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Rapid development in emerging applications, such as real-time combustion 

monitoring and biomedical imaging, has demanded the agility performance of tunable 

optical sources to an unprecedented level. Contemporary tunable sources, however, 

possess limited tuning speed and range due to constraints in tuning mechanisms and gain 

material engineering. In this dissertation, we introduce a new approach to address the 
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need for highly-agile tunable radiation through extra-cavity tuning enhancement. 

Recognized by the instantaneous response, wide spectral bandwidth and good power 

efficiency, parametric effects in silica-based optical fibers are chosen to demonstrate the 

agility enhancement concepts. Two schemes, namely cavity-less source tuning (CAST) 

and swept-pump parametric oscillation and translation (SPOT), are consequently 

developed using the coherent wave-mixing and amplification attributes of parametric 

processes. 

Dispersion engineering for parametric mixers forms the cornerstone of the 

enhancement schemes presented. Highly-efficient, wideband mixing enabled by both 

homogeneous and stage-wise mixer dispersion management has led to 

order-of-magnitude improvement in tuning characteristics. Conversely, spectrally 

localized parametric interaction with proper higher-order dispersion control has allowed 

swiftly-tunable light generation beyond the spectral range of existing tunable laser 

sources. This dissertation thus covers the design and experimentation of the parametric 

mixers that demonstrate record performance in agile light synthesis. 

 

 



 

 

 

Chapter 1  
 

Introduction  

 

1.1  Motivation 

Shortly after the first demonstration of laser in 1960, the concept of tunable laser 

was conceived and demonstrated using organic dye laser platform [1],[2]. Emitting 

well-defined yet variable color, this agile form of coherent radiation has supported a 

plethora of basic and applied science explorations, including communications [3], remote 

sensing [4], imaging [5] and spectroscopy [6]. Indeed, continued advances in tunable 

technologies have led to many applications that were not feasible or economical with 

fixed laser sources. 

While contemporary tunable sources have adequately supported conventional 

applications requiring either tuning range or speed, emergence of fast process monitoring 

and imaging in the optical domain has demanded a new level of agility not attainable so 

far. The challenge is well demonstrated by cycle-resolved combustion spectroscopy for a 

high-performance engine: the spectroscopic features of the gas mixture span across 400 

nm in 1.6-2.4μm short-wave infrared (SWIR) band, yet fluctuate on micro-second time 

scale, in response to the combustion dynamics [7],[8]. Even capturing a sub-band of 
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400-nm range depends upon a tunable source sweeping at a rate of 108 nm/s. An even 

steeper yet more important challenge is posed by optical coherence tomography (OCT) – 

acquisition of video-rate image stream with micrometer-level resolution is only supported 

by source tuning at 109 nm/s [9],[10]. In comparison, the state-of-the-art tunable sources 

represented by vertical cavity surface-emitting lasers (VCSEL) actuated by 

micro-electromechanical systems (MEMS) can attain 107-nm/s and 100-nm tuning rate 

and range, across the 1.3-μm band [11]. 

The agility limit of tunable sources originates in their basic construction. 

Regardless of the device classification, all tunable lasers are built around two 

fundamental elements – a broad-band gain medium able to provide amplification within a 

wavelength range, and a reconfigurable lasing cavity that defines the emission 

wavelength by coherently accumulating only photons of a single wavelength, rejecting 

the rest generated by the gain medium. The agile performance of tunable laser sources in 

terms of emission range and tuning speed are consequently inherited from the 

characteristics of the two building blocks –the bandwidth of the gain medium constrains 

the range of wavelength where lasing is possible, whereas the tuning mechanism of the 

lasing cavity will define the swiftness of wavelength tuning. The agility chart of selected 

tunable lasers in Fig. 1.1 reveals a general observation that a particular source can be 

engineered to achieve wide tuning range or high sweep speed, but not both 

simultaneously [11]-[19]. Besides, high-performance tunables are mostly positioned 

within telecommunication bands, where material growth and processing technologies are 

much more mature. 

Instead of developing new tunable platforms, we aim to bridge the gap between 
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the application demand and the agility performance of tunable sources by introducing a 

set of extra-cavity optical engines to up-scale both the tuning range and speed 

independent of the tunable source itself. Indeed, performance beyond that of the 

state-of-the-art tuning architectures can only be realized by ultra-fast and achromatic light 

generation mechanisms. Recognized by the near-instantaneous response and virtually 

unlimited interacting bandwidth, parametric processes have supported numerous 

demonstrations in optical signal processing where speed and bandwidth were 

unparalleled [20]. Furthermore, efficient photon transfer mediated by the parametric 

mixing in silica-based optical fibers enables amplification at an unprecedented gain 

level [21],[22], as well as to a spectral span comparable to the transparent window of the 

glass [23]. The unique characteristics of parametric processes thus inspired the work in 

this dissertation – efficient fiber-optical parametric mixers can be designed to synthesize 

agile light with order-of-magnitude enhancement compared to the original tunable 

sources. 

Fig. 1.1  Tuning performances of the selected tunable lasers. Tuning range and speed are indicated by the
width and height of the bars. The agility requirement imposed by bio-medical imaging and combustion
monitoring are shown by the empty bars for comparison. 
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1.2  Dissertation Overview 

This dissertation covers the theoretical background, optical mixer design, 

experimentation, and application demonstrations of the two agility enhancement schemes. 

The physical phenomena pertinent to wave generation in optical fibers are reviewed in 

Chapter 2. Starting from material-based linear propagation effects including loss and 

chromatic dispersion, nonlinear optical processes are introduced. Brief accounts of 

various nonlinear processes found in χ(3) material and their (potential) roles in optical 

frequency synthesis are provided. 

The first class of agility enhancing engine, cavity-less source tuning (CAST), is 

introduced in Chapter 3. The CAST principle in the basic form and its extensions via 

mixer cascading and higher-order mixing are described subsequently, followed by a 

discussion on the considerations for building an efficient parametric mixer for CAST 

operation. Experimental verifications are then provided to show tuning speed and range 

improvement. 

Consequential to the observation that a simple, homogeneous mixer cannot 

support large-scale enhancement through higher-order CAST, Chapter 4 describes a 

heterogeneous mixer design aimed to enhance the efficiency of higher-order mixing. The 

discussion includes the limits of homogeneous mixer design, the concept behind the 

mixing-efficiency enhanced design and the consideration for realizing this type of mixer. 

The theoretical discussion is then followed by an experimental demonstration of 

extensive higher-order mixing enabled by the proposed design. Utilizing the coherent 

nature of parametric process that enables higher-order generation, an application in 

creating large number of amplitude- and phase-preserving copy of a probe wave is 
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demonstrated. 

In Chapter 5, the second agility enhancement scheme is introduced to extricate 

tunable laser operation from material imposed gain band limits. The swept-pump 

parametric oscillation and translation (SPOT) concept utilizes gain-window tailoring 

through dispersion engineering in a parametric amplifier to project light into two 

wavebands distant to the pumping source. Swept-light projection to 1.3- and 2-μm 

wavebands using 1.55-μm telecom components is demonstrated using the concept. The 

SPOT tunable source is then use to perform absorption spectroscopy of carbon dioxide at 

2 μm, showing the compatibility of the proposed concept in applications requiring high 

spectral purity. 

Chapter 6 aims to resolve the deficiency in dispersion control found in 

contemporary fibers. Standard high-confinement fibers designed for parametric mixing 

are plagued by significant dispersion fluctuation, which hampered the efficiency of the 

parametric amplifier deployed in the SPOT architecture. To fulfill the dispersion stability 

required by SPOT, a new fiber waveguide design is introduced which greatly reduces the 

influence of core size variation to dispersion.  

Finally, the dissertation is concluded with a summary of the work presented, 

alongside with the future directions in Chapter 7.



 

 

 

Chapter 2  
 

Nonlinear Processes for Optical 

Frequency Synthesis 

 

Despite the historical role of optical fibers as a linear channel for optical transport, 

their low loss and strong field confinement attributes allow for a plethora of nonlinear 

optical processes, which forms the foundation of optical frequency synthesis in this 

dissertation. This chapter provides a review of several nonlinear processes pertinent to the 

work presented in the subsequent chapters. 

The chapter begins with a brief description of light-matter interaction in dielectric 

media, which then leads to the origin of nonlinear optical response. The description is 

followed by discussions on nonlinear optical processes in medium dominated by 

third-order response, including Brillouin and Raman scattering, nonlinear phase 

modulation, and four-photon mixing. 

2.1  Light-Matter Interaction in Dielectric Media 

When an optical wave propagates in a dielectric medium characterized by the 

absence of free charge and current, the electric component E of the wave interacts with 
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the material by displacing the electron distribution of the constituent atoms from its 

equilibrium position, and thereby forming a polarization field P. The polarization field in 

return affects the electric flux D through the constitutive relation: 

 D = ε0E + P  (2.1) 

and results in a change of propagation behavior due to the additional polarization term in 

the wave equation: 

 
2 2

0 0 02t t
μ ε μ 2

∂ ∂
∇×∇× = − −

∂ ∂
E PE  (2.2) 

At this point, it is clear that the evolution of optical wave in a medium is governed by the 

characteristics of the material response. The following sections will discuss the response 

of materials under linear and nonlinear regime. 

2.1.1  Linear Regime 

When the incident electric field is small compared to the electric field created by 

the nuclei, the restoring force acting on the electrons will be largely linear with respect to 

the Coulomb force exerted by the incident electric field. In this regime, the polarization is 

simply a linear response to the stimulus. The transfer characteristics between the input 

electric field and the resultant polarization response is governed by the linear 

susceptibility χ(1): 

  

 ( ) ( ) ( ) ( )1, , : ,ω χ ω ω=P k k E k  (2.3) 

where k and ω denote the wave vector and frequency of the field. Note that the frequency 

dependence of susceptibility give rises to refractive (deviation of phase velocity from that 

in vacuum) and absorptive characteristics of a material. Specifically, the refractive index 
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Fig. 2.1  Refractive index (top) and absorption coefficient (bottom) of fused silica [25]. 
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n and the absorption coefficient α of a material are related to χ(1) as follows: 

 ( ) ( ) ( ) ( )2 11n iω α ω χ ω+ = +⎡ ⎤⎣ ⎦  (2.4) 

Ab-initio derivation of χ(1) is usually prohibitive in terms of computational effort. 

However, simple models involving anharmonic oscillators to account for electronic 

transition and lattice vibration can provide insightful understanding and occasionally 

close approximation to the linear response of a material. For example, the measured 

refractive index and absorption coefficient of fused silica in Fig. 2.1 demonstrate good 

agreement with anharmonic oscillator approximation in the band corresponds to 

vibrational transitions (5 – 100 THz) [25]. 

Due to the frequency dependency of refractive index, optical wave at different 

frequency will experience different delay. This effect is coined as chromatic dispersion 

and is responsible for numerous phenomena, and is important to nonlinear optical 

interactions as well. To aid the discussion related to chromatic dispersion in this 
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dissertation, we introduce the following conventions: 

 ( ) ( ) ( )0 0 / !n
n

n

n k nβ ω ω β ω ω= = −∑  (2.5) 

β and k0 represent the propagation constants of wave in a dielectric medium and vacuum 

respectively. Taylor expansion of β with respect to a reference frequency ω0 results in the 

polynomial on the right hand side, in which the coefficient of nth-order term βn is denoted 

as the nth-order dispersion coefficient measured at the reference frequency. Following this 

convention, the group velocity dω/dβ at ω0 is equal to 1/β1, and the group velocity 

dispersion (GVD) at ω0 is defined as d2β/dω2 = β2. Alternatively, the chromatic dispersion 

can be expressed in terms of a dispersion parameter D in the wavelength domain λ, which 

relates to the GVD as: 

 ( )
0

22 2 /

2
c

cD
ω π λ

πλ β
λ =

= −  (2.6) 

The dispersion parameter notation is commonly adopted in practice to state the 

chromatic dispersion, since it is easily derived from the relative delay of the modulation 

on an optical carrier with respect to the carrier wavelength. Correspondingly, the 

higher-order dispersion coefficients can be mapped to the derivatives of dispersion 

parameter. The transformations up to the fourth-order, of interest in this work, are shown 

in Eq. (2.7). 

 
( )

3

3 2 2
2

dDD
dc

λβ
λπ

⎛= +⎜
⎝ ⎠

⎞
⎟  (2.7a) 

 
( )

4 2
2

4 3 26 6
2

dD d DD
d dc

λβ λ λ
λ λπ

⎛
= − + +⎜

⎝ ⎠

⎞
⎟  (2.7b) 
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2.1.2  Nonlinear Regime 

 

 

Fig. 2.2  Potential energy and binding force of the binding electrons in an idealized 1-D monoatomic
lattice. 
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In actual material, the polarization P always exhibits finite nonlinearity, stemming 

from the nonlinear nature of atomic binding force. Fig. 2.2 illustrates the potential energy 

of and the restoring force acting on the electrons in a 1-D monatomic lattice. It is clear 

that the restoring force is largely nonlinear except in proximity to the equilibrium 

positions xeqm where the potential energy is minimal. Indeed, owing to the strong 

inter-atomic electric field (~1010 V/m) [26], the nonlinear response of electric polarization 

is not readily observable in bulk material. However, strong beam confinement along an 

extensive length span supported by optical fibers can significantly reduce the nonlinear 

threshold, thereby sparking a plethora of nonlinear phenomena even at modest power 

levels. 

At power levels supported by telecommunication-grade lasers and amplifiers, the 

optical field strength (< 107 V/m) is considerably smaller than the inter-atomic field. 

Therefore it is reasonable to state that the nonlinear contribution appears as a small 

perturbation to the overall polarization response. Under this condition, the polarization P 

can be expanded into a power series of electric field as [29]: 

 ( ) ( ) ( )1 2 3: : :χ χ χ= + +P E EE EEE +  (2.8) 
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Here the frequency and wave-vector notations are omitted for clarity sake. For fused 

silica and other amorphous material, inversion of lattice coordinates i.e. (a,b,c)  

(-a,-b,-c) produces identical lattices in macroscopic sense. This “perfect” symmetry 

(centrosymmetry) in lattice structure dictates odd-symmetry in the material response, and 

therefore eliminates the even-order terms in Eq. (2.8)1. The remaining third-order term 

contributes to a class of nonlinear processes that enables frequency manipulation and 

synthesis in silica-based optical fibers.  

In general, the third-order nonlinear susceptibility also exhibits frequency 

dependency as in the linear susceptibility, which describes coupling of nuclei and 

electronic resonance with the optical field. Since band-gap of silica is significantly higher 

than the photon energy of infrared (IR) radiation, electronic transition contributes 

insignificantly to interaction involving IR photons. Therefore electronic response is 

considered achromatic and instantaneous. The vibrational resonance, on the other hand, 

lies in lower energy band (< 100 THz) which frequently coincide with the spectral span 

of the optical field, thus altering the beam propagation conditions. In the following 

sections, the nonlinear phenomena correspond to nuclei and electronic responses are 

reviewed, with emphasis on their potential for agile light synthesis. 

                                                 
1 Note that the absence of inversion center in fused silica is a consequence of its amorphous nature. 

Crystalline silica does exhibit second-order nonlinearity as a nature of diatomic crystal, though the 

value of χ(2) (0.6 pm/V) is considerably weaker than crystals for second-harmonic generation (SHG) 

(> 10 pm/V) [27]. 
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2.2  Third-order Nonlinear Phenomena 

2.2.1  Inelastic Scattering  

Inelastic scattering originates from the coupling between the incident optical field 

and vibration in the lattice or nuclei, where the vibration can be set by thermal energy 

(spontaneous scattering) or enforced by the optical field (stimulated scattering) [29]. 

When a high-power beam (pump) combines with a relatively low-power beam or vacuum 

fluctuation (denoted as signal) within a medium, the intensity fluctuation manifested from 

the beating between the two beams drives the constituent atoms into synchronous motion. 

The vibrational coupling can be fiercely enhanced if the beat frequency matches the 

natural frequency of a vibration mechanism – this resonant coupling will transfer a 

significant portion of the energy carried by the optical field to or from the lattice. 

Consequently the pump wave is scattered off by the vibration through susceptibility 

modulation, and results in either gain or attenuation of the signal wave. 

In quantum mechanical parlance, the process can be seen by the following energy 

diagrams. In Fig. 2.3(a), an incoming pump photon excites the medium into an 

intermediate electronic energy level, and subsequently decays into radiate a photon at a 

lower energy denoted as Stokes, and a phonon which corresponds to the vibration in 

classical terms. Indeed, the process can as well result in creation of an anti-Stokes photon 

with higher energy than the pump photons by annihilating a phonon in the medium [Fig. 

2.3(b)]. The latter process is, however, less favorable since the population of 

phonon-excited nuclei follows the Boltzman’s statistics. Therefore inelastic scattering 

processes are typically accountable for translation of frequency to the lower sideband. 
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Fig. 2.3  Energy diagrams representing (a) Stokes and (b) anti-Stokes photon creation through inelastic
scattering. 
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Depending on the underlying vibration mechanism, inelastic scattering processes are 

classified into two types, namely Brillouin and Raman scattering. 

 Brillouin Scattering 

Brillouin scattering describes the optical interaction with lattice vibration through 

electrostriction effect – an intense optical field will induce strong dipole moments in the 

lattice, and subsequently create an acoustic wave in the medium through dipole-dipole 

interaction. The refractive index modulation resulting from this mode of density 

fluctuation effectively acts as a Bragg grating which scatters photons in the incident 

pump beam into Stokes modes [30]. 

The efficiency of such interaction depends on a set of phase-matching criteria 

originated from conservation of energy and momentum. In essence, the frequency sum of 

Stokes photon and acoustic phonon is strictly bound to pump photon frequency to 

conserve energy, and efficient scattering can only occur when the wave-vector sum of 

Stokes and acoustic waves is equal to that of the pump wave i.e. when momenta are 

conserved [30]. In single-mode fiber, the momentum conservation criterion requires 

majority of the Stokes photons to be counter-propagating with respect to the pump [31]. 
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Fig. 2.4  Brillouin gain spectrum in a standard single-mode fiber (after [28]). 
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The frequency shift and bandwidth are dictated by the dispersion relation and lifetime of 

acoustic phonons, which are in the order of 10 GHz and 10 MHz for silica waveguides 

when pumped by 1550-nm optical beam, as shown in Fig. 2.4 [28]. 

Given the small frequency shift and bandwidth, Brillouin scattering process has 

limited applicability for agile frequency manipulation. On the other hand, this reflective 

scattering process is highly efficient in optical fibers, thereby limiting the power of 

coherent laser beam that can be handled [31],[32]. The stimulated Brillouin scattering 

(SBS) threshold PSBST, defined as the launch power at which the backscattered power 

equates the transmitted power, is approximated by the following expression [32]: 

 
21 eff

SBST
eff B

A
P

L g
≈  (2.9) 

where Aeff, Leff and gB denotes the effective mode area, effective length and peak Brillouin 

gain coefficient. As an illustration of the limitation set by Brillouin scattering, a 

narrow-linewidth laser beam (∆ν < 10 MHz) propagating in 100-m of high-confinement 

fiber with an effective modal area of 10 μm2 will experience strong Brillouin 
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backscattering at 100 mW input power level, calculated using a Brillouin gain coefficient 

of 2×10-11 m/W for fibers with high germanium concentration [33]. On the other hand, 

experimentation in nonlinear fiber optics often involves watt-level power using the 

similar fiber type and span. Recognizing the detrimental effect in long-haul transmission 

and nonlinear optical experiments, various means for mitigating Brillouin scattering in 

optical fibers were consequently developed, including modulation of the laser field for 

impeding coherent accumulation of the acoustic wave [34],[35]; insertion of an 

acoustic-guiding layer in optical fiber preforms to reduce overlapping between optical 

and acoustic waves [36]; applying a longitudinally-varying strain along the fiber to 

inhibit phase matching in Brillouin process in long fiber span [37]; and varying fiber 

refractive index profile along the length span to disperse the gain spectrum [38]. 

 Raman Scattering 

Raman scattering shares great extent of similarity with Brillouin process in terms 

of physical origin, except that the optical branch of phonon modes is involved in the 

former [Shen]. Optical phonons only exist in multi-atomic lattices, therefore can exist as 

stationary oscillation (momentum |p| = 0) as well as travelling wave (|p| > 0). 

Consequently, Stokes wave co- and counter-propagating with pump wave are both 

allowed in Raman process. 

The spectral position and bandwidth of optical gain due to Raman scattering 

depends strongly on material property and lattice structure. As shown in Fig. 2.5, a 

Raman gain spectrum spanning over 5 THz and peak position beyond 10 THz is routinely 

attained in silica fibers [39], rendering Raman scattering process a promising mechanism 
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for optical frequency synthesis. However, being the least efficient nonlinear process in 

silica, high power optical pumps are mandatory for seeding appreciable Raman gain. 

Consequently light generated by Raman process is either tied to a few spectral bands 

where high-power pump lasers are available, or is realized by cascaded incoherent 

generation mechanism aided by multiple non-tunable cavities [40]. Light synthesis using 

Raman process is therefore not being considered in this dissertation. 

