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Nonlinear Optical Processes for Spectral Broadening and Short Pulse Generation 

 

 

Hongyu Hu, PhD 

University of Connecticut, 2017 

 

The dramatic progress in optical communication is attributed to the development of wavelength-

division multiplexing and time-division multiplexing technologies, which employ broadband 

light source and ultrashort optical pulses respectively to carry signals in optical fibers. 

Supercontinuum generation is the spectral broadening of narrow-band incident pulses by the 

propagation through optical waveguides made of nonlinear materials. In this PhD dissertation, I 

show the design of a tapered lead-silicate optical fiber for supercontinuum generation. The 

physical mechanisms of optical pulse evolution are explained, which involve various nonlinear 

optical effects including self-phase and cross-phase modulation, stimulated Raman scattering, 

four-wave mixing, modulation instability and optical soliton dynamics. I have also proposed 

planar waveguides with longitudinally varying structure to manage chromatic dispersion, and 

numerically simulated the generation of (1) broadband and (2) flat octave-spanning 

supercontinuum output. The coherence property and noise sensitivity of supercontinuum are also 

investigated in this dissertation, which depend strongly on pumping conditions. A hybrid mode-

locked erbium-doped fiber ring laser, which combines rational harmonic active mode-locking 

technique and graphene saturable absorber, has been designed and experimentally demonstrated 

to produce optical pulse train. Compared to active mode-locking configuration, the hybrid 

scheme narrows the pulse width significantly at a high repetition rate of 20 GHz. 
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Chapter 1 Introduction 

This introductory chapter is intended to provide an overview of fiber optic communication. In 

Section 1.1, a brief description of fiber optic communication will be provided. Section 1.2 

discusses the application of supercontinuum light source and high speed pulsed laser source in 

optical communication systems. In section 1.3, a brief overview of the entire thesis work will be 

introduced. 

 

1.1 A Brief Description of Optical Communications 

The earliest attempts of optical communication go back thousands of years. In the old time, 

people in North America and China used smoke as the transmitted signal. In the second half of 

twentieth century, the development of lasers opened the world of optical communication to new 

possibilities, since light has an information-carrying capacity 10,000 times that of the highest 

radio frequencies being used. However, the challenge was that open-air transmission was quite 

sensitive to environmental conditions. In 1966, Charles Kao and Charles Hockham working at 

the Standard Telecommunication Laboratory in England proposed a dielectric fiber with a 

refractive index higher than its surrounding region to be a possible medium for the guided 

transmission of light [1]. Since then, optical fiber communication technologies have made great 

strides, and different types of fibers suitable for different situations have been invented.  

Compared to electrical cables, the most important advantages of using optical fibers are high 

capacity, low transmission loss, easiness to be reamplified over long distance, low cost, light 

weight, and immunity to electromagnetic interference. Typically, optical communication operates 

in three “telecom windows”: 850 nm, 1310 nm and 1550 nm, as illustrated in Figure 1.1. In these 

regions, conventional silica fibers experience low loss (as low as 0.2 dB/km) [2]. Today, the C 
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band (1530-1565 nm) near 1550 nm is widely used for long-haul transmission, and L band near 

1625 nm is being developed. 

 

The simplest optical fiber communication system is a fiber-optic link composed of transmitters, 

optical fibers, and receivers. The transmitters are generally diode lasers or LED, which convert 

electrical signals to optical signals coupled into fibers. At the receiver end, photodetectors 

convert the optical signals back to electrical signals. Semiconductor or fiber amplifiers (i.e., 

erbium-doped fiber) are also used to maintain sufficient signal power level after long 

transmission distance. Moreover, in order to transmit and process digital information more 

efficiently, different devices such as all-optical Boolean logic gates have been used to replace 

electrical circuits [3-11]. 
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Figure 1.1 Telecom windows of conventional silica fibers. 
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1.2 Broadband Light Source and Pulsed Laser Source for Optical Communications 

So far the optical network capacity has reached over 100 Tb/s in laboratory/research 

demonstrations, while commercial system capacity record is around 10 Tb/s [12]. The dramatic 

progress is attributed to the introduction of wavelength-division multiplexing (WDM) 

technology, which employs distinct wavelength channels to carry information in a single fiber. 

Supercontinuum (SC) is a promising broadband light source for WDM optical communication 

system. Supercontinuum generation (SCG) is the spectral broadening of narrow-band incident 

pulses by the propagation through nonlinear media [13]. SC can be produced by pulses from 

mode-locked lasers, and it provides an effective way to obtain a large number of wavelength 

channels while maintaining coherence from pulse to pulse. Generally, SC with broad bandwidth, 

low noise and high spectral flatness is required for WDM application. 

 

Besides, supercontinuum with a spectrum extending further into the mid-infrared region can be 

utilized in many other applications such as molecular spectroscopy, microscopy and laser radar. 

For instance, the “molecular fingerprint region” covers from ~2 μm up to more than 10 μm, and 

broadband SC has become an attract source for molecular spectroscopy due to its high 

brightness. 

 

The generation of ultrashort optical pulses is also crucial for high-speed optical communication, 

especially in time-division multiplexing technology, where several optical pulse train signals 

modulated at the bit rate B using the same carrier frequency are multiplexed optically to form a 

composite optical signal at a bit rate of NB in which N is the number of multiplexed optical 

channels. With increased repetition rate, the pulse-to-pulse spacing is narrower, which can lead to 
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overlap between adjacent pulses. This is detrimental for data transmission. Therefore, the pulse 

duration should be sufficiently small to ensure the pulses stay cleanly separated. Recently the use 

of graphene saturable absorbers in fiber lasers has been a topic of great interest due to the 

advantages of fast response and broadband operation [14-15].  

 

1.3 Overview of This Thesis 

In this doctoral dissertation, I present my research work on all-optical devices including 

supercontinuum generator and short pulse generator, based on nonlinear optical effects. These 

devices are theoretically simulated or experimentally demonstrated. Three important properties 

of supercontinuum generation have been paid close attention to: bandwidth, flatness and 

coherence. In Chapter 2, I numerically simulate the spectral and temporal evolution of 

supercontinuum generated in a dispersion-tailored lead-silicate fiber taper with progressively 

increased core size. Starting from the generalized nonlinear schrödinger equation which governs 

pulse propagation in optical waveguides, the detailed mechanisms of supercontinuum generation 

have been discussed, and a collection of linear and nonlinear effects is taken into account, 

including optical loss, dispersion, self-phase modulation, cross-phase modulation, soliton 

dynamics, dispersive wave emission, stimulated Raman scattering, four-wave mixing and 

modulation instability. Broadband output spectrum extending to 4.8 μm is demonstrated, which 

is caused by the emission of dispersive waves towards longer wavelengths. 

 

In Chapter 3, a tapered planar waveguide is designed and theoretically studied for the generation 

of supercontinuum with large bandwidth. The Air-SF57 glass-SiO2 rib waveguide is 2-cm long, 

with a varying etched depth to manage the total chromatic dispersion. Numerical simulations are 
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conducted for input pulses at a center wavelength of 1.55 μm, and the proposed waveguide 

geometry greatly broadens the output spectrum extending from ~1.0 μm to ~ 4.6 μm, resulting 

from continuous modification of phase matching condition.  

 

In Chapter 4, the coherence property of supercontinuum generated in dispersion-varying optical 

waveguides is investigated. Simulations are conducted by adding quantum noise seeds into the 

input pulse field, and the complex degree of first-order coherence function and the overall 

spectral coherence degree are both calculated. Although the spectral broadening is generally 

comparable, the coherence degree is shown to vary with different pumping conditions. It 

decreases with higher peak power and longer pulse width due to the significant competition 

between soliton-fission process and the noise-seeded modulation instability effect. By 

controlling the input pulse parameters, it is possible to generate perfectly coherent 

supercontinuum. 

 

In Chapter 5, a tapered planar waveguide is designed to generate octave-spanning 

supercontinuum with good flatness in the mid-infrared region. The rib waveguide of lead-silicate 

glass on silica is 1.8-cm long consisting of a segment with longitudinally changing height. The 

mechanism involves nonlinear soliton dynamics. The dispersion profile is shifted along the 

propagation distance, which overcomes the spectral unevenness caused by the gap between 

solitons and dispersive wave components. With low input pulse energy of 45 pJ, simulation 

demonstrates the generation of both broadband and flat near-octave spectrum spanning 1.3-2.5 

μm at -20 dB level. 
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In Chapter 6, a hybrid mode-locked erbium-doped fiber ring laser which is easy to set up is 

proposed and experimentally demonstrated to generate a high-repetition-rate optical pulse train 

with ultrashort pulse width. The laser combines second-order rational harmonic mode-locking, 

which is realized via an intra-cavity LiNbO3 Mach-Zehnder modulator, and a graphene passive 

mode locker. Compared to solely active mode-locking scheme, the hybrid scheme narrows the 

pulse width by a factor of 0.53 to 2.82 ps at the repetition rate of 20 GHz with 0.52-mW average 

output power. Numerical simulation of the laser performance is also provided, which shows good 

agreement with the experimental results.  
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Chapter 2 Supercontinuum Evolution in Microstructured Fiber Taper 

2.1 Introduction 

Supercontinuum generation (SCG) is the spectral broadening of narrow-band incident pulses 

when a collection of nonlinear processes act together upon the pulses in optical waveguides [1, 

2]. In recent years, SCG has been a topic of great interest to researchers due to its diverse 

applications in frequency metrology, optical coherence tomography (OCT), pulse compression, 

dense wavelength division multiplexing (DWDM) and many others. The physical mechanism of 

supercontinuum (SC) has been demonstrated to be a combination of linear and nonlinear 

processes including self-phase modulation (SPM), cross-phase modulation (XPM), stimulated 

Raman scattering (SRS), four-wave mixing (FWM), modulation instability (MI), soliton 

dynamics and dispersive wave radiation, on the basis of the waveguide properties (dispersion, 

nonlinearity and loss).  

 

Recent progress in dispersion-engineering technique has shown that the dispersion profile can be 

controlled by varying the structure and dimension of optical fibers, especially after the advent of 

photonic crystal fibers (PCFs) and microstructured optical fibers (MOFs), which has provided 

great opportunities for broadband SC [3-6]. For example, in [6] it was experimentally 

demonstrated that anomalous dispersion can be obtained at wavelengths well below 600 nm 

using air-silica PCFs. Based on this principle, highly nonlinear tapered fibers with 

longitudinally-varying dispersion can be devised to generate broadband supercontinuum more 

efficiently[7-9]. In [7], a PCF with continuously-decreasing zero-dispersion wavelength was 

fabricated, which successfully extended the generation of supercontinuum spectra from the 

visible into the ultraviolet range. 
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In this chapter I theoretically investigate the mechanisms of supercontinuum evolution in a lead-

silicate microstructured fiber taper. The core size of the fiber increases gradually along the 

propagation distance, and by pumping optical pulses with center wavelength of 1.55 μm, peak 

power of 6 kW and FWHM of 100 fs, broadband output extending to 4.8 μm can be obtained due 

to continuous emission of dispersive waves towards longer wavelengths.  

 

2.2 Physical Mechanisms of Supercontinuum Generation 

To fully understand the physical mechanisms of supercontinuum generation, we need to take into 

account a variety of linear and nonlinear optical phenomena, such as loss, dispersion, self-phase 

and cross-phase modulation, soliton dynamics, stimulated Raman scattering, four-wave mixing 

and modulation instability. Mathematically, all the effects are involved in the generalized 

nonlinear Schrödinger equation, which is the fundamental formula that governs optical pulse 

propagation in nonlinear media. 

 

2.2.1 Generalized Nonlinear Schrödinger Equation 

The theory of nonlinear fiber optics describes the behavior of light traveling through dispersive 

nonlinear media, which is the basis of supercontinuum generation. Typically, nonlinear 

phenomena take effect when the intensity of the input optical pulse is so high that the dielectric 

polarization P is not a linear function of the external electric field E. In order to investigate these 

phenomena, the time-domain generalized nonlinear Schrödinger equation (GNLSE) has been 

derived from the Maxwell’s equations, which models the pulse evolution: 

    
1

2

2 0

' , ' '
!

1
2

k k

k k
k

i A i
R T A z T T dT

k T

A
A i A

z T













  
 

  

 
   

 
                                                     (2.2.1) 
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Here, A(z, T) is the pulse envelope, assumed to be a slowly varying function of the propagation 

distance z. T represents the time. α is the propagation loss, βk are the Taylor series coefficients of 

the wave number β, γ is a measure of nonlinearity, and R(T) is the nonlinear response function. 

These parameters will be further discussed in the upcoming sections. It can be seen that the left-

hand side of GNLSE models the linear effects, while the right-hand side indicates the nonlinear 

effects. Importantly, the key assumption is that the pulse propagation is unidirectional so that any 

backward wave as well as nonlinear coupling between forward and backward waves is neglected. 

