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Summary 

The demand for communication bandwidth has increased tremendously over the 

years. Many research and development works focus on generating ultra-fast and narrow 

optical pulses to meet this increasing demand. Although the generation of high speed and 

short optical pulses by mode-locking technique is well known, the applications of such 

pulses challenge its designer on its stability and spectral issues. With the increase in 

transmission capacity and the use of wavelength division multiplexing (WDM), 

phenomena such as four wave mixing (FWM), stimulated Raman scattering (SRS), and 

other nonlinear interactions; Gordon-Haus timing jitter, channel cross talk, etc. have put 

a limit to the performance of the high speed optical communications. It will be a 

bottleneck issue with present electronic devices in manipulating and analyzing the high-

speed optical signals. Hence, photonic-based signal processing devices are essential when 

the repetition frequency of the optical signal gets higher.  

As a start, I study the building blocks of a 10 GHz active mode-locked erbium 

doped fiber ring laser and its corresponding regenerative structure for better stability 

[W1]. Their system performances are examined. About 11 ps optical pulses are obtained 

for both structures. Fractional temporal Talbot effect, which is interference between 

dispersed pulses, has been used to increase the system rate. 4-times multiplication has 

been achieved with a base frequency of 10 GHz, and hence 40 GHz pulse operation 

[W2]. Phase plane analysis, a class of nonlinear control theories, is used to study the laser 

system stability. The analysis shows transient and steady state behaviors of the system. 

Influences of lasing mode amplitude, filter bandwidth and noise are examined. A 
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remarkable result is that no stable operation can be obtained even under perfect 

multiplication condition [W3 – W4]. 

I generate ultrafast optical pulses with slow electronic devices, to solve photonic-

electronic bottleneck problem, without much increase in the cost of generation. This may 

lead to a new era of optical communications, and closer to Shannon’s channel capacity 

for optical fiber. A Gaussian-like modulating signal is introduced, and its corresponding 

mode-locking model is developed. For Gaussian modulating signal with duty cycle less 

than 30 %, the generated pulse width is shorter than that of the cosinusoidal modulating 

signal [W5]. In addition, stable operation region for soliton-Gaussian-like pulses is 

determined [W6]. With this type of modulating signal, a record high rational harmonic 

detuning order has been achieved in the active harmonically mode-locked fiber ring laser: 

1230th order, with a base modulation frequency of 100 MHz, and hence 123 GHz 

operation [W7 and W8]. Also, phase plane analysis is applied for the system stability 

studies [W5]. 

More interestingly, Tera-Hertz operation, i.e. 1.315 THz repetition frequency with 

Time-Bandwidth Product of 0.496, is observed in parametric amplifier based fiber ring 

laser [W9 – W11]. The main essence of the operation is the frequency detuned in the 

pulse pump signal. The increase in the repetition frequency is due to the rational 

harmonic detuning and modulation instability of the system.  Moreover, its regenerative 

counterpart has also been constructed for better stability.  

Finally, the bidirectional lightwaves propagation behaviors in an erbium doped 

fiber ring laser are investigated [W12 – W14]. By exploiting this bidirectional operation, I 

propose a nonlinear optical loop mirror (NOLM) – nonlinear amplifying loop mirror 
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(NALM) fiber ring laser operating in nonlinear region. The optical bistability, bifurcations 

and chaos phenomena of the proposed structure have been examined. Three operation 

regimes are obtained numerically, namely single operation, period doubling operation and 

chaotic operation; however only two are observed experimentally due to hardware 

limitations.  

This research work focuses mainly on nonlinear system behaviors of fiber ring 

lasers, which includes self phase modulation, four-wave mixing, parametric amplification, 

optical bistability, bifurcation and chaos. Although some of the nonlinear effects are 

undesirable for system design, I am able to turn these unfavorable behaviors into real use, 

such as ultra-high speed operation, narrow pulse generation and optical switching. The 

main achievements of this work have been published in papers [W1 – W14]. 
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Chapter 1 Introduction 

1.1 Background 

With the invention of optical maser in 1958 [Schawlow and Townes, 1958], many 

research fields have bloomed in the optical field. One of them is ultra-fast optics, which 

had begun in mid 1960s with the production of narrow pulses by the mode-locked lasers 

[Gürs and Müller, 1963, Statz and Tang, 1964]. Today, ultra-fast pulse generation remains 

as an active research field. As the technologies achieve ultra-high speed transmission and 

greater sensitivity, the performance of fiber optic devices and systems will begin to 

approach their fundamental physical limits. These critical issues must be addressed in 

order to reach a level of understanding needed to engineer future communication 

networks.  

Transmission using short pulses is a fundamental technology for high-speed long 

haul system. Among many optical transmission formats, optical soliton [Hasegawa and 

Tappert, 1973] – a very stable optical pulse resulted from the balancing effect between 

anomalous dispersion and fiber nonlinearity; offers a great potential to realize such a 

system. The optical soliton was first observed experimentally by Mollenauer, Stolen and 

Gordon in 1980 [Mollenauer et al., 1980], and the first soliton laser was constructed later 

Chapter 
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[Mollenauer and Stolen, 1984]. Since then, the research interest in soliton in optical 

communication community has increased tremendously. [Hasegawa, 1983] has proposed 

the use of soliton for transoceanic transmission, compensating the fiber loss by Raman 

gain, with no pulse regeneration over the entire distance. This proposal only gained in 

practicality after the extensive developments of erbium doped fiber amplifiers (EDFAs) 

[Nakazawa et al., 1989].  

Many works have been done to boost the information carrying capacity of optical 

fibers, such as by increasing the modulation frequency, decreasing the channel spacing 

and utilizing efficient modulation schemes. Recent progress on optical technology has 

pushed the transmission limit into the Tera-Hertz range by means of time division 

multiplexing (TDM), wavelength division multiplexing (WDM) or polarization division 

multiplexing (PDM). [Nakazawa et al., 2000] had demonstrated 1.28 Tbit/s transmission 

over 70 km by optical time division multiplexing (OTDM) 128 channels at 10 Gbits/s, 

and [Sotobayashi et al., 2001] had showed a 3.24 Tbit/s transmission capacity by 81 

wavelength channels at 40 Gbit/s with carrier suppressed return-to-zero (CSRZ) format. 

More recently, [Bigo et al., 2001] had successfully transmitted 10.2 Tbit/s (2 x 128 WDM 

channels x 42.7 Gbit/s) signal over 100 km by using PDM/WDM technique. Technology 

advancements over the last two decades have definitely laid a good foundation for future 

optical communication systems.  
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1.2 Motivations 

The demand for communication bandwidth has increased greatly over the years. 

It is simply due to the increase in data, voice and video transfer over the Internet. As a 

matter of fact, the usage of optical fiber in optical communications is still far below the 

channel capacity predicted by Shannon [Shannon, 1948, Tang, 2001]. 

With single channel, 40 GHz optical systems have become very popular in 

research field before penetrating to the commercial market as the electronics at 40 GHz 

has matured [Yoneyama et al., 2000]. Recent reports on the generation of 40 GHz optical 

pulses [Hansryd and Andrekson, 2001; Nakazawa and Yoshida, 2000; Yoshida et al., 1999; 

Bakhshi and Andrekson, 2000, Yang et al., 2004, Abedin and Kubota, 2004], possibly 

higher rate in the near future, has motivated me to design and construct ultra-fast and 

stable fiber laser sources for optical communications and applications. 

Although the generation of high speed and short optical pulses by mode-locking 

techniques is well known, the applications of such optical pulses challenge its designer on 

its stability and spectral issues. On the theoretical side, the dynamics of fiber ring laser is 

very complex, and there are many problems related to the laser design remain unsolved. 

Furthermore, with the increase in transmission capacity and the use of WDM, 

phenomena such as four wave mixing (FWM), stimulated Raman scattering (SRS), and 

other nonlinear interactions; Gordon-Haus timing jitter, channel cross talk, etc. have 

restricted the performance of high speed optical communications.  

It will be a bottleneck issue with present electronic devices in manipulating and 

analyzing high-speed optical signals. Hence, photonic-based signal processing devices are 
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essential when the repetition frequency of the optical signal gets higher. Various optical 

sampling techniques have been reported [Jungerman et al., 2002, Li et al., 2004] for 

characterizing high-speed optical signals. Other than optical sampling; optical logics 

[Zhang et al., 2004], switches and memories are also drawing much attention in this 

regard. I am keen to design novel optical systems in performing these operations, by 

using some peculiar properties of the fiber lasers. 

 

1.3 Objectives 

The main aim of this research work is to study both the linear and nonlinear 

behaviors of fiber ring lasers. I begin with the investigations of active mode-locked 

erbium doped fiber ring laser, in obtaining ultra-high repetition frequency for optical 

communications. In order to increase the system line rate without increasing the base 

band frequency of the modulator, some techniques have to be used.  

Besides the fast operation speed, system stability is another concern for my laser 

systems. Hence, some stable laser structures and system stability studies are to be 

adopted. Moreover, nonlinearities such as self phase modulation, four-wave-mixing, 

parametric action, optical bistability of the fiber lasers are to be investigated.  
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1.4 Major Contributions of the Thesis 

This thesis gives detailed investigations on the system behaviors of several fiber 

ring laser systems, namely active mode-locked erbium doped fiber ring laser, regenerative 

active mode-locked erbium doped fiber ring laser, fractional temporal Talbot based 

repetition rate multiplication system, parametric amplifier based fiber ring laser, 

regenerative parametric amplifier based fiber ring laser, and NOLM-NALM fiber ring 

laser.  

Although some of the laser structures are common in literature, I tackle the issue 

from different perspectives, and hence arrive at novel system observations and analyses, 

such as phase plane analysis for system stability studies, Gaussian-like modulating signal 

in mode-locked laser systems, and frequency detuning in parametric amplifier based fiber 

ring laser.  

The phase plane analysis, which is a subsidiary of the nonlinear control 

engineering, is used for the first time, to the best of my knowledge, in the laser system 

behavior analysis. I use it to analyze the transient and steady state behaviors of the 

fractional temporal Talbot based repetition rate multiplication system and rational 

harmonic detuning in active harmonically mode-locked erbium doped fiber ring lasers.  

Conventionally, the modulating signal of a mode-locked laser system is a 

cosinusoidal signal. However, with a change in the pulse shape and duty cycle of the 

modulating signal, I achieve record high order rational harmonic mode-locked laser 

system. I develop an analytical mode-locking model for the Gaussian-like modulating 

signal, and determine its stability region for soliton-Gaussian-like pulses. In addition, 
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some notable remarks from the analysis have made this modulating signal a potential one 

in optical communications.  

Phase matching condition is an essential criterion in parametric amplification 

systems. However, by applying some frequency detuning to the system, interesting 

phenomenon can be observed. I study the frequency detuning behavior in the parametric 

amplifier based fiber ring laser system, and ultra-high repetition rate operation is 

observed. I believe that this ultra-high speed operation is resulted from the combination 

of rational harmonic detuning and modulation instability of the system.    

With my proposed nonlinear optical loop mirror – nonlinear amplifying loop 

mirror (NOLM-NALM) fiber ring laser, bidirectional lightwaves propagation is observed. 

In addition, different operation regimes are obtained numerically, namely single 

operation, period doubling operation and chaotic operation. However, due to hardware 

limitations, only the first two operations are observed experimentally. This laser structure 

will have good potential in various photonics applications, such as optical flip-flops and 

optical buffer loop, due to its peculiar operation characteristics. 

 

1.5 Outline 

The thesis is divided into four parts as shown in Fig. 1-1. The first part introduces 

the theories used throughout the thesis, which includes laser fundamental, pulse forming 

mechanism: mode-locking process and some lightwave propagation effects in the optical 

fiber.  
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The second part of the thesis, which constitutes Chapter 3, 4 and 5; is devoted to 

the ultra-fast operation of fiber ring lasers. I begin with a 10 GHz active mode-locked 

fiber ring laser and its regenerative counterpart. System behaviors such as gain 

performance, dispersion characteristics, mode-locking conditions, nonlinear effects are 

investigated. Subsequently, some techniques have been studied and used to increase the 

system repetition rate. Fractional temporal Talbot effect, which is the interference 

between dispersed optical pulses, is used to achieve four-times frequency multiplication, 

with base frequency of 10 GHz. Furthermore, phase plane analysis is used for the system 

performance studies. Rational harmonic detuning in a mode-locked laser system with a 

Gaussian-like modulating signal is also investigated. With this, I achieve a record-high 

harmonic detuning order, i.e. 660th and 1230th orders. A model based on the Gaussian-

like modulating signal is developed for system analysis. In addition, I investigate the 

behaviors of a parametric amplifier based fiber ring laser that leads to Tera-Hertz optical 

pulse operation. The main principles for this ultra-high speed optical pulse generation are 

the combinations of modulation instability and frequency detuning. The major 

achievements of this part of the thesis have been published in papers [W1 – W11]. 

 The third part of the thesis, i.e. Chapter 6, explores the properties of nonlinear 

optical loop mirror (NOLM) and nonlinear amplifying loop mirror (NALM) and their 

possible applications in optical switching and secured optical communications. I 

theoretically and experimentally investigate the behavior of the NOLM-NALM fiber ring 

laser. The basic principle of the structure is the asymmetrical nonlinear phase shifts of the 

lightwaves traveling within the laser. Optical bifurcations and quasi-periodic operation 

(route to chaos) have been confirmed from the analysis obtained both experimentally and 
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analytically. The main work done based on the NOLM-NALM laser structure has been 

published in paper [W12 – W14]. 

Finally, the conclusions and future prospects of this research work are given in 

the final part of the thesis. 

 

 

Figure 1-1: Thesis outline 

 

I 
Introduction 

Laser Dynamics 
Mode-Locking 

Optical Wave Propagation Behaviors 

II 
Ultra-Fast Laser Operations 

 
§ Active mode-locked erbium 

doped fiber ring laser 
§ Fractional temporal Talbot 

based repetition frequency 
multiplier 

§ Rational harmonic detuning 
§ Parametric amplifier based 

fiber ring laser 

III 
Optical Bistability, Bifurcations 

& Chaos 
 

§ Bidirectional erbium doped 
fiber ring laser 

§ NOLM-NALM fiber ring 
laser 

§ Amplitude modulated 
NOLM-NALM fiber ring 
laser 

IV 
Conclusions 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 9 

Chapter 2 Laser Theory 

Light Amplification by Stimulated Emission Radiation (LASER) has been 

predicted by Albert Einstein in his theory of stimulated emission as early as 1917. 

However, it took about four decades before the first functioning ruby laser was realized 

by Maiman in 1960. Scientists were amazed by this technical breakthrough but laser 

technology itself had no real applications at that time. This is not exceptional; discoveries 

may need time before it is being put into use. Today, laser is used in a wide range of 

applications, such as communication, manufacturing, sensor, construction industry, 

medicine, military system, etc. Laser has many advantages over the normal light sources, 

for instance: very intense, monochromatic, plane polarized, etc. There are now different 

types of lasers covering different EM spectrum making them very useful for many 

different applications. I do not know yet if this laser knowledge and technology will be 

useful in the future, but I do know that the future applications are based on today's 

research. In this chapter, I will focus on the main ingredients of a laser, as well as the 

wave propagation properties in an optical medium. This will serve as an adequate 

foundation for the subsequent chapters in this thesis.  

 

Chapter 
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2.1 Fundamental of Laser Dynamics 

There are three essential components that make up a laser, namely active 

medium, pump source and resonant cavity. The medium can be gaseous, liquid, or solid, 

as long as it provides the condition for laser transition. Normally, a laser is distinguished 

by its medium, for example fiber laser, dye laser, solid-state laser, semiconductor laser and 

gas laser. The medium is excited by a pump source, creating an inverted population. Most 

lasers are pumped electrically, meaning via collisions with either electrons or ions. Dye 

lasers and many solid state lasers are pumped optically; i.e. with flash-lamp type light 

source, or semiconductor laser. There are also chemically pumped lasers, using chemical 

reactions as an energy source, however are not very efficient.  

The resonant cavity accounts for the amplification of the light since the path 

through the laser medium is passed by repeated passes back and forth, i.e. round 

trips. Typically this amplification grows exponentially. The more photons there are to 

produce stimulated emission, the higher the rate at which new coherent photons are 

produced. There are two general types of resonant cavity, namely Fabry-Perot and ring 

cavities, as shown in Fig. 2-1 and Fig. 2-2.  

Fabry-Perot cavity usually consists of two mirrors separated by a distance of a 

multiple of half a wavelength of light; one on each end that reflect photons back and 

forth so that stimulated emission continues to build up. Standing wave is formed as a 

result of the boundary conditions that it has to satisfy within the Fabry-Perot cavity. 

Whereas in ring cavity, closed loop structure is formed. Usually co- and counter-
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propagating running waves are oscillating within the ring. As far as this thesis is 

concerned, the ring cavity structure will be assumed in the following chapters. 

 
Figure 2-1: Typical Fabry-Perot laser 

 

 
Figure 2-2: Typical ring laser configurations (∆: active medium, M: mirror) 

 

2.2 Mode-locking Concept 

Most continuous wave (CW) lasers have multi-longitudinal modes output. 

However, the output will only be seen in those modes for which the cavity gain is greater 

than the loss. If the phase relationship can be fixed or locked, then the modes 

constructively interfere at some points in the cavity and destructively interfere elsewhere, 

resulting in a single circulating pulse. If these modes of different frequencies but with 

random phases are added, a randomly distributed, noise-like, average output will be 

Active Medium 
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Laser Output 
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M 
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produced. On the other hand, if modes of different frequencies and with same phase are 

added, a total field intensity output with periodic characteristic will be produced. Hence, 

achieving such phasing or mode locking has become a powerful method for ultra-short 

pulse generation.  

The longitudinal mode separation or fundamental cavity frequency of a fiber ring 

laser cavity is fc = c/(nL), where c is the speed of light in free space, n is the refractive 

index of the fiber and L is the length of ring cavity. The repetition frequency of a 

harmonically mode-locked fiber ring laser system will be a multiple of the fundamental 

cavity frequency, i.e. fr = qfc, where q is the qth harmonic of fc. If the gain bandwidth, which 

is associated with the emission linewidth of the laser transition, is greater than this mode 

separation, then there will be more than one longitudinal mode oscillating in the cavity. 

Normally, each of these modes is independent to each other.  

 

Figure 2-3: Ideal mode-locking lasing spectrum 

 

Let the time-varying amplitude of the kth mode be expressed as Ek(t) = Ekei(ωkt+φ
k), 

where Ek is the amplitude, ωk = 2πkfr is the angular frequency, φk is the phase of that kth 

mode. Assume that there are N modes of equal amplitude, Ek = E0 oscillating 

simultaneously in the cavity. The total intensity will be [Siegman, 1986] 
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By mode locking, all the modes oscillate in the same phase, i.e. φk = φ0 for all k.  
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Therefore, the total intensity is  
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The maximum value for I(t) can be determined as follows: 
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As the number of modes increases, the pulse width decreases and amplitude 

increases. The period of this function is T = 2π/ωr, where ωr is the angular repetition 

frequency and the pulse width can be approximated as ∆t = T/N ≈ 1/∆v, where ∆v is the 

full width of the generation band. Thus, mode locking results in a periodic intense pulse 

train, in contrast to the noisy and fluctuating output of the non mode-locked case. 

As for the real mode-locked laser, there will be a continuum of oscillating modes 

with non-equal amplitude distribution, i.e. Ek ≠ E0, which is Gaussian distributed: 
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This integral is a Fourier transform. Therefore, the amplitude of a multi 

longitudinal mode in time domain is given by the transform of the amplitude distribution 

of modes in frequency domain. The mode-locking of a continuum of oscillating modes 

with a Gaussian distribution of amplitude will result in Gaussian pulses:  
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The pulse width of the half height of such pulses is 
vv

t
∆
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π
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valid provided the mode-locking is considered for the simple relation, i.e. fixed phase 

relationship. In this case, the generated pulse is the transform limited pulse. The duration 

of such pulses is minimal and is defined by the oscillating spectra width. 

In general, there are two main types of mode-locking mechanisms, namely active 

and passive mode locking. Active mode-locking uses external driving source, such as 

amplitude or phase modulator to achieve mode-locking operation at modulation 

frequency of the source. Whereas passive mode-locking employs a nonlinear element, 

such as saturable absorber in the cavity which then generates optical pulse trains at the 

fundamental frequency of the laser. By using the active mode locking technique, higher 

repetition rate optical pulse train can be obtained (~GHz), however with broader pulse 

width (~ps). Furthermore, the generated optical pulses can be synchronized to the master 

clock. On the other hand, with the passive mode-locking mechanism (i.e. Additive Pulse 

Mode-locking (APM), Kerr Lens Modulation (KLM)), narrower pulse width can be 

generated (~fs), but lower repetition rate (~MHz). If active and passive mode-locking 

techniques are combined in one laser structure, the third method of mode-locking is 

introduced, called hybrid mode-locking. In a hybrid mode-locked laser [Guo et al., 2001], 

the optical pulses are generated in the same way as a passive mode-locked laser and 

synchronized by an electrical signal like an active mode-locked laser. Both techniques will 

be discussed in the following sections, however, with emphasis given to the active one. 
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2.2.1 Active Mode-locking 

Active mode-locking has been demonstrated by many researchers, either with 

amplitude modulation (AM) [Bakhshi and Andrekson, 2000, Gupta et al., 2002], 

frequency modulation (FM) [Abedin et al., 1998, Yang et al., 2004] or cross phase 

modulation (XPM) [Greer and Smith, 1992] techniques. A research group at MIT [Roth 

et al., 2004] has designed and demonstrated a 40 GHz mode-locked hybrid 

fiber/semiconductor laser that has potential as the transmitter in the next generation 

(OC-768) fiber optic telecommunication systems. [Abedin and Kubota, 2004] has also 

demonstrated an active mode-locked dispersion managed erbium-doped fiber ring laser 

with repetition rate as high as 40 GHz with the use of photonic crystal fibers (PCFs) as 

the nonlinear medium. The high nonlinearity and large anomalous dispersion of the PCF 

resulted in a significant reduction in the cavity length required.  

Other than the experimental works, the analytic theory of active mode-locked 

fiber laser by a homogeneous gain medium was firmly established in a classic paper by 

Kuizenga and Siegman in 1970, and the process was studied in time domain. McDuff and 

Harris however studied the phenomenon in the frequency domain as injection locking of 

cavity modes [McDuff and Harris, 1967]. Later, Haus [Haus, 1975] showed the 

combination of these two interpretations.  

In AM mode-locking, the cavity loss is perturbed at a frequency which equals the 

cavity longitudinal mode spacing or its harmonics, and pulses are generated at a rate of 

the modulation frequency. The same working principle is applied to FM mode-locking; 

however, the phase of electric field is perturbed instead of the cavity loss. It is well 

known that the FM mode-locked pulses tend to jump back and forth between the two 
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phase states: up-chirp and down-chirp, resulting in unstable operation [Siegman, 1986]. 