    

 
Fig. 2.5  Raman gain spectrum in a single-mode fiber. 
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2.2.2  Parametric Processes 

Apart from the material-coupled interactions responsible for inelastic scattering, 

there are numbers of nonlinear optical phenomena which does not involve energy transfer 

to the material. This class of nonlinear processes is collectively referred to as parametric 

processes [41]. Since parametric processes are decoupled from the energy state transition 

of the medium, the bandwidth is, in theory, only limited by the transparent window of the 

material. 

In order to reveal the interaction leading to parametric process, we introduce the 

following quasi-monochromatic representation of the optical field: 
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 ( ) ( ) ( ) ( ) ( ), , , , , e ij t
i ix ix x iy iy yz t x y A z t x y A z t c cωρ ρ −⎡ ⎤= +⎣ ⎦E a a . .+  (2.10) 

In this form, the spatial distribution and temporal variation of the electric field amplitude 

are partitioned into ρ and Ae-jωt respectively. Parameters (x,y) represents the transversal 

coordinates, and the waves are propagating in the z-direction. In a single-mode 

waveguide, the spatial distribution is degenerated into the fundamental LP01 mode [42], 

and therefore is identical after normalizing by the effective mode area Aeff, defined as: 
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ρ
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=

⎡ ⎤⎣ ⎦

∫
∫

 (2.11) 

The orientation of the electric field of the LP01 mode, referred to as state of polarization 

(SOP) hereinafter, is represented by two orthogonal states ax and ay. The envelope of the 

electric field A(t) is assumed to be significantly slower than the carrier phase evolution i.e. 

|dAi/dt| << ωi.  

On full expansion of the third-order nonlinear term with a sum of three 

quasi-monochromatic radiations (modes) i.e. E = E1 + E2 + E3, the third-order nonlinear 

polarization term contains third-harmonic terms (3ωi) and sum-frequency terms (ωi + ωj 

+ ωk). In practice, contribution from these terms is seldom observed since 

phase-matching between the original field and generated field is hampered by chromatic 

dispersion [43], and the products can easily fall into bands where material and waveguide 

losses are inevitable. Our focus will therefore be on two phenomena originated from the 

coherent beating terms (ωi + ωj - ωk) – nonlinear phase modulation and four-photon 

mixing. 
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Nonlinear Phase Modulation 

When the total field E contains only one quasi-monochromatic component (or 

equivalent, the spectral span is narrow enough to neglect frequency-dependent properties 

of the material), the evolution of the envelope function is governed by the following 

equation [44]: 

 2ˆ
2

A A jDA j A A
z

α γ∂
= − + +

∂
 (2.12a) 
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n n
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D j
n t
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The first two terms on the right hand side represent the loss and phase evolution of the 

envelope in the linear propagation regime. The third term, which couple the phase to the 

instantaneous power of the mode, is responsible for the nonlinear phase modulation 

phenomenon. The nonlinear coefficient γ determines the strength of the nonlinear 

interaction in parametric processes, which is defined by the nonlinear refractive index n2 

and the effective mode area Aeff of the beam in the waveguide. The nonlinear phase 

modulation terms provides an effective mean to manipulate the spectral content of the 

field, and leads to creation of new frequency components. For example, the sinusoidal 

intensity variation stemming from beating between two optical tones will imprint a 

harmonic phase modulation onto the optical field. Following Bessel expansion of the 

sinusoidal phase modulation, new optical tones are created with tone spacing strictly 

defined by the frequency difference of the original tones. Since the phase and amplitude 

of the created tones are coupled only to those of the original tones, the process is useful in 
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projection optical tones with known coherence property. This property supports the 

creation of a set of optical frequency combs with predefined frequency offsets, which 

enabled the work in Chapter 4. 

 Four-Photon Mixing and Parametric Amplification 

In the scenario when the spectral components of the total field are widely spaced 

or oriented in different SOP, the nonlinear interaction is described by the four-photon 

mixing (FPM) process. The FPM model relates the evolution of four spectral components 

by the following set of coupled-mode equations [45],[46]: 
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The coefficients C and M account for the coupling efficiency reduction in case the fields 

are not co-polarized, where: 

  (2.14a) 
1 for  and  co-polarized

1/ 3 otherwise
i j
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While each equation in Eq. 2.13 shares great similarity to the nonlinear phase 

modulation model, the coupling of a mode to the others depicted by the last terms defines 
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the FPM phenomenon. To understand the mixing process, consider the power evolution 

of each mode ∂|Ai|2/∂z in a lossless medium (i.e. α = 0) 

 { }
2

1,2 * *
1 2 3 44 Im jA

D A A A A e
z

φγ Δ
∂

=
∂

 (2.15a) 

 
{ }

2
3,4 * *

1 2 3 4

2
1,2

4 Im jA
D A A A A e

z

A
z

φγ − Δ
∂

=
∂

∂
= −

∂

 (2.15b) 

It is evident that FPM process transfers power from a pair of modes to another. In 

quantum-mechanic parlance, two photons from two modes are annihilated in exchange 

for the creation of one photon in each of the other two modes. This photon exchange 

process provokes a series of important phenomena, including amplification, light 

generation and frequency conversion. 

From Eq. 2.15, it can be deduced that the efficiency of FPM depends not only on 

the power of the modes participated, but also on an oscillatory factor exp(j∆φ) - 

monotonic power evolution of the recipient modes can only occurs if this term does not 

change sign throughout the interaction [47]. The phase rotation described by this term 

originates from the phase difference between the participating modes. Suppose the phase 

of the modes are aligned at the origin (z=0, t=0), the phase mismatch factor ∆φ(z, t) 

evolves as: 

 ( ) ( )1 2 3 4 1 2 3 4zφ β β β β ω ω ω ωΔ = + − − − + − − t  (2.16b) 

where βn = β(ωn). In essence, the phase matching condition requires that the sums of 

energies and momenta are invariant thorough the process. Since the underpinning 
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Fig. 2.6  Phase diagram of a recipient mode in FPM process. 
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nonlinear process is instantaneous, the energy constraint is satisfied automatically by 

denoting a mode (for instance, A4) to be an ansatz where its temporal phase is driven 

freely by the rest i.e. ω4 = ω1 + ω2 – ω3. However, the momentum constraint does not 

enjoy the same sort of relaxation because the spatial phases are accumulated along the 

interaction length span. The consequence of momentum mismatch can be illustrated by a 

phase-space diagram shown in Fig. 2.6 [48] In case of perfect phase matching, the 

recipient mode follows a straight trajectory along an axis, which implies the mode is 

growing monotonically. On the other hand, the presence of momentum mismatch will 

deflect the trajectory into a circular pattern, and eventually forces the phase state to return 

to the starting point, meaning no photon exchange will occur. Indeed, it is possible to 

partially mitigate the effect of mismatch by raising the power of the donor (pump) modes 

and reducing the interaction length, but at the expense of reduced efficiency. 

Consequently, the spectral range where efficient FPM occurs is tied to the 

chromatic dispersion of the interaction medium, since the dispersion profile β(ω) 

determines where can temporal and spatial phase matching be satisfied simultaneously. 

Fortunately, proper design of the geometry in an optical waveguide allows realization of a 
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nearly-achromatic nonlinear medium, thereby enables demonstration of extremely 

wide-band parametric devices. Conversely, the dispersion profile can be engineered to 

confine interaction only to certain band to reduce power consumption and noise 

generation. The ability to manipulate spectral response of parametric mixers lays the 

cornerstone of the works in this dissertation, and will be discussed in further details as the 

dissertation proceeds. 

 



 

 

 

Chapter 3  
 

Laser Agility Enhancement by Extra-Cavity 

Source Tuning 

 

As discussed in Chapter 1, multiple physical and practical limitations constrain 

the agility performance attainable in contemporary tunable sources. While endeavor in 

discovering new cavity tuning mechanisms could lead to considerable enhancement in 

tuning speed, the increase in intra-cavity tuning speed will eventually incur indispensible 

penalty on their coherence performance [49], and therefore reduces the applicability to 

high-sensitivity spectroscopy. Recognizing this limitation, it is understood that further 

enhancement in tunable source performance should rely on decoupling wavelength tuning 

form cavity reconfiguration mechanisms.  

In this chapter, a new concept of wavelength tuning via extra-cavity parametric 

processes is introduced to achieve qualitatively higher agility performance. The CAvitless 

Source Tuning (CAST) approach enables tuning range and speed up-scaling of any 

tunable source by an arbitrary factor while preserving its coherence characteristics, 

thereby circumventing the barrier set by conventional tuning physics. The discussion 

begins with a description on the principle of extra-cavity wavelength tuning, and the 

potential enhancement attainable by different configurations in Section 3.1. Section 3.2 is 

23 
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dedicated to a discussion on the design considerations of CAST devices. The 

experimental demonstration of the concept is presented in Section 3.3, and followed by 

concluding remarks in Section 3.4.  

3.1  CAST Principle 

 

 
Fig. 3.1  (a) Frequency-static FPM between a pump (ωP) and signal (ωS) creates an idler at ωI; (b) a pump
frequency shift ∆ωP results in 2∆ωP at the idler. 
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The fundamental principle of CAST rests on an early investigation by Inoue [50], 

in which a frequency displacement of the pump wave led to twice the frequency shift at 

the lowest-order idler. The phenomenon is easily visualized in a one-pump parametric 

mixer, as illustrated in Fig. 3.1. Co-propagation of the pump and a seed beam at 

frequencies ωP and ωS results in generation of an idler at frequency ωI through 

four-photon mixing (FPM) process. In this process, two pump photons are annihilated in 

exchange for a pair of signal and idler photons, and consequently, the idler frequency is 

defined via conservation of energy as ωI = 2ωP - ωS. Since the photon energy from 

near-infrared lasers are orders of magnitude below the band-gap of typical glass materials, 
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the response time of FPM process is quasi-instantaneous (~10 fs), and much faster than 

any time scale associated with conventional wavelength tuning. Consequently, a 

frequency sweep ∆ωP imposed at the pump will be translated instantly to an idler 

frequency shift of ∆ω = 2∆ωP, thus enacting doubled sweep range (∆ω) and rate (d∆ω/dt). 

More importantly, since the energy of the generated idler photons is strictly bound to the 

conservation of energy stated above, the uncertainty in idler photon energy will only be 

scaled by the same factor. Quantitatively, we may express the enhancement in a laser 

sweep in terms of a figure-of-merit (FOM), defined by the total sweep range (∆ωT), time 

lapse for a sweep (δτ) and the maximum frequency uncertainty (δω) of the laser sweep 

as: 

 TFOM ω
τ δω
Δ

=
Δ i

 (3.1) 

Therefore the CAST scheme, even in its simplest form, provides a 50% enhancement in 

FOM. The sweep up-scaling factor, and thus FOM, can be further enhanced by relying on 

higher-order or cascaded generation, as shown in Fig. 3.2. Higher order generation can be 

achieved by launching higher power pump and seed into the mixer: the idler will 

eventually be powerful enough to act as a secondary pump source and mix with a 

spectrally-adjacent wave (primary pump in this case). Since the idler contains twice the 

sweep range and rate of the pump, the resultant mixing product (ωI2) will acquire an 

up-scaling factor of 3: 

 ωI2 = 2(ωI + 2∆ωP) – (ωP + ∆ωP) = (2ωI –ωP) + 3∆ωP (3.2) 

 
 



26 
 

 
Fig. 3.2  CAST enhancement via (a) higher-order parametric processes and (b) cascaded mixing. 
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If this process is allowed to cascade further by managing the pump-idler powers 

so that the higher-order idlers are also powerful enough to mix efficiently, the output will 

contain a comb of idler lines, and the nth-order idler will now attain a sweep range and 

rate at (n+1) times of the original (pump) tunable laser. Although multiple components 

are generated simultaneously, these components are spectrally distinct and therefore can 

be incorporated as a unified laser sweep with, for instance, multiple receivers to sense the 

signature carried by each component. Taking the entire sweep generated by higher-order 

mixing into account, the sweep range is enhanced by a factor of (n+1)(n+2)/2, whereas 

the maximum frequency uncertainty is scaled by a factor of (n+1). Therefore the FOM is 

up-scaled by a factor of (n+2)/2. As a result, the performance of a tunable laser can be 

up-scaled arbitrarily, provided the available power and mixer performance are sufficient 

for higher-order mixing to occur. 

 In the second scheme, illustrated in Fig 3.2(b), instead of requiring that the 

single mixer performance is sufficient to generate multiple idler waves, separate mixer 
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stages are introduced to create only first-order idlers. In practical terms, this approach 

would require lower launch power and less stringent mixer engineering. The idler, which 

acquires twice the sweep range and rate in the first parametric stage, subsequently mixes 

with a stationary seed in the next stage, thus generating a secondary idler possessing 

twice the sweep range of the primary idler, or equivalently, quadruple of the original 

pump. The laser sweep can therefore be enhance arbitrarily by cascading more parametric 

stages and results in 2n times sweep up-scaling by the idler generated in the nth stage. 

Following similar analysis, the FOM is scaled by (2n+1 – 1)/2n in the cascaded mixing 

scheme, inferring a FOM up-scaling limit of 2 for high stage count. Even though the 

FOM cannot be enhanced arbitrarily as in the higher-order mixing scheme, the cascaded 

mixing scheme provides technically less demanding pathway to up-scale sweep range 

and rate, which are of higher importance in certain applications [51]. 

Nevertheless, successful realization of the benefits brought by CAST schemes 

requires consideration on the parametric mixer design. In the next section, the design 

considerations pertaining to the parametric mixers will be discussed. 

3.2  Mixer Design Considerations 

As discussed in Chapter 2, the generation efficiency of a parametric mixer is 

largely determined by the phase-matching criteria. To initiate the discussion, let us 

consider a specific solution to the coupled-mode equations in Eq. (2.13), under the 

assumptions: 

(i) the signal and pump waves are co-polarized, 

(ii) the pump power PP is not depleted thorough the interaction span, which implies 
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PP >> PS,I, and 

(iii) the mixing medium is homogeneous i.e. β is invariant along the propagation 

coordinate z. 

The idler generation efficiency, which is defined as the power ratio between the output 

idler and the input signal, has the following close-form solution [52]: 

 
( )
( ) ( )

2

sinh
0

I P

S

P L P gL
P g

γη = =  (3.3) 

 ( )2 2
Pg Pγ k= − Δ  (3.4) 

The parametric gain factor g shown in Eq. (3.4) demonstrates how the efficiency 

of a parametric process is modulated by the phase mismatch ∆k: a non-zero phase 

mismatch depreciates the efficiency, and eventually prohibits monotonic power growth 

along the interaction span when |∆k| > γPP. The phase mismatch is contributed by 

nonlinear and linear propagation effects, as depicted in Eq. (3.5): 

 
2Pk P βγ Δ

Δ = −  (3.5) 

The nonlinear contribution γPP stems from the differential nonlinear phase rotation 

received by the pump (γPP) and the signal/idler (2γPP

I

). To achieve phase matching, the 

nonlinear phase mismatch ought to be counteracted by the linear phase mismatch ∆β. The 

linear phase mismatch, as shown in Eq. (3.6), describes the phase walk-off between the 

pump, signal and idler waves due to the difference of phase velocities. 

 2 P Sβ β β βΔ = − −  (3.6) 

The symbol β with subscripts P, S, I represent the phase constants of the pump, signal and 
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idler wave respectively. To allow for monotonic growth in idler power, the mixing 

medium should provide a non-negative linear phase mismatch not more than 4γPP i.e. 0 ≤ 

∆β ≤ 4γPP

2 !

. Indeed, the chromatic dispersion in the mixing medium manifests as the phase 

velocity discrepancy, therefore assuming a pertinent role in determining the spectral 

response of a parametric device. 

To understand the influence of chromatic dispersion to the phase matching 

condition, it is instructive to rewrite the linear phase mismatch in terms of dispersion 

coefficients by using the polynomial expansion in Eq. (2.7). Expanding the phase 

constant with respect to the pump frequency ωP yields an expression involving only 

even-order dispersion terms: 

 ( ) ( )2
22 /n

n nβ β ωΔ = Δ∑  (3.7) 

where ∆ω denotes the pump-signal frequency spacing |ωP – ωS|, and the dispersion 

coefficients βn are expanded at the pump frequency. In solid silica fibers, the magnitude 

of a higher-order dispersion coefficient recedes by more than 15 orders of magnitude 

when compared to its lower-order neighbor (Fig. 3.3). Therefore it is save to discard the 

dispersion terms beyond 4th order in the phase-matching consideration for a bandwidth 

smaller than 50 THz, since their contribution in entirety is less than 0.1%. 

In typical parametric devices where the pump frequency is static, the spectral 

response can be obtained by proper placement of pump frequency. Specifically, the 

2nd-order dispersion β2 can be selected to realize a particular phase-matching profile via 

pump frequency selection due to the following expression relating β2 to higher-order 

dispersion terms: 

 β2 = β3(ωP – ω0) + β4(ωP – ω0)2/2 (3.8) 
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Fig. 3.3  Magnitude of dispersion coefficients of a standard single-mode fiber (left) and a
highly-nonlinear fiber (right) obtained from numerical modeling of the fundamental mode in the respective
fiber waveguides. 

10
-20

10
-20

where ω0 denotes the zero-dispersion frequency of the mixing medium, at which the 

2nd-order dispersion vanishes. While higher-order dispersion also exhibits certain degree 

of dependence to the pump frequency, the variation is subtle when compared to the 

2nd-order term. Consequently, a uniform mixing efficiency is achieved by positioning the 

pump frequency such that the 2nd-order dispersion cancels the effect of the with the 

4th-order dispersion, thus resulting in the smallest phase mismatch variation over the 

mixer bandwidth [53].  

Although the entanglement between the 2nd-order dispersion and pump frequency 

provides a convenient mean to achieve desired phase-matching profile, the non-uniform 

chromatic dispersion poses a significant challenge to mixer design when the pump 

frequency is not static, as in a CAST mixer. For example, consider a parametric mixer 

constructed around a typical highly-nonlinear fiber with a dispersion slope (dD/dλ) of 

0.025 ps/nm2/km and a nonlinear coefficient of 10 W-1km-1. With a pump-signal spacing 

of 30 nm, a 2-nm pump wavelength displacement from the zero-dispersion wavelength 
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(ZDW) will incur a phase-mismatch shift by 0.034 rad/m. When compared to the 

nonlinear phase mismatch of 0.01 rad/m induced by an 1-W pump beam, the change of 

linear phase mismatch will be sufficient to steer the mixer from the peak efficiency (∆k = 

0) to minimum (|∆k| > γPP).  

In order to extricate the idler generation efficiency from pump wavelength, the 

mixing medium in a CAST device should provide uniform dispersion across the entire 

pump sweep range. Quantitatively, the tolerable dispersion variation for a CAST mixer is 

entangled with the nonlinear interaction strength γPP and the interaction length L. For 

example, a mixer with an interaction strength γPP = 0.01 W-1m-1 × 2 W and a length span 

of 200 m can tolerate a linear phase mismatch shift of 3.7×10-3 rad/m before the 

efficiency drops to 90% of the maximum. If a modest 2-nm pump sweep is considered, 

this value corresponds to a dispersion slope of 2.7×10-3 ps/nm2/km, an order of 

magnitude lower than the dispersion slope of conventional dispersion-shifted 

highly-nonlinear fibers (0.01 – 0.07 ps/nm2/km). Consequently, a wide-band CAST mixer 

can only be supported by nearly dispersion-free mixing media. In practice, the dispersion 

requirement is satisfied by dispersion-flattened highly-nonlinear fibers [54], which are 

deployed in the following experimental demonstrations. 
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3.3  Experimental Demonstration 

3.3.1  Higher-order mixing 

 

 
Fig. 3.4  Experimental setup for CAST through higher order mixing. Inset shows the dispersion profile of
the HNLF. 
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The experimental setup for demonstrating laser-sweep up-scaling by higher-order 

mixing is illustrated in Fig. 3.4. A wavelength-swept laser, which generated repetitive 

sweep across 6 nm centered at 1558 nm at a rate of 10000 nm/s, served as the pump 

source. The tunable source was amplified to 1.5W by an erbium-doped fiber amplifier 

(EDFA1) and filtered by a 4-nm wavelength-division multiplexing coupler (WDMC) to 

reject nonlinear portion of the laser sweep range, located at the extrema of the sweep 

band. The WDMC also served as a low-loss combiner between the pump and a 500-mW, 

fixed wavelength seed wave at 1537.5 nm. The combined pump and seed were then 

launched into a spool of 200-m highly-nonlinear fiber (HNLF) serving as the parametric 

mixing medium. To facilitate wide-band higher-order mixing, a dispersion-flattened 

HNLF with dispersion below 1 ps/nm/km across the 1500-1650nm band was used, as 
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Fig. 3.5  (a) Input (red dotted line) and output (blue solid line) spectra of the parametric mixer; (b)
Temporal traces at the interleaver output of the pump and the idlers after 4-nm band-pass filtering. 
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shown in the inset of Fig. 3.4. The nonlinear coefficient of the HNLF was 8 W-1km-1. At 

the seed power level of 500 mW, stimulated Brillouin scattering (SBS) was observed and 

mitigated by phase-dithering the seed wave with a RF noise source, resulting in a 

broadened linewidth to 450 MHz. In contrast, the pump did not experience SBS effect, 

which can be accounted by the linewidth broadening due to the wavelength sweep within 

the characteristic lifetime of phonons in fiber [55]. Maximum idler generation efficiency 

was attained by aligning the states of polarizations (SOPs) of the pump and the seed 

waves. The parametric mixing process was monitored spectrally by an optical spectrum 

analyzer (OSA) at the output end of the HNLF, and temporally with the procedures to be 

described in later text. 