Under specific conditions (pulse width is long enough), if we ignore the loss α and high-order 

terms of βk, the GNLSE will be simplified as: 

2
22

2
i = -

2

A
A A

T

A

z











                                                                                              (2.2.2) 

which has exactly the same form as the Schrödinger equation with a nonlinear potential. This is 

why equation (2.2.1) is referred to as the GNLSE. 

 

In the frequency domain, we can do Fourier transform for the envelop A(z, T): 

1

0 0 0

1
( , ) { ( , )} ( , )exp[ ( ) ]

2
A z T F A z A z i T d      







                                   (2.2.3) 

0

1
( , ) { ( , )} ( , )exp[ ( ) ]

2
A z F A z T A z T i T dT  






                                           (2.2.4) 

For the nonlinear part, letting 

   
2

' , ' '( , ) A R T A z T T dTg z T



                                                      (2.2.5) 

1

0 0 0

1
( , ) { ( , )} ( , )exp[ ( ) ]

2
g z T F g z g z i T d      







                                    (2.2.6) 

0

1
( , ) { ( , )} ( , )exp[ ( ) ]

2
g z F g z T g z T i T dT  






                                                                                         (2.2.7) 
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Substitute equations (2.2.3) and (2.2.6) into (2.2.1), we have: 

0 0

1
( , ) exp[ ( ) ]

2

( , )
A z i T d

A z T

z z
    







 
    

 

 

                                          (2.2.8) 
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                                        (2.2.11) 

Therefore, if we change the variable 

'

( , ) ( , )exp( ( ) )A z A z L z                                                                   (2.2.12) 

where  

 0 1 0( )
2

L i


                                                               (2.2.13) 

is the linear operator, we finally obtain the frequency-domain GNLSE: 

   
'

2

0

exp( ) ' , ' '
A

Lz F A R T A z T T dTi
z










  
  




                                           (2.2.14) 

and |Ã(z,ω)|
2
 gives the spectral power. Either equation (2.2.1) or (2.2.14) can be used to model 

the pulse propagation in optical waveguides. 

 

Different numerical methods have been developed to solve the GNLSE. One of them that has 
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been extensively utilized is the split-step Fourier method (SSFM). The basic idea of SSFM is to 

treat the linear and nonlinear effects separately, so equation (2.2.1) can be written as:  

 D N
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
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are the linear (consisting of loss and dispersion) and nonlinear operators, respectively. Assume 

that linear and nonlinear effects act independently within a small distance h, the solution of 

equation (2.2.15) becomes 

( , ) exp( )exp( ) ( , )A z h T hD hN A z T                                                    (2.2.18) 

More specifically, in the first step, the nonlinear operator N  acts alone to the pulse, and the 

outcome is computed directly in the time domain using equation (2.2.17); in the second step, 

only the linear operator D  takes effect, and the calculation is done in the frequency domain since 

ə
k
/əT

k
 in equation (2.2.16) can be simply replaced by [–i(ω-ω0)]

k
. Fourier transform for the pulse 

envelop A(z,T) needs to be applied back and forth in each small step h, and the accuracy of the 

split-step Fourier method is proportional to h
2
. 

 

Another approach to solve the GNLSE is to integrate the propagation equation (2.2.14) directly 

using ordinary differential equation integrators (ODEs). It should be noted that the numerical 

solution is obtained on a temporal grid of discrete points, which should be adjusted carefully so 

that the span of the grid covers the maximum time delay of the propagating pulse while the 
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density of the grid is large enough to include the maximum frequency. In order to justify the 

correctness of the simulation results making use of ODEs, it should be checked whether the 

conservation of specific quantities (e.g., number of photons) is satisfied and whether significant 

variance in the result is observed with stricter tolerance. 

 

2.2.2 Optical Losses 

The parameter α in the GNLSE measures the total transmission loss from all sources. If the input 

power of P0 is injected into a waveguide with length L, the output power is given by P0e
-αL

. 

Figure 2.1 shows the typical wavelength-dependent attenuation of a standard single-mode silica 

fiber. On the short-wavelength side, material absorption is dominated by Rayleigh scattering, 

inversely proportional to fourth power of the wavelength. The small peak around 1.4 μm is 

caused by impurities (OH
-
 ions). Figure 2.2 shows the loss spectrum of various glass materials 

extended into far-infrared region. The transparency limit on the long-wavelength side is 

determined by multi-phonon absorption, which results from the coupling of two or more 

vibration modes. With weaker chemical bonds in the material, the absorption edge can be pushed 

towards longer wavelengths. As a result, any glass composed of silica (such as SF57 in Figure 

2.2) is not transparent beyond 5 μm due to the Si-O bonding. Besides linear loss, nonlinear loss 

comes into play when the photon energy exceeds half of the band gap, leading to two-photon 

absorption (TPA). In this case, loss is related to the light intensity, and it can significantly limit 

propagation of high-intensity light and slow down nonlinear processes. For silica glass with large 

band gap, the TPA effect can be ignored at wavelengths around 1.55 μm. 
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Figure 2.1 Typical Loss profile of a single-mode silica fiber. 

 

 
 

Figure 2.2 Loss profiles and multi-phonon absorption edges of different glass materials. 
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In addition to the intrinsic material property, the waveguide structure can also contribute to 

optical losses, such as bending loss and confinement loss. Confinement loss arises due to the 

finite area of the cladding region, so the electric field leaks out of the waveguide. Nonetheless, it 

can be greatly reduced by ensuring sufficiently large cladding area. Therefore, with proper 

waveguide design, the total loss is dominated by the material transmission window with 

absorption edges on the short-wavelength and long-wavelength sides. 

 

2.2.3 Dispersion 

Dispersion is a linear effect, but it has great impact on nonlinear effects. Dispersion occurs 

because the effective refractive index of the guided mode depends on the frequency of light. This 

means different frequency components of light travel at different speeds. If the propagation 

constant is β, the angular frequency is ω and the effective mode index is neff, then we can expand 

β into Taylor series around the center frequency ω0 of the input pulse: 
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β1 is related to the group velocity vg and group index ng by β1=1/vg=ng/c in which c is the speed 

of light in vacuum. The pulse envelop travels at the group velocity, and in the GNLSE we have 

used a retarded reference frame moving with pulse at vg by making the transformation T=t-

z/vg=t-β1z. β2=dβ1/dω represents the group velocity dispersion (GVD): 
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                                                                 (2.2.21) 

Alternatively, if the wavelength is λ, the dispersion parameter D is also used to quantify GVD: 
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Figure 2.3 shows the group velocity dispersion of a standard single-mode silica fiber as a 

function of wavelength. As can be seen in the figure, the total dispersion depends on both the 

material property and the waveguide design. In fact, sufficiently strong waveguiding can 

overcome the material dispersion to significantly modify the total dispersion behavior. The 

wavelength at which GVD is zero is called the zero dispersion wavelength (ZDW). As shown in 

Figure 2.3, ZDW is approximately 1.3 μm for standard single-mode fibers. In the region where 

D<0 (β2>0), the waveguide exhibits normal dispersion, which infers that higher frequencies 

move slower than lower frequencies. On the contrary, when D>0 (β2<0), the waveguide exhibits 

anomalous dispersion, and higher frequencies move faster than lower frequencies. High order 

terms of βk controls the dispersion profile. For example, β3 results in the wavelength dependence 

of GVD, and β4 results in the formation of more than one ZDWs. 
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Figure 2.3 Group velocity dispersion of standard single-mode silica fiber with the contribution of 

material and waveguide. 
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GVD effect is responsible for chirp and pulse broadening. The chirp of an optical pulse is the 

change in the instantaneous frequency with time. For normal dispersion, the components of pulse 

with smaller frequencies travel faster and arrive earlier at the output of the waveguide. As a 

result, an increase in the frequency can be observed at the output, and the dispersion is said to 

impose positive chirp on the pulse. On the other hand, anomalous dispersion makes the pulse 

negatively chirped. Obviously, the delay in the arrival of different frequency components also 

leads to pulse broadening. Regardless of the sign of the dispersion parameter D, an initially 

unchirped pulse will be temporally broadened with the spectrum unchanged.  

 

In the above discussion, we have only considered chromatic dispersion. Due to birefringence, the 

effective mode index neff changes with different polarization directions, which is defined as 

polarization-mode dispersion. The effective mode index also varies for higher-order transverse 

modes, which is referred to as “intermodal dispersion”.  

 

2.2.4 Self-Phase and Cross-Phase Modulation 

Self-phase modulation (SPM) and cross-phase modulation (XPM) are nonlinear optical 

phenomena originated from Kerr effect, which describes the response of the material refractive 

index to the applied electric field as: 

0 2( )n I n n I                                                                                      (2.2.23) 

where n0 is the linear refractive index, I is the intensity of the field, and the parameter n2 is 

defined as the nonlinear refractive index. Since the total phase of the field is equal to ω0t-nkL, in 

which k=2π/λ is the wave number, the nonlinear part of the refractive index introduces extra 

nonlinear phase shift as: 
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As a consequence, a shift in the instantaneous frequency is produced, which can be obtained by: 
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Consider the case of an incident Gaussian pulse such that the intensity is proportional to exp(-

t
2
/τ

2
). Figure 2.4 depicts the pulse profile and frequency shift. At the leading edge of the pulse, 

the frequency is down-shifted, whereas at the trailing edge, the frequency is up-shifted. This 

draws a conclusion that nonlinear refraction brings both time dependent phase delay and chirp to 

the pulse. For an initially unchirped pulse, the temporal pulse envelop will remain the same 

while the spectrum is broadened. Across the center of the pulse, the chirp is positive and 

approximately linear. Such effect is referred to as self-phase modulation (SPM). If a co-

propagating pulse is affected by nonlinear refraction in the same way, the phenomenon is 

referred to as cross-phase modulation (XPM). 

 

 
 

Figure 2.4 Gaussian pulse profile and frequency shift due to nonlinear refraction. 
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Given the nonlinear refractive index n2, the nonlinear parameter γ in the GNLSE is written as: 

2 0=
eff

n

cA


                                                                            (2.2.26) 

where Aeff is the guided mode area. The nonlinear parameter is a measure of the strength of 

nonlinearity. Note that if Aeff is smaller, the pulse intensity will be higher to enhance nonlinear 

effects.  

 

In reality, dispersion will simultaneously act on the pulse. In the normal dispersion regime, since 

the chirps produced by SPM and dispersion are both positive, the pulse gets broadened 

temporally. This can also be understood by the fact that the leading edge is red-shifted and 

travels faster than the blue-shifted trailing edge. In the anomalous dispersion regime, dispersion 

and SPM act in the opposite way, and they may eventually balance with each other to form 

optical solitons. 

 

2.2.5 Optical Solitons 

In the anomalous dispersion regime of an optical waveguide, the interplay of dispersion and 

SPM can reach an equilibrium state, and the resulting pulse becomes an optical soliton. The 

order of the soliton is determined by: 
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Here, P is the pulse peak power and τ is the pulse width. LD and LNL are the dispersion length and 
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nonlinear length characterizing the distance over which dispersion and nonlinearity play a 

significant role for pulse propagation, respectively. For example, if the propagation distance L ≫ 

LD but L ~ LNL, pulse evolution is dominated by SPM; whereas if L ≫ LNL but L ~ LD, pulse 

evolution is dominated by GVD. For fundamental solitons, N = 1 (LNL = LD), and the effect of 

GVD cancels that of SPM. In this case, the solution of the GNLSE (if only GVD and SPM are 

involved) is a hyperbolic-secant pulse with unchanged temporal and spectral profiles during 

propagation.  

 

When N ≥ 2, the input pulse will form a high-order soliton. The temporal and spectral profiles 

will change during propagation, but follow a periodic behavior so that the pulse recovers to its 

original shape at multiples of a specific length known as the soliton period. It should be noted 

that LNL < LD in this case, hence SPM dominates the pulse propagation at the first stage, and 

GVD will catch up afterwards. Therefore, at the initial phase the high-order soliton always 

experiences spectral broadening and temporal compression, which has been used in applications 

such as pulse compression and supercontinuum. However, a high-order soliton is essentially an 

unstable bound state of N fundamental solitons with the same group velocities. With the 

perturbation of high-order dispersion or Raman scattering, the pulse can break up into a series of 

N fundamental solitons. This is called the soliton fission process and it occurs when the original 

high-order soliton reaches its maximum bandwidth at the distance of Lfiss ~ LD/N. The 

fundamental solitons are ejected one by one, the first one with highest peak power and shortest 

pulse width. But again, due to the perturbation of high-order dispersion and Raman scattering, 

such ideal soliton fission process does not occur in practice, especially when the solitons are 

close to the zero dispersion wavelength; instead, some of the soliton power will be transferred 
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across the ZDW to the normal dispersion regime to generate dispersive waves (DWs). The DWs 

are narrow-band, and it is necessary for the DW frequency ωDW to satisfy the phase-matching 

condition: 
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where ωsol and Psol are the frequency and peak power of the emitted solitons respectively. The left 

side of equation (2.2.30) is actually the wave number of solitons, and the right side is the wave 

number of DW. If we only keep GVD and third-order dispersion, the phase-matching condition 

becomes: 
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                                                   (2.2.31) 

Obviously, the left side of the equation is positive, and the first term on the right is negative since 

solitons are only formed in anomalous dispersion regime so that β2(ωsol) is a negative value. This 

implies that dispersive wave emission can never take place without the involvement of higher-

order dispersion. If β3(ωsol) < 0, dispersive waves are emitted at smaller frequencies (longer 

wavelengths), whereas if β3(ωsol) > 0, dispersive waves are emitted at greater frequencies (shorter 

wavelengths), as shown in Figure 2.5. It turns out that if the wavelength of the soliton gets closer 

to the ZDW, the phase-matched DW is also closer to the ZDW, and its intensity increases 

exponentially. 
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Figure 2.5 Dispersive waves emitted in the normal dispersion regime by solitons in the 

anomalous dispersion regime. Two conditions are considered: β3(ωsol) < 0 and β3(ωsol) > 0. 

