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Abstract 

 

The field of fiber lasers and fiber optic devices has experienced a sustained rapid 

growth. In particular, all-fiber Q-switched lasers offer inherent advantages of 

relatively low cost, compact design, light weight, low maintenance, and increased 

robustness and simplicity over other fiber laser systems. In this thesis, a design of a 

new Q-switching approach in all-fiber based laser is proposed. The Q-switching 

principle is based on dynamic spectral overlapping of two filters, namely fiber Bragg 

grating based filter and fiber Fabry-Perot tunable filter. When the spectra overlap, the 

filter system has the maximum transparency, the laser cavity has minimal losses and 

it can release the stored power in the form of the giant pulse. Using this Q-switching 

technique, experimental construction of an all-fiber active Q-switched Erbium-doped 

fiber lasers is successfully demonstrated in both ring cavity and linear cavity fiber laser 

configurations. The output peak power of 9.7 W and time duration of 500 ns are 

obtained at 1 kHz of repetition rate for ring cavity Q-switched Erbium-doped fiber 

laser; and 5.6 W output peak power with a 450 ns pulse time duration are achieved for 

linear cavity Q-switched Erbium-doped fiber laser at the same repetition rate. The 

repetition rate of the pulses can be continuously varied from a single shot to a few 

kHz.  
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Furthermore, the characteristics of designed all-fiber lasers like output power stability, 

extinction ratio and linewidth fiber laser are evaluated. The effects of fiber laser 

cavities parameters such as Erbium-doped fiber length, Erbium ion concentration, 

pump power and coupling ratio on the fiber laser output are reported. Techniques to 

produce stable and narrow linewidth fiber laser are investigated. Using a saturable 

absorber based un-pumped Erbium-doped fiber, under optimized fiber laser cavity; 

extinction ratio up 40 dB is obtained. Linewidth of 10 kHz and 16 kHz are 

demonstrated for ring and linear cavity fiber laser, respectively.  

A novel theoretical model is derived to validate the Q-switching approach introduced 

in this project. Numerical simulation is performed to demonstrate the Q-switching 

behavior in Erbium-doped fiber ring laser. The output peak power and pulse duration 

are characterized with respect to the pump power, cavity length and scanning speed of 

the spectral overlap between fiber Bragg grating and Fabry-Perot filter. Simulation 

results agree well with the experimental investigation. The proposed fiber laser 

systems provide a simple and cost-effective approach to realize a stable, high 

extinction ratio and narrow linewidth fiber laser systems suitable for application in the 

field of optical fiber sensor and optical communication. 
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1.1 Background  

Rare-earth-doped fiber lasers have attracted growing interest in various fields, such as 

telecommunications, optical time domain reflectometry (OTDR), laser machining, and 

medicine. The optical confinement admitted by the optical fiber, associated with the 

exceptional intrinsic laser properties of rare-earth ions, make this kind of lasers 

significantly coherent in time and space, with good compactness and diverse 

wavelength selection range. Rare-earth ions such as Thulium (Tm3+), Praseodymium 

(Pr3+),  Erbium (Er3+), Ytterbium (Yb3+), Neodymium (Nd3+) and Holmium (Ho3+) have 

been used in optical fiber lasers for different wavelength emission (Digonnet, 2001). 

Rare-earth doped fiber lasers have been pioneered by experiment reported in (Snitzer, 1961)  

and  (Koester and Snitzer, 1964), respectively. Since then, tremendous work followed, and 

fiber lasers have become valuable research direction. Fiber lasers are generated in two 

main temporal regimes namely continuous-wave and pulsed laser operation. 

Continuous-wave and pulsed fiber lasers were demonstrated and employed in a variety 

of applications. Particularly, the repetition rate, time duration and peak power and 

system smallness required for these applications make the generation of laser pulses a 

very active research area (Sharma, Kim and Kang, 2004).  

Different techniques like pulse carving, gain switching, mode-locking and Q-switching 

are utilized in short pulse generation. Mode-locking and Q-switching are the most popular 
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and effective techniques to obtain laser pulses. Nonetheless, in this project, the focus is 

oriented toward fiber laser based on Q-switching technique. The topic is broadly covered 

by  (Siegman, 1986; Digonnet, 2001; Silfvast, 2011; Shi et al., 2014). 

The Q-switching technique consists on the modulation of the quality factor Q of a fiber 

laser. The quality factor of a fiber laser cavity is defined as the ratio between the stored 

energy in the gain medium and that lost per oscillation cycle (Sveto, 1998). Thus, the 

higher the quality factor, the lower the fiber laser cavity loss, and vice-versa. The active 

gain medium of the Q-switching fiber laser is pumped while the lasing process is initially 

prevented by a low Q factor. As soon as the quality factor is modulated from low to 

high, the stored energy is then released in a large pulse of duration ranging from 

microsecond to nanosecond. The lifetime of the rare-earth ions in the active gain 

medium, participating in the amplification process, determines the time needed to stock 

up the extracted energy between two consecutive pulses.  

The Q-switching of the fiber laser can be performed in a passive or active way. Passive 

Q-switched fiber lasers use a passive element like a saturable absorber ( Filippov, 

Starodumov and Kir’yanov, 2001; Paschotta, 2009; Tsai and Fang, 2009). Active Q-

switched fiber lasers need active control elements such as acousto-optic modulator 

(AOM) and electro-optic modulator (EOM) (Myslinski et al., 1992; Morkel, 

Jedrzejewski and Taylor, 1993; Alvarez-Chavez et al., 2000; Wang and Xu, 2007a). 
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Recently, there has been a certain technological interest in active Q-switched fiber lasers 

development because of their possibility of controlling the repetition rate, peak power 

and time duration of laser pulses. This is not possible with passive Q-switched fiber 

lasers. Above all, the trend of research in the Q-switched fiber laser is oriented toward 

developing all-fiber-based laser cavity which allows robust construction, high 

efficiency, all-fiber splicing cavities, and narrow spectral linewidth. 

Newly methods for actively all-fiber Q-switched lasers have been developed for 

telecommunication wavelengths around 1550 nm  (Chandonnet and Larose, 1993; 

Huang, Liu and Yang, 2000; Russo et al., 2002; Kaneda et al., 2004; Pérez-Millán et 

al., 2005). All-fiber Q-switched lasers based on a variety of switching mechanisms, 

including all-fiber acoustically modulated attenuators (Huang D. W., 2000), 

microsphere resonator (Kieu K and Mansuripur M., 2006), and all-fiber phase 

modulators (Sheu F. W. and Kang J. J., 2007) have been reported. 

Another reported method to switch the quality factor Q of a fiber laser cavity is based 

on tuning the reflection bands of fiber Bragg gratings (FBGs) used as laser mirrors; 

stretching and relaxing the FBG using magnetostrictive transducers (Pérez-Millán P. 

et al., 2005), acousto-optic modulators (Cuadrado-Laborde C et al., 2007), and 

piezoelectric actuators (Cheng X. P., 2008).  
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An example of an all-fiber actively Q-switched laser is illustrated in Figure 1.1. 

 

Figure 1.1: Schematic illustration of an all-fiber active Q-switched fiber laser (Pérez-

Millán et al., 2005). 

The fiber laser includes an Erbium-doped fiber used as gain medium and a laser diode 

emitting at 980 nm wavelength used as a pump source. The Erbium-doped fiber is 

spliced between two fibers Bragg gratings (FBG1and FBG2) used as mirrors. In this 

configuration, the reflection spectrum of FBG1 can be changed by applying an 

external stress on it, while the reflection spectrum of FBG2 remains unchanged.  

Initially, the reflection spectra of the two fiber Bragg gratings are different (Figure 1.2 

a) and the fiber laser cavity is open (low Q). The fiber laser experience high cavity 

loss which inhibits the output power from the fiber laser. Then, after the reflection 

spectra of both fibers Bragg gratings are the same (Figure 1.2 b), the fiber laser cavity 

is closed (high Q). The Q-switching is achieved by periodically stretching and 

releasing the active fiber Bragg grating FBG1, which is attached to a stretcher. 
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Figure 1.2: a) Reflection spectrum of two fiber Bragg gratings when the cavity is open; 

b) Reflection spectrum of two fiber Bragg gratings when the cavity is closed (Pérez-

Millán et al., 2005). 

Regardless of their simplicity, these methods have some limitations such as unwanted 

strain in the FBG as it is usually attached to the modulator, as well as the speed of the 

deformation applied to the fiber Bragg grating for tuning purposes: it is very easy to 

damage the fiber Bragg grating if it is stretched and relaxed at high frequency. 

Depending of the fiber exposure to ultraviolet light during manufacturing, fiber Bragg 

grating make support scanning speed up to some kilohertz.  To avoid these unwanted 

effects, another reported configuration includes a Fabry–Perot filter and an in-line 

abrupt-tapered Mach–Zehnder filter (Chen N. K. et al., 2010). The FBG does not 

require tuning; the cavity is switched as the spectral transmittance of the filters overlap 

on/off. However, the tapered fiber makes the configuration fragile. The Mach–

Zehnder fiber filter is manufactured using highly Erbium-Ytterbium co-doped fiber. 

In this configuration, the extinction ratio (switched-on/switched-off power ratio) of 
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the laser is only 17.1 dB, which is relatively low compared to similar reported fiber 

laser configuration. In order to increase it, a special attention while manufacturing the 

Mach-Zehnder filter is crucial (Chen N. K. et al., 2010). 

In this thesis, a new Q-switching approach is proposed. The active Q-switching 

mechanism is based on a spectral overlap between the reflection spectrum of a fiber 

Bragg grating and transmission spectrum a tunable fiber Fabry-Perot filter. In this 

technique, the active fiber Bragg grating is substituted with a tunable fiber Fabry-Perot 

filter to take advantage of its robustness as compared fiber Bragg grating during 

modulation at high frequency.  

1.2 Project motivation 

Q-switched fiber lasers are important for a variety of applications including 

telecommunication; remote sensing and distributed fiber-optic sensors based on linear 

reflection from multiplexed FBG based interferometers and/or Rayleigh 

backscattering (Wang Y. and Xu C. Q., 2007). For application in fiber optic sensors 

and telecommunication, some of the most important required parameters of the laser 

are system robustness, the high contrast of output light pulses (extinction ratio), narrow 

linewidth of the output light and possibility to rapidly switch the output wavelength or 

dual-wavelength operation (Durán-Sánchez M. et al., 2015; González-García A. et al., 
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2015). Sharma et al. (2004) developed a Q-switched Erbium-doped fiber laser for a 

differential absorption Lidar. This laser was pumped with 100 mW and delivered pulse 

energy of 10 µJ/pulse; with pulse width of 1.5 µs at 20 kHz repetition rate. Kaneda et 

al. (2004) reported a Lidar using a fiber laser characterized by 20 W output peak 

power, 12 ns pulse duration at 80 kHz of repetition rate. The fiber laser consisted of a 

2 cm long Ytterbium-Erbium-doped phosphate glass fiber and was pumped with a 370 

mW laser diode in a linear cavity. 

Fiber laser sources that own narrow linewidth property are required for enabling high 

capacity network, corresponding to the narrower optical beam inside a waveguide. In 

contrast, fiber lasers normally operate in multi-longitudinal modes due to small 

spacing between the emitted longitudinal modes. At the same time, to achieve narrow 

optical laser emission spectrum or single frequency fiber laser operation is a 

challenging task.  

Several techniques has been introduced to achieve narrow linewidth operation of fiber 

lasers such as using a compact and short linear cavity to broaden the spacing of 

between the longitudinal modes and eradicate multi-longitudinal modes fiber laser 

oscillation (Zyskind, J.L. et al., 1992). However, the short length of the fiber laser 

cavity limits the output power. An alternative proposed method is to use a long fiber 

laser cavity and additional optical components. For instance, ultra-narrow bandpass 

filter based on phase-shifted fiber Bragg grating, to remove the multi-longitudinal 
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mode laser operation and mode competition triggered by the long fiber laser cavity 

length. This results in the narrow longitudinal mode spacing (Yu Yao et al., 2006). 

Other methods such as using fiber Bragg grating based Fabry–Perot (FP) filter (Sun 

Szkopek and Smith, 2003; Cheng et al., 2008), a saturable absorber based Sagnac loop 

(Zhang and Kang, 2008), a fiber Bragg grating based Fabry-Perot filter together with 

a narrow-band fiber Bragg grating and a fiber-based saturable absorber have been 

established to providing an excellent mode selection for a fiber laser. Feng T. et al. 

reported a combination of a narrow-band fiber Bragg grating based Fabry-Perot  filter, 

a section of un-pumped Erbium-doped fiber (EDF) as a saturable absorber, and an all-

fiber polarizer (Feng et al., 2014). 

In this project, an advanced Q-switching approach in Erbium-doped fiber lasers is 

proposed and experimentally investigated. Improvement and optimization in term of 

the design and the use of suitable devices to develop Q-switched Erbium-doped fiber 

laser systems are targeted. Fiber laser characteristics that yields peak power, time 

duration, output power stability, extinction ratio, narrow linewidth, robustness and 

simplicity required for potential applications motivate this research project. In 

addition, another importance of this research is the development of a customized 

numerical model to validate the new Q-switching technique proposed this project. A 

refined numerical technique to simulate the Q-switched fiber laser characteristics, 

peak power and time duration is suggested. Effects of fiber laser cavity parameters 
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such as pump power, Erbium-doped fiber length and repetition rate of pulses are 

evaluated.    

1.3 Research objectives  

Q-switched fiber lasers have been extensively and actively studied for its concept, 

designs, and various physical phenomena involved in its operation. The purpose of the 

research presented in this thesis has been focused on proposing and demonstrating an 

innovative Q-switching mechanism in fiber lasers. Hence, the experimental and 

simulation results obtained from this study are important as a reference source for the 

future experiments and implementations. Therefore, this research includes both 

theoretical and experimental contributions. The project objectives are: 

❖ Design and build all-fiber Q-switched Erbium-doped lasers which exploit the 

spectral overlapping mechanism between the reflection spectrum of a fiber 

Bragg grating and the transmission spectrum of a tunable fiber Fabry-Perot 

filter.  

❖ Test and characterize the Q-switched fiber lasers in both linear and ring cavity 

arrangement.  

❖ Perform experiments in continuous wave and pulsed regime to study the fiber 

laser output features, peak power, time duration, output stability, extinction 
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ratio and linewidth as function pump power, repetition rate, doped fiber 

concentration, doped fiber length and coupling ratio. 

❖ Explore and implement techniques to stabilize the output power and narrow 

the linewidth the investigated fiber lasers.  

❖ Explore and implement linewidth measurement technique suitable for the fiber 

lasers. 

❖  Develop a customized numerical method to simulate the Q-switching 

approach introduced in this project.  

❖ Explore various physical mechanism involved in Q-switched fiber laser and 

their effects on the peak power and time duration of pulse output.  

❖  Validate simulation results against the obtained experiments results.  

1.4 Research methodology 

Prior to the experimental investigation, literature studies, as well as the understanding 

of the working principle of the Q-switched fiber lasers are first presented. 

Subsequently, reviews on the state of art in all-fiber Q-switched fiber laser 

configuration are discussed. Advantages and shortcoming of leading all-fiber active 

Q-switching techniques are highlighted to identify new avenues to improve 

characteristics and system design of all-fiber Q-switched fiber laser systems. 
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Furthermore, fiber laser characteristic such as output power stability and linewidth are 

underlined. 

Upon completion of the literature review, the design of Q-switching approach 

proposed in project is presented. The design of the all-fiber active Q-switched fiber 

laser is described and experimentally characterized in both ring cavity and linear 

cavity configurations. Erbium-doped fiber is chosen as gain medium in fiber laser 

cavities. The choice of Erbium-doped fiber is motivated by its emission spectrum in 

the C band of telecommunication (around 1550 nm), where the telecommunication 

fibers exhibit a low loss characteristic. We first characterized the fiber laser systems 

in the continuous wave regime to determine optimal cavity parameters such as pump 

power, Erbium ion concentrations, fiber laser cavity length and output coupling ratio. 

The fiber lasers are then characterized in pulsed (Q-switching) regime to determine 

peak power and time duration of pulses as a function of the cavity parameters.  

With Q-switched fiber lasers fully characterized, we proceed with the output power 

stability and linewidth characterisation of the fiber lasers systems, for both ring and 

linear fiber laser cavity configurations. Brief highlights on key physical phenomena 

that lead to multimode laser operation in fiber laser are provided. Techniques to 

stabilize the output power and narrow the linewidth are discussed. Important linewidth 

measurement techniques are reviewed. Delay self-heterodyne technique is chosen as 

being the best suited technique for the range of linewidth measured in this project.  
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Because the existing literature does not address the Q-switching approach 

experimentally demonstrated in this project, we complete this project with well 

elaborated numerical model to simulate the Q-switched Erbium-doped fiber ring laser. 

We validate the model by comparing simulation results against obtained experimental 

results. 

1.5 Layout of the dissertation 

There are seven Chapters in this thesis. Chapter 1 covers the opening description of 

this research which comprised of brief history and background of the all-fiber Q-

switched fiber laser and its characteristics requirement for various applications. The 

project motivation, objectives and significance of this research are also incorporated 

in this Chapter. 

In Chapter 2, literature review pertaining to this research is presented. Basic concepts 

related to rare-earth doped fiber lasers are outlined. Short pulse generation based on 

Q-switching is fully discussed. A state-of-the-art review on all fiber active Q-witched 

lasers is presented to put in perspective the experimental results achieved in this 

research. 
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The design and working principle of the Q-switching mechanism introduced in this 

project is described in Chapter 3. The proposed Q-switching approach in fiber laser is 

based on the spectral overlapping of two optical fiber filters to modulate the intra-

cavity loss in the fiber laser. The Q-switching technique is implemented in Q-switched 

fiber ring laser system and experimentally characterized. Peak power and pulse 

duration of the fiber laser pulses are evaluated as a function of cavity parameters such 

as Erbium-doped fiber length, Erbium ions concentration in the doped fiber and output 

coupling ratio. The extinction ratio of the fiber laser, which is an important 

characteristic of fiber laser for potential sensor application, is measured and 

parameters affecting it are discussed. 

In Chapter 4, the implementation of the Q-switching technique in a linear cavity 

configuration is presented. A well-elaborated description of the experimental set-up 

and comprehensive characterisation are provided. Obtained characteristics of the fiber 

laser pulses, as well as the fiber laser extinction ratios, are discussed.   

In Chapter 5, the linewidth and output power stability of the fiber laser sources 

implemented in Chapter 3 and Chapter 4 are measured. Physical phenomena that lead 

to multimode fiber laser emission are first discussed. This includes the cause of output 

power instability in the fiber laser. Different techniques to measure the linewidth of 

the fiber laser are explored. Method to improve the output power stability and 
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linewidth are discussed in this Chapter. The significance of the experimental results is 

finally highlighted. 

In Chapter 6, a detailed computer model to reproduce the physical phenomena 

involved in Q-switching and their effects on the temporal response of the pulse output 

is described. Dependence of Q-switched fiber laser output pulse characteristic on 

various fiber laser cavity parameters such as pump power, cavity length and repetition 

rate is established through simulation.  

Chapter 7 Sums up the project with concluding remarks and research output that 

answered the projected objectives. Results discussions and recommendations for 

future work in all-fiber Q-switched fiber laser are provided in this Chapter. 
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Chapter 2 

 

 

 

 

 

Fiber lasers and Q-switched fiber 

lasers 
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2.1 Introduction 

An overview of the theory is presented in different sections of this Chapter. The main 

focus is on Q-switched Erbium-doped fiber lasers. First, basic concepts and 

characteristics of rare-earth-doped fiber laser systems are reviewed. We distinguish 

between continuous wave and pulsed Erbium-doped fiber lasers and concentrate more 

on active Q-switching techniques. The theory of the improved active Q-switched fiber 

laser systems is presented. The shortcomings of Q-switched laser systems using optical 

bulk components like acousto-optic modulators and electro-optic modulators, as 

compared to all-fiber based active Q-switching fiber lasers are discussed. Finally, a 

state of arts review on all-Q-witched fiber lasers is presented.  

2.2 Rare-earth doped fibers 

Since its invention in the mid-20th century, fiber optics has been a very important 

technological achievement. In 2009, Charles K. Kao shared the Nobel Prize in physics 

with George E. Smith and Willard Boyle for his pioneering work in optical 

communication. In 1966, Kao published a joined research paper with George A. 

Hockham recommending the utilization of optical fiber for low-loss guiding of light 

javascript:openDSC(3628190,%2037,%20'1650');
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(Kao, K. C. and Hockham, G. A. , 1966). From that point forward, optical fibers have 

been used to transport laser light in optical telecommunication networks 

A typical structure of optical fiber is illustrated in Figure 2.1, which is fundamentally 

a cylindrical dielectric waveguide made from silica glass.  

 

Figure 2. 1: Optical fiber structure. 

An optical fiber comprises of a core with a refractive index 𝑛1, surrounded by a 

cladding with a slightly lower refractive index 𝑛2. An external coating made out of 
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polymer provides mechanical strength and protection to the fiber (Guenther, 1990; 

Verdeyen, 1995; Agrawal, 2013)  

By doping optical fiber with rare-earth elements, amplification can be achieved 

directly inside the optical fiber without electronic manipulation of the signal. There 

exist two groups of rare-earth atoms, namely the lanthanides and actinides. These atom 

groups contain 14 elements each. The lanthanides fill the 4f shell and have atom 

numbers from 57 to 71. The actinides fill the 5f shell and the atomic numbers range 

from 90 to 103. A considerable part of rare-earth doped fibers is doped with 

lanthanides ions. Rare-earth-doped fibers are usually employed as amplifying medium 

in fiber lasers. Depending on the desired operating wavelength of a fiber lasers, an 

appropriate rare-earth doped fiber is chosen. The most common rare-earth-doped ions 

used in fiber laser are Praseodymium, Neodymium, Europium, Holmium, Ytterbium, 

Thulium and Erbium (Digonnet, 2001; Paschotta, 2009). 
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2.3 Erbium-doped fiber 

In a silica or glass matrix, Erbium is embedded as trivalent ions [Er3+] with a 4f115s25p6 

(Paschen notation) electronic structure  (Bellemare, 2003). A number of Erbium 

transitions start from the 4f state, as illustrated in Figure 2.2. 