Fig. 3.5(a) shows the spectra at the input and output of the HNLF. The widened 

spectral width of idlers clearly depicts an enhancement in sweep range, scaling 

proportionally with the idler order. Efficient generation of idlers up to third order was 

observed with power ripple of 12 dB across a total bandwidth of 77 nm, spanned by the 
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pump and three generated idlers. The power ripple was a result of non-negligible 

second-order polarization mode dispersion (PMD) in the fiber span of 200 m [56], which 

can in principle be reduced by shortening the fiber at the expense of elevated pump 

power requirement. Alternatively, a near-isotropic HNLF class can be used while 

maintaining the overall efficiency of the mixer.  

The sweep rate of individual components (pump and idlers) was inspected by 

filtering out a 4-nm slice of the spectral component of interest (either pump or a 

particular idler), and subsequent filtering by periodic spectral element (interleaver) with 

free-spectral range (FSR) of 50 GHz. At the output of the interleaver, the sweep was 

visualized as the laser sweep across the periodic transmission profile, resulting in 

waveforms shown in Fig. 3.5(b). In simple terms, the spectrally periodic interleaver 

response was mapped to periodic temporal response, with period strictly defined by the 

laser tuning speed. Reduction of the temporal period was observed from the pump to the 

third-order idler, thus proving the assumption that the sweep rate is enhanced by strict 

arithmetic order as predicted. 

In order to investigate the instantaneous linewidth of the mixing products, a 

modified heterodyning scheme was constructed. The output light after 4-nm filtering was 

combined with a tunable external cavity laser (ECL) with a linewidth of 100 kHz and 

wavelength coinciding the center wavelength of the component being investigated. 

Coherent mixing between the static laser and the sweeping component resulted in a chirp 

waveform generated at a photo-detector with 18 GHz bandwidth. The waveform was 

recorded by a real-time oscilloscope with 16 GHz bandwidth, and the phase noise of the 

sweeping component was then retrieved by using the method described in the Appendix 

 
 



35 
 

Fig. 3.6  (a) Retrieved phase noise on the pump source and the generated idlers, represented in time
domain; (b) Reconstructed spectra of the pump and idlers. 
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A. Fig. 3.6 shows the retrieved temporal phase noise profiles and lineshapes for the pump 

and the idlers. Increased phase noise amplitude observed in the first-order idler is 

inherited from the phase-dithered seed wave. The phase noise amplitudes of the 

higher-order idlers increase proportionally to the order of idlers as a result of temporal 

phase transfer [50]. Consequently the higher-order idlers acquired broader linewidths as 

shown in Fig. 3.6(b). Such linewidth broadening can be eliminated when phase-dithering 

can be avoided, for example, by using synthetically strained fiber with higher SBS 

threshold [37]. Using a pulsed seed source with pulse width below ns-regime also 

eradicates the necessity of phase-modulation, although the generated idlers will also 

acquire the same pulse modulation. 
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3.3.2  Cascaded mixing  

 

Fig. 3.7  Experimental setup for CAST through cascaded mixing. Insets show the pictorial representations
of the spectral components at the input and output of each stage. 
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In the second set of experiments, the need for higher-order mixing which 

mandated the use of high power pump and seed waves, was eliminated by using cascaded 

parametric stages described in section 2. The setup shown in Fig. 3.7 comprised two 

parametric mixing stages. Stage 1 shared a similar topology as the previous setup, except 

the seed power was lowered to 140 mW, thus eliminating the need for SBS suppression 

by phase dithering. The pump power was reduced to 1W to avoid efficient generation of 

higher-order idlers and the need for complex filtering scheme at the output. The first 

stage idler generated at 1579.1 nm was filtered by a fixed, 19-nm wide band-pass filter 

(BPF) centered at 1576.5 nm. The idler was subsequently re-amplified by EDFA3 to 1 W 

and combined with the second seed light at 1554.1 nm with a power level of 43 mW. 

Since part of the pump sweep band was removed by band-pass filtering in the first stage, 

temporal gaps were created within the waveforms corresponding to the pump and the 
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idler. Consequently, a distributed feedback (DFB) laser emitting at 1600 nm was used in 

the experiment to clamp the transients in EDFA3. The average power at 1600 nm was 

maintained to be at least 10 dB lower than that of the idler by offsetting the polarization 

of the DFB laser from the transmission axis of the polarization beam splitter (PBS). The 

outputs from both stages were monitored spectrally and temporally using the 

methodologies described in the previous scheme. 

The spectra shown in Fig. 3.8(a) demonstrate a qualitatively different operation 

regime than that of a higher-order, single-stage mixer. In contrast to the high-order mixer 

scheme that required a high-power seed, the cascaded approach relied on low-power 

seeds: the first-order idler efficiency was maintained with simultaneous suppression of 

higher-order products. A spectral tilt experienced by the first-order, first-stage idler (idler 

1) was deliberately introduced by controlling the pump power to shape the idler 

generation efficiency spectrally [52]. The spectral tilt subsequently cancelled the gain tilt 

introduced by EDFA3, resulting in a spectrally-flat pump source for the second stage. 

The combination of the pump spectral equalization and the reduction of higher-order 

PMD effects stemming from smaller mixer bandwidth resulted in a power ripple of only 

1.2 dB on the second stage idler. A staged increase in sweep bandwidth from 5 nm to 20 

nm and the corresponding compression of the temporal fringe period from 40 μs (original 

pump) to 10 μs (output, idler 2) confirmed a four-fold enhancement in both sweep range 

and rate, as shown in Fig. 3.8(b).  

Finally, the instantaneous linewidth of the pump and each idler were characterized 

and shown in Fig. 3.9. The lineshape spectra shown in Fig. 3.9(a) were obtained with a 
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Fig. 3.8  (a) Input (dotted lines) and output (solid lines) spectra of the parametric mixer stages; (b)
Temporal traces of the labeled waves after the interleaver. 
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Fig. 3.9  (a) Reconstructed spectra of the original pump source and the idlers generated in stage 1 (idler 1)
and stage 2 (idler 2). (b) Expanded view of the fitted Lorentzian lineshapes, with their respective FWHM
labeled. 
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measurement interval of 1.3 μs and averaged over five measurements. The spectral 

shapes resembled typical Lorentzian lineshapes. The full-width at half-maximum 

(FWHM) linewidths were revealed by fitting the spectra with Lorentzian functions, as 

shown in Fig. 3.9(b). The linewidth of the idler in each stage was approximately twice of 

their respective pumps, a direct consequence of the conservation of energy in FPM 

process [50],[52]. 

3.4  Summary 

In this chapter, extra-cavity approaches for enhancing tunable laser performance 

were demonstrated. Parametric process provides physical means to decouple wavelength 

tuning from cavity reconfiguration mechanism. While confined by conservation of 

energy and momentum of the interacting photons, cavity-less source tuning mechanism is 

independent of cavity lifetime and is inherently limited only by the nonlinear response 

time of the mixer. In analogy to the mechanical gear box, CAST mechanism can be seen 

as an equivalent of true optical frequency scaler, as it allows the tuning range and the 

tuning (sweep) range to be multiplied, independent of the input laser source properties.  

While the generalization of CAST mechanism includes its implementation within 

the closed (recirculating) loop or within the frequency (wavelength) comb, its principle 

will remain the same: FPM process will be used as frequency (wavelength) lever to 

expand spectral (temporal) performance of a tunable device.  

Chapter 3, in part, is a reprint of the material as it appears in Optics Express in the 

article authored by Bill. P.-P. Kuo and Stojan Radic, “Fast wideband source tuning by 

 
 



40 
 

 
 

extra-cavity parametric process,” vol. 18, no. 19, pp. 19930 – 19940 (2010). The 

dissertation author was the primary investigator and author/co-author of this article.



 

 

 

Chapter 4  
 

Extensive Higher-Order Mixing in a 

Bandwidth-Enhanced Parametric Mixer 

 

In Chapter 3, we have explored two mechanisms to enhance the sweep range and 

speed of a tunable laser by a cascade of parametric stages, or higher-order mixing in a 

single parametric mixer. Although the higher-order generation scheme uniquely provides 

unlimited up-scaling of tunable laser figure-of-merit in principle, the simplistic 

implementation in the previous chapter had seen its limitation – extensive higher-order 

generation required exceedingly high power, which initiated undesirable nonlinear 

processes, primarily SBS.  

Motivated by the limitation of homogeneous mixers, we devised a means to 

enhance the mixing bandwidth and efficiency in a parametric mixer through 

multiple-stage dispersion engineering along the mixing medium. The resulting mixer 

design enabled extensive higher-order tone creation at an order approaching 30th, at a 

power level supported by telecom-grade components. The staged mixer design greatly 

enhanced the SBS threshold, thereby allowing operation without laser phase dithering. 

Consequently, higher-order tones acquired temporal coherence comparable to the parent 

(seeding) lasers. In addition, the parametric mixing between the seeding and higher-order 
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tones created amplitude- and phase-identical replicas in a wavelength distinct manner, 

which could have important implications to various applications [57]-[59]. 

The chapter begins with a discussion on the limitation of a homogeneous mixer in 

terms of higher-order mixing efficiency in Section 4.1. The design principle of the 

bandwidth-enhanced parametric mixer is then described in Section 4.2, emphasizing the 

dispersion requirement in each stage of the mixing medium. The theoretical discussion is 

followed by an experimental demonstration of a 140-nm wide optical frequency comb 

generated through higher-order mixing of two pumps in Section 4.3. A demonstration on 

signal replication using the higher-order-mixing enhanced mixer is also presented in 

Section 4.3, including a discussion on the linewidth scaling mechanism in 

parametric-spawn frequency comb. Summary of the chapter is given in Section 4.4. 

4.1  Limitations in Homogeneous Mixers 

In general terms, the broad spectral span and complex dynamics ascribed by the 

higher-order mixing process require an unabridged nonlinear model to account for the 

effects of dispersion, loss and stimulated scattering. However in the immediate 

discussion, we will rely on a simplified, analytical model to derive physical insights and 

design rules pertaining to a homogeneous mixer. This simplified model is indeed in good 

agreement with the actual process, as depicted in later text. 

To start, the two incident waves (denoted as pumps hereinafter) are assumed to 

possess equal power and SOP. The scalar input field is then given by the following 

expression, within the time duration much shorter than the coherence time of the lasers: 

 
 



43 
 

 

 
Fig. 4.1  Illustration of higher-order parametric mixing in a dispersion-less medium. 
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where ωc and ∆ω are the mean angular frequency and angular frequency spacing of the 

pumps, whilst P denotes their total power. It is easy to derive that the overall power of 

the pump field follows a sinusoidal form |Ai|2 = Pcos(∆ωt) + P. The static term of the 

overall power will be omitted from this point, since it does not participate in the new tone 

generation. Now, assuming the mixing is dispersion-less and the incident power level is 

below the threshold of any stimulated scattering process, the evolution of the pumps will 

be equivalent to a nonlinear phase rotation process: the intensity undulation inherited 

from the coherent beating of the two waves imprints a sinusoidal phase signature onto the 

waves through SPM process, as depicted in Fig. 4.1. The resultant output field is: 
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where γ is the nonlinear coefficient of the medium, and the phase rotation parameter m is 

introduced to denote the SPM strength γPL. In the presence of propagation loss α, the 

mixer length L is replaced by an effective length Leff as [29]: 
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Eq. (4.2) reveals an illustrative mechanism for higher-order parametric mixing – 

the new optical tones observed in the frequency domain are merely a result of the 

nonlinear phase rotation in the time domain. The relative amplitudes of the new tones are, 

therefore, expressed by the following expansion in terms of Bessel function of the first 

kind Jn(x): 
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 (4.4b) 

The coefficients Bp and Cq corresponds to the upper and lower sidebands of the spectrum 

spanned by the nonlinear phase modulation. The formulation in Eq. (4.4) allows us for 

deriving the bandwidth occupied by the output field analogous to the Carson’s rule for 

phase-modulation signal. As shown in Fig. 4.2, more than 98% of the total power is 

contained within the first kth-order tones where 1k m= +⎡ ⎤⎢ ⎥ . Indeed, this empirical rule 

depicts an important consequence – the number of tones obtainable in a homogenous 

mixer is proportional to the pump power, which is limited by the system power budget 

and power handling capacity. As an example, generation of the 10th-order tone in a 100-m 

mixing fiber with 10 W-1km-1 nonlinear coefficient requires a total pump power of 9 W. 

Not only the high power lasers are not easily accessible, the power level also exceeds the 

handling capacity of highly-nonlinear fibers defined by the SBS threshold. Furthermore, 

the intense power can also initiate multiple wide-band noise generation processes (for 
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Fig. 4.2  Lowest tone order k containing 98% of total power versus SPM modulation depth m. The 
red line shows the empirical bound 1k m= +⎡ ⎤⎢ ⎥ . 
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instance, Raman scattering and parametric fluorescence), which eclipse the tone 

generation process [60]. 

4.2  Higher-order Mixing Enhancement by Heterogeneous Design 

4.2.1  General Principles 

 
Fig. 4.3  Principle of higher-order mixing enhancement by staged-mixer design. 

Recognizing the problem associated with higher-order parametric mixing, we 

devised a new means to reduce the necessary pump power. Indeed, we were motivated by 
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a simple idea of far reaching practical importance: precise, staged engineering of the 

mixer dispersion profile should enable power-efficient broadband mixing without 

resorting to excessive pump levels. The underlying principle is best illustrated by Fig. 

4.3. The dispersion-engineered mixer is segmented into two stages, which act as seeding 

and generation blocks. Two pump waves are first launched into the nonlinear pulse 

compression stage (see Fig. 4.3), which comprises a nonlinear fiber and dispersive fiber 

sections. The pump waves interact along the nonlinear fiber section via FPM to generate 

new optical tones. Following the previous discussion, this nonlinear generation process 

can also be viewed as a nonlinear phase rotation induced by the intensity undulation in 

the time domain, inherited from the coherent beating between the two pump seeds. When 

the resultant optical field propagates in a dispersive medium possessing positive 

chromatic dispersion, the sinusoidal intensity profile will be compressed, thereby forming 

short pulses with considerable enhancement in peak power [61] Since the strength of 

nonlinear interaction scales with the peak intensity and the spectral span of the optical 

field [62], enhancements in spectral span and spatially-localized peak power in the 

compression stage will facilitate efficient generation of higher-order pump tones in the 

subsequent stage. Following the pulse compression (i.e. seeding) stage, an efficient 

higher-order mixing occurs in the mixing (i.e. generation) stage. When the pulses from 

the first stage propagate in HNLF of the second stage, the optical field will experience 

extensive spectral broadening due to SPM. The spectral broadening of the pulse train is 

equivalent to the creation of a comb of optical tones, with the frequency spacing strictly 

defined by the pump-pump frequency separation.  

Indeed, the advantage of the proposed heterogeneous mixer design relies on 
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precise localized dispersion management. In the following sections we will derive the 

dispersion criteria leading to an optimal heterogeneous mixer design. 

4.2.2  Design Considerations – Pulse Compression Stage 

In the first stage, the ideal mixer should comprise an achromatic nonlinear section 

characterized by the absence of chromatic dispersion, which is followed by a dispersive 

section with appropriate chromatic dispersion to convert the chirped field into 

transform-limited pulses. Following the derivation in Eq. (4.4), it is found that the phase 

profile of the chirped field obtained at the output of the first nonlinear section is largely 

quadratic (shown in the inset of Fig. 4.4), under the assumption that the nonlinear section 

is dispersion-less. Introducing the index v = (ω-ωc)/∆ω to denote the spectral position of 

the tones, the second-order coefficient c2 in the polynomial describing the spectral phase 

p(v) = c2v2 + c1v + c0 was found to follow a modified exponential decay function shown 

in Fig. 4.4: 

 ( )0.181
2 30.89exp 4.055c m= −  (4.5) 

Consequently, a dispersive element providing appropriate second-order dispersion 

will be adequate to remove the quadratic nature of the spectral phase profile, thereby 

converting the field into transform-limited pulses. The optimal second-order dispersion β2 

for the dispersive element then corresponds to a value which negates the quadratic term 

of the spectral phase profile p(v∆ω): 

 ( 0.181
2 2

61.79 exp 4.055mβ )
ω

= − −
Δ

 (4.6) 

In practice, standard SMFs which possess second-order dominated dispersion can 
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Fig. 4.4  Second-order coefficients c2 of the spectral-phase polynomial versus phase-rotation 
parameter m. Inset shows the spectral phase of the tones at m = 10. 
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fulfill the need in inter-stage pulse compression [63]. Fig. 4.5 shows the optimal SMF 

length for compressing the output field of the first nonlinear section at various nonlinear 

phase rotation parameter m. The output field is obtained from a numerical model 

simulating the nonlinear propagation in a realistic highly-nonlinear fiber, characterized 

by a dispersion slope of 0.025 ps/nm2/km, nonlinear coefficient of 10 W-1km-1, and loss 

of 0.5 dB/km. The SMF length estimated by Eq. (4.6) is in good agreement with the 

optimal length found in the full model, thereby proving the validity of the achromatic 

assumption of the nonlinear section. The discrepancy at the lower end of parameter m is 

attributed to the ill-defined spectral phase when the number of significant tones is small 

(k ~ 2), therefore resulting in suboptimal estimation of c2 coefficient by Eq. (4.5). On the 

other hand, the deviation seen at high m region is caused by the higher-order dispersion in 

the nonlinear section, which reshapes the sinusoidal pattern under the influence of the 
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Fig. 4.5  Optimal SMF length deduced from the numerical model (asterisk) and the empirical 
expression in Eq. (4.6) (solid line).
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acquired chirp [64]. Nevertheless, the dispersion requirement given by Eq. (4.6) provides 

a reasonable estimation of the pulse compressor dispersion, over the practical operating 

condition constrained by SBS [32]. 

4.2.3  Design Considerations – Mixing Stage 

Subsequent wide-band generation in the second stage mandates a much more 

stringent dispersion requirement in the nonlinear medium. As an illustration of the 

challenge, Fig. 4.6 shows two simulated spectra at the output of the second stage, when 

nonlinear fibers with different dispersion slopes are used. The simulation models the 

propagation of two 1-W pump separated by 420 GHz in a two-stage mixer design by 

solving the nonlinear Schrodinger equation using split-step Fourier method [65]. The first 

nonlinear section is a 100-m nonlinear fiber characterized by a nonlinear coefficient and 
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Fig. 4.6  Spectra generated by the second nonlinear section with a dispersion slope of 0 (blue) and 
0.025 ps/nm2/km (red). 
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dispersion slope of 10/W/km and 0.025 ps/nm2/km. The zero-dispersion wavelength 

(ZDW) of this nonlinear section coincide with the mean wavelength of the pumps. The 

second nonlinear section contains 200-m of nonlinear fiber with the same nonlinear 

coefficient and ZDW, whereas the dispersion slope is switched between 0 and 0.025 

ps/nm2/km. The nonlinear sections are interleaved by a 4.5-m of standard single-mode 

fiber for compression. While the absence of dispersion in the second stage can easily 

support uniform higher-order generation across 30 THz as depicted in Fig. 4.6, a 

dispersion slope of 0.025 ps/nm2/km commonly found in commercial highly-nonlinear 

fibers reduces the bandwidth by more than half, and the spectrum is accompanied by a 

pronounced power variation. 

In reality, nonlinear medium in strictly absence of dispersion is prohibited by the 

Kramers-Kronig relation, since that would mandate the medium to have the same 
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Fig. 4.7  Dispersion profile of a dispersion-flattened fiber. 
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transmittance regardless of frequency. In practice, dispersion-flattened fibers are 

deployed to satisfy the need for low-dispersion nonlinear medium. A typical dispersion 

profile of a dispersion-flattened fiber, as shown in Fig. 4.7, is characterized by a concave 

curve with its peak dispersion close to zero [54]. The non-monotonic nature of the 

dispersion profile gives rise to a rich set of nonlinear dynamics in the mixing fiber, and 

therefore requires a comprehensive nonlinear model to reveal the response of such 

mixers. 

 In order to determine the optimal dispersion profile for a mixing stage 

incorporating a dispersion-flattened fiber, a numerical model is set-up to evaluate the 

performance of the second mixer stage with various dispersion parameters. The pulse 

compression stage in the model shares the same construct as the one for generating Fig. 

4.6. The second nonlinear section is characterized by a length, nonlinear coefficient and 

loss of 300 m, 10 W-1km-1 and 0.5 dB/km respectively, whereas the dispersion profile is 

derived from the curve shown in Fig. 4.7. The dispersion profile of the second stage is 
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altered in each iteration by applying a dispersion offset to the entire profile. The mixer is 

pumped by two 1-W lasers, with the mean frequency matching the zero-dispersion 

wavelength of the first section and spaced by 420 GHz. In the numerical model, 

dispersion terms of up to 6th-order are considered. A random perturbation of half a photon 

per phase quadrature and spectral mode (i.e. frequency sample) was injected to the input 

field, in order to capture the influence of quantum noise in the generation process [66]. 