 

2.2.6 Stimulated Raman Scattering 

Besides nonlinear refraction, stimulated Raman scattering (SRS) is another class of nonlinear 

effects. SRS is a result of the interaction between photons and phonons (atomic or molecular 

vibration modes). During the process, a photon of the input field is annihilated and its energy is 

transferred to the nonlinear medium to excite a phonon. At the same time, a photon with lower 

frequency is created to ensure the conservation of both energy and momentum.  

 

The nonlinear response function R(T) in the GNLSE is written as: 

( ) (1 ) ( ) ( )R R RR T f T f h T                                                                  (2.2.32) 

The delta function represents the instantaneous electronic response (Kerr effect), while hR(T) 

represents the delayed ionic response (Raman scattering). fR denotes the fraction of the Raman 

contribution to nonlinearity. Substitute equation (2.2.32) into the integral in the GNLSE (2.2.1), 

we have:  
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Experimental measurements show that for lots of materials hR(T) can be fit using a damped 

oscillation model: 
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
                                                                 (2.2.34) 

For silica fibers, τ1=12.2 fs, τ2=32 fs, and fR is about 0.18. 

 

SRS is responsible for soliton self-frequency shift (SSFS). If the bandwidth of a soliton is broad 

enough to overlap the Raman gain spectrum, the frequency of the soliton will be down-shifted, 

thus the soliton will move towards longer wavelengths. This phenomenon is also known as the 

intrapulse Raman scattering. The rate of SSFS can be reduced and eventually halted when loss 

and dispersion come into play. Assuming a dispersion profile with two ZDWs similar to the one 

shown in Figure 2.5, a red-shifted soliton is either moving away from the first ZDW with β3 > 0 

or approaching the second ZDW with β3 < 0. In the former case, the increased dispersion will 

tend to broaden the pulse temporally, so it does not have sufficient bandwidth to cover the 

Raman gain spectrum; in the latter case, SSFS can be canceled by soliton recoil, which is due to 

saturation of the exponential amplification of dispersive waves. The influence of propagation 

loss is to decrease the soliton’s intensity, and the reduction in nonlinearity will cause the pulse to 

broaden temporally and limit Raman self-frequency shift. 

 

2.2.7 Four-Wave Mixing and Modulation Instability 

Four-wave mixing (FWM) is a nonlinear effect originated from third-order susceptibility. When 

propagating in a nonlinear medium, two pump waves with frequencies ω1 and ω2 will be 

converted into a pair of sidebands at ω3=2ω1-ω2 and ω4=2ω2-ω1 under the influence of FWM. In 

particular, degenerate four-wave mixing occurs if a single pump wave is launched so that ω1=ω2. 
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The generation of new frequency components leads to strong spectral broadening, which is 

advantageous for applications such as supercontinuum generation. In fact, FWM plays a major 

role in supercontinuum mechanisms when the input pulse width is large and the soliton order is 

high (N ≫ 10). 

 

In the time domain, FWM results in the fluctuation of the electric field, with the modulation 

period corresponding to the frequency separation between the pump and the sidebands. 

Moreover, a high-order soliton or even a continuous wave can split into fundamental soliton 

pulses by the amplification of background noise at the sidebands, and the duration of the 

subpulses is comparable to the modulation period. This is referred to as modulation instability 

(MI). It can be seen that although FWM and MI are discussed in different domains (frequency 

and time), they actually have the same underlying physics. Note that the pulse breakup effect of 

FWM/MI is similar to that of soliton fission, but since FWM/MI is a noise-driven process, the 

generated new frequency components are expected to be incoherent, so the spectrum possesses 

poor stability performance when MI dominates over soliton fission during pulse evolution. 

 

2.3 Design of Dispersion-Tailored Lead-Silicate Fiber Taper 

In this section we will design a microstructured fiber taper for broadband supercontinuum 

generation. In recent years, the development of microstructured optical fibers has made it 

possible to achieve novel optical properties, such as engineered dispersion and high nonlinearity. 

Microstructured fibers are generally separated into two classes: holey fibers and photonic 

bandgap fibers. Unlike traditional optical fibers, photonic bandgap fibers make use of the 

photonic bandgap effect to achieve light confinement in hollow core[10]. We will focus our 
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attention upon the other category of microstructured fibers, holey fibers, in which light is guided 

by a modified form of total internal reflection. Holey fibers are fabricated with a solid core 

surrounded by an array of air holes, which effectively reduces the cladding refractive index, as 

illustrated in Figure 2.6. The incorporation of air not only eliminates the need for dopants to 

modify the refractive index, but also achieves much higher index contrast between core and 

cladding. As shown in Figure 2.6, the air holes with a diameter of d are spaced by a distance of 

Λ, leading to a core size of 2Λ-d. The properties of the holey fibers are determined by the 

parameter d/Λ. If d/Λ is large, the index contrast between the core and cladding is high, which 

results in strong waveguide dispersion and modal confinement. Therefore, the material 

dispersion can be greatly compensated, and the zero GVD wavelength is shifted towards shorter 

wavelengths. Furthermore, according to equation (2.2.26), tight modal confinement gives rise to 

reduction in the effective mode area Aeff and thus enhancement of nonlinearity. One can notice 

that when the air-filling fraction reaches unity, d/Λ=1, and the microstructured fiber is essentially 

a solid core completely surrounded by air cladding. 

 

 

Figure 2.6 Structure of a holey fiber. The core area is surrounded by air holes, with hole size d 

and hole spacing Λ. 

 

The optical properties of microstructured fibers can further be controlled by utilizing fiber 
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tapering technique. The transverse dimension of a tapered fiber varies along the length with a 

high degree of accuracy, and both dispersion and nonlinearity depend on the propagation 

distance. Sometimes tapered fiber also refers to nanowire, which is fabricated by stretching the 

original fiber to make it thinner. But the dimension is still constant along the length, and we are 

not interested in such nanowires in the context. Interestingly, it turns out that if the transition of 

the transverse dimension is sufficiently slow, the guided mode can be adiabatically transformed 

during light transmission. Tapered fibers are often used for mode matching between different 

optical waveguides, for example, light from a conventional single-mode fiber can be coupled 

into a nanowire through a fiber taper. In recent years, tapers fibers have also shown remarkable 

prospect in supercontinuum generation.  

 

We propose a tapered SF57 fiber structure as illustrated in Figure 2.7. Scott SF57 is a 

commercially available lead-silicate soft glass material primarily composed of SiO2 and PbO, 

with a Pb cationic content of 40-50% [11]. The linear refractive index of SF57 is 1.80 at 1.55 

μm, compared to 1.44 of silica [12]. The nonlinear refractive index measured at 1.06 μm is 

4.1×10
-19

 m
2
/W, much higher than that of pure silica fibers [13]. As shown in Figure 2.2, the 

infrared absorption edge is located at ~5 μm. In addition, compared to heavy metal oxide and 

chalcogenide glasses, SF57 offers higher thermal and crystallization stability and a less steep 

viscosity curve, while exhibiting low softening temperature[14]. For this reason, SF57 glass has 

drawn much attention and been widely used to fabricate microstructured fibers.  
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Figure 2.7 The schematic of SF57 fiber taper, with the core radii of 0.7 μm and 1.05 μm at the 

input and output respectively. 

 

The tapered SF57 glass fiber is 4-cm long, and its core size continuously increases along the 

propagation length z with the relationship given by: 
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z r
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                                                                               (2.3.1) 

where r0=0.7 μm and z0=27.6 cm. The radius of the core area changes from 0.7 μm at the input to 

1.05 μm at the output. The effective mode area at the input turns out to be ~3.5 μm
2
 at the 

wavelength of 1.55 μm. 

 

We have calculated the total dispersion of SF57 fiber as a function of wavelength for the 

fundamental HE11 mode using the step-index waveguide model, as shown in Figure 2.8 and 2.9. 

The material dispersion is plotted for comparison, with the ZDW at ~1.97 μm. As discussed 

before, the total chromatic dispersion is the combination of material and waveguide dispersion. 

This is illustrated in Figure 2.8, where we provide two examples corresponding to radii of 1.2 

μm and 0.85 μm, respectively. Figure 2.9 depicts the total dispersion profiles for several distinct 

core sizes from 1.4 μm to 0.7 μm. It can be seen that the waveguide dispersion is significantly 

affected by modifying the transverse dimension, which compensates the material dispersion and 

allows for control of the total spectral dispersion property. Specifically, with smaller core size, 

the ZDW is shifted towards shorter wavelengths, and when the radius shrinks to less than 1μm, a 
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second zero dispersion point is formed at long wavelength side, which is also shifted to shorter 

wavelengths with reduced core dimension.  

 

Hyperbolic secant pulses at telecommunications wavelength of 1.55 μm are injected into the 

fiber taper to generate broadband supercontinuum. In order to simulate the pulse evolution, we 

numerically solve the generalized nonlinear Schrödinger equation given by (2.2.1), and take into 

account the dependence of dispersion and nonlinear variables on propagation distance. The 

parameters used to characterize the input pulse are peak power and full width at half maximum 

(FWHM). Experimentally, a mode-locked erbium-doped fiber laser can act as the pump source. 

It should be noted that the input wavelength of 1.55 μm is in the anomalous dispersion regime of 

the fiber, so soliton dynamics is expected to play an essential role in the supercontinuum 

mechanism. 
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Figure 2.8 Dispersion curves for SF57 fiber with core radii of (a) 1.2 μm, and (b) 0.85 μm. The 

total dispersion is a combination of both material and waveguide dispersion. 
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Figure 2.9 Total dispersion profiles of SF57 fibers with various core radii. 
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2.4 Simulation Results and Discussions 

We start with the evolution of pulses in uniform fibers, with small input soliton orders. In the 

following, two different cases are taken as examples: core radius r=1.2 μm and r=0.75 μm. The 

relevant parameters in simulations are computed and given in Table 2.1. To analyze the 

generation of new frequency components, it is useful to introduce the frequency-resolved optical 

gating (FROG) technique by calculating the spectrogram, a function displaying the field in time 

and frequency domains simultaneously. With the field E(t) to be analyzed, the spectrogram is 

defined by[]: 

2
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where g(t-τ) is a variable-delay gate function. In our simulation, the gate function is simply the 

femtosecond input pulse. 

 

Figure 2.10 shows the temporal and spectral pulse evolution along the length in an SF57 fiber 

with core radius of 1.2 μm. The peak power and duration of the injected pulse are 1kW and 50 fs 

respectively, yielding a soliton order of 3.9. As shown in Figure 2.8 (a), the fiber exhibits a single 

ZDW at 1.35 μm, which is close to the pump wavelength (1.55 μm). As can be observed in the 

graph, a high-order soliton always experiences spectral broadening and temporal compression at 

the initial stage due to self-phase modulation and anomalous GVD. However, the high-order 

soliton is an unstable bound state of distinct fundamental solitons travelling at the same group 

velocity, and the perturbation of high-order dispersion and Raman nonlinearity leads to soliton 

fission at length ~LD/N. The soliton components proceed with the SSFS effect, and part of their 

energy is shed via the generation of dispersive waves in the normal GVD region below 1.35 μm. 

Note that DW is generated when the solitons are spectrally overlapped with the DW wavelength 
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determined by phase-matching condition. According to the solution of equation (2.2.31), a 

soliton at 1.55 μm will emit a dispersive wave at 1.27 μm, which agrees well with the simulation 

result. It should also be noted that the solitons will slow down while moving towards longer 

wavelengths due to the reduction in the group velocity. This explains the parabola soliton 

trajectory in the (T,z)-plane in Figure 2.10. Figure 2.11 – Figure 2.15 illustrate the spectrograms 

along with the projected pulse profiles and spectra at various propagation distances, in which we 

can easily distinguish between red-shifted solitons (regularly shaped structures) and dispersive 

waves. The strong oscillation structure such as the one shown in Figure 2.15 (b) arises from the 

interaction between solitons and DWs when they are temporally overlapped. 

