as possible. However, we are going to demonstrate

shortly that such a polarization prescrambling indeed leads to a significant

PDG-induced RIN suppression even for WDM signals. We shall consider the

model of an ideal copropagating multichannel Raman polarizer. In this situ-

ation, the randomly birefringent telecom fiber turns into a perfectly isotropic

fiber. The equations of motion for the signal and pump beams read as

(∂z − v
(s)
i ∂t)S

(s)
i = γ̄S

(s)
i ×

S(p) +

N∑
j=1,̸=i

S
(s)
j

+ (g0/2)(
S
(p)
0 S

(s)
i + S

(s)
0i S

(p)
)
− αiS

(s)
i (5.49)

(∂z − v(p)∂t)S
(p) = γ̄S(p) ×

N∑
j=1

S
(s)
j + (g0/2)

N∑
j=1

ϵ
(p)
j(

S
(p)
0 S

(s)
j + S(p)S

(s)
0j

)
− αS(p) (5.50)

where i, j label the channel number in the N -channels Raman polarizer.

For quantifying the level of RIN, we introduce two quantities – the RIN

ratio Ri and the normalized root-mean-square deviation (RMSD) of peak

intensities. For the i-th channel, one has CV(RMSD)i = ⟨I⟩−1
√

⟨(I − ⟨I⟩)2⟩

where Ij = maxj [S
(s)
0 (L)] is the peak intensity of a pulse in the j-th “one”

bit, and the average ⟨I⟩ ≡ M−1
∑M

j=1 Ij is taken over all “one” bits in

the sequence. In our numerical example we use a random sequence of 512

bits, therefore M = 256 on average. The smaller the CV(RMSD), the less

pronounced the intensity fluctuations, and the better the performance of the
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Raman polarizer. Nevertheless CV(RMSD) only characterizes the statistical

properties of the device, as it tells us nothing about the occurrence of rare

events. In this respect the RIN ratio R is more helpful. For evaluating

this quantity we need to scan over all possible transmitted bits and take the

absolute maximum and absolute minimum of the peak intensity of the “one”

bits. As an estimate, we can say that when R is as high as E−1, where E is

the extinction ratio, then some events happen in which the output intensity

of the “one” bit becomes comparable to the average output intensity of a

“zero” bit, and a failure occurs, because of the indistinguishability of this

“one” from a “zero”. Overall, it is desirable to get R as close to unity as

possible.

The input (at z = 0) SOP of an “one” bit of the signal beam in the

Stokes space is defined as

S
(s)
1 = S

(s)
0 (t, 0) sin[ϕ1 + ω(t)] cos[ϕ2 + ω(t)] (5.51)

S
(s)
2 = S

(s)
0 (t, 0) sin[ϕ1 + ω(t)] sin[ϕ2 + ω(t)] (5.52)

S
(s)
3 = S

(s)
0 (t, 0) cos[ϕ1 + ω(t)] (5.53)

The shape of S
(s)
0 (t, 0) is a Gaussian. The input phases ϕ1 and ϕ2 are

constant across each bit slot, but differ from slot to slot. The modulation

ω(t) describes the action of the polarization scrambler. We choose ω(t) =

8πt/T , where T is the bit duration. We vary ϕ1 and ϕ2 from bit to bit

in such a way that the overall degree of polarization (DOP) of our 512-

bit long sequence at the input is as small as 0.02 even in the absence of the

scrambler, thus representing a case of unpolarized light. At the output of the

Raman polarizer, whose parameters are listed in the caption to figure 5.16,

the DOP becomes as large as 0.997 in all simulation runs presented here.
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Figure 5.16: For an 11-channel Raman polarizer: a) CV(RMSD) and b)
average output signal peak power of “one” bits. The result are in three
regime: undepleted regime with no walk-off (black squares); depleted regime
with no walk-off (red circles); depleted regime with walk-off (green trian-
gles). Parameters are γ = 1 (W·km)−1; g = 0.6 (W·km)−1; linear losses
0.2 dB/km; input pump power P = 8 W; input signal power: 1 mW
(10 mW) in the undepleted (depleted) regime; fiber length L = 1.5 km;
N = 11; λ(s) = 1.55 µm; λ(p) = 1.45 µm; the pulse shape is Gaussian with
FWHM= 8.33 ps; duty cycle 0.33; bit slot 25 ps; [v(s)]−1

j = [v(p)]−1 +∆βj,
j = 1, . . . , 11, with ∆β = 0 for no walk-off regime, ∆β = 2.4 ps/km for
regime with walk-off. The spectral filter is modeled as exp[(−1/2)ω2T 2

f ]
with Tf = 2.1 ps.

This observation indicates that the Raman polarizer perfectly performs its

main function – the re-polarization of light.