 

Figure 2.2: Lifetimes and absorption wavelength for Erbium energy levels 

(Bellemare, 2003). 
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Since the 4f state is partially isolated from the 5s and 5p states, the Erbium emission 

and absorption spectra are relatively unaffected by the type of the host material. 

However, the photons energies influence the lifetimes of the excited energy levels of 

the host material  (Myslinski et al., 1992).  

The main energy levels of the Erbium ions together with pump wavelengths and 

lifetimes are also illustrated in Figure 2.2. The excited energy levels can be pumped 

by different laser wavelengths, e.g. the 4F9/2 level can be pumped by 670 nm. The 

excited energy levels decay quickly and non-radiative to the metastable level 4I13/2. 

Metastable level means that this level has a very long lifetime. The lifetime of the 

Erbium-doped fiber metastable is about 10 ms.  

2.3.1 Emission and absorption cross-section  

The intensity distribution of emission and absorption spectra in an Erbium-doped fiber 

as a function of the wavelength is illustrated in Figure 2.3. An Erbium-doped fiber 

displays a broad emission spectrum around 1550 nm. This wavelength range is known 

to be suitable for low loss characteristic of transmission fibers used in a 

telecommunication network. 
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Figure 2.3: Intensity distribution for emission and absorption spectra of an Erbium-

doped fiber as a function of the wavelength. 

The Erbium-doped fiber absorption cross-section is given by: 

 
𝜎𝑎𝑏𝑠 =

𝑊𝑝

𝑃𝑝

ℎ𝑣𝑝
𝐴

 
(2. 1) 

 

where  𝑊𝑝 is the probability per second of pump absorption efficiency of each ground 

state carrier that is pumped to the metastable. 𝑃𝑝 is the optical pump power. 
p

p

h

P


is 

the number of incoming pump photons per second,  𝑣𝑝  is the optical pump frequency 

and A is the effective fiber core cross-section area.  
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The emission cross-section of Erbium-doped fiber is given by: 

 
𝜎𝑒𝑚 =

𝑊𝑠
𝑃𝑠

ℎ𝑣𝑠
𝐴

  ,   
(2.2) 

 

where, 𝑃𝑠 and 𝑣𝑠 are the emitted laser power and frequency, respectively. 𝑊𝑠 is the 

stimulated emission efficiency or the probability of each carrier in the metastable state 

that recombines to produce a photon within each second. 

Emission and absorption cross-sections are related by the McCumber formula 

(Desurvire, 1995; Becker, Olsson and Simpson, 2003). 

 
𝜎𝑒𝑚(𝑣) = 𝜎𝑎𝑏𝑠(𝑣)𝑒𝑥𝑝 (

𝜖 − ℎ𝑣

𝑘𝑇
) 

(2.3) 

where, ℎ is the Plank constant,  k  the Boltzman constant, 𝑣 is the frequency and 𝜖  the 

net free energy required to excite one Erbium ion from the 4I15/2  state to the 4I13/2 state  

at the absolute temperature T. 

2.3.2 Lifetimes of the Erbium-doped fiber levels 

The population of excited levels in Erbium-doped fiber depletes exponentially with a 

time constant corresponding to the lifetime of the energy level. Transition probability 

rate of exited levels is inversely proportional to the lifetime of each respective energy 
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level. The depletion of population follows two main pathways, which include the 

radiative and non-radiative depletion pathways. The total transition probability is 

given by the sum of the probabilities of each depletion path as (Desurvire, 1995) : 

 1

𝜏
=

1

𝜏𝑟
+

1

𝜏𝑛𝑟
 

(2.4) 

where 𝜏 is the total lifetime, 𝜏𝑟 the radiative lifetime and 𝜏𝑛𝑟 the non-radiative lifetime. 

The composition of the glass affects the lifetimes of the Erbium-doped fiber levels. 

The lifetime of the radiative transition mainly depends on the transitions probability 

between an excited level and all lower energy levels. The typical radiative lifetime of 

the metastable level of Erbium-doped fiber is about 10 ms.  

The non-radiative lifetimes depend mostly on the concentration of the doped fiber 

(Lidgard, Simpson and Becker, 1990). One important non-radiative transition is pair 

induced quenching. This non-radiative interaction is extensively discussed in the 

literature (Lidgard, Simpson and Becker, 1990; Miniscalco, 1991; Digonnet, 2001; 

Paschotta, 2009). Quenching effect manifests in energy transfer between ions in the 

same energy level due to high doping concentrations in the Erbium-doped fiber. For 

instance, a donor ion in metastable level 4I13/2 can transfer its energy to another 

metastable ion (acceptor) and decay to the ground state 4I15/2. The ion receiving the 

energy is excited to 4I9/2 level and decays later via radiative transitions. The quenching 
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effect in Erbium-doped fiber reduced lifetime of metastable ions and alter the 

amplification characteristic of the Erbium-doped fiber (Payne and Reekie, 1988; 

Urquhart, 1988; Giles and Desurvire, 1991; Horowitz et al., 1994; Voo et al., 2005). 

Figure 2.4 illustrates quenching effect in Erbium-doped fiber. 

 

Figure 2.4: Illustration of the quenching effect in Erbium-doped fibers (Snitzer, 

1964). 

2.4 Basics of fiber lasers 

Consider an atomic system (rare-earth doped fiber) with corresponding discrete energy 

levels annotated here as 𝐸𝑏 and 𝐸𝑎. An atom can absorb or emit photons when 
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electrons make an upward or downward transition between its discrete energy levels. 

The frequency of the absorbed or emitted radiation is described by Bohr’s relation 

given by  

 
𝑣𝑎𝑏 =

𝐸𝑏 − 𝐸𝑎

ℎ
, 

(2.5) 

where ℎ is the Plank’s constant and 𝑣𝑎𝑏 is frequency. 

 

Figure 2.5: Two energy levels representations illustrating: (a) Stimulated 

absorption, (b) Spontaneous emission and (c) Stimulated emission. 

An electromagnetic wave with frequency 𝑣𝑎𝑏 corresponds to an energy band gap 

between two energy levels of an atomic system (Figure 2.5). Three processes can take 

place in this interaction, which include stimulated absorption, spontaneous emission 

and stimulated emission. 

In the presence of a radiation field, the probability for stimulated absorption transition 

and stimulated emission transition is the same. These two processes take place at the 
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same time. However, according to the Boltzmann distribution, stimulated absorption 

is a dominant process as majority of the electrons occupies the lower energy levels 

(ground level). 

Stimulated absorption takes place when the energy of an incident photon of specific 

frequency is absorbed by the atom and an electron is promoted from the lower energy 

level to an excited energy level. The population of lower energy level decay at a rate 

proportional to both the total population 𝑁𝑎 of the lower energy level and the energy 

density ϱ(𝑣) of photons per unit frequency. 

 𝑑𝑁𝑎

𝑑𝑡
= −𝐵𝑎𝑏ϱ(𝑣) 𝑁𝑎, 

(2.6) 

where  𝐵𝑎𝑏 is the constant of proportionality. 

Stimulated emission becomes a dominant process when a large amount of the electrons 

occupy higher energy levels. Stimulated emission happens when an incoming photon 

stimulates excited electrons to relax. This process results in the emission of another 

propagating photon, having the same polarity, and same energy as the incident. The 

rate of depletion of the excited level is given by: 

 𝑑𝑁𝑏

𝑑𝑡
= −𝐵𝑏𝑎ϱ(𝑣) 𝑁𝑏, 

(2.7) 
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where 𝐵𝑎𝑏 is the constant of proportionality and 𝑁𝑏 is the population of the excited 

level. 

Spontaneous emission occurs when an excited electron make a transition to the lower 

energy level and spontaneously emits a photon with energy equal to the energy 

difference between the two energy levels. The depletion of the population of the 

excited level is proportional to its initial population 𝑁𝑏 and the proportionality 

constant 𝐴𝑏𝑎 expressed as: 

 𝑑𝑁𝑏

𝑑𝑡
= −𝐴𝑏𝑎 𝑁𝑏. 

(2.8) 

Spontaneously emitted photons have no phase relationship to each other and propagate 

in random directions.  

It is important to note that in radiative transitions, stimulated emission, stimulated 

absorption and spontaneous emission are always present at the same time. To construct 

a lasing gain medium, situation which favor stimulated emission over spontaneous 

emission and stimulated absorption have to be found. Therefore, both the correct gain 

medium and sufficient conditions must be fulfilled to produce the laser effect.  

To make stimulated emission the prevailing process, population inversion process is 

required. This means the situation where the equilibrium of the atomic system, 

provided by Boltzmann distribution, is inverted by having fewer atoms in the lower 
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energy level (𝑁𝑎) compared the upper energy level (𝑁𝑏). The population inversion 

condition is achieved through a process known as pumping by actively exciting the 

atoms at a lower energy level to a higher energy level. 

It is clear that population inversion is mandatory for laser operation; however, this 

process cannot be achieved in a two energy-level system (Figure 2.5). In fact, any 

method by which the atoms are continuously excited from the lower energy state to 

the excited state (such as optical absorption) will eventually reach equilibrium with 

the de-exciting processes of spontaneous and stimulated emission. At best, an equal 

population of the two states 𝑁𝑎 = 𝑁𝑏 , can be achieved, resulting in optical 

transparency but no population inversion. To accomplish a population inversion 

resulting in an optical gain, three or four level systems must be used.  

A fiber laser is composed of main components: The gain medium, the laser cavity and 

the pumping system as shown in Figure 2.6.  
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Figure 2.6: Basic laser configuration: The feedback is accomplished with the help 

of two mirrors. 

The pump system enables population inversion to take place; by providing the 

necessary energy to the gain medium and excites molecules, atoms, or ions to make a 

transition from lower to higher energy level. For efficient optical pump system, it is 

required that the emission spectrum of the pump source closely matches the absorption 

spectrum of the gain medium, and therefore transfers the radiation with a minimum 

loss from the pump source to the absorbing gain medium of the laser. Laser diodes are 

commonly used as pump sources for fiber laser systems. 

The gain medium is basically a rare-earth-doped fiber in which population inversion 

is established and stimulated emission occurs. The structure of energy level of the gain 

medium dictates both the required emission wavelength of the pump and the emission 

spectrum of laser source. 

The working principle of a fiber laser is based on a dynamic balance between the 

competitive processes of gain and loss in the cavity. When the laser process starts, as 

the pump source supplies energy to the gain medium, the gain of the active medium 

of the fiber laser start to increase exponentially (small signal gain). If the gain of the 

active gain medium of the fiber laser is still increased, the energy in the fiber laser 

cavity would also grow exponentially to point where one of the components of the 
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fiber laser would be damaged. However, because of the obvious limitations of the fiber 

laser such as limited pump power, or absorbing feedback elements, the gain does not 

increase indefinitely in the amplifying medium of laser. Instead, at some point, the 

fiber laser reaches a condition of gain saturation which leads to the amplifier gain 

reduction. In addition, if the loss is larger than the available gain in the fiber laser 

cavity, propagating photons in the cavity are lost on each successive round trip. 

Consequently, no significant output is produced from the fiber laser. The condition 

where the gain of the fiber laser is exactly equal to the net loss of the laser is known 

as a threshold.   

2.4.1 Erbium-doped fiber laser configurations 

Erbium-doped fiber lasers can be designed with a variety of cavity configurations. The 

most popular are the linear cavity and ring cavity (Ter-Mikirtychev, 2014). In this 

section, we discuss the characteristics, advantages and disadvantages of these two fiber 

laser cavity configurations. 

2.4.1.1 Linear cavity fiber laser  

The linear cavity, also known as a Fabry-Perot cavity, consists of a gain medium 

placed between two reflecting mirrors as shown in Figure 2.7. Fiber Bragg gratings 

are usually used as fiber laser mirrors placed at the opposite ends of the fiber laser 
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cavity. The gain medium is based on Erbium-doped fiber. Other intra-cavity optical 

components may be included in the fiber laser to control the spectral and temporal 

properties of the fiber laser. 

 

Figure 2.7: Example of a linear cavity fiber laser. 

The use of two gratings results in an all-fiber laser linear cavity which makes the 

system more robust and reduces the cavity losses. The additional advantages of the 

linear cavity include its simplicity and the possibility to make very short fiber laser 

cavities (Ball, Morey and Glenn, 1991). In linear cavity fiber laser, the lasing 

frequencies or resonator modes consist on a superposition of two counter-propagating 

electromagnetic waves between the fiber laser cavity mirrors. The lasing frequencies 

of the linear fiber laser cavity are given by the following by (Barnard et al., 1994): 

 𝑓 = 𝑀 × (
𝑐

2 × 𝑛 × 𝐿𝑐
), (2.9) 
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with M being an integer representing the number of lasing mode. 𝑛 and 𝐿𝑐 represent 

the refractive index of the length of the fiber laser cavity, respectively.  

2.4.1.2 Ring fiber laser cavity  

The ring fiber laser cavity is an alternative type of fiber laser resonator. This type of 

fiber laser cavity is preferred for unidirectional light propagation in the fiber laser. 

This is achieved by inserting optical component such as optical circulator or optical 

isolator into the cavity (Bellemare et al., 2001; Chen et al., 2005).  

 

Figure 2.8: Example of a ring fiber laser cavity. 

Figure 2.8 shows the schematic structure of a fiber ring laser. The advantages of a fiber 

ring laser are low cavity loss, low pump thresholds and high conversion efficiencies. 

The expression for lasing frequency is given as follows (Barnard et al., 1994): 
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 𝑓 = 𝑀 × (
𝑐

𝑛 × 𝐿𝑐
), (2.10) 

2.4.2 Pumping process in Erbium-doped fiber lasers 

Laser diodes emitting at a wavelength of 1480 nm or 980 nm are commonly used as a 

pumping source for Erbium-doped fiber laser systems. The pumping light is usually 

coupled into Erbium-doped fiber laser using a wavelength division multiplexer 

(WDM) coupler. The pumping wavelength of 1480 nm does not produce non-radiative 

transitions between  4𝐼11/2 and 4𝐼13/2. This makes it relatively more efficient than the 

980 nm pumping wavelength. Hence, the laser diode emitting at a wavelength of 1480 

nm is preferred for high-power optical amplifiers and laser systems. However, 

amplifiers with 1480 nm pumping wavelength are usually associated with higher noise 

levels than 980 nm pumping wavelength. Consequently, the choice between 1480 nm 

and 980 nm pumping wavelength is not always obvious since each pumping 

wavelength hold its merit. For a practical development of Erbium-doped fiber 

amplifiers and lasers, both pumping wavelengths have been utilized (Zhang and Kang, 

2008).  
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2.5 Theoretical model of Erbium-doped fiber lasers 

The analytical model describing Erbium-doped fiber laser characteristics is derived in 

this section.  The efficiency of Erbium-doped fiber lasers depends on the cavity design. 

A fiber laser cavity design includes the choice of the fiber laser cavity configuration 

and cavity parameters such as pump power, output coupling ratio, Erbium-doped fiber 

length and overall cavity loss (Agrawal, 2013).  

The small signal gain of an Erbium-doped fiber laser can be written as  

 𝑔(𝑧) =  𝜎𝑒𝑚(𝑁2(𝑧) − 𝑁1(𝑧)), (2.11) 

where  𝑁1(𝑧) and 𝑁2(𝑧) are the populations of the lower and upper energy states as a 

function of the propagating distance along the fiber laser cavity.  𝜎𝑒𝑚 is the stimulated 

emission cross-section. 

The threshold condition of any laser is reached when the gain is equal to the loss. If 

we consider a linear cavity, formed by two fibers Bragg grating used as mirrors at the 

two ends of an Erbium-doped fiber of length L, the threshold condition is given by: 

 𝐺2𝑅1(𝜆)𝑅2(𝜆) 𝑒𝑥𝑝(−2𝛼𝑖𝑛𝑡𝐿) = 1, (2.12) 
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where  𝑅1(𝜆) and 𝑅2(𝜆) representing the wavelength dependent reflectivity of the first 

and second fiber Bragg grating, respectively. G is the single-pass amplification factor 

and  𝛼𝑖𝑛𝑡 is the total intra-cavity loss within the cavity.  

The single-pass amplification factor is linked to the small signal gain via the relation 

 
𝐺 = 𝑒𝑥𝑝 [∫ 𝑔(𝑧)𝑑𝑧

𝐿

0

]. 
(2.13) 

By substituting equation 2.13 and equation 2.11 into equation 2.12, the threshold 

condition becomes  

 1

𝐿
∫ 𝑔(𝑧)𝑑𝑧

𝐿

0

 =  𝛼𝑔𝑟𝑎𝑡𝑖𝑛𝑔𝑠 +  𝛼𝑖𝑛𝑡 = 𝛼𝑐𝑎𝑣 , 
(2.14) 

where 𝛼𝑔𝑟𝑎𝑡𝑖𝑛𝑔𝑠 = −
ln (𝑅1(𝜆)𝑅2(𝜆))

2𝐿
 is the effective grating loss and 𝛼𝑐𝑎𝑣 is the total 

cavity loss. 

The population difference 𝑁2(𝑧) − 𝑁1(𝑧), from equation 2.11, depends on considered 

energy level for the gain medium and pump power. To achieve threshold condition, a 

pumping power to produce the desired population inversion is required.   

Given that the pump power is exponentially absorbed along the fiber laser cavity as: 
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 𝑃𝑎𝑏𝑠 = 𝑃𝑝[1 − 𝑒𝑥𝑝 (−𝛼𝑝𝐿)], (2.15) 

where 𝑃𝑝 is the pump power and 𝑃𝑎𝑏𝑠 is the absorbed pump power. 

The pump threshold is expressed by. 

 𝑃𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 𝛼𝑐𝑎𝑣 𝐿 (
𝛼𝑝

𝛼𝑠
) 𝑃𝑃

𝑠𝑎𝑡 , (2.16) 

where 𝑃𝑃
𝑠𝑎𝑡 is the pump power saturation and 𝛼𝑠 and 𝛼𝑝 are the absorption coefficient 

at the lasing wavelength and pumping wavelength, respectively. 

The pump threshold is also expressed in terms of the pump overlap Г𝑠 by the 

expression: 

 
𝑃𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 𝛼𝑐𝑎𝑣 𝐿 (

𝛼𝑝ℎ𝑣𝑝

𝜏𝜎𝑠Г𝑠
) 𝑃𝑃

𝑠𝑎𝑡 , 
(2.17) 

where τ is the lifetime of the ions in the metastable level of the Erbium-doped fiber. 

It is clear, from Equation 2.17, that the pump threshold of the laser depends on 

parameters associated with the fiber laser cavity and the gain medium. In practice, it 

has been demonstrated that the reflectivity of fiber Bragg gratings are high enough so 

as the power at lasing wavelength, 𝑃𝑠, is considered as constant. This lead to a 

simplified expression of the output power given by  
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𝑃𝑜𝑢𝑡 = 𝑃𝑃

𝑠𝑎𝑡 (
𝑃𝑎𝑏𝑠

𝑃𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑
− 

 1) = 𝑃𝑠
𝑠𝑎𝑡(𝑃𝑎𝑏𝑠 − 𝑃𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑) 

(2.18) 

and the output power, from the output  mirror 𝑅1of the fiber laser, is given by 

 𝑃𝑜𝑢𝑡 = 𝑃𝑠(1 − 
 𝑅1(𝜆)) = 𝑃𝑠

𝑠𝑎𝑡(𝑃𝑎𝑏𝑠 − 𝑃𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑), (2.19) 

The output power of the laser increases linearly with the absorbed pump power. The 

slope efficiency  𝜂𝑠 is defined as the ratio 
𝑑𝑃𝑜𝑢𝑡

𝑑𝑃𝑎𝑏𝑠
, and it is given by 

 
𝜂𝑠 =

1 − 𝑅1(𝜆)

𝛼𝑐𝑎𝑣𝐿
(

𝛼𝑠ℎ𝑣𝑠

𝛼𝑝ℎ𝑣𝑝
). 

(2.20) 

In fiber lasers, with a linear cavity the output power, the pump threshold and the noise 

level are relatively high. This is because spontaneous emissions are amplified twice in 

a linear cavity but only once in a ring cavity. The higher spontaneous emission level 

in linear configurations may induce a severe decrease in gain and absorption at 1550 

nm in the Erbium-doped fiber laser.  
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2.6 Q-Switched Erbium-doped fiber laser 

So far, Erbium-doped fiber lasers operating in continuous wave (CW) has been 

described. The intra-cavity loss of the Erbium-doped fiber laser is constant. In this 

section, Erbium-doped fiber laser operation in pulsing regime using Q-switching 

technique is introduced. Unlike continuous wave fiber laser, Q-switched fiber laser 

operates on the principle of intra-cavity loss modulation. Q-switched fiber lasers 

produce energetic laser pulses of nanoseconds with repetition rates of a few hertz to 

several kilohertz. The basic configuration of a Q-switched Erbium-doped fiber laser is 

illustrated in Figure 2.9. 

 

Figure 2.9: Schematic illustration of a Q-switched Erbium-doped fiber linear cavity. 

The optical switch allows the changes of the cavity loss, by opening and closing the 

fiber laser cavity.  
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2.6.1 Q-Value of a fiber laser cavity 

The Q-value (or Quality factor) of a fiber laser cavity is the ratio between the amount 

of energy stored in the cavity and the amount energy lost per round trip. The Q-value 

of a fiber laser cavity can be expressed as (Ter-Mikirtychev, 2014). 

 
𝑄 =

2𝜋𝐿

𝜆𝛼𝑐𝑎𝑣
, 

(2.21) 

where L is the cavity length, 𝜆 is the laser wavelength, and 𝛼𝑐𝑎𝑣 is the cavity loss 

coefficient. 