Hence, I focus on AM mode-locking in the discussion here. 

 

Figure 2-4: AM mode-locking 

 

For an ideal AM mode-locking with a modulation index of M and an angular 

modulation frequency of Ωm, the lasing operation is governed by the master equation as 

[Haus, 2000] 
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This equation describes the pulse evolution of one round trip in the laser cavity, 

with the assumption that various effects affecting pulse evolution per round trip are small 

enough that they are additive. Here a(T,t) represents the slowly varying pulse envelope 

and the normalization )(),( 2 TWdttTa p=∫  gives the energy of the pulse. Note that T is 

the time scale of pulse evolution and t is the time scale of the individual pulses, while TR 

is one round trip time. g and l are the gain and loss per round trip, D = β2L/2 with an 

average group velocity dispersion β2 and cavity length L, δ = γL with nonlinear 

coefficient of 
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γ 22
= , where λ is the carrier wavelength, n2 is the nonlinear refractive 
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index in cm2/W, Aeff is the effective mode cross sectional area in cm2, and Ωf is the 

bandwidth of the optical transmission of the laser cavity. Normally this bandwidth 

corresponds to the filter bandwidth incorporated in the laser.  

Based on [Eq 2-7], there are two operating regimes, namely linear and nonlinear 

operation regimes. When the initial CW cavity power is very low, the cavity is considered 

as linear, and Gaussian pulse is generated. However, when the initial CW cavity power is 

high, so that the Kerr effect is of the same order as the group velocity dispersion (GVD), 

and soliton pulse is generated, i.e. the soliton-shaping effect is stronger than the pulse 

shaping effect of the modulator. In theory, a soliton pulse will propagate indefinitely 

without changing its shape. However, in practice, due to the inherent losses of the fiber, 

it is necessary to amplify the signal periodically.  

By applying perturbation method to the master equation, it can be shown that the 

stable fundamental soliton pulses can be generated under the two conditions [Haus and 

Mecozzi, 1992, Kärtner et al., 1995, Jones et al., 1996], as follows: 
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where τ is the soliton pulse width. Under condition 1, the soliton pulses experience zero 

net gain or loss, but noise being suppressed. In other words, the laser pump power will 

have a limit, due to gain saturation, beyond which the background noise will have 

sufficient gain to build up. The shortest achievable pulse width, at maximum pump 

power, can be estimated from the left boundary of the stable region decided by condition 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 18 

1. Under condition 2, energy fluctuations of the generated soliton pulses are damped, 

resulting in stable output pulses. It should be pointed out that the above analysis only 

considers the effects of average laser parameters and not local characteristics of the laser 

cavity. Nevertheless, it gives a clear picture for stable soliton pulse generation. Figure 

below shows the stable operation region where Condition 1 and Condition 2 are 

simultaneously met.   
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Figure 2-5: Stability region of soliton pulses 

 

2.2.2 Passive Mode-locking 

Passive mode locking is a result of Kerr effect, which is based on the nonlinear 

intensity dependent index of refraction. It can be realized by slow or fast saturable 

absorbers [Haus, 2000], Kerr lens mode locking (KLM) [Spence et al., 1991], additive 

pulse mode-locking (APM) [Kean et al., 1989, Ippen et al., 1989], etc. More recently, 
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[Yamashita et al., 2005] had also demonstrated passive mode-locking by incorporating a 

carbon nanotube based saturable absorber within a Fabry-Perot laser.  

The use of nonlinear optical loop mirror (NOLM) and nonlinear polarization 

rotation in optical fibers are two means of achieving fast saturable absorption. The 

resultant intensity profile in the cavity, before mode-locking realization, is fluctuating due 

to the random phases of the individual modes. This will be the case until the intensity in 

the cavity reaches, due to pumping, a value which is large enough to saturate the 

absorber. Then the absorber will start to act in a nonlinear fashion by discriminating 

between high and low intensities pulses. The absorber passes the initially high intensity 

pulses with lower loss because they tend to saturate it, and absorbs the low intensity ones. 

If the process continues, it will turn into an effectively transparent barrier, to the high 

intensity pulses after many round trips. Eventually, only one extremely narrow pulse 

remains in the cavity because all the other pulses are almost completely annihilated. This 

pulse is circulating periodically in the cavity that generates an output in the form of a 

mode-locked pulse train.  

 

2.3 Optical Pulse Propagation 

As optical pulses propagate in an optical fiber, their temporal and spectral 

characteristics are subject to changes, which depend on the properties of fiber and the 

pulse itself. Usually, the propagation effects can be classified as linear or nonlinear, 

depending on the optical intensity of the pulse. Linear effects, i.e. when the optical 

intensity is low, mainly affect the pulse temporal shape, such as pulse broadening and 
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attenuation. Nonlinear effects, i.e. when the optical intensity gets higher, however will 

cause the spectral changes, such as spectral broadening, frequency shift and additional 

frequency generation. This section provides an introduction to various linear propagation 

effects such as attenuation and dispersion; as well as nonlinear effects such as self phase 

modulation and four-wave mixing. 

 

2.3.1 Attenuation and Amplification 

Fiber attenuation is the reduction of signal strength or light power over the length 

of the fiber and it is measured in decibels per kilometer (dB/km). Attenuation of an 

optical signal varies as a function of wavelength. It is very low, as compared to other 

transmission media such as copper, coaxial cable, and etc., with a typical value of 0.35 

dB/km at 1300 nm and 0.2 dB/km at 1550 nm for standard single-mode fiber. This gives 

an optical signal the ability to travel longer distances without regeneration or 

amplification.  

Attenuation is caused primarily by scattering and absorption. The scattering of 

light from molecular level irregularities in the glass structure leads to the general shape of 

the attenuation curve, as shown in Fig. 2-6. Further attenuation is caused by light 

absorption by residual materials, such as metals or water ions, within the fiber core and 

inner cladding. Light leakage due to bending, splices, connectors, or other outside forces 

are other sources of attenuation. 
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Figure 2-6: Typical attenuation curve of optical fiber [Cisco System, 2004] 

 

Fortunately, the fiber losses can be compensated by optical amplifiers. With the 

demand for longer transmission lengths and higher transmission capacity increases, the 

optical amplifiers have become an important element in long-haul optical transmission 

systems and to support dense division wavelength multiplexing (DWDM). There are 

many different types of optical amplifiers, such as semiconductor optical amplifier 

(SOA), erbium-doped fiber amplifier (EDFA), Raman optical amplifier (ROA), etc. 

The structure of SOA is similar to basic laser, however, without feedback – two 

specially designed slabs of semiconductor material on top of each other, with another 

material sandwich in between forming the ‘active layer’. An electrical current is set 

running through the device in order to excite electrons which can then fall back to the 

non-excited ground state and give out photons.  Incoming optical signal stimulates 

emission of light at its own wavelength. EDFA functions by adding erbium – rare earth 

ions, to the fiber core material as a dopant; typically in levels of a few hundred parts per 

million (ppm). The fiber is highly transparent at the erbium lasing wavelength of ~1.5 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 22 

µm. When pumped by a laser diode, optical gain is created, and amplification occurs. 

When light is transmitted through matter, part of the light is scattered in random 

directions. A small part of the scattered light has frequencies equal to the vibration 

frequencies of the material scattering system. ROA functions within this small scattering 

range.  If the initial beam is sufficiently intense and monochromatic, a threshold can be 

reached, beyond which light at the Raman frequencies is amplified, and exhibits the 

characteristics of stimulated emission, and is called stimulated Raman scattering (SRS).  

 

2.3.2 Group Velocity Dispersion 

Dispersion is a phenomenon in which the propagation velocity of an EM wave is 

wavelength dependent. In reality, small thermal fluctuations and quantum uncertainties 

prevent any light source from being truly monochromatic, which means that the photons 

in an optical pulse in fact consists of a range of different frequencies. In communication 

technology, “dispersion” is used to describe any process by which a signal propagating in 

a physical medium is degraded or broaden because various wave components of the 

signal have different propagation velocities within the physical medium. Dispersion 

relation in a Taylor series with carrier frequency ω0 is [Agrawal, 2002] 
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where 
0ωωω

β
β

=∂
∂

= n

n

n , with β0 is the mode propagation constant, β1, β2, and β3 represent 

the reciprocal of group velocity, GVD and third order dispersion respectively, and n(ω) is 

the refractive index approximated by the Sellmeier equation [Agrawal, 2002]:  
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ω      [Eq  2-11] 

with Bj is the oscillator strength of jth resonant frequency, ωj.. β2 is responsible for pulse 

broadening, and it vanishes around zero dispersion wavelength and becomes negative in 

the anomalous dispersion region. In normal dispersion region (refractive index increases 

with the frequency of light), higher-frequency components travel slower than the lower-

frequency components. However, this phenomenon is reversed in anomalous dispersion 

region (refractive index decreases with the frequency of light). Third order dispersion can 

distort the optical pulses in both linear and nonlinear regimes. Its effect is more severe 

when GVD approaches zero.  

In optical communications, single mode fiber is used to eliminate the multimode 

dispersion. It is designed so that the material dispersion and waveguide dispersion cancel 

one another at the wavelength of interest. The exact wavelength at which zero dispersion 

occurs depends on the refractive index profile, fiber composition (the amount of 

dopants) and core diameter. It is possible to make the zero dispersion wavelength lies 

between 1.3 and 1.6 µm. This region of wavelengths is of great interest because the 

minimum absorption loss for silica fibers occurs around 1.55 µm and the amplification 

region of EDFA is also around that vicinity. As a result, minimum loss and minimum 
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dispersion, together with signal amplification can be obtained at the same wavelength 

range. 

Pulse broadening, and hence chromatic dispersion, can be a major problem in 

optical communication systems for obvious reasons. A broadened pulse has lower peak 

intensity than the initial pulse launched into the fiber, making it more difficult to detect. 

Worse yet, the broadening of two neighboring pulses may cause them to overlap, leading 

to errors at the receiving end of the system. Other than the chromatic dispersion, higher 

order dispersion is also another limiting factor in ultra-high speed optical communication 

system. The optical transmission limit due to this higher order dispersion has been 

studied by Amemiya [Amemiya, 2002]; with a remarkable conclusion that the 

transmission lengths are limited by the factor of 1/Bn, where B is the bit rate and n is the 

dispersion order. 

One interesting fact about the anomalous dispersion of the light pulse 

propagation has been reported by [Wang et al., 2000]. They demonstrated experimentally 

superluminal light pulse propagation in a lossless anomalous dispersive medium. 

Superluminal implies faster than the speed of light in vacuum. The experiment has 

created a great deal of excitement and rekindled discussion on some fundamental issues, 

such as the principle of causality, the validity of Einstein’s special theory of relativity, and 

the possibility of a signal traveling faster than the speed of light in vacuum and so on. In 

a nutshell, none of the principles are violated; the observed superluminal velocity arises 

due to temporally advanced reshaping of different frequency components, which have 

undergone anomalous dispersion inside the medium.  
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2.3.3 Self Phase Modulation 

Self-phase modulation (SPM) refers to the phenomenon in which the laser beam 

propagating in a medium interacts with the medium and imposes a phase modulation on 

itself. The refractive index of a material is not only dependent on the wavelength of the 

light traveling through it as discussed in the previous section, but also dependent on the 

intensity of the incident light. For a very intense optical pulse, the fiber refractive index 

changes with the relation [Agrawal, 2001]: 

InnIn 20)( +=      [Eq  2-12] 

where n0 is the refractive index of the material, n2 is the Kerr nonlinear refractive index 

and I is the intensity of the pulse. An optical pulse will experience phase retardation, 

which is proportional to the intensity-induced change in fiber refractive index [Agrawal, 

2002], so that the phase delay (negative phase) is maximum at the time of peak intensity 

and decreases in magnitude towards both ends of the pulse. 

A temporally varying phase delay implies that the instantaneous optical frequency 

differs across the pulse from its center frequency; the self-frequency change will be 

equivalent to the time derivative of the phase delay. Since the phase delay is directly 

proportional to the pulse intensity, the self-frequency change is also proportional to the 

derivative of the pulse intensity with respect to time. Fig. 2-7 shows the amplitude profile, 

Kerr phase retardation and its instantaneous frequency of a pulse. The variation of the 

frequency is negative at the leading edge and becomes positive near the trailing edge of 

the pulse. The variation of the pulse frequency can be treated as a frequency chirp, which 

is due to the modulation of the pulse's own phase as a result of Kerr nonlinearity, known 

as SPM, which leads to spectral broadening. The Kerr coefficient, n2 in silica fibers is in 
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the range of 2.2x10-20 to 3.4x10-20 m2/W and is defined to be positive if the refractive 

index increases with increasing intensity. However, a more commonly used measure of 

the nonlinearity of a fiber is its effective nonlinearity, γ = 2πn2/(λAeff), where λ is the 

optical wavelength and Aeff is the effective mode area of the fiber [Agrawal, 2001]. For 

example, standard SMF-28 fiber has an Aeff of ~60 µm2 at 1550 nm, and γ  is around the 

range of 1.5 – 2.3 W-1km-1.   

 

Figure 2-7: Amplitude profile, Kerr phase delay and instantaneous frequency of a pulse in optical 
fiber 

 

2.3.4 Four-Wave Mixing 

Fiber four-wave mixing (FWM) is another nonlinear process based on the 

modulation of refractive index in the fiber. The underlying process is the nonlinear wave 

mixing at four different frequencies with fiber as the nonlinear medium. Fig. 2-8 

illustrates the additional frequencies generated through FWM, with the following 

relationship [Agrawal, 2001]:  

kjiijk ωωωω −+=      [Eq  2-13] 
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a)  b)  
Figure 2-8: Additional frequency components generated through FWM in (a) partially 

degenerate and (b) nondegenerate case 

 

The nondegenerate process starts as two waves at angular frequencies ω1 and ω2 

co-propagate through the fiber. As they propagate with different frequencies, they will 

beat with each other continuously. The intensity modulated beat note at frequency ω2 - 

ω1 will modulate the intensity dependent refractive index of the fiber. If a third wave at 

frequency ω3 is added, this will, from the modulated refractive index, become phase 

modulation at frequency ω2 - ω1. Hence, developing sidebands at frequencies ω3 ± (ω2 - 

ω1). In a second process, ω3 will beat with ω1 and phase modulate ω2. As a consequence, 

ω2 will generate sidebands at ω2 ± (ω3 - ω1), where ω2 + (ω3 - ω1) will coincide with ω2 + 

(ω3 - ω1). In the degenerate case, ω2 and ω3 will coincide and we will have only two new 

frequencies. 

For FWM process to be resonant, it requires both phase-matching condition and 

symmetrical frequency positioning between the waves, as follows [Agrawal, 2001]: 

04321 =−−+ ωωωω     [Eq  2-14] 

04321 =−−+=∆ βββββ     [Eq  2-15] 
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Here βj = ωj n(ωj)/c for j = {1, 2, 3, 4} is the propagation constant of each wave. ∆β is 

the low power propagation mismatch. The propagation of the four waves with identical 

polarization states can be described by four coupled-mode equations, where Ej is the 

complex amplitude of the wave, as follows [Agrawal, 2001]: 
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where γj is the nonlinear coefficient of ωj component, and * denotes complex conjugate.  

In equations [Eq 2-16 to 2-19], the first, second and third terms at the right hand side 

describe the SPM, cross phase modulation (XPM) from the other waves and parametric 

interactions respectively. The coefficients are normalized so that |Ej
2| = Pj are the optical 

power measured in W.  

The corresponding equations for the partially degenerate process, e.g. when (ω1 = 

ω2) can be obtained by omitting [Eq 2-16], setting E1 = E2 in [Eq 2-17 to 2-19] and 

modifying frequency and phase condition in [Eq 2-14] and [Eq 2-15]. As a result, the 

factor 2 will be removed from the parametric interaction term in [Eq 2-17 to 2-19]. The 

fiber loss may be included by adding the term –(α/2)Ej to the right hand side of each 

equation j.  

From Fig. 2-8, one could easily imagine the problems associated with WDM 

systems and FWM. The new frequency components generated through FWM from 
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different channels will lead to crosstalk between the channels. In order to reduce the 

crosstalk, the channel powers have to be reduced, and hence the system SNR will be 

affected. Several techniques have been proposed to reduce the crosstalk, such as unequal 

channel spacing [Forghieri et al., 1994] and polarization interleaving channel [Inoue, 

1991].  
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Chapter 3 Active Mode-locked Fiber Ring Lasers 

A fiber amplifier can be converted into a laser by placing it inside a cavity 

designed to provide optical feedback. Such lasers are called fiber lasers. Fiber laser is an 

important element in all optical fiber communication systems, sensors and photonic 

switching systems. There are a number of operating characteristics that make the fiber 

lasers particularly attractive. The lasers have been shown to have: quantum limited noise, 

narrow pulse width (passive mode-locked fiber laser), higher repetition rate (active mode-

locked fiber laser), transform limited pulses, etc. Compared with laser diode, fiber laser 

has many advantages, such high average optical power, low timing jitter, low pulse 

dropout ratio, wide wavelength tunability range, high efficiency and compatibility with 

fiber devices [Siegman, 1986, Abedin and Kubota, 2004]. Despite the advantages of the 

fiber laser, there are also difficulties, such as environmental sensitivity, unpredictable 

pulse spacing, bistable operation and extra spectral components. Hence, many designs 

have been examined, to optimize the laser operation for desired applications. 

Mode-locking, a well known technique as described in the previous chapter has 

been used to generate optical pulses from a laser. It was first appearing in the work of 

[Gürs and Müller, 1963] on ruby laser and [Statz and Tang, 1964] on He-Ne laser. With 

the invention of Mollenauer’s soliton laser [Mollenauer and Stolen, 1984], many mode-

Chapter 
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locked laser configurations started to boom in this area. Out of which are the simple fiber 

ring lasers [Ahmed and Onodera, 1996; Gupta et al., 2002], sigma lasers [Carruthers and 

Duling, 1996, Horowitz et al., 2000], sagnac loops [Das and Lit, 2004], figure-eight lasers 

[Seong and Kim, 2002], etc.; either with active or passive mode-locking technique.  

 

3.1 Building Blocks of Active Mode-Locked Fiber Ring 

Laser 

With the basic laser knowledge from previous chapter, let us now move on to the 

actual design and working mechanisms of a fiber laser. In this section, I will focus on the 

main building blocks that make up an active mode-locked fiber ring laser, which includes 

laser cavity, active medium, filter and modulator. 

 

3.1.1 Laser Cavity Design 

The most common laser cavity is known as Fabry-Perot cavity, which is made by 

placing the gain medium in between the two high reflecting mirrors. Ring cavities are 

often used to realize unidirectional operation in a laser, with the help of optical isolator. 

In the case of fiber ring laser, the ring cavity can be made without using mirrors, resulting 

in all-fiber cavity.  

The total cavity length is an important design parameter, which determines the 

repetition frequency of the laser. The longitudinal mode separation or rather the 
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fundamental cavity frequency of a ring laser is: fc = c/(nL), where L is the total length of 

cavity, c is the speed of light in vacuum, and n is the refractive index of the medium.  

By a proper choice of refractive index profile, fiber core size and material 

composition, the cavity can be designed to support only one electromagnetic mode, i.e. 

single mode operation, with two possible polarizations. Field patterns of greater 

transverse variation are not guided but lost to radiation. However, there will be two 

polarized states of propagating lightwaves in the ring [Chen and Haus, 2000], hence two 

simultaneously propagating rings, which could interfere or hop between one another. 

This is due to the difference in group velocities of two different polarizations. In 

principle, there is no exchange of power between the two polarization components. If the 

power of the light source is delivered into one polarization only, the power received 

remains in that polarization. In practice, however, slight random imperfection or 

uncontrollable strains in the fiber result in random power transfer between the two 

polarizations [Saleh and Teich, 1991]. 

If this polarization effect is not treated properly, random pulse splitting will 

occur; hence, degrade the system performance and challenge the system stability. 

Therefore, for a better laser performance, polarization-maintaining fiber (PMF) and all 

polarization maintaining optical components [Nakazawa and Yoshida, 2000] could be 

used to maintain a constant polarization state of the lightwaves travel in the laser cavity, 

nevertheless with higher loss. Alternatively, a polarization controller could be used to 

resolve the problem.  

The minimum pulse width occurs when the cavity GVD is zero in a 

homogeneous mode-locked laser [Kuizenga and Siegman, 1970]; however, in 
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inhomogeneous mode-locked laser, the generation of single soliton-like pulses is limited 

within a certain range of negative GVD [Lu et al., 2002]. In the small negative GVD 

region, the gain bandwidth limits the spectral broadening, whereas in large negative GVD 

region, the non-soliton spectral components destabilize the soliton pulse shaping process, 

and the laser generates only the incoherent pulses. Hence, small GVD is preferred for 

good laser performance. Generally, the resonant dispersion from the gain medium has a 

negligible effect on a mode-locking process for a homogeneously broadened laser [Zhou 

et al., 1994].  

 

3.1.2 Active Medium and Pump Source 

In order to compensate for the cavity losses, an amplifying element must be 

included, and EDFA is commonly used in this regard. The main transition of interest in 

EDFA is the high gain 4I13/2 → 4I15/2 transition centered around 1550 nm, because the 

4I13/2 is the only metastable state for common oxide glasses at room temperature 

[Miniscalco, 1991] and gain is only available for these materials at 1500 nm 4I13/2 → 4I15/2 

emission band. The peak absorption and emission wavelengths occur around 1530 nm, 

therefore the operating wavelength must be chosen in the band that the emission cross 

section is much greater than the absorption cross section, which is around 1550 nm, the 

third optical communication window. 

EDFA pumping with laser diode is possible around 810, 980 and 1480 nm. 

However, the pump wavelength of 810 nm suffers from strong excited state absorption 

(ESA), which causes an undesirable waste of pump photons. As a result, 980 nm and 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 34 

1480 nm are more commonly used. 980 nm (InGaAs/GaAs based lasers) pumping 

wavelength provides higher gain efficiency and SNR for small signal amplifiers 

[Digonnet, 2001]. It also gives better noise figures and quantum conversion efficiencies 

for power amplifiers. Quantum conversion efficiency is defined as number of photons 

added to signal for every pump photon coupled into the fiber. The power conversion 

efficiency for power amplifier is higher for 1480 nm (InGaAsP/InP based lasers) 

pumping because the energy per pump photon is lower, based on Eph = hc/λ, where Eph is 

the photon energy, h is the Plank’s constant, c is the speed of light in vacuum and λ is the 

wavelength. 

Most pump power is consumed within the first portion from the ends, leaving the 

middle part of the fiber present with signal and amplified spontaneous emission (ASE). 

