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RESUMEN 

En este trabajo se propone el diseño y modelado de dispositivos, fuentes y filtros multi-banda y 

multi-longitud de onda basados en la superlumniscencia que se obtiene de fibra ópticas dopadas 

con tierras raras, empleando rejillas de periodo largo. El diseño se basa en la espectrofotometría 

de los materiales, dado que es determinante para las longitudes de onda que pueden filtrar o 

emitir, y como fundamento teórico, se propone una mejora a un planteamiento existente para la 

resolución de las ecuaciones de razón de Einstein.  

Algunos de los resultados relevantes que se obtuvieron de los dispositivos de esta tesis incluyen: 

longitud de cavidad óptima, potencia máxima de salida, y eficiencia cuántica; habiendo realizado 

esto con fibras dopadas con Neodimio, Praseodimio, Erbio, Iterbio, Tulio y dos configuraciones 

de co-dopado con Erbio/Iterbio y Tulio/Iterbio.  

En contraste con las fuentes superlumniscentes de fibra, el trabajo incluye el estudio 

experimental con la propuesta de una nueva técnica de caracterización de dispositivos 

amplificadores de semiconductor, en la que se obtiene de manera precisa y novedosa a partir del 

tiempo de recuperación de ganancia la constante Dsp, que indica directamente como varía la 

emisión espontanea respecto a los valores de corriente de alimentación a este tipo de 

dispositivos, lo cual es muy valioso para mejoras de calidad de emisión y en la reducción de 

niveles de ruido.  

Finalmente, se describen recomendaciones y trabajo a futuro para mejorar las perspectivas y 

características ópticas de los dispositivos propuestos. 

Las fuentes superlumniscentes de fibra óptica dopada con tierras raras tienen aplicaciones en el 

sensado de substancias como el agua destilada y el amoniaco, críticas para medio ambiente; 

también en el filtrado y la selección de señales a diferentes longitudes de onda, dependiendo del 

material dopante dentro del núcleo, y también se pueden utilizar en corto tiempo, como fuentes 

de amplio ancho de banda para generar múltiples canales en sistemas de comunicaciones ópticas. 
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ABSTRACT 

In this work the design and modelling of multiband and multi-wavelength filters, sources and 

devices, based on superluminiscence from rare earth-doped optical fibers, is proposed. The 

design of such devices is based on the particular spectroscopy of each doping material which 

determines the wavelengths to be emitted or filtered. As theoretical basis, from a previously 

known model for solving Einsteins rate equations, an improved theoretical model is proposed. 

Among the relevant results obtained in this work include: optimum cavity length, maximum 

output power behavior and quantum efficiency for Nd-, Pr-, Er-, Yb-, and Tm- doped fibers and 

two cases where a co-doping, Er/Yb and Tm/Yb scheme was used.  

In contrast with all-fibre superluminiscent sources, the experimental study including a new 

optical characterization technique for semiconductor optical amplifier devices, from which the 

direct variation of spontaneous emission with respect to input current, is obtained as Dsp, being 

this, a very important parameter to know for the improvement of beam quality and noise 

reduction. 

Finally, recommendations for the continuation of research in the topic of this Thesis and future 

perspectives for research of critical parameters of the proposed devices are provided. 

Rare earth-doped all-fibre superluminiscent sources find applications in sensing of substances 

such as distilled water and ammoniac, which are critical for our environment; they also are used 

in optical filtering and channel selection at different wavelengths, depending on the doping 

material within the core, and they also are expected to be employed as broad band sources for 

generating multiple channels in optical communication systems, in the short term. 

 

 

 



 

 

 

 

 

INTRODUCTION 

CHAPTER 1  
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1.1 Introduction 

This thesis deals with the design, modelling and some experimental results of all-fibre, rare 

earth-doped superluminescent sources which take advantage of amplified spontaneous emission. 

The sources were also studied experimentally in the Photonics laboratory at CIITEC – IPN.  

In principle, in two important areas such as Optics and Engineering, a simple definition of a 

source could be: an artifact or device from which, after some excitation, one could obtain a flow 

of electrons or photons along a conductor, called current or optical beam.  

Another important concept for this Thesis is luminiscence. The term luminescence was 

introduced in 1888 by German chemist Eilhard Wiedemann, luminiscence covers two 

phenomena, the fluorescence and phosphorescence. The luminescence was defined as all light 

phenomena caused not only by the temperature increase. In fact luminiscence has sometimes 

been called “cold emission” [1]. 

 

There are some other phenomena related to luminiscence, or in fact, particular cases of it. For 

instance, fluorescence is one of the most familiar of these processes. An object fluoresces when 

it absorbs electromagnetic energy and immediately emits another, usually longer-wavelength, 

energy. Fluorescence is a subset of photoluminescence, in which light emission is the result of 

absorption of photons. From quantum mechanics, a photon is the minimal amount of energy in 

the form of light, or “quanta”. In the following chapters Plancks equation for photonic energy 

will be explained. 

In contrast, another well-known photo-luminescent process is called phosphorescence, i.e. a 

much slower process than fluorescence in which the emission of photons is highly delayed. It is 

phosphorescence which is responsible for the light produced by glow-in-the-dark materials that 

are “charged” by light. There are some other phenomena which are similar to luminescence but it 

is not the scope of this Thesis to go deep into them.  

Therefore, we will make use of the term superluminiscence, for this document, as the spectrally-

broad light emission, from the active materials with which optical fibers are doped, both in 



13 
 

experimental and theoretical results discussed within this Thesis. Figure 1.1 shows a schematic 

of a superlumniscent source. 

 

Figure 1.1 Power spectral density of a superluminescent source 

 

On the other hand, the type of superluminicent sources studied in this Thesis is based on rare 

earth-doped optical fibers, as previously mentioned. The so called active materials employed in 

superluminiscent sources are into the Periodic Table of the Elements. Figure 1.2 shows a section 

of the periodic table of elements where one can see some details of rare earths. 

 

Figure 1.2 Rare earths (metals) which are divided into light rare earth elements (shaded in red) and heavy 

rare earths, (shaded in blue). 

Rare earth elements (REE) or rare earth metals are a collection of 17 chemical elements in the 

periodic table, specifically the fifteen lanthanides plus Scandium and Yttrium. Scandium and 

Yttrium are considered rare earth elements since they tend to occur in the same deposits as the 

lanthanides and exhibit similar chemical properties. 
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Among rare earths, Erbium, Ytterbium, Neodymium, Praseodymium and Thulium, can be 

mentioned and will be used as a simple dopant or in combination with two or more dopants in a 

single fiber via co-doping. A co-doping scheme allows the design and development of 

superluminiscent sources to take advantage of the improved absorption of one of the rare earths 

while increasing absorption for the second dopant. 

1.2 Optical fiber structure 

 

An optical fiber is a cylindrical glass structure that has an inner region called “core” where light 

is transmitted and an outer region called “cladding” which prevents the light from the core to 

escape. When the core diameter is sufficiently small (µm) the confinement of light into the 

optical fiber behaves as a waveguide. The optical fiber can support one or more transverse 

modes. Optical fibers supporting only one mode are known as mono-mode fibers or single-mode 

fibers, and optical fibers supporting 2 or more modes are known as multi-mode fibers. Light 

confinement is possible due to the differences of refractive indexes between core and cladding. 

The refractive index in the core has to be higher than in the cladding for total internal reflection 

in the core and for transmission. For obtaining such differences between refractive indexes it is 

necessary to add some chemical elements in the core to increase the refractive index, this process 

is known as doping. When an optical fiber is doped with a rare-earth element it has an 

amplification response, with this development the optical communication systems have shown a 

revolution allowing long-haul transmissions without opto-electronic conversion. The optical 

fiber as an optical transmission line has been used for different applications; the main application 

is in optical communication systems. 

  

Figure 1.3 (a) Longitudinal schematic diagram of optical fiber, (b) Frontal schematic of optical fiber 
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Figure 1.4 Attenuation curve in silica optical fiber. 

In figure 1.4 the attenuation curve of the silica optical fiber is shown; the third 

telecommunications window is situated from 1460 nm to 1625 nm were the silica glass presents 

the lower losses. This window is sub-divided into three bands, the Short-band from 1460 to 1530 

nm, the Centre-band from 1530 to 1565 nm and the Long-band from 1565 to 1625 nm. It is 

possible to observe peaks of attenuation. These are due to the Hydroxyl ions (OH
-
). Hydroxyl 

ions have a resonance frequency vibration at 2.73 µm, but their harmonic tones are present at 

1380, 1230 and 950nm, because of that it is important to improve the optical fiber fabrication 

methods for reducing the OH- ions.  Rayleigh scattering of light is one of the causes of 

attenuation in silica glass. In this case, Rayleigh scattering increases. In a similar way, infra-red 

absorption increases when the wavelength increases.  

 

On the other hand, refraction is the bending of light when it travels from one medium into a 

different one. Decartes and Snell established this concept in practice. Figure 1.5 illustrates 

refraction with light travelling from air, whose refractive index is 1 as in free space, into water 

with a much higher refractive index.  
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Figure 1.5 Refraction concept from air into water. 

Note that θi is larger than θr  

Furthermore, the concept of refractive index has been studied as an optical parameter in Nature 

since the sixteenth century by Descartes [2]. It is the ratio of the speed of light in vacuum C 

(C=3x10
8
 m/sec) or 300,000 Km/sec and the speed of light in the medium of study. 

In the case of optical fibers, typical refractive indexes for the core are between 1.44 and 1.11, for 

single mode fibers. In the case of the fibers studied in this Thesis, we shall provide with core and 

cladding exact values. As it is already known, light travels along the core due to total internal 

reflection as the relation between refractive indexes follows the Snells law of refraction and 

weak or strong guiding conditions are maintained [3]. Light travels along optical fibers via Total 

Internal Reflection. 

 

Figure 1.6 Total internal reflection, where the limit condition is reached for θt=90
o
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A simple description of total internal reflection could be as follows: For light at any wavelength 

that is incident on a medium of lesser index of refraction, the incident ray is bent away from the 

normal, in such a way that the exit angle is larger than the incident angle. Such reflection is 

commonly called "internal reflection". The exit angle will reach 90° for some critical incident 

angle θc, and for incident angles larger than the critical angle there will be total internal 

reflection, as shown in Figure 1.6 

David N Payne at the University of Southampton was the first scientist to propose the use or 

Erbium for doping optical fibers. This was with the intention of amplifying optical signals at the 

1550 nm region, for Telecommunication applications. In their paper, a relatively simple optical 

fiber core was doped with small quantities of Erbium. A laser source emitting at either 980 nm or 

1480 nm could be used for exciting Erbium ions in order for them to emit at the aforementioned 

wavelength for Telecomm. Figure 1.7 illustrates the concept of amplification via an Er-doped 

fiber. 

Figure 1.7 Optical amplification via Er-doped fiber 

A thorough explanation of dopants and co-doping schemes will be provided in the following 

chapters. 

1.3 Relation of Amplified Spontaneous Emission and superluminiscence 

In order to put the concept of luminescence into context, we should realize that superluminescent 

sources are also called Amplified Spontaneous Emission (ASE) sources, as their emission is 

spectrally similar in most cases. From the quantum mechanics point of view, spontaneous 

emission within a gain medium is one of the 3 steps in the process of laser (LASER: Light 

Amplification by Stimulated Emission or Radiation); which is composed by: a) pump from an 

optical electrical or chemical source; b) absorption; c) emission either spontaneous as in ASE 

sources or stimulated as in lasers. Figure 1.8 illustrates the LASER process in its three steps. 
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Figure 1.8 Laser process in a three-level diagram 

In general, the broadband light sources, also called white light sources, based on 

superluminescence, are divided into two main kinds: i) Superluminescent diodes (SLDs) and 

superluminiscent fiber amplifiers. As it will be discussed in the following chapters, fiber-based 

sources can provide much higher output powers, whereas SLDs are much more compact. In both 

cases, as shown in Figure 1.9, the emission bandwidth is at least several nanometers and often 

tens of nanometers, sometimes even well above 100 nm. 

 

Figure 1.9 Emission bandwidth of a fiber based superluminiscent source [4]. 

This Thesis is focused in the study of rare- earths doped fiber superluminiscent sources firstly for 

optical communication systems applications, but also for sensing applications.  
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In chapter 2 some basic rare-earth features and ion-ion interactions are explained; an amplified 

spontaneous emission background is given for understanding the advantage of the use of 

superluminiscent devices. A short introduction of long period fiber gratings which consists on 

LPFG’s characteristics is given. Our own LPFG’s method of fabrication will be shown. This 

LPFG has several applications, and together with the ASE sources some devices are proposed 

along this work. 