Fig. 4.8 depicts the output spectra of the two-staged mixer, which are obtained 

with various peak dispersions Dpeak in the second stage. When the dispersion in the 

second stage is in the normal regime, it is seen that the spectral span and uniformity 

progressively enhanced as the magnitude of the dispersion decreases. The generation 

process also preserves the fidelity of the pumps, as characterized by an optical 

signal-to-noise ratio of over 50 dB in the plateau regions of the spectrum. In sharp 

contrast, turning the peak dispersion into the anomalous regime gives rise to intense noise 

generation. Spectral collapse is observed with an anomalous dispersion as low as 0.1 

ps/nm/km. The noise enhancement in this regime is attributed to the modulation 

instability (MI) phenomenon, in which the noise initiated a pulse-breakup process due to 

collaborative actions of Kerr effect and anomalous dispersion [67],[68]. The MI-induced 

fluorescence is particularly strong in this type of heterogeneous mixer, since the peak 

power level is enhanced in the pulse compression stage. Consequently, the use of 

normal-dispersive nonlinear fiber is deemed mandatory in the mixing stage. 

Since the wide-band mixing process relies on the interplay between the dispersive 

and nonlinear effects, a study on the field evolution along the medium is essential for 

understanding the physics. The propagation of an isolated Gaussian pulse P(t) = 
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Fig. 4.8  Output spectra of the second nonlinear section with various peak dispersion values. 
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P0exp[-t2/(T0)2] is chosen to mimic the evolution of the compressed field without the 

influence of pulse-to-pulse interaction. In the numerical model, the time and length scale 

are normalized to the initial pulse-width T0 and nonlinear phase rotation strength γP0. The 

normalization then yields the following governing equation for the normalized field 

envelope A(ξ,T): 

 2

2

1
2 !

n
n

n

bA A i
n i T

α
ξ =

A A
⎡ ⎤∂ ∂⎛ ⎞= − + +⎢ ⎥⎜ ⎟∂ ∂⎝ ⎠⎢ ⎥⎣ ⎦
∑  (4.6) 

 ( ) ( )20, expA T = −T  (4.7a) 
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Fig. 4.9 shows the evolution of the Gaussian pulse in the presence of only 

4th-order dispersion. Following the initial dispersion-free propagation, the Gaussian pulse 

begins to evolve into an arch-shape, featured with steep edges and a near-triangular top 

portion. Known as optical shock-wave formation [69], the steepening of edges is a 

feature of nonlinear propagation in a normal dispersive medium, where the steepest 

points (initially the mid-points) of the pulse acquire strongest chirp and disperse outward 

in the fastest pace, therefore aligning with the less-dispersed outer portions to form a 

even steeper edge. The shock-wave fronts are responsible for the creation of the 

outermost spectral components, which is depicted as the oscillatory portion on the 

spectral edges at ξ = 40. The position ξ = 50 marks the onset of wave breaking [70], 

where the pulse edges reach the steepest point and start to collapse due to the continued 

exerted of the shear force by the chirp. Further propagation beyond this point leads to 

emerging of “wings” beyond the shock-wave fronts, accompanied by a rapid pulse 
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broadening. In the spectral domain, the wave breaking phenomenon is reflected as the 

termination of spectral broadening, where the spectrum merely reshapes into a steady 

state. From the simulation it is understood that normal dispersion, even at the 4th-order, 

provides a mechanism to produce a uniform spectral shape, through shock-wave 

formation and subsequent wave breaking. Furthermore, the convergence to a steady state 

in both spectral and time domain contribute to a lower noise level in the higher-order 

generation process seen in Fig. 4.8, in contrast to the soliton-forming propagation regime 

mediated by anomalous dispersive where perturbation of the initial form would produce 

entirely different temporal and spectral profiles [68]. 

Knowing the mechanism for the spectral broadening, the response of the mixer to 

different input characteristics, including power and pulse-width, is studied to derive 

engineering principles for the mixing stage. While it is expected that a more intense input 

and a shorter pulse-width will both yield a wider spectral, the situation is convoluted 

when the pulse energy is kept constant whereas either pulse-width or peak power is 

varied. Fig. 4.10 shows the 20-dB bandwidth of the mixing stage output against the 

full-width at half-maximum of the Gaussian pulse at the input. Although the spectral span 

of the output increases steadily with shorter input pulses, the bandwidth enhancement is 

diminishing at the same time. Indeed, a mixing stage operating with long pulses requires 

significantly longer interaction length to reach the spectral convergence. The position of 

spectral convergence, as shown in Fig. 4.11, demonstrated a dependency to the input 

pulse-width to the power of 1.5 at both γP0 = 0.5/m and 1/m.  

Although the previous description on the bandwidth-enhanced mixer construct 

considers only two stages, it is possible to insert intermediate “boosting” stages to 
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Fig. 4.10  Spectral span of the output from a dispersion-flattened mixer versus pulse-width of the 
input Gaussian pulse. The bandwidth/pulse-width relation of the input is included for comparison. 
Normalized dispersion coefficients used in the simulation: b2 = b3 = 0; b4 = 2.56×10-6.  
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Fig. 4.11  Interaction length required to reach spectral convergence versus input pulse width at 
nonlinear strength γP0 = 1 m-1 
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Fig. 4.12  Interaction length required to reach spectral convergence versus input pulse width at 
nonlinear strength γP0 = 1 m-1 
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enhance the overall pulse compression efficiency, thereby achieving wider bandwidth at 

lower input power. The boosting stages shares similar construction and functionality as 

the pulse compression stage, except that the nonlinear section should demonstrate similar 

achromaticity to the mixing stage in order to induce highest possible pulse compression. 

If we assume the dispersive elements in the boosting stages are ideal i.e. able to convert 

the field into perfectly transform-limited pulses, the pulse-width/bandwidth plot in Fig. 

4.10 can be modified to estimate the ultimate bandwidth attainable with boosting stages. 

Shown in Fig. 4.12, the bandwidth at the output of each boosting stage is simply read-off 

from the chart by mapping the bandwidth of the preceding stage to the input pulse-width 

of the current stage, and subsequently to the output bandwidth of the same stage. Table 

4.1 shows the performance of a mixer incorporating five boosting stages. Adhered to the 

previous finding that the spectral enhancement diminishes with increasing input 
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bandwidth, the advantage of using more than one boosting stage preceding the final 

(mixing) stage is insignificant. Furthermore, the compression performance of a boosting 

stage is hampered when non-ideal dispersive elements (such as SMF) are deployed, since 

the higher-order dispersion in such elements is not compatible with wide spectral range 

for compression purpose [71]. Therefore, the advantage of using boosting stages could be 

materialized only when operating with closely-spaced and/or low-power pumps, or 

equivalently, a narrow spectrum. 

4.3  Experimental Demonstration 

4.3.1  Experimental Setup 

 
Fig. 4.13  Experimental setup for bandwidth-enhanced mixer demonstration. 

To demonstrate the bandwidth-enhancement concept, a two-stage mixer was 

HNLF1 Pump 1
1555.6 nm

Pump 2
1559 nm

EDFA1

EDFA2

TBPF1 PC SMF1 HNLF2 

TBPF2 PC

W
D

M
1

W
DM

2 PC
Output

PC

1% 

“Signal”
Pulse Compression 

Stage
Mixing 
Stage

Table 4.1  Bandwidth and bandwidth gain in each stage in a multi-stage mixer. The stage numbering 
excludes the pulse compression stage. i.e. Stage 1 represents the first stage following the compression 
stage. The bandwidth gain for stage 1 is calculated with respect to the input bandwidth of stage 1. 

Stage 1 2 3 4 5 

Bandwidth ∆vT0  14.6 45 66.7 82.4 94.9 

Bandwidth Gain 72.7 3.1 1.5 1.2 1.1 
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constructed as shown in Fig. 4.13. Outputs from two external cavity lasers (ECL) 

emitting at 1555.6 and 1559 nm were amplified by erbium-doped fiber amplifiers 

(EDFA), followed by filtering to reject out-of-band amplified spontaneous emission 

(ASE). The resulting pump waves attained an optical signal-to-noise ratio (OSNR) above 

53 dB in 0.1-nm resolution bandwidth at the EDFA output, and power levels of 0.91 W 

and 0.79 W for the blue and red pumps, respectively measured at the input facet of the 

mixer fiber. The pumps were then launched into a three- fiber-section mixer. The first 

section (HNLF1) was a 100-m highly-nonlinear fiber (HNLF) which gave the initial 

chirping of the optical field. The fiber was characterized by a (global) zero-dispersion 

wavelength (ZDW) of 1552 nm, a dispersion slope of 0.028 ps/nm2/km and a nonlinear 

coefficient of 12W-1km-1. At the pump power level approaching 1 W, SBS in the first 

stage could be eminent. Instead of relying on pump phase dithering to reduce SBS, a 

longitudinal differential strain was applied to the fiber in order to inhibit coherent 

build-up of acoustic phonons [37]. This treatment of the first stage resulted in a SBS 

threshold beyond 30 dBm (as shown in Fig. 4.14), therefore complying with the launched 

power levels.  

Following the initial chirping, the output from the first section underwent linear 

temporal compression in a standard single-mode fiber (SMF) section SMF1. The total 

length of SMF, including the pigtails for interfacing the mixer stages, was 7 m, which 

was in agreement with the estimation provided by Eq. (4.6). An exceedingly efficient 

higher-order mixing was then accomplished in the subsequent HNLF section (HNLF2). 

The 200-m dispersion-flattened HNLF used in the second stage was selected to satisfy 

the wide-band mixing criteria: it possessed low dispersion (|D| < 1 ps/nm/km) over the 
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Fig. 4.14  Transmitted (blue squares) and back-scattered power (red diamonds) versus input power to 
the first nonlinear section, with only one of the pumps on. Linear extrapolations beyond measured 
power levels are shown by dashed lines.  
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1500 – 1600-nm band, allowing for uniform and efficient mixing. Furthermore, the 

concave parabolic dispersion profile with very low peak dispersion (D < 0.03 ps/nm/km) 

helped quench the noise generation induced by the modulation instability (MI), and 

flattening the spectrum by shock formation in the normal dispersion regime. Maximal 

mixing efficiency also required aligning the pump-pump polarization states with in-line 

polarization controllers (PC).  

4.3.2  Optical Comb Generation 

In order to understand the operation of the multi-stage mixer, it is instructive to 

study the evolution of the pumps and the newly generated higher-order light along the 

mixer span. Fig. 4.15 illustrates the spectral and temporal evolution of the pump waves 

within the mixer. The coherent beating of the two pump waves created a sinusoidal 
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intensity pattern at the input, where the period (2.4 ps) corresponded to the frequency 

separation of the pumps (420 GHz). In the pulse compression stage, the sinusoidal pattern 

led to a nonlinear phase modulation of the entire optical field, therefore generating a grid 

of equidistant optical tones. Subsequent compression in the SMF section resulted in a 

Gaussian pulse train with a pulse width of 468 fs. The temporal compression also led to 

an enhancement of peak power by a factor k = 2.4. The intensity enhancement factor can 

be obtained by equating the total energy of a single pulse before and after compression: 

 
ln 2s

FWHM

Tk
T π

=  (4.8) 

where Ts and TFWHM denote the period of the initial sinusoid, and the 

full-width-at-half-maximum (FWHM) pulse width of the compressed pulses respectively.  

The temporal compression induced by spectral broadening of the initial pump field 

facilitated efficient generation of higher-order pumps, as shown in Fig. 4.15(c). Mediated 

by low, positive fourth-order dispersion in the second nonlinear section, an optical 

frequency comb spanning a spectral range of 140 nm is produced with a power ripple 

below 10 dB. Optical signal-to-noise ratio (OSNR) exceeded 40 dB on all the tones upto 

20th-order on both side, and was limited by parametric amplification of the residual ASE 

noise in the pumps. The large nonlinear phase shift acquired in the mixing stage was 

apparent in the auto-correlation trace of the output: a net dispersion of 0.08 ps/nm 

introduced by the interfacing pigtails was adequate to form multiple satellite pulses via 

the temporal self-imaging effect [72]. 

4.3.3  Application: Amplitude- and Phase-Preserving Signal Replication 

Previously demonstrated in homogeneous mixers, a two-pump parametric device 
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is capable of delivering at least three spectrally-distinct replicas of a “signal” wave 

through a set of fundamental side-band generation processes, namely phase-conjugation 

(PC), Bragg scattering (BS) and modulation instability (MI) [73]. In the creation of 

higher-order pump tones, the newly spawned pumps will introduce new side-bands 

through cascaded side-band generation processes [74]. Inherited from the coherent nature 

of parametric processes, this self-seeded signal replication mechanism enables projection 

of signal field into multiple spectral positions while preserving amplitude and phase 

signature on the original field. In addition to the classical usage as a data stream 

multicasting device in computer networks [57], this class of parametric devices is vital 

for a number of emerging applications in spectral analysis and signal 

acquisition [59],[75]. Meanwhile, developments for these applications require a 

high-count replicator to be realized, which was not amenable to the homogeneous mixer 

design due to power constraint. Extensive higher-order mixing demonstrated by the 

staged mixer design opens an opportunities to allow for large-scale optical signal 

replication (multicasting) essential for the aforementioned signal processing applications. 

In the following we will evaluate the performance of a self-seeded multicasting device 

designed upon the heterogeneous mixer concept.  

Amplitude-modulated signal 

In the first set of experiment, the capability to disseminate an amplitude-modulated 

signal was evaluated. A 10-Gbps on-off keying (OOK) optical signal carrying a 231 – 1 

pseudo-random binary sequence (PRBS) was chosen to characterize the fidelity of the 

replication process. The signal at 1556.6 nm was injected into the “signal” port depicted in 
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Fig. 4.16  Multicaster output spectrum at 10 dBm input signal power. Inset shows a zoom-in view of 
the spectrum in 1554 – 1561 nm range, with pumps and multicasted copies indicated by blue and red 
arrows respectively. Spectrum of the input signal is shown by green dashed lines. Resolution 
bandwidth: 0.1 nm. 
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Fig. 4.13. The spectrum shown in Fig. 4.16 corresponds to the mixer output at a signal 

power level of 10 mW. Fine spectral structure resulting from the parametric generation of 

signal replicas reveals the fact that each pump spawns two frequency sidebands 

corresponding to a phase-conjugate and a non-conjugate signal copy. In addition to the 

signal copies, spurious mixing products created by pump-signal and signal-signal mixing 

were also evident. However, overlapping of the spurious tones with the desired signal 

copies was avoided by fine-tuning the pump wavelengths, thus averting the potential 

distortion induced by interference from the spurious tones.  The multicasting efficiency, 

measured with respect to the input channel power, is plotted in Fig. 4.17. Sixty copies with 

conversion efficiency exceeding -3 dB were obtained, with net-gain observed in the 

majority of the newly generated frequencies. The eye diagrams of the input signal and a 

distant copy centered at 1498 nm show that the multicasting process generally preserved 
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Fig. 4.17  Conversion efficiencies of the multicasted OOK channels, with eye diagrams of the input 
signal and a multicasted signal shown as insets. The copies with BER plotted in Fig. 4.18 are marked 
by arrows. 
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the signal quality. The ripple observed in the conversion efficiency plot, especially in the 

regions nearby the original pumps, was inherited from the spectral signature of the pump 

field. The presence of spectral holes was a consequence of extensive spectral broadening in 

the nearly dispersion-free environment of the second nonlinear stage. As demonstrated in 

Fig. 4.8, the non-uniformity can be mitigated by introducing small normal dispersion in the 

mixing stage, at the expense of reduced spectral span. Alternatively, the spectral profile 

can be flattened by adopting a multi-section fiber span with decreasing average dispersion, 

which will allow for adiabatic, uniform spectral broadening [76].   

In order to establish a rigorous metric for the fidelity of the created channels, the 

quality of the copies was characterized following the input noise-loading procedures for 
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Fig. 4.18  Measured BER of the OOK input signal and selected multicast copies, marked by arrows 
in Fig. 4.17. Color of markers corresponds to the colors of arrows in Fig. 4.17. 
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bit-error rate (BER) measurement [77], by which the excess noise level of the multicasting 

device could be characterized by comparing the receiver sensitivity to the channels against 

the original. In this measurement, an ASE noise source with controllable power level was 

coupled with the input signal to produce a test signal with variable optical SNR (OSNR), 

and the BER of the multicast copies was then measured at various OSNR. The results for 

24 copies, sampled across the entire mixer bandwidth, are plotted in Fig. 4.18. The sample 

channels characterized in the BER measurement covered a comprehensive set of the 

spectral features in the multicaster output spectrum, including the edges and plateau 

regions of the two side-lobes, and the central cluster surrounding the original signal and 

pumps. Owing to the fact that the performance of an individual channel is tied to the OSNR 

which varied smoothly across the spectral span, the subset of channels is sufficient to 

capture the distribution of signal fidelity across the entire channel set [78]. The average 
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receiver sensitivity, defined as the minimum input OSNR required to reach a BER of 10-9, 

was degraded by only 0.18 dB with respect to back-to-back performance. The sensitivity 

penalty of the worst copy was 1.68 dB, whereas an improvement by as much as 0.67 dB is 

observable with the best created signal copy. The sensitivity improvement is attributed to a 

partial regeneration in the parametric mixer [79]. In general, the sensitivity degraded as the 

spectral position of the copy progressed farther away from the input signal, due to a gradual 

OSNR reduction of higher order pump tones. 

Phase-modulated Signal 

In the second set of experiments, the coherent nature of the multicasting device 

was demonstrated using a differential phase-shift keying (DPSK) signal as the test signal. 

When operating with phase-modulated signals, the performance of the multicasting 

device primarily depends on the ability to generate low phase noise copies. In parametric 

mixers, this requirement is fulfilled by using narrow-linewidth lasers as the pump 

source(s). The need for low-phase-noise pump sources in a multicasting scheme relying 

on higher-order mixing is particularly critical, since the phase noise (and thereby the 

frequency stability) of the higher-order pumps scales with their order, as revealed in 

Chapter 3. To understand the importance of the pump phase noise requirement, consider 

the scenario when an ideal laser characterized by a zero linewidth, and a free-running 

laser with a linewidth (full-width-at-half-maximum) of 1 MHz are used to drive the 

multicasting mixer. The phase-noise up-scaling characteristic mandated by 

phase-matching in FPM processes results in a linewidth of at least 20MHz at the 

20th-order pump, depending on the nature of frequency noise of the lasers [80]. The 
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Fig. 4.19  Linewidth of higher-order pumps measured by high-resolution OSA. Inset shows the 
high-resolution spectra of the original laser (dashed red) and the 20th-order pump (solid blue). 
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linewidth enhancement phenomenon was also observed experimentally. In this 

experiment, a sampled-grating distributed-Bragg reflector (SG-DBR) laser with a 

linewidth of 69 MHz and an ECL characterized by a linewidth of 100 kHz were used to 

pump the multi-staged mixer. The measured linewidth exhibited a linear scaling law with 

respect to the pump order, as shown in Fig. 4.19. Although the linear linewidth 

broadening function suggested that broadband noise processes (for instance, nonlinear 

coupling of ASE and shot noise to laser phase) played a negligible role in coherence 

fading, the characteristics of the pump lasers alone could have significant impact to the 

signal phase fidelity. In particular, the linewidth of the 20th-order pump was broadened to 

1.96 GHz, making it ~28 times wider than the original seed laser linewidth. Since the 

phase noise of a pump is directly transferred to its sidebands, the linewidth scaling law 

implies that the pump lasers should possess a linewidth that is at least an 
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Fig. 4.20  Conversion efficiencies of the multicasted DPSK channels. The copies with BER plotted in 
Fig. 4.21 are marked by arrows. Insets show the eye diagrams of the multicasted DPSK signal at 
1497.5 nm and the corresponding input signal for reference. 
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order-of-magnitude below that of the signal laser in order that the signal fidelity is 

preserved [81]. Consequently, the external cavity lasers that were originally used as pump 

seeds were replaced by narrow linewidth lasers at 1555.7 nm and 1558.9 nm; both 

sources were characterized by linewidths below 5 kHz, thereby eliminating pump laser 

phase noise consideration from the multicasting performance. 

The conversion efficiency of the multicaster driven by narrow-linewidth pumps 

and loaded with the 10-Gb/s phase modulated signal was plotted in Fig. 4.20. We note 

that the number of copies falling within previously defined 3-dB threshold was increased 

to 69, while the spectral span was widened to 147 nm. Performance increase was 
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Fig. 4.21  Measured BER of the DPSK input signal and selected multicast copies, marked by arrows 
in Fig. 4.20. Color of markers corresponds to the colors of arrows in Fig. 4.20. 
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attributed to the fact that the narrow-linewidth pump lasers were polarization maintaining, 

which improved pump-pump polarization alignment and, consequently, the overall 

mixing efficiency. Furthermore, a 6-dB improvement in post-amplification OSNR 

provided by narrow-linewidth lasers resulted in less depletion of the pump power due to 

ASE noise amplification. Similar to the experiment using OOK-modulated channel, the 

fidelity of the phase-modulated signal was preserved even at the 19th order multicast 

copy (1497.5 nm), as shown in Fig. 4.20. 