At this part of the EDF, ASE will act as a pump source on the signal. This is possible 

only when the signal is on the long wavelength side of the ASE peak. Thus, bi-directional 

pumping scheme may be viewed as three series-connected amplifiers, with the middle 

amplifier being pumped by forward and backward propagating ASE generated in the 

surrounding amplifiers. The major part of gain improvement is indirectly achieved 

through strong ASE attenuation in the middle part of EDF [Pedersen et al., 1991].  
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Figure 3-1: Erbium transition diagram 

 

3.1.3 Optical Filter  

Optical band pass filter (BPF) is used to reduce the noise generated in the system, 

especially ASE. It also provides stabilization against the energy fluctuation of the pulses 

propagating through the cavity. When the pulse energy increases beyond the design 

average, it will shorten the pulse width and broaden the spectrum due to strong nonlinear 

effect. Pulses with a broader spectrum experience excess loss and thus energy-increase is 

reduced by the filtering. The reverse is true for the decrease of energy. This energy 

equalization by filtering acts against the gain variation over the erbium bandwidth. 

However, filtering is associated with the noise penalty. The pulses generated by laser 

require higher gain to compensate for the filter insertion loss. However, noise at the 

center frequency is not affected by the filter and sees excess gain. This noise eventually 

affects the pulse generated. 
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Besides the noise reduction capability, filter is also used for mode selection. The 

tunability of filter facilitates the selectibility of center-operating wavelength of laser. The 

wavelength tuning range should be within the gain bandwidth. With 3 dB bandwidth of 1 

nm (≈ 125 GHz @ 1550 nm), there will be 12 longitudinal modes locked in the laser if a 

10 GHz repetition pulse train is desired. However, this number will reduce to 3 if a 40 

GHz pulse train is required. The number of longitudinal modes locked within a laser 

depends on its separation, i.e. repetition frequency and the laser bandwidth, which is very 

much affected by the filter bandwidth; i.e. number of longitudinal modes = (filter 

bandwidth) / (repetition frequency).  

The larger the number of modes locked in the mode-locking, the narrower the 

width and the higher the intensity of the pulse generated. Therefore, a wider-band filter is 

needed for 40 GHz operation, however with increase in system noise level. This is the 

trade-off between the pulse width and system SNR.  

 

3.1.4 Modulator Design 

Modulator is an essential component in a mode-locked fiber ring laser. Amplitude 

modulator is used due to its ability to generate more stable pulses as compared to phase 

modulator, where the pulses have the tendency to switch randomly between two phases 

maxima of the modulation signal. Structurally, there are two main types of modulators, 

namely bulk and integrated-optic. Bulk modulators are made out of discrete pieces of 

nonlinear optical crystal. They feature very low insertion losses and high power handling 

capability. Integrated-optic modulators use waveguide technology to lower the drive 
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voltage. They are fiber pigtailed and compact. Due to their small size and compatibility 

with single mode fiber, they are widely used in many fiber laser designs [New Focus, 

2002]. 

Both X-cut and Z-cut LiNbO3 (integrated-optic modulator) are commonly used 

to fabricate modulators by in-diffusion of titanium to form waveguides. The other 

process for patterning single mode optical waveguide on LiNbO3 is annealed proton 

exchange. In Z-cut designs, the coplanar traveling wave electrode is placed over the 

optical waveguide. It is possible to reverse the polarity of the modulating electric field by 

offsetting the electrode, forming a phase reversal electrode structure. Velocity mismatch 

between the microwave and optical fields in the traveling wave device can be overcome 

over a large modulation frequency range by suitably choosing a pattern of phase reversals. 

In X-cut devices, phase reversal designs are not possible since the waveguide must be 

placed in the gap between the electrodes to utilize the strong r33 electro-optic coefficient. 

To achieve fast operation the device must be made short to overcome velocity mismatch. 

The high-frequency response is limited mainly by microwave-optical velocity 

mismatch, since microwave loss in the short active length of the device is not large. The 

response at high frequencies can be improved by using a SiO2 buffer layer between the 

electrode and the waveguide. The low dielectric constant of the buffer layer increases the 

microwave velocity nearer to the optical velocity, which reduces the velocity mismatch. 

Also, the buffer layer reduces the optical insertion loss by shielding the optical mode 

from the conductive electrodes [Jungerman et al., 1990]. 

At lower frequency (<40 GHz), X-cut structure is preferred due to its better 

modulation response. It is because X-cut structure has a better overlap between the 
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applied electric and the optical field and the absence of the phase reversals. However, 

when the operating frequency approaches 40 GHz, the Z-cut device is more efficient 

than the X-cut.  

The optical transfer function of a LiNbO3 electro-optic modulator can be 

expressed by [Zhu et al., 2001]   
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+=     [Eq  3-1] 

where ωm is the modulation frequency, Vb is the bias voltage, Vm is the modulation 

amplitude and Vπ is the half wavelength voltage that creates a π phase shift. For the most 

linear operation the modulator must be biased half-on, i.e. in quadrature. Variation in the 

bias point with changing environmental conditions is a serious problem in LiNbO3 

devices.  

Three main types of bias drift are generally reported: bias variation due to 

temperature changes via the pyroelectric effect; long term drift after applying an external 

electrical signal to set the bias point; and optical damage to the device due to the 

photorefractive effect causing bias point changes [Jungerman et al., 1990]. Pyroelectric 

effect is a change of electric polarization in a crystal due to the change of temperature, it 

is much more severe in Z-cut than in X-cut LiNbO3. Over-coating Z-cut devices with a 

conductive layer to bleed off surface charges significantly reduces the pyroelectric bias 

drift. However, the drift in X-cut devices is very small; hence, no temperature control is 

required. Electrically biasing a modulator produces a slow drift to the final bias value. 

This drift depends on the bias voltage applied, the time over which the bias is applied and 
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the temperature. Lastly, the photorefractive effect caused by the high optical power may 

contribute to the bias point drift too. 

 

3.2 AM Mode-locked Erbium-Doped Fiber Ring Laser 

In an active mode-locked fiber ring laser (MLFRL), the gain medium, modulator, 

filter, optical isolator, polarization controller, optical fiber couplers and other associated 

optics are inter-connected to form a closed loop optical path, and the details are 

described below. By combining all of the above design considerations, a dual-pump EDF 

ring laser as shown in Fig. 3-2 is constructed. The laser design is based on a fiber ring 

cavity where a ~25 meter EDF with Er+ ion concentration of 4.7x1024 ions/m3 is 

pumped by two diode lasers at 980 nm: SDLO-27-8000-300 and CosetK1116 with 

maximum forward pump power of 280 mW and backward pump power of 120 mW. 

Some of the datasheets of components used in the experiment are given in the 

Appendices section. Bi-directional pumping will lead to higher gain efficiency than co-

pumping and counter-pumping schemes. An optimum EDF length is chosen for 

maximal gain to ensure good performance of the amplifier, and its calculation is given in 

the Appendices section. 

The responsivities of the pump diode lasers are 0.7 and 0.6 respectively. The dark 

currents measured at –5 V is about 0.005 µA. The pump lights are coupled into the cavity 

by the 980/1550 nm WDM couplers; with the insertion losses for 980 nm and 1550 nm 

signals are about 0.48 dB and 0.35 dB respectively. A polarization independent optical 

isolator ensures unidirectional lasing, and provides peak isolation of 47 dB. Besides that, 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 40 

it can be used to minimize the backward traveling ASE. The birefringence of the fiber is 

compensated by a polarization controller (PC). A tunable FP filter with 3 dB bandwidth 

of 1 nm and wavelength tuning range from 1530 nm to 1560 nm is inserted into the 

cavity to select the center wavelength of the generated signal as well as to reduce the 

noise in the system. In addition, it is used for longitudinal modes selection in the mode-

locking process.  

Pulse operation is achieved by introducing a JDS Uniphase 10 GHz lithium 

niobate, Ti:LiNbO3 Mach-Zehnder amplitude modulator (MZM) into the cavity with half 

wave voltage, Vπ of 5.8 V and insertion loss of ≤ 7dB. The modulator is DC biased near 

the quadrature point such that it operates around the linear region of its characteristic 

curve and driven by a sinusoidal signal generated by an Anritsu 68347C Synthezed Signal 

Generator. The modulating depth should be < 1 to avoid signal distortion. The output 

coupling of the laser is optimized by a 10/90 coupler. 90% of the optical field power is 

coupled back into the cavity ring loop, while the remaining portion is taken out as the 

output of laser and is analyzed using a New Focus 1014B 40 GHz photo-detector, Ando 

AQ6317B Optical Spectrum Analyzer, Textronix CSA 8000 80E01 50GHz 

Communications Signal Analyzer or Agilent E4407B RF Spectrum Analyzer. 
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Figure 3-2: Active mode-locked erbium-doped fiber ring laser 

 

By reducing the output coupling, it reduces the cavity loss and thus the round trip 

gain, thereby lowering the ASE power. The environmental perturbations such as 

temperature change, mechanical vibration, pressure variation, etc. will introduce some 

random phase fluctuations that broaden the linewidth. The laser is most susceptible to 

these perturbations when the output coupling and hence the loss is high, so by reducing 

the intra-cavity loss, the effects of these perturbations is minimized.  

All connections between the components are made using connectors for easy 

access to different points of the system and fast component replacement. The loss 

introduced by each connector is assumed to be less than 0.5 dB. The splicing loss in the 

system is assumed to be small and can be neglected. Nevertheless, these ‘easy access 

connections’ will give rise to certain amount of back reflections, which will disturb the 
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system performance. With the help of isolator, these back reflections can be significantly 

reduced. The dispersion value of SMF used in my fiber laser construction is about 17 

ps/nm/km (-21.7 ps2/km) around 1550 nm, which is in the anomalous dispersion region, 

hence suitable for soliton pulse generation. 

 

3.3 Regenerative Active Mode-locked Erbium Doped Fiber 

Ring Laser 

One problem with MLFRL is the thermal drift of the cavity length. The change in 

optical path length with temperature is L(∂n/∂T) (m/°C) [Tamura and Nakazawa, 1996], 

where L is the cavity length, n is the refractive index and T is the temperature. With 

∂n/∂T = 1.1x10-5 /°C for silica fiber [Tamura and Nakazawa, 1996] and for a typical fiber 

length of 30 m, the optical path length fluctuates by 0.33 mm /°C. This translates to a 

frequency fluctuation of about 110 kHz/°C for a 10 GHz modulation frequency. 

Accordingly, slight thermal variations are able to cause the pulses to lose synchronism 

with the modulator. Other than the thermal fluctuations, fiber lasers are sensitive to small 

environmental perturbations, such as polarization change, acoustic and mechanical 

vibrations.  

Hence, the lasers do not exhibit long-term stability without stabilization 

techniques. One of the most obvious stabilization schemes is dynamic adjustment of the 

cavity length. [Shan and Spirit, 1993] have demonstrated a stabilization technique by 

piezoelectric transducer (PZT). A portion of the fiber in the cavity is wound around a 
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piezoelectric drum. By driving the drum with proper error signal, the cavity length is 

adjusted to keep the cavity frequency synchronous with the fixed modulator drive 

frequency. The control of this technique in MHz range would be difficult because of the 

need for either a high-voltage amplifier to drive the PZT or a PZT with a high expansion 

coefficient. Another technique utilizes the nonlinear polarization rotation effect to 

suppress the pulse amplitude fluctuations have been proposed by [Doerr et al., 1994]. 

Alternatively, regenerative feedback where the modulation frequency is derived directly 

from the pulse train can be used to stabilize the modulation. Any change in the cavity 

length will automatically adjust the modulation frequency to maintain the pulse-

modulator synchronism. The use of regenerative feedback technique to stabilize the fiber 

laser was first demonstrated by [Nakazawa et al., 1994]. 

 

Figure 3-3: Block diagram of regenerative mode-locked fiber ring laser 
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Both the amplitude and phase noises of MLFRL and regenerative mode-locked 

fiber ring laser (RMLFRL) have been well studied by [Gupta et al., 2000] using spectral 

domain technique. It has been found that the regenerative configuration exhibits superior 

performance compared to the active structure, both in reduced amplitude and phase 

noises. 

The experimental setup of the proposed RMLFRL is shown in Fig. 3-4. The 

newly added components are clock recovery unit, RF amplifier and modulator driver. 

The basic operation of RMLFRL is similar to that of MLFRL. The difference of these 

two schemes is the source of modulation signal. In MLFRL, the modulating signal is 

directly taken from the signal generator, however the modulating signal of RMLFRL is 

the feedback signal generated by the clock recovery unit. This will improve the laser 

stability as described before. Clock recovery unit is used to generate a RF sinusoidal wave 

at about 9.953GHz (OC-192 standard) in order to drive the modulator prior to the 

modulator driver and RF amplifier, which are used to amplify the RF signal in the 

feedback loop. Higher frequency clock recovery circuits (OC-768 standard) can be used 

for 40 GHz operation. However, cost is one of the main considerations for this high 

frequency setup. 

By using this optical-RF feedback to control the modulation of the intensity 

modulator, the output optical noise must be significantly greater than the electronic noise 

for the start-up of the mode-locking and lasing. In other words, the loop gain of the 

optical-electronic feedback loop must be greater than unity. Thus, it is necessary for the 

EDFA to operate in the saturation mode and the total average optical power circulating 

in the loop must be sufficiently adequate for the detection at the photo-detector and 
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electronic preamplifier. Under this condition, the optical quantum shot noise dominants 

the electronic shot noise. 

 

Figure 3-4: Regenerative active mode-locked fiber ring laser 

 

3.4 Results and Discussion 

The experimental procedures and precautions for MLFRL and RMLFRL are 

given in Appendix III. A systematic experimental procedure must be followed in order to 

ensure accurate results and avoid unnecessary faults or problems in the later stage of the 

experiments. Extra care must be given to the handling of the equipment and components 

to prevent possible damages, due to their high operating frequency and sensitivity. 
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3.4.1 Noise Analysis 

There are two major sources of noise generated at the input of photo-detector, 

namely optical quantum shot noise generated by the detection of optical pulse trains and 

electronic random thermal noise generated by the small signal electronic amplifier 

following the detector. The optical quantum shot noise spectral density (A2/Hz) is 

defined as avS qRPS 2=  with R is the responsivity of detector, q is the electronic charge 

and Pav is the average optical power. Suppose that a 1 mW (or 0 dBm) average optical 

power is generated at the output of mode-locked laser and with detector responsivity of 

0.8, then the optical quantum shot noise spectral density will be 2.56 x 10-22 A2/Hz.  

Usually the electronic amplifier will have a 50 Ω equivalent input resistance, Req, 

referred to the input of the optical preamplifier as evaluated at the operating repetition 

frequency. This gives a thermal noise spectral density of 
eq

R R
kT

S
4

=  with k the 

Boltzmann’s constant, which equals to 3.312 x 10-22 A2/Hz at 300 K.  

Depending on the electronic bandwidth, Be of the electronic preamplifier and 

optical bandwidth, Bo of the photo-detector, the total equivalent electronic thermal noise, 

i2NT and optical quantum noise, i2NS (square of noise current) are given as follows: 

oSNS

eRNT

BSi

BSi

=

=
2

2

     [Eq  3-2] 

Under the worst case scenario, when a wideband amplifier of a 3 dB electrical and 

optical bandwidth of 10 GHz, the equivalent electronic noise at the input of the 

electronic amplifier is 3.312 x 10-11 A2, i.e. an equivalent noise current of 5.755 µA and 
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the equivalent optical noise is 2.56 x 10-11 A2, i.e. an equivalent noise current of 5.060 µA 

are present at the input of the clock recovery unit. This corresponds to a SNR of 40.4 dB. 

If a narrowband amplifier of 50 MHz 3 dB bandwidth centered at 10 GHz is employed, 

the equivalent electronic and optical noises current will be 0.129 µA and 0.113 µA 

respectively, and the corresponding SNR is 73.3 dB. 

The average optical power generated by the mode-locked laser must be high to 

obtain a high SNR at the input of the photo-detector. In order to counteract with the 

noises and losses within the ring laser, EDFA with high output and saturation power 

should be employed. 

 

3.4.2 Temporal & Spectral Analyses 

With a +17 dBm (Vrms = 1.58 V, Vpeak = 2.24 V) modulating signal of about 

9.954365 GHz applied to the MZM that is biased near the quadrature point (around 2.9 

V, half of Vπ) on its transfer characteristic curve, the observed pulse train and spectrum 

of MLFRL are shown in Fig. 3-5. As for RMLFRL, the frequency and power level of the 

modulating signal are set by the clock recovery unit with clock frequency of about 9.953 

GHz ± 10 MHz and modulator driver with saturation power of +23 dBm. The 

corresponding output waveforms are shown in Fig. 3-6. The polarization controller prior 

to the modulator is adjusted to a desired position that gives maximum output intensity. 

The EDFA is pumped at the deep saturation region to ensure full inversion of the 

erbium ions. The shortest and most stable optical pulses are obtained by careful 

adjustment of the RF drive frequency for the MLFRL and polarization of the circulating 
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light. As discussed before, RMLFRL provides better stability as compared to MLFRL. 

Higher peak power is obtained in RMLFRL configuration, hence reduces the number of 

pulses being dropout, and better system stability. 

The Time-Bandwidth-Products for MLFRL and RMLFRL are 0.38 and 0.50 

respectively; close to the transform limited value (0.315 for sech2 pulse and 0.441 for 

Gaussian pulse), however with a bit of frequency chirping. This nonlinear chirping in the 

initial mode-locked pulses will degrade the quality of the multiplied pulses if fractional 

temporal Talbot effect is employed to increase the system repetition rate. 

A triggering signal for the oscilloscope must be generated for RMLFRL. The RF 

feedback signal produced by the clock recovery circuitry has to be divided into two paths: 

triggering and driving signals. Hence, the RF signal generated by the clock recovery unit 

and later amplified by the RF amplifier must be at least 3 dB more than the minimum 

power required by the oscilloscope. 

A slight wavelength or frequency shift is observed in RMLFRL. This is because 

the RF modulating frequency may vary within the bandwidth of the clock recovery unit; 

and hence, the lasing mode may lock to another mode of the ring cavity.  

a)  b)  
Figure 3-5: (a) Optical pulse train and (b) spectrum of MLFRL 
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a)  b)  

Figure 3-6: (a) Optical pulse train and (b) spectrum of RMLFRL  

 

3.4.3 Measurement Accuracy 

To maintain the fidelity of measurements, every component in the system needs 

to have a bandwidth greater than the 3 dB bandwidth of the signal, or equivalently, an 

impulse response faster than the fastest part of the signal. For a transform limited secant 

or Gaussian pulse, the equipment 3 dB bandwidth should be greater than 0.315/FWHM 

(for secant pulse) or 0.441/FWHM (for Gaussian pulse). From the measurements taken 

(as shown in Fig. 3-5 and Fig. 3-6), the signal bandwidth of the both configurations are 

~34 GHz and ~45 GHz respectively, which are within the 3 dB bandwidth of the photo-

detector (45 GHz) and the oscilloscope (50 GHz). As for the signal with bandwidth 

greater than the equipment 3 dB bandwidth, the measurement made by the equipment is 

incorrect because the pulse width shown on the scope is depending on the convolution 

of many bandwidths, including those of the signal, photodiode and the oscilloscope. 

However, the pulse width of the signal can still be estimated using the following 

relationship [New Focus, 2002]: 
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2222
electricaljitterphotodiodeopticalmeasured τττττ +++=    [Eq  3-3] 

where τmeasured is the measured signal pulse width on the oscilloscope; τoptical is the optical 

pulse width; τphotodetector is the impulse response of the photo-detector; τjitter is the timing 

jitter, including pulse-to-pulse laser timing fluctuation, synthesizer jitter and etc.; and 

τelectrical is the impulse response of the electrical equipment. 

Rise time (10%-90%) of the photodetector, τphotodetector = 9 ps 

Rise time of the Tektronix CSA 8000, 80E01 module, τelectrical = 7 ps 

Time jitter of CSA, τjitter = 2.5 ps when locked to 10 MHz reference 

Other important factors to keep in mind are the bandwidths of the cables, 

connectors and pulse-to-pulse jitter of the laser. Because the sampled oscilloscope trace is 

made up of data taken from many different pulses, time jitter can broaden the measured 

signal. The pulse widths measured for non-feedback and feedback loop are 11.12 ps and 

11.10 ps respectively. 

 

3.4.4 EDF Co-operative Up-Conversion 

The output characteristics of EDFA used in the systems are shown in Fig. 3-7. A 

saturation power of about 18 dBm and a maximum gain of about 30 dB and a noise 

figure of about 7 dB are obtained through measurement. The power conversion 

efficiency of EDF is about 50 %. 
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a)  b)  

Figure 3-7: (a) Output characteristics of dual-pump 25 m EDF with input power = -20 dBm @ 
1550 nm  & (b) power conversion efficiency 

 

Both the non-feedback and feedback configurations are operating in the deep 

saturation mode to ensure sufficient power to sustain the nonlinear effect within the ring 

cavity. However, this may lead to some side effects within the system. The amplifier 

efficiency may degrade due to Er3+ ion - Er3+ ion interaction, through co-operative up 

conversion [Miniscalco, 1991]. When two excited ions interact, one can transfer its energy 

to the other, leaving itself in the ground state and the other in higher 4I9/2 state. In oxide 

glasses, the 4I9/2 level quickly relaxes through multi-phonon emission back to the 4I13/2 

state, the net result of the process being to convert one excitation into heat [Miniscalco, 

1991]. Since co-operative up conversion requires two interacting ions in the excited state, 

it will not be evident at low pumping levels. Nevertheless, at high pump powers it will 

appear as accelerated and non-exponential decay [Miniscalco, 1991]. This up conversion 

process leads to loss of inversion without emission of a stimulated photon.  

Polarization hole burning is another important effect that is related to the 

saturation properties of EDFA. Nominally, the amplifier gain is polarization insensitive. 

However, if one polarization saturates the amplifier, a slight excess gain is left over in the 
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other polarization. Noise can grow in this polarization and affect the system performance 

[Wang et al., 1998].  

 

3.4.5 Pulse Dropout 

When energy in the cavity is very low, the nonlinear effect can be neglected. This 

results in noisy pulses, exhibiting amplitude and pulse shape fluctuations. This noisy 

behavior, which leads to supermode competition in the frequency domain, is due to lack 

of stabilization from the nonlinear effects, so that the pulse amplitude can change 

without affecting its bandwidth. When the pump power is increased to such a level where 

the nonlinear effects become important and it will eventually decrease the pulse duration. 

The direct interaction between pulses in the active mode-locked laser is weak due to the 

presence of modulator; however, the pulses interact indirectly via the amplifier. Because 

of the slow response time of the EDFA (millisecond life time of erbium), the pulses all 

affect the amplifier saturation, leading to highly complex dynamics. Complex interactions 

of all pulses with the gain medium and mode locker lead to some pulses to drop out and 

others to stabilize with similar shapes and amplitudes. The dropout occurs since some 

pulses can decrease their loss in the mode locker by increasing their energy and 

decreasing their duration due to soliton shortening effect. The increase in the energy of 

those pulses decreases the amplifier gain due to amplifier saturation effects and causes 

net loss in a round trip to other pulses that will eventually drop, while the remaining 

pulses will possess nearly identical shapes and amplitudes. Fig. 3-8 shows the average 

output pulse train with pulse dropout effect. As the pump power increases, the fraction 

of pulses that dropout decreases. However, it is expected the number of filled slots is also 
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depending on the previous state of the laser. The amplitude of the pulses will be 

stabilized when all the slots are filled, and this is achieved by a higher pump power. When 

the repetition rate increases, the minimum average power that is needed for stable 

operation will also increase.  