In chapter 3 detailed theoretical models for superluminiscent sources, LPFGs and SOA are 

explained.  

Some results as optimal length, output power and efficiency for Nd, Pr, Er, Yb, Tm, Er/Yb, and 

Tm/Yb superluminiscent sources are presented. The efficiency comparison of all fiber MZIs 

doped with Er and Er/Yb is done. The proposed elements have a possible application in the 

different available and potential future optical communication windows. The development of 

some novel devices based on superluminiscent sources is proposed. A novel multi-wavelength 

and multiband source array consisting in Er, Tm and Nd doped optical fiber segments for 

possible application in next WDM-PON systems is presented simulation results are shown in this 

chapter. A study of ASE effect in semiconductor optical amplifiers is analyzed, the linear and 

non-linear response for different duty cycles and frequencies is studied, Dsp constant due to 

spontaneous emission for different input currents in SOA is analyzed theoretically. The study of 

ASE effect in SOA performance is a considerably a novel concept introduced a few years ago 

with the Dsp constant and it has not been deeply studied. In this chapter an alternative method for 

obtaining this constant is proposed based on theory, experiments and some simulations. 

Last chapter is focused on experimental results for different set-up for generating 

superluminiscent sources.  Multi-wavelength source results are shown using a single LPFG or in 

cascade, rotation, temperature, and multi-wavelength generation are experimentally analyzed, for 

standard single mode fiber, erbium doped fiber and in some cases erbium/iterbium co-doped 

fiber. ASE effect in SOA such as Gain recovery time is obtained experimentally for the SOA. 

1.4 State of the art. 

Elias Snitzer, and colleagues developed the first working optical fiber laser and amplifier 

between 1961 and 1964 at the old American Optical plant in Southbridge MA.  
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In 1987 David N. Payne et al. from  Southampton University described the first results of an 

optical fiber amplifier based on an Er
3+

-doped fiber at 1.536µm. [5] 

Emmanuel Desurvire and Jay S. Simpson published their work about amplification of 

spontaneous emission in erbium doped single-mode fiber amplifiers [6] in 1989, where the 

1.53µm wavelength was studied theoretically and experimentally. The model proposed by 

Desurvire and Simpson could be used to evaluate the performance of erbium doped fiber lasers 

and amplifiers. 

Turan Erdogan in 1997 proposed the theoretical model of both, short and long period fiber 

gratings. He analyzed theoretical and experimentally the transmission of a mode guided by the 

core of an optical fiber through a fiber grating when substantial coupling to cladding modes 

occurs. Turan shows the theory that is based on the calculation of the modes of three-layer step-

index fiber geometry and multimode coupled-mode theory that accurately models the measured 

transmission in gratings that support both counter-propagating (short-period) and co-propagating 

(long-period) interactions [7]. 

Sandoval-Romero in 2007 proposed an analytical model of amplification of spontaneous 

emission in erbium doped single-mode fiber under specific boundary conditions [8] and in 2009 

his group present a theoretical study of superluminescent optical fiber-sources where they 

compare the results obtained from an analytic model and the numerical solutions of the rate 

equations that allow to determine the output signal characteristics of such light source [Ref 9] 

Andrew Miskowiec and Thomas Max Roberts in 2009 showed a work about limitations on gain 

in rare-earth doped fiber amplifiers due to amplified spontaneous emission, the study consists on 

the evaluation of the output power of Ytterbium doped fiber amplifiers and Neodymium doped 

fiber amplifiers [10]. 

In 2009 Y. Jeong et al. carried out a study of power-scaling of a 2 μm ytterbium-sensitized 

thulium-doped silica fibre laser diode-pumped at 975 nm [11]. 

In 2008 Ruth I. Mata-Chavez et al. presented an all-fiber Mach–Zehnder interferometer 

consisting of two consecutive fattened sections of dispersion-shifted fiber that act as in-series 

long period fiber gratings. The Mach–Zehnder interferometer showed a broad fringe pattern from 
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1000 to 1500 nm stable for changes in temperature and strain. By tapering a section of 5mm in 

length to 50% diameter between the fattened sections they observed an increased sensitivity to 

temperature changes [12]. 

In 2009 David Krcmarík et al. present a theoretical and experimental analysis of long-period 

fiber gratings made directly into Er-doped active fibers [13]. In their work, they present a 

rigorous theoretical and experimental analysis of signal propagation along a long-period fiber 

grating (LPFG) made in an Erbium-doped amplifying fiber (EDF). They study the clustering of 

Er ions and subsequent upconversion and changes of fiber refractive index due to the optical 

pumping then the LPFG-assisted interaction between the amplified fiber core mode and a 

cladding mode is described combining rate equations that describe propagation through the EDF 

and coupled-mode equations that describe propagation through the LPFG. They describe the 

propagation of pump, signal, and ASE through the LPFG-amplifying diffractive structure 

considering effects such as pump depletion, shift of the coupling wavelength due to the pump 

power, and ASE formation along the structure. Forward pumping (pump signal co-propagating 

with the signal) and backward pumping (pump counter-propagating to the signal) were both 

considered.  

1.5 Hypothesis 

It is possible to design and model multi-wavelength and multi-band all-fiber sources and filter 

devices using superluminiscent Rare- Earth doped fiber and long period fiber grating arrays. 

1.6 General Objective 

To design and to model multi-wavelength and multi-band all fiber sources and filters employing 

Tm, Nd, Er, Er/Yb, Tm/Yb and Pr doped fiber sections, with up to 200 µm total bandwidth, ≤10 

nm full width at half maximum for each generated signal, and extinction ratio over 50% with 

respect to the maximum power. 

1.7 Particular Objectives 

 To simulate the ASE theoretical model. 

 To optimize the ASE theoretical model for the proposed rare-earths. 

 To simulate the long period fiber grating model joined with the ASE model. 
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 To propose a source that generates a multi-wavelength spectrum. 

 To compare and analyze theoretical and experimental results. 

 



 

 

 

 

 

BACKGROUND 

CHAPTER 2 
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58 
Ce 

59 
Pr 

60 
Nd 

61 
Pm 

62 
Sm 

63 
Eu 

64 
Gd 

65 
Tb 

66 
Dy 

67 
Ho 

68 
Er 

69 

Tm 
70 

Yb 
71 
Lu 

 

2.1 Rare Earths 

 

The International Union of Pure and Applied Chemistry (IUPAC) defines a rare earth element 

(REE) or rare earth metal as  one of a set of seventeen chemical elements in the periodic table, 

specifically the fifteen lanthanides plus scandium and yttrium [14]. Rare earths show spectral 

characteristics that distinguish them from other optically active ions: 

 Their absorption and emission occurs over narrow wavelength ranges 

 Their absorption and emission wavelengths are relatively insensitive to host material. 

 The intensities of their optical transitions are weak. 

 Their lifetimes of metastable states are relatively long. 

 Their quantum efficiencies are relatively high. 

Although all rare earths share many electronic properties, only a few lanthanides are considered 

for the purpose of this work. 

2.2 Lanthanides as Rare-Earths 

 

Lanthanides are a group of 15 elements which are more stable when they are ionized in a 

trivalent form. Lanthanide elements in their triply ionized form will be referred to as rare 

earth ions shown in Figure 2.1. Praseodymium, Neodymium, Erbium, Thulium and Ytterbium 

are the elements studied in this thesis. 

 

       57 

       La 
 

 
 

Figure 2.1 Lanthanide series of the elements. 

As the trivalent level of ionization is the most stable for lanthanide ions in condensed matter that 

is why most of the optical devices use these ions. 

A particle cross section is the effective area that governs the probability of some scattering or 

absorption event. The cross section is used to express the likelihood of interaction between 

particles. The absorption cross section of an element is a measure for the probability of an 

absorption process and the emission cross section is a measure for the probability of an emission 

process. 

http://en.wikipedia.org/wiki/International_Union_of_Pure_and_Applied_Chemistry
http://en.wikipedia.org/wiki/Chemical_element
http://en.wikipedia.org/wiki/Periodic_table
http://en.wikipedia.org/wiki/Lanthanide
http://en.wikipedia.org/wiki/Scandium
http://en.wikipedia.org/wiki/Yttrium
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Absorption and emission cross sections of the rare-earth elements used in this work are shown in 

APENDIX A.  

Table 2.1 Trivalent configuration of the above mentioned rare-earths 

Atomic Number Symbol Lanthanide Rare-Earth Ion 
3+

 

59 Pr Praseodymium    (
3
H4) 

60 Nd Neodymium     (
4
I9/2) 

68 Er Erbium      (
4
I15/2) 

69 Tm Thulium      (
5
H6) 

70 Yb Ytterbium      (
2
F7/2) 

 

Table 2.2 Rare-earths physical parameters 

Dopant Emission 

Transition 
     
(nm) 

   (nm) Lifetime τ 

(s) 

Absorption 

cross 

section σabs 

(m
2
) 

Emission cross 

section σem (m
2
) 

Er 4
I13/2 

4
I15/2 976 1550 12 x10

-3
 4.839 X10

-

25
 

8.1 X10
-25

 

Er /Yb 4
I13/2 

4
I15/2 976 1550 12 x10

-3
 2.5 X10

-24
 8.1 X10

-25
 

Nd 4
F3/2 

4
I13/2 800 1310 500x10

-6
 23X10

-25
 6X10

-25
 

Pr 1
G4 

3
H5 1017 1310 879 x10

-6
 0.2X10

-24
 3.8X10

-25
 

Tm 3
H4 

3
F4

 790 1470 1.5 x10
-3

 3 X10
-25

 9X10
-24

 

Tm 3
F4 

3
H6 780 1900 3.35 x10

-3
 3.3 X10

-25
 2.09X10

-24
 

Tm/Yb 3
F4 

3
H6 976 1900 3.35 x10

-3
 2.5X10

-24
 2.09X10

-24
 

 

2.3 Ion-ion interactions 

 

Ion-ion interactions are defined as the transferring or sharing of energy between ions. This 

exchange may occur among rare earth ions of the same or different species, and it may be either 

beneficial or deleterious. Radiative energy transfer involves one ion emitting a photon, which is 

then re-absorbed by another ion.  

 
 

2.4 Cross relaxation 

Cross relaxation is an ion-ion energy transfer process where the energy from an excited 

donor is transferred to a nearby acceptor ion, promoting the acceptor ion up to a higher 
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energy state, while the donor ion fal ls  to a lower energy state.  The acceptor ion can be in 

an excited state or in the ground state initially.  For this process donor and acceptor ions have 

energy levels with approximately the same energy gap.  Cross relaxation can occur with the 

same type of rare earth ion. In this case the rare earth is the donor and acceptor and requires 

that the ion has two pairs of equally spaced energy levels. The energy transfer is said to be 

resonant if the energy gaps are matched. If an energy mismatch exists between the energy 

gaps, it may be compensated by the absorption and emission of phonons; energy transfer of 

this type is termed phonon- assisted. The effects of cross relaxation can be considered as 

beneficial or detrimental depending on the application.   

 
 

2.5 Energy Transfer Up-conversion 
 

Energy Transfer Up-conversion (ETU) is a special case of cross relaxation. The donor and the 

acceptor ions are on an excited level.   The donor ion in an excited state can transfer part or all 

of its energy to a nearby acceptor ion, and the acceptor ion goes up to a higher energy state. The 

acceptor can relax, radiatively or not, to lower levels or can relax radiatively directly to the 

ground state in which case the medium is observed to emit fluorescence with higher energy  

than  the  incident  light. Because of that it is called up-conversion.   

 
  

2.6 Excited State Absorption 
 

Excited State Absorption (ESA) occurs in sufficiently long upper state lifetime (ms). Interaction 

with photons of appropriate wavelength can promote ions in the excited state to higher energy 

state resonant with the incident photon energy. An ion can therefore be promoted to higher 

energetic state levels from which it may return to the metastable state by multi-phonon 

relaxation or radiative decay. In the process, one of the two absorbed photons has been lost as 

heat or emission at a different wavelength from the metastable to ground state transition. Since 

in ESA two photons are absorbed with only one emitted this can be considered as a loss.  

 

2.7 Sensitized luminescence 

Sensitized luminescence occurs for energy transfer involving two different ion species. The 
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optically excited ion is referred to as the sensitizer and the ion that receives the excitation 

is the activator. A particular sensitizer ion absorbs the energy from an incident photon and 

transfers it to a nearby activator similar to cross relaxation and energy transfer up-

conversion. If the sensitizer concentration becomes high enough, energy migration between 

sensitizer ions can also occur.   In this process a sensitizer ion transfers its energy to 

another nearby unexcited sensitizer ion. This process can repeat itself in successive 

emission/absorption steps until a sensitizer ion finds an activator close enough to complete 

the final step of the transfer process.  In some sensitized systems, this mechanism can 

cause the improvement of the quantum efficiency of particular transitions.  

