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Abstract

My work consists of two main areas. Both focus on experimental and theo-

retical investigation of phenomena originating from optical nonlinearities in

state-of-the-art devices: high power fiber lasers and amplifiers in the first

part and phase-sensitive amplifiers for telecom applications in the second

part.

For rare earth doped fiber lasers and amplifiers with output powers of up

to several kilowatts, it is becoming increasingly important to predict inher-

ent nonlinear optical mechanisms for deeper understanding and to facilitate

manufacturing. During simulation of such high power devices, computing

time can be an issue. First, a detailed, fast converging iterative numeri-

cal method is presented to model continuous-wave, bidirectionally pumped

ytterbium-doped (Yb-doped) fiber lasers with output powers of several hun-

dreds of watts. The analysis allows of demonstrating the nonlinearity-

induced broadening of the spectrum, which modifies power efficiency as

well. Using the proposed method, spectral properties are calculated within

few minutes using commercial desktop computers and very good agreement

with measurements is obtained for up to 708 W output power. The achieved

computing time is over 1 order of magnitude below the previously published

ones with other numerical methods.

For high power fiber amplifiers with novel fiber structures, development of

up-to-date tools for mathematical modeling have similarly high importance.

Here, an iterative numerical approach is introduced to model continuous-

wave high power cladding-pumped Yb-doped fiber amplifiers with bidirec-

tional pumping of the star-shaped cladding. Accurate prediction of over

1 kW output power is demonstrated, and the calculation results are in

good agreement with experiments. Using the model, furthermore it is shown

that the Giles effective overlap integral model parameter in the star-shaped



cladding is not a constant but depends on the numerical aperture of the

seed laser.

While nonlinear optical effects can be parasitic as well, they are successfully

exploited e. g. in nonlinear optical crystals for telecom applications. In this

work, the first all-optical black-box phase regenerator for binary phase shift

keyed signals is demonstrated, constructed from periodically poled lithium

niobate (PPLN) nonlinear waveguides. Phase regeneration is performed

with different levels of phase noise and constant amplitude noise added to

the phase modulated input. The relationship between the signal-to-pump

power ratio at the regenerator input and the unwanted phase-to-amplitude

noise conversion is determined by experiments.

Both PPLN waveguides and fiber-optic parametric amplifiers (FOPAs) are

potential candidates as in-line phase-sensitive amplifiers (PSAs) as well.

Their performance comparison for multichannel application is convenient,

however to date it is not realized. Here a numerical model is introduced to

calculate and compare crosstalk between multiple channels of in-line PSA

chains built of both kinds of devices. The results show that PPLNs have

generally better crosstalk performance for higher channel number as a conse-

quence of the reduced inter-channel crosstalk due to their finite quasi-phase

matching band, while FOPAs are better for lower channel number.

Channel interaction is investigated in PPLN PSAs experimentally as well.

Simultaneous phase squeezing of signal channels with 200 GHz, 100 GHz

and 50 GHz frequency spacing in a PPLN PSA is demonstrated. It is

observed that additional channels have little impact on the phase squeezing

performance, which shows again that PPLNs can be advantageous for multi-

channel PSA applications.



Kivonat

A munkám két fő területet ölel fel. Mindkét területen nemlineáris optikai

effektusok state-of-the-art eszközökre gyakorolt hatását vizsgálom mind el-

méleti, mind ḱısérleti módszerekkel: az első részben nagy teljeśıtményű

szállézerek és erőśıtők esetében, mı́g a második részben távközlési célú

fázisérzékeny erőśıtők vonatkozásában.

Az akár több kilowatt kimeneti teljeśıtménnyel b́ıró, ritkaföldfém adaléko-

lású szállézerek és erőśıtők esetében egyre növekvő fontosságú a bennük

fellépő nemlineáris optikai jelenségek előrejelzése. Ez a működésük mélyebb

megértése és a gyártás előseǵıtése szempontjából egyaránt fontos. Ezen

nagy teljeśıtményű eszközök számı́tógépes szimulációjakor a futási idő gon-

dot okozhat. Elsőként egy részletes, gyorsan konvergáló, iterat́ıv numerikus

módszert mutatok be folytonos üzemű, két irányból pumpált, ytterbium

(Yb) adalékolású, többszáz watt kimeneti teljeśıtményű szállézerek model-

lezésére. Az eljárás sikeresen léırja a kimeneti spektrum nemlinearitásból

adódó kiszélesedését, amely a lézer hatásfokát is befolyásolja. A java-

solt módszerrel a spektrális tulajdonságok kiszámı́tása néhány percet vesz

igénybe egy kereskedelmi forgalomban kapható asztali számı́tógépen. Ez a

számı́tási idő több mint egy nagyságrenddel kisebb a korábban publikált,

eltérő numerikus eljárások számı́tási idejénél. A modell érvényességét 708 W

kimeneti teljeśıtményig mérési eredményekkel összevetve ellenőriztem és

igen jó egyezést kaptam.