The output pulse train of the harmonically mode-locked fiber ring laser will 

experience some pulse dropouts if the operating intracavity power is below the minimum 

required power for stable operation [Horowitz et al., 2000, Horowitz and Menyuk, 2000]: 
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where E is the energy enhancement factor [Smith et al., 1997], D is the average dispersion, 

M is the modulation depth, G is the average gain coefficient, ωm is the modulation 

frequency, ωg is the amplifier bandwidth, γnl is the nonlinear coefficient, 
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for Gaussian pulses. When the intracavity power is less than Pmin, the laser generates a 

limited number of short and intense pulses with a pulse width shorter than τmax, while 

other pulses are dropped from the pulse train. τmax is the maximum value of full width at 

half maximum for stable operation as follows [Horowitz et al., 2000]: 
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a)  b)  
Figure 3-8: (a) Noisy pulses due to insufficient pump power; (b) pulse dropout in mode-locked 

laser  

 

With Gaussian pulse shape assumption, average dispersion of 17 ps/nm/km, 

modulation depth of 0.5, 10 GHz modulation frequency, average gain of 12 dB (G = 

15.85), amplifier bandwidth is approximated to the filter bandwidth of ~125 GHz @ 

1550 nm, nonlinear coefficient of 2 W-1km-1, and assume minimum power enhancement 

factor of 1, the calculated τmax  and Pmin are 21.15 ps and 18.08 mW (12.55 dBm) 

respectively. Stable soliton pulse operation is hardly achievable with current amplifier and 

components set. To reduce the pulse dropout, lower dispersion and higher nonlinearity 

fiber can be used in place of SMF, reduce the modulation frequency and use higher gain 

amplifier.    

Another possible reason for this pulse dropout is the supermode competition 

[Horowitz et al., 2000] between the modes locked within the laser. With a total cavity 

length of about 30 meters, the fundamental cavity frequency is about 6.8966 MHz (Please 

note: n is assume to be typical value of 1.45). For a repetition rate of 10 GHz, the locking 

will occur around 1450th harmonic mode. Approximately, there are 1450 pulses 

simultaneously propagate inside the laser cavity some of them may drop from the pulse 
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train and cause errors in the system. In RMLFRL, the output pulses will be used to drive 

the amplitude modulator of the laser. The clock information will be successfully extracted 

by the clock recovery unit even with pulse dropouts. 

 

3.5 Conclusions 

Mode locked fiber ring lasers operating without and with RF feedback providing 

regenerative mode locking are demonstrated. The opto-electronic RF feedback can 

certainly provide a self-locking mechanism under the condition that the polarization 

characteristic of the ring laser is controllable. This could be implemented by ensuring that 

all fiber paths are under constant operating condition. The regenerative mode-locked 

fiber ring laser can self-lock even under the DC drifting effect of the modulator bias 

voltage (over several hours). 

In order to successfully generate stable ultra-fast and ultra-short pulses, the 

modes in the mode-locked fiber ring laser must retain their phase relationship at all times 

so that the mode mocking is stable. This requires all modes experience the same round 

trip cavity time. In general, this will not be the case due to the presence of frequency 

dependent dispersion in the cavity. That is the pulse will experience group velocity 

dispersion as it travels through the cavity. Therefore, the dispersion value of the cavity 

should be kept as minimum as possible. 
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Chapter 4 Ultra-Fast Repetition Rate Generators 

The generation of high repetition rate pulses is very important for future 

ultrahigh bit rate optical communication systems. Active MLFRL is a potential source of 

such pulses. However, the pulse repetition rate is usually limited by the bandwidth of the 

intracavity modulator. Hence, some techniques have to be applied to increase the 

repetition frequency of the pulses generated. In this chapter, I will focus on the 

generation of high repetition frequency optical pulses using the fractional temporal 

Talbot effect and brief explanation on some other repetition rate multiplication 

techniques. The stability studies using phase plane analysis will also be given. Phase plane 

analysis is commonly used in nonlinear control system, and this is for the first time, at 

least to the best of my knowledge, that the technique is being applied in the repetition 

rate multiplication laser system.  

 

4.1 Repetition Rate Multiplication Techniques 

In order to increase the system line rate, many repetition rate multiplication 

techniques have been proposed and demonstrated. Out of which are rational harmonic 

Chapter 
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detuning [Lin et al., 2004], fractional temporal Talbot effect [Azana and Murie, 1999 & 

2001], intracavity optical filtering [Gupta et al., 2002], higher order FM mode-locking 

[Abedin et al., 1998], optical time domain multiplexing [Daoping et al., 1999, Yamada et al., 

1995], etc. [Longhi et al., 2000] had shown a 16-times multiplication; achieving 40 GHz, 

10 ps pulse train from a base rate of 2.5 GHz mode-locked optical pulses using a 100 cm 

linearly chirped fiber grating. More recently, [Azana et al., 2003] demonstrated the use of 

short superimposed amplitude and phase fiber Bragg grating (FBG) structures to generate 

ultra-high repetition rate pulse bursts, i.e. 170 GHz optical pulse train from a 10 GHz 

mode-locked fiber laser. Besides FBG, dispersive fiber has also been used to achieve the 

same objective [Arahira et al., 1998, Chestnut et al., 2002].  

 

4.1.1 Fractional Temporal Talbot Effect 

Self-imaging effect of a plane periodic grating, when the grating is illuminated by 

a monochromatic light beam, was reported by Talbot in 1836 [Talbot, 1836], known as 

Talbot effect. This effect has been widely used in several optics fields, such as 

holography, image processing and synthesis, photolithography, optical testing, optical 

computing and optical metrology. Whereas, fractional Talbot effect refers to the 

superimposition of shifted and complex weighted replicas of the original object resulted 

from the diffraction of a periodic object at fractions of the Talbot distance [Hamam, 

1997] in spatial domain, and fractional temporal Talbot effect refers to the interference 

effect between dispersed pulses in optical fiber [Azana and Muriel, 2001] and is in time 

domain. By using this interference effect, one can achieve system repetition rate 

multiplication. The essential element of this technique is the dispersive medium, such as 
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linearly chirped fiber grating (LCFG) and dispersive single mode fiber. Out of which, 

LCFG can be designed to provide the required bandwidth and dispersion characteristics 

in a more compact form.  

When a pulse train with repetition rate of fr is transmitted through optical fiber, 

the phase shift of kth individual lasing mode due to GVD is [Arahira et al., 1998] 

c
fDzk r

k

222πλ
ϕ =      [Eq  4-1] 

where λ is the center wavelength of the mode-locked pulses, D is the GVD of fiber, z is 

the fiber length, and c is the speed of light in vacuum. This phase shift generally induces 

pulse broadening and distortion. When ϕk is 2πk2 (no phase shift between the lasing 

modes) or its multiple, the initial pulse shape is restored even after fiber transmission as 

long as the coherence of each lasing mode is maintained. This corresponds to 

DffD
c

z
rr

T λλ ∆
==

22
22     [Eq  4-2] 

Where ∆λ = frλ2/c is the spacing between spectral components of the pulse train. In 

contrast, when the fiber length is equal to zT/(2m), (where m = 2,3,4, …), every mth lasing 

modes oscillates in phase and the oscillation waveform maximums accumulate. However, 

the phases of other modes become mismatches, weakening their contributions to pulse 

waveform formation. This leads to the generation of a pulse train with a multiplied 

repetition frequency with m-times. The highest repetition rate obtainable is limited by the 

duration of the individual pulses, as pulses start to overlap when the pulse duration 

becomes comparable to the pulse train period, i.e. mmax = ∆T/∆t, where ∆T is the pulse 

train period and ∆t is the pulse duration.  
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The pulse width does not change much even after the multiplication, because 

every mth lasing mode dominates in pulse waveform formation of m-times multiplied 

pulses. The pulse waveform therefore becomes identical to the one generated from the 

mode-locked laser, with the same spectral envelope. Optical spectrum does not change 

after the multiplication process, because this technique utilizes only the change of phase 

relationship between lasing modes and does not use the nonlinearity of fiber. The effect 

of higher order dispersion might degrade the quality of the multiplied pulses, i.e. pulse 

broadening, appearance of pulse wings and pulse-to-pulse intensity fluctuation. In this 

case, any medium to compensate for the higher order dispersion would be required in 

order to complete the multiplication process. In order to achieve higher multiplications 

the input pulses must have a broad spectrum. The fractional Talbot length must be very 

precisely determined in order to receive high quality pulses. If pulses exist in the 

nonlinear regime and experience anomalous dispersion along the fiber, solitonic action 

will take place and prevent the linear Talbot effect from occurring. 

 

4.1.2 Other Repetition Rate Multiplication Techniques 

In this section, I would like to give a brief description on other repetition rate 

multiplication techniques available todate, such as intracavity filtering and optical time 

division multiplexing. Rational harmonic detuning is another simple technique, which has 

been widely adopted to increase the repetition rate. However, I will only discuss it in the 

next chapter.  
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Intracavity optical filtering uses modulators [Gupta et al., 2002] and a high finesse 

Fabry-Perot filter (FFP) within the laser cavity to achieve higher repetition rate. In a 

conventional AM harmonically mode-locking, a RF modulation frequency fm = qfc is 

applied to modulator placed inside the ring cavity to lock the phase of the longitudinal 

modes with frequency spacing equal to fm. In a MLFRL, when intracavity optical filtering 

via a FFP with free spectral range (FSR) equal to fm is introduced, the phase-locked 

longitudinal modes with frequency spacing equal to FSR are synchronized to the 

transmission peaks of FFP and are passed through the filter, while the intermediate cavity 

resonance modes are blocked by the FFP. This results in the generation of highly stable 

optical pulse trains with repetition rate equal to FSR.  

When the modulation frequency is a subharmonic multiple of the FSR of FFP is 

applied to the modulator, the generated optical pulses will have repetition rate equal to 

FSR. It is important that the modulation frequency fm must not only be a harmonic 

multiple of the cavity resonance frequency fc, but also a subharmonic multiple of FSR of 

FFP, such that fm=FSR/m, where m is the subharmonic number. When the FSR of FFP is 

an integer multiple m of one of the longitudinal modes of the cavity, the intermediate 

modes are suppressed, resulting in an optical pulse train with repetition frequency of FSR 

or fr = mfm, hence increasing the repetition rate of the optical pulse train. In addition, 

selective filtering of randomly oscillating intermediate longitudinal modes via intracavity 

FFP also leads to enhanced pulse stability in the generated optical pulse train, e.g. lower 

supermode noise, amplitude noise, phase noise or timing jitter. 

Another method used to increase the repetition frequency of the system is optical 

time division multiplexing (OTDM) technique. It is done by creating certain time delay 
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for each multiplexed optical path, so as to fill up the gap between the original optical 

pulses. [Daoping et al., 1999] has shown an 8-times repetition rate multiplication utilizing 

three loop-connecting fiber couplers, achieving 20 GHz optical pulse train. Yamada and 

group have also demonstrated 640 GHz – 1.28 THz pulse trains by using a seven-step 

Mach-Zehnder interferometer, which is formed on silica based planar lightwave circuit 

[Yamada et al., 1995]. [Seo et al., 2003] have also demonstrated 500 GHz optical pulse 

train generation using arrayed waveguide grating (AWG) under this principle. However, 

owing to coherent interference between the OTDM channels, the maximum feasible 

increase in the system line rate using a practical multiplexer is limited. Also, the multiplied 

pulses suffer from severe amplitude modulation and each burst of pulses lies at different 

wavelength. Furthermore, this technique requires a precise adjustment of the optical path 

delay. 

 

4.2 Phase Plane Analysis 

Phase plane analysis is a graphical method of studying the second-order nonlinear 

systems. The result is a family of system motion of trajectories on a two-dimensional 

plane, which allows us to visually observe the motion patterns of the system. Nonlinear 

systems can display more complicated patterns in the phase plane, such as multiple 

equilibrium points and limit cycles. Do not underestimate the usefulness of visualizing 

things. Sometimes a picture is worth a thousand words. Phase plane analysis has been 

used to analyze many practical systems, such as automatic control systems, movement 

studies, intersegmental coordination, etc.  
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Second order nonlinear systems have two state variables, and a phase plane is 

simply a plot of the two state variables against each other. It is called a phase plane 

because state variables were called phase variables in the old days.  

In the phase plane, a limit cycle is defined as an isolated closed curve. The 

trajectory has to be both closed, indicating periodic nature of the motion, and isolated, 

indicating the limiting nature of the cycle [Slotine et al., 1991]. If all neighboring 

trajectories approach the limit cycle, we say the limit cycle is stable or attracting, 

otherwise the limit cycle is unstable or marginally stable. Stable limit cycles models 

systems that exhibit self-sustained oscillations. In other words, these systems oscillate 

even in the absence of external periodic forcing. If the system is perturbed slightly, it 

always returns to the standard cycle [Strogatz, 1994].  

a)  b)  c)  

Figure 4-1: Phase planes with (a) stable, (b) marginally stable and (c) unstable limit cycles 

 

4.3 Experimental Setup 

The input to the fractional temporal Talbot multiplier is the output pulse train 

obtained from the 10 GHz active harmonically MLFRL as described in Section 3.2. The 

multiplier is made up of a rim of about 3 km of dispersion compensating fiber (DCF), 
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with the dispersion value of –98 ps/nm/km. The schematic of the experimental setup is 

shown in Fig. 4-2. The variable optical attenuator is used to reduce the optical power of 

the pulses generated by the MLFRL, hence remove their nonlinear effect before enter the 

multiplier. Based on the calculation, the required length of DCF for 4-times 

multiplication on a 10 GHz signal is 3.185457 km.  

 

Figure 4-2: Fractional temporal Talbot based repetition rate multiplication system 

 

4.4 Results and Discussion 

The original and multiplied pulse trains and their spectra are shown in Fig. 4-3. 

The input to the multiplier is a 10.217993 GHz pulse train, obtained from the active 

harmonically MLFRL, operating at 1550.2 nm, as shown in Fig. 4-3 (a) & (b). The spectra 

of the un-multiplied and multiplied signals are the same. This is simply because the 

Talbot effect is using only the linear phase difference to achieve the repetition rate 
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multiplication and not the fiber nonlinearity, hence, no change in the spectra should be 

observed. The linewidth separations for the both cases are about 0.08 nm. 

a)  b)  

c)  d)  

Figure 4-3: Original 10 GHz un-multiplied (a) pulse train and (b) its spectrum; 40 GHz 
multiplied (c) pulse train and (d) its spectrum 

 

The stability of high repetition rate pulse train is one of the main concerns for 

practical high speed optical communications systems. Conventionally the stability 

analyses of such pulses are based on the linear behavior of the laser in which we can 

analytically analyze the system behaviors in both time and frequency domains. However, 

when the MLFRL is operating under nonlinear regime, none of these standard 

approaches can be used, since direct solution of nonlinear different equation is generally 

impossible, hence time-frequency domain transformation is not applicable. Although 

fractional temporal Talbot based repetition rate multiplication systems are based on the 

linear behavior of the laser, there are some inherent nonlinearities affecting its stability, 
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such as saturation of the embedded gain medium, non-quadrature biasing of the 

modulator, fiber nonlinearities, etc., hence, nonlinear stability approach must be adopted. 

Here, I focus on the stability and transient analyses of the Talbot based multiplied pulse 

trains using phase plane analysis – a class of nonlinear control analytical techniques 

[Slotine et al., 1991]. This is the first time, to the best of my knowledge that the phase 

plane analysis is being used to study the stability and transient performances of the 

fractional temporal Talbot based repetition rate multiplication systems.  

The system modeling for the fractional temporal Talbot multiplier is done based 

on the following assumptions:  

§ Perfect output pulse from MLFRL without any timing jitter. 

§ The multiplication is achieved under ideal conditions (i.e. with exact fiber 

length for certain dispersion values). 

§ No fiber nonlinearity and noise are involved in the system. 

§ Both equal and Gaussian lasing mode amplitude analyses are used. 

§ The simulation is accurate to picosecond optical pulses. When the mode-

locked optical pulses reach femtosecond or sub-femtosecond region, more 

fundamental considerations have to be included.  
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4.4.1 Uniform Lasing Mode Amplitude Distribution 

Uniform lasing mode amplitude distribution is assumed at the first instance, i.e. 

ideal mode-locking condition. The system is simulated using Matlab software and based 

on the summation of individual mode as described in Section 2.2. The simulation 

parameters are based on the 10 GHz pulse train, centered at 1550 nm, with a fiber 

dispersion factor of –98 ps/km/nm, a 1 nm flat-top passband filter is used in the cavity 

of MLFRL. The estimated Talbot distance is 25.484 km. 

The original pulse (direct from the mode-locked laser) propagation behavior and 

its phase plane are shown in Fig. 4-4 (a) and Fig. 4-5 (a). As for the phase planes shown 

in the following sections, the x-axes are E(t) – signal energies and y-axes are their 

derivatives; solid and dotted lines represent the real and imaginary parts of the energies 

respectively. From the phase plane obtained, one can observe that the origin is a stable 

node and the limit cycle around that vicinity is a stable limit cycle. This agrees very well to 

my first assumption: ideal pulse train at the input of the multiplier. The pulse propagation 

behavior and its corresponding phase plane for 2-times, 4-times and 8-times GVD 

multiplication are also presented in Fig. 4-4 and Fig. 4-5. The amplitude fluctuations are 

quite significant for 8-times multiplication. This is mainly due to the filter bandwidth used 

in this case, i.e. 1 nm (~125 GHz @ 1550 nm), which limits the number of modes locked 

for this operation. Further explanation can be found in Section 4.4.3.  

As the multiplication factor increases, the system trajectories are moving away 

from the origin. As for the 4-times and 8-times multiplications, there is neither stable 

limit cycle nor stable node on the phase planes even with the ideal multiplication 

parameters. Here we see the system trajectories spiral out to an outer radius and back to 
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inner radius again, which shows the periodic motion of the system. The change in the 

radius of the spirals reveals the fluctuations in the pulse amplitude. Hence, with the 

increase in multiplication factor, the system trajectories become more complicated.  

 
Figure 4-4: Pulse propagation of (a) original pulse, (b) 2x, (c) 4x and (d) 8x multiplication with 1 

nm filter bandwidth and equal lasing mode amplitude analysis 

 

 
Figure 4-5: Phase plane of (a) original pulse, (b) 2x, (c) 4x and (d) 8x multiplication with 1 nm 

filter bandwidth and equal lasing mode amplitude analysis; x-axes: E(t), y-axes: dE(t)/dt 
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Although fractional temporal Talbot repetition rate multiplication uses only the 

phase change effect in multiplication process, the inherent nonlinearities still affect its 

stability indirectly. Despite the reduction in the pulse amplitude [Azana and Muriel, 1999], 

I observe uneven pulse amplitude distribution in the multiplied pulse train. The 

percentage of unevenness increases with the multiplication factor of the system. 

 

4.4.2 Gaussian Lasing Mode Amplitude Distribution 

Gaussian lasing mode amplitude distribution models the practical filter used in 

the system. It gives us a better insight on the system behavior. The parameters used in the 

simulation are exactly the same except that the flat-top filter has been changed to 

Gaussian-like passband filter. The system trajectories and uneven pulse amplitude 

distribution are more severe than those in the uniform lasing mode amplitude analysis. 

Simulations for the remaining sections are done based on this Gaussian lasing mode 

amplitude distribution. 

 
Figure 4-6: Pulse propagation of (a) original pulse, (b) 2x, (c) 4x and (d) 8x multiplication with 1 

nm filter bandwidth and Gaussian lasing mode amplitude analysis 
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Figure 4-7: Phase plane of (a) original pulse, (b) 2x, (c) 4x and (d) 8x multiplication with 1 nm 
filter bandwidth and Gaussian lasing mode amplitude analysis; x-axes: E(t), y-axes: dE(t)/dt 

 

4.4.3 Filter Bandwidth Influence 

The bandwidth of the filter used in MLFRL affects the stability of fractional 

temporal Talbot repetition rate multiplication system. The earlier analyses are based on 1 

nm filter bandwidth. The number of modes locked within a laser system increases with 

the filter bandwidth, as described in Section 3.1.3, which gives us a better quality of the 

mode-locked pulses. The simulations shown below are based on the Gaussian lasing 

mode amplitude distribution, 3 nm and 7 nm filter bandwidth, and other parameters 

remain unchanged. With wider filter bandwidth, the pulse width and the percentage pulse 

amplitude fluctuation decreases, and suggests better stability condition.   
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Figure 4-8: Pulse propagation of (a) original pulse, (b) 2x, (c) 4x and (d) 8x multiplication with 3 

nm filter bandwidth 

 

 
Figure 4-9: Phase plane of (a) original pulse, (b) 2x, (c) 4x and (d) 8x multiplication with 3 nm 

filter bandwidth; x-axes: E(t), y-axes: dE(t)/dt 
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Figure 4-10: Pulse propagation of (a) original pulse, (b) 2x, (c) 4x and (d) 8x multiplication with 7 
nm filter bandwidth 

 

 

Figure 4-11: Phase plane of (a) original pulse, (b) 2x, (c) 4x and (d) 8x multiplication with 7 nm 
filter bandwidth; x-axes: E(t), y-axes: dE(t)/dt 
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4.4.4 Nonlinear Effects 

When the input signal enters the nonlinear region, the Talbot multiplier loses its 

multiplication capability as predicted earlier. The additional nonlinear phase shift due to 

the high input power is added to the total phase shift and destroys the phase change 

condition of the lasing modes required by the multiplication condition. The additional 

nonlinear phase shift also changes the pulse shape and the phase plane of the multiplied 

pulses. The nonlinear phase shift is [Ogusu, 1996]: 
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where n0 and n2 are the linear and nonlinear refractive indexes of the fiber respectively. η0 

is the wave impedance in the vacuum, E is the optical electric field, P is the optical 

power, Aeff is the effective mode area depending on the modal field profile in the fiber 

and L is the length of DCF. The parameters used in the simulation are: n2 = 3.0 x 10-20 

m2/W, n0 = 1.45, Aeff = 50 µm2. 