 

Figure 2.16 shows the pulse propagation along the length of a uniform SF57 fiber with core 

radius of 0.75 μm, and Figure 2.17–Figure 2.21 illustrate the spectrograms, pulse profiles and 

spectra at some specific positions. The input soliton order is set to 3.7. Unlike the above case, the 

fiber has two ZDWs located at 1.25 μm and 2.11 μm. As a result, dispersive waves are also 

emitted across the second ZDW at the long wavelength side, as shown in Figure 2.16 and 2.19 

(a). By solving the phase matching condition (2.2.31), the dispersive waves emitted by solitons at 

1.55 μm turn out to appear at 1.0 μm and 3.1 μm, perfectly matching the simulation results. 

Interestingly, it is visualized that large detuning of the soliton with respect to the ZDW leads to a 

large gap between the phase-matched DW and the ZDW, as well as an exponential decay in the 

DW’s intensity. 
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Core Radius Parameters Values 

1.2 μm 

Input Peak Power 1000 W 

Input FWHM 50 fs 

Disperson Length LD 2.78 cm 

Nonlinear Length LN 0.18 cm 

Soliton Order N 3.9 

Soliton Fission Length Lfiss (~LD/N) 0.71 cm 

0.75 μm 

Input Peak Power 2000 W 

Input FWHM 50 fs 

Dispersion Length LD 2.09 cm 

Nonlinear Length LN 0.16 cm 

Soliton Order N 3.7 

Soliton Fission Length Lfiss (~LD/N) 0.57 cm 

 

Table 2.1 Values of parameters in simulations 
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Figure 2.10 Temporal and spectral pulse evolution in SF57 fiber with radius of 1.2 μm. 
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Figure 2.11 (a) Spectrogram, (b) pulse shape and (c) spectrum at propagation distance z=0 cm of 

SF57 fiber with radius r=1.2 μm. 
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Figure 2.12 (a) Spectrogram, (b) pulse shape and (c) spectrum at propagation distance z=0.4 cm 

of SF57 fiber with radius r=1.2 μm. 
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Figure 2.13 (a) Spectrogram, (b) pulse shape and (c) spectrum at propagation distance z=1 cm of 

SF57 fiber with radius r=1.2 μm. 
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Figure 2.14 (a) Spectrogram, (b) pulse shape and (c) spectrum at propagation distance z=2 cm of 

SF57 fiber with radius r=1.2 μm. 
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Figure 2.15 (a) Spectrogram, (b) pulse shape and (c) spectrum at propagation distance z=4 cm of 

SF57 fiber with radius r=1.2 μm. 
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Figure 2.16 Temporal and spectral pulse evolution in SF57 fiber with radius of 0.75 μm. 
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Figure 2.17 (a) Spectrogram, (b) pulse shape and (c) spectrum at propagation distance z=0 cm of 

SF57 fiber with radius r=0.75 μm. 
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Figure 2.18 (a) Spectrogram, (b) pulse shape and (c) spectrum at propagation distance z=0.6 cm 

of SF57 fiber with radius r=0.75 μm. 
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Figure 2.19 (a) Spectrogram, (b) pulse shape and (c) spectrum at propagation distance z=0.8 cm 

of SF57 fiber with radius r=0.75 μm. 

 

 



45 

 

 
 

Figure 2.20 (a) Spectrogram, (b) pulse shape and (c) spectrum at propagation distance z=2 cm of 

SF57 fiber with radius r=0.75 μm. 
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Figure 2.21 (a) Spectrogram, (b) pulse shape and (c) spectrum at propagation distance z=4 cm of 

SF57 fiber with radius r=0.75 μm. 
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As stated before, we have designed a 4-cm long tapered fiber structure shown in Figure 2.7 to 

generate broadband supercontinuum. Figure 2.22 and Figure 2.23 show the simulated SCG, with 

the spectrum extending to ~4.8 μm (within the transmission window of SF57 glass) at the output. 

The peak power and FWHM of the pump pulse are 6 kW and 100 fs, respectively. In this case, 

the second ZDW is red-shifted with the propagation length, leading to a continuous modification 

of the phase-matching condition for dispersive wave emission. Consequently, DWs are produced 

gradually towards longer wavelengths, which makes it possible to significantly broaden the 

output spectrum. In addition, the soliton self-frequency shift is also enhanced since the spectral 

recoil effect that cancels SSFS is decreased. It can be seen that the spectrum is less dense beyond 

2 μm, because energy is transferred from solitons to dispersive waves, spreading out over a large 

spectrum region to form a broad and relatively uniform supercontinuum. The increased soliton 

order in conjunction with the interaction between solitons and DWs through XPM and FWM 

contributes to the flatness of the spectrum as well.  
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Figure 2.22 Pulse evolution and generation of supercontinuum in the proposed microstructured 

fiber taper. The peak power and FWHM of the pump source are 6 kW and 100 fs. 
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Figure 2.23 Spectrograms projected onto temporal intensity (bottom) and spectrum (right) at 

different propagation distances of (a) 0 cm, (b) 0.5 cm, (c) 1.0 cm, (d) 1.5 cm, (e) 2.0 cm, and (f) 

4.0 cm. 
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2.5 Conclusion 

In this chapter I have analyzed optical pulse evolution and supercontinuum generation in a lead 

silicate microstructured fiber taper. The fiber is 4-cm long, with the core size increasing 

gradually along the length. The mechanism of SCG is a combination of linear and nonlinear 

effects including loss, dispersion, self-phase modulation, cross-phase modulation, soliton 

dynamics, dispersive wave emission, stimulated Raman scattering and four-wave mixing. The 

fiber is pumped by a pulse with center wavelength of 1.55 μm, peak power of 6 kW and FWHM 

of 100 fs. Simulation is conducted by numerically solving the generalized nonlinear Schrödinger 

equation, which demonstrates that the broadband output extending to 4.8 μm is caused by the 

continuous modification of the phase matching condition and the emission of dispersive waves 

towards longer wavelengths. 
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Chapter 3 On-Chip Broadband Supercontinuum Generation 

3.1 Introduction 

As stated in the last chapter, supercontinuum generation (SCG) is the broadening of spectrum 

due to various linear and nonlinear optical processes including self-phase modulation (SPM), 

cross-phase modulation (XPM), stimulated Raman scattering (SRS), four-wave mixing (FWM), 

soliton fission and dispersive wave (DW) radiation. So far, many theoretical and experimental 

investigations have been conducted for fiber-based supercontinuum (SC) [1-6]. Specifically, the 

advent of microstructured fibers and photonic crystal fibers (PCFs) has led to significant 

progress in ultra-broadband SCG [7-9]. Moreover, a variety of glass with high nonlinearity, such 

as lead silicate [10-12], fluoride [13] and chalcogenide [14-18], has been introduced as the core 

material. In [10], Leong et al. designed and fabricated PCFs for SCG using lead silicate SF57 

glass and obtained the highest nonlinear parameter ever reported (1860 W
-1

km
-1

 at 1550 nm).  

 

The guidance properties of microstructured fibers have made it possible to engineer the 

dispersion characteristic, which plays a crucial role in efficient supercontinuum generation. By 

changing the dimension of the solid core and the air holes, the zero-dispersion position (ZDP) is 

modified, and multiple ZDPs can be formed. In particular, PCFs with two zero dispersion 

wavelengths (ZDWs) have been demonstrated to enhance SCG [19, 20]. Moreover, non-

uniformly tapered fibers have been designed to further increase the spectral bandwidth, which is 

caused by the continuous shift of the dispersion profile along the propagation distance [11, 13]. 

We have given one example in Chapter 2. 

 

Compared with fibers, rectangular waveguides are more applied in integrated optical devices 



52 

 

with low cost. For this reason, supercontinuum generation in planar waveguides has gained much 

interest recently [21-23]. Note that by proper design of the waveguide geometry, it is possible to 

fabricate planar waveguides with more than one ZDW, similar to PCFs. However, the 

modification of the dispersion profile is quantitatively less significant than in PCFs [21]. Then 

the question arises whether we can apply the dispersion-managing technique in rectangular 

waveguides to enhance spectral broadening.  

 

In this chapter, I report a new design of a 2-cm-long tapered rib waveguide to manage the 

dispersion property for SCG. The Air-SF57-SiO2 rib waveguide continuously increases the etch 

depth along the propagation distance, which shifts the second ZDW towards longer wavelengths. 

Hyperbolic secant input pulses at 1550 nm are launched into this waveguide, and numerical 

simulations demonstrate that the output continuum extends from ~1000 nm to ~4600 nm at -30 

dB level, which covers nearly the whole transmission window of SF57. The results show the 

potential for on-chip supercontinuum generation in integrated optical systems. 

 

3.2 Waveguide Design and Theoretical Model 

We design an Air-SF57 glass-SiO2 rib waveguide for supercontinuum generation as illustrated in 

Figure 3.1, with adjustable parameters including the rib width W, outer slab thickness d and etch 

depth h. Scott SF57 is a commercially available lead-silicate glass mainly composed of SiO2 and 

PbO, with a Pb cationic content of 40-50% [24]. The linear refractive index of SF57 at 1550 nm 

is n = 1.8 [25], which results in an index contrast of 17.6% to the SiO2 substrate, allowing for 

tight modal confinement. The nonlinear refractive index of SF57 measured at 1.06 μm is n2 = 

4.1×10
-19

 m
2
/W, much higher than that of pure silica glass [26]. In our simulation, it is assumed 
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that n2 remains constant over the considered wavelength range, although obtaining accurate n2 

values relies on experimental measurements. The material loss of SF57 glass is 1.6 dB/m at 1550 

nm [27]. Since the OH impurities in oxide glasses can lead to high absorption in the mid-infrared 

region, we suggest dehydration techniques should be applied during the fabrication process to 

greatly reduce the loss (< 50 dB/m) [28]. The transmission window of SF57 glass is limited by 

the multiphonon absorption edge, which is shown in Figure 3.2 [29]. It can be seen that SF57 is 

not transparent beyond the wavelength of 5 μm because of the strong Si-O bonding. Due to the 

short propagation distance of our designed waveguide (2 cm), the absorptive property of SF57 

glass within the transmission window has a minor impact on the generated SC spectrum. 
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Figure 3.1 Cross section of the Air-SF57-SiO2 planar rib waveguide with the rib width W, outer 

slab thickness d and etch depth h, respectively. 

 

 
Figure 3.2 Multiphonon absorption edge of SF57 glass. 
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The dispersion characteristic has been demonstrated to be crucial for SCG. The wavelength-

dependent dispersion profile of the rib waveguide for various h values is shown in Figure 3.3. W 

and d are set to be 4 μm and 0.5 μm, respectively. The calculation is done by a full-vector finite 

difference mode solver for the fundamental TM mode [30]. It can be seen that the waveguide 

dispersion depends strongly on the geometrical design, which provides an efficient method to 

control the total chromatic dispersion. Note that for small h (< 0.83 μm), a second ZDW exists, 

and it shifts to shorter wavelengths while h is decreasing. For comparison, the material 

dispersion of SF57 bulk glass is also plotted, with a single ZDW at 1970 nm.   

 

Based on the dispersion property, I design a tapered waveguide structure illustrated in Figure 3.4. 

The waveguide is 2 cm long, with W = 4 μm and d = 0.5 μm. The etch depth h continuously 

increases from 0.6 μm to 0.9 μm along the propagation distance z by the following relationship: 

1
3

0
0

[1 ( ) ]
z

h h
z

                                                                                                                                                   (3.2.1) 

where h0 = 0.6 μm and z0 = 16 cm. Note that planar waveguides with a tapered height have been 

fabricated for different applications [31-33].  
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Figure 3.3 Dispersion profile of SF57 rib waveguide with varying etch depths h. The rib width W 

and outer slab thickness d are 4 μm and 0.5 μm, respectively. 

 

 

Figure 3.4 Schematic of the tapered SF57 rib waveguide. 
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Consider hyperbolic secant input pulses centered at 1550 nm. The optical field of the input pulse 

takes the form P
1/2

sech(T/T0), where P = 5 kW denotes the peak power and the full width at half 

maximum (FWHM) is 1.763T0 = 100 fs. The pulse evolution in the tapered rib waveguide is 

numerically simulated by the generalized nonlinear Schrödinger equation (GNLSE): 

    
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 
                                                     (3.2.2) 

here, A(z,t) is the pulse envelope evolving slowly along the planar waveguide, for which a 

retarded frame of reference moving at the group velocity vg of the input pulse is introduced such 

that T = t - z/vg. α is the linear propagation loss and βk denote the Taylor-series expansion 

coefficients of the propagation constant β(ω) around the center frequency ω0. γ is the nonlinear 

parameter defined as γ(ω0) = n2(ω0)ω0/(cAeff), where n2 is the nonlinear refractive index, c is the 

speed of light and Aeff = (∫∫|E|
2
dxdy)

2
/(∫∫|E|

4
dxdy) is the effective mode area, respectively. The 

nonlinear response function R(T) = (1-fR)δ(T)+fRhR(T) includes both the instantaneous electronic 

response indicated by the delta function, and the delayed Raman contribution represented by 

hR(T). For SF57 glass, fR = 0.1 and the Raman response function can be expressed as [34]: 

2 2

1 2

2

2 11 2

( ) exp( )sin( )R

t t
h t

 

  


                                                                                                                          (3.2.3) 

in which τ1 = 5.5 fs and τ2 = 32 fs. The left side of equation (3.2.2) models the linear propagation 

effects, while the right side models the nonlinear effects. The GNLSE is numerically solved by 

the split-step Fourier method (SSFM) [35]. 