A nagy teljeśıtményű, újszerű szál struktúrákat alkalmazó szálerőśıtők ese-

tében hasonlóan fontos a matematikai modellezéshez szükséges aktuális

eszközök fejlesztése. A dolgozatban bemutatok egy iterat́ıv numerikus eljá-

rást a folytonos üzemű, nagy teljeśıtményű, köpenybe pumpált, Yb adaléko-

lású szálerőśıtők modellezésére, csillag alakú köpeny és kétirányú pumpálás

mellett. A módszer seǵıtségével pontosan jelezhető előre akár 1 kW feletti



kimeneti teljeśıtmény, és az érvényességet mérési eredmények igazolják. A

modellt alkalmazva továbbá bizonýıtást nyert, hogy a Giles-féle effekt́ıv

átfedési integrál modell paraméter a csillag alakú köpeny esetében nem

állandó, hanem függ a pumpáló lézer numerikus apertúrájától.

Bár a nemlineáris optikai hatások lehetnek károsak, sikerrel hasznośıtják

őket, többek között nemlineáris kristályokban távközlési alkalmazásokhoz.

A dolgozatban bemutatom az első, periodikusan polarizált ĺıtium-niobát

(PPLN) nemlineáris kristályon alapuló hullámvezetőket alkalmazó, tisztán

optikai fázisregenerátort binárisan fázismodulált jelekre. Az eszközzel siker-

rel regeneráltam különböző mértékű fáziszajjal és állandó amplitúdózajjal

terhelt fázismodulált bemeneteket. Továbbá ḱısérletileg meghatároztam a

regenerátor bemenetén mérhető signal-pumpa teljeśıtményarány és a para-

zita fáziszaj-amplitúdózaj konverzió mértéke közti kapcsolatot.

Mind a PPLN-ek, mind a száloptikai parametrikus erőśıtők potenciálisan al-

kalmazhatók vonali fázisérzékeny erőśıtőkként is. Alkalmazás szempontjából

többcsatornás üzemmódban érdekes az összehasonĺıtásuk, azonban ezt mos-

tanáig nem valóśıtották meg. A jelen dolgozatban bemutatok egy numerikus

eljárást a csatornák közti áthallás kiszámı́tására és összehasonĺıtására mind-

két t́ıpusú eszközre, illetve a belőlük éṕıtett fázisérzékeny erőśıtő láncokra.

Az eredmények alapján elmondható, hogy a PPLN-ek általában véve alka-

lmasabbak többcsatornás működésre nagyobb csatornaszám esetén, a véges

kvázi fázisillesztési sáv okozta alacsonyabb csatornaközi áthallás miatt. Ez-

zel szemben a parametrikus erőśıtők alacsonyabb csatornaszám esetén mu-

tatnak jobb teljeśıtményt.

A csatornák kölcsönhatását PPLN fázisérzékeny erőśıtőkben ḱısérletileg

is vizsgáltam. A dolgozatban bemutatásra kerül 200 GHz, 100 GHz és

50 GHz frekvencia osztású csatornák fáziszajának egyidejű összenyomása

PPLN fázisérzékeny erőśıtőben. A ḱısérletek alapján elmondható, hogy

a hozzáadott csatornák kevéssé befolyásolják a fáziszaj összenyomásának

mértékét, ami ismét a PPLN többcsatornás rendszerben való kihasználható-

ságát mutatja fázisérzékeny erőśıtésre.
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Introduction

1.1 Preface

The spread of nonlinear optical devices began in the early ’90s when the usage of optical

transmissions exploded worldwide [7]. The most important property of these devices

- which can be considered as their definition - that some of their optical parameters

depend not only on the wavelength of the light propagating inside them, but also on

the intensity of it. This effect is usually parasitic in optical fibers, which degrades the

signal quality and reduces the achievable length of transmission links. However, by

exploiting it, devices for high-speed optical processing can be designed, such as all-

optical switches, wavelength converters and signal regenerators. Some of the optical

nonlinearities are based on more elemental physical processes with a femtosecond time

scale, which makes ultra-fast optical signal processing possible.

The advancement of nonlinear optical devices has come off in other areas of pho-

tonics simultaneously. Wavelength converters based on nonlinear crystals allowed of

building lasers at wavelengths that were out of reach before [8]-[9]. Based on the

Faraday effect [10], reflectionless, unidirectional light propagation [11] can be realized.