 
Figure 4-12: Pulse propagation of (a) original pulse, (b) 2x, (c) 4x and (d) 8x multiplication with 3 

nm filter bandwidth and input power = 1 W 
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Figure 4-13: Phase plane of (a) original pulse, (b) 2x, (c) 4x and (d) 8x multiplication with 3 nm 

filter bandwidth and input power = 1W; x-axes: E(t), y-axes: dE(t)/dt 

 

4.4.5 Noise Effects 

The above simulations are all based on the noiseless situation. However, in a 

practical optical communication systems, noises are always the sources of nuisance which 

can cause system instability, therefore it must be taken into consideration for the system 

stability studies. Since the optical intensity of the m-times multiplied pulse is m-times less 

than the original pulse, it is more vulnerable to noise, as shown in Fig. 4-14 & 4-15, with 

50 dB SNR. The signal is difficult to differentiate from the noise within the system if the 

power of multiplied pulse is too small. The phase plane of the multiplied pulse is 

distorted due to the presence of the noise, which leads to poor stability performance. It 

shows a total random fashion of the system trajectories, as depicted in Fig. 4-17 under 20 

dB SNR, i.e. noisy environment.  
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Figure 4-14: Pulse propagation of (a) original pulse, (b) 2x, (c) 4x and (d) 8x multiplication with 7 

nm filter bandwidth and 50 dB SNR 

 

 
Figure 4-15: Phase plane of (a) original pulse, (b) 2x, (c) 4x and (d) 8x multiplication with 7 nm 

filter bandwidth and 50 dB SNR; x-axes: E(t), y-axes: dE(t)/dt 
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Figure 4-16: Pulse propagation of (a) original pulse, (b) 2x, (c) 4x and (d) 8x multiplication with 7 
nm filter bandwidth and 20 dB SNR 

 

 
Figure 4-17: Phase plane of (a) original pulse, (b) 2x, (c) 4x and (d) 8x multiplication with 7 nm 

filter bandwidth and 20 dB SNR; x-axes: E(t), y-axes: dE(t)/dt 
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4.5 Conclusions 

I have demonstrated 4-times repetition rate multiplication by using fiber 

fractional temporal Talbot effect; and hence 40 GHz pulse train is obtained from 10 

GHz mode-locked fiber laser source. However, its stability is of great concern for the 

practical use in optical communications systems. Although the fractional temporal Talbot 

repetition rate multiplication technique is linear in nature, the inherent nonlinearities of 

system may disturb its stability. Therefore any linear approach may not be suitable in 

deriving the system stability. Stability analysis for this multiplied pulse train has been 

studied by using the nonlinear control stability theory – phase plane analysis. 

Unfortunately, from the analysis model, the stability of the multiplied pulse train can 

hardly be achieved even under perfect multiplication conditions. Furthermore, I observe 

uneven pulse amplitude distribution in the fractional temporal Talbot multiplied pulse 

train, which is due to the energy variations between the pulses that cause some energy 

beating between them. Another possibility is the divergence of the pulse energy variation 

in the vicinity around the equilibrium point that leads to instability. 

The pulse amplitude fluctuation increases with the multiplication factor. Better 

stability condition can be achieved with wider filter bandwidth. The nonlinear phase shift 

and noises in the system challenge the system stability of the multiplied pulses. They not 

only change the pulse shape of the multiplied pulses, but also distort the phase plane of 

the system.  
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Chapter 5 Tera-Hertz Fiber Ring Laser 

Although some repetition rate multiplication techniques have been proposed and 

demonstrated, as discussed in the previous chapter, the frequencies achieved are still 

within tens and hundreds of GHz range, and still far below the optical fiber transmission 

capacity predicted by Shannon. This leaves plenty of rooms for us to explore the 

possibilities of the generation of ultra-high speed optical pulse trains, which is the key 

player in the ultra high bit rate optical communication systems.  

In this chapter, I modify the modulating signal used in the conventional active 

mode-locking laser system, and develop a theoretical model for it. The stability of the 

generated pulses is also studied. Novel fiber laser structure in generating Tera-Hertz 

optical pulses is also presented. 

 

5.1 Gaussian Modulating Signal 

The theory of mode-locking has been well developed by [Haus, 2000], with the 

assumption that the modulating signal is a conventional cosinusoidal periodic signal. 

However, for modulating signals other than that, the model may not be appropriate in 

Chapter 
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determining the system behavior. Hence, a more fitting mode-locking model needs to be 

developed. Here, I investigate a similar mode-locking system, however with a different 

modulating signal, i.e. Gaussian modulating signal. 

 

5.1.1 Mode-Locking Analysis 

In this section, I develop a set of mode-locking equations for the mode-locked 

pulses with Gaussian modulating signal, which is often generated by step recovery diodes, 

and used in many applications, particularly in my laser setup.  

A Gaussian pulse train can be described as follows [Kreyszig, 1999]: 
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where j2 = -1, T is the period, Ωm = 2π/T, M is the peak amplitude of the Gaussian pulse 

and σ is the half duration of the pulse at 1/e point, and an can be solved using the 

following property [Abramowitz and Stegun, 1972]: 
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[Eq  5-3] 

and an = a-n. a0 can be easily determined, as shown in [Eq 5-11]. However the following 

properties need to be used to solve for a1 [Abramowitz and Stegun, 1972]: 
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[Eq  5-4] 
)()( xerfxerf −=−      [Eq  5-5] 

Generally, several axial modes will be lasing in a laser if the gain level is higher 

than the threshold level required. By following the procedures proposed by [Haus, 2000], 

the mode-locking equation can be modified to as follows, with Ωm = ∆Ω is the 

modulation frequency that produces sidebands at ω0 ± ∆Ω, with ω0 is the central carrier 

frequency. These injections lock the adjacent modes, which in turn lock their neighbors. 

An is the amplitude of the axial mode of frequency ω0 ± n∆Ω.. The amplitude changes 

within each pass through the amplifier of loss (1-l) and peak gain (1+g), where l << 1 and 

g << 1, is 
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The terms at the right hand side describe the gain and loss of the laser, 

contributions from the Gaussian side-bands, contributions to the Gaussian side-bands, 

and the average DC component of the nth mode itself. 

This expression can be transformed into a standard operator by the following 

approximations: 

§ The discrete frequency spectrum with Fourier components at n∆Ω is replaced 

by a continuum spectrum, a function of Ω = n∆Ω. 

§ The frequency dependent gain can be expanded to second order in n∆Ω. 
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Hence, arrive at the following: 
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where A is the amplitude of the axial mode frequency of Ω, Ωg is the gain bandwidth of 

the amplifier within the system, Ωm = 2πfm is the modulation frequency, a0 is the DC 
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value of the modulating signal and An(Ω) is the amplitude of the nth mode separation 

from the central frequency, i.e. nΩm.  

I approximate the above equation with a second order differential equation with 

the assumption that the contributions of higher order components are small and 

negligible. The steady state solution to the equation is a Gaussian pulse, and the pulse 

width and net gain relationship are as follows.  
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where [Abramowitz and Stegun, 1972], 

)
22

(20
σ

σ
π

T
erf

T
Ma =     [Eq  5-11] 

















+
+

−
−+

−
+≈

















+
+

−
−+−

−
+=

∑

∑

∞+

=

∞+

=

1
22

2

2
2

1
22

2

2
2

1

)cosh1(
4

)
4
1

exp(
)exp(

4)exp(
)(2

),(),(
4

)
4
1

exp(
)exp(

4
)]2cos(1[

)exp(
)(2

p

p
p

py
xp

p
x

x
x

x
xerfC

yxyxf
xp

p
xxy

x
x

xerfCa

ππ

ε
ππ

    
[Eq  5-12] 

  

)exp(
2

2yy
M

C −=
π

    [Eq  5-13] 

 
σ22

T
x =       [Eq  5-14] 

 
xT

y
2

2
πσ

π ==      [Eq  5-15] 

 
)cosh1(2

2sinsinh2coscosh22),(

pyx

xypypxypyxxyxf p

+=

+−=
  [Eq  5-16] 

 0|),(|10),( 16 ≈≈ − jyxerfyxε     [Eq  5-17] 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 82 

where ε(x,y) is the allowable error of the system, which is neglected in my simulation. 

From the obtained equations, the system gain condition, [Eq 5-10] has been improved by 

the DC component of the Gaussian modulating signal. 

As for the rational harmonic mode-locking case, which will be presented later in 

Section 5.2, the generated pulse width should be modified to include the effect of the 

detuning factor, and it is proportional to a1
-¼ (q + 1/m)-½ for qth harmonic mode-locking 

and m detuning factor. When the detuning factor, m is large, the contribution of 1/m 

becomes negligible, thus, the pulse width is very much determined by the a1 parameter, 

which is in turn determined by the duty cycle of the modulating signal. 

The relationship between the pulse width and duty cycle is shown in Fig. 5-1, 

where duty cycle is defined as ρ = 2√(ln2)σ/T. For the cosinusoidal modulating signal, 

the pulse width does not depend on the duty cycle. In this simulation, only the effect of 

the duty cycle is considered, and other system parameters are held constant. I use the 

same average modulation power for both cases in order to obtain a fair comparison, i.e. 

the Gaussian modulation index or rather peak power varies with its duty cycle. 
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Figure 5-1: Relationship between normalized pulse width and duty cycle for fixed average 
modulation power. (Solid line – Gaussian modulating signal, dotted line – cosinusoidal 

modulating signal) 

 

From the obtained result (Fig. 5-1), we see that the generated mode-locked pulse 

width is in fact proportional to the duty cycle of the Gaussian modulating signal. The 

narrowest mode-locked pulses are formed at the minimum duty cycle, and increases with 

the duty cycle. For practical case consideration, at relatively low (but nonzero) duty 

cycles, the minimum pulse width is determined by other system parameters, such as 

amplifier gain, gain bandwidth, modulation frequency, etc.; based on [Eq 5-9]. For a 

minimum obtainable pulse width, the modulating signal must first fulfill the gain 

condition as stated in [Eq 5-10]. However, when the duty cycle is too large, i.e. broad 

modulating pulse, the pulses generated are comparative to CW signal, since it has lost its 

mode-locking capability. A better operating region for this Gaussian modulating signal is 

duty cycle less than 30 %, whereby the pulses generated are narrower than that of the 
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cosinusoidal modulating signal. As a matter of fact, this type of signal is readily generated 

by a step recovery diode, which is used in my experimental setup.  

Furthermore, I would like to examine the pulse width dependency on duty cycle 

with fixed modulation index, i.e. the peak power is fixed regardless of duty cycle; another 

words, the average modulation power varies with duty cycle. The simulation is done 

based on the equivalent cosinusoidal peak modulating power to that of the Gaussian case 

with 10 % (P10), 20 % (P20), and 30 % (P30) duty cycles. The results are shown in Fig. 5-

2. 

 

Figure 5-2: Relationship between normalized pulse width and duty cycle for fixed peak 
modulation power at 10% (P10), 20% (P20) & 30% (P30) duty cycle. (Solid line – Gaussian 

modulating signal, dotted line – cosinusoidal modulating signal) 

 

For fixed modulation powers, the pulses show the narrowest width around the 5 

% - 30 % too. Thus, for fixed modulation index, we will have a more stable pulse 
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generation around the minimum point; the variation of pulse width is minimum around 

that region. The relationship between the pulse width and duty cycle is also valid for 

other modulation signals, e.g. square pulse train, etc, since the relationship is dependent 

on the contributions of the frequency components of the signals, an. 

For conventional mode-locking system, i.e. with cosinusoidal modulating signal, 

the maximum rational harmonic detuning factor, mmax=2π[M/(2g)]¼(fg/fm)½, which is 

proportional to the square root of the number of modes locked within the system. 

However, with Gaussian modulating signal, this factor becomes mmax=2π[a1/g]¼(fg/fm)½, 

which not only depends on the number of modes locked, but also inversely proportional 

to the duty cycle of the modulating signal. The relationship can be easily obtained by 

inverting the pulse width dependency chart, and is shown below.  

 

Figure 5-3: Relationship between normalized maximum allowable multiplication factor and duty 
cycle (Solid line – Gaussian modulating signal, dotted line – cosinusoidal modulating signal) 
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Hence, the maximum allowable multiplication factor, mmax, relative to the 

cosinusoidal modulating signal; can be improved by reducing the duty cycle to less than 

30 %. Other than the theoretical considerations, the factor mmax, is also limited by the 

availability of the modulator driver, i.e. step recovery diode, and the filter bandwidth, 

which limits the gain bandwidth, and hence the number of modes locked within the 

system. 

 

5.1.2 Stability Region 

Having known the pulse width generated by the Gaussian modulating signal, I 

should now aim to determine the stable operation condition of this type of modulating 

signal. As discussed in Chapter 2, in order to generate stable soliton pulses in an active 

mode-locked laser system, two conditions have to be fulfilled: (1) soliton pulse must 

experience a lower loss in the cavity than the Gaussian pulse, and (2) energy fluctuation 

of the soliton must be damped, mathematically shown in [Eq 2-8 & Eq 2-9]. When 

condition 1 is met, the soliton will have sufficient gain to survive however the Gaussian 

noise is not given enough gain to build up. Condition 2 implies that the filter loss must be 

larger than the modulator loss so as to weaken the soliton energy fluctuation caused by 

the modulator [Haus and Mecozzi, 1992]. A positive soliton energy fluctuation shortens 

the pulse and broadens the spectrum. On the one hand, the decreased pulse width 

decreases the modulator loss as the soliton becomes more concentrated around the 

maximum transmission of the modulator. On the other hand, the filter loss increases as a 

result of the broadened spectrum. For stability, the filtering effect must be stronger than 

the modulation effect.    
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For an active mode-locked laser system with Gaussian-like modulating signal, the 

pulse width and net gain relationship with cavity dispersion taking into account are as 

follows: 
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where a0 and a1 are the Fourier coefficients for the Gaussian modulating signal as 

described in the previous section, g and l are the gain and loss of the system respectively. 

Physically, a0 and a1 are the DC component and the strength of the modulating signal 

respectively, which are duty cycle dependent. One thing to note is the system net gain can 

be increased by the DC component of the modulating signal. Ωm is the angular 

modulation frequency, D=β2L/2 with an average group velocity dispersion β2 and cavity 

length L, λ is the carrier wavelength, and Ωf is the bandwidth of the optical transmission 

of the laser cavity. Normally this bandwidth is corresponding to the bandwidth of the 

optical band pass filter incorporated in the laser. 

By considering timing jitter and frequency perturbation produced by the 

modulator and filter of the system [Haus and Mecozzi, 1992 & 1993], and following the 

procedure presented by [Haus and Mecozzi, 1992], the stability conditions stated in 

Chapter 2 have been modified to as follows:  
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The stability conditions [Eq 2-8] and [Eq 5-20] can be deduced by using the 

following property: 
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  [Eq  5-22] 

where sign(y) = 1 if y > 0, sign(y) = -1 if y < 0 and sign(y) = 0 if y = 0. 

It should be stressed that the equations used to deduce the system stability 

conditions is only valid when the pulse change per round trip is small. This sets the upper 

limit to the maximum nonlinear phase shift that the soliton may acquire per round trip: 

stability of a periodically amplified soliton requires the nonlinear phase shift << 4π 

[Mollenauer et al., 1986]. Fig. 5-4 shows the stability region for the both cosinusoidal and 

Gaussian-like modulating signal in an active mode-locked laser system. The lined regions 

are the stable soliton operation regions, where both stability conditions are 

simultaneously met.  

 
Figure 5-4: Stable operation region for soliton in an active mode-locked laser system with 
conventional cosinusoidal modulating signal (M) and Gaussian-like modulating signal (a1)  
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From Fig. 5-4, the condition 1 for both cases requires (1/Ωf
2D) < 1.53, i.e. for a 

given fixed filter bandwidth, a minimum anomalous dispersion is required. This is 

because the dispersion, which is balanced by SPM for soliton, increases the Gaussian loss 

and thus suppresses the Gaussian noise (Condition 1 for both cases). However, the 

dispersion should not be too large, so as to keep the nonlinear phase shift << 4π. 

Furthermore, as depicted in the figure, the pulse width of the Gaussian case is much 

shorter than the cosinusoidal case, with the same modulation frequency, which has also 

been shown in the previous section. By inspection, the stable operation region for 

Gaussian-like modulating signal is smaller than that of the conventional one, i.e. more 

stringent control parameters are required for the stable operation. Steeper slope for 

condition 2 also reveals that larger modulation fluctuation in the Gaussian modulating 

case. 

By linear approximation of a1 parameter, which is valid for coarse system 

estimation, I am able to show the system stability behavior with respect to the duty cycle, 

ρ of the Gaussian modulating signal, as shown in Fig. 5-5. For small duty cycle, one can 

expect to have a bigger stable soliton operation region. 
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Figure 5-5: Stability region for soliton in an active mode-locked laser system for various duty 

cycle parameters 

 

5.1.3 Parameters Deviation 

Having determined the stable operation region for the system, I shall now move 

on to the system performances on the parameter deviations. From [Eq 5-18], one can 

easily deduce the following: 
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By recognizing Ωm = qΩc = qc/(nL), where q is the qth harmonic, n is the refractive 

index of the optical fiber, L is the length of the ring cavity. Hence, 
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Assuming no temperature and cavity length variations in the system, and taking 

the intensity dependency of the refractive index [Eq 2-12] into the consideration, I 

achieve the following: 
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τ
τ

     [Eq  5-26] 

where n0 and n2 are linear and nonlinear refractive indexes respectively, and I is the 

intensity of the pulse. Therefore the pulse width variation can be related to the 

fluctuations of the modulation frequency, modulating strength, refractive index, cavity 

length, and pulse intensity by [Eq 5-23] to [Eq 5-26]. 

The pulse width variations due to the fluctuations of modulating frequency, a1 

parameter, pulse intensity and duty cycle of the modulating signal are shown in the 

following figures. The simulations are done based only on the effect of particular 

parameter of interest, and the other parameters are held constant. Hence, the axes shown 

in the figures are relative to their own set of coefficients. a1 parameter variations with 

respect to duty cycle are given in Fig. 5-8 and Fig. 5-9. The two curves are obtained using 

the fixed peak modulation power and fixed average modulation power analyses 

respectively. 

From the obtained results, the change in pulse width is gentler towards high 

modulating frequency, modulating power and pulse intensity. One thing to note is that 

the pulse width and a1 relationship is only valid for a1 ≤ 1. This is simply because the 

model developed so far is for under modulating cases. For high intensity and modulating 

strength, nonlinear effect starts to take place, and stabilizes the pulse, and hence 

minimizes the pulse width variations. In contrast, for low intensity situation, the pulse is 
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easily deviated by small fluctuations, such as noise. For high modulating frequency, i.e. 

large spectral separation; any small fluctuation in the frequency will not contribute much 

to pulse width variation. 

 
Figure 5-6: Relationship between pulse width and modulating frequency (Ωm), modulating 

strength (a1) and pulse intensity (I) 

 

 
Figure 5-7: Variations of pulse width with respect to modulating frequency (Ωm), modulating 

strength (a1) and pulse intensity (I) 
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Figure 5-8: a1 parameter variation with respect to duty cycle using fixed peak modulation power 

analysis 

 
Figure 5-9: a1 parameter variation with respect to duty cycle using fixed average modulation 

power analysis 

 

For the fixed peak modulation power analysis, there is no pulse width variation 

for duty cycle greater than 10 % (Fig. 5-10). The pulse width is invariant to duty cycle 

under the same peak modulating power. On the other hand, for fixed average modulation 

power analysis (Fig. 5-11), i.e. the peak modulation power is inversely proportional to the 

duty cycle of the modulating signal; the pulse width variation increases with duty cycle for 

duty cycle less than 40 %, after which it decreases with duty cycle. The pulse width 
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variation peaks at duty cycle ≅ 40 %. In other words, this is the unstable operating point 

for Gaussian modulating mode-locked laser system. I refer to the recommendation made 

in the previous section, that the duty cycle of the Gaussian-like modulating signal should 

be less than 30 % for better system performance, and note that the pulse width variation 

is in fact proportional to the duty cycle. Hence, in order to minimize the pulse width 

variation, the duty cycle of the Gaussian-like modulating signal should be kept as small as 

possible. 

 
Figure 5-10: Pulse width variation with respect to duty cycle for fixed peak modulation power 

analysis (Inset: zoom in area for duty cycle = 0 % to 10 %) 
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Figure 5-11: Pulse width variation with respect to duty cycle using fixed average modulation 

power analysis 

 

5.2 Rational Harmonic Detuning 

Rational harmonically mode-locked fiber ring lasers have attracted much attention 

due to their ability to generate higher repetition rate optical pulses. By applying slightly 

deviated frequency from the multiple of fundamental cavity frequency, higher rate pulses 

can be achieved [Wu and Dutta, 2000, Lin et al., 2004]. Recently, [Lin et al., 2004] have 

achieved 40th order of rational harmonic mode-locking using a loss-modulated Fabry-

Perot laser diode, with the base frequency of 1 GHz. [Zhu et al., 2004] demonstrated two-

step 80 GHz high quality pulse train generation involving 4th order rational harmonic 

mode-locking on a 10 GHz modulation signal in conjunction with a frequency doubler. 

The mode-locked fiber laser was stabilized using a regenerative-type base line extraction 

feedback technique.   
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By applying slight frequency deviation, ∆f = fc/m, where m is the integer and fc is 

the fundamental cavity frequency, the modulation frequency of the harmonically mode-

locked laser, fm becomes 
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+=

)1(      [Eq  5-27] 

where q is the qth harmonic of the fundamental cavity frequency and fr is the repetition 

frequency of the system, which has been increased to m-times of fm. However, this 

technique suffers from inherent pulse amplitude instability, which includes both 

amplitude noise and unequal pulse amplitude, furthermore, it gives poor long-term 

stability. The problem is due to the millisecond gain lifetime of erbium which causes self-

pulsation operation in MHz or GHz range mode-locked fiber lasers; the fiber laser 

cannot equalize the pulse energies, and hence the output may contain unequal pulse 

amplitudes or even pulse dropouts. This self-pulsation behavior contributes to the laser 

output power fluctuations. In addition, the long lifetime of Er-doped fibers cannot filter 

out the pump power perturbations resonating at the laser relaxation frequency, and hence 

disturb the laser stability [Ding and Cheo, 1996].  

Some pulse amplitude equalization techniques have been proposed to solve the 

problem. Out of which are two-photon absorption (TPA) semiconductor mirror [Thoen 

et al., 2000], double pass modulator [Shiquan et al., 2003], linear and nonlinear optical 

filter combination [Zhao et al., 2002], etc.  
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5.2.1 Experimental Setup 

The experimental setup of the active harmonically mode-locked fiber ring laser is 

shown in Fig. 5-12. The principal element of the laser is an optical close loop with an 

optical gain medium, a Mach-Zehnder amplitude modulator (MZM), PC, BPF, optical 

couplers and other associated optics.  