 

3.3 Simulation Results 

We first consider uniform waveguide structure with a constant height and a single ZDW. Figure 

3.5 shows the output spectrum of the waveguide with h = 1 μm after 2-cm propagation. The 



58 

 

ZDW locates at 1230 nm, and the center wavelength of the incident light (1550 nm) is in the 

anomalous dispersion regime and close to the ZDW. This has been demonstrated to be the 

optimum condition for the input wavelength to generate supercontinuum efficiently by enabling 

soliton dynamics. It is shown that the output SC spans from 900 nm out to 2500 nm at -30 dB 

level. In this situation, the spectral components on the long-wavelength side are mainly formed 

by soliton-self-frequency shift (SSFS), while the emission of dispersive waves (DWs) is 

responsible for the short-wavelength components only. 

 

Next consider uniform waveguides with a second ZDW. The seed wavelength lies between the 

first and second ZDWs in the anomalous dispersion regime. The pump parameters remain the 

same, i.e., P = 5 kW and FWHM = 100 fs. Figure 3.6 and Figure 3.7 illustrate the simulated 

output spectra when h is set at 0.65 μm and 0.7 μm, respectively. Note that for h = 0.65 μm, the 

first and second ZDWs are 1200 nm and 1980 nm; for h = 0.7 μm, the first and second ZDWs are 

1200 nm and 2130 nm. Both results exhibit supercontinuum extending to over 3000 nm, wider 

than that in Figure 3.5. Here the SCG originates from a two-stage mechanism. Due to abnormal 

dispersion, high–order solitons are injected into the waveguide, with the order expressed by: 

2
0

2

D

NL

PTL
N

L




                                                                                                                                             (3.2.4) 

in which LD = T0
2
/|β2| is the dispersion length and LNL = 1/γP is the nonlinear length. N turns out 

to be 12 for h = 0.65 μm and 10 for h = 0.7 μm. The input pulses undergo soliton fission and the 

pulse envelope breaks up into fundamental solitons, which approach the 2nd ZDW due to the 

Raman shift effect. In the second stage, when the spectrum extends across the second ZDW, 

dispersive waves are emitted (peak at 3100 nm for h = 0.65 μm and 3500 nm for h = 0.7 μm) 

towards the normal dispersion regime if the phase matching condition is satisfied. During this 
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process, the solitons transfer the energy to the DWs, providing an effective way to generate 

broadband spectrum. 
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Figure 3.5 Output spectrum for SF57 rib waveguide with h = 1 μm. The red solid line near 1550 

nm represents the input pulse spectrum. 

 

Figure 3.6 Output spectrum for uniform SF57 rib waveguides with h = 0.65 μm. The red solid 

line near 1550 nm represents the input pulse spectrum. 

 

Figure 3.7 Output spectrum for uniform SF57 rib waveguides with h = 0.7 μm. The red solid line 

near 1550 nm represents the input pulse spectrum. 
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As stated before, I have studied SCG in a tapered SF57 rib waveguide with the structure 

specified by equation (3.2.1). Figure 3.8 shows the simulated spectrum evolution of the incident 

pulse (P = 5 kW, FWHM = 100 fs) traveling in the waveguide if optical loss is ignored in the 

simulation. The effective mode area Aeff at the input is equal to 3.2 μm
2
, yielding a nonlinear 

parameter γ of 0.52/W/m at 1550 nm, roughly 500 times that of a conventional single-mode 

fiber. The generated spectrum has a 30 dB bandwidth from ~1000 nm to ~6000 nm. Since the 

continuum extends over the multiphonon absorption edge, the loss should be considered, which 

is shown in Figure 3.9. It can be seen that the output spectrum reaches ~4600 nm, still greater 

than that of uniform waveguides. 

 

To understand the simulation results, note that the dimension of the waveguide at the input is 

carefully designed so that a second ZDW exists and the incident light is within anomalous 

dispersion regime. Therefore, the input pulses undergo soliton fission and DW emission across 

the upper ZDW, as described before. However, for the tapered waveguide with an increasing 

height, the 2nd ZDW is shifted along the propagation distance, leading to a continuous 

modification of the phase-matched wavelength for DW emission. This allows the DW to be 

produced towards longer wavelengths and thus significantly broadens the output 

supercontinuum. Clearly, different taper structures other than that described by equation (3.2.1) 

may be used, but the tapering rate should be optimized to ensure that the energy transfer from 

solitons to DWs is the most efficient. Figure 3.10 compares the output spectra for various 

tapering rates, with h = h0[1+ z/z0)
k
] in which h0 = 0.6 μm and k is set to be 1 (linear form), 1/3 

and 1/6, respectively. The parameter z0 is adjusted so that h remains 0.9 μm at the exit. It can be 

seen that the waveguide taper described by equation (3.2.1) gives the broadest supercontinuum. 
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This is because if the ZDW varies too rapidly, there may be no spectral overlap of solitons and 

DWs, hence the solitons cannot transfer their power to the DWs across the ZDW, and the 

spectrum cannot spread out; on the other hand, if the ZDW shifts too slowly, the solitons may 

lose most of the energy before the DWs with longer wavelengths are emitted. Note that our result 

is comparable with that presented in [11], where a 4-cm SF57 fiber taper was proposed to 

produce supercontinuum reaching ~4.8 μm. We have predicted output spectrum with similar 

bandwidth from a shorter planar waveguide structure. In [21], a TAFD5 rib waveguide with two 

ZDWs was predicted to generate supercontinuum from 750 nm to 2400 nm due to non-solitonic 

radiation. However, the Raman response was negligible, which limited the soliton frequency 

shift and dispersive wave emission, thus the tapering technique may not be applicable for that 

waveguide. In [23], SC was produced by a dispersion engineered chalcogenide planar 

waveguide. The spectral broadening was mainly caused by four-wave mixing rather than soliton 

fission.  
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Figure 3.8 Spectrum evolution along the propagation distance for the proposed tapered SF57 rib 

waveguide if loss is ignored in the simulation. 

 

 
 

Figure 3.9 Effect of loss on the output continuum. 
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Figure 3.10 Output spectra for different tapering rates: h = h0[1+(z/z0)
k
], where (a) k = 1 (linear 

form), (b) k = 1/3, and (c) k = 1/6. 
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3.4 Conclusion 

In this chapter, I have designed a tapered Air-SF57 glass-SiO2 rib waveguide for supercontinuum 

generation. The 2-cm long waveguide has a gradually increasing etch depth along the 

propagation distance given by h = h0[1+(z/z0)
1/3

] (h0 = 0.6 μm and z0 = 16 cm), which shifts the 

second ZDW towards longer wavelengths. By launching into hyperbolic secant pulses with 

center wavelength of 1550 nm, peak power of 5 kW and full width at half maximum of 100 fs, 

the output spectrum is broad spanning from ∼1000 nm to ∼4600 nm at -30 dB. If the 

transmission window of the SF57 glass material is wider, even broader spectrum (∼1000 nm to 

∼6000 nm) is expected. This waveguide design may be important for on-chip broadband SC 

sources. 
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Chapter 4 Coherence Properties of Supercontinuum Generated in  

Dispersion-Tailored Optical Waveguides 

4.1 Introduction 

As stated before, supercontinuum generation (SCG) is the broadening of optical pulse spectrum 

due to various linear and nonlinear optical phenomena. Besides the spectral bandwidth, the 

coherence property of supercontinuum is also an important feature, which indicates the 

instability of output due to input pulse noise [1]. From a practical point of view, the SC light 

source is required to be highly stable and insensitive to noise in some special scenarios. For 

example, coherent broadband light source is demanded in optical coherence tomography (OCT) 

technology to obtain high resolutions [2]. In DWDM optical communication systems, the 

stability of the spectrum is also a critical parameter because of the close spacing between 

adjacent channels. Therefore, different methods for characterizing the SC coherence properties 

have been developed [3, 4], and a lot of researches have been conducted both theoretically and 

experimentally to produce supercontinuum with excellent coherence [5-14]. In [3], a convenient 

way to quantify the degree of supercontinuum coherence was described, which was then used to 

theoretically study the SC spectra generated in optical fibers. The results showed strong 

dependence on the duration and center wavelength of the input pulse. Genty et al. [4] introduced 

a new approach which allowed for complete characterization of supercontinuum coherence. 

Their results demonstrated that supercontinuum light could be separated into quasi-coherent and 

quasi-stationary parts based on the pump pulse parameters. In [14], a ZBLAN non-uniform fiber 

taper was designed. It was numerically demonstrated to generate supercontinuum extending from 

~1.5 μm to ~3 μm, with nearly perfect coherence degree over the entire spectral range. 
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In this Chapter, I numerically simulate the coherence properties of the supercontinuum generated 

in dispersion-tailored lead-silicate optical waveguides presented in Chapter 2 and Chapter 3. As 

stated before, the SF57 tapered fiber and tapered planar waveguide were geometrically designed 

to engineer the total chromatic dispersion, which was demonstrated to be an efficient method to 

extend the spectrum towards longer wavelengths (~5 μm). Investigation of the coherence 

property indicates that perfectly coherent spectrum can be obtained by properly adjusting the 

pump pulse parameters such as peak power and pulse width. 

 

4.2 Theoretical Model  

The inclusion of noise effect in the input pulse leads to both intensity and phase instability of the 

output continuum. Here we consider only the quantum-limited shot noise in the light source, and 

ignore the spontaneous Raman fluctuations along the waveguide length [1]. The phase stability 

property can be modeled quantitatively by calculating the modulus of the complex degree of 

first-order coherence function introduced by Dudley and Coen [3]: 
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here E(λ) is the SC electric field and the angle brackets represent averaging over the 

independently generated SC pairs [E1(λ), E2(λ)]. Experimentally, it can be measured by 

conducting a modified Young’s two-source experiment. Mathematically, it has been proved that 

equation (4.2.1) can be approximated by [4]: 
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in which N is the total number of SC realizations. It is also useful to define the overall degree of 

coherence across the entire spectrum as: 

   
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           (4.2.3) 

both |g12(λ)| and <|g12|> are bounded in the interval [0, 1], with 0 indicating incoherence and 1 

indicating full coherence. 

 

On the other hand, the intensity stability can be characterized using relative intensity noise 

(RIN), which is defined by the power noise normalized to the average power level. Nonetheless, 

it should be noted that RIN and |g12(λ)| are strongly correlated to each other, and the dependence 

of them on input pulse parameters is expected to follow similar trends. Therefore, we only 

calculate phase stability |g12(λ)| as a function of wavelength to analyze the supercontinuum 

coherence property. 

 

The degree of coherence is computed by adding different quantum noise seeds in the input field, 

and numerically solving the GNLSE to produce independent SC realizations. The random noise 

in every temporal discrete bin of the input field is modeled as a stochastic variation with the 

standard deviation equal to the square root of the number of photons in that bin. 

 

4.3 Simulation Results and Discussions 

We have calculated the modulus of the degree of coherence function |g12 (λ)| under different 

pump conditions by simulating an ensemble of 100 SC output spectra with random quantum 

noise. It turns out that the coherence degree is quite sensitive to the width and peak power of the 
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input pulse. 

 

4.3.1 Coherence Properties of Supercontinuum Generated in Dispersion-Tailored Lead-

Silicate Fiber Taper 

A microstructured fiber taper has been designed in Chapter 2 to generate broadband 

supercontinuum extending to ~4.8 μm wavelength. In Figure 4.1 we plot the mean spectra and 

degree of coherence for various input pulse widths (FWHM), with the peak power fixed at 6 kW. 

It can be seen that although the spectra span from ~1 μm to ~5 μm in all the cases, the 

supercontinuum is more coherent for shorter input pulse duration. For example, with 200-fs-wide 

input pulses, |g12|is close to one from ~2.5 μm to ~5 μm in the output SC spectrum, which drops 

nearly to zero across the same wavelength region for 350-fs pump pulse duration.  

 

Figure 4.2 shows the dependence of the coherence degree on the pump peak power, with 200 fs 

FWHM. The results demonstrate that as the peak power increases, the spectral components of the 

generated SC become less coherent, while the spanning of spectrum is comparable. Specifically, 

for 5-kW pulses, |g12| is nearly 1 across the entire spectrum (1 μm~5 μm) and the 

supercontinuum is fully coherent.  We also notice that due to fluctuation in the output spectrum, 

the spectral fine structure can be washed out and the mean spectrum appears artificially smooth 

when the coherence is low. This can be experimentally observed when using an optical spectrum 

analyzer with a long integration time.  