2.8 Fluorescence quenching 

Fluorescence quenching is a process which decreases the fluorescence intensity of a given 

substance. This can occur through the transfer processes mentioned above. In fluorescence 

quenching the energy being transferred from a donor (sensitizer) ion to an acceptor (activator) 

ion, but the latter does not fluoresce and relaxes non-radiatively.  In this process, the acceptor 

acts as an energy absorber and is sometimes called the deactivator. Such as result the 

reduction in the quantum efficiency of the transition is present with increased 

concentration.  

2.9  Amplified spontaneous emission 

As established by Albert Einstein at the beginning of the twentieth century, laser phenomena 

consists of three main processes: absorption, spontaneous emission and stimulated emission. 

Both spontaneous and stimulated emissions obtain gain from the active medium.   

Amplified Spontaneous Emission (ASE) is the spontaneous emission that has been optically 

amplified by the process of stimulated emission in a gain medium [ 5, 15]. 

http://en.wikipedia.org/wiki/Fluorescence


28 
 

ASE feedback within an optical cavity can produce light amplification by stimulated emission of 

radiation (LASER) when the critical power condition is exceeded, see figure 2.2. 

                         

(a)                           (b) 

Figure 2.2 a) Laser diode curve b) ASE and laser emission curves. 

 

2.11 LASER 

Light amplification by stimulated emission of radiation is an opto-eletronic and quantum process 

which produces coherent, monochromatic and almost cero divergence light. In order to observe 

this process three requirements have to be fulfilled: 

 Pump: Is the electrical or optical electron excitation from a basal energetic state to a 

superior energetic level. 

 Cavity: It is composed by two reflective surfaces facing each other 

 Gain medium: It is the active media where light power is amplified. 
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Over the last few years, fiber devices technology has reached a mature status and continues 

evolving. Although amplified spontaneous emission is considered sometimes as a detrimental 

component in all-fiber devices, in applications such as fiber gyroscopes and broadband sources 

for the 1550nm Telecomm window, it is convenient for generating long wavelengths with no 

longitudinal mode structure and high power. Furthermore, Broadband diode pumped fiber 

amplifiers with larger than 30dB gain has been achieved [16]. Kilowatt-class single frequency 

fiber sources have been a dot in the dramatic development curve of these devices. As for 

broadband devices and their wide tuning capacity, multi-mode interference effects [17], optical 

fiber fattening [18] and even laser tuning from 1530 to 1602 nm was reached with an Er
3+

/Yb
3+

 

source [19].  Just recently, all-fiber super-luminescent sources have become an option for various 

sensing and Telecomm applications due to their thermal stability, wide spectrum at their output 

and their relatively high-power handling capacity even at the prototype stage [20]. In this 

direction, all-fiber lasers and amplifiers doped with Rare Earths (RE) have contributed to the fast 

development of long-haul and Passive Optical Network communication systems. In optical 

transport networks (OTN), for instance, one of the latest network developments, the so-called 

dense wavelength division multiplexing (DWDM) has attracted great interest for long-haul and 

ultra-long haul reach due to the fact that rare earth fiber optic amplifiers and Raman amplifiers 

are available to amplify the wavelengths transmitted along the network without requiring an 

opto-electrical signal conversion [21]. 

2.12 Long period fiber gratings (LPFGs) 

Among passive and active “all-fibre” devices one can mention: splices, tapers, multiplexers, 

mirrors, lenses, and even gratings. Long Period Fiber Gratings are useful for wavelength 

selection and tuning, where selection could be from a dozens of nm to a few nm [22-25]. In this 

work we employed long period fiber gratings for setting up an interferometer, as described in the 

following section.  

Some of the parameters to consider in a long period fiber grating (LPFG) design are:  

 Resonance wavelength       

 Core effective refractive index      
  

 Cladding effective refractive index     
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 Grating periodicity  Λ 

 

Figure 2.3 LPFG schematic 

     (    
      

 )      (2.1) 

The resonance wavelength depends of the periodicity in the grating and the effective refractive 

indexes in the core and cladding. We can define the waveguide phase velocity vp as 

    
 

       (2.2) 

Effective refractive index neff is defined as the free-space velocity divided by the waveguide 

phase velocity. 

     
 

  
      (2.3) 

Or        
  

 
 

 

 
     (2.4) 

Waveguide effective index 

                (2.5) 

The effective refractive index is a key parameter in guided propagation, just as the refractive 

index is in unguided wave travel 

For waveguiding at       interface, we see that             

At              => A ray traveling parallel to the core has an effective index that depends 

on the guiding medium alone. 

At             The effective index for critical-angle rays depends only on the outer 

material   . 
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The effective refractive index of the core mode (LP01) is described as: 

 √   
  ( √   )

  ( √   )
  √ 

  ( √ )

  ( √ )
                                        (2.6) 

  ((    
  )

 
   

 )  (  
    

 )                                        (2.7) 

 

Being J and Y the Bessel functions of the first and second kind, V is the normalized frequency 

 

  
     

 
                                        (2.8) 

 

Where NA is the numerical aperture       
    

  and 𝛌 is the wavelength. Now for the 

effective refractive index of the cladding mode determination could be used the eigenvalue 

equation solution by Bloch method. 

2.13 Dense Wavelength Division Multiplexing (DWDM) 

As established by ITU-T G.709, in a DWDM system several optical carriers can be sent and 

transmitted through an optical fiber, each carrier is centered at different wavelength, and then all 

the signals can coexist at the same time in the same fiber. Each carrier creates an optical channel 

which can be treated independently with respect to the other channels which are in the same 

optical fiber. Furthermore, each channel can contain different traffic with different protocols. In 

Figure 2.4 the general schematic of a DWDM system is presented. In the transmission part a 

wavelength source with stable precision for each channel is required for generating the specified 

ITU-T channels [26, 27], then all the generated signals are mixed into an optical multiplexer for 

being sent through the low loss optical fiber to ensure a good performance of the source 

transmission spectra, in the receiver all these signals are de-multiplexed and photo-detected, for 

finally achieving its destination. 
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Figure 2.4 DWDM communication system schematic. 

DWDM has to comply with the ITU-T G.709, OTN ITU-T G-694 recommendations for its 

correct performance. In this chapter we only focus on the signal generation which has specific 

characteristics, which are listed as follows: 

 200, 100, 50 down to 25GHz channel spacing 

 Up to 240 channels specified in to the mentioned recommendations. 

 10, 40 up to 100 Gbps transmission rate 

 High flexibility, i.e. direction-less 

 Transparency, i.e. color-less  

2.14 Wavelength Division Multiplexing for Passive Optical Networks (WDM-PON) 

This technology was created for local area networks (LAN), WDM-PON [28-31] is the next 

generation system for LANs. In these systems one wavelength is dedicated to one user or to a 

reduced set of users. Besides presenting high capacity WDM-PON offers high security due to the 

fact that the user who has an assigned wavelength cannot access the downlink information with 

another wavelength.  

For these systems the splitting size increases due to the splitters distribution and the number of 

multiplexers required. The number of lasers number is high at the Optical Line Terminal (OLT) 

and also the lasers in the Optical Network Unit (ONU). WDM-PON uses both 1550 nm and 1490 
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nm in the downlink transmission and the 1310 nm for the uplink. In Figure 2.5 the WDM-PON 

schematic is shown. 

 

Figure 2.5 WDM-PON communication system schematic 

WDM PON allows to each user being dedicated with one or more wavelengths, thus allowing 

each subscriber to access the full bandwidth accommodated by the set of wavelengths. WDM-

PON networks typically provide better security and scalability because each site only receives its 

own wavelength. 

The MAC layer control in WDM-PON provides P2P connections between the OLT and the 

ONU, and does not require the Point-to-Multipoint (P2MP) media access controllers found in 

other PON networks. Finally, each wavelength in a WDM-PON network is effectively a P2P 

link, thus allowing each link to run at a different bitrate and with a different protocol for 

maximum flexibility. 

Nevertheless, WDM-PON is an expensive type of network because of the wavelength specific 

feature of ONUs. Each subscriber is equipped with some wavelengths, the OLT in WDM-PON 

that supports 32 ONUs must transmit no less than 32 different wavelengths, and each ONU 

should operate within their own wavelengths. One solution for generating the required lambdas 

in WDM-PON is to use tunable lasers where each ONU can be tuned to its desired wavelength. 

However, tunable lasers are costly. Another solution is to equip each subscriber with a 
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wavelength-specific fixed tuned-laser. Individual wavelength-specified sources cannot be readily 

employed in the OLT of WDM-PON because they require a number of optical sources with 

different wavelengths.  

The third solution is to let the OLT to provide all optical sources to ONUs, and each ONU 

modulate the received unmodulated optical source. The cost of the modulators still remains the 

challenge for possible commercialization. In this chapter another source option is proposed for 

WDM systems but not without mention before the current WDM sources.  

2.15 Available multi-wavelength sources 

In this section a list of the current multi-wavelength sources is presented [Ref 32-39]. 

An individual Fabry-Perot laser: It is a laser device with different wavelengths to be used for 

generating the different ITU-T channels. These lasers are made of semiconductors which emit 

into the C band. A Fabry-Perot Cavity is the standard cavity with two highly reflecting mirrors 

bouncing the light back and forth, forming a standing wave. In Figure 2.6 a typical Fabry Perot 

laser design is shown. 

 

Figure 2.6 Semiconductor laser 

 Laser arrays with several wave guides for different wavelengths each. In Figure 2.7 a 

typical laser array laser design is shown. 

 

http://www.timbercon.com/Cavity.html
http://www.timbercon.com/Light.html
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Figure 2.7 Laser array 

 Supercontinuum sources: These sources generate broad continuous spectra through 

propagation of short (ps, fs) pulses through nonlinear media (Semiconductor Optical 

Amplifier, Erbium Doped Fiber Amplifier, and High Non Linear Fiber). In Figure 2.8 a 

typical supercontinuum source design is shown. 

 

 

Figure 2.8 Supercontinuum source 

 Semiconductor superluminiscent sources: are optoelectronic semiconductor devices 

which emit broadband optical radiation based on superluminescence. In terms of 

construction, they are similar to laser diodes, containing an electrically driven p–n 

junction and an optical waveguide. SLDs lack optical feedback by reflections, so that 

no laser action can occur. In Figure 2.9 a typical superluminiscent source design is 

shown. 

 

http://www.rp-photonics.com/optoelectronics.html
http://www.rp-photonics.com/superluminescence.html
http://www.rp-photonics.com/laser_diodes.html
http://www.rp-photonics.com/waveguides.html
http://www.rp-photonics.com/lasers.html
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Figure 2.9 Semiconductor superluminiscent source 

 DFB (Distributed FeedBack) consists of a periodic structure, which acts as a distributed 

reflector in the wavelength range of laser action, and contains a gain medium, Most 

distributed-feedback lasers are fiber lasers or semiconductor lasers, operating on a 

single resonator mode . In the case of a fiber laser, the distributed reflection occurs in 

a fiber Bragg grating. In a semiconductor DFB lasers for the distributed reflection this 

can be built with an integrated grating structure as a corrugated waveguide. In Figure 

2.10 a DFB laser array is shown. 

 

 

Figure 2.10 DFB laser array 

 DBR (Distributed Bragg Reflector), the laser resonator is made with at least one 

distributed Bragg reflector (DBR) outside the gain medium. Most DBR are laser diodes, 

but the term is also sometimes used for fiber lasers. The DBR could be single emission or 

tunable by changing the current or temperature in the semiconductor laser, or temperature 

in the fiber laser. In Figure 2.11 a typical DBR structure is shown.  

http://www.rp-photonics.com/gain_media.html
http://www.rp-photonics.com/fiber_lasers.html
http://www.rp-photonics.com/semiconductor_lasers.html
http://www.rp-photonics.com/resonator_modes.html
http://www.rp-photonics.com/fiber_bragg_gratings.html
http://www.rp-photonics.com/waveguides.html
http://www.rp-photonics.com/laser_resonators.html
http://www.rp-photonics.com/gain_media.html
http://www.rp-photonics.com/laser_diodes.html
http://www.rp-photonics.com/fiber_lasers.html


37 
 

 

Figure 2.11 Schematic of a DBR 

 Mode-locked lasers: are lasers which obtain ultra-short pulses and could be: 

Actively mode-locked laser: This involves the periodic modulation of the resonator losses 

or of the round-trip phase change, achieved with an acousto-optic or electro-optic 

modulator, a Mach–Zehnder integrated-optic modulator, or a semiconductor electro-

absorption modulator. If the modulation is synchronized with the resonator round trips, 

this can lead to the generation of ultra-short pulses. In figure 2.12 a schematic of an 

actively mode-locked laser is shown. 