 

Figure 5-12: Active mode-locked fiber ring laser with Gaussian-like modulating signal 

 

The gain medium used in this fiber laser system is an EDFA with a saturation 

power of about 16 dBm. A polarization independent optical isolator is used to ensure 

unidirectional lightwave propagation as well as to eliminate back reflections from the 

fiber splices and optical connectors. A free space filter with 3 dB bandwidth of 4 nm at 

1555 nm is inserted into the cavity to select the operating wavelength of the generated 

signal and to reduce the noise in the system. In addition, it is responsible for the 

longitudinal modes selection in the mode-locking process. The birefringence of the fiber 

is compensated by a PC, which is also used for the polarization alignment of the linearly 
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polarized lightwave before entering the planar structure modulator for better output 

efficiency. Pulse operation is achieved by introducing an asymmetric coplanar traveling 

wave 10 GHz lithium niobate, Ti:LiNbO3 MZM into the cavity with half wave voltage, 

Vπ of 5.8 V and insertion loss of ≤ 7 dB. The modulator is DC biased near the quadrature 

such that it operates around the linear region of its characteristic curve. I adopt amplitude 

modulation in this experiment because it gives better stability than the frequency 

modulation. The modulator is driven by a 100 ± 5 MHz, ~100 ps step recovery diode 

(SRD), which in turn driven by a RF amplifier (RFA) and a RF signal generator. The 

modulating signal generated by the step recovery diode is a ~1 % duty cycle Gaussian 

pulse train. The output coupling of the laser is optimized using a 10/90 optical coupler. 

90 % of the optical field power is coupled back into the cavity ring loop, while the 

remaining portion is taken out as the output of laser and analyzed using oscilloscope and 

spectrum analyzer. 

SRD is also known as charge storage diode, since its operation depends on the 

ability to store charge [Kirkby, 1999], can be used to generate short electrical pulses from 

a cosinusoidal wave drive. It is a simply a PIN junction diode that has a special doping 

profile, to give a special characteristic curve. Like a normal PN diode, SRD conducts 

when forward biased. However, it also shows significant conduction when reversed 

biased, but only for a short while. The transition from the conducting and non-

conducting states of the reversed biased diode occurs in a time frame of typically less 

than 100 ps. This means the current waveform has a high harmonic content and can be 

used to generate short pulses [Chudobiak, 1996, Kirkby, 1999].  
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5.2.2 Results and Discussion 

The theoretical background of the phase plane analysis has been given in the 

previous chapter. Here, I will focus on the modeling of rational harmonically mode-

locked fiber ring laser system with the following assumptions:  

§ The mode-locking condition has been achieved and the detuned frequency is 

perfectly adjusted according to the fraction number required, m. 

§ Optical amplifier gain saturation. This is valid because I am operating the 

laser in multiple pass optical amplification situations, where the laser will 

eventually saturate. 

§ Small harmonic distortion. 

§ No fiber nonlinearity and noise are included in the analysis. 

§ Gaussian lasing mode amplitude distribution analysis. 

§ Gain bandwidth is determined by the filter bandwidth. 

§ Linearly polarized light is used in the system. 

I do not consider the initial pulse forming process of the laser. This is simply 

because it involves the dynamics of the optical amplifier and adds to the complexity of 

the system, which is not the interest of this study. Furthermore, I am looking at the pulse 

propagation behavior, once rational harmonic mode-locking has been achieved, as time 

progresses. Harmonic distortion is applied to the system by introducing small variations 

to different harmonics up to m-order for an m-fraction detuned system. The overlap 
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between the linewidth of the actual lasing mode (without frequency detuning) and the 

detuning amount also contributes to the distortion, and is considered in my simulation. 

The phase plane of a perfect 10 GHz mode-locked pulse train with bandwidth of 

4 nm and centered at wavelength of 1550 nm; without any frequency detuning is shown 

in Fig. 5-13 and its corresponding pulse train is shown in Fig. 5-14(a). From the phase 

plane obtained, one can easily observe that the origin is a stable node and the limit cycle 

around that vicinity is a stable limit cycle, hence leading to stable system trajectory. 4-

times multiplication pulse trains, i.e. m = 4, without and with 5% harmonic distortion are 

shown in Fig. 5-14(b) and 5-14(c) respectively. Their corresponding phase planes are 

shown in Fig. 5-15(a) and 5-15(b).  

For the case of zero harmonic distortion, which is the ideal situation, the 

generated pulse train is perfectly multiplied with equal amplitude and the phase plane has 

stable symmetry periodic trajectories around the origin too. However, for practical case, 

i.e. with 5 % harmonic distortion, it is obvious that the pulse amplitude is unevenly 

distributed, which agrees very well with many experimental findings [Zhu et al., 2001 & 

2004, Gupta et al., 2001, Wu and Dutta, 2000]. Its corresponding phase plane shows more 

complex and asymmetric system trajectories, hence reflecting its undesirable amplitude 

fluctuations. 
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Figure 5-13: Phase plane of a 10 GHz mode-locked pulse train 

 

 
Figure 5-14: Normalized pulse propagation of (a) original pulse; detuning fraction of 4, with (b) 

0% and (c) 5% harmonic distortion noise 
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a)  b)  
Figure 5-15: Phase plane of detuned pulse train, m = 4, (a) 0% and (b) 5% harmonic distortion 

 

I define the percentage of amplitude fluctuation, %F as follows:  

%100%
max

minmax ×
−

=
E

EE
F      [Eq  5-28] 

where Emax and Emin are the maximum and minimum peak amplitude of the generated 

pulses. For any practical mode-locked laser system, fluctuations above 50 % should be 

considered as unacceptable. Therefore, this is one of the limiting factors in a rational 

harmonic mode-locking fiber laser system. The relationships between the percentage 

fluctuation and harmonic distortion for three multipliers (m = 2, 4 and 8) are shown in 

Fig. 5-16. Thus, the obtainable rational harmonic mode-locking is very much limited by 

the harmonic distortion of the system. For high multiplier, a small change in the 

harmonic distortion leads to a large change in the system output, and hence poor system 

stability. By increasing the system bandwidth, i.e. bandwidth of the filter used in the 

system, more modes will be locked within the system, and hence improve the pulse 

quality. However, this may increase ASE noise level of the system, hence challenges its 

stability. Therefore this is a trade off between the pulse quality and system stability. 
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Figure 5-16: Relationships between amplitude fluctuation and percentage harmonic distortion 

 

For large fluctuation, it means no repetition rate multiplication, but with 

additional noise components; a typical pulse train and its corresponding phase plane are 

shown in Fig. 5-17 (lower plot) and Fig. 5-18 respectively, with m = 8 and 20 % harmonic 

distortion. The asymmetric trajectories of the phase graph explain the amplitude 

unevenness of the pulse train. Furthermore, it shows a more complex pulse formation 

process and undesirable pulse stability. Hence, it is clear that for any harmonic mode-

locked laser system, the small side pulses generated are largely due to improper or not 

exact tuning of the modulation frequency of the system. An experimental result is 

depicted in Fig. 5-21(a) for comparison.   
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Figure 5-17: 10 GHz pulse train (upper plot), pulse train with m = 8 and 20% harmonic 
distortion (lower plot) 

 

 

Figure 5-18: Phase plane of the pulse train with m = 8 and 20% harmonic distortion 

 

By careful adjustment of the modulation frequency, polarization, gain level and 

other parameters of the fiber ring laser, I obtain the 660th and 1230th order of rational 

harmonic detuning in the mode-locked fiber ring laser with base frequency of 100 MHz, 

and hence 66 GHz and 123 GHz repetition frequency pulse operation. The auto-

correlation traces and optical spectra of the pulse operations are shown in Fig. 5-19.  
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a)  
b)  

c)  
d)  

Figure 5-19: Autocorrelation traces and optical spectra of (a, b) 66 GHz and (c, d) 123 GHz pulse 
operations 

 

With Gaussian pulse assumption, the obtained pulse widths of the operations are 

2.55 ps and 2.29 ps respectively. For the 100 MHz pulse operation, i.e. without any 

frequency detuning, the generated pulse width is about 91 ps. Thus, not only did I 

achieve an increase in the pulse repetition frequency, but also a decrease in the generated 

pulse width. This pulse narrowing effect is partly due to SPM effect of the system, as 

observed in the broadened optical spectra. Another reason for this narrow pulse width is 

the low duty cycle of the modulating signal as described in the previous section. Besides 

the uneven pulse amplitude distribution, high level of pedestal noise is also observed in 
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the obtained results. For 66 GHz pulse operation, a 4 nm bandwidth filter is used in the 

setup, and it is removed in the 123 GHz operation. It is done so to allow more modes to 

be locked during the operation, thus, to achieve better pulse quality. In contrast, this 

increases the level of difficulty significantly in the system tuning and adjustment. As a 

result, the operation is very much determined by the gain bandwidth of the EDFA used 

in the laser setup. 

The simulated phase planes for the above pulse operation are shown in Fig. 5-20. 

They are done based on the 100 MHz base frequency, 10 round trips condition and 

0.001% of harmonic distortion contribution. There is no stable limit cycle in the phase 

graphs obtained; and the system stability is hardly achievable, which is a well-known fact 

in the rational harmonic mode-locking. Asymmetric system trajectories are observed in 

the phase planes of the pulse operations. This reflects the unevenness of the amplitude of 

the pulses generated. More complex pulse formation processes have also been revealed in 

the phase graphs obtained. Additionally, poor long-term stability is also observed for 

both cases, since the trajectories are spiraling unequally with decreasing amplitude around 

the phase planes. 

By a very small amount of frequency deviation, or improper modulation 

frequency tuning in the general context, I obtain a pulse train of ~100 MHz with small 

side pulses in between as shown in Fig. 5-21. It is rather similar to Fig. 5-17 (lower plot) 

shown earlier despite the level of pedestal noise in the actual case. This is mainly because 

I do not consider other sources of noise in my modeling, except the harmonic distortion. 
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a)  b)  
Figure 5-20: Phase plane of the (a) 66 GHz and (b) 123 GHz pulse train with 0.001% harmonic 

distortion noise 

 

a)  b)  
Figure 5-21: (a) Autocorrelation trace and (b) optical spectrum of slight frequency deviation in 

the mode-locked fiber ring laser 

 

5.3 Parametric Amplifier Based Fiber Ring Laser 

New high power light sources and optical fibers with high nonlinearity, as well as 

the need of amplification outside the conventional erbium band have increased the 

interest of optical fiber parametric amplifiers (PA). It offers a wide gain bandwidth and 

may in similarity with the Raman amplifier be tailored to operate at any wavelength 

[Hansryd et al., 2002]. As the parametric gain process does not rely on energy transitions 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 108 

between energy states, it enables a wideband and flat gain profile contrary to Raman and 

Erbium doped fiber amplifiers. The underlying process is based on the highly efficient 

four-photon mixing relying on the relative phase between the four interacting photons, as 

discussed in Chapter 2. In this section, I will study the behavior of parametric amplifier in 

a fiber ring laser. 

 

5.3.1 Parametric Amplification 

Parametric amplification is achieved by manipulating the mixing between four 

lightwaves at three frequencies, basing on the fact that the fiber refractive index is 

intensity dependent (more detailed explanation can be found in Chapter 2). A signal at 

frequency ωs and a pump at ωp will mix and modulate the refractive index of the fiber 

such that a third lightwave, also at ωp, will create sidebands at ωp ± (ωs - ωp) which will 

result in signal gain and the generation of idler [Hansryd et al., 2002].  

The parametric gain is very much dependent on the phase condition between the 

four lightwaves during the transmission through the nonlinear medium, which can be 

categorized into linear and nonlinear phase shifts. Linear phase shift is due to the group 

velocity dispersion of the medium, whereas the nonlinear phase shift is dependent on the 

pump power and the nonlinear coefficient of the medium. Under perfect phase matching 

condition, i.e. no phase mismatch, the maximum obtainable single pass gain in optical 

fiber in dB is given as follows [Hansryd et al., 2002]: 





= )2exp(
4
1

log10max LPG pγ      [Eq  5-29] 
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where γ is the nonlinear coefficient of the fiber, Pp is the pump power and L is the 

effective length of the fiber. 

 

5.3.2 Experimental Setup 

Experimental setup of the parametric amplifier based fiber ring laser is shown in 

Fig. 5-22. CW distributed feedback (DFB) laser operating at 1547 nm is used as the pump 

source for the laser. The CW signal is modulated by a MZM, which is driven by a 100 

MHz SRD, hence achieving ~100 MHz pulse train with duty cycle of ~1 %. This is the 

Gaussian-like modulating signal used to modulate the system. 

The signal is then amplified by an EDFA with CW saturation power of about 16 

dBm and filtered by a free space filter with 3 dB bandwidth of 1 nm at 1547 nm before 

coupled into the ring via a 3 dB coupler. The filter is used to remove the noise generated 

by EDFA, and pass only the amplified pumping signal. The fiber ring consists of an 

optical close loop with a 200 m highly nonlinear fiber (HNLF) with zero dispersion 

wavelength, λ0 at 1542 nm, dispersion slope of 0.032 ps/nm2/km and nonlinear 

coefficient, γ = 10 W-1km-1, an optical isolator, a 1.5 km SMF with insertion loss of 0.25 

dB/km and a PC with insertion loss of about 1 dB. HNLF is the main nonlinear 

component in the loop that is used to generate the parametric gain. The isolator is to 

ensure unidirectional operation and minimize the back reflections from connectors used 

in the ring. The insertion loss of the isolator is about 1 dB. Since FWM is polarization 

dependent, the PC becomes the key player in the loop. SMF is the dispersive material in 

the system, dispersion relation of D(λ) = S0/4*(λ-λ0
4/λ3), where S0 = 0.092 ps/nm2/km 
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and λ0 = 1310 nm. With λ = 1547 nm, the dispersion of SMF is 17.29 ps/nm/km. The 

signal and pump are then fed back to the loop via the 3 dB coupler. HNLF, SMF and PC 

are interconnected using connectors for easy access, while the other components are 

spliced together in the loop. With ~0.5 dB connector loss and ~0.1 dB splice loss 

assumptions; the total loop loss is estimated to be ~9.5 dB. For easy calculation, 10 dB 

loop loss is assumed. 

 
Figure 5-22: Parametric amplifier based fiber ring laser 

 

5.3.3 Results and Discussion 

5.3.3.1 Parametric Amplifier Action 

The pumping wavelength is chosen in such a way that it is near to the zero 

dispersion wavelength of HNLF and possess a small anomalous dispersion value to give 

good gain efficiency. With 200 m of HNLF, peak pump power of 33 dBm, pumping 

wavelength λp of 1547 nm and nonlinear coefficient γ = 10 W-1km-1, I obtain a maximum 

single pass gain of 28.6 dB theoretically. The simulated PA gain profile is shown in Fig. 5-
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23.  I obtain a closed loop gain of about 19.5 dB experimentally, as shown in Fig. 5-24. 

With total loop loss estimation of about 10 dB, the result agrees very well to the 

theoretical calculation.  

In the figures that follow, I investigate the effect of the length of HNLF, pump 

power and pump wavelength used in affecting the PA gain profile. Gain lope will 

decrease with the decrease in length of HNLF and pump power. The amplified signal 

wavelength will shift towards the pump wavelength when the pump power is reduced, 

however no change in the HNLF case. Gain bandwidth of the amplifier will increase if 

the pump wavelength is set closer to the zero dispersion wavelength of the HNLF. 

Furthermore, the signal wavelength will also be shifted away from the pump wavelength.  

 

 
Figure 5-23: Simulated PA gain profile 
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Figure 5-24: PA gain curve obtained experimentally   

 

 
Figure 5-25: Effect of HNLF length on PA gain profile 

 

19.5 dB 
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Figure 5-26: Effect of peak power on PA gain profile 

 

 
Figure 5-27: Effect of pump wavelength on PA gain profile 
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5.3.3.2 Ultra-High Repetition Rate Operation 

The total cavity loop length is measured to be 1842.8 m, and its corresponding 

fundamental frequency is 112.2 kHz. Hence, the locking occurs at about 890th harmonic 

mode. In a conventional active harmonically mode-locked fiber ring laser, the mode-

locker, i.e. modulator is placed within the ring cavity. However, in this PA based fiber 

ring laser, the mode locking process is controlled by the modulated pump signal. In the 

following discussion, I assume that the phase condition in the HNLF is matched, so that 

good gain response in the laser can be obtained. This assumption is valid since the gain 

curves are obtained as per desired. 

Under frequency unmatched situation, i.e. the modulation frequency is not 

multiple of fundamental cavity frequency, I obtain an optical pulse with pulse width of 

~70 ps, which is slightly shorter then the modulated pump pulse ~90 ps, hence, gives a 

compression factor of ~1.2x, as shown in Fig. 5-28. When the frequency condition is 

matched, I observe strong SPM in the pump signal, and with a compression factor of 

~1.5x. The results are shown in Fig. 5-29.  

a)  b)  

Figure 5-28: (a) Optical spectrum and (b) pulse shape observed when phase condition is matched 
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a)  
b)  

Figure 5-29: (a) Optical spectrum and (b) pulse shape observed when phase and modulation 
frequency conditions are both matched 

 

Mode separation is not observable since the 100 MHz operation is too narrow to 

be seen on the optical spectrum analyzer. When the modulation frequency starts to 

deviate from the mode-locking frequency, some side modes start to appear, as depicted in 

Fig. 5-30 (a) and Fig 5-31 (a). The mode separations measured are 5.7 nm and 10.5 nm 

respectively, centered at 1547 nm. The corresponding repetition frequencies are about 

714 GHz and 1.315 THz. The autocorrelation traces are shown in Fig. 5-30 (b) and Fig. 

5-31 (b), and the estimated FWHM are about 0.6 ps and 0.3 ps. From the obtained 

results, Time-Bandwidth-Products are estimated to be 0.529 and 0.496 respectively. 

Hence, there is a small chirping found in the pulses generated, however are close to 

Gaussian transform limited pulse. As a whole, I observe linear relationship between 

mode separation (or repetition frequency, fr) and detuned frequency, ∆f; i.e. fr α |∆f |, as 

shown in Fig. 5-32. I believe that the generation of these pulses is not mainly due to the 

frequency detuning, but also the interference between the pump pulses from one round 

trip to another, and the modulation instability due to the interaction between the 

nonlinear and dispersion effects within the cavity.  
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Figure 5-30: (a) Optical spectrum and (b) autocorrelation trace observed when the phase 

condition is matched and modulation frequency is detuned for 714 GHz 
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Figure 5-31: (a) Optical spectrum and (b) autocorrelation trace observed when the phase 

condition is matched and modulation frequency is detuned for 1.315 THz 
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Figure 5-32: Repetition frequency and mode separation vs detuned frequency 
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In summary, there are four operation regions for this PA based mode-locked 

fiber ring laser system, as follows: 

Region I: Phase condition is not matched, hence no gain action. Modulation 

frequency is not a multiple number of the fundamental cavity frequency. Noisy operation 

is observed in this region. 

Region II: Phase condition is matched, hence parametric gain (gain lope), and 

new wavelength components are generated. However, modulation frequency is not 

matched with the cavity frequency.  

Region III: Phase condition and modulation frequency conditions are both 

matched, and hence gain and mode-locking actions. Pulse shortening and spectral 

broadening effects are observed.  

Region IV: Phase condition and modulation frequency conditions are both 

matched, and hence gain and mode-locking actions, however, with some frequency 

detuning in the modulation frequency. Ultra-high repetition rate optical pulse train is 

observed. 

 

5.3.3.3 Ultra-Narrow Pulse Operation 

As has been predicted and verified by many literatures [Haus and Wong, 1996], 

the shortest pulse width of a laser is obtainable when the cavity dispersion is minimum. 
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Hence, the 1.5 km SMF (dispersion) is removed from the cavity and the laser behavior is 

observed. The shortest pulse achieved from my laser under perfect tuning (i.e. without 

detuning) is shown below. The obtained FWHM is 3.36 ps; with Gaussian pulse 

assumption, the actual pulse width of the system is therefore 2.38 ps. 
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b)  

Figure 5-33: (a) Autocorrelation trace and (b) oscilloscope pulse shape for pulse generated by PA 
based mode-locked fiber ring laser 

 

5.3.3.4 Intracavity Power 

I investigate the effect of intracavity power in affecting the generated pulse width 

by inserting a variable optical attenuator into the laser cavity. The relationship between 

the intracavity power and the pulse width is shown in Fig. 5-34. Shorter pulse is achieved 

with larger cavity loss. This is because the larger the cavity loss, the lesser the gain 

saturation effect of the system. Hence, better gain distribution of the system, and better 

pulse generation. For a high instracavity power, nonlinear effects become dominant, 

higher order FWM starts to take place. Furthermore, the shape of the pulses generated 

will no longer be Gaussian-like, but rectangular shape. However, when the intracavity 
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power is too low, the noise starts to disturb the system stability or may even lose the 

pulse.    
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Figure 5-34: Pulse width Vs Intracavity power 

 

5.3.3.5 Soliton Compression 

High peak power pump pulse (about 33 dBm; based on average power of 16 

dBm, duty cycle of ~10 % and average loss of 3 dB), with initial pulse width of about 77 

ps (through measurement) is passed through the 200 m HNLF and followed by a length 

of SMF. Soliton compression is observed and shown in Fig. 5-35.  

The nonlinear and dispersive lengths of a system are [Agrawal, 2001]: 

P
LNL γ

1
=    

2

2

β
o

D
T

L =     [Eq  5-30] 

where γ is the nonlinear coefficient, P is the peak power of the incident pulse, To is the 

half width at 1/e intensity point and β2 is the group velocity dispersion. To is related to 

TFWHM (full width at half maximum) as ooFWHM TTT 665.12ln2 ≈= , for Gaussian pulse 
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and ooFWHM TTT 763.12cosh2 1 ≈= − , for sech2 pulse. The latter relation is chosen for 

the following calculations because of the soliton effect. Hence, dispersive length can be 

written as LD = TFWHM
2/(3.11β2). 

Using the experimental data from previous section, the calculated nonlinear 

length, LNL and dispersive length, LD are about 0.05 km and 72.92 km respectively. The 

HNLF used in my experiment is 200 m, which is much longer than the nonlinear length 

calculated, so as the nonlinear effect. Therefore, the corresponding dispersive length has 

to be reconfirmed for a balance soliton effect. From the chart obtained, soliton 

shortening effect peaks at SMF ≅ 2.9 km, beyond which, the pulse broadening effect will 

start to take place. With β2 of about 20.328 ps2/km, the TFWHM is about 13.5 ps, which 

gives a maximum compression factor of about 5x.  
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Figure 5-35: Soliton pulse compression 
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5.4 Regenerative Parametric Amplifier based Mode-Locked 

Fiber Ring Laser 

In order to improve the stability of the PA based mode-locked fiber ring laser and 

to promote self-locking condition, I include a regenerative feedback loop into the system. 

The conceptual block diagram is shown in Fig. 5-36. The generated output pulse train 

will be fed into the feedback circuit to reduce the error signal or rather the deviation 

between the harmonic cavity frequency and the modulating frequency that drive the 

modulator. The concept is similar to RMLFRL as described in Chapter 3. 

 
 

Figure 5-36: Block diagram of regenerative PA based mode-locked fiber ring laser 

 

5.4.1 Experimental Setup 

The experimental setup of the regenerative PA based mode-locked fiber ring laser 

is shown in Fig. 5-37. The system is similar to the experimental setup described in the 
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previous section, however with some modifications. The dispersive material i.e. 1.5 km 

SMF has been removed to ensure short pulse generation. In addition, a low pass FBG 

filter with cut off wavelength at 1537 nm is inserted to select signal wavelength and block 

pump and idler wavelengths. The main add-in to the system is the regenerative part, 

which made up of RF amplifiers, phase shifter, mixer and RF filter. 