 

Figure 4.3 shows the overall degree of coherence <|g12|> calculated with diverse input pulse 

parameters, which confirms the relationship between the coherence property of the generated SC 
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and the pumping conditions. The results above imply that coherence can be improved by 

appropriately decreasing the peak power and width of the input pulses launched into the SF57 

fiber taper. Note that the power level should still be high enough to invoke nonlinear optical 

effects.  
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Figure 4.1 Mean spectra and coherence degree |g12 (λ)| for input pulses with peak power of 6 kW 

and FWHM of (a) 200 fs, (b) 250 fs, (c) 300 fs, and (d) 350 fs. 
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Figure 4.2 Mean spectra and coherence degree |g12 (λ)| for input pulses with FWHM of 200 fs 

and peak power of (a) 5 kW, (b) 7 kW, (c) 9 kW, and (d) 13 kW. 
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Figure 4.3 Overall coherence degree <|g12|> versus (a) input pulse peak power (with pulse width 

shown), and (b) input pulse width (with peak power shown). 
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4.3.2 Coherence Properties of Supercontinuum Generated in Dispersion-Engineered 

Tapered Planar Waveguide 

Figure 4.4 plots the coherence degree of the output spectrum from the tapered planar waveguide 

designed in Chapter 3. The generated SC possesses excellent coherence with |g12(λ)| equal to 1 

over the entire spectral range. We also study the coherence property for different pump pulse 

parameters as shown in Figure 4.5 and Figure 4.6. Although the SC spectra span from ~1 μm to ~ 

4.6 μm in all cases, the degree of coherence is higher for shorter durations and lower power. The 

shot-to-shot variation in the temporal intensities is also shown in the graphs which will be used 

for further discussion below. In Figure 4.7, we depict the overall coherence degree <|g12|> for 

different pumping conditions. Similar to those obtained from tapered fibers, the results confirm 

that it is possible to generate ultrawide and fully coherent supercontinuum from the tapered 

planar rib waveguide with appropriate choice of the pumping conditions. 

 

 

Figure 4.4 Coherence degree |g12 (λ)| of the output spectrum generated from the designed tapered 

planar waveguide. 
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Figure 4.5. Spectra and coherence degree |g12 (λ)| for input pulses with peak power of 7 kW and 

FWHM of (a) 100 fs, (b) 200 fs, and (c) 250 fs. The temporal intensities for three simulations 

with random noise are shown on the right. 
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Figure 4.6. Spectra and coherence degree |g12 (λ)| for input pulses with FWHM of 200 fs and 

peak power of (a) 6 kW, (b) 9 kW, and (c) 11 kW. The temporal intensities for three simulations 

with random noise are shown on the right. 
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Figure 4.7 Overall degree of coherence <|g12|> versus: (a) input pulse peak power (with different 

pulse FWHM shown) and (b) input pulse width (with different peak power shown). 
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4.3.3 Physical Mechanisms of Coherence Degradation 

The mechanism of the coherence degradation can be understood as the competition between 

soliton-fission process and modulation instability (MI). MI is the splitting of wave into pulse-like 

structures based on the amplification of noise fluctuations. In soliton-fission process, the phase 

relationship of the pulse is maintained, and the generated spectral components are fully coherent. 

However, as is shown in Equation (3.2.4), the soliton number N increases for a pump pulse with 

longer duration or larger power. In this case, MI rather than soliton fission starts to dominate the 

breakup of the input pulse envelope in the early stage of spectrum broadening. The noise-seeded 

feature of MI leads to the fluctuation of the spectral phase and amplitude, and the induced 

frequency components become completely incoherent. This can be seen in Figures 4.5 and 4.6, 

where the temporal intensities for three simulations with random quantum noise are plotted. With 

low pulse width and peak power, the noise has a small impact on the pulse propagation, and the 

output temporal profile is stable. As the soliton number becomes larger, the temporal intensity 

exhibits the build-up of fast oscillations with random phase and amplitude, which indicates the 

occurrence of MI. Therefore, it is necessary to launch pulses with sufficiently short width and 

low power to achieve coherent SCG. It should be also noted that the coherence degree remains at 

a relatively high level around the pump center wavelength, as shown in Figure 4.1 and Figure 

4.2. The reason is this small spectral region is mainly affected by self-phase modulation process 

and is not seriously perturbed by MI. 

 

4.4 Conclusion 

In this chapter, I have theoretically studied the coherence properties and noise sensitivities of the 

supercontinuum generated in dispersion-tailored lead-silicate optical waveguides including 
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microstructured fiber taper and tapered rib waveguide. The results indicate that the degree of 

coherence strongly depends on the parameters of the input pulse. For higher peak power or 

longer pulse width, significant coherence degradation can be observed, resulting from the 

competition between soliton-fission process and noise-seeded modulation instability. This work 

shows that it is possible to obtain a highly coherent and broadband supercontinuum with 

appropriate pumping conditions. 
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Chapter 5 On-Chip Flat Octave-Spanning Supercontinuum Generation 

5.1 Introduction 

Supercontinuum generation can be utilized in frequency metrology, optical coherence 

tomography, pulse compression, phase stabilization and many other applications. In particular, 

spectral uniformity or ripple over a wide wavelength range is a practically crucial parameter in 

some scenarios such as dense wavelength division multiplexing (DWDM) technology, which has 

been widely used in optical communications industry [1, 2]. It is well known that dispersion, 

nonlinearity and loss are the key factors in supercontinuum evolution [3-6]. When pumping in 

the normal dispersion regime, self-phase modulation and Raman effects dominate the spectral 

broadening [7, 8]; by contrast, in the anomalous dispersion regime, supercontinuum is dominated 

by soliton dynamics and modulation instability [9, 10]. Beyond the wavelength of ~2 μm, the 

onset of loss in conventional silica fibers motivates the use of soft glasses with wider 

transmission window such as fluoride [11], lead silicate [12-14], tellurite [15] and chalcogenide 

[16, 17]. Furthermore, the high intrinsic nonlinearities of non-silica materials also reduce the 

pump power requirement for SCG.  

 

Recent progress of waveguide tapering technique has provided great opportunities for broadband 

supercontinuum. For example, a pressure-assisted melt-filling technique was applied to fabricate 

a chalcogenide-silica double-nanospike waveguide for mid-infrared (mid-IR) SCG [18]. In [19], 

octave-spanning supercontinuum was generated in in situ tapered chalcogenide fiber. It is shown 

that the spectral dispersion profile can be controlled by changing the structure and dimension of 

the tapered fibers. Based on this principle, non-uniformly tapered fibers with longitudinally-

varying dispersion have been devised to generate continuum more efficiently [11-12, 20]. In [20], 
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Mori et al. presented the generation of flat and broadened spectrum in fibers with dispersion-

decreasing convex profile. Chen et al. [11] described a method for mid-IR one-octave SCG in 

which the core size of a fluoride fiber was exponentially decreased to shift the zero dispersion 

wavelength (ZDW). In [12], numerical simulation predicted SC extending to ~ 4.8 μm in a lead 

silicate microstructured fiber with increasing core radius. 

 

Compared to fiber-based nonlinear devices, planar waveguides are usually shorter and more 

applied in integrated optical systems with low cost. For this reason, supercontinuum generation 

in planar waveguides has gained much attention recently [21-27]. In [23], a dispersion-

engineered highly nonlinear chalcogenide planar waveguide was experimentally demonstrated to 

acquire SC with a -60 dB bandwidth of over an octave. Zhang et al. [24] obtained an octave-

spanning continuum from a silicon chip which achieved small and flat dispersion over wide 

bandwidth. Yu et al. [25] produced SC in a chalcogenide rib waveguide with ultrawide spectral 

width up to two octaves. Besides, supercontinuum has also been studied in several 

semiconductor planar waveguides such as hydrogenated amorphous silicon [26] and silicon 

nitride [27], with the advantage over silicon of lower nonlinear absorption. 

 

These results indicate the possibility of dispersion management by modifying the planar 

waveguide geometry, similar to fibers. Then this raises the question of whether tapered 

rectangular waveguides can also enhance the efficiency of SCG processes to obtain a broadband 

and flat spectrum with low pump power and short waveguide length, which has been rarely 

addressed. Previously we reported the theoretical result of two-octave spanning SC in a 

dispersion-engineered tapered rib waveguide [28, 29]; however, the pump energy was relatively 
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high (~1 nJ) and the unevenness of the output spectrum could be detrimental in specific 

applications. 

 

In this chapter, I report the design of a short tapered planar waveguide with varying dispersion 

along the propagation distance for supercontinuum generation. I discuss the specific dynamics 

and characteristics of pulse evolution in this waveguide structure, and prove the improvement in 

energy transfer towards mid-IR wavelengths. By launching into hyperbolic secant pulses with 

45-pJ energy (0.8-kW peak power and 50-fs FWHM) at 1.55 μm, the generation of near-octave 

continuum with simultaneous wide bandwidth and outstanding flatness is achieved. The results 

show the potential of on-chip flat supercontinuum in particular applications. 

 

5.2 Waveguide Design and Modelling 

We consider a rib waveguide of SF57 glass on silica with rib width W = 4 μm, outer slab 

thickness d = 0.5 μm and etch depth h, as depicted in Figure 5.1. The upper cladding is air. Scott 

SF57 is a commercially available lead-silicate glass primarily composed of SiO2 and PbO, with a 

Pb cationic content of 40-50% [30]. Compared to other compound glasses such as chalcogenide 

and heavy metal oxide glasses, SF57 exhibits higher thermal and crystallization stability and less 

steep viscosity curve with low softening temperature [31, 32]. The linear refractive index at the 

wavelength of 1.55 μm is 1.8 [33], which leads to an index contrast of 17.6% to the silica 

substrate for tight modal confinement. The nonlinear index is n2 = 4.1×10
-19

 m
2
/W at 1.06 μm, 

much higher than that of pure silica glass (2.7×10
-20

 m
2
/W at 1.06 μm) [34]. The material 

intrinsic loss measured at 1.55 μm is 1.6 dB/m [32]. Multiphonon absorption determines the 

transmission limit at long wavelengths, and SF57 glass turns out to lose transparency beyond 5 
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μm due to strong Si-O bonding [35]. Because of the short length of our designed waveguide (1.8 

cm), the absorptive property within the transmission window has a minor impact on 

supercontinuum propagation. 

 

Figure 5.2 shows the wavelength-dependent dispersion profiles of the rib waveguides with 

different etch depths for the fundamental TM mode (vertically polarized). The material 

dispersion of SF57 bulk glass is also plotted for comparison. It can be seen from these curves the 

waveguide dispersion is strong enough to overcome the normal material dispersion at short 

wavelengths. Specifically, as the etch depth is increased from 0.55 μm to 0.70 μm, the second 

zero dispersion position is shifted towards longer wavelengths from 1.69 μm to 2.14 μm. On the 

contrary, it is worth noting that the dispersion profile does not change significantly by varying 

the rib width, as illustrated in Figure 5.3. In particular, for a waveguide with h = 0.6 μm and d = 

0.5 μm, the ZDWs almost remain the same if W is altered from 3.5 μm to 4.5 μm. Therefore, the 

dispersion can only be controlled effectively by varying the etch depth. Since the waveguide is 

not fully etched and the rib height is much smaller than the width, the horizontally polarized TE 

mode experiences less waveguide dispersion than TM mode. Figure 5.4 shows the effective 

mode area as a function of wavelength for different etch depths and Figure 5.5 gives examples of 

the mode fields at 1.55 μm with h = 0.55 μm and h = 0.70 μm where the effective mode areas are 

3.17 μm
2
 and 3.33 μm

2
, respectively, demonstrating tight modal confinement. 
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Figure 5.1 Cross section and parameters of the Air-SF57-SiO2 planar rib waveguide. 

 

 

 

 

 

 

 

 



85 

 

 

Figure 5.2 Spectral dispersion profiles of SF57 rib waveguides with different etch depths h (W = 

4 μm, d = 0.5 μm). 

 

 

Figure 5.3 Spectral dispersion profiles of SF57 rib waveguides with different rib widths W (h = 

0.6 μm, d = 0.5 μm). The ZDWs do not change significantly when W is altered. 
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Figure 5.4 Effective mode areas of SF57 rib waveguides with different etch depths h (W = 4 μm, 

d = 0.5 μm). 

 

 

Figure 5.5 Mode fields for the fundamental TM mode at the wavelength of 1.55 μm when the 

etch depth is (a) 0.55 μm and (b) 0.70 μm (W = 4 μm, d = 0.5 μm). The effective mode areas are 

3.17 μm
2
 and 3.33 μm

2
, respectively. 
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Based on the characteristics of the total dispersion, we have designed a vertically tapered 

structure for SCG as illustrated in Figure 5.6. The 1.8-cm long waveguide consists of three 

regions (denoted as I, II and III) with varying height along the propagation direction z. The etch 

depths h at the input and output are 0.55 μm and 0.70 μm, respectively. In region II, the 

waveguide is gradually etched from z = 1 cm to z = 1.375 cm such that h increases linearly. Note 

that planar waveguides with tapered height have been fabricated for different applications [36-

38]. 