The quality of the PM-modulated multicast signal was finally quantified using the 

same metric as in the case of OOK signal multicasting. The results for 22 select copies, 

sampled randomly from all generated channels, are plotted in Fig. 4.21. Copies with 

wavelength below 1495 nm or above 1622 nm were discarded due to the tunable range 

limit of the output filters. As demonstrated by the BER measurements, the multicaster 
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achieved low penalty operation with phase-modulated signals, attaining average and 

worst-case sensitivity degradation of 0.02 dB and 0.55 dB respectively. A 3-dB sensitivity 

gain for DPSK signal was noted with respect to OOK signal, as expected [81]. Sensitivity 

degradation at the outermost copies was not observed, primarily due to improved pump 

OSNR in this setup. Since the fidelity of the signal replicas are strongly dependent to the 

amplitude and phase quality of the generating pump tones [73], the above 

characterization also implies that the quality of the parent pumps are preserved in the 

higher-order mixing process.  

4.4  Summary 

In summary, we reported a new WDM multicast architecture based on efficient, 

higher-order mixing in a self-seeded two-pump parametric mixer. The exceedingly 

power-efficient and uniform broadband mixing was enabled by precise dispersion 

engineering in a multi-staged device, resulting in a generation of a frequency comb with 

more than 40 tones over a 140-nm-wide window. The device was driven by two sub-Watt 

level pumps, well within the reach of commercial off-the-shelf lasers. The sideband 

creation processes, accompanying each pump order, resulted in the proportional number 

of spectrally-distinct copies; with more than 60 of those attaining conversion efficiency 

greater than -3 dB. Bit-error rate characterization with input noise-loading method 

revealed a pristine multicasting operation for both intensity- and phase-modulated signal, 

thus proving its compatibility with advanced modulation formats employed in 

next-generation, spectrally-efficient networks. As a consequence, the proposed 

architecture clearly represents an outstanding candidate for a practical highly 
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power-efficient, agile reconfigurable multicasting strategy for the next generation of 

high-granularity optical topologies. 

Chapter 4, in part is a reprint of the material as it appears in an article submitted to 

the Journal of Lightwave Technology contributed by Bill. P.-P. Kuo, Evgeny Myslivets, 

Nikola Alic and Stojan Radic, “Wavelength multicasting via frequency comb generation 

in a bandwidth-enhanced fiber optical parametric mixer.” The dissertation author was the 

primary investigator and author/co-author of this article.



 

 

 

Chapter 5  
 

Wide-band Tunable Light Generation by 

Swept-Pump Parametric Oscillator and 

Translator  

 

The rapid emerge of bio-medical, chemical sensing and atmospheric monitoring 

applications have led to a recurring interest in developing ultra-fast and wide-band sweep 

sources able to access unconventional short-wave infrared (SWIR) bands. While 

advances in material engineering permit gain bandwidth of tens of THz, synthesizing 

ultra-broadband gain medium in the low-energy SWIR band has not been viable so far. 

Consequently, tunable lasers operating in SWIR band have limited agility performance as 

compared to their near-infrared (NIR) and visible band counterparts. 

Departing from the conventional architecture, we explore a new tunable source 

concept based on parametric generation. In contrast to typical gain mechanisms, 

parametric gain band is not confined to material-defined transitions, but is only limited by 

the medium transparency window. Dispersion engineering in the mixing medium further 

provides a means to project narrowband gain in arbitrary spectral position defined by the 

pump wavelength, thereby eliminating the need for slow intra-cavity filtering element 
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found in typical tunable laser construct. The integration of specially-tailored parametric 

amplifier with a wavelength swept source structure hence allows for probing of 

previously inaccessible bands with conventional-band sources. More importantly, the 

narrowband gain generation process provides an up-scaling of sweep range and speed of 

any tunable source. 

This chapter reports the concept and experimental demonstration of the 

swept-pump parametric oscillator and translator (SPOT) architecture. The chapter begins 

with a description of the SPOT operating principle in Section 5.1. Section 5.2 describes 

the experimental demonstration and characterization of a SPOT tunable source in both 

wavelength-static and sweeping operating modes. A demonstration on gas spectroscopic 

application is presented in Section 5.3, and followed by concluding remarks in Section 

5.4. 

5.1  Oscillation and Wavelength Translation in Parametric Mixers 

The generation of wavelength-swept light in the SPOT device relies on 

construction of a narrowband fiber optical parametric amplifier (FOPA) capable of gain 

translation over wide spectral range. When a nonlinear medium is pumped by a high 

power laser, parametric amplification results in generation of spontaneous emission from 

quantum fluctuation [52]. In the small-signal regime where the pump is undepleted, the 

parametric gain can be expressed by the followings: 

 ( ) ( )
2

21 cosh 2
2

P
S

P
G

g
γ

1gL= + −⎡ ⎤⎣ ⎦  (5.1a) 

 ( ) ( )2
Pg P 2γ β= − Δ  (5.1b) 
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where γ and PP

/ 12 4

 represent the nonlinear coefficient of the mixing medium and the pump 

power respectively. It is readily recognized that the efficiency of the parametric 

generation at a particular spectral position is governed by the phase mismatch term ∆β, 

which has the following form for this parametric process: 

 ( ) ( )2 4
2 40 pPβ β ω β ω γ< Δ = Δ + Δ < −  (5.2) 

where βn and ∆ω denote the nth order dispersion of the fiber at the pump wavelength, and 

the (angular) frequency offset from the pump respectively. Contribution of dispersion 

terms higher than the 4th-order is omitted for their minor role in the overall phase 

mismatch. Strong generation resulted from high parametric gain is attained when the 

phase mismatch ∆β is bounded between zero and -4γPp, reaching maximum gain when 

∆β = -2γPp. For a typical amplifier construct in which a broadband gain is sought, phase 

matching is achieved by choosing a fiber with a positive β4 and pumping with a laser line 

positioned within its anomalous dispersion region (β2 < 0) [53],[82]. The effect of 

positive β4 and negative β2 provides a flat, negative phase mismatch over a wide spectral 

band as shown in Fig. 5.1(a). On the other hand, the use of a negative β4 fiber and a pump 

wavelength at the normal dispersion region of the fiber (with positive β2) results in a 

different operating regime of a FOPA – a pair of narrowband gain regions, namely Stokes 

(S, ∆ω < 0) and anti-Stokes (AS, ∆ω > 0) bands, are formed at spectrally-distant 

frequencies symmetric to the pump, as illustrated in Fig. 5.1(b) [53],[83]. Furthermore, 

the spectral position of the gain bands ∆ωS can be tuned by shifting the pump frequency 

ωP, directly leading to change in β2 and governed by the third-order dispersion β3. The 

frequency offset ∆ωS and the bandwidth δω of the gain window can be approximated 

as [83]: 
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Fig. 5.1  Phase-mismatch curve and gain corresponding to (a) Wide-band phase-matched FOPA (β2 < 0 &
β4 > 0); (b) Narrowband phase-matched FOPA (β2 > 0 & β4 < 0). Solid and dashed curves in (b) correspond
to spectral phase-matching and gain with different β2. Only anti-Stokes (∆ω > 0) bands are shown here for
brevity. 
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where ω0 is the zero-dispersion frequency of the fiber. As an example, consider a FOPA 

constructed with a typical dispersion-shifted fiber (DSF) possessing a zero-dispersion 

wavelength, 3rd-order and 4th-order dispersion of 1565 nm 0.1 ps3/km and -5x10-4 ps4/km 

respectively. When combined with a shift of only 1 nm in pump wavelength centered at 

1550 nm, it results in a 6.3 nm (8.3 nm) wavelength shift in the anti-Stokes (Stokes) gain 

window. Consequently, the narrowband phase matching, mediated by negative 
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Fig. 5.2  Operating principle of SPOT. P: Pump; AS: Anti-Stokes; S: Stokes 

fourth-order dispersion, provides a levering effect which up-scales the pump sweep and 

wavelength shift range. Furthermore, due to silica ultrafast response, the gain band shift 

is near-instantaneous with respect to the pump frequency shift. Hence, the gain-band 

tuning of a narrowband FOPA provides a distinctive feature – when pumped by a narrow 

range, wavelength-swept source, the resulting speed will be up-scaled alongside with 

range via creation of Anti-Stokes and Stokes lights. Equally important, the generation of 

spectrally-distant gain bands enables simultaneous access to two arbitrary bands even if 

optical gain and/or tuning mechanisms are not readily available in those spectral 

regions [52]. 

Utilizing the aforementioned properties, a wide-band and fast wavelength-swept 

light source can be constructed by incorporating a narrowband FOPA into an oscillator 

cavity with a wavelength-swept laser as the pump source, as illustrated in Fig. 5.2. The 

cavity consists of a wavelength-swept pump (P), a nonlinear fiber for parametric 

amplification, and a feedback path for the lasing (anti-Stokes) wave. The cavity 

incorporates bandsplitters used to remove non-lasing spectral components from the fiber 

output and to recombine the lasing wave with the pump. The nonlinear fiber possesing 
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high dispersion slope and negative 4th-order dispersion (β4) is pumped by a laser line 

situated in the normal dispersion regime, generating a pair of narrowband gain windows. 

The narrowband gain process, thus, serves as a gain mechanism in the oscillator cavity 

and simultaneously acts as an intra-cavity filter which limits the spectral width of the 

lasing wave. The waveband filters in the feedback path retain only the AS (short 

wavelength) light generated by the FOPA but rejects the residual pump and Stokes (long 

wavelength) emission. Due to the sweep up-scaling feature of a narrowband FOPA, a 

wide-band sweep can be generated with a narrowband swept pump. Besides providing 

gain to the lasing wave, the parametric amplification process in the nonlinear fiber also 

generates spectrally-distinct idler light at wavelength λS = (2/λP-1/λAS) which possesses 

identical statistical properties as the lasing (AS) wave [52]. Consequently, the light is 

generated in both side-bands even through only one of the gain side-bands is circulated 

in the cavity. Access to two distant bands is thus enabled by simultaneous generation of 

the lasing wave and its idler in the singly-resonant parametric oscillator construct. 

5.2  Demonstration and Performance Characterization 

5.2.1  Experimental Setup 

 Fig. 5.3  Experimental setup for SPOT demonstration.  
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An experimental realization of SPOT was constructed, as shown in Fig. 5.3, to 

investigate its operational characteristics. A wavelength-swept laser (Luna Phoenix) was 

employed as the pump seed. The pump laser was programmed to generate a linear sweep 

at a speed of 6000 nm/s from 1528 nm – 1555 nm with power variation below 1 dB. The 

pump wave is amplified to 17 dBm by an erbium-doped fiber amplifier (EDFA1) and sent 

to a Mach-Zehnder modulator (MZM) to generate pulses with low duty ratio. The pump 

pulses were then amplified by a pre-amplifier (EDFA2) followed by a booster amplifier 

(EDFA3). A high speed voltage-controlled tunable Fabry-Perot filter (TEF), controlled by 

an arbitrary wavelength generator (AWG), was inserted between EDFA2 and EDFA3 to 

reject the ASE from EDFA2 and thus mitigated the gain tilt in the high-power booster 

EDFA3. The amplified pump pulses are combined with the lasing waves at 1.3 μm 

through a WDM coupler (WDM1). The parametric gain medium was a 100 m spool of 

(DSF) with zero-dispersion wavelength (ZDW) of 1565.7 nm, dispersion slope of 0.07 

ps/nm2/km, and a nonlinear coefficient of 2.5 W-1km-1. Zero-dispersion wavelength 

fluctuation was characterized by noise injection method [84], and was found to be below 

0.1 nm. Low ZDW fluctuation characterizing the DSF section hence allowed for 

generation of high but narrowband gain in distant bands. The process was governed by 

high sensitivity of gain window position to the ZDW. The generated waves were 

monitored at DSF output through the 1% port of a 99/1 splitter, whereas an O/C-band 

WDM coupler was used to reject the residual pump and the 1.9 μm idler at the output. 

Another 99/1 splitter was placed after the intra-cavity polarization controller (PC) in 

order to characterize lasing wave output. The fundamental frequency of the cavity was 

measured at 840 kHz, with fine-tuning capability provided by embedded optical delay 
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line (ODL). In order to attain the maximum efficiency, the repetition rate of the pump 

pulses was matched to an integer multiple of the cavity fundamental frequency. In this 

experiment, the pulse source was operated at twice the cavity fundamental frequency, 

which translated to pulse-to-pulse wavelength shift of 3.6 pm (at the pump wavelength). 

In the following section, we discuss the results pertaining to the wavelength-static and 

swept operation of the SPOT setup. 

5.2.2  Wavelength-Static Operation 

 

 

Fig. 5.4  Output spectra of the parametric oscillator pumped by a wavelength-static tunable laser. Spectra
for different pump wavelengths are differentiated by trace color. 
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The light source shown in Fig. 5.3 can operate in wavelength-static mode by 

replacing the pump source with a stationary laser. Fig. 5.4 shows the output spectra of the 

wavelength-static SPOT pumped by a tunable laser source shifted from 1535 to 1559 nm, 

in 2-nm steps. The pump pulses have a duty cycle of 1/1000 and average power of 0.1 W. 
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From the spectra, the Stokes and anti-Stokes waves generated in the SPOT swept across a 

total span of 362 nm, corresponding to an order of magnitude enhancement of the 

original (24 nm) pump tuning range. Consequently, this proves that a single (C-band) 

tunable pump source can drive the SPOT operating in two distant bands over cumulative 

300 nm range. Neither intra-cavity PC nor the ODL were adjusted while sweeping the 

pump wavelength, implying that both the dispersion and the higher-order 

(frequency-dependent) polarization mode dispersion are sufficiently low to enable fast 

continuously tunable lasing. The broadband peaks appearing on the anti-Stokes sideband 

were artifacts introduced by the SWIR-band OSA (Yokogawa AQ6375), which were not 

observable with a NIR-band OSA (Agilent 86142B). 

Fig. 5.5 shows the spectral width of the Stokes and anti-Stokes waves generated 

by pumping at wavelength from 1535 nm to 1555 nm. In all measurements, the pump 

peak power was maintained at 22.2 W with a pulse with of 2.3 ns. The achromatic nature 

of the oscillator was confirmed by the uniformity of the anti-Stokes (lasing) wave 

spectral width, which was held below 0.2 nm over the entire short-wavelength tunable 

range of 114.5 nm (1268 nm – 1382 nm). On the other hand, a gradual increase in the 

Stokes spectral width was seen in blue Stokes band, corresponded to red-end of the pump 

tuning range. The wavelength-dependent spectral broadening of the Stokes wave at 

short-wavelength end was caused by the transfer of the pump phase modulation and was 

coupled with the increase in FOPA gain bandwidth when the pump wavelength 

approaches the ZDW of the fiber. Furthermore, as the pulsed pump propagates along the 

fiber, the pump will experience self-phase modulation-induced spectral broadening [85]. 

Concurrent interaction with the lasing anti-Stokes wave will allow the phase modulation 
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Fig. 5.5  Static spectral width of the anti-Stokes (blue circle) and Stokes (red cross) for various pump
wavelength. 
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on the pump to be transferred to the Stokes by the parametric process. Within the red-end 

of the Stokes tunable range, the gain bandwidth of the FOPA is highly confined (FWHM 

< 40 GHz), thus the spectral width enhancement is quenched by the narrow gain band. As 

the pump tunes to longer wavelength, the gain bandwidth is broadened and therefore 

leads to broadened Stokes wave. Although experiencing the same gain bandwidth 

broadening and cross-phase modulation (XPM) as the Stokes wave, spectral broadening 

of the anti-Stokes wave is inhibited by the recurring spectral compression by the 

narrowband FOPA and the cavity effect. Since the asymmetry in spectral width and, 

correspondingly, in coherence, between the Stokes and anti-Stokes arises from the pulsed 

pump, the Stokes line can acquire the same coherence property as the anti-Stokes, 

provided a high power CW pump source is used. 

Noting that the dependence of the gain bandwidth varies with the pump power, 
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the spectral width of the anti-Stokes wave in the blue (1268 nm) and red (1418.58 nm) 

ends were measured against the pump peak power, as shown in Fig. 5.6. The spectral 

 
Fig. 5.6  Spectral width of the anti-Stokes at 1268 nm and 1419 nm at various pump power levels. 

 

0

0.4

0.8

1.2

1.6

2

0 20 40 60 80 10

Li
ne

w
id

th
 [n

m
]

Pump peak power [W]
0

1268 nm

1419 nm

 
Fig. 5.7  Anti-Stokes power at 1268 nm and 1419 nm corresponding to various pump power levels. 
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width is coupled to the pump power through two mechanisms – gain bandwidth 

broadening due to (3), and XPM-induced broadening from the pulsed pump. Nevertheless, 

the spectral width disparity between the anti-Stokes blue and red regions can be corrected 

by simple pump power control.  The importance of the pump control is seen from Fig. 

5.7: the anti-Stokes spectral width can be equalized to between 0.2 – 0.3 nm if the pump 

power level is maintained to hold the anti-Stokes power level.   

5.2.3  Wavelength-Swept Operation 

With a wavelength-swept laser source replacing the stationary laser, the SPOT can 

be configured to generate fast wavelength sweep in dual bands. To realize a 

widely-tunable, narrowband gain block with equalized spectral response, it is essential to 

maintain the power uniformity of the pump source as the strength of phase-matched 

FOPA gain depends exponentially on instantaneous pump power. In practice, a 

wavelength-swept source with less than 1-dB power ripple is required for this purpose.  

Unfortunately, the need for high-power amplification within the pump band also 

poses a challenge in generation of wide-band, power-equalized wavelength scan due to 

the spectral non-uniformity and noise performance of high-power EDFAs. Fig. 5.8 shows 

the output spectra of the amplified wavelength-swept light from the pre-amplifier 

(EDFA2) and high-power booster (EDFA3), without interstitial filtering. Even though 

that the pre-amplifier was able to provide uniform gain over the entire sweep range of 

1527 – 1555 nm, with sub-1dB ripple, the booster was not able to maintain this 

uniformity, resulting in a composite power ripple of 22.3 dB and a 1-dB bandwidth of 

only 15 nm (1540.1 – 1555.4 nm). The measured gain tilt was mainly caused by inversion 

depletion in the booster by the ASE noise generated in the preceding stages. The 
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Fig. 5.8  (a) Output of pre-amplifier (EDFA2) and (b) booster (EDFA3). Solid and dotted traces
correspond to the setup with and without noise-rejection filter preceding the booster stage (EDFA3). 
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depletion mechanism was mitigated by the introduction of a fast tunable filter to remove 

the ASE noise. Consequently, the booster power uniformity was vastly improved: 1-dB 
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Fig. 5.9  Fluorescence spectra of a wavelength-swept laser pumped parametric amplifier. Solid and dotted
traces correspond to the setup with and without the noise-rejection filter preceding the booster stage
(EDFA3). 
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equalized bandwidth was increased to 25 nm, covering 1532.6 - 1555.4 nm range, as 

shown in Fig. 5.8. The enhancement in power uniformity and sweep bandwidth aided 

wide-band gain window tuning in the intra-cavity narrowband FOPA. Fig. 5.9 shows the 

spectrum of parametric fluorescence generated in the DSF after the residual pump was 

rejected by the O/C-band coupler. The pump source had a duty cycle of 1/64 and average 

power of 2W. In the absence of the filter, not only that the gain magnitude and bandwidth 

were reduced, but the presence of excess noise also led to generation of a wide-band, 

super-continuum-like emission which was not correlated to the pump sweep. In contrast, 

ASE rejection preceding the booster stage enabled realizing a widely-tunable gain 

element, providing uniform gain to a contiguous 123 nm band. In an alternative approach, 

a dedicated preamplifier-booster chain that manages ASE evolution would not require 
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Fig. 5.10  Output spectrum of the SPOT in sweeping mode. 
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incorporation of interstitial filter. Such an approach clearly offers a potential for more 

advanced, faster source designs. 

Incorporation of the widely-tunable FOPA enables construction of a wide band 

wavelength-swept source by forming a ring cavity, as depicted in Fig. 5.3. Fig. 5.10 

shows the output spectrum of the SPOT in wavelength-swept mode, tapped at the DSF 

output. The pump had a duty ratio of 1/62.5 and an average power of 0.5 W. Two 

seamless bands covering wavelength range of 329 nm (1252 – 1383 nm, 1774 – 1972 nm) 

were generated by the narrowband wavelength-swept source scanning over 23 nm, 

inferring a 14-times enhancement in sweep range. Since the sideband sweep was 

synchronous with the pump scan, the enhancement in sweep range corresponds to the 

up-scaling of sweep speed by the same factor – from 6000 nm/s to 86000 nm/s. It is 

worthwhile to note that the demonstrated sweep rate was limited only by the availability 
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Fig. 5.11  Instantaneous spectral width measurement setup. AOM: Acousto-optical modulator; OSA:
Optical spectrum analyzer. 
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of tunable laser and filter capable of generating faster sweep, but not by the parametric 

generation process. 