Part of the output signal is taken out as the feedback signal. It is converted into 

an electrical signal by PIN photo-detector (PD) and amplified by RF amplifier (RFA). 

Phase shifter (PS) is used to adjust the electrical phase, i.e. electrical length of the signal, 

so that it will match with the optical frequency of the signal. The feedback signal will be 

mixed with the RF signal generated by the RF signal generator. The mixer will then 

produce an error signal based on the mismatch of the two signals. A RF low pass filter is 

used to block the high frequency components of the signal so as to have a better quality 

driving signal.    

Figure 5-37: Regenerative PA based mode-locked fiber ring laser 
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5.4.2 Results and Discussion 

The generated pulse train is similar to the case described in the previous section, 

however with improved stability. The optical spectrum and autocorrelation trace are 

shown in the following figures. With this regenerative feedback configuration, the output 

pulse maintains its shape when it is properly locked for a period of about ten hours under 

laboratory condition.   

a)  b)  
Figure 5-38: (a) Optical spectrum and (b) autocorrelation trace of regenerative PA based mode-

locked fiber ring laser 

 

The generated feedback signal (which is derived from the output pulses) and the 

output mode-locked pulses are shown in the following diagrams. Some cares have to be 

taken for the feedback path, such as the power of input signal to the RFA has to be 

below its maximum allowable value to avoid component damage and saturation effect. 

When saturation occurs, the feedback signal will be distorted and affect the error signal 

generated from the mixer. Also, the electronic feedback path has to be properly 

terminated when not in used to eliminate possible standing wave. A 50 Ω terminator is 

usually a good choice. 
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Figure 5-39: Mode-locked pulses (lower trace), error signal generated by mixer (middle trace) 

and feedback clock signal (upper trace) 

 
Figure 5-40: Mode-locked pulses (lower trace), error signal generated by mixer (middle trace) 

and feedback clock signal (upper trace) under saturation condition 

 

5.5 Conclusions 

I have developed a model for Gaussian modulating signal in an active mode-

locked laser system, and studied its pulse width dependency on duty cycle. For Gaussian 

modulating signal with duty cycle less than 30 %, one can expect to have pulse width 

shorter than that of the cosinusoidal case under similar system parameters. In addition, I 

have also showed the stable operation region for soliton-Gaussian pulse generation in an 
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active mode-locked laser system using the Gaussian-like modulating signal. Smaller duty 

cycle will lead to a wider stable operation region and looser control parameters.   

By applying the Gaussian-like modulating signal in the active harmonically mode-

locked fiber ring laser, I obtained a record-high harmonic order multiplication in the 

mode-locked fiber ring laser system, and achieved 123 GHz operation. Stability analysis 

using phase plane technique has also been performed. 

Furthermore, the scope of the investigation was extended to include parametric 

amplification in a mode-locked fiber ring laser system to achieve ultra-high bit rate 

operation, by using the frequency detuning technique and modulation instability. Other 

effects such as soliton compression, intracavity power influences are also investigated. 

Regenerative structure is also constructed for better stability.   
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Chapter 6 NOLM-NALM Fiber Ring Laser 

The nonlinear phenomenon of optical bistability has been studied in nonlinear 

resonators since 1976 by placing a nonlinear medium within a laser cavity formed by 

multiple mirrors [Gibbs et al., 1976]. As for the fiber based devices, single mode fiber was 

used as the nonlinear medium inside a ring cavity in [Nakatsuka et al., 1983]. Since then, 

the study of nonlinear phenomena in fiber resonators has remained as a topic of 

considerable interest. 

Fiber ring laser is a rich and active research field in optical communications. 

Many fiber ring laser configurations have been proposed and constructed to achieve 

different objectives. It can be designed for CW or pulse operations; linear or nonlinear 

operations; fast or slow repetition rate; narrow or broad pulse width, etc; for various 

kinds of photonic applications.  

The simplest fiber laser structure is an optical closed loop with a gain medium 

and some associated optical components such as optical couplers. The gain medium used 

can be any rare earth element doped fiber amplifier; such as erbium and ytterbium, 

semiconductor optical amplifier, parametric amplifier, etc; as long as it provides the gain 

requirement for lasing. Without any mode-locking mechanism, the laser will operate in 

Chapter 
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the CW regime. By inserting an active mode-locker into the laser cavity, i.e. either 

amplitude or phase modulator, the resulting output will be an optical pulse train 

operating at the modulating frequency, when the phase condition is matched, as 

discussed in Chapter 3 and 4. This often results in a high-speed optical pulse train, 

however with broad pulse width. There is another kind of fiber laser, which uses the 

nonlinear effect in generating optical pulses, and is known as passive mode-locking 

technique. The technique has been briefly mentioned in Chapter 2. Saturable absorber, 

stretched pulse mode-locking [Tamura et al., 1993], nonlinear polarization rotation 

[Yandong et al., 2002], figure-eight fiber ring lasers, etc are grouped under this category. 

This type of laser generates shorter optical pulses in exchange of its repetition frequency. 

This is the trade off between the active and passive mode-locked laser systems.  

Although there are different types of fiber lasers, with different operating regimes 

and principles, one common criterion is the uni-directionality, besides the gain and phase 

matching conditions. Unidirectional operation has been proved to offer better lasing 

efficiency, less sensitive to back reflections and good potential for single longitudinal 

mode operation [Siegman, 1986], and can be achieved by incorporating an optical isolator 

within the laser cavity. [Shi et al., 1995] has demonstrated a unidirectional inverted S-type 

erbium doped fiber ring laser without the use of optical isolator, but with optical 

couplers. In their laser system, the lightwaves are passed through in one direction and 

suppressed in the other using certain coupling ratios, hence, achieving unidirectional 

operation. However, only the power difference between the two CW lightwaves was 

studied, and the works did not extend further into unconventional and nonlinear regions 

of operation. 
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In this chapter, I study the bidirectional lightwaves propagation in an erbium 

doped fiber ring laser and observe the optical bistability behavior. This optical bistability 

behavior has been well reported previously [Oh and Lee, 2004, Mao and Lit, 2003, Luo et 

al., 1998], however only in unidirectional manner. I exploit this commonly known as 

undesirable bidirectional lightwaves propagation in constructing a kind of fiber laser 

configuration based on nonlinear optical loop mirror (NOLM) and nonlinear amplifying 

loop mirror (NALM) structure. This laser configuration is similar to the one 

demonstrated by [Shi et al., 1995], however, I operate the laser in different region of the 

operation, focus on its nonlinear dynamics, and observe optical bifurcation phenomenon. 

Also, I investigate the switching capability of the laser based on its bistability behavior.  

 

6.1 Optical Bistability, Bifurcations and Chaos 

All real physical systems are somehow nonlinear in nature. Apart from systems 

designed for linear signal processing, many systems have to be nonlinear by assumption, 

for instance flip-flops, modulators, demodulators, amplifiers, etc. In this section, I will 

focus on the optical bistability, bifurcations and chaos of a nonlinear optical system. 

An optical bistable device is a device with two possible operation points. It will 

remain stable in any of the two optical states, one of high transmission and the other of 

low transmission, depending upon the intensity of the light passing through it. Here, I 

discuss the effect of optical nonlinearity together with the proper feedback; can give rise 

to optical bistability and hysteresis. This is expected as these two effects are also observed 
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in nonlinear electronic circuits with feedback, such as Schmitt trigger, as well as hybrid 

optical devices, such as an acousto-optic device with feedback [Banerjee, 2004].  

A typical bistability curve is shown in Fig. 6-1, with Yi and Yo are the input and 

output parameters respectively. For an input value between Y1 and Y2, there are three 

possible output values. The middle segment, with negative slope, is known to be always 

unstable. Therefore the output will eventually have two stable values. When two outputs 

are possible, which one of the outputs is eventually realized depends on the history of 

how the input is reached, and hence the hysteresis phenomenon. As the input value is 

increased from zero, the output will follow the lower branch of the curve until the input 

value reaches Y2. Then it will jump up and follow the upper branch. However, if the 

input value is decreased from some points after the jump, the output will remain on the 

upper branch until the input value hits Y1, then the output will jump down and follow 

the lower branch. Hence, the bistability region observed is from Y1 to Y2. 

 

Figure 6-1: Bistability curve 
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In an optical ring cavity, the lightwave can be separated into two components 

propagating in opposite directions. These two components interact with each other 

through atomic medium, which leads to gain competition. Hence, in a ring laser, the 

lightwaves may propagate in one direction or another depending on the initial 

configuration and are thus running waves in general. To eliminate this randomness, a 

device such as optical isolator is often added into the ring cavity to block the unwanted 

wave. Up to this point, the experiments presented so far in this thesis are optical isolator 

incorporated. 

There are two different types of optical bistability, namely: absorptive bistability 

and dispersive bistability in a nonlinear ring cavity comprising a two-level gain medium as 

nonlinear medium. Absorptive bistability is the case when the incident optical frequency 

is close or equal to the transition frequency of atoms from one level to another. The 

system is in perfect resonance condition. In this case, the absorption coefficient becomes 

a nonlinear function of the incident frequency.  

On the other hand, if the frequencies are far apart, the gain medium behaves like 

a Kerr-type material and the system exhibits what is called dispersive bistability. A 

nonzero atomic detuning will introduce saturable dispersion in response to medium. In 

this case the material can be modeled by an effective nonlinear refractive index, which is 

a nonlinear function of the optical intensity [Banerjee, 2004]. 

For optical bistability in a ring cavity, there is a possible instability due to the 

counter-propagating wave. Hence, it is interesting to know the lightwaves behavior in 

both co- and counter-propagating directions. The bidirectional operation of an optical 

bistable ring system has not yet been studied thoroughly. Although some studies have 
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been done relating to the bistability properties of ring cavities, they focused on forcing 

the system to support only unidirectional operation [Meystre, 1978]. The restriction to 

unidirectional propagation has been quite consistent with the experimental results; 

however the exceptions were noted [Orozco et al., 1989]. Unfortunately, no further 

investigation has been carried out since then.        

It was discovered that the nonlinear response of a ring resonator could initiate a 

period doubling (bifurcation) route to optical chaos [Ikeda, 1979]. In a dynamical system, 

a bifurcation is a period doubling, quadrupling, etc., that accompanies the onset of chaos. 

It represents a sudden appearance of a qualitatively different solution for a nonlinear 

system as some parameters are varied. A typical bifurcation map is shown below; with g 

and y are the input and output system parameters respectively. Period doubling action 

starts at g ≅ 1.5, and period quadrupling at g ≅ 2. Region beyond g ≅ 2.3 is known as 

chaos.  

 
Figure 6-2: Typical bifurcation map 
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Each of the local bifurcations may give rise to distinct route to chaos if the 

bifurcations appear repeatedly when changing the bifurcation parameter. These routes are 

important since it is difficult to conclude from experimental data alone whether irregular 

behavior is due to measurement noise or chaos. Recognition of one of the typical routes 

to chaos in experiments is a good indication that the dynamics may be chaotic 

[Ogorzalek, 1997]. 

§ Period doubling route to chaos – When a cascade of successive period-

doubling bifurcation occurs when changing the value of the bifurcation 

parameter, it is often the case that finally the system reaches chaos. 

§ Intermittency route to chaos – The route to chaos caused by saddle-node 

bifurcation. The common feature of which is a direct transition from regular 

motion to chaos. 

§ Torus breakdown route to chaos – The quasi-periodic route to chaos results 

from a sequence of Hopf bifurcations. 

It is well-known that self pulsing often leads to optical chaos in the laser output, 

following a period doubling or a quasi periodic route. The basic idea is that the dynamics 

of the intracavity field is different from one round trip to another in a nonlinear fashion. 

The characteristics of a chaotic system [Kennedy, 1993] are: 

§ Sensitive dependence on initial conditions – it gives rise to an apparent 

randomness in the output of the system and the long-term unpredictability of 

the state. Because the chaotic system is deterministic, two trajectories that 
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start from identical initial states will follow precisely the same paths through 

the state space.  

§ Randomness in the time domain – in contrast to the periodic waveforms, 

chaotic waveform is quite irregular and does not appear to repeat itself in any 

observation period of finite length.  

§ Broadband power spectrum – every periodic signal may be decomposed into 

Fourier series, a weighted sum of sinusoids at integers multiples of a 

fundamental frequency. Thus a periodic signal appears in the frequency 

domain as a set of spikes at the fundamental frequency and its harmonics. 

The chaotic signal is qualitatively different from the periodic signal. The 

aperiodic nature of its time-domain waveform is reflected in the broadband 

noise like power spectrum. This broadband structure of power spectrum 

persists even if the spectral resolution is increased to a higher frequency. 

A typical example of the chaotic system is Lorenz attractor, or more commonly 

known as butterfly attractor, with following system description, with a = 10, b = 28 and c 

= 8/3. 

)( xya
dt
dx

−=       [Eq  6-1] 

yzbx
dt
dy

−−= )(      [Eq  6-2] 

czxy
dt
dz

−=       [Eq  6-3] 
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(a) 

 
(b) 

 
(c) 

Figure 6-3: System response of Lorenz attractor (a) time traces of x–dash, y– dotted & z–solid,  
(b) y-x trajectory (c) z-x trajectory  

 

6.2 Nonlinear Optical Loop Mirror 

The concept of nonlinear optical loop mirror (NOLM) was proposed by [Doran 

and Wood, 1988]. It is basically a fiber based Sagnac interferometer that uses the 

nonlinear phase shift of optical fiber for optical switching. This configuration is 

inherently stable since the two arms of the structure reside in the same fiber and same 

optical path lengths for the signals propagating in both arms, however in opposite 

direction. There is no feedback mechanism in this structure since all lightwaves entering 

the input port exit from the loop after a single round trip. The NOLM in its simplest 

form contains a fiber coupler, with two of its output ports are connected together, as 

shown in Fig. 6-4, with κ is the coupling ratio of the coupler, E1, E2, E3 and E4 are the 

fields at port 1, 2, 3 and 4 respectively.  
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Figure 6-4: Nonlinear optical loop mirror 

 

Under lossless condition, the input-output relationships of a coupler with 

coupling ratio of κ are 

213 1 EjEE κκ −+=     [Eq  6-4a] 

124 1 EjEE κκ −+=     [Eq  6-4b] 

where j2 = -1. If low intensity light is fed into port 1, i.e. no nonlinear effect, the 

transmission, T is  

)1(41 κκ −−==
in

out

P
P

T      [Eq  6-5] 

If κ = 0.5, all light will be reflected back to the input, therefore the name loop 

mirror; the counter propagating lightwaves in the loop will have different intensities, and 

thus leads to different nonlinear phase shifts. This device can be designed to transmit 

high power signal while reflecting it at low power levels, thus acting as an all-optical 

switch.  
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After L propagation, the output signals, E3L and E4L become as follows with 

nonlinear phase shifts taken into account: 

  )
2

exp( 2
3

2
33 E

Ln
jEE L λ

π
=     [Eq  6-6a] 

)
2

exp( 2
4

2
44 E

Ln
jEE L λ

π
=     [Eq  6-6b] 

 

where |E3|2 and |E4|2 are the light intensities of the two arms, n2 is the nonlinear 

coefficient, L is the loop length, λ is the operating wavelength of the signal, and let E1 = 

E01 exp(jω1t) and E2 = E02 exp(jω2t).: 
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 [Eq  6-7b] 
 

The last term of [Eq 6-7] represents the interference pattern between E1 and E2. 

Most literatures consider only simple case with single input at port 1, i.e. E2 = 0, and 

hence reduce the interference effect between the signals, and the outputs at port 1 and 2 

are given as follows: 
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However, for a more complete study, I consider inputs at both ports; and the 

outputs will be  
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[Eq  6-10] 
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[Eq  6-51] 

and λ1 and λ2 are the operating wavelengths of E1 and E2 respectively. 

For λ1 = λ2, and E2 =pE1 with p is a constant, the switching characteristics for (a) 

κ = 0.45 and (b) κ = 0.2 are shown in Fig. 6-5, Transmisivity 1 and Transmisivity 2 are 

the transmissions, T [Eq 6-5] at port 1 and 2 respectively. Switching occurs only for large 

energy difference between the two ports, i.e. p >> 1. Also, as can be seen from the 

figure, the switching behavior is better for coupling ratio close to 0.5. 
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(a) 

 
(b) 

Figure 6-5: Switching characteristics for NOLM with (a) κ = 0.45 and (b) κ = 0.2 

 

6.3 Nonlinear Amplifying Loop Mirror 

The structure of the nonlinear amplifying loop mirror (NALM) is somehow 

similar to NOLM structure, and it is an improved exploitation of NOLM. For NALM 

configuration, a gain medium with gain coefficient, G is added to increase the asymmetric 

nonlinearity within the loop [Fermann et al., 1990]. The amplifier is placed at one end of 

the loop, closer to port 3 of the coupler, and is assumed short relative to the total loop 

length, as shown in Fig. 6-6. One lightwave is amplified at the entrance to the loop, while 

the other experiences amplification just before exiting the loop. Since the intensities of 

the two lightwaves differ by a large amount throughout the loop, the differential phase 

shift can be quite large.  
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Figure 6-6: Nonlinear amplifying loop mirror 

 

By following the analysis procedure stated in the previous section, I arrive at the 

input-output relationships as follows: 
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6.4 NOLM-NALM Fiber Ring Laser 

The configuration of NOLM-NALM fiber ring laser is shown in Fig. 6-7. It is 

simply a coupled loop mirrors, with NOLM (ABCEA) on one side and NALM 

(CDAEC) on the other side of the laser, with a common path in the middle section 

(AEC). One interesting feature about this configuration is the feedback mechanism of the 

fiber ring: one is acting as the feedback path to another, i.e. NOLM is feeding-back part 

of NALM’s signal and vice versa. 

As a matter of fact, complex systems tend to encounter bifurcations, which when 

amplified, can lead to either order or chaos. The systems can transit into chaos, through 

period doubling; or order through a series of feedback loops. Hence, bifurcations can be 

considered as critical points in this system transitions. 

In the formularization process, I ignore the nonlinear phase shift due to laser 

pulsation. The assumption is valid because of the saturation effect of gain medium, as 

well as the energy stabilization provided by the filter.   

 1

1

3 

3  

Figure 6-7: NOLM-NALM fiber ring laser 
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I numerically simulate the laser behavior by combining the effects described in 

the previous section, and obtain the bifurcation maps based on the CW operation as 

shown in Fig. 6-8 & Fig. 6-9, with Po1 and Po2 are the output powers at point A and C 

respectively, with κ1 = 0.55 and κ2 = 0.65; La, Lb and Lc are 20 m, 100 m and 20 m 

respectively; nonlinear coefficient of 3.2x10-20 m2/W; gain coefficient of 0.4/m at 1550 

nm with EDF length of 10 m and a saturation power of 25 dBm; and fiber effective area 

of 50 µm2. κ1 and κ2 are the coupling ratios of couplers from port 1 to port 3 at point A 

and C respectively; La, Lb and Lc are the fiber lengths of left, mid and right arm of the 

leaser cavity. The maps are obtained with 200 iterations. Fig. 6-8 shows the bifurcation 

maps with SPM consideration only whereas Fig. 6-9 considers both SPM and XPM 

effects. 

In constructing the bifurcation maps of the system, I separate the lightwaves into 

clockwise (cw) and counter clockwise (ccw) directions; similarly for couplers involved in 

the system, i.e. four couplers are used in simulating this bifurcation behavior. Initial 

conditions are set to be the pump power of EDFA. I then propagate the lightwaves in 

both directions within the fiber ring, with various components effects taking into 

account, such as coupling ratios, gain, SPM and XPM. The outputs are then served as 

inputs to the system for the next iteration. The process is repeated for a number of times, 

i.e. 200 times. Each iterated set of outputs is then combined to construct the bifurcation 

maps. 

There are some similarities between Fig. 6-8 and Fig. 6-9. Both of them indicate 

different operating regions at different power levels. With both SPM and XPM effects 

taking into account (Fig. 6-9), the transition from one operation state to another is faster, 
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leads to earlier chaotic operation with lower pump power. This is simply because the 

effect of XPM is twice the SPM. For simplicity, I discuss only the bifurcation behavior of 

Fig. 6-8 to illustrate the transition behavior from one state to another. 

a)  b)  

Figure 6-8: Bifurcation maps for (a) Po1 and (b) Po2 with κ1 = 0.55 and κ2 = 0.65 with SPM 
consideration only 

a)  b)  

Figure 6-9: Bifurcation maps for (a) Po1 and (b) Po2 with κ1 = 0.55 and κ2 = 0.65 with both SPM 
and XPM considerations 

 

From the map obtained (Fig. 6-8), under this set of system parameters, there are 

three operation regions for this NOLM-NALM fiber ring laser. The first is the linear 
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operation region (0 W = P < 6 W), where there are single-value outputs, and the output 

power increases with the input power. Period doubling effect starts to appear when the 

input power reaches ~ 6 W. This is the second operation region (6 W = P < 8 W) of the 

laser, where double-periodic and quasi-periodic signals can be found here. When the 

input power goes beyond 8 W, the laser will enter into chaotic state of operation.  

Poincare map of the above system configuration with high pump power is shown 

in Fig. 6-10. It shows attractor pattern of the system when the laser is operating in the 

chaotic region. The powers required for the operations can be reduced by increasing the 

lengths of the fibers, La, Lb and Lc.. 