Let us solve equation 5.49-5.50 in the regime of undepleted pump, in the

absence of linear losses, and neglecting nonlinear cross-polarization modula-

tion effects (i.e. setting γ̄ = 0). In this regime all channels are equivalent and

for each channel we can write S
(s)
1 (L) = 1

2(G+ 1)S
(s)
1 (0) + 1

2S
(s)
0 (0)(G− 1)

where G = exp(gPL) with P = S
(p)
0 (0) as the pump power. Note that

we write down only the solution for S
(s)
1 , as it is this component of the

signal Stokes vector which largely dominates at the output (the other two

components are not of interest to us because they grow much slower, i.e.,

∝ exp(gPL/2)).

In the absence of pre-scrambling, the SOP does not change across the bit
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and it is easy to find both maximum and minimum for |S(s)
1 (L)| ≈ S

(s)
0 (L):

max[S
(s)
1 (L)] = GS

(s)
0 (0), and min[S

(s)
1 (L)] = −S(s)

0 (0). So, R = G. The

maximum is realized when the input signal SOP is aligned with the pump

SOP, while the minimum occurs when these two SOPs are orthogonal.

In presence of pre-scrambling, the SOP evaluation becomes involved.

Moreover, the value of R starts to depend on the width of the spectral

filter and on the specific way how the scrambling is implemented. For our

choice of parameters we numerically scanned over all ϕ1 and ϕ2 and obtained

max[S
(s)
1 (L)] ≈ 0.6GS

(s)
0 (0) and min[S

(s)
1 (L)] ≈ 0.2GS

(s)
0 (0) for G ≫ 1,

resulting in R = 3. This result means that the peak intensity of the output

signal never drops below 50% and never jumps above 50 % with respect to

its average level.

More information about the statistical characteristics of the Raman po-

larizer can be obtained via simulation of the average peak intensity and the

CV(RMSD). The results are shown in figure 5.16. As a reference, we may

note that the CV(RMSD)= 0.456 (average over all channels) for the unde-

pleted pump regime without pre-scrambling. When the pre-scrambling is in-

troduced, the CV(RMSD) drops down to 0.341, see figure 5.16(a). Therefore

intensity fluctuations are significantly suppressed by the bit-synchronous

polarization scrambler. This leads to a corresponding decrease of the bit-

error-rate (BER) of a pseudo-random-bit-sequence after the Raman polar-

izer when pre-scrambling is used. Consider for example the signal in the first

channel out of an 11-channel WDM comb with an optical-signal-to-noise ra-

tio of 20 dB. By feeding our signal into a direct detection receiver using the

Chi2 estimation method with inter-symbol interference correction, we nu-

merically estimated that the BER at the Raman polarizer output decreases

from 7.2× 10−4 down to 2.6× 10−5 when pre-scrambling is applied.
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In the depleted pump regime the amount of the walk-off (understood

here as the dependence of the group velocity on the channel number/wave-

length) which is present in the system as a result of group velocity dispersion

starts to play an important role. This occurs on two different scales: on the

one hand the signals in different channels move at slightly different speeds,

which means that ones in different channels are not depleting the pump

simultaneously; on the other, the pump moves faster than the signal as

a whole, which reduces the depletion by allowing the signal to be ampli-

fied by an undepleted section of the pump beam. In the example shown

in figure 5.16 the average peak power almost doubles in the presence of

walk-off when compared to the case of no walk-off, see figure 5.16(b). The

walk-off suppression of the competition of channels for the gain is reflected

in the CV(RMSD), which remains at the minimum level [0.346, obtained

by averaging the CV(RMSD) over all channels], see figure 5.16(a). This

observation should be compared to the performance of the same Raman

polarizer, but without pre-scrambling. In this case in the depleted regime

CV(RMSD)= 0.443 with walk-off and 0.488 with no walk-off, where both

values are obtained by averaging over all channels.

5.7 Conclusions

In this chapter, a general theory for describing the interaction of two opti-

cal beams in randomly birefringent fibers via Kerr and Raman effects has

been developed. This theory is valid for almost all practically relevant sit-

uations and it consumes less resource in terms of computational time than

similar theories. The only assumption is that nonlinear length and total

length is much longer than the correlation length, that it is true for both

Raman amplifiers and Raman polarizers. It has been applied to analyze



142 CHAPTER 5. RAMAN POLARIZERS

the performance of Raman polarizers in the undepleted regime, although it

is also applicable to the depleted regime. Three main characteristics has

been identified: the DOP of the outcoming signal beam, the relationship

between its SOP and the pump SOP and the amplifier gain. A compar-

ison between different configurations shows the conterpropagating case is

more demanding, as it requires a 2 km length fiber whose Dp below 0.008

ps/
√

(km) for getting DOP above 0.9. Whereas DOPs as high as 0.99 are

obtained for a as large as 0.014 ps/
√

(km) with only a 1.5 km long fiber

using the co-propagating case. This theory can be simplified in order to

obtain an analytical model that is able to predict the main parameters in-

cluding the variance of the RIN noise produced by PDG. In the last section,

we have suggested a method to suppress this RIN. It consists on the use of

a bit-synchronous polarization scrambler before the raman polarizer and a

spectral filter after it.