 

Figure 2.12 Schematic of an actively mode-locked laser 

Passively mode-locked laser: This laser use a saturable absorber which allows the 

generation of femtosecond pulses, the saturable absorber is driven by already short 

pulses. In Figure 2.13 a schematic of a passively mode-locked laser is shown. . 

http://www.rp-photonics.com/ultrashort_pulses.html
http://www.rp-photonics.com/acousto_optic_modulators.html
http://www.rp-photonics.com/electro_optic_modulators.html
http://www.rp-photonics.com/electro_optic_modulators.html
http://www.rp-photonics.com/electroabsorption_modulators.html
http://www.rp-photonics.com/electroabsorption_modulators.html
http://www.rp-photonics.com/saturable_absorbers.html
http://www.rp-photonics.com/femtosecond_lasers.html
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Figure 2.13 Schematic of a passively mode-locked laser 

For supplying the current multi-wavelength sources; it is proposed to implement arrays of rare-

earth doped optical fiber cavities working in amplified spontaneous emission (ASE) regime and 

long period fiber gratings for the multi-wavelength generation. The emission will have a 

Gaussian shape and will generate ≥8 channels. 

A typical ASE broadband output beam is shown in Figure 2.14  a) on which one can see the 

unequaled nature of its amplitude for a the desired bandwidth, figure  b) shows an ideal “all-

fiber” solution for the multi-wavelength  sources.  

                                  (a)                                                                    (b) 

Figure 2.14 a) ASE spectral diagram, b) ASE setup 

In chapter 3 the amplified spontaneous emission of rare-earth doped-fiber source theoretical 

model is proposed and described. 

  



 

  

 

 

 

THEORETICAL MODEL 

DEVELOPMENT 

CHAPTER 3 
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3.1 Einsteins rate equations 

In this section the relations connecting the rates of spontaneous emission, stimulated emission, 

and absorption of radiation by an atomic system in free space are described which are 

generalized to be applied to broadband spectra of quantized systems distributed in a dielectric 

medium [40]. 

3.1.1 Light Sources: Equilibrium Energy Populations 

Lasers are quantum devices, where quantization means discrete energy levels. Ni (atoms/m
3
) are 

atoms at a given energy level Ei and  N0 are atoms in the ground state at a given energy E0 which 

follows a Boltzmann distribution. In Figure 3.1 Boltzmann distribution for different energy 

levels is shown. 

 

  

  
    ( 

     

  
)        (3.1) 

 

T = degrees Kelvin 

K = Boltzmann constant 1.38 x 10
-23

 J/K = 8.62 x 10
-5

 eV/K 

 

Figure 3.1 Boltzmann distribution for different energy levels. Dashed line indicates the population of 

levels if the distribution of energy levels were continuous rather than discrete. 
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3.1.2 Spontaneous and Stimulated Emission 

In figure 3.2 consider 2 energy levels E0 (ground state) and E1 (excited state). A photon can 

cause stimulated absorption from E0 to E1 where the excited state has some finite lifetime, τ10 

which is the average time to change from state 1 to state 0. 

The spontaneous emission of photon is a transition which occurs from the excited state emitting 

randomly photons when they change back to level 0, otherwise passing photon of same λ can 

cause stimulated emission; this stimulated photon is emitted in phase with causal photon. 

 
Figure 3.2 Energy-state transition a) stimulated absorption, b) spontaneous emission, c) stimulated 

emission. 

3.1.3 Rate Equations 

Between energy levels 2 and 1 the rate of change from 2 to 1 is 

    

  
             (3.2) 

Where A21 is the Einstein spontaneous emission coefficient (   )  

After some time the energy follows a Boltzmann distribution 

  

  
    ( 

[     ]

  
)      (3.3) 
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If (     ) >> KT then over a long time 

 

  ( )    ( )   (    )     (3.4) 

 

Thus in terms of the lifetime of the level     in seconds, 

    
 

   
       (3.5) 

 

Illuminated by light of energy density      (    ) (n= number of photons/  ) of frequency 

    the absorption is  

 

   

  
       (    )   

         
   ⁄     (3.6) 

 

Where      is the Einstein absorption coefficient (from level 1 to 2) 

Similarly stimulated emission rate (with    =   ) is 

   

  
       (    )   

         
   ⁄     (3.7) 

Where,     is the stimulated emission coefficient. 

 

 

Figure 3.3 B12, A21 and B21 coefficients for a two-energy level system. 

 

3.1.4 Two level system: Population Inversion 

In thermal equilibrium the lower level has always a greater population N1 >> N2. To change this 

equilibrium, energy can suddenly be injected into the system (pumping). Now the system is not 
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in equilibrium condition, if it was pumped hard enough then population inversion is gotten and 

the upper level is greater than lower level: N2 >> N1, the population inversion is the foundation 

of laser operation and creates the condition for high stimulated emission 

 

   

  
       (   )        (   )  

   

  
              ⁄   (3.8) 

Since B21=B12 then N1=N2 more levels to get population inversion are needed. 

 

At equilibrium, the absorption from pumping equals the spontaneous and stimulated emission 

see equation 3.8. 

 

                         (3.9) 

Now recalling Boltzmans distribution 

 

  

  
    ( 

[     ]

  
)     (

  

  
)     (3.10) 

  The frequency of light 

   Energy in a photon 

 

       (
  

  
)               (3.11) 

From Plancks law the emitted photons at a given temperature are: 

 

  
     

  [   (
  

  
)  ]

       (3.12) 

From these two equations we obtain 

 

    
     

  
    

   

  
         (3.13) 

 

 

 

 

 

In this section the use of different rare-earth doped fiber sections working in Amplified 

Spontaneous Emission regime for different emission wavelengths is analyzed theoretically. From 

simulation results, the design of all fiber super-luminescent sources employing different rare-

earths as dopants for new optical windows and different applications are proposed. Also, results 
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on different pump and signal powers in forward and backward propagation direction with respect 

to fiber length are presented. 

3.2 ASE Theoretical Model 

Einstein’s rate equations model for three-state laser source considered in ASE regime [6]was 

used, whose solution describes the evolution of pump and signaling powers, for fixed pump 

power level and optimal fiber length and maximized output power: 

 

   ( )

  
    ( )  ( )                                                                  (3.14) 

 

   
 (    )

  
  {  (    )[  

 (    )    ]    (    )  
 (    )}       (3.15) 

 

Where   ( ) is the pump power propagating in z direction parallel to the doped optical fiber axis 

and    
 (    ) is the output power in forward and backward direction,   ( ) is the absorption 

coefficient,    (    ) is the amplification of spontaneous emission,   (    ) is the absorption 

coefficient of spontaneous emission and    represents an equivalent input noise power: 

                                                                                        (3.16) 

   (
 

  
 )                                                                                (3.17) 

This analysis is performed in weak signal regime for Ps<Psat and by assuming:   

  ( )  
    
  ( )

  
    

                                                                             (3.18) 

 When   ( )<  
   , where   

   is the threshold power 

  
      

   

   
                                                                        (3.19) 

When   ( )>  
  , from [41] we consider eq. (3.14) as: 
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   ( )

  
      

    

 
                                                            (3.20) 

Solving (3.20) with boundary conditions    ( )      , where     is the initial pump (coupled) 

power and is described by: 

  ( )      (    
    

 
)                                                 (3.21) 

And from eq. (3.15) and by considering again weak operation and under the following 

conditions:    
 (      )    and    

 (      )    

  (    )      (  )(   )
  ( )   

  

  ( )   
    

                            (3.22) 

  (    )      (  )(   )
 

  ( )   
    

                             (3.23) 

  (    )    (    )    (    )                                         (3.24) 

  (    ) is the gain. The overlap factor for ASE propagation in a single mode fiber both doped 

and un-doped, does depend on wavelength and mode field diameter. This dependency has been 

accepted as being a ratio similar to core to cladding geometrical ratio. In our case, the overlap 

factor is described by the following equation, which depends on the fiber core radius  , and the 

power mode spot size    on the signal wavelength. This overlap factor is taken into account in 

Ge and Ga.   is the overlap expressed as: 

      (
   

  
 )                                                                               (3.25) 

We therefore, obtain:  

  
 (    )  (

  (    )

  (    )
   

   (    )  
  (    )

  (    )
)                                  (3.26) 

  
 (    )  (

  (    )

  (    )
   

(   )  (    )  
  (    )

  (    )
)                            (3.27) 

For the model presented, three differential equations are defined. Such equations determine 

pump power, co-propagating signal power and also counter-propagating signal power, for 

different input powers and fiber lengths, on which the pump power wavelength is represented via 

its corresponding pump frequency, νp 
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In equation 3.28, signal conversion efficiency is defined as the output power in terms of the 

spectral converted signal, divided by the input (coupled) pump power, depending on the active 

material under study. Now,     (                 ) is precisely the converted output power of 

the superluminiscent source, resulting from the quantum conversion; whereas    (            ) 

is the amount of pump power at the input point of the superluminiscent source at z=0. Finally, in 

order to calculate the spectral output signal efficiency and also in order to describe η, we use the 

following expression: 

  
    (                 )

   (            )
             (3.28) 

3.3 Grating working principle and interferometer 

Once analyzed Pp and Ps± responses for superluminiscent sources, we explore the performances 

of these curves when a periodic perturbation (grating) is applied into the fiber. If the periodicity 

of the perturbation is higher than 100µm, this is called long period fiber grating.  A long period 

fiber grating (LPFG) can couple light between the fundamental guided mode and forward-

propagating cladding modes inside the fiber. As a result, several resonant modes are manifested 

as loss notches in the corresponding transmission spectrum. The resonant wavelength of the mth 

order mode    is defined by the phase matching condition:    (     -     
 )  ; where  is the 

grating period,      and      
 are the effective indexes of the LP01 fundamental mode and the 

mth cladding mode, respectively [Ref 42-44]. The coupled-mode equations are: 

  

  
             (3.29) 

 

  

  
              (3.30) 

              (3.31) 

Where   is the coupling coefficient which depends on the physical characteristics of the optical  

fiber and the LPFG period is defined as   
  

     
 where    

       

  
  and     

       

  
   are 

propagation constants of the core and the cladding respectively. 
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Now for the transmission interference spectrum when we have 2 gratings in cascade: 

 (  )               √                     (3.32) 

Where Icore and Iclad are the core and the dominant-cladding mode intensities, respectively. 

             is the phase difference of the core and cladding modes, λ is the wavelength of 

the propagating light, L is the length of the MZI, and neff  is the difference of the effective 

refractive indices between the core and cladding modes which are propagating light. 

The interference signal reaches its minimum when   (    )  and the wavelength of the 

mth order attenuation peak can be written as: 

   
       

    
       (3.33) 

It can be seen that by changing the environment in (3.33) related with the neff or the length L, the 

wavelength spacing between two interference minima can be approximated as: 

    
      

(    )(    )
 

  
 

      
      (3.34) 

It is noted that    decreases as the length L increases.  

3.4 Simulation results 

The first part of the simulation results are focused on the ASE performace for some REs. 

From the design point of view, the resulting output spectrum of an ASE source is determined by 

different design parameters such as: absorption and emission cross section of the RE-dopant 

         , , total doping concentration NT, core radius a, fiber length L, energy level lifetime τ, 

absorption and emission wavelength           , and coupled power Pin. For these purposes, it 

would indeed be difficult to change certain proprietary design parameters in commercially 

available fibers. In order to explore ASE conversion efficiency and output spectrum both in 

forward and backward propagation, in this section different rare-earths (RE) were analyzed.  

For obtaining the best results from the proposed RE-doped ASE sources, different input powers 

were used in the modeling. In the simulations, it has been observed that in some cases the 
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lifetime of some energy levels proved to be too short and in combination with Einsteins 

coefficient   
 

 
, it makes an impact by limiting the total ASE level, which causes laser 

generation to appear just after very short lengths of fiber. Such limiting behavior could have been 

prevented by using another host during the fabrication of the studied fibers.  The efficiencies 

obtained for the set of RE used are shown in this chapter as  , after variations of fiber length and 

coupled pump power. 

In this chapter we present a comparison between Er
3+

, Nd
3+

, Pr
3+

, Tm
3+

, Tm
3+

/Yb
3+

 and 

Er
3+

/Yb
3+

 broad-band sources based on the same variables of design, with all of them being 

considered as super-luminescent sources in the different optical communications windows.  