In linear fiber laser cavities, the cavity loss coefficient can be expressed as  

 𝛼𝑐𝑎𝑣 = 2𝑙 − 𝑙𝑛 𝑅1(𝜆)𝑅2(𝜆), (2.22) 

where  𝑙 is the fractional loss of the gain medium in the laser cavity. 𝑅1(𝜆) and 𝑅2(𝜆) 

are the wavelength dependent reflectivities of the two mirrors, respectively as shown 

in Figure 2.9. The modulation of the cavity loss results in the generation of laser pulses.  

2.6.2 Principle of Q-switching in fiber laser  

A typical sequence of events during laser Q-switching is shown in Figure 2.10. Q-

switching is accomplished by introducing large losses, low Q-value in the fiber laser 

during pumping. This prevents the onset of the laser emission. 
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Figure 2.10: Formation of a Q-switched fiber laser pulse. 𝑁𝑖  is the population 

inversion at the beginning of the Q-switched pulse; 𝑁𝑡 is the population inversion 

at the threshold and 𝑁𝑓 is the population inversion at the end of the Q-switched 

pulse. 

The energy is stored in the fiber laser cavity as the gain is increased. The population 

inversion builds up to values far above the threshold required for normal lasers. The 

cavity loss is then reduced to its lowest value, high Q-value, resulting in a gain that 

greatly exceeds that which is possible in continuous wave operation. 
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The stored energy is suddenly released in the form of a large short laser pulse. This 

laser pulse then begins to deplete the inverted population, thereby reducing the 

available gain. As the gain decreases below the cavity loss, the laser oscillation rapidly 

dies out. This entire process results in Q-switched laser pulses with time duration of a 

few nanoseconds and peak powers that can be several orders magnitudes above normal 

CW laser output powers.  

Q-switched pulse trains can be generated by periodically switching the cavity loss. Q-

switching can be realized either passively or actively. In passive Q-switching, the 

losses are modulated using a component like saturable absorber. Active Q-switching 

needs an active control element, such as an acousto-optic modulator (AOM), electro-

optic modulator (EOM), or a rotating mirror. The advantages of active Q-switching 

are easy to control the pulse repetition rate, pulse time duration and peak power of 

pulses. 

2.7 Q-switched fiber laser pulse characteristics 

In this section, the mathematical description of a Q-switched fiber laser is reviewed to 

understand output pulses characteristics. Gaeta, C. J. et al. (1987) proposed a 

numerical model to investigate the pulse characteristics of a Q-switched fiber laser. 

The proposed model highlighted the influence of the characteristics of the doped-fiber 
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(gain medium) and the fiber laser cavity parameters on the time duration, peak power 

and energy of the output pulses using the mode overlapping approach. Shang et al 

(2006) used the model proposed by Gaeta, C. J. et al. to introduce effective methods 

to optimize and analyze a Q-switched Ytterbium-doped double cladding fiber laser.  

The general assumptions made to study the behavior of a Q-switched fiber laser are: 

The length of the Q-switched fiber laser cavity is equal to the length of the Erbium-

doped fiber. The time between the low Q-value and high Q-value of the fiber laser 

cavity is shorter than the pulse build-up time. The spontaneous emission is neglected 

during the emission of the output pulse. The effects of optical pumping are neglected 

during the emission of the output pulse. Finally, the model assumes a uniform 

concentration profile along the Erbium-doped fiber. Under these assumptions, the 

photon lifetime in the fiber laser cavity is defined by 

 
𝜏𝑐 =

2𝐿𝑛

𝑐𝛿𝑖
 

(2.23) 

where 𝑐 is the velocity of light in vacuum,  L is the length of the Erbium-doped fiber 

laser cavity, 𝑛 is the index of refraction of the Erbium-doped fiber at the lasing 

wavelength. 𝛿𝑖 is the cavity round trip loss of fiber laser for the ith  transverse mode 

when the Q factor is high. 
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At the beginning of the Q-switching process, the initial population inversion 𝑁𝑖 in the 

amplifying medium of the Q-switched fiber laser is given by 

 
𝑁𝑖 = (

𝜏

ℎ𝑣𝑝
) 𝑃𝑝[1 − exp (−𝛼𝑝𝐿)]. 

(2.24) 

𝑁𝑖 is a function of the pump power 𝑃𝑝, the length of the Erbium-doped fiber and the 

lifetime 𝜏 of the photons in the metastable level. 

Assuming a fiber laser cavity loss is 𝛿𝑖, the population inversion at the laser threshold  

𝑁𝑡,𝑖 for the ith  mode is expressed by (L J Shang et al., 2006).  

 
𝑁𝑡,𝑖 = 𝛿𝑖

𝐴2

2𝜎𝑒𝑚  

, 
(2.25) 

with 𝐴 = 𝜋𝑟2 the fiber core area. 𝑟 is the fiber core radius.  

At the end of the Q-switching process, the photon density is once zero. The final 

population inversion 𝑁𝑓 can be calculated from:  

 𝑁𝑓

𝑁𝑖𝑛
= 𝑒𝑥𝑝 (

𝑁𝑓 − 𝑁𝑖

𝑁𝑡,𝑖
). 

(2.26) 

The instantaneous output power can be related to the photon number by (Koechner 

W., 1976) 



KABOKO Jean-Jacques MONGA Page 45 

 

 

 
𝑃𝑖 = 𝑆𝑖ℎ𝑣𝑠

𝑐𝑇𝑂𝐶 

2𝐿
  ,    

(2.27) 

where 𝑇𝑂𝐶 is the output coupler transmittance; with 𝑆𝑖, being the photon distribution 

function for ith transverse laser mode given by 

 
𝑆𝑖 = [𝑁𝑡,𝑖𝑙𝑛

𝑁

𝑁𝑖𝑛
− (𝑁 − 𝑁𝑖)], 

(2.28) 

with 𝑁 representing the total population inversion in the Erbium-doped fiber. 

Substituting equation 2.28 into equation 2.27 leads to the following expression 

 
𝑃𝑖 = ℎ𝑣𝑠

𝑐𝑇𝑂𝐶 

2𝐿
[𝑁𝑡,𝑖𝑙𝑛

𝑁

𝑁𝑖
− (𝑁 − 𝑁𝑖)]. 

(2.29) 

By setting 
𝑑𝑃𝑖

𝑑𝑁
= 0, the maximum output peak power is obtained when 𝑁 = 𝑁𝑡,𝑖. The 

maximum output peak power can be written as:  

 
𝑃𝑖,𝑚𝑎𝑥 = ℎ𝑣𝑠 (

𝑐𝑇𝑂𝐶 

2𝐿
) [𝑁𝑡,𝑖𝑙𝑛

𝑁𝑡,𝑖

𝑁𝑖
− (𝑁𝑡,𝑖 − 𝑁𝑖)]. 

(2.30) 
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2.7.1 Output pulse energy 

The total energy in a single output pulse is obtained by integrating the instantaneous 

power  𝑃𝑖 over the time from the beginning (time 𝑡 = 𝑡𝑖) to the end (time 𝑡 = 𝑡𝑓) of 

pulse as 

 
𝐸𝑖 = ∫ 𝑃𝑖𝑑𝑡

𝑡𝑓

𝑡𝑖

= ∫
𝑃𝑖

𝑑𝑁/𝑑𝑡

𝑁𝑓

𝑁𝑖

𝑑𝑁, 
(2.31) 

where 𝑑𝑁/𝑑𝑡 is expressed in terms of output power instead of photon number by the 

expression: 

 𝑑𝑁

𝑑𝑡
= − (

2𝐿𝜎𝑒𝑚

𝑛𝑇𝑂𝐶
) (

𝛤𝑖

ℎ𝑣𝑠
) 𝑁𝑃𝑖 .  

(2.32) 

Substituting equation 2.32 into equation 2.31 and performing the integration over the 

population inversion  𝑁 results in the following expression for the output pulse energy:  

 
𝐸𝑖 = (

𝑛𝑇𝑂𝐶

2𝐿𝜎𝑒𝑚
) (

ℎ𝑣𝑠

𝛤𝑖
) 𝑙𝑛 (

𝑁𝑖

𝑁𝑓
) . 

(2.33) 

Equation 2.33 can be rewritten in a form that is more convenient for physical 

interpretation with the help of equations 2.27 and 2.30: 
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𝐸𝑖 = ℎ𝑣𝑠

𝑇𝑂𝐶

𝛿𝑖
(𝑁𝑖 − 𝑁𝑓). 

(2.34) 

The energy of the a single output pulse is proportional to the difference between the 

initial and the final population inversion, the photon energy at the fiber laser emission 

wavelength, and the ratio of the transmittance of the output coupler to the total round 

trip loss. 

2.7.2 Pulse time duration 

Assuming that the output pulses from the fiber laser are square shaped, the pulse time 

duration 𝑡𝑑 is:  

 
𝑡𝑑 =

𝐸𝑖

𝑃𝑖,𝑚𝑎𝑥
. 

(2.35) 

Substituting equation 2.33 and 2.29 into equation 2.34 gives 

 
𝑡𝑑 = 𝜏𝑐

𝑁𝑖 − 𝑁𝑓

𝑁𝑡,𝑖𝑙𝑛
𝑁𝑡,𝑖

𝑁𝑖
− (𝑁𝑡,𝑖 − 𝑁𝑖)

. 
(2.36) 

The time duration of the output pulses is proportional to photon lifetime in the laser 

cavity, which is defined by the cavity length. Equation 2.36 also illustrates the 

dependency of the time duration of a Q-switched pulse with respect of the population 
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inversion at each phase of the Q-switching process; at the beginning, at the threshold 

and at the end of Q-switching process.  

2.7.3 Peak power characteristic for a train of Q-switched fiber laser 

pulses 

To determine the peak power from the average power and time duration of a pulse, we 

start with the average power as the total energy divided by the time. 

 
𝑃𝑎𝑣𝑒 =

𝐸

𝑡
. 

(2.37) 

The pulse energy is power integrated over time. The energy of one pulse is the power 

integrated over the period  𝑇𝑝. 

 
𝐸 = ∫𝑃(𝑡)𝑑𝑡 = 𝐸𝑝𝑢𝑙𝑠𝑒 = ∫ 𝑃(𝑡)𝑑𝑡

𝑡=𝑇𝑝

𝑡=0

 
(2.38) 

In general, Q-switched fiber lasers produce a train of pulses. Assuming a single pulse 

in each switching period, the integration only needs to be carried out over the pulse 

width, and not the entire period. Therefore the average power will be given by the 

energy received in a single pulse divided by the time between the two consecutive 

pulses as 
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𝑃𝑎𝑣𝑒 =

1

𝑇𝑝
∫ 𝑃(𝑡)𝑑𝑡,

𝑡=𝑡𝑝𝑤

𝑡=0

 
(2.39) 

where 𝑡𝑝𝑤 is the duration of a pulse and  𝑃𝑎𝑣𝑒 is the average power. 

For a square output pulse, the power is equal to the maximum when the pulse is on 

and zero when the pulse is off.  

This results to an estimation of the peak power (𝑃𝑚𝑎𝑥) which is relatively easy to 

calculate using a slow oscilloscope as: 

 
𝑃𝑎𝑣𝑒 =

𝑃𝑚𝑎𝑥  𝑡𝑝𝑤 

𝑇𝑝
 

(2.40) 

or 

 
𝑃𝑚𝑎𝑥 = 𝑃𝑎𝑣𝑒 

𝑇𝑝

𝑡𝑝𝑤
 

(2.41) 

A more accurate Q-switched pulse approximation is done by using a Gaussian pulse 

shape instead of a square pulse. The average power can be obtained as follow: 

 
𝑃𝑎𝑣𝑒 =

1

𝑇𝑝
 ∫ 𝑃𝑚𝑎𝑥  𝑒−(𝜔𝑡)2

 𝑑𝑡 
(2.42) 
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Assuming that the peak power is constant for each pulse, 𝑃𝑚𝑎𝑥 can be moved outside 

the integral. We can use the closed form solution for Gaussian integrals. 

 
𝑃𝑎𝑣𝑒 =

𝑃𝑚𝑎𝑥

𝑇𝑝

1

2
√

𝜋

𝜔2
 

(2.43) 

It is technically easier to determine the full width at half maximum of the pulse, or 

FWHM using an oscilloscope. Accordingly, it is essential to convert the formula into 

a form in which the measured quantities can be directly used. We first set the value of 

the power at half width equal to half the power as: 

 
𝑃 (

1

2
𝑡𝐹𝑊𝐻𝑀) =

1

2
𝑃𝑚𝑎𝑥  → 𝑒−(

𝜔

2
𝑡𝐹𝑊𝐻𝑀)2

=
1

2
 

(2.44) 

Taking the logarithm of both sides simplifies the exponential, and eliminates the 

negative sign. 

 
(

𝜔

2
𝑡𝐹𝑊𝐻𝑀)

2 

= ln 2 →
𝜔

2
𝑡𝐹𝑊𝐻𝑀 = √ln 2 , 

(2.45) 

and  

 
𝜔 =

2

𝑡𝐹𝑊𝐻𝑀

√ln 2 
(2.46) 
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Finally, the pulse repetition rate, which is the inverse of the pulse period T, is the 

quantity set by the laser operator. This gives us the final form for the peak power of a 

Gaussian pulse: 

 

𝑃𝑚𝑎𝑥 =
𝑃𝐴𝑣𝑒 𝑡𝐹𝑊𝐻𝑀

𝑓𝑅𝑅
  2√

𝑙𝑛2

𝜋
 . 

(2.47) 

 

where 𝑡𝐹𝑊𝐻𝑀 is the full-width at half maximum of the pulse, and 𝑓𝑅𝑅 is the pulse 

repetition rate. 

Contrary to the assumption of a pulse with a square shape, the Gaussian shape 

effectively provides a more practical pulse approximation. In addition, the output peak 

power obtained using average power and pulse duration generally agree with the 

experimental results obtained using a photodiode. 

2.8  State of the art of all-fiber actively Q-Switched 

lasers 

Earlier research and development of active Q-switching based fiber lasers were based 

on the utilization of bulk free-space modulators, namely electro-optic or acousto-optic 

modulators (Schmidt et al., 2007). The use of bulk modulators led to important 
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drawbacks. On one hand, they may not satisfy the requirements for mechanical 

stability that is needed in practical systems; on the other hand, they increase the cavity 

losses which cause a reduction of the laser efficiency (Canning, 2006). An alternative 

solution for these limitations is all in-fiber based optical modulators which in turn 

promote the design of all-fiber-based laser systems.  

The fundamental requirement for successful development of all-fiber Q-switching 

approach is to develop fast, low loss and in fiber-based optical modulator. All-fiber Q-

switched laser are proposed in the literature and offer increased simplicity and 

robustness. These fiber lasers are implemented in both linear and ring laser cavity 

configuration.  

Traditional all-fiber Q-switched lasers are categorized in three different methods that 

have been proposed: The first approach is based on direct interaction with the 

evanescent field of the fundamental lasing mode to modulate the cavity of the fiber 

laser. Chadonnet et al. (1993) demonstrated the first all-fiber Q-switched laser using a 

side-polished coupler as an efficient intra-cavity switching element. Active Q-

switching by interaction with the evanescent field was developed by oscillating a 

microsphere in and out of contact with a taper. It is possible to modulate the fiber 

transmission by controlling external coupling to the evanescent light field. This Q-

switching approach requires an accurate mechanical control of the positioning of the 

fiber since the evanescent field extends only few microns away from the fiber. In 
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addition, a specific environmental control needs to be taken into consideration as the 

system is sensitive to vibrations (Kieu and Mansuripur, 2006).   

The second approach consists on a fast mechanical tuning of the reflection spectrum 

of a fiber Bragg gratings (FBG) and the last technique is based on in-fiber acousto-

optic interaction. In this technique, two fibers Bragg grating are use as cavity mirrors 

to construct a linear cavity fiber laser. It is possible to develop simple cavity loss 

modulators by tuning the refection spectrum of one of the gratings. The use of 

mechanical and piezoelectric transducers has been proposed to control the Q-switching 

of a fiber laser.  One of the gratings can be fixed to a mechanical stretcher or a 

piezoelectric transducer, modulated by an electrical signal, to tune its reflection 

spectrum. When the reflection spectra of the two gratings do not overlap, the cavity 

exhibit a low Q-factor, while a high Q-factor is obtained when both reflection spectra 

overlap. In this simple Q-switching approach, the characteristics of the stretcher are 

crucial (Takeshi Imai et al., 1997; Russo, N. A. et al., 2002; Andrés, M. V. et al., 

2007). For instance, the vibration introduced when using piezoelectric transducer 

imposes important disadvantages on the working frequencies and on the waveform of the 

modulation signal. 

The third approach takes advantage of the acoustic waves guidance in an optical fiber. 

Efficient acousto-optic interaction with the fundamental lasing mode in the fiber is 

achieved by modulating the cavity loss in fiber laser. With this Q-switching method, 
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the propagation of flexural waves permits a direct control of the attenuation generated 

in a short section of fiber optimized to achieve active Q-switching of fiber lasers. Ding 

et al. (2000) reported an acoustically modulated fiber Bragg grating to Q-switch a fiber 

laser. Kaneda et al. (2005) and Matthew et al. (2007) reported similar technique of 

constructing an all-fiber Q-switched laser using fiber birefringence induced by stress.  

Perez M, et al. (2005) demonstrated a Q-switched all-fiber laser, in which the 

magnetostrictive-based modulator (MM) is used to modulate the Q-value of the fiber 

laser cavity. Diez, A. et al. (2006) reported an all-fiber laser Q-switched using a fiber 

Bragg grating based acousto-optic modulator. In this configuration, Q-switching is 

performed by tuning the reflection spectrum a fiber Bragg grating with an external 

acoustic wave.  

All these all-fiber modulators include a fiber Bragg grating and exploit the specific 

interaction mechanism of magnetostrictive materials or acoustic waves with the fiber 

Bragg grating itself. In some of the reported experiments, the fiber Bragg gratings were 

written into the active fiber to avoid the presence of any splice within the cavity. Fan-

Wen and Jung-Jui, (2007) described an actively Q-switched fiber laser tuned by a pair 

of temperature controlled fiber Bragg gratings. X. P. Cheng et al (2008) proposed an 

all-fiber Q-switched laser by integrating an apodized fiber-Bragg-grating (FBG) 

reflector and a Fabry-Perot (FP) etalon constructed from cascaded chirped fiber Bragg 

gratings into the fiber laser cavity (Figure 2.11). The Q-switching operation is 

achieved by periodically tuning the chirped fiber Bragg grating Fabry-Perot (CFBG 
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FP) and shifting the relative positions of these multiple peaks to the stop-band of the 

fiber Bragg gratings (FBG) reflector. Using this technique, laser pulses of 3.5 µJ and 

3.5 kHz of repetition rate were demonstrated for a pump power of 70 mW. 

 

Figure 2.11: Illustration of an all-fiber Q-switched fiber ring laser (X.P Chang et 

al. (20O8). 

Another all-fiber Q-switched Erbium-doped laser has been proposed (Cheng X. P. et 

al, 2008). It consists of a phase-shifted fiber Bragg grating (FBG) and an apodized 

FBG reflector (Figure 2.12). By using the piezoelectric transducer (PZT) to 

periodically stretch the apodized FBG and detune it with the phase-shifted FBG, the 

cavity loss of the fiber ring laser is switched between high and low states to achieve 

Q-switching.  
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Figure 2.12: Illustration of an all-fiber Q-switched fiber ring laser (X.P Chang et 

al. (20O8). 

However, as the fiber Bragg grating is tuned, the above methods of Q-switching are 

limited by the tuning speed. It is very easy to crack the fiber grating when it is stretched 

and relaxed in high speed. Another limitation is that the center wavelength of the laser 

output will also be oscillating slightly during the process of tuning the fiber Bragg 

grating (FBG) back and forth.  

Alternative concepts to develop Q-switched fiber laser systems that maintain 

robustness and simplicity of all-fiber Q-switched laser is suggested. This time the Q-

value of cavity is not achieved by a mechanical stress applied on a fiber Bragg grating. 

Sousa, J. M. and Okhotnikov, O. G. (1999) proposed a Q-switched fiber laser by 

combining a scanning Fabry- Perot filter and Fabry-Perot etalon illustrated in Figure 
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2.13. The modulation of the Q-factor of the fiber laser cavity is achieved by controlling 

the wavelength of the scanning Fabry-Perot filter with respect to the fixed wavelength 

of the Fabry-Perot etalon. 

 

Figure 2.13: All-optical Q-switched laser using a Fabry-Perot etalon and a 

scanning Fabry-Perot filter. 

Delgado-Pinar M. et al. (2006) proposed an active Q-switched fiber laser using a 

Bragg grating based on an acousto-optic modulator (Figure 2.14). 

 

Figure 2.14: All-fiber Q-switched laser using an acousto-optic modulator of a fiber 

Bragg grating linear cavity (Delgado-Pinar M.et al., 2006). 
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The Q-switching process is performed by modulating a fiber Bragg grating with an 

extensional acoustic wave. The acoustic wave modulates periodically the effective 

index profile of the fiber Bragg grating (FBG) and changes its reflection features. This 

allows controlling the Q-value of the fiber laser cavity. This technique has been also 

implemented in the ring configuration (Miguel V. Andrés et al., 2006). The ring 

configuration is illustrated in Figure 2.15. 

 

Figure 2.15: All-fiber Q-switched laser using an acousto-optic modulator of a fiber 

Bragg grating ring cavity (Miguel V. Andrés et al., 2006). 

An-optically tuneable Q-switched fiber laser was demonstrated by Robert et al. (2010). 

This all-optical Q-switching mechanism incorporated an optically-tuneable fiber-

Bragg grating into a fiber laser, as illustrated in Figure 2.16. The Q-switching is 

obtained by repetitively tuning the high reflector (HR) on and off-resonance with a 
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stabilized output coupler (OC) grating. The output laser pulses from this Q-switched 

fiber laser configuration was characterized by a time duration of 5 μs of time duration, 

3.5 mW of average power for 35 kHz of repetition rate.  

 

Figure 2.16: Illustration of all-optical Q-switched fiber lasers using an optically-

tunable fiber Bragg grating in a fiber laser (Robert et al. (2010). 