 

Supercontinuum propagation is simulated by launching into hyperbolic secant pulses centered at 

telecommunication wavelength of 1.55 μm. The peak power and full width at half maximum 

(FWHM) are 0.8 kW and 50 fs respectively, resulting in total pulse energy of 45 pJ. Note that the 

launched energy density is ~10
-3

 J/cm
2
, well below the typical optical damage threshold of 1~100 

J/cm
2
 for optical glasses [39]. The generalized nonlinear Schrödinger equation (GNLSE) is 

numerically solved to model the pulse evolution. 

 

When characterizing the evolving optical field, it is useful to introduce the frequency-resolved 

optical gating (FROG) technique by calculating the spectrogram, a function displaying the field 

in time and frequency domains simultaneously [40]. With the field E(t) to be analyzed, the 

spectrogram is defined by: 

2

( )= ( ) ( ) i tS E t g t e dt  





，             (5.2.1) 

where g(t - τ) is a variable-delay gate function. In our simulation, the gate function used is the 

femtosecond input pulse. 
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Figure 5.6 (a) Schematic of the tapered SF57 rib waveguide with longitudinally varying height. 

(b) Side view of the waveguide structure divided into three segments (I, II and III). The etch 

depth raises linearly from 0.55 μm to 0.70 μm in region II (z = 1-1.375 cm). 
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5.3 Simulation Results and Discussions 

5.3.1 Soliton Fission and Dispersive Wave Generation in Uniform Planar Waveguides 

We start with pulse propagation through uniform waveguide structures with various dispersion 

profiles. Figure 5.7 and Figure 5.8 illustrate the pulse evolution along z and output spectrograms 

at z = 1.8 cm when the etch depths are 0.60 μm and 0.70 μm, respectively. It should be noted the 

pump wavelength of 1.55 μm is in the anomalous dispersion regime, and SCG in this case is 

dominated by soliton dynamics. With a sech
2
 input pulse, the injected soliton order is expressed 

as: 

2
0

2

D

NL

PTL
N

L




               (5.3.1) 

where P is the peak power, T0 is the pulse width (FWHM = 1.763T0), LD = T0
2
/|β2| is the 

dispersion length and LNL = 1/γP is the nonlinear length. During the initial stage, the soliton 

undergoes temporal compression and spectral broadening. However, when the bandwidth 

reaches its maximum, the evolution begins to deviate from the ideal periodic behavior of a high-

order soliton due to the perturbations of high-order dispersion and Raman effects. Instead, the 

pulse envelope breaks up into a train of N fundamental solitons, which is known as the soliton 

fission process. Generally, fission occurs at the distance of Lfiss ~ LD/N. The pulse and 

waveguide parameters give N = 2.6 and Lfiss ~ 0.62 cm for h = 0.60 μm, while N = 2.0 and Lfiss ~ 

0.50 cm for h = 0.70 μm. As a result of Raman scattering, the center wavelengths of the ejected 

solitons are continuously red-shifted. 
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Figure 5.7 Pulse evolution (a) in the wavelength domain and (b) in the time domain, for a 

waveguide with h = 0.60 μm. Soliton fission length is Lfiss ~ 0.62 cm. (c) Output spectrogram 

projected onto temporal intensity (bottom) and spectrum (right). 
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Figure 5.8 Pulse evolution (a) in the wavelength domain and (b) in the time domain, for a 

waveguide with h = 0.70 μm. Soliton fission length is Lfiss ~ 0.50 cm. (c) Output spectrogram 

projected onto temporal intensity (bottom) and spectrum (right). 
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The presence of high-order dispersion also causes the emission of dispersive waves (DWs) by 

the fundamental solitons. As can be seen in Figure 5.7 and Figure 5.8, the energy is transferred 

from solitons to the generated dispersive waves in the normal dispersion regime on short-

wavelength side of the first ZDW as well as long-wavelength side of the second ZDW. It is 

necessary to satisfy the phase matching condition for DW radiation at the angular frequency ωDW. 

If Psol is the peak power of the soliton at ωsol, the condition can be written as: 

 sol

2

( )

2 !

kk sol

DW sol

k

P

k

  
 



             (5.3.2) 

Essentially equation (5.3.2) indicates the match between the wavenumbers of solitons (left side) 

and DWs (right side). Based on the specified pulse parameters, Figure 5.9 shows the calculated 

phase matched DW wavelengths across the 2nd ZDW in the mid-IR region, corresponding to 

waveguides with different heights. As the rib height is increased and the second ZDW is red-

shifted, DWs are emitted towards longer wavelengths, leading to an increasing frequency 

detuning (δ = ωsol - ωDW) between solitons and DWs. However, the amplitude of the radiation 

exponentially decreases with larger δ [41], and since the DW resonance is narrow-band, the 

spectral broadening is significantly mitigated by a gap between the pump and DW components. 

This is shown evidently in Figure 5.8 (c), where most of the energy is concentrated on the 

solitons rather than the dispersive waves. Therefore, SCG in a uniform SF57 planar waveguide is 

not sufficiently efficient to obtain a spectrum with excellent bandwidth and flatness 

simultaneously. Quantitatively, we find that the output spectra from the waveguides with h = 

0.60 μm and h = 0.70 μm both decrease from the maximum by 20 dB at the wavelength of 1.9 

μm, and by 40 dB at 2.4 μm. 
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Figure 5.9 Phase matched dispersive wave wavelengths across the second ZDW for different 

waveguide etch depths. 
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5.3.2 Supercontinuum Generation in the Dispersion-Varying Planar Waveguide  

The simulated propagation of a pulse with 0.8 kW peak power and 50 fs FWHM in the short 

tapered waveguide proposed in Section 5.2 is shown in Figure 5.10 and Figure 5.11. The output 

spectrum at z = 1.8 cm is broad and flat in the mid-IR range, with 20-dB bandwidth spanning 

nearly one octave from 1.31 μm to 2.53 μm, and 40-dB bandwidth from 1.07 μm to 2.58 μm, as 

shown in Figure 5.12. The effective mode area Aeff at the input is 3.17 μm
2
, yielding a nonlinear 

parameter γ of 0.52 /W/m at 1.55 μm, roughly 500 times that of a conventional single-mode fiber. 

In region I (z = 0-1 cm) where the etch depth is 0.55 μm as depicted in Figure 5.6, the pulse 

experiences the initial phase of temporal compression and spectral broadening. Soliton fission 

and dispersive wave emission take place near the end of this region, since the fission length Lfiss 

when h = 0.55 μm is approximately 0.9 cm. In region II from z = 1 cm to z = 1.375 cm, the rib 

has a tapered structure with a linearly increasing height. As a result, the upper ZDW of the 

dispersion profile is shifted along the propagation distance, which causes a continuous 

modification of the phase matching condition. This allows the DWs to be produced gradually 

towards longer wavelengths, as illustrated in Figure 5.10 and Figure 5.11. The solitons continue 

to transfer energy to the dispersive wave components in region III, leading to sufficient growth 

of the spectral power over the entire spectrum. In this way, the spectral unevenness caused by the 

gap between solitons and DWs is successfully overcome, and the designed dispersion-varying 

planar waveguide clearly contributes to enhancing the efficiency of SCG process. In Figure 5.13, 

the output mode field quality for a few generated wavelengths (1.3, 1.7, 2.1 and 2.5 μm) is 

illustrated. 
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Figure 5.10 Pulse evolution through the tapered planar waveguide (a) in the wavelength domain 

and (b) in the time domain. 
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Figure 5.11 Spectrograms projected onto temporal intensity (bottom) and spectrum (right) at 

different propagation distance. 
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Figure 5.12 Output supercontinuum of the tapered waveguide with 20-dB and 40-dB bandwidths 

shown. 

 

 

Figure 5.13 The output mode fields at several wavelengths generated through SCG: (a) 1.3 μm; 

(b) 1.7 μm; (c) 2.1 μm and (d) 2.5 μm. 
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Note that other taper structures may also be effective. Nonetheless, the shift of dispersion along 

the waveguide length should be optimized to ensure efficient energy transfer. If the ZDW varies 

too rapidly, the amplification of DW power is suppressed, and the spectrum cannot spread out; 

on the other hand, if the ZDW shifts too slowly, the solitons may lose most of the energy before 

DWs at longer wavelengths are emitted. This is shown in Figure 5.14, in which the spectrum 

evolution through waveguides with different tapering lengths (i.e., the lengths of region II) 

demonstrates the significance of optimization of the waveguide structure. With tapering lengths 

of 0.075 cm, 0.225 cm, 0.525 cm and 0.675 cm, the resulting mid-IR spectra at -20 dB level are 

1.63~2.51 μm, 1.49~2.48 μm, 1.31~2.30 μm and 1.32~2.25 μm, respectively, narrower than the 

optimized waveguide geometry (tapering length of 0.375 cm). Therefore, the dispersion 

characteristic should be carefully tailored to achieve desired output spectrum. Meanwhile, the 

resulting supercontinuum is also sensitive to the pump parameters. In this work, we choose the 

input pulse with 0.8-kW peak power and 50-fs duration to ensure low pulse energy as well as 

high soliton order (N = 2~3). If pumping with pulses of longer durations such that N ≫ 10, 

modulation instability rather than soliton fission will play dominant roles in SCG [10].  

 

Our result is comparable with that presented in [11], where a 600-cm non-uniform fluoride fiber 

taper with blue-shifted ZDW was designed to produce one-octave continuum spanning 1.5-3 μm. 

It was pumped by pulses with 8.8 kW peak power and 1 nJ energy. We have predicted SCG with 

similar bandwidth from a planar waveguide with substantially shorter length and lower pump 

energy (45 pJ). In [24], flat SC extending from 1.2 μm to 2.5 μm at -33 dB level was obtained 

from a silicon chip. The input pulse energy was as low as 6.8 pJ and the propagation distance 

was 6 mm. The flatness of the output spectrum was achieved by embedding a nanoscale slot in 
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the rib to flatten the dispersion profile. However, it turned out SCG in silicon could seriously 

suffer from two-photon absorption in some cases. We have proposed a different approach that 

further improves the spectral uniformity (with similar bandwidth at -20 dB level).  

 

5.4 Conclusion 

In this chapter, I have proposed a tapered SF57 rib waveguide for flat mid-IR supercontinuum 

generation. The waveguide length is 1.8 cm, and the etch depth increases linearly from 0.55 μm 

to 0.70 μm in the segment of z = 1-1.375 cm. The incident pulse centered at telecommunication 

wavelength of 1.55 μm with 800-W peak power, 50-fs FWHM and 45-pJ energy undergoes 

soliton fission and dispersive wave radiation giving rise to spectral broadening. Due to the 

gradual modification of dispersion profile and phase matching condition for DW emission, the 

tapered waveguide overcomes the limitation of spectral flatness in uniform waveguide structures 

and improves the efficiency of energy transfer towards longer wavelengths. The resulting near-

octave supercontinuum extends from 1.31 μm to 2.53 μm at -20 dB level, and from 1.07 μm to 

2.58 μm at -40 dB level. This on-chip SC source may be important for particular applications in 

integrated optical systems. 
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Figure 5.14 Spectrum evolution and output spectra for waveguides with tapering lengths of (a) 

0.075 cm, (b) 0.225 cm, (c) 0.525 cm and (d) 0.675 cm. The etch depth at the input and output, 

and the lengths of segments I and III stay the same. 
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Chapter 6 Hybrid Mode-Locked Fiber Ring Laser Using  

Graphene Saturable Absorber 

6.1 Introduction 

Generation of high-speed optical pulse train with ultrashort pulse width has been investigated 

extensively in the past decades, and is still of interest to researchers due to its diverse 

applications in optical communication, optical frequency metrology, material processing, 

biomedical diagnostics, micromachining and many others [1-5]. Among various platforms, 

passively mode-locked fiber lasers have been successfully constructed to generate subpicosecond 

pulses by making use of nonlinear devices such as saturable absorbers [6-8]. Moreover, recent 

advances in materials have further expanded opportunities for robust and cost-effective pulse 

lasers [9-13]. Since the initial report by Bao et al. [14], mode-locked fiber lasers based on 

graphene saturable absorbers have attracted much attention due to their outstanding properties 

including ultrafast recovery time, wide range wavelength tunability, low saturation power, large 

modulation depth, and high damage threshold [14-22]. Despite the fact that those graphene-based 

lasers can produce ultrashort femtosecond pulses, the passive mode-locking scheme suffers from 

the drawback of low repetition rate, which is generally at MHz-level. 

 

Active mode-locking technique has been proven to be an effective way to acquire high-

repetition-rate pulses by incorporating a modulator inside the laser cavity. In particular, the 

implementation of rational harmonic mode-locking is able to overcome the modulator bandwidth 

limitation and further increase the repetition rate by detuning the modulation frequency a fraction 

of the cavity fundamental frequency from the harmonic frequency [23–26]. However, the pulse 

duration is usually larger than that from a passively mode-locked laser. A possible solution 
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would be to build a hybrid mode-locked system incorporating both active and passive mode 

lockers [27, 28]. Nonetheless, the combination of rational harmonic mode-locking and graphene 

saturable absorber has not been explored yet. 