For obtaining the performance of the proposed superluminscent sources, it is necessary to know 

the characteristics of the fiber host [ APPENDIX A], and the energy levels considered for each 

element. The rare-earths transitions are shown into the Dieke diagram in Figure 3.4.  In this 

thesis only three energy  levels are considered  and are enough to know the spontaneous emission 

response used in the superluminiscent sources. 

Figure 3.4 shows the arrangement of energy levels and sub-levels for the whole group of tri-

valent rare-earth ions. Due to its numerous energy levels Neodymium for instance, could show a 

series of detrimental phenomena such as excited state absorption, up-convertion and so on, 

although it shows emission at a series of interesting wavelengths. Erbium is obviously the most 

studied element among the lanthanides and actinides due to its important emission at 1550 nm, 

although it could also show non-radiative processes and excited state absorption. In the case of 

Thulium per se, it shows two interesting emission wavelengths at least; being 2 µm the one 

taking an interest  

from research groups as a new Telecomm window that could be proposed in such region. As for 

Ytterbium, its simple energy level configuration and very high quantum efficiency makes it a 

good choice for emission at 1064 nm. 
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Figure 3.4 Energy levels of the trivalent rare-earth ions. 
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In the study of rare-earths doped fiber devices, Er
3+

-doped ASE sources, are especially important 

due to the fact that their emission spectrum is around 1550nm, which is coincident with the 

lowest losses band for silica fiber. Nevertheless, Erbium multi-level energy structure limits its 

quantum efficiency required for other 1550nm applications. On other hand, a co-doping 

technique where Yb
3+

 acts as a sensitizer for Er molecules contained in the lattice, the Yb
3+

 ions 

in their excited level 
2
F5/2 allow the energetic transfer to the Er

3+ 
ions in the exited level 

4
I11/2 via 

energetic cooperation having a non-radiative decay to the lower level 
4
I13/2, and finally falling 

radiatively to the ground level 
4
I15/2, thus giving to the system another way for pumping, this 

system has an improvement in output power around 1550nm due to this process of sensitizing 

between both RE with typical concentration radio of 10:1, being 10 for Ytterbium and 1 for 

Erbium [45-47].  

 

Figure 3.5 Er
3+/

/Yb
3+

 Energetic transfer process. 

As for Thulium-doped ASE sources at 2μm and due to the high demand for capacity of WDM 

systems, the development of such devices at a new transmission window will be required soon. 

Tm
3+

 is promising in optical communications systems, as it is possible to pump Tm
3+

 at 790nm 

where efficient and non-so-expensive laser diodes are available. Furthermore, among the other 

REs, Tm
3+

 has got the widest emission band around 1.8-2.1μm [Ref 48, 49]. In addition, an 

alternative to increase the efficiency emission from Tm
3+

 around 2μm is to co-dope Tm
3+

 with 

Yb
3+

 and pump it from 910 to 980 nm. From the so-called cross-relaxation process, efficient 2μm 

source operation can be achieved by using the 
3
F4 −

3
H6 pump transition. Tm

3+
 has its level 

3
H5, 

which is quasi-resonant coincident with the excited Yb
3+ 

level 
2
F5/2. As already mentioned, Yb

3+
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has the advantage of possessing only two multiplets: the ground-state level 
2
F7/2 and the excited-

state level 
2
F5/2, resulting in highly efficient absorption from 900 to 1μm. This particular energy 

level structure is highly desirable for an efficient absorption using commercially available laser 

diodes that emit 980nm energy, in order to allow sensitization of Tm
3+ 

doped fibers with Yb
3+

, as 

shown Figure 3.6.  

Figure 3.6 Tm
3+

/Yb
3+

 Energetic transfer process 

All fiber ASE Nd
3+

 and Pr
3+

-doped ASE sources are also modeled in this thesis since such 

devices could be used in the second Telecomm window at 1310 nm. Direct 
3
H4 −

1
G4 pumping 

could be used in Pr
3+

-doped fibers with commercial Titanium-Sapphire laser at 1005 nm, the 

optimum absorption wavelength in this transition is at 1038 nm. The emission around 1310 nm is 

generated in the 
1
G4 −

3
H5 transition [Ref 50, 51]. Nd

3+
 doping is proposed as an alternative 

around this window. The absorption is at 800 nm in order to obtain the desired emission. The 

1310 nm emission is due to the 
4
F3/2 −

4
I13/2 transition [52, 53]. 

ASE Thulium sources can have applications within the S optical communications window at 

1470 nm. Using the 
3
F4−

3
H4 pump transition at 800 nm [54, 55] where commercial pump diodes 

are available. The emission around 1470 nm is generated in the 
3
H4 −

3
F4 transition. 

All rare-earth transitions with different single dopants and co-doping schemes are theoretically 

studied. 

In following sections the ASE output powers for Er
3+

, Nd
3+

, Pr
3+

, Tm
3+

, Tm
3+

/Yb
3
 and Er

3+
/Yb

3+
 

sources are shown, as well as pump power response and net gains. It has clearly been observed 
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that the ASE efficiency for co-doping schemes is normally higher. The results of the different 

sources are presented in the curves by varying the fiber parameters such as fiber length, input 

power, and doping rare earth. We can observe the variation of the pump and output powers in 

forward propagation direction and backward propagation direction, along the length of the fiber 

and for different input powers.  

For calculations of pump and signal powers in following sections were used a total concentration 

doping of NT=1.9 x10
25

 ions/cm
3
; core radius a=2μm; and the appropriate pump wavelength, 

according to the absorption cross section of the RE-molecules, as shown in [Refer to Appendix 

A]. 

3.5  Er
3+

 and Er
3+

/Yb
3+

 ASE at 1550 nm 

In Figure 3.7 we observe the pump power response for Erbium doped fiber when we have 

different input powers. The curve along the fiber decreases linealry, if the fiber segment is  long 

enough the pump power  could be lost at the end-side of the fiber, this is not deseareble because 

this power is reflected and returns for being re-absorbed to generate higher output power. Some 

sources use double pumping one on each end-side of the fiber segment, this for obtaining the 

pumping curve as constant as possible along the fiber segment. 

 

Analizing equation 3.21 we know that pump power will decrease when the length z increases, 

the highest pump power is acheived when z=0 then Pp= Pin. 

 

On the other hand, another factors which affect the Pp performance are the RE characteristics as 

pump frequency and lifetime. Even if we can control the frabrication method for each fiber and 

to obtain for the different doped fibers the same concentration doping, host, core radius and fiber 

length, due to the intrinsec characteristics of each RE element as lifetimes, emmission and 

absorption cross sections, in figures 3.7, 3.12, 3.17, 3.22, 3.26, the pump power response is not 

the same for the different proposed superluminiscent sources even if the initial pump power and 

fiber length is the same. 
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In Figure 3.8 we observe both co-propagation and counter-propagation output power for 

different input powers. In equation 3.19 is shown the threshold power   
   where the losses are 

equal to the gain [56]. Figures 3.8, 3.10, 3.13, 3.15, 3.18, 3.21, 3.23 and 3.24 represent output 

powers behavior in forward and backward propagation directions along the fiber length for the 

whole set of REs included in this thesis.  

It is important to show the performance of each superluminiscent source for understanding the 

physical parameters dependency of the source with respect to the doping rare earth. We could 

observe that in some cases the fiber length for low input powers is short; this is because the 

spontaneous emission coefficient is inverse to the lifetime. For these cases if we don’t want 

saturation with low powers it will be necessary to increment the input power. Some of these 

examples are shown in following figures for rare-earths which lifetimes are long. 

In Figure 3.8 it can be seen that the backward power is in general slightly larger than the forward 

power due to absorption within the first few sections of the fiber, which generate higher 

population inversion in those first few fiber sections and which could create an unbalanced ASE 

source. 

Figure 3.7 Pp vs. fiber length with Pp= 20, 30 40 and 50mW 
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From equation 3.20 we can calculate the maximum efficiency of the source which is higher in 

backward than forward direction. 

 

In Figure 3.9 the net gain was plotted vs fiber length. It was chosen a fiber length of 5 m to 

observe how for an input power Pin=20 mW the maximum fiber length is 3 m and, higher 

lengths imply non acceptable gain. 

 

 

 

 

 

 

 

 

Figure 3.8 ASE Backward-Forward output power vs. fiber length 

with  Pp= 20, 30 40 and 50 mW for Er
3+

 fiber for Er
3+

 fiber 

𝜂𝑏𝑤   8%       𝜂𝑓𝑤   6% 

Figure 3.9 Net Gain vs. fiber length with Pp= 20 mW. Er
3+

 fiber 
+
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Now in Figure 3.10 with the same parameters of design the output powers in forward and 

backward directions are shown with an Er
3+

/Yb
3+ co-doped fiber, due to the energetic transfer 

between both elements the efficiencies increase up to 8% with respect to Er
3+ 

doped fiber.   

We show the efficiency ηbw as the signal conversion efficiency in the opposite direction with 

respect to the pump. As for ηfw, it defines the signal conversion efficiency in the same direction 

as the pump, i.e. forward 

 

As we can see in Figure 3.11 also the net gain is considerably higher in the co-doped fiber 

compared to Figure 3.9 with an Er
3+

 doped fiber only.  

The net gain is an important parameter when we use these sources as amplifiers and we can not 

increase the input power; for these cases the energy transfer increases the output power and as a 

consequence the source efficiency. 

Figure 3.10 ASE Backward-Forward output power vs. fiber length 

with  Pp= 20, 30 40 and 50mW for Er
3+

/Yb
3+

 fiber. 

𝜂𝑏𝑤   6%       𝜂𝑓𝑤    % 
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3.6 Tm
3+

 ASE at 1900 nm  

As we explained before Tm has the broadest emission window in the RE, this is centered at 1900 

nm, and several applications are being focused to this window. 

                

Figure 3.11 Net Gain vs. fiber length with Pp= 20 mW. Er
3+

 / Yb
3+

 

fiber 

Figure 3.12  Pp vs. fiber length with Pp= 20, 30 40 and 50mW. Tm
3+

 

fiber 
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With Tm the fiber length has to be shorter because the input power is absorbed faster due to the 

lifetime τ involved in the energy levels transition. And as we observe in Figure 3.12 with 1 m of 

fiber length all the input power is totally absorbed.  

                             

In Figure 3.13 the average efficiencies in output powers in both directions, forward and 

backward are low. For improving the efficiencies it is necessary to increase the input power. We 

can also see that for higher input powers up to 50 mW and 40 mW, saturation is not reached 

compared to 30 mW and 20mW. 

Even though silica fibers are not designed for showing lower losses at 2 µm, future Telecomm 

applications are already designing fibers in order for the losses to be improved and allow the 

design and employment of new devices such as amplifiers. The cross sections that were 

employed in these simulations are listed in Appendix A, but certainly new experimental cross 

section values will be determined in the near future. Figure 3.14 shows the net gain evolution for 

a Tm-doped fiber at 1900nm, where a quasi-flat total gain value is kept above 10 and after 1m 

fiber is reached, the value drops drastically. 

Figure 3.13 Backward-Forward output power vs. fiber length 

with Pp= 20, 30, 40 and 50 mW. Tm
3+

 fiber. 

𝜂𝑏𝑤   . %    𝜂𝑓𝑤   .3% 
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For Figure 3.15 was proposed a Tm
3+

/Yb
3+

 co-doped fiber, once again it is possible to increase 

the output power when an energy transfer process happens. In this case the source efficiency 

grows up in both directions. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14 Net Gain vs. fiber length with Pp= 20 mW. Tm
3+

 fiber. 

 

𝜂𝑏𝑤   3%    𝜂𝑓𝑤    % 

Figure 3.15 ASE Backward-Forward output power vs. fiber length 

with Pp=20, 30 40 and 50 mW. Tm
3+

/ Yb
3+

 fiber. 
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In Figure 3.16 the net gain is shown for the Tm
3+

/Yb
3+

 co-doped fiber; we see that after    1 m of 

fiber length the gain decreases. 

3.7 Nd
3+

 ASE at 1310 nm 

The second optical communications window is around 1310 nm, some current applications as 

uplink transmissions in systems as gigabit passive optical network use this window. The Nd
3+ 

emission is around 1310 nm when it is pumped at 800 nm. 

From the group of rare earths studied in this thesis, Nd shows a fast ASE power saturation even 

at 0.1m fiber length, as shown in Figure 3.18. Consequently, higher input power was required, 

which showed a significant increase in efficiency, going from 0.0056% to 21% with the 

aforementioned 30 mW total increase of pump power for a fiber length of 0.35m. 

Also, in the same figure, signs of saturation can be seen at a fiber length of 0.08 m for the case of 

20 mW pump power, although most of the figures show the same tendency. 