Chapter 6

Conclusions and future works

6.1 Conclusions

This thesis has been devoted to the study of different aspects and applica-

tions of the Raman effect in optical fiber. We have divided our results into

three clearly differentiated sections:

In the first results section we have studied from a theoretical standpoint

the mechanisms of RIN transfer from pump laser to amplified signals in dif-

ferent URFL architectures, including random distributed fiber lasers. We

have developed a precise model for the prediction of the RIN transfer func-

tion and studied the conditions under which this problem can be controlled

and minimised, so it does not impede the application of ultralong lasers

to long haul communications and long span sensors. We have performed

a comparison of between the potential performances of cavity URFLs and

RDFLs, showcasing their differences, and reached the conclusion that in

quasi-lossless transmission applications, RIN transfer is generally lower in

cavity URFLs than in their reflectorless counterparts.

In the second results section, three different applications of Raman am-
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plification in optical fiber in the areas of telecommunication and sensing have

been studied. Our main conclusions from this section can be summarized

as:

• We have experimentally confirmed that, as predicted by theoretical

models, the use of distributed amplification using URFL in telecom-

munication reduces the accumulation of ASE noise in comparison with

lumped amplification schemes based on EDFA. This improvement is

particularly relevant for transmission distances longer than 600 Km.

Using DPSK coding schemes and 8 transmission channels, this im-

provement in ASE noise performance does not bring with it a clear

improvement in terms of BER, due to the presence of RIN noise from

the Raman pumps to the signal. This results showcases the need for

low-RIN pumps in order to obtain the maximum possible performance

of URFLs. However, the reduced ASE in the URFL configuration

translates into a lower average signal power requirement and reduced

power excursion when compared to an EDFA scheme with the same

BER performance. This suggests that URFL configurations should

have the edge in systems in which nonlinearities are the main source

of impairment.

• We have numerically studied the performance of BOTDA assisted by

Raman amplification using both cavity URFL and RDFL configura-

tions. The very high pump power requirements of RDFLs represents

a very serious disadvantage for their application. In addition, cavity

URFLs also produce less broadening due to SPM, and display better

RIN performance except for very long spans. From our results we can

conclude that in most of the practical situations, the use of RDFL in
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BOTDA applications can not be recommended.

• Finally, the use of Raman amplification for the extension of loop length

and increase of sensitivity in Sagnac fiber optic gyroscopes has been

proposed. Here, first-order bidirectional amplification, cavity URFLs

and RDFLs were considered as possible configurations for the amplifi-

cation scheme. The introduction of ASE noise due to the presence of

amplification has been shown to be negligible, whereas the nonlinear

phase shift due to non-reciprocities between optical paths has been

detected as the main impairment associated to this kind of sensors.

Numerical simulation allows for an estimate of these non-reciprocities,

leading to the conclusion that a loop extension of the order of 5 times

could be possible for a Raman-assisted Sagnac gyroscope, with an

equivalent increase of sensitivity.

Finally, the third section focuses on the study of PMD in Raman am-

plifiers and the development of the first theoretical model for the recently

demonstrated nonlinear Raman polarizer. We have presented a mathemat-

ical model able to predict the evolution of the state of polarization of an

optical signal which for the first time includes all relevant nonlinear effects,

i.e. SPM, XPM and Raman scattering. Furthermore, the model can be

successfully simplified into an analytical version that is applicable to most

situations of practical interest.

6.2 Future works

Although there are multiple possibilities for continuing and extending the

work detailed in this thesis, two of them stand out, that are currently in

progress. The experimental development of an amplified Sagnac interferom-
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eter and a spun-finer Raman polarizer.

Prior to the implementation of a Raman-assisted FOG, a 5km length

Sagnac sensor has been built. The device was used to measure the velocity

of rotation of the earth in order to calibrate it. Variations of the phase

of the interference were detected by means of a oscilloscope and a lock-in

amplifier. However the work is still in progress due to unexpected delays in

the arrival of the equipment necessary for the experiments to be carried out.

Important issues to take into account in order to maximize the sensitivity

will be the reduction of non-reciprocities due to the Shupe effect and external

vibrations, as well as the efficient depolarization of the signal.

Regarding the work on fiber polarizers, our group has recently acquired

2km of custom-designed spun fiber. In this kind of fibers, birefringence

is made very low by means of spinning the fiber preform during drawing.

Our models predict that this kind of fiber can provide an ideal medium for

Raman polarization attraction and experiments are on the works.
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[21] J. D. Ania-Castañón, T. J. Ellingham, R. Ibbotson, X. Chen,

L. Zhang, and S. K. Turitsyn, “Ultralong Raman fiber lasers as vir-

tually lossless optical media,” Physical Review Letters, vol. 96, no. 2,

p. 23902, 2006.

[22] T. Ellingham, J. D. Ania-Castañón, R. Ibbotson, X. Chen, L. Zhang,
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