 

In this chapter, I report a novel scheme of hybrid mode-locked erbium-doped fiber ring laser 

using graphene as a saturable absorber. A 20-GHz optical pulse train is generated by applying 

rational harmonic mode-locking technique, and with the insertion of a graphene saturable 

absorber, the pulse width can be shortened by a compression factor of 0.53 from 5.28 ps to 2.82 

ps. 

 

6.2 Experimental Setup 

In order to prepare the saturable absorber (SA), various methods have been described, such as 

chemical vapor deposition [14], mechanical exfoliation [15], and optical deposition [22]. A 

critical issue is that the properties of the SA rely on the thickness of the graphene layers, and 

self-aggregation of the particles would increase the absorption loss while decreasing the 

modulation depth [14]. We use a simple method to fabricate the graphene SA with desired 

features. The graphene material used in this work is purchased from Graphene Laboratories Inc. 

The 12-nm few-layer graphene flakes are placed on a piece of scotch tape and pressed repeatedly 

to adjust the thickness. Afterwards, the graphene nanopowder is directly deposited onto the 

previously cleaned end-face of a standard FC/APC fiber patchcord connector by pressing the 

ferrule to the tape. The patchcord is then tightly connected with another surface-cleaned 

patchcord using an FC/APC adapter.  
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Figure 6.1 presents the schematic diagram of the fiber ring laser. A 23-m-long erbium-doped 

fiber (EDF) pumped by a 980-nm laser diode serves as the gain medium. A LiNbO3 Mach-

Zehnder (MZ) modulator driven by ~10 GHz radio frequency (RF) signal and a graphene SA are 

incorporated in the ring cavity simultaneously to realize hybrid mode-locking. An isolator is 

employed to ensure unidirectional operation. With the aid of an intra-cavity polarization 

controller (PC), a stable pulse train can be generated and the laser output is extracted using a 

90/10 optical coupler. All the components are connected by standard single-mode fibers (SMFs) 

with a total length of ~30 m. 
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Figure 6.1  Schematic of the hybrid mode-locked fiber ring laser. EDF: Er-doped fiber, MZM: 

Mach-Zehnder modulaor, PC: polarization controller, SA: saturable absorber, SMF: single-mode 

fiber, OC: optical coupler, WDM: wavelength-division multiplexer. 
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6.3 Experiment Results and Discussions 

6.3.1 Graphene Saturable Absorber 

To characterize the prepared graphene saturable absorber, we have measured the intensity 

dependent absorption as illustrated in Figure 6.2. The optical transmittance of the absorber is 

correlated with the linear absorption αlin and nonlinear absorption αnon(I) expressed as: 

non lin( ) exp[ ( ( ) )]T I I                            (6.3.1) 

 

The saturable absorbance αnon(I) is given by: 

1
0( ) (1 )non

sat

I
I

I
                               (6.3.2) 

where Isat is the saturation intensity. The fitting curve yields αlin = 0.609, α0 = 2.14 and Isat = 6.06 

kW/cm
2
 respectively, with a modulation depth of 48.0%. 

 

 

Figure 6.2  (a) Transmittance and (b) normalized absorption of the graphene SA as a function of 

input intensity. 
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6.3.2 Rational Harmonic Active Mode-Locking 

A 20-GHz pulse train is firstly obtained from the ring cavity shown in Figure 6.1 with the 

graphene saturable absorber removed. The fiber laser with a MZ modulator incorporated is 

actively mode-locked by carefully tuning the frequency of the RF signal and the polarization 

controller. When the fundamental frequency of the cavity is fc and the modulation frequency fm 

satisfies the condition fm = (n+1/p)fc, where n and p are both integers, the laser resonator operates 

in the rational harmonic mode-locking (RHML) regime and pulses with a repetition rate of 

(np+1)fc can be produced. In our case, fc is 4.29 MHz, and fm is set at (2329+1/2)fc ≈ 9.99 GHz 

to realize 2nd order RHML. Figure 6.3 shows the measured characteristics of the generated pulse 

train. The average output power is 1.7 dBm (1.5 mW). As can be observed from the oscilloscope 

trace, the spacing between adjacent pulses is 50 ps, which corresponds to 20 GHz repetition rate. 

This is also confirmed by the recorded RF spectrum shown in Figure 6.3(b), where the peak with 

the largest amplitude locates at 19.98 GHz frequency. The result also shows low supermode 

noise with a signal-to-noise ratio of 25 dB. 

 

Figure 6.3(c) shows the optical spectrum centered at 1561 nm, with a 3-dB bandwidth of 0.80 

nm. The autocorrelation trace of the pulse is presented in Figure 6.3(d). Assuming a hyperbolic 

secant pulse profile, the full width at half maximum (FWHM) is measured to be 5.28 ps. It turns 

out the time-bandwidth product (TBP) is equal to 0.520, not close to the transform-limit value 

for sech
2
 pulses (0.315). This implies that the dispersion and nonlinearity of the fibers induce 

chirp in the pulses, which can be compensated by guiding the output through an external 

dispersion-compensation scheme as previously demonstrated in [29]. Here we focus on the 

influence of a graphene SA inside the cavity on the generated pulse train. 
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Figure 6.3 The measured (a) oscilloscope trace, (b) RF spectrum, (c) optical spectrum, and (d) 

autocorrelation trace of the 20-GHz pulse train from the rational harmonic mode-locked laser. 
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6.3.3 Hybrid Mode-Locking With a Graphene Saturable Absorber Within Laser Cavity  

We demonstrate the realization of a hybrid mode-locked fiber laser by involving a graphene 

saturable absorber in the ring cavity as shown in Figure 6.1. The length of the SMFs is carefully 

adjusted to ensure the insertion of the SA does not drift the cavity’s fundamental frequency 

significantly. As a consequence, 20-GHz pulse train can be obtained with the same experimental 

conditions. However, the combination of an active and passive mode locker results in the 

improvement of the laser performance by compressing the pulse duration, as seen in Figure 6.4. 

The FWHM of the pulse is shortened to 2.82 ps, indicating a compression factor of 0.53. 

Meanwhile, it is worth noting that the bandwidth of the optical spectrum is broadened to 1.38 nm, 

leading to a TBP value of 0.479. Due to the insertion loss introduced by the SA, the output 

power is reduced to -2.8 dBm (0.52 mW) and the signal-to-noise ratio becomes 15 dB. 

 

In this case, the role of the active mode locker is to produce a high-speed optical pulse train. The 

modulator is capable of being driven at a frequency equal to a high multiple of relatively low 

fundamental frequency, thus the generated pulse train has a high repetition rate at the level of a 

few GHz. Furthermore, by applying the RHML technique, even higher repetition rate can be 

easily reached. However, this is rarely accomplished by passive mode lockers, especially 

graphene saturable absorbers. In [16], a passively harmonic mode-locked fiber laser based on a 

graphene saturable absorber was described. The fundamental cavity frequency (106 MHz) was 

relatively high by making the total cavity length short (~2 m) and the repetition rate was 2.22 

GHz corresponding to the 21st harmonic. Martinez et al. [17] reported a passively mode-locked 

fiber laser using graphene as a saturable absorber, which operated at a fundamental repetition 

rate of 9.67 GHz by reducing the cavity length to as short as 10 mm. In our case, the fundamental 
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frequency is 4.29 MHz based on the total cavity length of ~50 m, and the modulation frequency 

corresponds to more than 2000th harmonic.  

 

 On the other hand, the passive graphene mode locker acts as a pulse compressor. This is 

expected since the recovery time of graphene (~ 200 fs [18]) is much shorter than the pulse width, 

hence the transmittance reacts to the instantaneous intensity of the injected light. As can be seen 

in equation (6.3.2), the central part of the pulse with higher intensity experiences less absorption 

than the leading and trailing edges, which gives rise to pulse narrowing. The optimal 

compression happens, however, within a limited range of the saturation intensity Isat. If Isat is 

much larger than the pulse intensity, no saturation will occur; whereas if Isat is much weaker than 

the pulse intensity, the absorbance will be saturated over nearly all of the pulse. Therefore, it is 

crucial to make an SA with desired saturation intensity. Note that our results are comparable with 

that reported in [30], where a hybrid mode-locked fiber laser with single-wall carbon nanotubes 

as saturable absorbers was built to obtain a 4-GHz pulse train. The laser system was initially 

harmonically mode-locked via an electro-optical modulator, while the involvement of the 

absorber shortened the pulse width by a factor of 0.52. We have combined rational harmonic 

mode-locking with graphene saturable absorbers to achieve a similar compression factor as well 

as much higher repetition rate (20 GHz). 
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Figure 6.4.  The measured (a) oscilloscope trace, (b) RF spectrum, (c) optical spectrum, and (d) 

autocorrelation trace of the 20-GHz pulse train generated by the hybrid mode-locked laser. 
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6.4 Numerical Simulation 

We have also conducted simulation of the laser operation. The generalized nonlinear 

Schrödinger equation (GNLSE) governs light propagation along the fibers [31]: 
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Here A(z, τ) is the pulse envelope, z is the propagation distance, τ is the time-delay parameter, α 

is the fiber loss, γ is the nonlinear parameter, and βk represent the dispersion coefficients. The 

gain saturation effect of the erbium-doped fiber should be taken into account by expressing the 

gain factor as g = g0/(1+E/Esat), where g0 is the small signal gain, E is the pulse energy and Esat is 

the gain saturation energy. Ωg denotes the gain bandwidth. Pulse propagation in the passive SMF 

is simulated simply by setting g = 0. 

 

Equation (6.3.1) models the graphene saturable absorber. The MZ modulator driven by an RF 

source can be described by the following single-pass transmission function [32]:  

2 sin(2 )
cos ( )b m mV V f

T
V

 



            (6.4.2) 

in which Vπ is the voltage required for a phase shift of π, Vb is the DC voltage bias, Vm and fm 

are the amplitude and frequency of the RF signal, respectively. 

 

The parameters of the fiber laser components used for modeling are provided in Table 6.1, in 

which dispersion terms up to the 3rd order are included. Simulation is initiated by launching into 

the system a seed pulse with small amplitude. The pulse evolution within the ring cavity is then 

iteratively modeled until a steady state is reached after many roundtrips. The split-step Fourier 

method is utilized to solve the GNLSE numerically. 
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Component Parameter Value 

EDF 

Length 23 m 

2nd dispersion β2 -0.130×10
-3

 ps
2
/m 

3rd dispersion β3 0.135×10
-3

 ps
3
/m 

Nonlinear parameter γ 3.69×10
-3

/W/m 

Small signal gain g0 1.09 dB/m 

Gain saturation energy Esat 0.1 pJ 

Gain bandwidth 10 nm 

SMF 

Length 30 m 

2nd dispersion β2 -21.7×10
-3

 ps
2
/m 

3rd dispersion β3 0.182×10
-3

 ps
3
/m 

Nonlinear parameter γ 1.41×10
-3

/W/m 

MZM 

Half-wave voltage Vπ 6 V 

DC bias Vb 0 V 

Modulation amplitude Vm 6 V 

 

Table 6.1 Fiber laser parameters used for simulation 
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Figure 6.5 and Figure 6.6 depict the simulated pulse development and the steady-state solutions 

of the output pulses, respectively. The FWHM is 5.47 ps when operated solely in the RHML 

regime, and narrowed by a factor of 0.52 to 2.85 ps in the hybrid mode-locking regime, in good 

agreement with the experimental results. It should be mentioned that the asymptotic state is 

independent on the seed pulse. Output pulses having the same characteristics can be obtained 

when pumped by white noise in the simulation as well. 
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Figure 6.5 Simulated pulse generation from fiber lasers implementing (a) only rational harmonic 

active mode-locking and (b) hybrid mode-locking. 

 

 

Figure 6.6 Comparison between the simulated output pulses generated from fiber lasers 

implementing rational harmonic active mode-locking and hybrid mode-locking. 
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6.5 Conclusion 

In this chapter, I have designed and experimentally demonstrated a hybrid mode-locking scheme, 

which combines rational harmonic mode-locking technique and an easy-to-fabricate graphene 

mode locker, to improve the performance of an erbium-doped fiber ring laser generating an 

optical pulse train with high repetition rate and ultrashort pulse width. The laser is operated at 20 

GHz via driving the intra-cavity LiNbO3 Mach-Zehnder modulator at the frequency of ~10 GHz 

to achieve 2nd rational harmonic mode-locking. By inserting a graphene saturable absorber with 

6.06 kW/cm
2
 saturation intensity and 48.0% modulation depth in the cavity, the output pulse 

FWHM can be compressed by a ratio of 0.53 from 5.28 ps to 2.82 ps, accompanied by a small 

change in the time-bandwidth product. The average output power is 0.52 mW and the supermode 

suppression is 15 dB. Pulse development in the laser ring cavity has also been numerically 

simulated, which agrees well with the experimental results. 
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