 

 Figure 3.16 Net Gain vs. fiber length with Pp= 20 mW. Tm
3+

/Yb
3+

   

fiber. 
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In Figure 3.17 we observe that for the same parameters of design the input power is lost around 

10 cm fiber length, this is due to the Nd lifetime τ is much more low, which is around micro-

seconds, see table 2.2.  

 

Figure 3.17 Pp vs. fiber length with Pp= 20, 30 40 and 50 mW. 

Nd
3+

 fiber. 

Figure 3.18 ASE Backward-Forward output power vs. fiber 

length with Pp= 20, 30 40 and 50mW. Nd
3+

fiber 

𝜂𝑏𝑤   .  56%    𝜂𝑓𝑤   .  53% 
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In Figure 3.18 we can see the output powers in forward direction for 20 mW input power, the 

output power starts to decay after 10 cm achieving its saturation for higher input powers the 

maximum fiber length tends to be longer. 

 

 

Figure 3.19 Net Gain vs. fiber length with Pp= 20mW. Nd
3+

 fiber. 

Figure 3.20 Pp vs. fiber length with Pp= 50, 60 70 and 80 mW. 

Nd
3+

 fiber. 
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In Figure 3.20 the pump power evolution along the fiber shows a declining behavior as 

background losses and pump energy absorption takes place in the pump propagation direction. 

Absorption cross section of RE molecules use up the available energy for population inversion 

and ASE after non-radiative decay from the corresponding excited state levels, which in turn will 

allow broadband photon emission.  

 

Let us consider that under certain fiber-end circumstances feedback from Rayleigh 

backscattering could be sufficient to drive the ASE source above lasing threshold, which would 

limit ASE power level at the output. 

Some of the applications for 1310nm ASE sources could include: optical component 

characterization, optical measurement systems and optical sensing, within the O band. In early 

communications systems, the wavelength region situated between 1260nm to 1360nm was called 

“Original band” and that this is the reason it is typically called “O band” as this band is used in 

different applications such as fiber to the home, among others. In terms of quantum efficiency, 

for a given fiber length and a given pump power level, the total gain varies along the fiber 

depending on the absorption and emission Ga and Ge  coefficients, which describe the 

absorption and emission parameters, respectively. 

Figure 3.21 ASE Backward-Forward output power vs. 

fiber length with Pp= 50, 60 70 and 80mW. Nd
3+

fiber 

      .6%         3.3% 
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In Figure 3.21 for higher input powers the fiber length increases and it is possible to obtain 

higher efficiencies. 

3.8 Tm
3+

 ASE S-band at 1470nm 

 Important applications are available at 1470 nm which is the short band (S-band) in optical 

communications systems. They are optical amplifiers working at this band, devices which uses 

optical time domain reflectometry technique, filters, sensors etc. 

 

As it can be observed in Figures 3.23 and 3.24, it has been necessary to increase the input power 

required for broad band generation and consequently maximum efficiency, which reached up to 

58% in the present study.    

Figure 3.22 Pp vs. fiber length with Pp= 20, 30 40 and 

50mW. Tm
3+

 fiber. 
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Figure 3.23 ASE Backward-Forward output power vs. fiber 

length with Pp= 20, 30 40 and 50mW. Tm
3+

fiber 

𝜂𝑏𝑤   .     5%    𝜂𝑓𝑤   .     % 

Figure 3.24. ASE Backward-Forward output power vs. fiber 

length with Pp= 200, 300 400 and 500mW. Tm
3+

fiber 

𝜂𝑏𝑤  58%    𝜂𝑓𝑤  56% 



65 
 

3.9  Pr
3+

 ASE O-band at 1310nm 

At 1310 nm it is possible to use Nd or Pr for doping the optical fiber and emits at this band of 

frequencies, which fiber is desired to use, the decision depends on parameters as pump 

source, desired efficiency, cost etc. 

 

 

 

 

 

 

 

 

 

Figure 3.25 ASE Backward-Forward output power vs. fiber 

length with Pp= 500, 600 700 and 800mW. Pr
3+

fiber 

Figure 3.26 Net Gain vs. fiber length with Pp= 500mW. 

Pr
3+

fiber 
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The lifetime values that were used in this work are listed in the table 2.2, along with the emission 

and absorption cross section values for the different active dopant materials studied in this thesis. 

Moreover, as one can observe in pump propagation and ASE signal figures; each signal with 

initial pump power Pp(0), reaches a maximum output power, the output power is higher for a 

higher input power, since each pump power level at the fiber input has an ideal fiber length. As 

expected, we observe that the efficiency increases up to >50% for a co-doped scheme ASE with 

similar simulation parameters of design; both in forward and backward directions compared to a 

single dopant scheme. The increased output signal in co-doped fiber is due to the effective cross 

section of Er
3+

 and Tm
3+

 fiber increases via the presence of Yb
3+

 since the total absorption gets 

higher. 

3.10 Simulation results  for a multi-wavelength source  

Results shown in this section where simulated joining two theoretical models for considering a 

superluminiscent source and a long period fiber grating on to a doped fiber, shown in Figure 

3.27.  

In figure 3.27 we can observe the filtering around one wavelength the extinction ratio of the filter 

is 3.8 mW where no output power pass at 1550nm. 

In Figure 3.28 the coupling constant κ was modified and we can observe how the output power is 

reduced, this because the coupling constant depends on the physical parameters of the fiber.  

When mechanical induced long period fiber gratings are used, the coupling constant differs with 

the applied pressures, more pressure is related to deeper filter and lower output power.  

They are also considered a couple of long period fiber gratings on cascade see Figure 3.29, the 

grating pattern is shown for Er doped fiber in ASE regime. 
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Figure 3.28 Interference with Ʌ= 289.95e
-6

 µm period and Er 

ASE varying the coupling constant. 
 

Figure 3.27 Grating with Ʌ= 289.95e
-6

 µm period and 

Er ASE. 
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In Figure 3.29 we observe the interferometer in the Er doped fiber, generating ASE with 

multifiltering around 1550nm, the wavelength selection and the filtering linewidth will depend 

on the gratings period and separation between gratings respectively, in this case multiple 

wavelengths were generated with an average extinction ratio of 2 mW. 

In Figure 3.30 for Ʌ= 500
-6 

m the interference wavelength is not centered at the Er emission 

spectrum nevertheless some resonance is shown in the output spectrum. In chapter 4 an 

experimental comparison using an interferometer with gratings at Ʌ= 500
-6

 m period is shown. 

Figure 3.29 Interference with Ʌ= 289.95e
-6 

m grating period and 5 cm 

separation between gratings 
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In Figure 3.31 it is possible to observe the ASE propagation through the fiber up to 2.50 m 

length, when the propagation reaches the first grating from 2.50 to 2.55 m the fundamental mode 

(blue) continues propagating into the fiber core, and the high order modes propagate into the 

cladding. The modes continue propagating and reach the second grating from 2.60 to 2.65 m 

were the fundamental and high order modes are recoupled for generating an interference pattern 

as we can observe in the Figure 3.31. 

 

Figure 3.30 Interference with Ʌ= 500e
-6

 m Grating and 5cm 

separation between gratings 
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3.11 WDM-PON multiband and multi-wavelength source 

 In this section a superluminiscent source is proposed for generating different tones in three 

bands at 1550 nm, 1490 nm and 1310 nm, for future WDM-PON [9] generation and current 

GPON systems. The all-fiber array consist of an 810nm pump laser diode, three fiber splitters 

and three segments of Er-, Tm- and Nd-doped fiber. In the proposed set-up showing in Figure 

3.32, cascaded pairs of standard fiber gratings are used for extracting the required multiple 

wavelengths within their corresponding bands.  

Figure 3.31 Output power spectrum as a function of position along the fiber, with two 

LPFGs, the first between 250 and 255 cm, and the second between 260 and 265 cm.  
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Figure 3.32 Proposed multi-band and multi-wavelength source array. 

For the multi-wavelength and multiband source theoretical design, the theoretical model for ASE 

sources was used for each rare-earth doped section, considering the matching losses due to the 

splitters and the splicing. Then one ASE source was in its corresponding output, now for the 

multi-wavelength generation the MZI theoretical model was used for each ASE generation. 

Different grating designs were proposed because the emission wavelengths are not the same. The 

theoretical results are following showed. 

3.12 WDM-PON Multi-wavelength and multi-band simulation results  

By unifying both theoretical models, amplified spontaneous emission and long period fiber 

gratings, it is possible to obtain some simulation results for WDM- PON source, taking into 

account a commercial doped- optical fiber.  

As shown in Figures 3.33 and 3.34, the obtained selectivity at 1345 nm, 1430 nm and 1550 nm 

for Nd, Tm and Er, respectively is not truly efficient as such wavelengths are coincident with 

high optical gain for emission. In both cases the transmission widths correspond to cross section 

values, therefore the larger the cross section the broader the width, being Nd the broadest in 

emission spectrum and Er the narrowest. 
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Figure 3.33 Multi-wavelength output with Nd doped fiber segment with 

grating period  Ʌ= 2.3e
-4

 m and 5cm separation between gratings 

. 

 

Figure 3.34 Multi-wavelength output with Tm doped fiber segment with grating period Ʌ= 

2.541319631730619e
-4

 and 6cm separation between gratings 
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Figure 3.35 Multi-wavelength output with Er doped fiber segment with grating period Ʌ= 289.95e

-6
 m 

and 5cm separation between gratings 

. 

The output power for each segment is enough to be used in telecommunications applications; the 

output power varies for the different bands due to efficiency for each RE proposed as well as 

lifetime, absorption and emission cross sections, fiber length and splitters. 

3.13 ASE in semiconductor optical amplifiers 

It is important to analyze ASE the response from semiconductor optical amplifiers for 

comparison with optical fiber superluminiscent sources.  

In this section, theoretical and experimental results of gain recovery time influence when the 

drive current increases into a quantum well SOA, with 5GHz external modulation is described. 

The main difference between a semiconductor optical amplifier and an optical fiber amplifier is 

the excited level lifetime which is considerably smaller into a SOA; due to this phenomenon the 

SOA response is faster but vulnerable to the non-linearities presence. It is necessary in all the 

experiments with SOAs to have a temperature and polarization control, this because the output 

spectra can change considerably and to reduce the amplifier efficiency without these controllers. 
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3.14 Semiconductor Optical Amplifier (SOA) 

Several studies in SOA have been made due to its response on time at different frequencies 

produces nonlinear dynamics. The main goal by working with SOAs is to obtain the fastest gain 

recovery time to avoid the bit- pattern dependent errors. Different techniques are used to reduce 

this parameter but it is important in the theoretical model to observe the ASE influence in this 

parameter mostly when we work at high current. 

3.15 Theoretical model 

It is well known that in SOA, the output signal response changes its amplitude and phase due to 

refractive index changes, the complex amplitude process into a SOA is described in [57, 58] as: 

  

  
  

 

  

  

  
 

 

 
(    )      (3.35) 

Where A is the amplitude of the signal which is complex,    is the group velocity and g is the 

optical gain,   is the linewidth enhancement which produces changes in the mode index and as a 

consequence carrier density changes. 
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V is the active volume, E is the energy, and    is the carrier lifetime which always is dependent 

on the carrier density N. 

 

  
 (            

 )     (3.37) 

 

    is the intrinsic non radiative recombination rate,     is the spontaneous recombination 

coefficient and    is the Auger recombination coefficient. 

The gain is defined by: 

 ( )    (    )     (3.38) 

From (3.37) and (3.38) the optical gain rate equation is: 
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Where      is the power contribution in the amplitude described as the addition of ASE powers 

in forward and backward propagation directions [59], we can take it as a constant which depends 

of the injected current into the SOA. 
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Where    is the transparency current and     is the carrier lifetime when      

  

  
 

  ( ) 

  (      )     
     (3.43) 

Where      
    

  
  

                 (3.44) 

When we work in small signal regime we consider in (3.43) only the saturation given by      

then integrating we obtain. 

 ( )      (
  ( ) 

           
)     (3.45) 

3.16 Dsp theory 

The SOA used in the experiments has a high Esat compared with ultrafast SOAs, The intrinsic 

SOA parameters are in Table 3.1 as well as the signal parameters. We used a weak continuous 

wavelength signal, and measured the transparency current Io to be 75.9mA. 

 

From equation (3.37) we obtain       3   when       

We consider that the gain and the saturation energy depend of the injected current. 
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To find the active volume V we solve the next expression: 

   
    

   
 , and we obtain   6.                (3.46) 

From   (
  

 
)  we obtain the cross section value as    .            

Now from (3.40)  Esat=5.17pJ, this value is higher than the value for ultrafast SOAs which mean 

that we achieve the saturation slower and the curve is more linear. 