Recently, a new technique of an all-optical Q-switched fiber laser has been proposed 

by Zhi-Zheng et al. (2010). A high extinction ratio abrupt-tapered Mach-Zehnder 

(MZ) filter and Fabry-Perot (FP) tunable filter are incorporated into a fiber laser cavity 

to establish or to destroy the laser resonance (Figure 2.17). When the pass-band 

wavelength of the Fabry-Perot (FP) filter is tuned to equal the stop band wavelength 

of the Mach-Zehnder (MZ) filter, the resonance fails, which corresponds to a low Q-

factor of the fiber laser. When both of the pass-band wavelengths of Mach-Zehnder 

(MZ) and Fabry-Perot (FP) filters overlap, resonance occurs and the Q-factor is high. 
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Using this switching technique, tunable pulse time durations of Q-switched Erbium-

doped fiber lasers ranging from 78 ns to 23 ms were demonstrated.  

 

Figure 2.17: Experimental set-up of a pulse time duration tunable Erbium fiber 

laser (Zhi-Zheng et al., 2010). 

Based on the advantages and limitations of each Q-switching technique presented 

earlier, a simple, robust and unique all-fiber Q-switching approach in fiber laser is 

proposed and experimentally demonstrated in this thesis. The proposed Q-switching 

mechanism includes two wavelength dependent optical components, namely fiber 

Bragg grating and fiber Fabry-Perot tunable filter. The modulation of the quality factor 

in the fiber laser is based on the overlap spectrum between the transmission spectrum 

of a fiber Fabry-Perot tunable filter and a reflection spectrum of a fiber Bragg grating. 

To the best of our knowledge, this is a first time that such Q-switching technique has 

been introduced and successfully implemented in both linear and ring cavity 

configuration.  
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2.9 Summary 

We have presented a theoretical survey of the relevant theory of fiber lasers and Q-

switched fiber lasers. In particular, we have reviewed the mathematical description of 

an Erbium-doped fiber laser to highlight the key output laser characteristics, which are 

laser threshold, laser output power and slope efficiency. We have described the basic 

theory of an actively Q-switched fiber laser with an emphasis on the output pulse 

characteristics. We have also presented a brief review of techniques employed for 

developing actively Q-switched fiber lasers. The limitations of these techniques have 

been presented to motivate the development of all-fiber based optical modulators. The 

progress of the development of the previous all-fiber actively Q-switched fiber lasers 

is presented. We have reviewed techniques demonstrated experimentally by other 

research groups to achieve actively Q-switched fiber lasers. These techniques have 

shown merit in terms of robustness and simplicity. Contributing to the existing Q-

switching techniques, in the next chapters, we introduce and demonstrate a simple, 

robust and innovative Q-switching approach in fiber laser.    
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3.1  Introduction  

The experimental investigation on a Q-switched fiber laser is discussed in this Chapter. 

A new Q-switching mechanism approach in fiber laser is introduced. The fiber laser 

is a ring based configuration using Erbium-doped fiber as gain medium. To modulate 

the cavity loss of the fiber laser, a Q-switching mechanism based on the spectral 

overlap between a tunable fiber Fabry-Perot filter and a fiber Bragg grating is 

proposed. To characterize the Q-switched fiber laser system, we first studied the 

system in continuous wave mode in order to optimize the fiber cavity parameters such 

as Erbium ion concentrations, Erbium-doped fiber length, output coupling ratio of the 

fiber laser and extinction ratio. Then we introduced the spectral characteristics of a 

fiber Bragg grating and the fiber Fabry-Perot tunable filter to illustrate the overlap 

utilized in this Q-switched fiber laser. We finally present and discuss the experimental 

results characterizing the Q-switched fiber laser.  

3.2  Construction of an all-fiber Erbium-doped fiber 

ring laser  

As mentioned earlier, the experimental configuration of the actively Q-switched fiber 

laser investigated in this thesis is based on the spectral overlap between the reflection 
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of a fiber Bragg grating and the transmission spectrum of a fiber Fabry-Perot tunable 

fiber. In this section, the Q-switching mechanism is described and the overlapping 

mechanism experimentally demonstrated.  

3.2.1 Fiber Fabr-Perot tunable filter 

The Fabry-Perot filter is an optical resonator discovered by Charles Fabry and Albert 

Perot in 1898. In the past decades, a great number of different Fabry-Perot tunable 

filters (F-PTFs) have been proposed and developed. The most popular F-PTFs are 

micro-electromechanical systems F-PTF, bulk Fabry-Perot tunable filter, liquid crystal 

F-PTF and fiber Fabry-Perot tunable filters (FF-PTF). These Fabry-Perot tunable 

filters have achieved great success for example in wavelength division multiplexing 

(WDM) telecommunication networks and tunable fiber laser systems. Among all the 

tunable optical filters, fiber Fabry-Perot tunable filters have become the most attractive 

ones, and are broadly used in both scientific research and technical applications (Miller 

and Janniello, 1990; Stone and Stulz, 1987). The major advantages of fiber Fabry-

Perot tunable filters are the simple and robust design, which includes a lensless 

configuration, low loss, and high isolation.  
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A Fabry-Perot filter is basically a combination of two highly reflecting mirrors 𝑅𝐴 and 

𝑅𝐵 facing each other, separated by some distance “L” which defines the cavity of the 

interferometer as illustrated in Figure 3.1. 

 

 

Figure 3.1: Schematic configuration of a fiber Fabry-Perot tunable filter. 

Light enters through the back of left mirror is reflected by the right mirror and again 

reflected by the left mirror. The light wave is transmitted through the cavity only when 

a certain condition for the wavelength of the laser and the geometry of the resonator 

cavity are satisfied. The spectral transmission of a tunable filter is tuned by applying 

a sinusoidal electrical signal to the piezoelectric transducer (PZT) attached to it. When 
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the electrical signal is applied to the piezoelectric transducer, a mechanical stress is 

generated to move the filter mirrors and modify the cavity length L.  

Let us assume a monochromatic light wave of intensity 𝐼𝑖𝑛 enters the Fabry-Perot 

cavity filter (Figure 3.1), and is reflected inside the cavity several times. If the 

refractive index 𝑛 of the medium separating the two mirrors is 1, in the absence of light 

absorption from the mirrors, the fractional transmission response of the filter ( 𝑇𝑓 =

 𝐼𝑖𝑛

 𝐼𝑡
) is given by (R. D. Guenther, 1990). 

 
 𝑇𝑓 =

(1 − 𝑅)2

1 + 𝑅2 − 2𝑅 cos [2𝜋
𝑣

𝑐/2𝐿
]
, 

(3. 1) 

when 𝑛𝐿 = 𝑚
𝜆

2
 , with m being an integer, equation (3.1) has a maximum 

corresponding to the resonance condition within the Fabry-Perot cavity. 𝑣 and c 

represent the frequency and speed of light in vacuum, respectively.   

The transmission function 𝑇𝑓, is periodic in frequency (wavelength). The difference 

between the two consecutive resonance frequencies (wavelength) is called the tuning 

range or free spectral range given defined by the Fabry-Perot cavity length as 

 𝐹𝑆𝑅 =
𝑐

2𝐿
 (3. 2) 
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Another important characteristic of a Fabry-Perot tunable filter is its finesse. It is a 

quantitative measure of the interferometer’s ability to resolve closely spaced 

transmission peaks. The finesse fundamentally characterizes the width of the resonant 

frequencies defining the sharpness of the maxima.  

3.2.2 Experimental characterisation of the fiber Fabry-Perot tunable   

filter 

In this project, a fiber Fabry-Perot tunable filter (F-FPTF) from Micron Optics is used. 

The experimental arrangement to characterize the filter is illustrated in Figure 3.2. A 

wide spectrum superluminescent diode, (SLD-761), is connected to the input port of 

the fiber Fabry-Perot tunable filter. The other output port of the tunable filter is 

connected to the optical spectrum analyzer (AQ-6315A) used to record the output 

spectrum. To avoid instability of the Fabry-Perot filter, an optical isolator is placed 

between the SLD and the filter to prevent light back reflection to the source. 

 

Figure 3.2: Experimental setup used to characterize the fiber Fabry-Perot tunable 

filter  
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The electrical bias of the fiber Fabry-Perot tunable filter is connected to a variable 

direct current (DC) power supply. The spectral position of the Fabry-Perot filter 

transmittance band is controlled by the applied voltage. The tuning is achieved by 

changing the spacing of the gap between the mirrors with the attached piezoelectric 

element. The continuous voltage from the DC voltage is varied manually from 0 V to 

10 V to tune the fiber Fabry-Perot tunable filter. The transmission wavelength of the 

fiber Fabry-Perot tunable filter versus the applied voltage is shown in Figure 3.3.  

 

Figure 3.3: Dependence of the transmission wavelength of the fiber Fabry-Perot 

tunable filter versus the applied voltage. 

The transmission wavelength increases linearly with the applied voltage. A 

transmission line of 1550 nm is obtained when 8 Volts are applied to the filter. This 

value is used to design the Q-switching device. The transmission spectrum of the fiber 
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Fabry-Perot tunable filter used in this project is illustrated in Figure 3.4. The 

transmission spectrum is a periodic function consisting of narrow resonant bands. The 

Fabry-Perot filter has a characteristic bandwidth (𝛿𝑣=200 pm) and a free spectral range 

(FSR=40 nm), as shown in figure 3.4.  

 

Figure 3.4: Transmittance spectrum of the Fabry-Perot filter, optical power versus 

the wavelength. 
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3.2.3 Fiber Bragg grating  

The refractive index of any material is dependent on a range of factors including 

material density, temperature, and the molar refractivity. In particular, the alterations 

in the refractive index in the core of an optical fiber are obtained upon exposure to 

high energy radiation (Poumellec et al., 1996). By spatially and periodically modifying 

such refractive index along the length of an optical fiber, it is possible to fabricate a 

device capable of reflecting light propagating within the core. These devices, which 

are known as fiber Bragg gratings (FBGs) are currently and broadly available and have 

extensive application in communication and sensing of strain and temperature. The 

fiber Bragg grating (FBG) was discovered by Ken Hill and co-workers in Canada, 

nearly four decades ago. The manufacturing of fiber Bragg gratings has also been 

critical to the development of all-fiber lasers systems. The modification of refractive 

index in fibers is widely established to occur by means of two-photon absorption at 

visible frequencies followed by dissipation of the absorbed energy into the glass 

matrix. It is also possible to obtain excitation through single-photon absorption at 

ultraviolet frequencies (G. Meltz et al., 1989), which in turn decreasing the irradiance 

and exposure time necessary to induce a stable refractive index change within the core 

of the fiber.  
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The schematic diagram of a fiber Bragg grating is illustrated in Figure 3.5. 

 

 

Figure 3.5: Schematic diagram of a fiber Bragg grating. 𝛬 : grating period, neff: 

effective core index. 

The wavelength of maximum reflection, also known as Bragg wavelength is a function 

of the period of the refractive index perturbation Λ and the effective modal index 𝑛𝑒𝑓𝑓   

in the fiber core: 

 𝜆𝐵 = 2 𝑛𝑒𝑓𝑓 Λ , (3. 3) 

In addition to the fiber parameters in a single mode fiber, the reflectivity of the grating 

at the Bragg wavelength depends mostly on the amplitude of the index perturbation 

and the grating length as follows (Yariv A., 1997; Lam D. K. W. and B. Garside K., 

1981; HoSze, 2007): 
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𝑅(𝜆𝐵 , 𝐿) = 𝑡𝑎𝑛ℎ2 (2

𝜕𝑛

𝜆
𝜂𝐿g) 

(3. 4) 

Where Lg is the grating length, 𝜕𝑛 is the magnitude of the index perturbation and 𝜂 is 

the modal overlap factor.  

3.2.4 Characterisation of a fiber Bragg grating 

In this section, the fiber Bragg grating used in the fiber laser experiment is 

characterized. The optical fiber used to print the fiber Bragg grating supports single 

mode operation at a wavelength of 1550 nm. To characterize the fiber Bragg grating, 

the experimental set-up shown in Figure 3.6 is used. 

`  

Figure 3.6: Experimental set-up used to characterize the fiber Bragg grating. 
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Light from the broadband source (superluminescent diode) is directed to the FBG via 

port 1 and port 2 of the circulator. The reflected wavelength from the fiber Bragg 

grating is directed through port 3 of the circulator and displayed on an optical spectrum 

analyzer. The reflection spectrum of the fiber Bragg grating is shown in Figure 3.7.  

 

Figure 3.7: Reflection spectrum of a fiber Bragg grating. 

The reflection of the fiber Bragg grating is 98% at 1550 nm, and the spectral width of 

the reflected wavelength is 150 pm.  
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3.2.5 All-Fiber Q-switching device 

The all-fiber-based Q-switch modulator introduced in this project relies on the 

wavelength modulation in the fiber laser cavity that incorporates two wavelength-

dependent elements, namely fiber Bragg gratings and fiber Fabry-Perot tunable filter. 

The fiber laser cavity losses and wavelength switching is achieved by modulating the 

spectral position of the transmission spectrum of the fiber Fabry-Perot tunable filter 

with respect to the fixed reflection spectrum of the fiber Bragg grating. The switching 

principle is illustrated in Figure 3.8.  

 

 

Figure 3.8: Illustration of all-fiber Q-switching device. 
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The spectral transmission of a tunable filter is tuned by applying a sinusoidal electrical 

signal to the piezoelectric transducer (PZT) attached to it. The spectrum of light 

emitted via spontaneous emission from the Erbium-doped fiber is directed to the fiber 

Bragg grating via port 1 and 2 of the circulator. The reflected light from the fiber Bragg 

grating is directed toward the fiber Fabry-Perot tunable filter through port 3 of the 

circulator. 

The fiber Fabry-Perot tunable filter is used to induce a periodic cavity loss 

characteristic within the fiber laser cavity, determined by the variable transmission 

spectrum. As the transmission spectrum of the tunable filter moves towards the 

reflectivity spectrum of the fiber Bragg grating, the spectral overlap between the two 

filters increases and the fiber laser cavity loss decrease (Figure 3.9). 

 

Figure 3. 9: Illustrations of the spectral overlap between the transmission spectrum 

of Fabry-Perot filter and reflection spectrum of fiber Bragg grating. 
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 When the wavelength of a given reflected spectrum of the fiber Bragg grating and 

instantaneous transmission wavelength spectrum of the fiber Fabry-Perot tunable filter 

overlap, the fiber laser cavity switches from low to a high Q value.  

3.3 All-fiber active Q-switched fiber laser  

As mentioned earlier, the experimental investigation proposed here is based on the 

development of a simple and robust Q-switched fiber laser using the spectral response 

of two optical filters to modulate the fiber laser quality factor. Contrary to the bulk 

elements, used in traditional Q-switched fiber lasers, these optical components exhibit 

lower insertion losses. To the best of our knowledge, this is the first time that such Q-

switching mechanism has been successfully demonstrated in fiber lasers. The results 

of this investigation were initially published by our research group (Manuel et al., 

2016). The experimental configuration of all-fiber Q-switched laser for the generation 

of 1550 nm pulse signal is shown in Figure 3.10.  

The proposed fiber laser system consists of a laser diode emitting light at 980 nm 

which is used as pump source for the fiber laser. The pump light is coupled into the 

ring cavity using a wavelength division multiplexer (WDM). The gain medium of the 

laser consists of an Erbium-doped fiber (EDF). The unidirectional operation of the 

fiber ring laser is guaranteed by the three-port circulator with high isolation from port 
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3 to port 1. The fiber Bragg grating reflects and selects the emission wavelength of the 

fiber laser. The fiber Fabry-Perot tunable filter operates as cavity loss modulating 

device.   

 

Figure 3.10: Experimental set-up of an all-fiber active Q-switched ring laser. 

The output power is extracted with an output coupler. The optical isolator in the fiber 

laser cavity guaranties unidirectional propagation of the laser light. In this 

configuration, Q-switching in the fiber laser cavity is based on the dynamic spectral 

overlapping of two filters, the FBG-based filter (reflection spectrum) and fiber Fabry– 

Perot (F–P) tunable filter (transmittance spectrum). When the spectra of the two filters 

overlap, the filter system has maximum transparency; at this point, the laser cavity has 
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minimum losses and can release the stored energy in the form of a giant pulse. The 

fiber Fabry–Perot tunable filter changes the spectral transmittance and actively 

switches the Q-factor of the all-fiber ring cavity. Thus, stable and short pulses can be 

generated from the fiber laser. The spectral Fabry–Perot transmittance wavelength 

spectrum is controlled by the applied voltage and tuned by a signal from a standard 

low-power signal generator. In this way, the cavity Q-factor can be easily modulated. 

The output pulse was measured with a high-speed detector in combination with a 

digital oscilloscope.  

3.4 Experimental Q-switched fiber ring laser 

To fully explore the characteristics of the fiber presented in this Chapter, the 

continuous wave (CW) operation of the fiber laser was first investigated. In continuous 

wave regime, both the fiber Bragg grating and the fiber Fabry-Perot filter are included 

in the fiber laser cavity for consistency with the Q-switched fiber laser experiment. 

This is to take into account insertion loss of all components included in the Q-switched 

fiber laser system. In continuous wave operation, an appropriate DC (direct current) 

voltage is applied to the fiber Fabry-Perot tunable filter to make its transmission 

spectrum overlap with the reflection spectrum of fiber Bragg grating. 



KABOKO Jean-Jacques MONGA Page 79 

 

 

The output spectrum of the fiber laser is plotted in Figure 3.11 when the two spectra 

do not overlap. The reflected light from the fiber Bragg grating is attenuated, by more 

than 20 dB, by the filter to prevent stimulated occurring in the fiber laser. At the 

reflected Bragg grating wavelength, the cavity loss is higher than the gain. The 

obtained output power results in two wavelength peaks corresponding to the 

transmission spectrum of the tunable filter and the reflection spectrum of the fiber 

Bragg grating. 

 

Figure 3.11: Power spectrum when the spectra of the fiber Bragg grating and 

Fabry-Perot filter do not overlap. 

The continuous-wave fiber laser light is produced only when the reflection spectrum 

of the fiber Bragg grating and transmission spectrum of the tunable fiber Fabry-Perot 
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filter overlap. This is achieved by choosing an appropriate voltage to tune the 

transmission spectrum of the Fabry-Perot filter. A total overlap between the two 

spectra was obtained for 8 volts applied to the filter. The fiber laser output is shown in 

Figure 3.12.  

 

Figure 3.12: Illustration of the emission spectrum of the fiber laser when the 

reflected scpectrum of the fiber Bragg grating and the transmission spectrum of 

Fabry-Perot filter overlap. 

In the following sections, a series of experiments were performed to optimize the all-

fiber laser in term of output power. Two different Erbium-doped fibers laser system 

having different Erbium ion concentration are used in this experimental investigation. 
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The first doped fiber, EDF1, with an Erbium ion concentration of 2200 ppm and pump 

absorption of 23.4 dB at 980 nm is referred to as “high concentration” and the second, 

EDF2, with an Erbium ion concentration of 960 ppm and pump absorption of 12.4 dB 

at 980 nm is referred to as “low concentration”. The contribution of fiber laser cavity 

parameters to the performance of the fiber laser such as the length of the Erbium-doped 

fiber, the output coupling ratio, the repetition rate of pulses and the concentration of 

the Erbium-doped fibers were explored. 

3.4.1. Optimal output coupling ratio 

In order to increase the output power of an Erbium-doped fiber laser, without 

increasing the pump power, the optimization of the output coupling ratio is of great 

importance. The amount of laser light one can couple out depends on the gain. The 

output peak power as a function of the output coupling ratio is shown in Figure 3.13. 

To perform this experiment, a 3.5 m M-12 (980/125) Fibercore Erbium-doped fiber 

with ion concentration of 960 ppm was used as a gain medium. A variable coupler was 

used to modify the coupling ratio of the fiber laser system. The maximum fiber laser 

out power was obtained when 87 % (approximately 90 %) laser light was coupled out. 
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Figure 3.13: Normalized output power versus output coupling ratio. 

The output coupling ratio is part of the round trip loss and defines the optimal amount 

of light to be fed back in the fiber ring laser. It has been observed that for less than 50 

% and more than 96 % of light coupled out of the fiber laser, the output power was 

less than half of the maximum. If the output coupling ratio is too high, the power fed 

back into the laser cavity cannot sustain the lasing process. In addition, when output 

coupling is too low, the amount of light feedback in the cavity tend to saturate the gain 

medium and reduce the laser output power. The gain determines the maximum laser 

output power. It was shown by various authors that the slope efficiency of a fiber laser 

is directly related to the ratio of the output coupling losses to the total round-trip losses, 



KABOKO Jean-Jacques MONGA Page 83 

 

 

which include the cavity losses (Digonnet, 2001). It has been observed that the output 

coupling ratio is determined by the characteristics of the gain medium used  (Shang et 

al, 2006; Hambali N.A.M.A. et al, 2009; Gong-Ru Lin et al, 2006). For the same 

amount of pump power, the maximum output power of a low gain fiber laser is 

obtained when 20 % to 40 % of light is coupled out. Output coupling ratios between 

80 % and 90 % were observed for high gain Erbium-doped fiber lasers. Our 

experimental results demonstrated clearly that our laser is efficient when 90 % of the 

light is coupled out 

3.4.2 Optimum Erbium-doped fiber Length 

For fiber laser cavity optimization, the optimum fiber length of Erbium-doped fiber 

for a given pump power and the output-coupling ratio is important. In this experiment, 

the optimum length of the Erbium-doped fiber leading to the highest output power of 

the fiber laser was recorded when fiber laser is pumped using a laser diode emitting 

100 mW at 980 nm. The output power was measured for Erbium-doped fiber lengths 

between 0.25 m and 5 m. A constant length interval of 0.5 m was kept in the 

experiment between 0.5 m and 5 m. In Figure 3.14 the output powers of the fiber lasers 

using two different Erbium-doped fibers (EDF1 and EDF2) is shown. The maximum 

output power for the laser with an EDF1 was 16 mW when the fiber was 1.5 m long. 