To analyze the coherence property of the output, a time-gated spectrometry 

technique shown in Fig. 5.11 was used to measure the instantaneous spectral width of the 

1300-nm band output. Part of the anti-Stokes wave lasing within the cavity was retrieved 

from the 1% tap preceding the pump-anti-Stokes combiner WDM1 and gated with a 1-μs 

pulse, synchronous to the pump sweep in an acousto-optical modulator (AOM) [86]. The 

AOM gate generated wavelength-static output from the input sweep by slicing a small 

portion of the sweep repeatedly, synchronous to the master clock. In this case, the 1-μs 

window corresponded to a maximum spectral shift of 45 pm at the anti-Stokes sweep. 

The wavelength-static output from the AOM, as shown in the inset of Fig. 5.12, was then 

analyzed with a conventional OSA. The instantaneous spectral width of the anti-Stokes 

wave was measured by an OSA with 10 pm resolution bandwidth and is shown in Fig. 

5.12. A gradual increasing trend was observed towards the long-wavelength edge of the 

sweep as a result of increasing FOPA gain bandwidth. Unexpected broadening was 

observed at 1361.2 nm and 1345 nm, and was attributed to the spurious water vapor 
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Fig. 5.12  Instantaneous spectral width of the anti-Stokes output. Inset shows the spectral shape of the
gated anti-Stokes output at 1329.9 nm. 
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absorption in the OSA optical path.  

Finally, a numerical model was constructed in order to examine the fundamental 

limit of the tuning speed for a narrowband FOPA, which ultimately dictates the sweep 

speed of the SPOT. The model incorporated fiber parameters directly measured from the 

DSF section used in the experiment. The 100-m fiber section was characterized by a 

nonlinear coefficient γ of 3 W-1km-1, ZDW of 1565.7 nm, and dispersion coefficients β3 

and β4 of 0.11 ps3/km and -4.86×10-4 ps4/km respectively. In the model, the fiber was 

pumped by a 54-W pump, sweeping over a narrowband (< 2nm) with variable sweep rate 

and center wavelength. The sweep range was kept small in order to capture localized 

pump-wavelength dependence of the sweep speed limit. The FOPA was seeded by a 

vacuum level (-58 dBm/0.1 nm in 1550 nm band), and the FOPA gain was measured by 

observing the total ASE power generated in the anti-Stokes (1300 nm) band. Fig. 5.13 
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Fig. 5.13  Simulated FOPA gain versus pump sweep rate at various mean pump wavelengths. 
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shows the measured gain against sweep rate at mean pump wavelengths of 1534, 1544 

and 1554 nm. A steep decrease in gain was observed when the pump sweep exceeded a 

specific rate. An empirical examination reveals that a specific sweep rate exists such that, 

when exceeded, will result in reduction of static gain by half in decibel scale. This sweep 

rate limit, referred as sweep saturation rate R hereafter, can be approximated by the 

following expression: 

 [ ]
( )

4
22

3 0

nm/ns P

P P

c P
R

π γ β

wβ ω ω ω τ
=

−
 (5.5) 

where Pω  is the mean frequency of the pump, and the pump/anti-Stokes walk-off time 

τw in a fiber of length L is given by 

  (56) ( ) ( ) ( )2 3
2 3 4/ 2 / 6w S S S Lτ β ω β ω β ω⎡ ⎤= Δ + Δ + Δ⎣ ⎦

Specifically, the sweep saturation rate corresponds to a pump sweep rate at which 
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Fig. 5.14  Sweep saturation rate estimated by Eq. 5.4 against pump wavelength. Sweep saturation rates
deduced from Fig. 5.13 are indicated by corresponding markers. 
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the gain peak drifts by half of the gain bandwidth within the walk-off time. From the plot 

of Eq. (5.5) shown in Fig. 5.14, we note that the sweep saturation rate reduces as the 

pump shifts away from the ZDW. Pump shifting away from ZDW results in gain creation 

farther away from the pump, with correspondingly narrower bandwidth. Furthermore, the 

increase in pump-ZDW frequency offset ( )0Pω ω−  also infers an increase in walk-off 

time τw. Consequently, the sweep rate limit is directly coupled to the maximum sweep 

range by two mechanisms – gain bandwidth narrowing and walk-off effect. For the 

parameters used in the numerical model which corresponded to an anti-Stokes band 

sweep range of 104 nm, the sweep saturation rate was found to be 4.9×108 nm/s. More 

importantly, the enhancement inherent to higher-order phase matching mechanism is 

capable of maximum sweep rate exceeding 109 nm/s. Indeed, the constraint in maximum 

sweep rate, imposed by the walk-off in the fiber gain medium in this experiment, can be 
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further relaxed by lowering higher-order dispersion terms (β3 and β4) or by reducing the 

fiber length. 

5.3  Application – Gas Spectroscopy 

 
Fig. 5.15  SPOT-enabled tunable-laser absorption spectroscopy demonstration.  

The capability to access the SWIR band represents an important implication to 

gas spectroscopy applications, for the abundance of absorption signature situated in the 

band within the 1.6 – 2.4 μm region [87]. As a demonstration of SPOT in spectroscopic 

applications, a tunable-laser absorption spectroscopy (TLAS) setup shown in Fig. 5.15 

was used to capture the absorption signature of carbon dioxide. The SPOT source shared 

similar construction with the setup in Fig. 5.3, except that the nonlinear fiber was 

replaced by a DSF with zero-dispersion wavelength at 1588.5 nm. As shown in Fig. 5.16, 

the red-shifted ZDW found in this fiber allowed for parametric generation beyond 2 μm 

using C-band (> 1530 nm) pump. Furthermore, the large separation between the ZDW 
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Fig. 5.16  Wavelength of Stokes wave versus pump wavelength. The linear fit of the portion covered by
the sweep is indicated by the red solid line. 
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and pump wavelength enforced a highly-linear tuning characteristics to the Stokes wave, 

which eased wavelength calibration for the swept-laser spectroscopy. In this experiment, 

the pump laser was set to sweep across 2.7 nm centered at 1537.7 nm at a speed of 2000 

nm/s. The resulting Stokes output covered a 14.7-nm band around 2003.6 nm, with an 

estimated sweep rate close to 11000 nm/s. 

The absorption spectroscopy was performed using a differential detection setup. 

After rejecting NIR-band components, the SWIR-band Stokes was split into two branches. 

The branch carrying majority of the Stokes power, denoted as absorption arm hereinafter, 

was directed to a gas cell containing carbon dioxide at a pressure of 600 Torr. On the 

other hand, the instantaneous power at the gas cell input was measured through a direct 

path (denoted as reference arm) to a photo-detector. The absorption signature of the gas 

cell was subsequently retrieved by obtaining the power difference between the signal and 
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Fig. 5.17  (a) Detected signal from reference and absorption arms after pulse integration. (b) Absorption
spectrum derived from (a). (c) Absorption spectrum of carbon dioxide from HITRAN database, assuming a
Lorentzian broadening of 0.1 nm. 
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reference arm, thereby rejecting fluctuation attributed to Stokes power ripple. The pulsed 

signature of the received signals was removed by down-sampling the digitized traces 

after an anti-aliasing filter was applied. Fig. 5.17(a) depicts the traces corresponding to 

the power evolution of the signal and reference arms as the Stokes wave sweep across the 

2-μm band. Spike-like absorption features of carbon dioxide corresponding to the 
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vibrational mode overtones were evidently seen on the absorption arm trace. Differential 

detection then yielded the absorption spectrum in Fig. 5.17(b). When compared to the 

absorption spectrum generated using HITRAN data [7] as shown in Fig. 5.17 (c), the 

acquired spectrum greatly resembled the theoretical trace. The increasing discrepancy 

towards the long-wavelength end was a consequence of wavelength-dependent loss found 

in the Stokes output splitter, amounted to 0.011 dB/nm and -0.06 dB/nm for the signal 

and reference port respectively. After removing the contribution of the splitter loss by a 

linear fit of the loss profiles in decibel scale, the acquired spectrum shown in Fig. 5.18(a) 

demonstrated better agreement with the theoretical trace. The wavelength scale in this 

plot was derived from a linear regression of the absorption peak position in the time 

domain (Fig. 5.17(b)) and in the wavelength domain (Fig. 5.17(c)). Based on this 

time-wavelength calibration, the Stokes sweep rate and spectral width 

(full-width-at-half-maximum) was found to be 10922 nm/s and 0.1 nm respectively. At 

central region, the acquired absorption showed a small deviation from the theoretical 

trace. Since a similar phenomenon was also observed in the “white-light” absorption 

spectrum (Fig. 5.18(b)) acquired using a super-continuum light source and an optical 

spectrum analyzer, we believe the deviation was a result of the excess loss of the gas cell 

at this region.  
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Fig. 5.18  (a) Absorption spectrum acquired by TLAS after wavelength-dependent loss in components is
compensated (blue solid line), and theoretical absorption spectrum derived from HITRAN data (red dotted
line). (b) Absorption spectrum acquired by an OSA with super-continuum illumination source. OSA
resolution bandwidth: 0.1 nm. 
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5.4  Summary 

In this chapter, we demonstrated a new architecture of wavelength-tunable 

sources which decouples tuning from the conventional cavity reconfiguration limitations. 

Relying on higher-order phase matching in parametric process, the narrow-band and 

widely-tunable parametric amplifier in the new SPOT construct serves as both the gain 
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and wavelength-selection element within a lasing cavity. The extrication of gain and 

tuning mechanisms from material-defined transition and mechanical construction enabled 

projection of coherent light to two distant bands using conventional-band pump lasers. 

Experimentally, the SPOT device generated continuous sweep in 1.3- and 2-μm bands 

across an aggregated 329-nm wavelength range using a tunable pumping source 

pendulated across 23 nm in 1550-nm band. The capability to project light into 2-μm 

SWIR band demonstrated by the SPOT source subsequently facilitated fast absorption 

spectroscopy of carbon dioxide, an important molecular species in atmospheric and 

combustion science. Consequently, the SPOT concept represents a true add-on to any 

tunable technology and inherently allows interferometric and spectroscopic acquisition at 

qualitatively higher rates, while relying on existing tunable devices. 

Chapter 5, in part is a reprint of the material as it appears in the Journal of 

Lightwave Technology in the article authored by Bill. P.-P. Kuo, Nikola Alic, Paul F. 

Wysocki and Stojan Radic, “Simultaneous wavelength-swept generation in NIR and 

SWIR bands over combined 329 nm band using swept-pump fiber optical parametric 

oscillator,” vol. 29, no. 4, pp. 410 – 416 (2011). The dissertation author was the primary 

investigator and author/co-author of this article.



 

 

 

Chapter 6  
 

Towards Continuous-Wave SPOT Operation: 

Geometric-Variation Desensitized 

High-Confinement Fiber Design  

 

In Chapter 5, we have seen a realization of the SPOT concept relying on 

low-confinement dispersion-shifted fiber, while being pumped by intense pulses with 

peak power approaching 100-W level. The use of short and intense pulses for pumping, 

however, represents two challenges for practical construction of SPOT light sources. 

First, the peak power level is hazardous to not only to the surrounding personnel if being 

exposed to, but also to the system components in long-term due to photo-darkening and 

defect-induced catastrophic failure [88],[89]. Second, the sharp envelope of the pump 

pulses introduces spectral broadening to the lasing components [90], thereby reducing the 

applicability of SPOT to spectral-resolution-critical tasks.  

High-confinement fibers possessing escalated nonlinear coefficients are readily 

identified as a promising class of mixing media for continuous-wave pumped SPOT 

operation [91]. Unfortunately, previous attempts of achieving gain in narrow-band 

phase-matched FOPA with watt-level pump power have been unfruitful so far due to 
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chromatic dispersion fluctuation along the fiber length span [92]. This chapter aims to 

establish a quantitative tolerance metric of dispersion perturbation for efficient 

narrow-band parametric generation, and identify potential solution for bridging the 

dispersion fluctuation toleration with fabrication variation found even in state-of-the-art 

fiber drawing process. Section 6.1 discusses the dispersion stability requirement with aid 

of stochastic numerical model of parametric amplification, and subsequently exemplifies 

the challenge to conventional high-confinement fiber design for reaching the stability 

tolerance. A new fiber waveguide design is introduced in Section 6.2, with emphasis on 

the waveguide design principle to achieve geometric-variation desensitization. Section 

6.3 presents the characterization results of a high-confinement fiber manufactured using 

the design principle in the previous section. The chapter is then concluded in Section 6.4. 

6.1  Dispersion Stability Requirement 

Due to the strong dependence of gain (conversion) spectral shape to the dispersion 

in the fiber medium, realization of a power-efficient SPOT device requires stringent 

control on the dispersion uniformity along the entire length of the mixing fiber 

(waveguide). The importance of the dispersion uniformity can be demonstrated by a gain 

model incorporating random dispersion fluctuation [93]. The model estimates the mean 

gain attainable in a FOPA configuration under the influence of random dispersion 

variation along the fiber span, in form of a perturbation δβ2 to the mean 2nd-order 

dispersion 2β :  

 ( ) ( ) ( ) ( )2 2 exp / 1 exp 2 /cz z z z L p zδβ δβ δ δ δ= − − + − − cL  (6.1) 
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where p is a zero-mean Gaussian random variable with standard deviation of σb. The 

perturbation in Eq. (6.1) corresponds to a random process with ensemble-wise Gaussian 

statistics of N(0,σb) and an auto-correlation σb
2exp(-∆z/Lc). Indeed, it is recognized that 

the influence of 2nd-order dispersion perturbation to a particular FOPA configuration 

depends on the mean dispersion coefficients β2 and β4, and nonlinear interaction strength 

γPP. In order to study the influence of dispersion stability independent of the 

configuration, we introduce a normalized fluctuation factor f, which is the ratio of the 

fluctuation of the gain peak frequency to the mean bandwidth of the gain window. Using 

Eq. (5.3) and (5.4) with the assumption that the perturbation δβ2 is a small fraction of the 

mean dispersion 2β , the parameter f can be expressed by the following: 
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Fig. 6.1 shows the outcome of dispersion fluctuation in a narrow-band 

phase-matched FOPA, obtained by geometrically-averaging the gain in 100 realizations 

of the perturbed FOPA. It is readily recognized that the existence of dispersion 

perturbation in non-ideal fibers imposes significant penalty on the attainable gain. 

Statistically, a fluctuation factor f below 3.38(γPPL)-0.454 is required at a correlation length 

Lc of 1m in order to attain half of the unperturbed gain level. When translated to the 

actual parameters using realistic configuration (γPP = (0.01/Wm)×(10W); β4 = -10-4 

ps4/km; λP = 1550 nm; λS = 2000nm), the dispersion D ought to be maintained within 

5×10-3 ps/nm/km. However, this stringent requirement in dispersion control will infer to 

an insurmountable challenge in fiber geometry control in practical high-confinement fiber 

fabrication process. The use of high-confinement fibers is indispensible in practical fiber 
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Fig. 6.1  Attainable mean gain of a narrow-band FOPA in the presence of fiber dispersion fluctuation.
Fiber length: 100m; fluctuation correlation length: 1m. 
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optical parametric device construction, since the high nonlinear coefficient found in this 

type of fiber alleviates the need for extremely high pump power and/or long fiber length 

to attain sufficient gain and conversion efficiency. Furthermore, the increased 

confinement within the fiber core (or, alternatively, the shrinkage of fiber transversal 

geometry) in standard high-confinement fiber waveguides provides means for achieving 

small chromatic dispersion by imposing strong waveguide-dispersion effect [94]. As 

described above, the dispersion reduction with respect to the intrinsic silica characteristic 

provides the favorable phase-matching condition for pumps situated in conventional 

telecom bands (1530 – 1610 nm) where mature technologies allows economical 

generation of high-quality pump beams. However, the large dispersion shift by 

down-sizing of the fiber transverse geometry also means that the dispersion becomes 

highly sensitive to any unintended geometry fluctuations in the fiber transverse geometry. 
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Fig. 6.2  Dispersion profiles of a conventional high-confinement fiber when subjected to 10-nm deviation
in core radius. 
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Δr = 10 nm
Δr = 0 nm
Δr = -10 nm

|dD/dr| = 98.1 ps/(nm.km.μm)

As shown in Fig. 6.2, enforcing dispersion accuracy to 5×10-3 ps/nm/km to a typical 

high-confinement fiber requires the core radius control accuracy better than 51 pm, which 

is smaller than the radius of a silicon atom (117 pm) Error! Reference source not 

found.. Even though contemporary fiber fabrication techniques have allowed dispersion 

stability for reaching 0.05 ps/nm/km levels, the order-of-magnitude disparity with the 

stability requirement for a SPOT device is yet to be reconciled. 

6.2  Geometric-Variation Desensitized Fiber Design 

Facing the difficulty in achieving the required geometry control accuracy in 

typical fiber geometry, a new class of fiber transversal geometry profile is required to 

relax the tolerance. Fiber dispersion control is supported by a variety of core/cladding 

geometry, which imposes waveguide dispersion to modify the material dispersion of 
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silica glass. The total dispersion of a fiber waveguide is expressed by the following 

equations [96]: 
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where a, n1 and nc are the core diameter, core index and cladding index of a step index 

fiber respectively, and the effective index experienced by the mode field is denoted as neff. 

The first and second terms in Eq. (6.3) describe the material contribution and waveguide 

contribution to the overall dispersion, which is perturbed by a cross-term depicted in the 

third bracket. Since the index contrast is limited to few percents for Rayleigh-scattering 

concern, variation of material dispersion is considered insignificant [97]. In contrast, the 

wave-guiding characteristics changes ferociously in response to subtle deviation from the 

designed geometry. 

In conventional high-confinement fibers, a single delta-like core provides a 

highly-negative waveguide dispersion to cancel the material dispersion of silica. The 

corresponding normalized waveguide dispersion –V2d2(Vb)/dV2 is shown in Fig. 6.3. In 

order to provide high nonlinearity and low dispersion spread across the operational band, 

conventional highly-nonlinear fibers are designed to operate in the vicinity of cut-off 

frequency (V ≈ 2.405) where the mode field is tightly confined in the core, and the 
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Fig. 6.3  Normalized waveguide dispersion of a single-core fiber. Inset shows a zoom-in view of the curve
in proximity to the V-number corresponding to 1550 nm. Green line represents dispersion of unperturbed
waveguide, whereas red and blue lines depict dispersion of waveguides with +1% and -1% geometry
deviation. 
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waveguide dispersion has an inverted slope with respect to the material dispersion. 

Nevertheless, the dispersion profile in the region is highly sensitized to the geometry – a 

1% shift in core radius contributes to a 5% change in dispersion, which is equivalent to 1 

ps/nm/km deviation in net dispersion for a fiber designed to possess zero dispersion at 

1550 nm. In contrast, the region preceding the dispersion dip demonstrates resilience to 

core geometry variation. Operating in this regime, however, implies that the fiber is 

weakly guiding, meaning that the nonlinearity is greatly hampered. 

Departing from conventional design strategy incorporating a single-core structure, 

the required confinement and dispersion stability can be provided by a multi-layered 

waveguide design as shown in Fig. 6.4. The design consists of four concentric layers – an 

inner core (a1, ∆n1) defining the mode-confinement characteristics, an outer core (a2, ∆n2) 
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Fig. 6.4  Refractive index profile of a double-core high-confinement fiber. 
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serving to modify the dispersion profile, an intermediate cladding layer (a3, ∆n3) which 

supports guiding for both cores, and the outer cladding providing mainly mechanical 

support. The underlying principle can be understood by first noticing that the optical field 

at lower frequency acquires wider beam waist within the waveguide. The double-core 

geometry then serves to impose different guiding regime to the low- and high-frequency 

components of the optical field by utilizing the dependence of beam waist on frequency: 

optical field with higher frequency will experience guiding by the inner core with the 

outer core acting as the cladding, whereas low-frequency field is confined by the outer 

core. The disparity of guiding characteristics between these two regimes results in a 

double-dip dispersion profile, as shown in Fig. 6.5. When the profile is stretched 

radial-wise, the saddle region sandwiched between the depressions will see an opposite 

dispersion shift being exerted by the inner and outer core, thereby reducing the net 

dispersion shift. Demonstrated in Fig. 6.5, the outer core radius and index contrast 
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Fig. 6.5  Dispersion profiles of (a) the optimal double-core profile, (b) various a2, and (c) various ∆n2.
Dashed and dotted lines indicate the V-parameters corresponding to wavelengths of 1.2 and 2.0 μm. 

provide a comprehensive mechanism to position the saddle region and minimize 

dispersion fluctuation – the desired waveguide dispersion can be obtained by adjusting 

the index contrast, while radial trimming will control the extent of dispersion fluctuation 

and shift the frequency range where the saddle region is situated.   

In comparison to conventional high-confinement fiber, the dispersion profile of 

the new fiber geometry is significantly less sensitive to core size variation. For instance, 

the exemplary fiber shown in Fig. 6.6 has a dispersion variation at telecom band (1550 

nm) reduced by 91% as compared to the single-core design depicted in Fig. 6.2, while 
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Fig. 6.6  Dispersion profiles of a double-core fiber subject to 10-nm core radius perturbation. Fiber
parameters: ∆n1 = 2.8%, a1 = 1.71μm, ∆n2 = 1.15%, a2 = 3.48μm, ∆n3 = -0.3%, a3 = 9.75μm. 
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maintaining similar field-confinement performance characterized by an effective mode 

area of 15.9 μm2 versus 10.1 μm2 for the conventional design. The benefit of the new 

fiber design for negative β4 phase-matched parametric amplification is prominent. Fig. 