                    (3.47) 

Part I 

Table 3.1 Parameters values taken into account in the model. 

Parameter Our value Typical values 

Γ 0.4 0.3~0.7 

a (m
2
) 3.5e

-20
 2.5~4.5e

-20
 

Anr (s
-1

) 0.1~4.5e
9
 

Bsp (m
3
/s) 1~9e

-16
 

Ca (m
6
/s) 1~97e

-40
 

L (mm) 1 

 

Based on equations (3.37) and (3.44) and substituting in (3.45), we obtain: 

.       ( )     (

  
   ( ) 

  
    

 

 
    

     
 
)

  
 

     (3.48)

 

Considering (3.41), we have: 
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               (3.49) 

As we already have all the values of parameters on the right side, we can plot the curve of 

 √    over injection current I.  

At the same time neglecting the last term from equation (3.36) we obtain 

 
 

  
  (            

 )       (3.50) 

Solving the function with typical values taken from the previous table, we can draw the carrier 

density N as a function of injection current I. 

Thus, dividing the 1
st
 curve by the 2

nd
 one, we get the value of Dsp. In an ideal situation, the 

value of Dsp should be a constant. But in our experiment, we get a curve of Dsp parameter which 

gives a range of Dsp. 

 

Part II  

Equation (3.48) can also be written as 

 

  
 

         
     

 

           
      

        (3.51) 

  if we consider     
 

             
  and   

     

   
 

The 
         

     
 

           
      

   dependency on to the Anr, Bsp and Ca parameters has also been considered 

as we don’t know exactly the values of Anr, Bsp and Ca. We will take all the range of typical 

values of Anr, Bsp and Ca into consider. The goal is to know how the value of N depends on Anr, 

Bsp and Ca.  
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The 3
rd

 order equation is not easy to solve, then the idea is to look for the maximum and 

minimum values of 
         

     
 

           
      

   

 

for different sets of (Anr, Bsp, Ca). 

In the simulation, we plot the   (          )  
         

     
 

           
      

 

  

for N = 1e
24

 /m
3
 and N0 = 

5.9439e
23

/m
3
. 

 

Figure 3.36 Ca figures.  
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Figure 3.37 Bsp figures. 

 

 

Figure 3.38 Anr figures.   
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For these 3 figures, we always find the maximum value 4.644 at (0.1e
9
, 1e

-16
, 97e

-40
) and the 

minimum value 1.721 at (4.5e
9
, 1e

-16
, 1e

-40
). 

As N is always superior to N0, we want to prove that the above result is true for all values of N.  

Looking at the previous figures the results are: if the value of a point is larger than its nearby 

points in the same surface, it is the point of largest value in this surface. Based on this idea, we 

try to prove that we will always find the maximum value at (0.1e
9
, 1e

-16
, 97e

-40
) and the 

minimum value at (4.5e
9
, 1e

-16
, 1e

-40
) for all values of N. 

 

Figure 3.39 N evolution. 

If we take the carrier density value N from 0.6 to 2 m
-3

 which are typical values. We can see in 

figure 3.39 that the value of function at (0.1e
9
, 1e

-16
, 97e

-40
) always is larger than their nearby 

points. In this figure, the green and black curves are almost coincided. 
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Figure 3.40 N vs function value

 

In this figure, we can say that the value of function at (4.5e
9
, 1e-

16
, 1e

-40
) is always smaller than 

their nearby points. 

Thus,  if we draw 2 curves respectively which correspond to (Anr, Bsp, Ca) = (0.1e
9
, 1e

-16
, 97e

-40
) 

and (Anr, Bsp, Ca) = (4.5e
9
, 1e

-16
, 1e

-40
) in the figure of (I, N), we will find that all the possible 

solutions of N for (Anr, Bsp, Ca) take the value in the range shown in the table and will locate 

between these 2 curves. 



82 
 

 

Figure 3.41 a I vs N
2
, 3.40b I vs N, 3.39c I vs Dsp. 

In Figures 3.41a and 3.41b of Dsp which should be a constant when the injection current varies, 

we find the max value to be 3.87e-40 m
6
/s and the min value to be 8.19e-41 m

6
/s.  

It’s clear that neither the blue upper curve nor the lower curve of Dsp is a constant. This is due to 

the imperfection of measurements of recovery time and the optical gain.  
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This chapter is focused on the results of some of the experiments performed during the research; 

they could be compared with the simulation results in chapter 2. A method of mechanical grating 

fabrication is shown. From these experiments some interesting ideas were developed. First look 

up the ASE phenomena with a simple experiment for later compare with a co-doped fiber. In this 

chapter temperature, filtering and multi-filtering experiments are sown, A multi-wavelength 

source is proposed and its emission spectrum is presented. The ASE performance into a 

semiconductor optical amplifier was analyzed and the gain recovery time acquisition in these 

devices was obtained. 

4.1 Experimental ASE generation 

The purpose of the following experiment is to show the ASE generation. For this experiment a 

980nm pump laser diode was connected to an Er
3+

 doped fiber segment, the LASER and ASE 

spectrum were observed into an optical spectrum analyzer (OSA).  

 

Figure 4.1 ASE generation experimental setup 

The current source is connected to a pump laser which works at 600mA maximum current, this 

laser is connected with a cross connector to 3m of an Er doped fiber segment; at the end the fiber 

has an FC/PC connector is joint for allowing the connection into an optical spectrum analyzer.  

 

Figure 4.2 ASE emission for Er
3+

 doped fiber pumped at 980 nm 
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In figure 4.2 it is possible to observe the ASE generated bandwidth with a non-flatted shape, 

ASE can be detrimental (noise) or beneficial (amplifiers) it depends on the application. In this 

thesis ASE is studied for designing all fiber devices for different applications. 

After obtaining the ASE spectrum, another objective of this thesis is to generate a multi-

wavelength source. For this we propose to use mechanical long period fiber gratings because of 

the low cost, easy fabrication and non-permanent affection to the optical fiber. In the next section 

the method of fabrication is explained. 

4.2 Long period fiber gratings fabrication 

The LPFGs were fabricated in 7x2.5cm acrylic blocks, on which the slots were printed with a 

CO2 pulsed laser working at 7 Watts output power. 

 

Figure 4.3 Fabricated LPFGs 

In Figure 4.3 different longs period fiber gratings were built with different periodicities (300 µm, 

502µm). 
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After fabricate the gratings it is necessary to know their correct work, some experiments are 

proposed with these gratings. 

4.3 Experimental setup with 1310nm pump LASER and LPFGs 

The set-up shown in Figure 4.4 was used to observe the modified ASE signal at 1310nm with the 

manufactured LPFGs. A 1310nm laser diode working at 15mW is pumping the single-mode fiber 

(smf28) segment, over the fiber segment a LPFG is collocated by applying a mechanical force, 

the output response is observed with an optical spectrum analyzer. 

 

Figure 4.4 Experimental setup at 1310nm with LPFGs 

 

Figure 4.5 ASE Experiment at 1310nm with LPFGs in the laboratory of lasers of CIITEC-IPN 

 

Figure 4.6 ASE emission at 1310nm with LPFGs 
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In Figure 4.6 reject multi- band filter can be observed within an ASE signal centered at 1310nm. 

A comparison without LPFG and ASE response with LPFG on the SMF28 fiber section for 

different pressures is shown, it is important to remember that in this case the coupling constant is 

modified and the spectral response varies. As the pressure on the grating becomes higher, the 

filtering is deeper and the transmitted power smaller. 

4.4 Experimental setup with a white light source and a mechanical induced LPFG 

tilted at different angles. 

For the next experiment a white light source was coupled into a SMF28 segment with a LPFG 

onto the fiber at different angles, it is important to observe the changes for each change of angle. 

 

Figure 4.7 Experimental setup reject band filter with white light source and grating rotation. 

 

  

Figure 4.8 Reject Band Filter experiment with rotation in the laboratory of lasers of CIITEC-IPN with 

white light source and grating rotation. 

 

 



88 
 

 
Figure 4.9 Reject filter response at different rotation grating angles (0º, 30º, 60º) 

In the figure above, the yellow curve is the output signal without grating on the fiber. In the 

purple signal a perpendicular grating with respect to the fiber axis z was used. In the orange 

signal a 30˚ tilted grating was used. In the pink signal a 60˚ tilted grating was used. 

When the grating is tilted, its angle changes, as a consequence the grating period too. The 

filtering wavelength tends to be higher. For obtaining lower wavelength filtering, smaller grating 

period is required. 

4.5 White light source and mechanically induced LPFG at 22˚ and 80˚ C 

For this experiment white light is coupled into an SMF28 fiber segment, a mechanical induced 

fiber grating is onto the fiber and the LPFG is heated up to 80˚ C for observing the wavelength 

shift which could be used as a sensor device. 

 

 

 

 

 

Figure 4.10 1550nm band filtering with white light source  

and grating rotation.for SMF28 fiber 
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In Figure 4.11 results with LPFG heated at 22˚C (yellow) the filtering band is centered at 

1306nm, at 80˚C (pink) the signal has 9.1 nm of displacement moving to higher wavelengths 

now centered at 1315.1nm. The reference signal without heating up is the green curve. In the 

setup a white light source was used to couple light into a 1.1 m standard single mode fiber 

segment, and putting the grating at 60cm from the white light source: With this experiment the 

tunable band filter is possible via temperature grating control.  

4.6 1550nm ASE signal with 980nm pump LASER and Er
3+

, Er
3+ 

/Yb
3+

 doped fiber. 

For these experiments a laser diode pumping both an Er
3+

 and an Er
3+

/Yb
3+

 doped fiber segments 

is connected respectively for generating ASE response around 1550nm, it is observed 

experimentally that co-doped fiber has higher output power efficiency than doped fiber, the 

theory about this phenomena was explained in Chapter 2, the efficiency in co-doped ASE 

sources increases due to the energetic cooperation. 

 

Figure 4.11 1550nm band filtering with white light source  

and grating rotation.for SMF28 fiber 
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(a) 

Figure 4.12 a Figure 2.23.a ASE experimental setup with Er 

doped fiber pumped at 980nm. 

 

Figure 4.12 b ASE experimental setup with Er/Yb doped fiber 

pumped at 980nm. 
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(b) 

 

 

In Figure 4.13b the output power increases for the Er
3+

/Yb
3+

  co-doped fiber with respect to Er
3+

 

figure 4.13 a doped fiber with the same parameters of design as expected due to sensitizing from 

Yb
3+

 excited ions to excited Er
3+

 ions. 

4.7 Multiwavelength experimental results 

The next experiment consisted on to obtain a multi-wavelength source, for this it is necessary to 

use a pair of long period fiber gratings on cascade see Chapter 2. 

As we can observe in Figure 4.14 the desired signal is flattened, otherwise by the intrinsic 

characteristics of the proposed sources the emission spectrum is not, the goal of this Thesis 

Figure 4.13 1550nm ASE output power pumped at 976nm. 

a) Er
 3+

, b) Er
 3+ 

/Yb
3+  

 10, 15, 20, 30, 85,190 and 300mW 
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Figure 4.14 LASER, ASE, and desired multiwavelength signal 

The experimental setup is shown in Figure 4.15 Each LPFG was obtained by applying a 

transverse force over a length of the Er
3+

-doped fiber (EDF) placed between a planar and a 

corrugated plate. Rectangular grooves were inscribed on the corrugated plate, with a periodicity 

of 502µm and its dimensions are shown in the insets of Figure 4.15 The plates were mounted 

and fixed in a mechanical system which allows for fine tuning of the grating period by changing 

the angle between the fiber axis and groves. 
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For the experiment, a 30-cm piece of single-mode Er
3+

-doped fiber (EDF) was used to construct 

the MZI. This fiber was 2.5/62.5µm of core and cladding radius, respectively. The EDF was 

placed between the two plates and was aligned on the normal direction of the grooves. The 

loading system exerts a controlled pressure over the fiber (9Kgf), which is subjected to micro 

bending deformation induced by the grooved plates. In order to avoid damages in the optical 

fiber, the protective coating was not removed. The EDF was then pumped via a 980nm LD at 

Figure 4.15 Experimental setup for the MZI  (formed with a pair of LPFGs) 

using an Er
3+

-doped fiber under low pumping (200mW). 
 

Figure 4.16 Transmittance spectrum of the Er
3+

-doped 

fiber with a single LPFG. 
 

Figure 4.17 Spectral transmittance of the Er
3+

-doped 

fiber under low pumping with a MZI (formed with a 

pair of LPFGs). 
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200mW. The spectrum transmission of each LPFG is shown in Figure 4.16. Four resonant modes 

can be observed to have coupled into the ASE spectrum of the doped fiber. 