The fiber laser with an EDF2 fiber achieved 17 mW maximum output power with a 

3.5 m long fiber. From these results, it is clear that, since the gain of Erbium-doped 
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fiber amplifier increases with length, the slope increases as the length also increases, 

approaching the quantum efficiency for a lossless fiber laser cavity. However, it can 

be observed, the laser output power is maximum output power at an optimal length 

(1.5 m for EDF1 and 3.5 m for EDF2), and when the Erbium-doped fiber length is 

longer than the optimal, the output power progressively drops due to the intrinsic 

absorption of the Erbium-doped-fiber. When the loss due to absorption is stronger in 

the cavity, the pump threshold is larger, the output power is smaller, and the change 

of the output power is sharper with the Erbium-doped fiber length. In other words, the 

pump power is absorber in the first section of the Erbium-doped fiber to produce 

stimulated emission which is then reabsorbed in the second section of the Erbium-

doped fiber. 

 

Figure 3.14: The output power of the fiber ring laser as a function of Erbium-doped 

fiber length and different Erbium concentration. 
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In Figure 3.15, the optical output power at 1550.160 nm versus pump power is 

illustrated. The lasing threshold is around 10 mW. No saturation of the output power 

was observed for pump powers up to 160 mW. The slope efficiency was 10.4 %. The 

slope efficiency admitted in Erbium-doped fiber lasers range between 10 % and 20 %. 

In our experiment, the slope efficiency is limited by the insertion loss of 3 dB 

introduced by the fiber Fabry-Perot tunable filter around 1550 nm of the transmission 

spectrum. 

 

Figure 3.15: Output power versus pump power in continuous wave fiber ring laser. 
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3.4.3 Pulsed regime of fiber laser  

The characterisation of the Q-switched fiber system illustrated in Figure 3.10 was 

achieved by applying harmonic signals to the filter at different frequencies, but with 

the same amplitude. An example of a train of generated light pulses is shown in Figure 

3.16. The standard deviation of the Q-switched fiber laser output peak power was less 

than 1 %. 

 

Figure 3.16: Train of the generated light pulses. 
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For any change in the amplitude of the applied sinusoidal signal to the tunable filter, 

the DC voltage offset should be adjusted accordingly to ensure a periodic and stable 

waveform recorded in the oscilloscope. To determine the time duration of the pulses, 

the full width half maximum (FWHM) of the pulse is measured directly from the 

oscilloscope. The output peak power of the pulse was determined by the relative peak 

voltage of the pulse recorded in the oscilloscope. The unit of output peak power of the 

fiber laser is mW. However, the output of the laser is measured using an oscilloscope 

providing readings in volts. To determine the output peak power (in mW), the 

following steps were carried out. 

Step 1: The fiber laser was first set to operate in the continuous wave regime by 

applying 8 volts direct current to the fiber Fabry-Perot filter, corresponding to the 

operating wavelength of 1550 nm.  

Step 2: The voltage,  𝑽𝑫𝑪, of the continuous wave laser output was measured with the 

oscilloscope. The output of the fiber laser is connected to the oscilloscope via a high-

speed photo-detector.  

Step 3: With the fiber laser in continuous, we measured the output power, 𝑷𝑪𝑾, of the 

fiber laser using with an optical power-meter. The output of the fiber laser was directly 

connected to the optical power meter.  
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From the results obtained in step 2, step 3, the calibration relation between the output 

voltage (V) and the output power (mW) was established as: 

 

   𝑉𝐷𝐶(𝑉𝑜𝑙𝑡𝑠) =  𝑃𝐶𝑊(𝑚𝑊) (3. 5) 

Step 4: The fiber laser was set to operate in pulsing regime by applying a sinusoidal 

electrical voltage to modulate the fiber Fabry-Perot tunable filter. The frequency, the 

peak voltage and the DC offset of the modulating signal were correctly chosen. The 

output of the fiber laser is connected to the photo-detector through a 30 dB attenuator 

to prevent saturation. The reading of output peak voltage,  𝑉𝑃𝑒𝑎𝑘, from the oscilloscope 

is recorded.  

With this calibration relation, the output peak power of the all-fiber actively Q-

switched Erbium-doped ring laser was calculated after taking into account the amount 

of attenuation introduced. 
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3.4.4 Effect of Erbium ion concentration and Erbium-doped fiber 

length  

In this section, the output peak power of the Q-switched fiber laser with respect to the 

concentration of Erbium-doped fiber characterized.  Two different Erbium-doped 

fibers are used in the experiment with characteristics described earlier in section 3.3. 

For each type of Erbium-doped fiber, the experiment is performed with a variable 

length from 0.5 m to 4.5 m by step of 1 m. The experimental results are presented in 

Figure 3.17.   

 

Figure 3.17: Dependence of the laser output peak power on the length of the 

Erbium-doped fibers with different ion concentration. 
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In this experiment, the output power of the pumping laser diode was set at 60 mW. 

The scanning frequency of the fiber Fabry-Perot tunable filter was kept at 1 kHz during 

the experiment.  The highest output peak power was obtained with a 3.5 m using low 

concentration fiber Erbium-doped fiber (960 ppm). For 2.5 m of the same fiber the 

output peak power was only 25 % of maximum value. For 4.5 m of the same fiber, the 

peak power was reduced to 46 %. The maximum output peak power is obtained for 

short EDFs (1.5 m), when the concentration is high (2200 ppm).  

Figure 3.17 shows that the decrease of the fiber laser efficiency caused by the increase 

of the cluster concentration. This physical phenomenon is known as quenching effect, 

and strongly manifest in high concentration Erbium-doped fibers. As the concentration 

of Erbium-doped fiber increases, ions clusters are formed. This leads to Erbium ions 

sharing energy to their neighbors in the same energy level. This reduces the lifetime 

of the excited Erbium ions contributing to the population inversion. This Quenching 

effect also reduces the gain of the Erbium-doped fiber and therefore increases the 

pump threshold of the fiber laser. The quenching effect is also responsible for the 

decrease of the output power of a fiber laser with a 2200 ppm Erbium-doped fiber 

compared to a laser with a 960 ppm Erbium-doped fiber (Paschotta, 2008). The length 

of the Erbium-doped fiber as well affects the output peak power. For the Q-switched 

fiber laser using EDF2, with small ions concentration compared to EDF1, a decrease 

of the output peak power is caused by the fiber lengthening and influence of the optical 

cavity losses.  



KABOKO Jean-Jacques MONGA Page 91 

 

 

3.4.5 Effect of scanning frequency of the fiber Fabry-Perot tunable 

filter 

Using the 3.5 m fiber with the 960 ppm ion concentration in the laser cavity, the 

dependence of the peak power and pulse duration on the scanning frequency of the 

Fabry-Perot filter was measured. The results of these measurements are presented in 

Figure 3.18. The speed of the Fabry–Perot wavelength tuning depends on the 

frequency of the electrical signal. 

 

Figure 3.18: Output peak power and time duration of the light pulses as a function 

of the scanning frequency of the Fabry-Perot filter.  
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At low frequency, less than 1 kHz, the transmittance spectrum of the Fabry–Perot filter 

overlaps with the FBG spectrum too slowly. Lasing starts before the filter system 

achieves the maximum transmittance. The peak power of the pulses is less and pulse 

width wider. More than one pulse can be generated per scanning cycle. As the scanning 

rate increases, the peak power approaches maximum at a frequency of 1 kHz and then 

declines linearly. At the same time, the duration of light pulses reaches its minimum 

value of 500 ns at a frequency of 1.5 kHz and then the pulse width becomes wider. We 

attribute this to the low power of the pump diode laser. 

At a high frequency, the period between pulses becomes shorter than the time required 

for the cavity gain to reach its maximum. The output coupling ratio in this experiment 

was 90 % of output radiation. Even with only 60 mW of pump power, the laser 

parameters such as pulse frequency, maximum peak power and minimum pulse 

duration are acceptable for some applications in fiber-optic sensors, (Bao X, 2012) 

where the length of the sensing fiber is a limiting factor for the pulse repetition rate.  

The Fabry–Perot filter can support a scanning frequency of more than 5 kHz. 

However, in our configuration with a low-level pump power the output peak power 

decreases drastically when the scanning frequency is increased, as shown in Figure 

3.19. Similarly, the scanning speed changes with the amplitude of the sine wave signal.  

Figure 3.20 illustrates how the amplitude of the tuning sine wave signal contributes to 

the output peak power of the laser. For 60 mW pump power and an output coupling 
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ratio of 90 %, the peak power varies with the amplitude of the tuning voltage. At 1.5 

kHz, about a 27 % increase in peak power is observed when the amplitude voltage 

increases from 2 to 3 Volts. A slight 14 % increase in peak power is observed when 

the amplitude voltage increases from 3 to 4 Volts. At higher frequencies, the amplitude 

of the sinewave is relatively small. These results show that the scanning speed 

associated with the switching dynamics contributes of the output power produced by 

Q-switched fiber laser fiber laser. 

 

Figure 3.19: Dependence of the output peak power on the frequency and amplitude 

of the sinusoidal signal. 
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3.4.6 Extinction ratio 

For distributed fiber sensors applications, especially when a long multi-kilometer 

sensing fiber is required, high extinction ratio in the output of Q-switched fiber laser 

is needed. In this section, the extinction ratio of the Q-switched fiber laser is measured. 

The experiment is performed with the continuous wave fiber laser operation. In this 

case the reflectance spectrum of the FBG overlaps with the transmission spectrum of 

the F–P filter (ON). When the F–P transmission line is tuned away from the FBG 

wave-length high losses are introduced into the laser cavity (OFF). The extinction ratio 

of the output laser was measured at more than 40 dB; the results are shown in Figure 

3.21. 

 

Figure 3.20: Spectra of the output laser light for switch-on and switch-off. 
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 The optimized fiber laser cavity was used in this experiment. This includes a 3.5 m 

long Erbium-doped fiber with low Erbium ions concentration (960 ppm). For this 

experiment, 90 % of light was coupled out of the fiber laser system. The output power 

from the pumping laser diode was fixed at 60 mW. This high extinction ratio was 

achieved because of the high isolation in the ring cavity. If the optical isolator was 

removed, the extinction ratio was reduced to 20 dB. These results clearly show that a 

higher extinction ratio value is expected in the pulsing regime when the accumulated 

energy is released as a pulse.  

3.5 Summary   

We have proposed and experimentally investigated a simple configuration for an 

active Q-switched Erbium-doped fiber ring laser.  A new concept of Q-switching in 

fiber laser based on the overlap between the transmission spectrum of tunable fiber 

Fabry-Perot filter and reflection spectrum of a fiber Bragg grating. The peak power 

and time characteristics of the Q-switched fiber laser have been characterized with 

respect to the length of the Erbium-doped fiber, the Erbium ions concentration, and 

the scanning frequency. Based on these experimental investigations, optimization of 

the laser configuration was performed to maximize the output peak power of the laser 

at a low pump power of 60 mW. It was shown that the peak power and pulse duration 
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are strongly dependent on the repletion rate frequency of pulse. The output peak power 

of 9.7 W was obtained using 3.5 m of Erbium-doped fiber with an ion concentration 

of 960 ppm, at 1 kHz of the pulse repetition rate and 90 % of light coupled out. The 

laser pulse duration of 500 ns at the wavelength of 1550 nm was obtained at the same 

pulse repetition rate. An extinction ratio up to 40 dB was obtained from fiber laser. 

This is the first time that such an all-fiber Q-switching approach has been 

experimentally implemented, and the Q-switched fiber laser fully optimized. The 

simplicity of this Q-switching technique and the principle of its operation make it 

suitable for being extended into more complex set-ups, including multi-wavelength 

fiber lasers for sensing applications.  
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Chapter 4 
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4.1 Introduction  

High peak power laser pulses with short pulse duration and high extinction ratio are 

essential for a variety of applications including coherent optical transmission and 

optical fiber sensing systems. In Chapter 3, a new concept of Q-switching based on 

the spectral overlap mechanism between the transmission of a fiber Fabry-Perot 

tunable filter and the reflection spectrum of a fiber Bragg grating was discussed. 

Successful Q-switching operations and pulse characteristics were then presented. The 

system was implemented and studied using a fiber laser ring cavity configuration. In 

addition to the successful Q-switching mechanism demonstrated in ring cavity, it was 

demonstrated that the extinction ratio is easily improved because of the unidirectional 

light propagation achieved with an optical isolator inside the fiber ring laser cavity. In 

this Chapter, a Q-switched fiber laser linear cavity configuration is designed and 

demonstrated experimentally. Contrary to the ring laser cavities, linear laser cavities 

do not allow the use of optical isolator inside the laser cavity to increase the extinction 

ratio of the fiber laser. However, it is established in this investigation that with a proper 

cavity design, a linear cavity performs with characteristics comparable to a ring fiber 

laser. To obtain the full benefit from the designed linear cavity Q-switched fiber laser, 

the laser system was first optimized and characterized in the continuous wave regime. 

The output pulses of Q-switched fiber laser are studied as a function of pump power 

and modulation frequency. To characterize the Q-switched fiber laser performance, a 
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3 m long Erbium-doped fiber was used. Fiber laser parameters, such as output coupling 

ratio, pump power and modulation frequency were optimized to obtain the output 

pulse time duration and peak power. This Q-switching technique maintains the 

intrinsic robustness and simplicity of an all fiber laser system. The results of this 

experiment were published earlier in (Kaboko et al., 2017). 

4.2 Design of the linear cavity Q-switched fiber laser  

The Q-switching mechanism proposed in this project include both filters; fiber Bragg 

grating and Fabry-Perot tunable filter. A proper cavity design and optimization is 

required to achieve both continuous wave and Q-switched operation. The physical 

position of each optical component in the fiber laser cavity plays a crucial role in the 

trade-off between gain and loss of the fiber laser system. Scenarios of linear cavity 

arrangement are proposed to choose the best suited for archiving linear cavity fiber 

laser operating optimally in both continuous wave and Q-switching regime based on 

the spectral overlap between the reflection spectrum of the fiber Bragg grating and the 

transmission spectrum of the fiber Fabry-Perot tunable filter.   

The first fiber laser configuration is shown in Figure 4.1. The fiber laser contains a 3 

m long Erbium-doped fiber (EDF) as a gain medium. The Erbium-doped fiber is 

pumped a semiconductor laser diode emitting 100 mW at wavelength of 980 nm. The 
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pump light is coupled to the fiber laser cavity via a wavelength division multiplexer 

(WDM). The Erbium-doped fiber emits a broad spectrum of light in the 1550 nm 

region. The radiation from the Erbium fiber enters port 2 of the circulator, exits port 3 

and reenters port 1.  Finally it emerges from port 2 to be amplified by the Erbium-

doped fiber. The Fabry-Perot filter is voltage modulated to select the lasing 

wavelength which is determined by the fiber Bragg grating. The fiber Bragg grating 

also acts as left mirror and is connected to a 90/10 output coupler; with 90 % of light 

coupled out of the fiber laser.    

 

Figure 4.1: Linear cavity fiber laser using a fiber Bragg grating as left mirror and 

a looped circulator as the right mirror. 

Figure 4.2 shows the recorded output spectra of the fiber laser using a spectrum 

analyzer. The transmission spectrum of the fiber Fabry Perot tunable filter is tuned 

using a DC voltage. Due to a small change in the cavity length of the fiber Fabry-Perot 

tunable filter, in this experiment, the transmission spectrum of the filter at 1550 nm is 
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obtained when 6.5 volts DC is applied to it; which corresponds to the reflection 

spectrum of the fiber Bragg grating. 

In this experimental set-up, it is expected a high cavity loss, when 0 volts is applied to 

the filter; and fiber laser emission and total spectral overlap between transmission of 

the filter and the reflection spectrum FBG, when the filter is tuned with 6.5 DC voltage. 

However, due to the gain and loss completion within the fiber laser cavity, a weak 

multi-wavelength emission around 1600 nm is generated. 

 

Figure 4.2: Multi-wavelength laser emissions in 1600 nm window. 

In addition, from results in Figure 4.2, it is clear that the fiber laser output spectrum is 

independent of the applied voltage to the tunable filter. This mean it is not possible to 
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achieve the Q-switching of fiber laser in the 1550 nm range where the maximum 

reflection of the fiber Bragg grating is obtained. Nevertheless, this fiber laser 

configuration, if optimized, presents a potential for emits a multi-wavelength fiber 

laser emission. Additionally, with an appropriate fiber Bragg grating reflection 

wavelength spectrum, this configuration could possibly be optimized to produce 

longer wavelength.  

In a second configuration, illustrated in Figure 4.3, the fiber Fabry-Perot tunable filter 

is placed between the FBG and the Erbium-doped fiber. 

 

Figure 4.3: Linear cavity fiber laser using a fiber Bragg grating as right mirror and 

a looped circulator as left mirror. The tunable filter is inserted between the FBG 

and the EDF. 

The measured output laser spectrum is shown in Figure 4.4 when 6.5 DC voltage is 

applied to the tunable filter. The result is an interference pattern generated by the 

different sub-cavities at 1560 nm with a spectral width of 7 nm. A fiber Fabry-Perot 

tunable filter is made of two parallel mirrors forming a cavity. A sub-cavity is also 
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formed between right mirror of the tunable filter and the fiber Bragg grating.  The 

lasing mode of the fiber laser is a result of the superimposed interference patterns of 

the forming cavities. In this cavity configuration, the cavity loss could not be 

modulated to achieve laser emission at 1550 nm, fixed by the fiber Bragg grating.  

 

Figure 4.4: Broad spectrum emissions of the fiber laser in 1560 nm region. 
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4.3  Experimental set-up of linear cavity Q-switched 

fiber laser 

To obtain Q-switching in linear cavity, the proposed all-fiber Q-switched laser is 

schematically shown in Figure 4.5. The pumping of the fiber laser is provided by a laser 

diode emitting light at 980 nm. The pump source is coupled to the fiber laser cavity 

using a wavelength division multiplexer (WDM). The gain medium of the fiber laser 

consists of a 3 m long Erbium-doped fiber (M-5-125 Fibercore). The high reflectivity 

fiber Bragg grating (FBG) and the looped optical circulator are used as left and right 

cavity mirror, respectively. The cavity loss is controlled with a modulated fiber Fabry-

Perot tunable filter. The output power from the fiber laser is collected using an optical 

coupler.  

 

Figure 4.5: Experimental set-up of the linear cavity Q-switched fiber laser. 
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The pump light absorbed by the Erbium-doped fiber (EDF) generates Spontaneous 

emission at 1550 nm. This light is reflected by a fiber Bragg grating, used as right 

mirror. The reflectivity of the Fiber Bragg grating is approximately 98%. The Full wave 

half maximum (FWHM) of the reflection spectrum of the fiber Bragg grating is 150 

pm at 1550 nm, as shown in Figure 3.7. The reflected radiation propagates towards the 

fiber Fabry-Perot tunable filter. The measured spectral width of the transmission 

spectrum Fabry-Perot filter is 200 pm, as illustrated Figure 3.4. The modulated fiber 

Fabry-Perot filter controls the intra-cavity loss of the laser resonator. If the reflection 

spectrum of the FBG overlaps with the transmittance spectrum of the fiber Fabry-Perot 

tunable filter, the light reflected from the FBG can pass through the filter. Part of it is 

coupled out through an optical coupler and the rest is reflected back into the cavity via 

and looped circulator used as a mirror. 

Q-switching is obtained in the following way: Firstly, the transmission spectrum of the 

fiber Fabry-Perot (F-P) tunable filter and the reflection band of the FBG do not overlap. 

The Q-switch is off (cavity open) and blocks the intra-cavity beam. Stimulated emission 

is suppressed because photons are not circulating in the gain medium. This allows the 

population inversion to grow to a very large value. Then, the transmission spectrum of 

the fiber Fabry-Perot (F-P) tunable filter is tuned to overlap with of the reflection 

spectrum of the FBG. In this case, the cavity the Q-switched laser is closed (Q switch 

on) and the accumulated energy of the fiber laser is then released in one a large pulse. 
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In Figure 4.6, the transmission spectrum of the fiber Fabry-Perot filter and the reflection 

spectrum of the fiber Bragg grating is shown. 

 

Figure 4.6: Illustration of the transmission spectrum of fiber Fabry-Perot tunable 

filter and reflection spectrum of the fiber Bragg grating. 

In this experiment, the spectral position of the Fabry–Perot transmittance band is 

dynamically tuned using signal from a standard low-power sinusoidal signal generator. 

In this way, the intra-cavity loss is easily modulated. To avoid random spectral shifts 

of both fiber Bragg grating and tunable filter, the fiber laser cavity are kept in a 

controlled temperature environment. This is a requirement when using this type of fiber 

laser as source for sensing application. 
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A variable coupler is initially used to determine the optimal coupling ratio of the fiber 

laser. The output coupling ratio contributes to the overall cavity loss in fiber laser.  In 

other word, it defines the minimum Erbium-doped fiber gain to achieve lasing. The 

maximum output power of the fiber laser is obtained for 90/10 coupling ratio, with 90 

% of light coupled out of the fiber laser.  

In Figure 4.7 the optical output power versus pump power is displayed. The lasing 

threshold is 15 mW. No saturation of the output power was observed. The slope 

efficiency is 12 %.  

 

Figure 4. 7: Output power versus absorbed pump power. 
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4.4 Experimental results of Q-switched fiber laser  

The Q-switched fiber laser pulses were measured with a photo-detector and a digital 

oscilloscope. A Sinusoidal signal at different frequencies and fixed amplitudes were 

used to characterize the system. The DC voltage offset of the applied sinusoidal signal 

is determined, prior the Q-switched fiber laser characterisation. The tunable Fabry-

Perot filter is first tuned using a DC voltage to ensure maximum spectral overlap 

between the reflection spectrum of the FBG and the transmission spectrum of the 

Fabry-Perot filter. When these two spectra are tuned to 1550 nm, the fiber laser starts 

to oscillate with a narrow spectrum. The cavity loss then periodically modulated with 

a 4 volts peak sinusoidal wave. In this experiment, the pump power was varied from 

40 mW to 100 mW and there repetition rate is kept constant at 1 kHz. 