 

Figure 6-10: Poincare map of the system with high pump power with κ1 = 0.55 and κ2 = 0.65 

 

By setting κ2 = 0, the laser will behave like a NOLM. With an input pulse to port 

1 of coupler A and I observe pulse compression at its output port, Po1, as shown in Fig. 6-

11 and Fig. 6-12. Fig. 6-12 presents the transmission capability of the setup, Po1 for 
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various κ1 values, when the input is injected to port 1 and κ2 = 0. When κ1 = 0.5, I 

observe no transmission at the output, as the entire injected signal has been reflected 

back to port 1, where the mirror effect takes place. By changing the coupling ratio of κ2, I 

am able to change zero transmission point away from κ1 = 0.50. Fig. 6-13 shows the 

transmisivities of Po1 and Po2 for various sets of κ1 and κ2, it reveals the complex switching 

dynamics of the laser as well as pulse compression capability. 

a)

 

b)

 
Figure 6-11: Input and output comparison with κ2 = 0 and (a) κ1 = 0.41 and (b) κ1 = 0.49  

 

 

Figure 6-12: Output pulse behavior for various κ1 values, when κ2 = 0 for small input power 
(Inset: top view of the pulse behavior) 
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κ 2
 =

 1
.0

 

  

Figure 6-13: Intensity plots for Po1 and Po2 (y-axis – time, x-axis – κ1 value) 

 

6.5 Experiment Setups and Analyses 

6.5.1 Bidirectional Erbium Doped Fiber Ring Laser 

I start with a simple erbium doped fiber ring laser; an optical closed loop with 

EDFA and some fiber couplers. It is used to study bi-directional lightwave propagations 

behavior of the laser. The EDFA is made of a 20 m erbium doped fiber (EDF), and dual 

pumped by 980 and 1480 nm diode lasers, with a saturation power of about 15 dBm. The 

slope efficiencies of the pump lasers are 0.45 mW/mA and 0.22 W/A respectively. No 

isolator and filter is used in the setup to eliminate direction and spectra constraints. Two 

outputs are taken out from a 10 dB output coupler for examinations, i.e. Output1 in 

counter clockwise (ccw) direction, and Output2 in clockwise (cw) direction. All 

connections within the fiber ring are spliced together to reduce possible reflections within 

the system. Output1 and Output2 as shown in Fig. 6-14 are taken for investigations. 
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Figure 6-14: Bidirectional erbium doped fiber ring laser 

 

The ASE spectrum of laser covers the range from 1530 nm to 1570 nm. By 

increasing both the 980 nm and 1480 nm pump currents to their maximum allowable 

values, I obtain bidirectional lasing, which is shown in Fig. 6-15. The upper plot is 

lightwave propagating in cw direction while the other one in ccw direction. To obtain 

bidirectional lasing, gain and loss must be balanced for the two lightwaves that propagate 

around the cavity in opposite directions [Mohebi et al., 2002]. The pump lasers used in 

the setup are not identical (in terms of power and pumping wavelength), and this gives 

rise to different lasing behaviors for both cw and ccw directions. Due to the laser diode 

controllers’ limitation, the maximum pumping currents for both 980 nm and 1480 nm 

laser diodes are capped at 300 mA and 500 mA respectively, which correspond to 135 

mW and 110 mW in cw and ccw pump directions. This explains the domineering cw 

lasing as shown in the figure. One thing to note is that the lasings in both directions are 

not very stable due to the disturbance from the opposite propagating lightwaves and ASE 

noise due to the absence of filter. Output1 is mainly contributed by back reflections from 
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the fiber ends and connectors, as well as some back-scattered noises. Since all 

connections within the fiber ring are spliced together, the reflections due to connections 

are minimum. However, there are still some unavoidable reflections from the fiber ends, 

which contribute to the lightwaves in opposite directions. Besides that, back-scattered 

noise also adds to the lightwaves in opposite directions. 

a)  b)  

Figure 6-15: (a) ASE spectrum of the laser measured in cw direction (Output2); (b) Lasing 
characteristics in both directions (upper trace: Output 2, lower trace: Output1) 

 

I maintain 980 nm pump current, and adjust 1480 nm pump current upwards and 

then downwards to examine the bistability behavior of the laser. The bistable 

characteristics at a lasing wavelength of ~1562.2 nm for both cw and ccw directions are 

shown in Fig. 6-16 and Fig. 6-17, with log and linear scales for the vertical axes. I obtain 

~15 dB difference between the two propagating lightwaves. The bistable region obtained 

is ~30 mA of 1480 nm pump current at a fixed value of 100 mA of 980 nm pump 

current. No lasing is observed in the ccw lightwave propagation. This bistable region can 

be further enhanced by increasing the 980 nm pump current.  By fixing 980 nm pump 

current at ~175 mA, I obtain a bistable region as wide as ~70 mA of 1480 nm pump 

current. When the 980 nm pump current is maintained at a higher level (> 175 mA), the 
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lasing of Output2 remains even when the 1480 nm pump is switched off, as shown in 

Fig. 6-17. This bistable behavior is mainly due to the saturable absorption of EDF. 

This mechanism enables controllable and adjustable bistable region, which one 

pumping condition is used to determine the width of the bistable region, while the other 

manipulates the bistability operation.  

a)
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Figure 6-16: Hysteresis loops obtained from the EDFRL for 980 nm pump current = 100 mA (a) 

log scale; (b) linear scale 

 
a) 

-50.00

-40.00

-30.00

-20.00

-10.00

0.00

10.00

0.00 20.00 40.00 60.00 80.00 100.00

1480 nm Pump Current (mA)

O
u

tp
u

t 
P

o
w

er
 (

d
B

m
)

CW-Up CCW-Up CW-Down CCW-Down  

b) 

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

0.00 50.00 100.00

1480 nm Pump Current (mA)

O
u

tp
u

t 
P

o
w

er
 (

u
W

)

CW-Up CCW-Up CW-Down CCW-Down

CW Up

CW Down

 
Figure 6-17: Hysteresis loops obtained from the EDFRL for 980 nm pump current = 200 mA (a) 

log scale; (b) linear scale 
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6.5.2 NOLM-NALM Fiber Ring Laser 

The experimental setup of the NOLM-NALM fiber ring laser is shown in Fig. 6-

18. It is simply a combination of NOLM on one side and NALM on the other side of the 

laser, with a common path in the middle section. Principal element of the laser is an 

optical close loop with an optical gain medium, two variable ratio couplers (VRC), a 

tunable BPF, optical couplers and other associated optics. The gain medium used in the 

fiber laser system is the one used in the preceding experiment. Two VRCs, with coupling 

ratios ranging from 20 % to 80 % and insertion loss of about 0.2 dB are added into the 

cavity at positions shown in the figure to adjust the coupling power within the laser. They 

are interconnected in such a way that the output of one VRC is the input of the other. A 

tunable BPF with 3 dB bandwidth of 2 nm at 1560 nm is inserted into the cavity to select 

operating wavelength and reduce system noise. One thing to note is that the lightwaves 

are traveling in both directions, as there is no isolator is used in the laser. Output1 and 

Output2 as shown in the figure are taken as laser outputs. 

 

Figure 6-18: Experimental setup of NOLM-NALM fiber ring laser 
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One interesting phenomenon observed before the BPF is inserted is wavelength 

tunability. The lasing wavelength is tunable from 1530 nm to 1560 nm (almost entire 

EDFA C-band), by changing the coupling ratios of VRCs. I believe that this wavelength 

tunability is due to the change of traveling lightwaves’ intensities, which contributes to 

nonlinear refractive index change, and in turn modifies dispersion relations of the system, 

and hence lasing wavelength. Therefore, the VRCs within the cavity not only determine 

the directionality of lightwave propagation, but also lasing wavelength.  

For a conventional erbium doped fiber ring laser, bistability is not observable 

when the pump current is far above the threshold value, where saturation starts to take 

place. However, a small hysteresis loop has been observed in my laser setup even with 

high pump current, i.e. near saturation region, when changing the coupling ratio of one 

VRC while that of the other one remains unchanged, as shown in Fig. 6-19. Changing the 

coupling ratio, is directly altering the total cavity power, and hence modifying its gain and 

absorption behavior. As a result, a small hysteresis loop is observable even with a 

constant high pump power, which can be an added advantage to the existing bistable 

state. 
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Figure 6-19: Hysteresis loop observed while changing the coupling ratio of one VRC while 
maintaining that of the other, when operating at high pump current. 

 

The power distribution of Output1 and Output2 of the NOLM-NALM fiber 

laser obtained experimentally is depicted in Fig. 6-20. I obtain switching between outputs 

by tuning the coupling ratios of VRC1 and VRC2. The simulation results for 

transmisivities for various coupling ratios under linear operation are shown in Fig.6-21, 

since the available pump power of my experiment setup is insufficient to create high 

power within the cavity. Both the experimental and numerical results have come to some 

agreements, but not all, since the model developed is simple and does not consider 

polarization, dispersion characteristics etc. of the propagating lightwaves. 

With this setup, i.e. with additional degree of freedom, one can change the zero 

transmission point and switching behavior of a NOLM-NALM structure. It also adds 

more asymmetricity to the system.  
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Figure 6-20: Experimental results for Output1 (Op1) and Output2 (Op2) for various coupling 
ratios (k1 – coupling ratio of VRC1, k2 – coupling ratio of VRC2) 

 

 

Figure 6-21: Simulation results for transmisivities of Output1 (solid line) and Output2 (dotted 
line) for various coupling ratios of VRC1 and VRC2 
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6.5.3 Amplitude Modulated NOLM-NALM Fiber Ring Laser 

The schematic of AM modulated NOLM-NALM fiber ring laser is depicted in 

Fig. 6-22. A few new photonic components are added into the laser cavity. A 10 GHz 

MZM is used in the inner loop of the cavity with half wave voltage, Vπ of 5.3 V. The 

modulator is DC biased near the quadrature point so that it operates in the linear region 

and to ensure minimum chirp imposing on the modulated lightwaves. It is driven by a 

sinusoidal signal derived from an Anritsu 68347C Synthesizer Signal Generator. Two PCs 

are placed prior to the inputs of MZM in both directions to ensure proper polarization 

alignment into it. A wider bandwidth, i.e. 5 nm tunable FP filter is used in this case to 

allow more longitudinal modes within the laser for possible mode-locking process. 

 

Figure 6-22: Experimental setup for AM NOLM-NALM fiber laser 

 

Pulse operation is obtained with insertion of MZM, by means of active harmonic 

mode-locking technique. Both propagation lightwaves are observed. By proper 

adjustment of the modulation frequency, PCs and VRCs, unidirectional pulse operation 
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at modulating frequency is obtained. However, it is highly sensitive to the environmental 

change. The lightwave propagation direction of the laser can be controlled by the VRCs. 

The unidirectional pulse operation is shown in Fig. 6-23. 
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Figure 6-23: Unidirectional pulse operation in AM NOLM-NALM fiber laser: (a) Experimental 
results; (b) simulation results 

 

However, with slight deviations to the system parameters, i.e. slight modulation 

frequency detuned or PCs adjustments; period doubling and quasi-periodic operations are 

observed, as shown in Fig. 6-24. This effect is due to interference between bidirectional 

propagating lightwaves, which have suffered nonlinear phase shifts in each direction, 

since EDFA is operating in its saturation region. Furthermore, lightwave in one direction 

is feedback signal for another one.  The intensity modulation of MZM is not identical for 

co- and counter- interactions between lightwaves and traveling microwaves on the 

surface of optical waveguide. This contributes to the mismatch of locking condition of 

the laser. 

This laser structure has a very interesting nature. By proper adjustment of the 

laser system parameters, such as coupling ratios, lightwave polarization and modulation 
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frequency; one can make use of this laser setup to encrypt information for secured optical 

communication. However, stability is still a concern for this setup.  

a)  b)  

 

c) d)
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Figure 6-24: Quasi-periodic operation in AM NOLM-NALM fiber laser; (a) photograph of 
oscilloscope trace, (b) XY plot of Output1 and Output2, (c) simulated XY plot, (d) simulated 

Poincare map 
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6.6 Conclusions 

Bidirectional optical bistability in a dual-pumped erbium doped fiber ring laser 

without isolator has been studied. A ~70 mA 1480 nm pump current bistable region has 

also been obtained. With this bidirectional bistability capability, I experimentally 

constructed and numerically simulated a NOLM-NALM fiber laser for its switching and 

bifurcation behaviors. From the simulated bifurcations maps, three basic operation 

regions can be identified, namely unidirectional, period doubling and chaos operations. 

The VRCs used in the setup not only control the lightwave directionality, but also its 

dispersion characteristics. Unidirectional lightwave propagation; without isolator, were 

achieved in both continuous wave and pulse operations by tuning the coupling ratios of 

VRCs within the laser system. Bifurcations were also obtained from AM NOLM-NALM 

fiber laser. However, chaotic operation was not observed experimentally due to hardware 

limitation of the system, which required higher gain coefficient and input power as 

predicted in my simulation. 

The proposed laser model is somehow comparable to optical flip-flop. The 

optical flip-flop concept has been used in optical packet switches and optical buffers 

[Zhang et al., 2004, Dorren et al., 2003, Langenhorst et al. in 1996, Liu et al., 2004]. 

Moreover, this NOLM-NALM fiber laser possesses many interesting optical behaviors, 

which could be useful in many photonics applications, such as photonic flip-flops, optical 

buffer loop, photonic pulse sampling devices, and secured optical communications. 
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Chapter 7 Conclusions and Future 

Recommendations 

7.1 Conclusions 

The basic elements, working mechanisms and system behaviors of an active 

mode-locked erbium doped fiber ring laser have been examined. Regenerative mode-

locked laser structure has also been constructed for better stability.  

Fractional temporal Talbot based repetition rate multiplication system has been 

constructed for high repetition rate system, and achieved 40 GHz pulse operation. 

However, stability is a great concern for this system setup. I use, for the first time, the 

phase plane analysis in the laser system stability studies. The analysis gives transient and 

steady state behaviors of the system. Furthermore, the influences of lasing mode 

amplitude, filter bandwidth and noise are investigated. 

I challenged the conventional mode-locking system, where a Gaussian-like 

modulating signal was used. An analytical mode-locking model for this type of 

modulating signal has been developed. I arrived at a concluding remark that the generated 

mode-locked pulses will be shorter than that of the conventional cosinusoidal modulating 

Chapter 
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signal if the duty cycle of the Gaussian-like modulating is less than 30 %. With this type 

of modulating signal, I achieved a record high rational harmonic detuning in my active 

harmonically mode-locked fiber ring laser, i.e. 1230th order, with a base modulation 

frequency of 100 MHz, and hence 123 GHz pulse operation. Also, phase plane analysis is 

applied in the system stability analysis. 

Wave-mixing process has also been studied in my parametric amplifier based fiber 

ring laser. The gain profile of this type of laser was examined. By employing slight 

frequency detuned to the system, Tera-Hz operation was obtainable. In addition, 

regenerative structure for this type of laser has also been constructed for improved 

stability.  

Optical bistability, bifurcations and chaos phenomena have been well studied in 

my proposed NOLM-NALM fiber ring laser. I focused on the bidirectional lightwaves 

propagation behaviors in the system.  Three operation regimes are obtained numerically: 

single operation, period doubling operation and chaotic operation. Two out of three 

operations are observed experimentally due to hardware limitations. I believe that this 

laser structure will have good potential in various photonics applications due to its 

interesting operating characteristics. 

 

7.2 Future Recommendations 

Having generated the Giga- and Tera- Hertz optical pulse trains, one may want to 

incorporate them into high bit rate lightwave transmitters suitable for the use in 
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telecommunications and data-communication systems, either with WDM, OTDM or 

PDM systems. This involves investigations of possible nonlinear behaviors of system, 

such as self and cross phase modulations, possible new frequency components 

generation, etc; chromatic dispersions, higher order dispersions, polarization mode 

dispersions and their possible compensation, timing jitter, bit error rate, bandwidth 

distance product, etc when operating at this ultra-high speed.  

Other than the ultra-fast mode-locked laser systems, one may enter the territory 

of ultra-short mode-locked laser systems, where femtosecond laser can be used as optical 

clock in conjunction with certain atoms or ions [Holzwarth et al., 2001, Ye et al., 2003]. It 

is a strong candidate in this new breakthrough due to its broad spectrum. With this 

femtosecond technology, the clock might stay accurate in about four billion years. The 

ability to count optical oscillations of more than 1015 cycles per second facilitates high 

precision optical spectroscopy, and is expected to outperformed today’s state-of-the-art 

caesium clocks. The fundamental block diagram of the proposed optical clock system is 

shown in Fig. 7-1, comprises an ultra-narrow pulse source (femtosecond laser) and 

feedback mechanisms (phase lock loops, PLL).  

Figure 7-1: Fundamental block diagram of optical clock system 

 

femtosecond Laser 
Self-referencing or 

phase locking scheme 

PLL 1 

PLL 2 
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The femtosecond laser emits an optical pulse train at nominal repetition 

frequency of fr. The spectrum of pulse train is a uniform comb of phase coherent 

continuous waves separated by fr. Frequency of the nth mode of this comb is fn = nfr + fo, 

where fo is the frequency offset common to all modes that results from the difference 

between group- and phase-velocity inside the laser cavity. This fo can be determined either 

by self-referencing [Diddams et al., 2001] or phase locking [Ye et al., 2003] techniques. In 

addition to fo, a second heterodyne beat frequency, fb is measured between an individual 

comb element fm = mfr + fo (m is an integer) and the local oscillator of certain atom 

standard, fs. Two phase-locked loops are used to control fo and fb, thereby fixing the clock 

output fr, such that all oscillators used in the clock are referenced to the laser oscillator 

itself, fs. When fo and fb are phase-locked, every element of the femtosecond comb, as well 

as their frequency separation fr, is phase-coherent with laser locked to the fs standard. 

Thus, fr is the countable microwave output of the clock, which is readily detected by a 

photo-detector [Diddams et al., 2001]. 

Such clock references will find applications in precise tests of fundamental 

physics, measurement of fundamental constants and their possible variation with time, 

more accurate determination of atomic transitions in spectroscopy, tests of special and 

general relativity theories and quantum electrodynamics (QED).  
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Appendices 

I – Optimum Length of EDF  

In order to determine a suitable EDF length for mode-locked fiber ring lasers, 

stimulated absorption and emission cross-sections of the pump and signal beam in EDF 

must be known first. If no erbium ions are excited, the absorption cross-section can be 

determined directly from an attenuation measurement using [Pedersen et al., 1991] 
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where subscript p or s denotes the pump or signal wavelength, ρEr(r) is erbium 

concentration, att(λ) is attenuation in dB/m at wavelength λ, a is core and doping radius 

and I01 is normalized LP01 mode. The emission cross-section can be obtained from gain 

measurement, which implied that all erbium ions are excited 
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where g(λ) is gain in dB/m. From the above equations, one can notice that 

∫
a

spEr rdrrIr
0

,
01 ),()(2 λρπ is in fact the overlap between waveguide mode and doped 

region. From the refractive index and erbium concentration profiles described above, we 

assume near full (98%) overlap between these two elements, therefore the resultant 
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integral give rise to ~0.98ρEr0. Alternatively, the emission cross-sections can be obtained 

using the following relationship [Miniscalco, 1991]  

)exp()()(
kT

hc
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ε
λσλσ
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=       

 

where ε is net free energy required to excite one Er3+ ion from 4I15/2 to 4I13/2 state at 

temperature T and k is Boltzmann’s constant.  

It should be noted that the gain or attenuation measurement should be 

performed on a short fiber to avoid saturation due to ASE. In addition, pump power 

must be high enough to fully invert all Er3+ ions in the fiber. Furthermore, intrinsic losses 

of the associate optics must be considered carefully.  

From the measurements, the absorption and emission cross-sections for both the 

pump wavelength (980 nm) and signal wavelength (1550 nm) are σp
a = 2.0192 x 10-25 m2, 

σp
e = 4.1833 x 10-33 m2, σs

a = 1.3541 x 10-25 m2 and σs
e = 2.0291 x 10-25 m2 respectively. 

Following steps are taken to determine a suitable fiber length for the mode-

locked fiber ring laser. At first, a piece of EDF with length L is chosen. R in the 

following equation is determined by measuring signal and pump power at the output, Ps
out 

and Pp
out for given input signal and pump power, Ps

in and Pp
in.[Lin et al., 1992]  












⋅










−










−⋅−=












⋅








+










−⋅−

RP

P

II
PP

RP
P

II
PP

out
p

in
p

e
sp

a
sp

a
s

e
sout

p
in
p

a
s

e
p

in
s

out
s

a
ss

a
p

e
p

e
ss

in
s

out
s

1
ln

1
)(

1
ln

1
)(

σ
σ

σ

σ

σ

σ

    

 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 XIII 

e
ss

e
ssa

ss

a
ss

e
pp

e
spa

pp

a
sp

hc
I

hc
I

hc
I

hc
I

τσλτσλ

τσλτσλ

==

==

     

where h is Plank’s constant and τ is spontaneous emission decay life time, which is about 

10 ms. For maximal gain, dPs/dPp = 0, hence, the optimum output pump power will be 
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The maximal gain, G is calculated using numerical method for arbitrary Ps
in and 

Pp
in, by the following equation 
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Subsequently, the absorption constant, αs and intrinsic saturation power, Ps
IS for 

the signal beam are measured. Without pump power, Ps
out ≈ Ps

in exp(-αsL) for small input 

signal power, when Ps
in approaches Ps

IS , Ps
out ≈ Ps

IS exp(1-αsL). Finally, the optimum fiber 

length of maximal gain is 
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The maximal gain and optimum length for the EDF used in the experiment are 

found out to be about 30 dB and 25.9 meter.  
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II – Experimental Procedures and Precautions 

A typical experimental procedure can be as follows: 

• Get the performance analysis of each individual optical component. 

• Measure optical losses of the ring. With all the optical components connected in 

an open ring structure, i.e. broken ring, monitor the wavelength and optical 

power of CW signal from the output coupler under saturation pumping 

condition.   

• Close the ring and monitor average optical power at the output coupler.  

• Determine if an optical amplifier is required for signal detection or is sufficient 

for opto-electronic RF feedback condition.  

• Set the biasing condition for modulator. 

• Tune the synthesizer or electrical phase for the generation and locking of signal. 

• Monitor the laser output using optical oscilloscope and spectrum analyzer. 

Some precaution measures must be taken during the experiment, as follows: 

§ Optical damage threshold – excessive optical intensities can lead to 

dielectric breakdown and destruction of the optical fiber itself. The bulk 

optical damage threshold for silica is about 50 GW/cm2 at 1064 nm for a 

single pulse focus to a 5 µm diameter [Digonnet, 2001]. Assuming an 
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effective mode area of 50 µm2, the maximum peak power that can be 

guided in the standard optical fiber is about 25 KW, which corresponds 

to energy of 250 µJ for a 10 ns pulse. The peak power handling can be 

pushed farther by using fibers with a larger mode field diameter, or 

multimode fibers when a diffraction-limited beam is not required. 

§ Maximum optical power – ensure that the input optical power to any 

optical detecting equipment (e.g. photo-detector, optical oscilloscope, 

optical spectrum analyzer, etc) is below the maximum rated power since 

we are operating at the nonlinear region (high optical power). An optical 

attenuator can be added prior to the measuring equipment if necessary. 

§ Electrostatic discharge – high-speed photo-detector is sensitive to 

electrostatic discharge and can be damaged by it. Therefore, some care 

must be taken into account to prevent damage of equipment. Always 

ground cables and connectors prior to connecting them to the photo-

detector output. Use the wrist strap while handling the detector. 

Discharge the AC coupled instruments before connecting them. 

§ Sensitivity of the equipment – ensure the triggering signal of the 

measuring equipment (e.g. optical spectrum analyzer) is above the 

sensitivity of the equipment. 

§ Voltage standing-wave ratio (VSWR) – VSWR is the ratio of maximum to 

the minimum amplitude of a standing wave that might occur because of 

the impedance mismatch at the end of the transmission line, 
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1 , where R is the reflection coefficient. Be aware of the 

reflected standing wave of the RF components, which may damage the 

components. Ensure the line is properly terminated if it is not in use. 

• When laying the fiber in the fiber polarization controller, make sure that the fiber 

is in contact with the inside of the groove loops, but not be pulled too snug 

against the groove as this cause optical losses due to induced birefringence as the 

paddles are rotated with respect to each other. 
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