In Figure 4.16, it can be observed that the modified spectrum of the ASE with a single LPFG 

presents four peaks situated at 1499.2, 1518.8, 1571.6, and 1637.2nm respectively. These peaks 

correspond to the resonant coupling of the core mode among four cladding modes. These 

resonant wavelengths can be tuned to longer wavelengths by adjusting the angle between the 

doped fiber and the grooves (ranging from 0 to 10 degrees). 

After placing two mechanically induced LPFGs in series, a fixed pressure was applied in the first 

fiber section which corresponds to the LPFG1 and then, a gradual pressure was applied over the 

second fiber section, which corresponds to the LPFG2 until the interference fringe pattern was 

obtained. The transmission spectrum was continuously recorded by monitoring the resulting 

fringe pattern. The mechanical mounts are susceptible to be miniaturized; therefore, this could 

help for extending and diversifying the applications of this technique. 

It is important to look that the applied pressure on the grating will affect the coupling constant 𝑘 

and as a consequence the output power filtered signal. 

In Figure 4.17 we can observe the ASE spectrum of the EDF (without load) and the modified 

ASE transmission signal after we apply a load over both LPFGs. We can see a channeled 

spectrum which corresponds to the classical spectrum of a MZI. The transmission spectrum 

observed in Figure 4.17 can be explained by considering that the core mode is coupled into a 

cladding mode by the first LPFG, and then, it is recoupled into the core mode with the help of 

the second LPFG. In this way, the recoupled core mode light can interfere with the uncoupled 

core mode and the interference fringe pattern is obtained. 

From the MZI spectrum shown in Figure 4.17, we observe that the fringe pattern is extended 

over almost all the ASE spectrum of the EDF in a wavelength range between 1450nm to 1650 

nm. The fringe spectrum can be seen in detail on the inset of Figure 4.18, where a fringe 

separation of 22 nm is obtained for a separation of 1 cm between the LPFGs. A high insertion 

loss around 2dB is also observed. Although it is not critical for fiber sensing applications, it is 

clear that further improvements have to be made to the mechanical system in order to reduce it 
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insertion loss. One way to explain the extended spectral transmission of the fringe pattern 

observed in Figure 4.17 is by considering the fact that for each LPFG we have four resonance 

modes into the ASE spectrum. This makes the interference in different points of the ASE 

spectrum possible when we use two LPFGs, and a superposition of the fringes of each resonance 

mode produces an MZI spectrum over a more extended wavelength range. In addition, in order 

to observe the influence of the distance between both LPFGs in the fringe separation we 

performed different measurements modifying this distance from 1 to 4cm, respectively and we 

obtained that the fringe separation is modified from 22 to 13nm as it is shown in Figure 4.18. 

 

 

With this results it is possible to asseverate that it is possible to design a multi-wavelength source 

with a superluminiscent source and MZI for the multiband selection. 

It is important to compare amplified spontaneous emission in optical fibers and semiconductor 

optical amplifiers to identify the main differences between both devices. 

Figure. 4.18. Fringe spectral separation for four different distances between LPFGs. 
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4.8 ASE in semiconductor optical amplifiers 

The SOA has an amplification response in a broad spectrum, in this case from 1482.64nm to 

1613.520nm. This characteristic allows the SOA to be used in telecommunication systems as in-

line amplifier. 

 

Figure 4.19 SOA ASE power at 200mA. 

 

In Figure 4.19 we observe the ASE output power in forward direction for SOA with different 

injection currents at 1540.162nm without any injected signal. We selected this wavelength 

because this is the central wavelength to be used as input signal in our experiment. 

In Figure 4.20 ASE power response is observed with injected current at 1540.162nm for SOA 

without stimulated signal. 
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Figure 4.20 ASE power vs Injected current at 1540.162nm for SOA without stimulated signal. 

4.9 Dsp parameter obtaining 

In Figure 4.21 we can observe the experimental setup to measure the output power with respect 

to the drive current. First we have a continuous wave laser, the next stage is an attenuator 

because the output power in the laser could damage the instruments of measurement, a 

polarization controller is required because the semiconductor optical amplifier response is very 

sensitive to polarization as well as temperature, then the SOA is connected controlled by a drive 

current with temperature control, at the end we obtain the output power with a power meter, for 

each current change the optimal output power was obtained. 

 

Figure 4.21 Output power vs drive current experimental setup 
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In Figure 4.22 was plotted drive current versus output power, the maximum power was obtained 

at 300mA drive current and after the saturation in SOA the output power decreases. This 

measurement was made in small signal with an input signal of 3.13µW at 1540.162nm given by 

the laser, it is important to analyze the small signal for not-stimulate the SOA saturation. In 

figure 4.23 we see the drive current versus output power now in dB. 

 

Figure 4.22 SOA output power vs drive current at 1540.162nm with 3.13µW input power. 
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Figure 4.23 Small signal SOA Gain vs drive current at 1540.162nm with 3.13µW input power. 
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The last experiment is necessary for the SOA characterization and it is included in the model for 

the Dsp calculation. 

4.10 Effective gain recovery time measurement 

In our experiment, in order to obtain the effective gain recovery time we used the pump–probe 

method [60-62]. The use of pulsed pump and probe does not give rise to saturation due to the 

probe and it allows the measurement of the recovery time due to the spontaneous recombination 

processes, mainly spontaneous emission and Auger effect, and amplified spontaneous emission 

(ASE). On the contrary, the use of a continuous-wave (CW) probe results in lower values of gain 

recovery time due to shorter stimulated lifetimes.  

 

In the experimental setup we used a pump source laser with on/off key (OOK) external 

modulation at 5GHz repetition rate and a 1540.714nm wavelength, the full width half maximum 

(FWHM) of the pulses is 0.1ns. A 1534.250nm CW laser is used as the probe beam. Pump and 

probe are both sent into a 50/50 coupler through polarization controllers. The state of 

polarization of the beams is adjusted to the maximum gain, which corresponds to TE. Light is 

coupled into the SOA and the pump beam is filtered at the output. The measured parameter in the 

oscilloscope is the gain recovery time that is directly related to and is defined as the time needed 

for the gain to rise from 10% to 90% of the saturation. The SOA drive current was 200mA. 

Figure 4.24 Effective gain recovery time measurement set-up. 
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Figure 4.25 a. 200ps effective gain recovery time from 10% to 90% of the saturation, 4.25b oscillioscope 

response. 

 

In Figure 4.25 we can observe the gain recovery time measurement for the SOA which is around 

200ps different experiments were made and we observed that for higher drive currents the gain 

recovery time decreases, the polarization control plays an important role in the experiment for 

the experiments done every time the polarization was changed for obtaining always the 

maximum output power. 
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Figure 4.26 Gain recovery time vs drive current. 

The obtained effective gain recovery time was τeff = 200ps, with this value we will continue with 

the     parameter obtention. 

The gain recovery time is an important parameter which can be reduced when the input current is 

incremented. If this gain recovery time is reduced the SOA response is faster and useful in  
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5.1 Conclusions 

The Main conclusions of this Thesis are presented as follows: 

 We have shown a generalized, simple method for simulating and obtaining valuable 

design parameters for superluminiscent sources at the 1.31, 1.47, 1.55 even at 1.9µm 

region and further. This simple method is applied just by modifying the coupled power 

into the RE-doped fiber, the fiber length parameter, and as such via the variation of 

efficiencies for different dopants as shown in the obtained results.  

 Some of the ASE results at 1310 and 1550 nm could be important for communications 

systems and free-space communications applications. As mentioned before, 1310nm ASE 

sources could find applications in optical component characterization, optical 

measurement systems and optical sensing in structural health monitoring, for instance. 

From the co-doping results, we can observe the advantage of use a co-doped section to 

increase the output signal power in forward and backward propagating direction, as 

expected. Our theoretical calculations are useful to explain and even predict the behavior 

of the super-luminescent all-fiber sources in terms of optimum length, total ASE power, 

quantum efficiency and linewidth at the output. 

 The results could be used for designing rare-earth-doped superluminescent sources since 

it predicts output powers and efficiencies in both the forward and backward pump 

propagation directions.  

 A multi-wavelength and multi-band source was theoretically demonstrated, the 

theoretical results are shown where one pump laser diode at 810nm two RE doped fiber 

segments and pairs of gratings on cascade on each, generating a fringe spectrum extended 

over a wavelength range from 1280 to 1440 nm for Nd segment, from1340 to 1540 nm 

for Tm segment and from1450 to 1650 nm for Er segment are part of the arrangement, 

obtaining high repeatability and for possible use in next generation communication 

systems as WDM-PON.  

 On the theoretical results 3% splicing losses were considered for each connection. With 

the proposed array, minimal pump laser the power consumption and space are reduced.  

 At the end of chapter 3 ASE influence into a semiconductor optical amplifier was 

analyzed introducing a new technic for obtaining Dsp parameter which shows the 
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influence of ASE on the gain recovery time for different drive currents. It is possible to 

reduce the gain recovery time when the drive current increases, these phenomena are 

desired because shorter signals can be produced when the gain recovery time is too. 

Some applications with SOA with short gain recovery time are possible as switches or as 

a complementary stage in soliton generation, etc. 

 An experimental comparison between doped and co-doped fiber source was described in 

chapter 4. The advantage to have energy transfer with co-doped fiber in the emission 

spectrum in order to increase efficiency was experimentally observed  

 A long period fiber grating fabrication method was proposed. Some experiments with the 

fabricated gratings were made obtaining interesting results for possible sensing and 

communication system applications. The grating rotation changes the periodicity of the 

grating and as a consequence, the filter selectivity. Other experiment was made with 

temperature changes and we can see that the filtered signal tends to higher wavelength 

when the temperature increases, this result is important for sensing applications. 

 A multi-wavelength source was designed using a pair of long period fiber gratings on 

cascade, the extinction ratio is not enough for applications in some cases of 

communications systems as WDM systems but this can be controlled changing the 

pressure applied on the gratings.  

 It has been demonstrated an experimental all-fiber, mechanically induced, Mach-Zehnder 

interferometer on an Er
3+

-doped fiber with a fringe spectrum extended over a wavelength 

range from 1450 to 1650 nm with high repeatability which could be used in several 

applications in sensing or optical communication systems.  

 In the ASE analysis for SOA a well-known technique for obtaining the gain recovery 

time was applied; this measure was needed for the theoretical analysis of spontaneous 

emission effect in SOA explained in chapter 2. 

 Finally it was theoretically and experimentally demonstrated the implementation of a 

multi-wavelength, and a multiband sources with different rare-earths depends on the 

desirable wavelength application. 
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5.2 Future work 

Future work is to compare the ASE theoretical with experimental results for each proposed RE.  

To reduce the fringe pattern with different grating separation and to design a possible 

mechanically tunable multi-wavelength source. 

Future experiments are focused in control this pressure, temperature, and to use this type of 

sources for interesting applications as substances detection, filters, amplifiers etc. 

It is important the experimental measurement of maximum compression in optical fiber for 

working in the limit of elastic zone and obtaining the best extinction ratio similar to simulations. 

 

 

  

 

  



APENDIX A 

Absorption and emission cross sections of the lanthanide elements used in this work are shown 

in figures I-X, they were taken from the bibliography [6,.20,45, 46, 51, 52, 56,63- 66] 

 

 

 

 

 
Figure I. Absorption cross-section Yb. 
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Figure II. Emission cross-section Tm. 

 

 

 

 

 

 

 

 

 
Figure III. Emission cross-section Tm. 
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Figure IV. Absorption cross-section Tm. 

 

 

 

 

 

 

 
 

Figure V. Emission cross-section Er 
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Figure VI. Absorption cross-section Er. 

 

 

 

 

 

 

 

 

 

 
 

Figure VII. Emission cross-section Nd. 
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Figure VIII. Absorption cross-section Nd. 

 

 

 

 

 

 

 
 

Figure IX. Emission cross-section Pr. 
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Figure X. Absorption cross-section Pr. 
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ACRONYMS 

 

ASE: Amplified Spontaneous Emission 

BER: Bit Error Rate 

DWDM: Dense Wavelength Division Multiplexing 

EDFA: Erbium Doped Fiber Amplifier 

FWHM: Full Width Half Maximum 

GPON: Gigabit Passive Optical Network 

ITU: International Telecommunication Union 

LPFG: Long Period Fiber Grating 

OLT: Optical Line Terminal   

ONU: Optical Network Unit  

OOK: On Off Keying 

OTN: Optical Transmission Network 

PON: Passive Optical Network 

RE: Rare Earth 

REE: Rare Earth Element 

SMF: Single Mode Fiber 

SOA: Semiconductor Optical Amplifier 

TE: Transversal Electric 

WDM: Wavelength Division Multiplexing 