The peak power and the width of the Q-switched pulses as a function of the modulation 

frequency of the fiber Fabry-Perot filter are shown in Figure 4.8. With the pump power 

fixed at 100 mW, the pulses widen as the peak power decreases for frequency above 

1 kHz. The decrease in peak power with increased repetition rate is due to the limited 

recovery time of the population inversion in the pumped Erbium-doped fiber. If the Q-

switching of the laser cavity occurs faster, less energy is stored.  

The pulse build-up and decay take longer, resulting in longer pulses with decreased 

peak power. 
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Figure 4. 8: Output peak power and time duration of the Q-switched fiber laser 

pulses as a function of repetition rate. 

The population inversion build-up is determined by the lifetime of the metastable 

energy level. The typical lifetime of Erbium-doped fibers is about 10 ms 

corresponding to a frequency of 100 Hz. However, because of possible non-radiative 

decay processes in the atomic structure of Erbium-doped fiber such as amplified 

spontaneous emission, quenching effect, this lifetime is reduced ten times. This results 

in Q-switched fiber laser producing narrower pulses and higher peak power at around 

500 Hz. However, there we observed parasitic and unstable pulses, below 500 Hz, 

which would be a shortcoming for sensing applications.  
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The peak power and time duration of Q-switched fiber laser pulses as a function of the 

pump power is displayed in Figure 4.9. For low pump power, around the threshold, 

the pulse width is wide and the peak power low. With an increase in pump power, far 

from the threshold, the pulses shorten and the peak power rises. An increase in pump 

power of Q-switched fiber leads to an increase in pump absorption and there a rise in 

the accumulated population inversion. In this lasing condition, the Q-switched pulse 

width tends to be equal to the photon lifetime in the cavity. 

 

Figure 4.9: Output peak power and time duration of Q-switched pulses as a function 

pump power. 

The spectral output power was measured using an optical spectrum analyzer (OSA). 

The recorded output spectra, illustrated in Figure 4.10, were taken with the OSA set at 
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0.05 nm resolution. The measurements were performed in the continuous wave regime 

with the fiber laser fiber Fabry-Perot tunable filter on and off modulation status. If the 

reflectance spectrum of the FBG overlaps the transmission spectrum of the Fabry–

Perot filter, the Q-switch is on and the cavity losses are low. If the Fabry–Perot filter 

transmission spectrum does not overlap the FBG spectrum the Q-switch is off and the 

losses are high. The obtained extinction ratio is about 36 dB. The limited achieved 

extinction ratio is due to the laser cavity configuration.  The linear cavity does not 

allow the use of an isolator to prevent unwanted light reflections when the two filter 

spectra do not overlap. 

 

Figure 4. 10: Spectra of the output laser light for Q-switch-on and Q-switch-off.  
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4.5 Summary  

In this Chapter we have presented the experimental optimization of the linear actively 

Q-switched Erbium-doped fiber laser. We have successfully and experimentally 

demonstrated a Q-switched Erbium-doped fiber laser based a spectral overlap between 

the transmission spectrum of a tunable filter and the reflection spectrum of a fiber 

Bragg grating. We have demonstrated that the proposed Q-switching approach is 

compatible with a linear cavity configuration. However, for this Q-switching 

technique to be successfully implemented in linear cavity, a proper fiber laser cavity 

designed is required, and all cavity parameters such as pump power, Erbium-doped 

fiber length, and output coupling ratio adequately optimized. The pulse characteristics 

of the Q-switched fiber laser, peak power and time duration, were characterized with 

respect to the frequency of the applied scanning frequency of the tunable filter and the 

pump power. Laser output peak power of 5.6 W with a 450 ns pulse time duration at 

a wavelength of 1550 nm was obtained at 1 kHz repetition rate; with 3 m long Erbium-

doped fiber pumped with a 100 mW at 980 nm. The optimal coupling of 90 % light 

out the fiber laser was used.  Additional, we have demonstrated that, though the linear 

cavity does not allow unidirectional light propagation inside the cavity, it is possible 

to achieve an extension ratio up a 36 dB, when the fiber laser cavity is optimized. 
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fiber lasers  
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5.1 Introduction 

Fiber lasers have demonstrated to be an important tool for experimentation in fields of 

pure scientific research, applied physics and engineering. To maintain the quality and 

accuracy of experiments, it is required a stable output power and well-defined 

frequency from the fiber laser source. In particular, for experiments where the 

temporal coherence of the light source plays a role, frequency stability and the 

linewidth characteristic of fiber laser are important factors. For instance, in modern 

fiber-optic communications, a spectral linewidth of the light source constitutes an 

important characteristic specification as it defines the signal dispersion and bit rate in 

long-haul optical communications. Moreover, fiber optic sensors based upon 

interferometric technique make use of narrow linewidth laser sources to improve the 

actual resolution of the sensor system.  

To meet these requirements, the need to develop fiber laser systems with narrow 

linewidth arises. Accordingly, effective techniques to experimentally measure fiber 

lasers spectral linewidth are needed. Hence, in this Chapter the linewidth of the Q-

switched fiber lasers, experimentally demonstrated in previous Chapters, are 

investigated. The background related to the linewidth and factors contributing to the 

broadening of the linewidth in these fiber lasers are first presented. Different methods 

to narrow the linewidth are discussed. In order to accurately measure the linewidth of 

the fiber lasers, a clear and effective experimental procedure is provided.  We 
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implement here a linewidth narrowing technique based on using un-pumped Erbium-

doped fiber. The experimental characterisations of spectral linewidth in both linear 

and ring Erbium-doped fiber laser systems are described and obtained results are 

discussed in sections of this Chapter.  

The output power stability of Erbium-doped fiber laser sources is also required for 

applications such as high-resolution spectroscopy, photonic generations of microwave 

signals (Pérez-Herrera et al., 2010). In this Chapter, the experiment is extended to 

explore the output power stability of fiber laser systems, as a function of output 

coupling ratio. Techniques to improve the output power stability in both ring and linear 

cavity are discussed. 

5.2  Background of single longitudinal mode fiber 

laser 

The spectral content of the fiber laser light is measured by its spectral linewidth. The 

linewidth characteristic of a fiber laser is defined as the full width at half-maximum 

(FWHM) of its optical power spectral density in terms of frequency or wavelength. 

Theoretically, the linewidth ∆𝑣 of any laser source is only limited by the Schawlow-

Townes equation (A. Schawlow and C. Townes, 1958). 
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∆𝑣 =

𝜋ℎ𝑣(∆𝑣𝑟𝑒𝑠)2

𝑃𝑜𝑢𝑡
 

(5. 1) 

where ∆𝑣𝑟𝑒𝑠 is the full width at half maximum of the fiber laser cavity bandwidth, ℎ𝑣 

is the photon energy and 𝑃𝑜𝑢𝑡is the output power. 

Normally, the linewidth of a fiber laser is usually much broader than Schawlow-

Townes limit due to various sources noise such as variations of the pump power, 

fluctuation in the pump wavelength, mechanical vibrations of the optical resonator, 

temperature fluctuations inside the fiber laser cavity, amplified spontaneous emission 

in the gain medium (Ball G. A. et al., 1994; Rønnekleiv E., 2001; Horak P. et al., 2006; 

Paschotta R. et al., 2006). In other words, the Schawlow-Townes equation linewidth 

limit can only be obtained in a situation where one build a laser which has very small 

temperature fluctuation, has very stable pump source (in amplitude and emission 

wavelength), and has homogeneously broadened gain active media (Philip Goldberg, 

1991; Arnaud J., 1996; Paschotta R.et al., 2008). 

The linewidth of a fiber laser depends on the time period over which it is observed. 

For short observation periods, like microseconds or nanoseconds, the linewidth is 

influenced by population density fluctuations in the gain medium, pump power 

fluctuations, spontaneous emission, the quality factor (Q) of the laser cavity, and the 

coupling between the phase and amplitude of the lasing field (Fox R.W., et al., 1997). 

For longer observation periods, from microseconds to milliseconds, mechanical and 



KABOKO Jean-Jacques MONGA Page 117 

 

 

thermal instabilities in a fiber laser result in frequency a fluctuation which widens the 

linewidth. For even longer observation periods, from seconds to days, temperature 

variations or changes in the pumping current result in frequency instabilities and also 

affect the laser output power stability. 

Fiber lasers are known to emit light in more than one cavity longitudinal mode 

simultaneously. This multimode process is the major reason for a broad wavelength or 

frequency spectrum. Not only does multimode lasing cause the broadening of the fiber 

laser linewidth but it also makes the laser extremely unstable as the power is 

continually shifted from one mode to another. Because of the natural sensitivity of 

fiber lasers to temperature, fiber length, and vibrations, the output power of 

conventional fiber lasers is unstable. These perturbations induce competition among 

the different longitudinal modes of the fiber laser which results in mode hopping and 

output power variations. 

The linewidth of a fiber laser depends on the gain medium and the laser cavity. The 

linewidth in a rare-earth-doped fiber laser is influenced by homogeneous and 

inhomogeneous broadening (Paschotta, 2006; Thiel C.W., 2011). In the 

homogeneous broadening, all the individual ions in the doped fiber are broadened in 

the same way. The homogeneous linewidth in Erbium-doped fiber can be expressed 

as the sum of several contributions given by (Hams, 2001): 
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 𝛤ℎ𝑜𝑚 = 𝛤𝑝𝑜𝑝 + 𝛤𝐸𝑟−𝐸𝑟 + 𝛤𝑝ℎ𝑜𝑛𝑜𝑛 + 𝛤𝐸𝑟+ℎ𝑜𝑠𝑡 + 𝛤𝐼𝑆𝐷 (5. 2) 

where, 𝛤𝑝𝑜𝑝 is population decay from the excited state which corresponds to the 

fundamental linewidth; 𝛤𝐸𝑟−𝐸𝑟 is the contribution from mutual transitions between 

Er3+ ions (Mims, 1979), and 𝛤𝑝ℎ𝑜𝑛𝑜𝑛 represents a variety of phonon contributions. 

𝛤𝐸𝑟+ℎ𝑜𝑠𝑡 is the contribution from nuclear and electronic spin fluctuations of the host 

crystal, and 𝛤𝐼𝑆𝐷 originates from the local environment due to the optical excitation of 

neighbouring ions. 

Imperfections such as impurities and defects cause local stresses and strains within the 

doped fiber. These stresses and strains cause the centre of the homogeneous linewidth 

of individual optical centres to shift slightly in frequency (Thiel C.W., 2011). The 

combination of many homogeneously broadened lines, each with a Lorentzian 

absorption profile centered at its own resonant frequency, results in an inhomogeneous 

linewidth which is much broader and has a Gaussian profile.  

For Erbium-doped fiber, known as having a homogeneously broadened laser 

transitions, the lineshape for the stimulated emission cross-section as a function of 

wavelength or frequency, is constant and equal for all atoms in the laser gain medium 

(W. S. Rabinovich, 1989). This implies the gain profile of Erbium-doped fiber at any 

frequency depends just on the population inversion, resulting in a constant lineshape. 

In the event that the gain of an ideal homogeneous laser is enlarged, the longitudinal 
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mode nearest to the peak of the lineshape will lase given that the intra-cavity losses 

are wavelength independent.  

In situation where the intra-cavity losses in the fiber laser are wavelength dependent, 

a single longitudinal mode operation may still be obtained.  Nonetheless, the lasing 

mode may not be the one with the biggest stimulated emission. This mean, during 

steady-state lasing operation, the gain of the lasing mode is equal the cavity losses, in 

the meantime, all other longitudinal modes encounter comparable loss but have a net 

gain lower than the required minimum limit. 

 

Figure 5.1: Field distribution of two adjacent modes and population inversion of the 

initial oscillation. 

The fiber laser cavity configuration also contributes to multimode lasing operation. 

For instance, the forward and backward propagating waves in a linear cavity interfere 

to form a standing-wave which in turn depletion of the gain in the cavity. The gain 
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will be depleted at the peaks of the standing-wave and not at the nodes as illustrated 

in Figure 5.1. The population inversion increases at the nodes, resulting in spatial 

inhomogeneity of the gain. Consequently, neighboring modes may experience an 

overall gain large enough to initiate lasing. This phenomenon is not observed in a ring 

laser cavity, where we have unidirectional light propagation, which is further enforced 

by inserting components like isolators, circulators, polarization controller. 

5.3 Methods of achieving narrow linewidth fiber laser 

operation 

Because of the wide range of applications, narrow linewidth fiber lasers have been 

developed intensively over the last decades (Dong X L et al., 2012; SchÄulzgen A 

et al., 2007; Zhang W N et al., 2012). Techniques for achieving stable, narrow 

linewidth fiber lasers are extensively discussed in the literature. These techniques 

include mode-selection and suppression of standing wave formation.  

In the suppression of standing wave formation method, the laser cavity is designed in 

such a way that the formation of standing-waves is prevented. Unwanted lasing modes 

are suppressed by increasing the spacing between adjacent modes such that all the 

other modes lie outside the gain bandwidth. This is possible by designing a short linear 
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fiber laser cavity with fiber Bragg gratings (FBG) as reflecting cavity mirrors. The 

advantage of fiber Bragg gratings is low insertion loss, passiveness, high selectivity, 

and low cost. For conventional short linear laser cavities which use only two FBG 

reflectors for cavity feedback and wavelength selectivity, the laser cavity needs to be 

only a few centimeters long so that the laser mode spacing becomes comparable with 

the FBGs’ bandwidth and single mode operation can be ensured (Xu O et al., 2009). 

The drawback of this technique is that the scalability to high power is limited because 

of low pumping absorption efficiency (Zhao M et al., 2009; Shijie Fu et al., 2017). 

To extend the active fiber length for higher laser output power, ring cavity fiber lasers 

embedded with narrowband filters were developed. When operating far above the 

pumping power threshold, a travelling-wave in a ring-cavity is more suitable for single 

mode operation than a short linear cavity. Such a cavity avoids the formation of 

standing waves. In a unidirectional travelling wave laser the gain is depleted 

uniformly. However, this laser requires more intra-cavity components (Zhang J L, 

1996). Among them, the FBG-based Fabry–Perot etalon (A. Polynkin et al., 2005), 

saturable absorber (F. D. Muhammad et al., 2012), and short sub-cavity (T. Wang et 

al., 2014) approach to obtain single-frequency lasing in a ring cavity. However, in 

each case, additional loss is also introduced to the laser cavity and the complexity of 

the laser system has been increased. 

In the mode-selection method, the laser cavity is constructed in such a way that the 

closest modes to the lasing mode reach threshold later because they have a large 
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difference in gain.  To select longitudinal modes two cascaded fiber Fabry-Perot filters 

with different free spectral ranges are integrated into the fiber ring (Park N. et al., 

1991). This can also be accomplished by incorporating an equivalent phase-shifted 

FBG (Chen X F et al., 2005) or by employing an FBG-based Fabry–Perot etalon 

(Cheng X P et al., 2009) which acts as an ultra-narrow bandpass filter. Additionally, 

researchers suggested a passive multiple-ring (Lee C C et al., 1991) or used a multiple 

cavity (Polynkin A et al., 2005) in the fibre laser cavity to achieve mode selection. A 

gain fiber as saturable absorber was also utilized to act as a very narrow filter (Cheng 

Y, 1995; T Feng et al., 2013). Injection locking technique in fibre was proposed to 

achieve single mode fiber laser oscillation (Lee C C and Chi S, 2000, Gong-Ru and 

Shih-Kai, 2003; Xin Zhang, 2007).  

5.4 Linewidth measurement techniques. 

To determine the suitability of a fiber laser for a specific application, the information 

regarding its spectral linewidth is essential. A number of research orientations have 

been devoted to measuring the exact value of the spectral linewidth of fiber laser 

systems (P. Yu, 2013; Huang, S. et al., 2016). It is well known that fiber Bragg grating-

based optical spectrum analyzer do not have the required resolution for laser linewidth 

measurement. The same is true for scanning filter methods. These traditional linewidth 
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measurements methods can only provide a resolution of several megahertz (M. W. 

Fleming and A. Mooradian, 1981), which is inadequate for kHz linewidth range 

expected for fiber laser. For this reason, measurement techniques such as homodyne 

and heterodyne based detection are proposed to achieve several kilohertz resolution 

measurement (Okoshi, 1998; Ludvigsen, H., 1998). These techniques are based on 

coherent detection approach. Coherent detection is achieved by combining the optical 

signal with a continuous wave (CW) laser in a coupler as shown in Figure 5.2.  

 

Figure 5.2: Coherent detection technique for linewidth measurements. 

The resulting beat signal is detected with a photodetector and an RF spectrum analyzer. 

The continuous wave laser used, which is referred to as local oscillator, must have a 

stable and narrow linewidth. The central frequency of the local oscillator must be tuned 

to the signal laser frequency so that the beat frequency falls within the bandwidth of 

the electronic detection system. 
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The laser linewidth is determined from the width of the beat spectrum. Assuming that 

the two fields are identically polarized the optical signal can be written as 

 𝐸𝑠 = 𝐴𝑠𝑒𝑥𝑝[−𝑖(𝜔0𝑡 + 𝜑𝑠)], (5. 3) 

in which 𝜔0, 𝐴𝑠 , and 𝜑𝑠 are the angular frequency, amplitude and the phase of the 

signal, respectively.  

 

The optical field of the local oscillator is expressed as 

 Es = Asexp[−i(ω0t + φs)], (5. 4) 

Given that the photodetector responds to the optical intensity, the incident optical 

power at the photodetector is shown by: 

 P(t) = k|Es + Ecw|2 = Ps + PLO + 2√PsPLO cos(2πvIF + ∆φ), (5. 5) 

where 𝑃𝑠 = 𝑘𝐴𝑠
2
, , and 𝑃𝐿𝑂 = 𝑘𝐴𝐿𝑜

2
 

 
, are the powers of the signal and the local 

oscillator, respectively.   ∆φ = φs−φLO is the phase difference of the two sources. 

 𝑣𝐼𝐹 =
𝜔𝑠−𝜔𝑐𝑤

2𝜋
 is the intermediate frequency (vIF). 

 

If the power 𝑃𝐿𝑂 of the local oscillator is much larger than the signal power 𝑃𝑠, the first 

term can be ignored. The second term PLO is a large continuous signal which carries 

no information but contributes to shot noise or white noise. The third term is the 
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important mixing term.  The actual optical signal frequency does not appear explicitly, 

only the difference between the signal and local oscillator frequency (𝑣𝐼𝐹).  

Depending on whether or not 𝑣𝐼𝐹 is equaled zero; there are two types of coherent 

detection methods, the homodyne and heterodyne detection. We discuss here the 

delayed self-heterodyne detection. 
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5.5 Delay self-heterodyne measurement technique. 

The delayed self-heterodyne detection technique is a well-established method for 

measuring the linewidth of fiber lasers (Albert Canagasabey et al., 2011). The 

detection of the laser linewidth with the delayed self-heterodyne technique is based on 

the conversion of optical phase or frequency fluctuations of the laser into variations of 

light intensity in a Mach-Zehnder interferometer as shown in Figure 5.3.  

 

Figure 5. 3: Delayed self-heterodyne interferometer (DHSI) technique using a Mach-

Zehnder interferometer (MZI).  

The single longitudinal mode laser beam propagates through an optical isolator (ISO), 

and then split into two beams by a 1 × 2 coupler (C1). One beam is delayed by a single 

mode fiber. The other beam propagates through a phase modulator (PM).  The phase 

modulator is used as frequency shifter to reject the DC signal in the detection system 

and measures only the photocurrent fluctuations. The two beams are recombined by 
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the coupler (C2) and their beat signal is detected by a photodetector (PD) and recorded 

by an electric spectrum analyzer (ESA). The laser light from the two arms interfering 

at the detector produces a spectrum with width and shape that depend on the linewidth 

laser under test.  

The interferometer delay must be chosen carefully. A large delay gives a large signal 

because the slope of the Mach-Zehnder transfer function scales with the delay. A large 

delay narrows the bandwidth over which the interferometer transfer function is linear. 

This corresponds to a third of the interferometer spectral period (Chen, X et al., 2011). 

The optical signal delay is chosen to be longer than the coherence length of the laser. 

This simplifies the interpretation of the measured spectral power because interfering 

fields become uncorrelated on the detector. However, the length of the required optical 

delay line may become impractically long (Chen, X et al., 2011).  

If the delay time, 𝜏𝑑, of the beam one path exceeds the coherence time, τc of the source, 

the two combining beams interfere as if they originated from two independent lasers 

with an offset in frequency by δf. Thus the system performs similarly to optical 

heterodyne detection. The delay time 𝜏𝑑 and the resolution of the interferometric 

method ∆𝑣𝑟𝑒𝑠 are related by 

 
𝜏𝑑 =

𝑛𝐿𝑑

𝑐
≅

1

∆𝑣𝑟𝑒𝑠
 

(5. 6) 

in which 𝐿𝑑 is the length of the fiber delay line. 
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The interpretation and analysis of the laser linewidth resulting of the measured 

spectrum are twofold: one for lasers with a short coherence length or equal to the 

interferometer delay, and another for lasers with longer coherence length. Ideally, 

Lasers light with a shorter coherence length than the path length imbalance of the 

interferometer will produce a Lorentzian spectrum with a half width at half max equal 

to the laser light spectral linewidth. The Lorentzian-shaped linewidth at 3 dB can be 

inferred from the displayed linewidth by using the relationship shown in Table 5.1. 

Table 5.1: Delayed self-heterodyne linewidth relations (Dennis Derickson , 1998). 

 

On the other hand, for lasers with a significantly longer coherence, as compared to 

interferometer delay path length, the lineshape function, when using self-heterodyne, 

deviates considerably from the Lorentzian lineshape function. This is justified by the 

coherent interference of light from the two arms of the interferometer. In this case, the 

lineshape function results in a combination of a Dirac delta function at the frequency 

of modulator used in one arm of the interferometer with the interferometer transfer 
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function, where the depth of the ripples is determined by the laser linewidth. The 

linewidth is obtained by properly fitting data to the measured lineshape function. 

5.6 Experimental procedures and results   

In Figure 5.4 the experimental arrangement is illustrated. The system consists of two 

parts. The fiber laser which is the Erbium-doped fiber ring laser discussed in Chapter 

3 and the linewidth measurement system based on the delayed self-heterodyne 

technique. We characterize the fiber laser in the continuous wave regime.  