6.7 shows the simulated gain profiles produced by conventional and newly-designed 

fibers subjected to 1-nm core radius variation. The simulation parameters were chosen to 

produce 20-dB of gain in a 50-GHz window at a wavelength of 2μm. In the 100 

realization of the random perturbation, the new fiber design demonstrated more than 10 

dB enhancement in average gain as compare to the typical design. When compared in 

terms of yield, all realizations of the new fiber design produced gain above the 

half-ideal-gain benchmark, whereas no fiber designed using the conventional approach 

attained the same level of performance.  
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Fig. 6.7  FOPA gain profiles of (a) typical high-confinement fiber and (b) geometry-variation desensitized
fiber. The color traces correspond to the gain produced by different iteration of the geometry perturbation,
whereas the grey trace indicates the average gain profile. The black traces show the gain profile of the ideal
(unperturbed) fibers for comparison. Inset shows a zoom-in view of the peak region in (b) 
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6.3  Geometric-Variation Desensitized Fiber Characterization 

 

 
Fig. 6.8  Dispersion profiles of the manufactured double-core fiber subject to 10-nm core radius
deviation. 
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Following the described principle of waveguide geometry desensitization, a 

double-core highly-nonlinear fiber was fabricated to quantify the benefit in terms of 

dispersion fluctuation. The dispersion profile of the fiber is shown in Fig. 6.8. Using the 

index profile parameter provided by the manufacturer, the fiber design exhibits a 

dispersion variation factor dD/da1 of 25.4 ps/(nm·km·μm) in the numerical model, while 

attaining an effective mode area of 20μm2. Although the fabricated fiber represents 

neither the best dispersion stability nor highest confinement attainable by the double-core 

design, its characteristics should provide indication of the advantage over conventional 

designs. 

The dispersion stability of the actual fiber was characterized using noise-injection 

method [84]. The principle of noise-injection method relies on the narrow phase-matched 
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Fig. 6.9  Conversion spectra generated by (a) standard highly-nonlinear fiber and (b) double-core fiber. 
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window when distant probe and pump waves interact to produce idler – dispersion 

fluctuation along the mixing fiber will perturb the optimal pump wavelength for efficient 

idler generation, consequently smearing out the sharp conversion peak found in an ideal 

fiber. The conversion spectra in Fig. 6.9 depict a qualitative difference in dispersion 

stability between a standard highly-nonlinear fiber and the new double-core fiber. While 

the standard fiber was impacted a zero-dispersion wavelength (ZDW) variation of 4 nm 

in a 100-m section, the ZDW merely fluctuated by 0.5 nm in the double-core fiber along 

200-m span. When scaled by their dispersion slopes (0.045 ps/nm2/km versus 0.06 

ps/nm2/km), the new fiber acquired 83% improvement in dispersion stability over the 

conventional fiber. Even though the results might have been convoluted by batch-wise 

disparity in the manufacturing process control, the above characterization remains as a 

demonstration of the enhanced dispersion stability when subjected to practical fabrication 

process variance. 
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6.4  Summary 

In this chapter, the requirement on dispersion stability for power-efficient SPOT 

realization was identified and addressed by a new fiber waveguide design. Statistical 

analysis revealed an order-of-magnitude gap between the dispersion fluctuation tolerance 

of a practical narrow-band FOPA and the level of dispersion variation found in 

contemporary high-confinement fibers. A new fiber waveguide design based on a 

double-core topology was proposed to abate the dispersion variation due to transversal 

geometry fluctuation along the fiber waveguide. Utilizing the disparity of field 

confinement conditions between the inner and outer cores, the double-core design 

imposed substantially different guiding regime to the low- and high-frequency field 

components. In the presence of geometry deviation, the antagonistic reaction of the two 

guiding regime resulted in a broad region of waveguide dispersion which was insensitive 

to the geometric variation. The design was then deployed for fabricating a new 

dispersion-stable high-confinement fiber, which was characterized by a near 

order-of-magnitude reduction in dispersion fluctuation over conventional fibers. 

Consequently, the new mixer fiber design presents a potential pathway for 

power-efficient SPOT operation using low-power continuous-wave pumps.



 

 

 

Chapter 7  
 

Conclusion  

 

7.1  Dissertation Summary 

Recent years have seen a rapid growth in both research effort and industrial 

demand for optical tunable source. Initiated by the needs in fast combustion monitoring 

and microscopic imaging, the requirements in terms of tuning range and speed are rising 

towards a level unreachable by conventional sources. This dissertation addresses the need 

for highly-agile coherent optical sources by introducing two extra-cavity optical engines 

based on parametric effects in optical fibers.  

Cavity-less source tuning scheme utilizes the frequency-pivoting effect in idler 

generation process to create new wave with higher tuning range and consequently speed. 

While the basic form of CAST involving first-order idler creation in a single parametric 

mixer can up-scale the agility performance by a factor of 2, cascaded mixing in multiple 

parametric stage and higher-order mixing in single-stage design can both provide even 

higher enhancement factor. The predicted benefits are subsequently verified by 

experimental demonstrations in Chapter 3, which demonstrate four-time improvement for 

both spectral swing and sweep rate. 
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Although agility improvement based on higher-order mixing in single parametric 

mixer provides a low-complexity pathway towards arbitrarily-high performance tuning, 

extensive generation of higher-order tones in homogeneous mixers is hampered by 

practical power budget and noise-creation phenomena. Chapter 4 discloses a new mixer 

design concept to enhance higher-order mixing efficiency while reducing power 

requirement and noise level. The concept relies on stage-wise dispersion engineering 

along the mixer, where the interstitial dispersive elements between nonlinear stages 

compress the optical field in the time domain. The temporal compression boosts the peak 

intensity of the optical field, therefore facilitates significant enhancement in nonlinear 

interaction strength in the subsequent nonlinear stage. Using a two-nonlinear-stage 

design, the concept has enabled generation of higher-order tones at the 30th order in the 

experimental demonstration, nearly an order-of-magnitude improvement over the 

homogeneous design used in Chapter 3. Beyond tuning enhancement, the higher-order 

mixing process is exploited to create amplitude- and phase-identical replicas of a probe 

wave in a spectrally non-degenerated manner. The amplitude and phase noise level of the 

higher-order tones are inferred through quality characterization of the created probe 

replicas. 

Chapter 5 aims to untie the allowable bands for highly-agile light creation from 

gain material availability. The swept-pump parametric oscillation and translation scheme 

makes use of parametric amplifiers phase-matched by negative fourth-order dispersion to 

project light onto two narrow but widely-tunable spectral windows. The SPOT tunable 

source is then constructed using the spectrally-confined parametric amplification as both 

the gain and filtering/tuning mechanisms. Since the spectral positions and gain levels of 
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the gain windows are solely defined by the pump wavelength and power, the operating 

range of SPOT source is decoupled from the availability of gain and filter. In the 

experiment, a conventional-band pulsed pump sweeping across 23-nm has created 

tunable light swinging across 329-nm in 1.3- and 2-μm bands, while maintaining an 

instantaneous linewidth below 0.2 nm. The ability to project sweeping coherent light into 

2-μm bands thus enables absorption spectroscopy of carbon dioxide, in which the 

acquired spectrum exhibited high degree of agreement to the theoretical absorption 

strengths. 

Recognizing the obstacle to operating a SPOT tunable source in continuous-wave 

mode due to fiber dispersion fluctuation, Chapter 6 reveals a waveguide design which 

substantially improves dispersion stability in high-confinement fibers. The new 

double-core fiber design introduces two different guiding regimes to the confined optical 

field, consequently superposes two waveguide dispersion profiles. Proper selection of the 

radius and refractive index ratios of the two cores results in a dispersion profile 

insensitive to core geometry variation, which is the fundamental cause of dispersion 

fluctuation in practical fibers. The proposed fiber design thus opens the possibility to 

realize power-efficient, highly-coherent SPOT tunable sources with low-power CW 

pumps and long mixer fibers. 

7.2  Future Directions 

Although this dissertation has contained fairly thorough discussion on the theory, 

design, construction and applications of the proposed agility enhancement schemes, many 

open questions are yet to be investigated, especially on the application side. The 
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following sections are dedicated for an outlook of possible future efforts. 

7.2.1  Optical-to-RF Spectral Mapping for Higher-order Mixing CAST 

 
Fig. 7.1  Optical-to-RF spectral mapping scheme using two scanning optical frequency combs. 

In higher-order mixing CAST operation, all the spectral components are present at 

the mixer output and are sweeping in unison. However, the spatial and temporal 

degeneracy found in higher-order mixing CAST will mandates one to decouple individual 

tones using spectral-selective elements, and use independent receivers to retrieve the 

information carried by each tone. Not only the complexity will be prohibitive, but the 

presence of spectral holes will also be inevitable due to non-ideal pass-band 

characteristics of the spectral splitters. 

A possible path to mitigate the need for spectral decoupling is to map the optical 

spectrum into electrical (RF) spectrum using coherent detection scheme. Fig. 7.1 shows a 

schematic which utilizes two scanning optical frequency combs to achieve the 

optical-to-RF mapping. In this scheme, the “interrogator” and “reference” mixers create 
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Coherent detection of the interrogator light using reference light as the local oscillators 

(LOs) will create a frequency comb in the RF domain, where each RF tone, separated 

from the neighbors by δ, carries the perturbation imprinted by the sample/experiment in 

the interrogator arm. Consequently the entire optical spectrum covered by the interrogator 

light sweep can be sensed without needing optical spectrum decomposition. 

7.2.2  Laser Linewidth Compression 

 Fig. 7.2  Laser linewidth reduction by CAST principle. 
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In chapters 3 and 4, we have seen that the phase evolution and frequency noise 

(laser linewidth) of a higher-order light strictly follow those of the parent lasers. In 

principle, this property can be used to reduce the spectral span of a laser by locking the 

higher-order light to a fine frequency reference. Illustrated in Fig. 7.2, the nth-order light 

generated by a narrow-linewidth laser (f0) and a (relatively) broad-linewidth laser (f0 + ∆) 

possesses a linewidth up-scaled by n times. If the instantaneous frequency of 

broad-linewidth laser is controlled (by means of current injection, for instance) so that the 

nth-order light is locked to a spectral reference, the linewidth of the broad laser will be 

shrink to a fraction of the width of the spectral reference. This scheme could be valuable 
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in bridging the performance disparity between different types of lasers (e.g. fixed and 

tunable lasers).  

7.2.3  SPOT Extensions 

The tuning speed limit of SPOT tunable source indicates that even a simple 

construction used in Chapter 5 can support swift tuning approaching 109 nm/s, provided 

the availability of pump source able to sweep at 108 nm/s. However, even the 

state-of-the-art tunable sources can sweep merely at an order-of-magnitude lower rate, 

thus undermining the potential of SPOT. A combined construction using CAST-derived 

tuning to drive a SPOT device is consequently highly anticipated for enabling agility 

performance to reach the demand of emerging applications. 

Further to tuning speed enhancement, it would also be interesting to assess the 

possibility to operate SPOT tunable sources beyond the 2-μm SWIR band. Current 

construction using silica-based optical fibers for parametric amplification is not amenable 

to light generation beyond 2.4 μm due to phonon absorption in the mid-wavelength 

infrared (MWIR) region [25]. To extend the operating band into MWIR where absorption 

features of atmospheric species are abundant and strong, one would need to explore 

alternative fiber glass possessing low loss in this regime. To name a few, chalcogenide 

and ZBLAN (fluoride mixture of zirconium, barium, lanthanum, aluminum and sodium) 

glasses are promising candidates owing to their low loss in the band of interest [98],[99]. 

In addition, chalcogenide glasses possess 100-times higher nonlinear susceptibility than 

silica, meaning that parametric devices built upon these mixing media will produce much 

higher efficiency [100]. However, both chalcogenide and ZBLAN glasses are difficult to 
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be drawn into long fibers with low loss. Further advances in MWIR glasses are needed 

before efficient parametric devices could become realistic. 



 

 

 

Appendix A  
 

Instantaneous Linewidth Measurement 

by Heterodyne Detection  

 

This appendix supplements the linewidth measurement procedure described in 

Chapter 3. When the output of a laser-under-test (LUT) is combined with a coherent field 

at the same average frequency as of the LUT from a reference (Ref) laser with linewidth 

considerably narrower than the LUT, the heterodyne signal, obtained by detecting the 

power of the resultant field, can be expressed as follows: 

 ( ) ( ) ( ) ( ) ( ) ( ) ( )( ){ }LUT Ref LUT Ref LUT Ref2 Re expp t P t P t P t P t j t tφ φ⎡ ⎤= + + −⎣ ⎦  (A.1) 

If the power of both laser is constant over time, the heterodyne signal p(t) then 

carries only the relative phase noise (φLUT – φRef) information. Since the phase noise of 

the reference laser is assumed to be much smaller than the LUT, the phase of the 

reference field φRef thus becomes quasi-static and convey negligible influence on p(t). 

Base on these two assumptions, the complex electric field ALUT = AR + jAI of the LUT can 

then be retrieved by applying Hilbert transform H[.] on the DC-rejected heterodyne 

signal pAC(t) as follow: 
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Fig. A.1  Heterodyne signal between the wavelength-swept pump source and a static laser. Inset shows a
zoom-in view of the waveform around t = 0 with time-span of 600 ns; (b) Retrieved instantaneous
frequency of the pump source, with the retrieved phase shown in the inset. The solid line in the
frequency-time plot corresponds to the frequency extracted by polynomial fitting the retrieved phase
followed by a first-order derivative operation. 

 
( ) ( )( ){ }

( ) ( )( ){ }
R AC LUT Ref LUT Ref

I AC LUT Ref LUT Ref

2 Re exp

2 Im exp

A p t P P j t

A H p t P P j t

φ φ

φ φ

⎡ ⎤∝ = −⎣ ⎦

⎡ ⎤∝ = −⎡ ⎤⎣ ⎦ ⎣ ⎦
 (A.2) 

If the LUT is subject to a (linear) frequency sweep, the heterodyne signal will 

then contain a fast (linear) chirp component. This chirp component is a result of a rapidly 

(quadratic) increasing phase and is independent to the intrinsic phase noise of the LUT. 

An example is shown in Fig. A.1(a), which was obtained with the same 

wavelength-swept laser described in the previous sections. In order to retrieve the phase 

noise covered by this non-static component, the frequency sweep of the LUT ought to be 

retrieved and cancelled. Using the same treatment described in Eq. (A.2), the phase of the 

LUT was reconstructed, revealing the quadratic phase and thus linear frequency sweep 

with respect to time as shown in Fig. A.1(b).  
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Fig. A.2  (a) Temporal phase noise evolution retrieved after the polynomial fit. (b) Power spectrum of the
reconstructed field (blue) and the Lorentzian lineshape fit (red). 

101.5

Noticing the polynomial (nearly quadratic) nature of the phase evolution, the 

contribution of the frequency sweep can be subtracted from the retrieved phase by a 

polynomial fit. In practice, a polynomial fit of up to third order may be required to 

account for the nonlinearity in the frequency sweep, however, higher-order fit should be 

avoided as the excess degree of freedom in root placement can lead to undesired removal 

of low-frequency phase noise. The underlying phase noise retrieved after polynomial fit 

is depicted in Fig. A.2(a). Although the heterodyne signal was recorded for 60 μs, only a 

1.3-μs slice of the trace was retained for phase noise measurement in order to eliminate 

the effect of non-uniform frequency response of the photo-detector and the oscilloscope 

which produced the amplitude ripple as shown in Fig. A.1(a). The lineshape of the LUT 

can then be reconstructed with the availability of phase noise, as shown in Fig. A.2(b). A 

Lorentzian lineshape function fit to the reconstructed lineshape provides a better measure 

of linewidth (178.6 kHz) as shown in Fig. 9(b). 
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Fig. A.3  Power spectrum of the reconstructed idler (blue) overlaid with the measured spectrum of the
seed laser (red). Inset shows a zoom-in view of the spectra with 1 GHz span. 
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In order to confirm the accuracy of the instantaneous linewidth retrieval algorithm 

described here, the measurement result obtained with this algorithm was compared 

against a measurement made by a commercial high-resolution OSA (Agilent 83453B). 

The comparison was done by measuring the lineshape of the stationary seed wave used in 

stage 2 of the cascaded mixing scheme, whereas the described algorithm was deployed to 

retrieve the lineshape of the generated idler. Since the resolution of the OSA was limited 

to 1 MHz, a distributed-feedback (DFB) laser diode with linewidth of 10 MHz replaced 

the seed laser (ECL) used in the previous setup which had a sub-MHz linewidth. The use 

of the broad linewidth seed laser also reduced the influence of pump source linewidth in 

the comparison. Fig. A.3 shows the retrieved power spectrum of the idler overlaid with 

the spectrum of the stationary seed laser measured by the OSA. Excellent agreement 

between the retrieved instantaneous lineshape spectrum and the static measurement 

performed with the commercial OSA confirms the credibility of the described algorithm. 



 

 

 
Bibliography 

 
[1] F. P. Schafer, W. Schmidt and J. Volze, “Organic dye solution laser,” Appl. Phys. 

Lett. 9(8), 306 – 309 (1966). 

[2] B. H. Soffer and B. B. McFarland, “Continuously tunable, narrow-band organic dye 
lasers,” Appl. Phys. Lett. 10(10), 266 – 267 (1967). 

[3] A. Carena, M. D. Vaughn, R. Gaudino, M. Shell and D. J. Blumenthal, “OPERA: 
an optical packet experimental routing architecture with label swapping capability,” 
J. Lightwave Technol. 16(12), 2135 – 2145 (1998). 

[4] D. D. Nelson, M. S. Zahniser, J. B. McManus, C. E. Kolb and J. L. Jimenez, “A 
tunable diode laser system for the remote sensing of on-road vehicle emissions,” 
Appl. Phys. B 67(4), 433 – 441 (1998). 

[5] S. R. Chinn, E. A. Swanson and J. G. Fujimoto, “Optical coherence tomography 
using a frequency-tunable optical source,” Opt. Lett. 22(5), 340 – 342 (1997). 

[6] W. C. Eckhoff, R. S. Putnam, S. Wang, R. F. Curl and F. K. Tittle, “A continuously 
tunable long-wavelength CW IR source for high-resolution spectroscopy and 
trace-gas detection,” Appl. Phys. B 63(5), 437 – 441 (1996). 

[7] L. S. Rothman et al., “The HITRAN 2008 molecular spectroscopic database,” J. 
Quantitative Spectroscopy & Radiative Transfer 110(9-10), 533 – 572 (2009). 

[8] S. T. Sanders, J. A. Baldwin, T. P. Jenkins, D. S. Baer and R. K. Hanson, 
“Diode-laser sensor for monitoring multiple combustion parameters in pulse 
detonation engines,” Proc. Combustion Institute 28(1), 587 – 594 (2000). 

[9] W. Drexler and J. G. Fujimoto, eds., Optical Coherence Tomography: Technology 
and Applications (Springer, Berlin, 2008), Chap. 8. 

[10] W. Wieser, B. R. Biedermann, T. Klein, C. M. Eigenwillig and R. Huber, 
“Multi-megahertz OCT: highe quality 3D imaging at 20 million A-scans and 4.5 
GVoxels per second,” Opt. Express 18(14), 14685 – 14704 (2010). 

124 
 



125 
 

[11] V. Jayaraman, J. Jiang, H. Li, P. J. S. Heim, G. D. Cole, B. Potsaid, J. G. Fujimoto 
and A. Cable, “ OCT imaging up to 760 kHz axial scan rate using single-mode 
1310nm MEMS-tunable VCSELs with >100nm tuning range,” in Proc. Conf. Laser 
and Electro-Optics, paper PDPB2, 2011. 

[12] Carl Zeiss In Tune laser specification (Retrieved on Oct. 10, 2011). 
http://www.zeiss.de/C1256D18002CC306/0/B0F566992BC00D70C125754B0038
BC5B/$file/60-1-0013_e_lsm710_in-tune.pdf 

[13] Newport TLB-6304 tunable laser specification (Retrieved on Oct. 10, 2011). 
http://www.newport.com/store/product.aspx?id=917346&lang=1033 

[14] Thorlabs INTUN laser specification (Retrieved on Oct. 10, 2011). 
http://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=1277 

[15] Coherent MBR-110 Ti:Sapphire laser specification (Retrieved on Oct. 10, 2011). 
http://www.coherent.com/downloads/MBR110_DSrevA_0510.pdf 

[16] H. Lim, J. F. de Boer, B. H. Park, E. C. W. Lee, R. Yelin and S. H. Yun, “Optical 
frequency domain imaging with a rapidly swept laser in the 815 – 870 nm range,” 
Opt. Express 14(13), 5937 – 5944 (2006). 

[17] T. Klein, W. Wieser, C. M. Eigenwillig, B. R. Biedermann and R. Huber, 
“Megahertz OCT for ultrawide-field retinal imaging with a 1050nm Fourier domain 
mode-locked laser,” Opt. Express 19(4), 3044 – 3062 (2011). 