The fiber Fabry–Perot (FFP) tunable filter is a critical component in the Q-switched 

fiber laser systems developed in this project. The fiber Fabry-Perot tunable filter has a 

narrow transmission spectrum, making it suitable for narrow linewidth cavity 

development. However, because of its piezo-electric transducer (PZT) driven 

configuration, the transmission spectrum of the fiber Fabry-Perot tunable filter easily 

drifts from the target. For this reason, fiber laser setup is placed in a controlled 

environmental condition to guarantee both output power and linewidth stability.  

The experimental set-up consists of an Erbium-doped fiber ring laser connected an 

isolator to prevent unwanted reflections from the fiber. The fiber laser is set to operate 

in continuous wave mode by tuning the transmission spectrum of the tunable filter to 
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a maximum overlap with the corresponding spectrum of the fiber Bragg grating. An 

additional un-pumped Erbium-doped fiber “EDF2” is spliced between the circulator 

and the fiber Bragg grating. This un-pumped Erbium-doped fiber plays a role of a 

saturable absorber for the linewidth narrowing purpose.  

 

Figure 5.4: Erbium-doped fiber ring laser with linewidth measurement system. 

 

Immediately after the isolator, the beam was split into two beams by a 50/50 optical 

coupler. One arm of the coupler is connected to a second 3 dB coupler via a phase 

modulator and a polarization controller (PC). A polarization controller was used to 
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maximize the heterodyne signal. The other arm of the coupler is connected to a 25 km 

long single mode fiber delay line connected to a second 3 dB coupler.  The phase 

modulator (JDSU SN524022F) is used to generate a frequency shift. The phase 

modulator is driven by a modulator driver (MX10A) and a radio frequency (RF) signal 

generator (Agilent E8257C). The signal generator produces an analog signal of 400 

mV at 80 MHz. The beat signal with a bandwidth of 250 MHz (FPD 510) is injected 

into a photodetector and measured by a radio frequency spectrum analyzer (Agilent 

E4407B, 9 kHz-26 GHz). In order to measure the spectral linewidth of the fiber laser, 

the central sweep frequency and span of the RF spectrum analyzer were set at 80 MHz 

and 600 kHz, respectively. 

Other important parameters of the spectrum analyzer setting are the resolution 

bandwidth (RBW) and the video bandwidth. (VBW) The resolution the bandwidth 

determines how well closely spaced signals can be separated. The video bandwidth 

determines how the resolution of very weak signals can be improved in the presence 

of noise by smoothing out the signal of interest. In our experiment the RBW and VBW 

were set at 3 kHz and 30 kHz, respectively. The radio frequency (RF) spectrum is 

shown in Figure 5.5.  

The experimental, characterisation of the linewidth is done in two phases. First, the 

fiber laser is built without the additional un-pumped Erbium-doped fiber (EDF2). This 

is to determine the actual linewidth of the fiber laser. Then after, the un-pumped 
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Erbium-doped fiber is spliced as per experimental setup in Figure 5.4. For each 

experiment, the linewidth and output stability of the fiber laser is measured. This 

experimental methodology will be followed in the experiments based on Figure 5.8  

From the RF beat signal, we observe a 3 dB linewidth of ~32 kHz, corresponding to a 

Lorentzian fiber laser linewidth of 16 kHz for ring fiber laser system without un-

pumped doped fiber. 

 

Figure 5.5: Beat spectrum of Erbium-doped fiber ring laser measurements averaged 

100 times without un-pumped fiber (blue) experimental collected data (red) 

Lorentzian fitting for the beat spectrum. 

To determine the stability of the laser we measured the output power over a period of 

120 min, taking a reading every 5 min. The result is plotted in Figure 5.6. The room 

temperature was kept constant during the testing period to avoid wavelength shift of 
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the two optical filters. We studied the output power stability of the fiber laser for 

different output coupling ratios, as indicated in Figure 5.6 (a). The highest output 

power fluctuations of 7.52 %, corresponding to 0.24 dB were observed for output 

coupling ratios of 10 %. The lowest power fluctuations of 0.71 % were observed for 

output coupling ratios of 90 %, corresponding to 0.08 dB. For 20 % and 80 % output 

coupling ratios, the recorded power fluctuations were 3.06 % and 0.8 %, respectively. 

 

 

Figure 5.6: Output power stability for Erbium-doped fiber ring cavity fiber laser: (a) 

Normalized power stability versus time with output coupling ratios as parameters and 

without an un-pumped fiber for different coupling ratio (b) Normalized power stability 

versus time for 10 % and 90 % output coupling ratios with an un-pumped fiber. 

As shown, at low output coupling ratios, the output power stability of the fiber laser is 

poor. So, higher output coupling ratios are necessary to achieve both, maximum output 

power and stability. To improve the stability and narrow the linewidth of the Erbium-

doped fiber laser, an additional 1.5 m long M5-980-125 un-pumped Erbium-doped 

a) b) 



KABOKO Jean-Jacques MONGA Page 134 

 

 

fiber (EDF2), was spliced between the circulator and the fiber Bragg grating as 

depicted in Figure 5.4. This piece of fiber acted as a saturable absorber. In Figure 5.5 

(b) the Erbium-doped fiber laser stability performance for 10 % and 90 % output 

coupling were compared. In both cases, excellent power stability was observed for the 

duration of the experiment. However, an additional power loss was introduced by the 

saturable absorber Erbium-doped fiber.  

The measured RF beat spectrum at 80 MHz with the 1.5 m long un-pumped Erbium-

doped fiber is shown in Figure 5.7. The Lorentzian shaped bandwidth at 3 dB below 

the maximum is about 20 kHz, which gives the spectral linewidth of 10 kHz. In this 

lasing condition, the linewidth is reduced by 38 %.  

Because the existing reflections in the fiber laser cavity originating from splicing 

points, connectors and cavity components, standing waves in the Erbium-doped fiber 

would form, and spatial hole burning effect would be generated, leading in poor laser 

output power stability and broad linewidth characteristic. To overcome this setback, a 

section of un-pumped EDF is incorporated into the fiber laser. The linewidth 

narrowing in the un-pumped doped fiber is based on the grating formed by interfering 

two counter-propagating light waves (Zhiyong Dai, 2010), resulting in smaller 

absorption for the higher-power lasing longitudinal mode. Therefore, the unwanted 

competitive modes receive smaller loop gains, which would be suppressed because of 

the strong gain competition in the Erbium-doped fiber. 
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Figure 5.7: Beat spectrum of Erbium-doped fiber ring laser measurements averaged 

100 times with un-pumped EDF fiber; (blue) experimental collected data (red) 

Lorentzian fitting for the beat spectrum. 

We have also investigated the output power and spectral linewidth of the linear cavity 

Erbium-doped fiber laser discussed earlier in Chapter 4. The experimental set-up is 

illustrated in Figure 5.8.  
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Figure 5.8: Erbium-doped fiber ring laser with linewidth measurement system.  

By tuning the transmission spectrum of the tunable filter to overlap the fiber Bragg 

grating spectrum, the continuous wave regime is obtained. Taking into account the 

output coupling ratio contribution to the output power stability, 90 % output coupling 

ratio is used in the experiment. The laser output power of about 14 dBm without 

saturable absorber un-pumped Erbium-doped fiber was achieved for a pumping power 

100 mW at 980 nm. For the same pumping power, an output power of about 10 dBm 

is attained when a 1.5 m long un-pumped Erbium-doped fiber (M5-980-125) is spliced 

between the fiber Fabry-Perot filter and the output coupler. 
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We have measured the stability of the output power over a period of 120 min. Figure 

5.9 illustrates the result of this experiment. We have held the ambient temperature 

constant during the experiment and the interferometer isolated from both temperature 

change and vibration. 

 

Figure 5.9: Normalized power stability versus time for fiber linear cavity (blue) 

without additional un-pumped doped fiber (green) with 1.5 m additional un-pumped 

Erbium-doped fiber. 

We find that the maximum output power fluctuation is 9.3 % without the saturable 

absorber un-pumped Erbium-doped fiber and 0.4 % with the un-pumped Erbium-

doped fiber. These power fluctuations correspond to 1.3 dB and 0.04 dB, respectively.    
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To investigate further the spectral characteristics of the fiber laser, the output power is 

fed into a Mach-Zehnder interferometer with a 25 km long delay line. The frequency 

shift from the phase modulator was 80 MHz as shown in Figure 5.8. The measured 

power spectrum is illustrated in Figure 5.10.  

 

Figure 5.10: Beat spectrum of Erbium-doped fiber linear cavity laser measurements 

averaged 100 times without un-pumped fiber (blue) experimental collected data (red) 

Lorentzian fitting for the beat spectrum. 

Using a Lorentzian shape the spectral width of 57 kHz at 3 dB below the peak 

corresponds to a linewidth of 28.5 kHz. In this experiment, only one Erbium-doped 

fiber was used. Another experiment was performed with an additional un-pumped 

Erbium-doped fiber used as a saturable absorber. The results are shown in Figure 5.11. 
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The fitted Lorentzian shape bandwidth is 32 kHz corresponding to 16 kHz fiber laser 

linewidth. As in the fiber ring laser configuration, we have observed a linewidth 

narrowing when using an un-pumped Erbium-doped fiber.  

 

Figure 5.11: Beat spectrum of Erbium-doped fiber linear cavity fiber laser 

measurements averaged 100 times with un-pumped EDF fiber; (blue) experimental 

collected data (red) Lorentzian fitting for the beat spectrum. 
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5.7 Summary   

The design and construction of fiber lasers comprising both narrow linewidth ring fiber 

laser and linear cavity laser has been described in this Chapter. By combining a tunable 

fiber filter and a fiber Bragg grating together with a saturable absorber, narrow 

linewidth fiber laser operation was achieved. Ultimately, the output stability of these 

fiber lasers was demonstrated. We have identified the important source of noise in a 

fiber laser cavity leading to output power instability and broad linewidth 

characteristics. Research trend on how to improve the stability of the fiber lasers and 

narrow the fiber laser linewidth was presented. Parallel to the linewidth and output 

power stability, we have presented a clear experimental approach to measure the 

linewidth of a fiber laser.  The obtained experimental results have proven that the 

designed Q-switched fiber lasers are suitable sources for applications such as fiber 

sensors with a possibility of achieving better frequency shift in Brillouin based 

distributed fiber sensor due to narrow fiber laser linewidth and stable output power. 
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Chapter 6 

 

 

 

 

 

 

Modelling of a Q-Switched Erbium-

doped fiber ring laser  
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6.1 Introduction  

The main purpose of this project is the designing of Q-switched fiber lasers for 

potential application in fiber sensor system. In the experimental part we demonstrated 

a new concept of Q-switching for fiber lasers based on the spectral overlapping of two 

optical filters namely a fiber Bragg grating and a fiber Fabry-Perot tunable filter. In 

this Chapter, we develop a numerical method to simulate the pulsed fiber laser based 

on this Q-switching approach. To the best of our knowledge, no models have been 

reported for this configuration. An experimentally verified numerical model of an 

active Q-switched Erbium-doped fiber laser is presented. The study of this fiber laser 

consists of the analysis of the output pulse characteristics, time duration and peak 

power. The simulation was done in Matlab.  The effects of the pump power, the 

scanning speed and the length of the Erbium-doped fiber on the output of a Q-switched 

Erbium-doped fiber laser are highlighted. 

  



KABOKO Jean-Jacques MONGA Page 143 

 

 

6.2 Background  

Theoretical modeling is important to investigate the static and dynamic behavior of a 

fiber laser and to optimize the system parameters. Numerical computing is a powerful 

tool to confirm experimental results and validate the proposed experiments. To 

understand the processes in a Q-switched fiber laser and determine the optimum design 

of the fiber laser cavity, a numerical model is required. Several models of passive and 

active Q-switched fiber lasers have been reported in the past years. 

The numerical models of Q-switched fiber lasers are divided into two groups: point 

models and “travelling wave models (Gaeta, Digonnet and Shaw, 1987; Digonnet, 

2001; Wang and Xu, 2007). The point model is based on the following assumptions: 

The population inversion density and light intensity are uniforms along the axial 

direction of the laser cavity. The cavity of the Q-switched fiber laser is short and the 

doped fiber is placed in an optical cavity together with the Q-switch device. The time 

between low Q-value and high Q-value of the fiber laser cavity is shorter than the pulse 

build-up time. The spontaneous emission during the release of the output pulse is 

neglected. Optical pumping is not considered during the emission output pulse. Shang 

et al. used this approach to optimize a Q-switched Ytterbium-doped double cladding 

fiber laser ( Shang L J et al., 2006). However, this assumption is not suitable for Q-

switched fiber lasers with high gain, significant cavity loss, and a long fiber laser 

cavity. In addition, the point model cannot describe complex Q-switched 
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characteristics like output pulses with many peaks (Wang and Xu, 2007). 

The traveling wave model is preferred for Q-switched fiber lasers  (Adachi S. and Y. 

Koyamada, 2002; Wang Y. and Xu C. Q., 2004; Y. Huo et al., 2005; P. Roy and 

Pagnoux D., 1996; Renaud C. C. et al., 2001;Y. Wang and Xu C.-Q., 2006; Zhen L., 

2013; Kolpakov S. A. et al., 2014). In this model the population inversion and the 

intensity of radiation inside the laser cavity are treated as functions of the fiber length. 

Hence, the traveling-wave model allows axial non-uniformity of the gain inside the Q-

switched fiber laser cavity. A number of simulations based on the travelling wave 

model have been conducted. Optimization of actively Q-switched fiber lasers has been 

reported in the past (L. Xiang et al., 2011; Y. Wang et al, 2003; R. Ciegis et al., 2008; 

Swiderski J.et al., 2004). 

Roy P. and Pagnoux D., (1996) reported an active Q-switched fiber laser using a 

nanosecond time modulator. They used a travelling wave model and took into account 

the contribution of amplified spontaneous emission. They modeled the peak power 

versus fiber length and modulator rise time and optimized the fiber laser accordingly. 

An active ring cavity Erbium-doped Q-switched fiber laser with an acousto-optic 

modulator was numerically analyzed with the travelling wave model. With this model 

it was possible to analyze the multi-peak behavior of the output pulses. The shape of 

the pulses was simulated using different rise times for the accousto-optic modulator 

(AOM), namely 35 ns, 105 ns, 350 ns and 10.5 µs. The total ring cavity length was 70 
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m and the Erbium-doped fiber was 20 m long. The calculated and measured pulse 

shapes were in good agreement (Andersen T. V. et al., 2006). In another model the 

pulse duration and the energy of a neodymium-doped double glad fiber laser was 

predicted. Although longitudinal and transverse modes were not taken into 

consideration, the proposed model was sufficiently accurate. Erbium-Ytterbium co-

doped clad-pumped fiber lasers were modeled. In these models the wavelength 

dependence of the laser parameters in the 1550 and 1080 nm bands for Erbium and 

Ytterbium respectively were highlighted. In another model labeled “simplified,” a 

single wavelength was assumed for both bands (Cheng X. P., 2007). In both cases, the 

energy transfer between Erbium and Ytterbium ions was taken into consideration. The 

“simplified” model agreed with the “full” model within 10%. An experiment was 

performed using a 4 m clad-pump Erbium-Ytterbium co-doped fiber laser. The results 

were in good agreement with the theoretical predictions (Adachi S. and Koyamada Y., 

2002). In these simulations, an acousto-optic switch with a rise time of a few 

nanoseconds was assumed together with a linear response for the effective cavity 

reflectivity. 

However, all those simulation and optimization work on actively Q-switched fiber 

lasers are not suitable for fiber Bragg grating detuning-based Q-switched fiber lasers, 

in which the FBG’s side-lobes determine the cavity’s transmission and affect the Q-

switched pulses according to Cheng et al., 2007. For the first time, Cheng et al. 

developed a numerical model for FBGs-based Q-switched fiber ring lasers with a 
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dynamic wavelength response of the FBG. Cheng et al (2008) proposed an all-fiber 

Q-switched Erbium-doped fiber ring laser with a phase-shifted and apodized FBG. 

However, this configuration presents a drawback in terms of the reliability of the fiber 

laser because the Q-switching is achieved by applying stress on the fiber Bragg 

grating. We have proposed and experimentally demonstrated a simple, reliable and 

cheap solution of an active Q-switched Erbium-doped fiber laser. This fiber laser uses 

a fiber Bragg grating and a Fabry-Perot tunable filter. Q-switching is obtained by 

modulating the Fabry-Perot filter with an external voltage, shifting its spectrum. When 

its spectrum overlaps with that of the grating, the Q factor of the resonator is high and 

low otherwise. We reported this type of Q-switched fiber laser before (R. M. Manuel, 

2016). Nevertheless, the research was only experimental. In this Chapter, a numerical 

modeling of the Q-switched fiber laser is performed.  Obtained simulation results were 

analyzed and compared with the experimental results.  
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6.3 Travelling wave model 

In Figure 6.1 the fiber laser cavity arrangement used in the study is shown. A pigtailed 

diode laser was used to pump a 3.5 m Erbium-doped fiber with a concentration of 1200 

ppm. Light from the pump was coupled into the gain medium with a WDM coupler. 

The entire ring cavity was 19 m long. A  Corning single mode standard fiber SMF-28 

was used in the ring and connected with a WDM coupler to the Erbium-doped fiber, a 

circulator, a fiber Fabry-Perot tunable filter and output coupler. Port 2 of the circulator 

was connected to the fiber Bragg grating whose wavelength was 1550 nm and the 

reflectivity considered here to be 98 %. 

 

Figure 6.1: Q-switched Erbium-doped fiber laser set-up. 
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The output coupler ratio was 10/90, with 90 % of light coupled out of the fiber laser. 

Two isolators have been placed in inside the loop to force unidirectional operation and 

minimize standing wave patterns inside the cavity. The filter is driven by a sinusoidal 

signal generator with tunable frequency. The typical frequency in the experiment was 

1 kHz. The transmission spectrum of the Fabry-Perot filter varied with the applied 

voltage. When transmission spectrum of the fiber Fabry-Perot filter matches the fiber 

Bragg grating reflection spectrum, the Q-factor is high and the huge pulse is released. 

When the two spectra do not overlap, the Q-factor of the resonator is low and the 

population inversion is built up further than in a normal laser. 

6.4 Active Q-switched fiber laser modeling 

To model the fiber laser we use the travelling wave model approach. The travelling 

wave model for active Q-switched fiber lasers consists of a set of partial differential 

equations describing the evolution of the pump and signal intensities and rate 

equations, which are ordinary differential equations, describing the population 

inversion. These equations are modeled with appropriate time-dependent initial-

boundary conditions. The overlap factor between the optical transverse field 

distribution and doped core of the fiber is calculated assuming the Gaussian 
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distribution of the 𝐿𝑃01 mode. Three different approximations can be made to find the 

profile. 

 𝑁𝑜 = 𝑁1 + 𝑁2 (6. 1) 

 𝜕𝑁2

𝜕𝑡
=

𝛤𝑝𝜆𝑝

ℎ𝑐𝐴
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(6. 2) 
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ℎ𝑐2

𝜆𝑘
3 ∆𝜆𝑘 

(6. 4) 

 𝑘 = 1, … . 𝐾  

𝑁0, 𝑁1 and 𝑁2 are total ion population, ground state ion population and metastable 

level ion population respectively. 𝛤𝑘 and 𝛤𝑝 are overlaping factors for signal 

wavelength and pump wavelength respectively. 𝑃𝑝 and 𝑃𝑘 are pump power and signal 
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power respectively. 𝜎𝑎 and 𝜎𝑒 are wavelength dependent absorption and emission 

cross-sections respectively. h is the Plank constant, c the speed of light  in vacuum and 

 A the radius of the doped fiber core.  Overlap factors obtained by assuming a Gaussian 

profile for the fundamental mode are given by: 

 
Γ𝑠 = 1 − 𝑒𝑥𝑝 (

−2𝑏2

𝜔𝑠
2

) 
(6. 5) 

where b is the Er3+ core radius and 𝜔𝑠
2 the fundamental mode radius given by Desurvire 

model as follows (Giles C. R. and Desurvire E., 1991).  

 
𝜔𝑠 = 𝐴 (0.759 +

1.289

𝑉1.5
+

1.041

𝑉6
) 

(6. 6) 

Where A is the core radius and V the normalized frequency given by: 

 𝑉 = 2𝜋𝐴

𝜆 
𝑁𝐴 

(6. 7) 

where 𝑁𝐴 is the numerical aperture and λ the wavelength of interest.  

Equations (6.1) to (6.4) have to be solved subject to the initial and boundary 

conditions. The boundary conditions are derived from the Q-switched fiber laser 

operation and cavity configuration. The Q-switched fiber laser is pumped while no 

voltage is applied to the Fabry-Perot filter. The cavity gain is destroyed and population 

inversion builds up until the steady state condition is reached. The voltage is then 
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applied to the filter, and the Fabry-Perot filter spectrum starts shifting. When there is 

an overlap between the filter and grating spectra the gain is re-established and the first 

pulse is released. After the pulse is released the losses switch back to a high value and 

population inversion starts to build up again. 

 The initial boundary conditions for the ring cavity fiber laser are: 

 𝑃𝑝(0, 𝑡) = 𝐿𝑤𝑑𝑚𝑃𝑝 (6. 8) 

 𝑃𝑘(0, 𝑡) = 𝑃𝑘(𝐿, 𝑡)𝐿12𝐿23𝑅𝐹𝐵𝐺𝑇𝐹(𝑡) 𝑅OC (6. 9) 

The power of the output pulse is given by: 

 𝑃𝑘(0, 𝑡) = 𝑃𝑘(𝐿, 𝑡)𝐿12𝐿23𝑅𝐹𝐵𝐺𝑇𝐹(𝑡) (1 − 𝑅OC) (6. 10) 

where 𝐿12 and 𝐿23 are the insertion losses between port 1 and 2 of the circulator and 

between port 2 and 3 respectively. 𝑅𝐹𝐵𝐺 is the reflectivity of the fiber Bragg grating. 

𝑇𝐹(𝑡) is the transmission coefficient of the Fabry-Perot filter and 𝑅𝑂𝐶 the coupling 

ratio of the output coupler. 
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6.5 Solution algorithm 

The resulting set of equations is coupled partial differential equations. An analytical 

solution of this type of equations is very difficult to find without paying the price of 

oversimplification leading to inaccurate modeling. Here we use an explicit finite 

difference scheme. The method allowed us to analyze the effects of spatial powers, 

population inversion distributions along the length of the cavity and time-dependent 

switching dynamics. The flowchart of the simulation algorithm is shown in Figure 6.2. 

 

Figure 6.2: Flowchart of the simulation algorithm. 
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To implement the finite difference method the equations are first discretized at equally 

spaced points along both the z (space) and t (time) axis. The ring cavity is divided 

longitudinally into a number of uniform sections Δ𝑧 in which population inversion and 

field intensities are assumed to be constant. 

Signal intensities from section to section with respect to the discretized equations for 

the pump and signal fields are calculated. Furthermore, the spatial and temporal step 

sizes are chosen to satisfy for the stability of the scheme. 

 𝑟 =  
𝑣∆𝑡

∆𝑧
≤ 1, (6. 11) 

Equation 6.11 is known as the Courant-Friedrichs-Levy or CFL condition. In this 

equation 𝑣 is the group velocity of the signal wavelength in the Erbium-doped fiber. 

𝑣 = 𝑐/𝑛 where 𝑐 is the speed of light in vacuum and 𝑛 is the refractive index of the 

fiber.  

In this model the Erbium-doped fiber length is divided into 200 sections. For a 3.5 m 

long fiber, the space step ∆z = 0.01750 m. The corresponding time step ∆𝑡 was found 

from the CFL condition to be about 87.5 ps, which is small enough for high-resolution 

Q-switching simulation and reasonable computational time. With each time step the 

population of the excited level is found knowing the population of the previous time 

step. Using the known population inversion distribution, we can find the pump and 
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signal power distribution for each time step. We repeat this process until we reach the 

end of the simulation time.  The time-dependent transmission of the Fabry- Perot filter 

is included in the model through time-dependent boundary conditions given by 

equation 6.5.  

The time-dependent transmission was measured for different scanning frequencies and 

included in the model. The amplified spontaneous emission was not included in the 

model.  

6.6 Simulation results  

A systematic analysis of the various physical effects experienced in Q-switched fiber 

lasers is carried out. The dependence of the output pulse, peak power and time duration 

on the Erbium-doped fiber length is recognized. The pump power and the scanning 

speed over the spectrum of the Fabry-Perot tunable filter and the spectrum of the fiber 

Bragg grating is established. To simulate the Q-switched fiber laser model, parameters 

in Table 6.1 are used. The simulation results are compared with experimental results 

to find the pulse features with respect to pump power and repetition rate. Multi-peaks 

at low frequencies are highlighted.  
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Table 6.1: Parameters used in the simulation of the actively Q-switched fiber laser. 

Symbol Description Value 

𝛌𝐩 Pump wavelength 980nm 

𝛌𝐤 Lasing wavelength 1550nm 

𝛔𝐚(𝛌𝐩) Pump absorption cross 

section 

2.68*10-25m2 

𝛔𝐞(𝛌𝐩) Pump emission cross 

section 

0 

𝛔𝐚(𝛌𝐤) Signal absorption cross 

section 

1.206*10-25m2 

𝛔𝐞(𝛌𝐤) Signal emission cross 

section 

2.11*10-25m2 

𝛂𝐩 Absorption coefficient at 

pump wavelength 

0.005 

𝛂𝐤 Absorption coefficient at 

signal wavelength 

0.005 

𝛕 Erbium (13/2) lifetime 10ms 

n Fiber core refractive index 1.45 

𝚪𝐤 Signal overlap factor 0.6 

𝚪𝐩 Pump overlap factor 0.81 

𝐑𝐎𝐂 Output coupling ratio 90% 

T FP filter transmission loss 3dB 

𝐑𝐅𝐁𝐆 FBG reflectivity  98% 

𝚫𝐭 Temporal step size 72 ps 

𝐫 Courant number  1 

𝚫𝐱 Spatial step size  0.0015 

 

In Figure 6.3 the output Q-switched pulse and the gain evolution of the output pulse 

are illustrated. The simulation was performed with 90 % of the light coupled out.  The 

Erbium-doped fiber was 3.5 m long and the concentration of Erbium was 1200 ppm. 
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The fiber was pumped with a 60 mW laser diode emitting at 980 nm. A background 

loss of 0.05 m-1 was assumed. An additional cavity loss was added to account for an 

additional fiber, the insertion loss in the circulator, WDM, output coupler and Fabry-

Perot filter. 

 

Figure 6.3: Output peak power and gain evolution at 60 mW pump power. 

The output peak power dependence on the pump power is illustrated in Figure 6.4. In 

the simulations the Erbium-doped fiber is assumed to be 3.5 m long. The PZT 

modulation frequency in the simulation is 1 kHz. The simulations were performed for 

40 mW, 60 mW and 80 mW pump power. As the pump power is increased the peak 

power also increases because of a larger population inversion buildup in the Erbium-

doped fiber.  At a higher pump power the buildup time of the Q-switched fiber laser is 

shorter and the width of the pulse narrower. The widths of the simulated Q-switched 

envelopes are 226 ns, 170 ns and 146 nanoseconds, respectively.  
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Figure 6.4: Output peak power versus pump power.  

The output peak power of the pulses and the pulse duration at repetition rates of 1 kHz, 

2 kHz and 3 kHz are shown in Figure 6.5. The simulation of Q-switching was 

performed far from threshold where the population inversion is greater than required 

at threshold. The pulse duration decreased as the pump power increased. By contrast, 

the pulse peak power increased linearly with pump power. 
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Figure 6.5: a) Output peak power as a function of  pump power at different repetition 

rates and b) pulse time duration versus pump power at different repetition rates. 

At higher pump powers the Q-switched laser pulses became narrower approaching the 

value of the cavity lifetime (Gaeta, 1987; L. Shang, 2008). The peak power of the 

a) 

b) 
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pulses increases proportionally with the population inversion produced after threshold 

is reached. These results agree with the theory of Q-switching and previously reported 

Q-switched fiber laser experiments (X. P. Cheng et al., 2008; R. M. Manuel, 2016; M. 

V Andrés et al, 2008; D. W. Huang et al., 2000; C. Cuadrado-Laborde et al., 2007; L. 

Wu et al., 2016; K. J. Monga, 2017). 

Figure 6.6 displays the output peak power and pulse width of the Q-switched fiber 

lasers versus the repetition rates for 40 mW, 60 mW and 80 mW pump power. In the 

studies we used a 3.5 m Erbium-doped fiber. We found that the peak power decreases 

when the frequency increases. The reason is that at high repetition rates the pumping 

time is short. Therefore, the pump cannot deliver enough power to pump the Erbium-

doped fiber. The population inversion generated in one pumping cycle varies at 

different frequencies.  
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Figure 6.6: a) Output peak power as a function of  repetition rate at different pump 

powers and b) pulse time duration versus repetition rate at different pump powers. 

The output pulse peak power as a function of the Erbium-doped fiber length for 

different repetition rates is illustrated in Figure 6.7. The doped fiber is pumped with 

a) 

b) 
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60 mW with 10 % of the fiber laser out power coupled out. The length of the cavity is 

varied from 0 m to 6 m. The output pulse peak power increases when the cavity length 

is increased to 1 m at frequencies of 2 kHz and 3 kHz. Here is the maximum output 

peak power observed. At 1 kHz the maximum power is obtained at 3.5 m cavity length. 

With a further increase in cavity length the output pulse peak decreases steadily. 

These results from the simulation illustrate the dependence of the population inversion 

distribution along the doped fiber. For any fiber laser cavity, there is an optimal length 

at which the output power is at the maximum.  

 

Figure 6.7: Output peak power versus Erbium-doped fiber length. 



KABOKO Jean-Jacques MONGA Page 162 

 

 

6.7 Model validation with experimental results 

We validated the simulations of the active Q-switched fiber laser with our 

experimental measurements. In Figure 6.8 the comparison between simulations and 

experimental results for time duration as a function of scanning frequency is presented. 

In the simulation, the time duration increased steadily with the scanning frequency 

while in experimental results first the time duration decreased, reached a minimum 

around 1.5 kHz, and started then to increase.  

 

Figure 6.8: Time duration of pulses as a function of the scanning frequency, simulation 

and experimental results. 

This experimental result can be understood as follow: The scanning speed of the 

transmission spectrum of the tunable fiber Fabry-Perot filter over the fiber grating 
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spectrum depends on the frequency of the electrical signal. At lower tuning 

frequencies, the transmission spectrum of the Fabry-Perot filter overlaps with the fiber 

Bragg grating spectrum slowly. Lasing starts before the filter system achieves 

maximum transmission. This causes the pulses to have less peak power and longer 

time duration. Even more than one pulse per scanning cycle might be generated 

(Manuel et al., 2016). The generation of multi-peaks was also observed at low 

frequencies in the simulation as shown in Figure 6.9.  

 

Figure 6.9: Multi-peak generation of Q-switched fiber laser pulses at low scanning 

frequency of the fiber Fabry-Perot tunable filter. 

 

In order to validate the proposed numerical model, we compare numerical and 

experimental results under similar cavity parameters and lasing conditions. In Figure 

6.10, simulation and experimental results for output peak power as a function of 
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scanning frequency for a 3.5 m doped fiber pumped at 60 mW are compared. The trend 

of the two curves is similar for different frequencies.  

 

 

Figure 6.10: Output peak powers as a function of Fabry-Perot filter scanning 

frequency: simulation results compared to experimental results. 

 

At lower frequencies a discrepancy between the simulation and experiments is 

observed. The obtained output peak power from the simulation are lower than 

experimental ones at frequencies below 2500 Hz. At lower repetition rate the scanning 

frequency of the F-P filter is lower and resonator closes more slowly, but pumping 

takes longer period. The observed discrepancies are attributed to effects such as 

amplified spontaneous emission, possible ion-ion interactions and pumping saturation 

which were not considered in the model.  
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6.8 Summary  

The aim of the simulation of the actively Q-switched Erbium-doped fiber laser was to 

understand the experimental results. Output pulse energy, pulse time duration and 

output peak power were investigated as a function of the output coupling ratio, pump 

power and length of the gain medium. It has been shown that an efficient Q-switched 

fiber laser is obtained when the pump power is high enough to operate the laser far 

from the threshold. The coupling ratio that allows the extraction of the maximum 

output peak power and shortest time duration of the Q-switched fiber laser is obtained 

by a proper choice of the length of the Erbium-doped fiber laser and the pump power. 

We have conducted an investigation of the characteristics of an active Erbium-doped 

Q-switched fiber laser using a tunable Fabry-Perot filter as switching element. We 

have developed a theoretical model based on rate equations and propagation equations 

for the pump and signal intensities in a fiber laser ring cavity. We have performed the 

simulation based on our model to find optimized laser conditions. Finally, we have 

validated the model with experimental results. We found that the model is in 

agreement with the experimental results. By varying the values of parameters like 

doped fiber length, scanning frequency and pump power, we obtained different 

features of the fiber laser. Finally, we have observed some discrepancies between the 

experiment and the simulation. This can be due to some physical effect like amplified 
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spontaneous emission and possible ion-ion interactions which were not taken into 

account in the model. 
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Chapter 7 

 

 

 

 

 

Conclusions  

 

  



KABOKO Jean-Jacques MONGA Page 168 

 

 

7.1 Chapter overview 

The objectives of this Chapter are threefold. First is to highlight important points from 

the thesis in terms of the questions initially addressed for this research, the 

methodology proposed to perform the experiments, and key research contributions and 

obtained results. The second objective is to elaborate upon the benefit and shortcoming 

of the Q-switched fiber laser systems developed in this thesis based on the obtained 

both experimental and simulation results compared to results already published in the 

literature. The final objective of this Chapter is to propose future research direction on 

all-fiber Q-switched fiber lasers and possible optimization for sensing applications. 

7.2 Discussions and future work. 

There were a number of considerable results in the field of Q-switched fiber laser that 

were accomplished through the experiments reported in this dissertation. These 

research outcomes constitute an important milestone in the development of all-fiber-

based Q-switching fiber laser systems. All-fiber active Q-switched fiber lasers have 

been reported in the past decade. New technique to built lossless active Q-switching 

devices has been reported in the literature. Research direction in the development of new 
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all-fiber based Q-switching in fiber laser focuses on finding ways to improve the 

robustness, output peak power, and possible extended repetition rates in these fiber lasers. 

The aim of this research project was to experimentally and theoretically demonstrate 

a new all-fiber Q-switched laser source with suitable characteristics for potential 

applications. Four main questions were addressed in this project: 

1. Can we modulate the quality factor Q of a fiber laser using the dynamic spectral 

overlap between the transmission spectrum of a fiber Fabry-Perot tunable filter 

and the reflection spectrum of a fiber Bragg grating? 

2. Based on the proposed Q-switching mechanism addressed in question 1, is it 

possible to demonstrate Q-switched fiber laser in both, ring and linear cavity 

configuration? 

3. Can the characteristics of these fiber lasers, like peak power, pulse width, 

linewidth, output power stability, extension ratio be suitable for practical 

applications? 

4. Can we demonstrate via numerical modeling that this Q-switching technique 

agrees well with results in the existing experiments literature? 

The purpose of this research project was to design and construct Q-switched Erbium-

doped fiber lasers systems. The primary contribution of this research was to propose 

an alternative concept of Q-switching in fiber laser. Considerable consideration was 

dedicated to diagnostics of the fiber laser cavity operation in continuous wave 
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operation, in terms of output power, efficiency, and operating wavelength, output 

stability and linewidth; and in Q-switched fiber laser in terms of output peak power 

and time duration of pulses. We have successfully demonstrated Q-switched fiber laser 

in ring and linear cavity configuration. 

A series of experiments were carried out to optimize the fiber laser cavities. In this 

experimental investigation, two Erbium-doped fibers with different ion concentration 

were used. The first doped fiber, with an Erbium ion concentration of 2200 ppm was 

referred to as “high concentration” and the second with an Erbium ion concentration 

of 960 ppm was referred to as “low concentration”. The contribution of fiber laser 

cavity parameters to the performance of the fiber laser such as the length of the 

Erbium-doped fiber, the output coupling ratio, pump power were explored. A coupling 

ratio of 90 % and a 3.5 m long length were found to be respectively optimal coupling 

ratio and optimal length of the fiber laser, using low concentration Erbium-doped fiber. 

The Erbium-doped fiber was pumped with 60 mW and 100 mW for ring cavity and 

linear cavity, respectively. The operation wavelength was fixed at 1550 nm. In Q-

switched fiber laser operation, a successful modulation of the quality factor on a fiber 

laser was demonstrated using two the spectral overlap between the transmission 

spectrum of a fiber Fabry-Perot filter and the reflection spectrum of a fiber Bragg 

grating. When the transmission spectrum of the tunable filter does not overlap with the 

reflection spectrum of a fiber Bragg grating, the laser cavity has a maximum loss, the 

cavity is open. In this condition, the pumped energy is absorbed in the fiber laser gain 
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medium. In turn, the fiber laser cavity has a minimum loss when the spectrum of the 

two filters overlap, resulting in the release the stored energy in the form of the giant 

pulse. The output laser pulse characteristics, peak power of 9.7 W and time duration 

500 ns, were obtained at 1 kHz of repetition rate, for ring cavity Q-switched fiber laser; 

and 5.6 W peak power with a 450 ns pulse time duration were achieved for linear 

cavity Q-switched fiber laser at the same repetition rate. The repetition rate of the 

pulses can be continuously varied from a single shot to a few kHz. The Q-switched 

fiber laser pulse behavior was obtained. We have demonstrated that the proposed Q-

switching process operates in linear cavity configuration when a proper cavity 

arrangement and optimization is done. The linear configuration exhibits relatively 

lower peak power as compared to the ring cavity configuration. This discrepancy is 

justified by the fact that, because of the bidirectional light propagation, in linear cavity 

fiber configuration more amplified spontaneous emission are experienced, resulting in 

a reduction of the population inversion contributing to the output peak power.  

We have characterized the output power stability and linewidth of Erbium-doped fiber 

lasers, in both ring and linear cavities. When these fiber lasers were Q-switched, 

resulting in laser pulses with different longitudinal modes, characterizing the fiber 

laser as multimode. A Q-switched laser with a single frequency must contain only one 

longitudinal mode. Because of the complexity involved in linewidth measurement the 

linewidth for pulsed fiber lasers, the linewidth were measured with fiber laser 

operating in a continuous regime. This would indicate how narrow the linewidth would 
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be in a pulsed system caused by spontaneous emission determine the spectral width of 

the emission line of the fiber lasers.  

The power instability is the difference between the maximum and minimum of the 

power fluctuations, measured in dB. The values were taken over a period of 120 

minutes in 5 minutes time intervals. The measurements show that the output power 

stability is a function of the output coupling ratio. The maximum output power is 

obtained when 90 % of the light is coupled out, which correspond to a stable output 

power. We have obtained fluctuations of 0.08 dB and 1.3 dB in fiber ring lasers and 

linear cavity lasers, respectively.  

It was observed that the stability is improved optimizing the doped fiber laser cavity 

length. Additionally, we have introduced a 1.5 m un-pumped Erbium-doped fiber as a 

saturable absorber to prevent spatial hole burning in both ring and linear cavity 

configurations. The output power is a stable in Erbium-doped fiber ring laser, 

compared to linear cavity. The maximum fluctuation was 0.04 dB is obtained in a 

linear Erbium-doped fiber laser.  

Narrow linewidth fiber lasers were accomplished by incorporating an un-pumped 

Erbium-doped fiber in the laser. The linewidth of 10 kHz and 16 kHz were obtained 

in ring and linear cavity lasers, respectively at 3 dB below the peak of the Lorentzian 

data fitting curve. Ideally, the linewidth interpretation above refers to context where 

only fiber lasers linewidth is caused by a white frequency noise spectrum 
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corresponding to the contribution of spontaneous emission noise within the laser 

cavity. However, it is known that fiber lasers are susceptible to other type of noise 

sources such as pump noise, vibrations, and acoustic noise. In these conditions, 

linewidth spectrum contains a considerable contribution from Gaussian-type noise 

sources. This implies that the full width at half maximum of Lorentzian represents a 

poor data fitting approach. Therefore the Lorentzian linewidth is estimated by 

measuring the spectral width of the self-heterodyne lineshape 20 dB below the peak 

where the contribution from the Gaussian is less pronounced as shown in table 5.1. 

(Spiegelberg, C., 2003; Horak, P. and Loh, W.H., 2006;  Fu, P et al., 2018; Wang, W. 

et al., 2018). 

The fluctuation in the timing of the pulses in the Q-switched fiber laser pulse train is 

commonly known as timing jitter. To maintain stable train of pulses in Q-switched 

fiber laser was placed in a controlled temperature environment to avoid any spectral 

shift from both fiber Bragg grating and Fabry-Perot filter. Additionally, the coiling on 

the fiber laser cavity was kept as neat as possible pulses to avoid instability due to 

cavity losses. Under optimized fiber laser cavity, the standard deviation of the Q-

switched fiber laser output peak power between laser pulses was less than 1 %, which 

demonstrates a stable train pulses from our Q-switched fiber lasers. This instability of 

pulses was understood to be caused by spontaneous emission, from which the lasing 

modes start from (Jacob B et al., 2002).  
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Because of it is unique nature, the Q-switching techniques proposed in this thesis was 

also theoretically investigated. A well elaborated numerical model was derived to 

explain the Q-switching process. Numerically solving of partial differential equations 

describing the change of population inversion and the photon density over space and 

time along the cavity length was proposed. The primary objective in developing this 

model was to theoretically confirm that the proposed Q-switching approach based on 

the overlap between two wavelength selecting elements is effectively consistent to the 

dynamic behaviors of active Q-switched fiber lasers available in the literature.  

As observed from simulation results, a single output pulse is released in each scanning 

period, which agree well the analytical solutions proposed in the earlier investigations 

of the traditional laser rate equations (Roy and Pagnoux, 1996; Renaud et al., 2001; 

Wang and Xu, 2007b; Sujecki et al., 2015). In addition, a comprehensive description 

of the switching dynamics of actively all-Q-switched fiber lasers with ring cavity 

under different cavity length, pump power and switching frequency was demonstrated. 

The obtained simulation results of the output peak power and pulse duration are 

qualitatively consistent with the experimental results, under similar cavity condition. 

In conclusion, we have constructed robust, narrow linewidth all-fiber Q-switched 

Erbium-doped fiber laser cavities that operated at 1550 nm.  The short pulse widths 

and high peak power of fiber lasers make them excellent source for applications like 

distributed fiber sensor. The theoretical analyses and experimental demonstrations 

presented in this thesis provide a complete picture of the dynamical behavior of the 
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proposed Q-switching process. Therefore, the objectives set in this project are fulfilled. 

A new milestone in the development of active Q-switching has been reached.   

 

Though the results obtained in this thesis clearly illustrated that the model was suitable 

to describe at first hand the working principle of the proposed Q-switching techniques, 

and the experimental results demonstrating novel technique for archiving Q-switching 

in fiber laser, there still a room for new research direction. The Q-switched fiber laser 

model could be extended by studying the influence of the spectral linewidth of the 

wavelength-selective element on the stability and linewidth of the fiber laser. The 

contribution of phenomena such as amplified spontaneous emission, concentration 

quenching and up-conversion could be included the model. This shall open a new 

window for the following experiments to be suggested. 

Substituting the fiber Bragg grating with a distributed feedback fiber Bragg grating 

could be proposed to anticipate a narrower linewidth Q-switched fiber laser.  The 

simplicity of the demonstrated Q-switching technique is the key for complex 

configurations such as multi-wavelength for fiber lasers for sensing applications. New 

emission wavelength emission could be explored. Finally, effective approach to 

narrow the pulse duration and increase the repetition still to be investigated. 
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