[18] B. R. Biedermann, W. Wieser, C. M. Eigenwillig and R. Huber, “Recent 
developments in Fourier domain mode locked lasers for optical coherence 
tomography: imaging at 1310 nm vs. 1550 nm wavelength,” J. Biophoton 2(6-7), 
357 – 363 (2009). 

[19] T. S. McComb, R. A. Sims, C. C. C. Willis, P. Kadwani, V. Sudesh, L. Shah and 
M. Richardson, “High-power widely tunable thulium fiber lasers,” Appl. Opt. 
49(32), 6236 – 6242 (2010). 

[20] S. Radic, “Parametric Signal Processing,” IEEE J. Select. Topics Quant. Electron. 
(in press). doi: 10.1109/JSTQE.2011.2121896. 

[21] T. Torounidis, P. A. Andrekson and B. E. Olsson, “Fiber-optical parametric 
amplifier with 70-dB gain,” IEEE Photon. Technol. Lett. 18(10), 1194 – 1196 
(2006). 

[22] S. Moro, A. Peric, N. Alic, J. A. Anderson, C. J. McKinstrie and S. Radic, “ 
Continuous-wave parametric amplifier with 6.9-exaHz gain-bandwidth product,” 
IEEE Photon. Technol. Lett. 23(20), 1532 – 1534 (2011). 

 
 



126 
 

[23] J. M. Chavez Boggio, S. Moro, B. P.-P. Kuo, N. Alic, B. Stossel and S. Radic, 
“Tunable parametric all-fiber short-wavelength IR transmitter,” J. Lightwave 
Technol. 28(4), 443 – 447 (2010). 

[24] F. Gholami, J. M. Chavez Boggio, S. Zlatanovic, N. Alic and S. Radic, “All-fiber 
tunable SWIR parametric source at 2.4 μm,” in Proc. Frontier in Optics, paper 
FWW3, 2010. 

[25] H. R. Philipp, “Silicon Dioxide (SiO2) (Glass),” in Handbook of Optical Constants 
of Solids, E. D. Palik, ed. (Academic, San Diego, 1985). 

[26] Y. R. Shen, The Principle of Nonlinear Optics (Wiley, Hoboken, NJ., 2003). 

[27] K. Hagimoto and A. Mito, “Determination of the second-order susceptibility of 
ammonium dihydrogen phosphate and α-quartz at 633 and 1064 nm,” Appl. Opt. 
34(36), 8276 – 8282 (1995). 

[28] R. W. Tkach, A. R. Chraplyvy and R. M. Derosier, “Spontaneous Brillouin 
scattering for single-mode optical-fibre characterization,” Electron. Lett. 22(19), 
1011 – 1013 (1986). 

[29] G. P. Agrawal, Nonlinear Fiber Optics (Academic, San Diego, 2004). 

[30] R. Y. Chiao, C. H. Townes and B. P. Stoicheff, “Stimulated Brillouin scattering and 
coherent generation of intense hypersonic waves,” Phys. Rev. Lett 12(21), 592 – 
595 (1964). 

[31] E. P. Ippen and R. H. Stolen, “Stimulated Brillouin scattering in optical fibers,” 
Appl. Phys. Lett. 21(11), 539 – 541 (1972). 

[32] R. G. Smith, “Optical power handling capacity of low loss optical fibers as 
determined by stimulated Raman and Brillouin scattering,” Appl. Opt. 11(11) 2489 
– 2494 (1972). 

[33] M. Niklès, L. Thévenaz amd P. A. Robert, “Brillouin gain spectrum 
characterization in single-mode optical fibers,” J. Lightwave Technol. 15(10), 1842 
– 1851 (1997). 

[34] Y. Aoki, K. Tajima and I. Mito, “Input power limits of single-mode optical fibers 
due to stimulated Brillouin scattering in optical communication systems,” J. 
Lightwave Technol. 6(5), 710 – 719 (1988). 

[35] E. Lichtman, R. G. Waarts and A. A. Friesem, “Stimulated Brillouin scattering 
excited by a modulated pump wave in signal-mode fibers,” J. Lightwave Technol. 
7(1), 171 – 174 (1989). 

 
 



127 
 

[36] C. K. Jen, J. E. B. Oliveira, N. Goto and K. Abe, “Role of guided acoustic wave 
properties in single-mode optical fibre design,” Electron. Lett. 24(23), 1419 – 1420 
(1988). 

[37] N. Yoshizawa and T. Imai, “Stimulated Brillouin scattering suppression by means 
of applying strain distribution to fiber with cabling,” J. Lightwave Technol. 11(10), 
1518 – 1522 (1993). 

[38] K. Shiraki, M. Ohashi and M. Tateda, “Suppression of stimulated Brillouin 
scattering in a fibre by changing the core radius,” Electron. Lett. 31(8), 668 – 669 
(1995). 

[39] R. H. Stolen and E. P. Ippen, “Raman gain in glass optical waveguides,” Appl. 
Phys. Lett. 22(6), 276 – 278 (1973). 

[40] E. M. Dianov, I. A. Bufetov, M. M. Bubnov, M. V. Grekov, S. A. Vasiliev and O. I. 
Medvedkov, “Three-cascaded 1407-nm Raman laser based on phosphorus-doped 
silica fiber,” Opt. Lett. 25(6), 402 – 405 (2000). 

[41] R. W. Boyd, Nonlinear Optics (Academic, Boston, 2008). 

[42] A. W. Snyder and W. R. Young, “Modes of optical waveguides,” J. Opt. Soc. Am. 
68(3), 297 – 309 (1978). 

[43] J. Thøgersen and J. Mark, “Third harmonic generation in standard and 
erbium-doped fibers,” Opt. Commun. 110(3-4), 435 – 444 (1994). 

[44] L. F. Mollenauer, R. H. Stolen and J. P. Gordon, “Experimental observation of 
picoseconds pulse narrowing and solitons in optical fibers,” Phys. Rev. Lett. 45(13), 
1095 – 1098 (1980). 

[45] M. Cronin-Golomb, J. O. White, B. Fischer and A. Yariv, “Exact solution of a 
nonlinear model of four-wave mixing and phase conjugation,” Opt. Lett. 7(7), 313 
– 315 (1982). 

[46] Y. Chen, “Four-wave mixing in optical fibers: exact solution,” J. Opt. Soc. Am. B 
6(11), 1986 – 1993 (1989). 

[47] K. O. Hill, D. C. Johnson, B. S. Kawasaki and R. I. MacDonald, “cw three-wave 
mixing in single-mode optical fibers,” J. Appl. Phys. 49(10), 5098 – 5106 (1978). 

[48] A. Yariv and P. Yeh, Photonics: Optical Electronics in Modern Communications 
(Oxford, New York, 2007). 

[49] P. W. Milonni and J. H. Eberly, Laser Physics (Wiley, New Jersey, 2010). 

 
 



128 
 

[50] K. Inoue and H. Toba, “Wavelength conversion experiment using fiber four-wave 
mixing,” IEEE Photon. Technol. Lett. 4(1), 69 – 72 (1992). 

[51] B. E. Bouma, G. J. Tearney, B. J. Vakoc and S. H. Yun, “Optical frequency domain 
imaging,” in Optical Coherence Tomography, W. Drexler and J. G. Fujimoto eds. 
(Springer, New York, 2008). 

[52] R. H. Stolen and J. E. Bjorkholm, “Parametric amplification and frequency 
conversion in optical fibers,” IEEE J. Quant. Electron. 18(7), 1062 – 1072 (1982). 

[53] M. Yu, C. J. McKinstrie, and G. P. Agrawal, “Modulation instabilities in dispersion 
flattened fibers,” Phys. Rev. E 52(1), 1072-1080 (1995). 

[54] T. Okuno, M. Hirano, T. Kato, M. Shigematsu and M. Onishi, “Highly nonlinear 
and perfectly dispersion-flattened fibres for efficient optical signal processing 
applications,” Electron. Lett. 39(13), 972 – 974 (2003). 

[55] D. Cotter, “Transient stimulated Brillouin scattering in long single-mode fibres,” 
Electron. Lett. 18(12), 504 – 506 (1982). 

[56] Q. Lin and G. P. Agrawal, “Effect of polarization-mode dispersion on fiber-based 
parametric amplification and wavelength conversion,” Opt. Lett. 29(10), 1114 – 
1116 (2004). 

[57] L. H. Sahasrabuddhe and B. Mukherjee, “Light-trees: optical multicasting for 
improved performance in wavelength-routed networks,” IEEE Commun. Mag. 
37(2), 67 – 73 (1999). 

[58] J. Capmany, B. Ortega, D. Pastor and S. Sales, “Discrete-time optical processing of 
microwave signals,” J. Lightwave Technol. 23(2), 702 – 723 (2005). 

[59] C.-S. Brès, S. Zlatanovic, A. O. J. Wiberg and S. Radic, “Reconfigurable 
parametric channelized receiver for instantaneous spectral analysis,” Opt. Express 
19(4), 3531 – 3541 (2011). 

[60] A. Cerqueira-Sodre Jr., J. M. Chavez Boggio, A. A. Rieznik, H. E. 
Hernandez-Figueroa, H. K. Fragnito and J. C. Knight, “Highly-efficient generation 
of broadband cascaded four-wave mixing products,” Opt. Express 16(4), 2816 – 
2828 (2008). 

[61] D. Grischkowsky and A. C. Balant, “Optical pulse compression based on enhanced 
frequency chirping,” Appl. Phys. Lett. 41(1), 1 – 3 (1982). 

[62] G. Yang and Y. R. Shen, “Spectral broadening of ultrashort pulses in a nonlinear 
medium,” Opt. Lett. 9(11), 510 – 512 (1984). 

 
 



129 
 

[63] Corning SMF-28e+ Optical Fiber Datasheet (Retrieved on Oct 5, 2011). 
http://www.corning.com/WorkArea/showcontent.aspx?id=41261 

[64] P. K. A. Wai, C. R. Menyuk, Y.C. Lee and H. H. Chen, “Nonlienar pulse 
propagation in the neighborhood of the zero-dispersion wavelength of monomode 
optical fibers,” Opt. Lett. 11(7), 464 – 466 (1986). 

[65] O. V. Sinkin, R. Molzlöhner, J. Zweck and C. R. Menyuk, “Optimization of the 
split-step Fourier method in modeling optical fiber communications systems,” J. 
Lightwave Technol. 21(1), 61 – 68 (2003). 

[66] C. W. Gardiner, Quantum Noise (Springer, New York, 1991). 

[67] K. Tai, A. Hasegawa and A. Tomita, “Observation of modulational instability in 
optical fibers,” Phys. Rev. Lett. 56(2), 135 – 138 (1986). 

[68] M. Nakazawa, H. Kubota and K. Tamura, “Random evolution and coherence 
degradation of a higher-order optical soliton train in the presence of noise,” Opt. 
Lett. 24(5), 318 – 320 (1999). 

[69] J. E. Rothenberg and D. Grischkowsky, “Observation of the formation of an optical 
intensity shock and wave breaking in the nonlinear propagation of pulses in optical 
fibers,” Phys. Rev. Lett. 62(5), 531 – 534 (1989). 

[70] W. J. Tomlinson, R. H. Stolen and A. M. Johnson, “Optical wave breaking of 
pulses in nonlinear optical fibers,” Opt. Lett. 10(9), 457 – 459 (1985). 

[71] M. Stem, J. P. Heritage and E. W. Chase, “Grating compensation of third-order 
fiber dispersion,” IEEE J. Quant. Electron 28(12), 2742 – 2748 (1992). 

[72] J. Azana and M. A. Muriel, “Temporal self-imaging effects: theory and application 
for multiplying pulse repetition rates,” IEEE J. Select. Topics Quant. Electron. 7(4), 
728 – 744 (2001). 

[73] C. J. McKinstrie, S. Radic and A. R. Chraplyvy, “Parametric amplifiers driven by 
two pump waves,” IEEE J. Select. Topics Quant. Electron. 8(3), 538 – 547 (2002). 

[74] C.-S. Brès, A. O. J. Wiberg, B. P.-P. Kuo, N. Alic and S. Radic, 
“Wavelength-multicasting of 320 Gb/s channel in self-seeded parametric 
amplifier,” IEEE Photon. Technol. Lett. 21(14), 1002 – 1004 (2009). 

[75] C.-S. Brès, A. O. J. Wiberg, Bill P.-P. Kuo, J. M. Chavez-Boggio, C. F. Marki, N. 
Alic and S. Radic, “Optical demultiplexing of 320 Gb/s to 8×40 Gb/s in single 
parametric gate,” J. Lightwave Technol. 28(4), 434 – 442 (2010). 

 
 



130 
 

[76] B. Kibler, C. Billet, P.-A. Lacourt, R. Ferriere, L. Larger, and J. M. Dudley, 
“Parabolic pulse generation in comb-like profiled dispersion decreasing fibre,” 
Eletron. Lett. 42(17), 965 – 966 (2006). 

[77] N. Alic, R. M. Jopson, J. Ren, E. Myslivets, R. Jiang, A. H. Gnauck, and S. Radic, 
“Impairments in deeply-saturated optical parametric amplifiers for amplitude- and 
phase-modulated signals,” Opt. Express. 15(14), 8997 – 9008 (2007). 

[78] C.-S. Brès, N. Alic, E. Myslivets and S. Radic, “Scalable multicasting in one-pump 
parametric amplifier,” J. Lightwave Technol. 27(3), 356 – 363 (2009). 

[79] K. Inoue, and T. Mukai, “Experimental study on noise characteristics of a 
gain-saturated fiber optical parametric amplifier,” J. Lightwave Technol. 20(6), 969 
– 974 (2002). 

[80] K. Petermann, Laser Diode Modulation and Noise (Kluwer, Dordrecht, the 
Netherlands, 1988). 

[81] K. P. Ho, Phase-Modulated Optical Communication Systems (Springer, Berlin, 
Germany, 2005). 

[82] M. E. Marhic, Y. Park, F. S. Yang and L. G. Kazovsky, “Broadband fiber-optical 
parametric amplifiers and wavelength converters with low-ripple Chebyshev gain 
spectra,” Opt. Lett. 21(17), 1354 – 1356 (1996). 

[83] M. E. Marhic, K. K.-Y. Wong and L. G. Kazovsky, “Wide-band tuning of the gain 
spectra of one-pump fiber optical parametric amplifiers,” IEEE J. Select. Topics 
Quant. Electron. 10(5), 1133 – 1141 (2004). 

[84] J. M. Chavez Boggio and H. L. Fragnito, “Simple four-wave-mixing-based method 
for measuring the ratio between the third- and fourth-order dispersion in optical 
fibers,” J. Opt. Soc. Am. B 24(9), 2046 – 2054 (2007). 

[85] R. H. Stolen and C. Lin, “Self-phase-modulation in silica optical fibers,” Phys. Rev. 
A 17(4), 1448 – 1455 (1978). 

[86] S. Todor, B. Biedermann, W. Wieser, R. Huber and C. Jirauschek, “Instantaneous 
lineshape analysis of Fourier domain mode-locked lasers,” Opt. Express 19(19), 
8802 – 8807 (2011). 

[87] M. Ebrahim-Zadeh and I. T. Sorokina, eds., Mid-Infrared Coherent Sources and 
Applications (Springer, Dordrecht, the Netherlands, 2008). 

[88] C. H. Henry, P. M. Retroff, R. A. Logan and F. R. Merritt, “Catastrophic damage of 
AlxGa1-xAs double heterostructure laser material,” J. Appl. Phys. 50(5), 3721 – 
3732 (1979). 

 
 



131 
 

 
 

[89] R. M. Percival, E. S. R. Sikora and R. Wyatt, “Catastrophic damage and accelerated 
ageing in bent fibres caused by high optical powers,” Electron. Lett. 36(5), 414 – 
416 (2000). 

[90] M. N. Islam, L. F. Mollenauer, R. H. Stolen, J. R. Simpson and H. T. Shang, 
“Cross-phase modulation in optical fibers,” Opt. Lett. 12(8), 625 – 627 (1987). 

[91] M. E. Marhic, K. K.-Y. Wong, L. G. Kazovsky and T.-E. Tsai, “Continuous-wave 
fiber optical parametric oscillator,” Opt. Lett. 27(16), 1439 – 1441 (2002). 

[92] G. K. L. Wong, A. Y. H. Chen, S. G. Murdoch, R. Leonhardt, J. D. Harvey, N. Y. 
Joly, J. C. Knight, W. J. Wadsworth and P. St. J. Russell, “Continuous-wave 
tunable optical parametric generation in a photonic-crystal fiber,” J. Opt. Soc. Am. 
B 22(11), 2505 – 2511 (2005). 

[93] M. Farahmand and M. de Sterke, “Parametric amplification in presence of 
dispersion fluctuations,” Opt. Express 12(1), 136 – 142 (2004). 

[94] M. Hirano, T. Nakanishi, T. Okuno and M. Onishi, “Silica-based highly nonlinear 
fiber and their application,” IEEE J. Select. Topics Quant. Electron. 15(1), 103 – 
113 (2009). 

[95] L. Pauling, “Atomic radii and interatomic distance in metals,” J. Am. Chem. Soc. 
69(3), 542 – 553 (1947). 

[96] L. B. Jeunhomme, Single-Mode Fiber Optics (Dekker, New York, 1990). 

[97] V. A. Bogatyrev, M. M. Bubnov, E. M. Dianov, A. S. Kurkov, P. V. Mamyshev, A. 
M. Prokhorov, S. D. Rumyantsev, V. A. Semenov, S. L. Semenov, A. A. 
Sysoliatin, S. V. Chernikov, A. N. Gur’yanov, G. G. Devyatykh and S. I. 
Miroshnichenko, “A single-mode fiber with chromatic dispersion varying along the 
length,” J. Lightwave Technol. 9(5), 561 – 566 (1991). 

[98] J. S. Sanghera, I. D. Aggarwal, “Active and passive chalcogenide glass optical 
fibers for IR applications: a review,” J. Non-Crystalline Solids 256-257, 6 – 16 
(1999). 

[99] C. Xia, M. Kumar, O. P. Kulkarni, M. N. Islam, F. L. Terry Jr., M. J. Freeman, M. 
Poulain and G. Mazé, “Mid-infrared supercontinuum generation to 4.5 μm in 
ZBLAN fluoride fibers by nanosecond diode pumping,” Opt. Lett. 31(17) 2553 – 
2555 (2006). 

[100] M. Asobe, T. Kanamori and K. Kubodera, “Applications of highly nonlinear 
chalcogenide fibers in ultrafast all-optical switches,” IEEE J. Quant. Electron. 
29(8), 2325 – 2333 (1993). 


	Chapter 1 Introduction 
	1.1   Motivation
	1.2   Dissertation Overview

	Chapter 2 Nonlinear Processes for OpticalFrequency Synthesis
	2.1   Light-Matter Interaction in Dielectric Media
	2.1.1   Linear Regime
	2.1.2   Nonlinear Regime

	2.2   Third-order Nonlinear Phenomena
	2.2.1   Inelastic Scattering 
	 Brillouin Scattering
	 Raman Scattering

	2.2.2   Parametric Processes
	Nonlinear Phase Modulation
	 Four-Photon Mixing and Parametric Amplification



	Chapter 3 Laser Agility Enhancement by Extra-Cavity Source Tuning
	3.1   CAST Principle
	3.2   Mixer Design Considerations
	3.3   Experimental Demonstration
	3.3.1   Higher-order mixing
	3.3.2   Cascaded mixing 

	3.4   Summary

	Chapter 4 Extensive Higher-Order Mixing in a Bandwidth-Enhanced Parametric Mixer
	4.1   Limitations in Homogeneous Mixers
	4.2   Higher-order Mixing Enhancement by Heterogeneous Design
	4.2.1   General Principles
	4.2.2   Design Considerations – Pulse Compression Stage
	4.2.3   Design Considerations – Mixing Stage

	4.3   Experimental Demonstration
	4.3.1   Experimental Setup
	4.3.2   Optical Comb Generation
	4.3.3   Application: Amplitude- and Phase-Preserving Signal Replication
	Amplitude-modulated signal
	Phase-modulated Signal


	4.4   Summary

	Chapter 5 Wide-band Tunable Light Generation by Swept-Pump Parametric Oscillator and Translator 
	5.1   Oscillation and Wavelength Translation in Parametric Mixers
	5.2   Demonstration and Performance Characterization
	5.2.1   Experimental Setup
	5.2.2   Wavelength-Static Operation
	5.2.3   Wavelength-Swept Operation

	5.3   Application – Gas Spectroscopy
	5.4   Summary

	Chapter 6 Towards Continuous-Wave SPOT Operation: Geometric-Variation Desensitized High-Confinement Fiber Design 
	6.1   Dispersion Stability Requirement
	6.2   Geometric-Variation Desensitized Fiber Design
	6.3   Geometric-Variation Desensitized Fiber Characterization
	6.4   Summary

	Chapter 7 Conclusion 
	7.1   Dissertation Summary
	7.2   Future Directions
	7.2.1   Optical-to-RF Spectral Mapping for Higher-order Mixing CAST
	7.2.2   Laser Linewidth Compression
	7.2.3   SPOT Extensions