Ultra-short pulsed lasers are aimed to become more stable and easy to fabricate. One

promising technology to achieve this is the application of passive saturable absorbers

in the oscillator [12]-[15],[J5] which is recently a hot research topic in laser physics.

Fiber lasers are lasers that apply doped fiber as active medium, however, the term

“fiber laser” is used as well when most of the resonator is made of fibers [16]. Non-

linearities in optical fibers can be exploited as well in fiber lasers, e. g. in Raman

fiber lasers [17], by mode locking through Raman scattering [18] and Brillouin fiber
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1. INTRODUCTION

lasers [19]. On the other hand, the mentioned scattering mechanisms and nonlinear

self-focusing [20] can be harmful as well in fiber lasers and amplifiers and challenging

to overcome [21]-[24]. To sum up, nonlinear optical effects must definitely be consid-

ered in theoretical and experimental works on today’s photonic devices operating at

sufficiently high intensity.

My dissertation consists of three separate groups of theses. The first group is

devoted to the mathematical and computational modeling of high power, continuous-

wave (CW) fiber lasers and high power fiber amplifiers, together with the investigation

of the interacting linear and nonlinear optical effects that influence their operation.

The second group is dedicated to the experimental demonstration of periodically poled

lithium niobate (PPLN) waveguides applied as phase regenerators, while the third

group focuses on the investigation of PPLNs as potential phase-sensitive amplifiers for

multiple wavelength channels.

1.2 Fiber lasers and amplifiers

1.2.1 High power, continuous-wave fiber lasers and high power fiber

amplifiers

Optical rare earth doped fiber lasers and amplifiers are promising candidates for future

high power laser systems and they have already proven to be successful on a high di-

versity of application areas [1],[25]-[26]. A fundamental feature of fiber lasers is that

they allow of generating high-quality beams of wavelengths at which bulk lasers are un-

favourable, e. g. erbium, ytterbium (Yb), thulium, neodymium fiber lasers. CW fiber

lasers are mostly applied for micromachining, industrial cutting and welding as well as

defense purposes [27]-[30]. Among others, Yb-doped fiber lasers have been proven to

be successful to achieve record output powers in CW operation, while maintaining high

beam quality. Numerous inherent advantages of Yb doping of silica are beneficial for

high power operation. Among others, high achievable dopant concentration results in

increased gain and particularly small quantum defect makes possible low thermal load

and the concept of tandem-pumping [1]. These devices were theoretically shown to have

the potential for output powers of tens of kilowatts [31], and 10 kW was experimentally

demonstrated [32] as well.

Fig. 1.1 shows the increasing trend of average maximum output powers of fiber

lasers, considering diffraction-limited and near-diffraction-limited devices [1]. The trend
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1.2 Fiber lasers and amplifiers

Figure 1.1: Record output powers of fiber lasers since 1996 [1]

is similar to Moore’s law [33] regarding the exponential growth of output power. As

nonlinearities and damage are more difficult to avoid in pulsed operation due to poten-

tially high peak intensities, the fiber lasers with record-breaking average output powers

have all been CW. It is worth noting that since 1999, each point belongs to Yb-doped

fiber lasers, mostly due to the above mentioned features of Yb-doped media. Having

increased importance in our present work, it is worth noting the evolution of pumping

schemes as another important factor in reaching high output powers, as shown in Fig.

1.1. The combined application of high brightness multimode laser diodes [34] with

double-clad fibers [35]-[36] makes possible the development of cladding-pumped fiber

lasers, being highly scalable in terms of power. The sketch of the cladding-pump scheme

is shown in Fig. 1.2 [1]. The pump is launched into an inner cladding and absorbed pro-

gressively by the core, while being confined by the outer cladding. Cladding-pumping

results in larger spatial and angular acceptance of pumping compared to core-pump

schemes. It also makes possible increased brightness by close to 5 orders of magnitude

compared to the pump [36]. In the same time, cladding-pumping has the disadvantage

of amplifying higher-order modes with larger or the same magnitude that the funda-

mental mode [37]. To overcome this issue, the injection of light into the fundamental

mode is improved.

1.2.2 Ultra-short pulsed fiber lasers

The applicability of ultra-short pulsed fiber lasers [38] covers e. g. the areas of opti-

cal telecommunication [39]-[40], high resolution microscopy [41]-[42], spectroscopy [43],
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Figure 1.2: Scheme of cladding-pumping [1]

materials processing [44], biomedical applications [45] and recently particle acceleration

[25] as well. Currently, intensive research is done towards reaching even shorter pulse

durations, both for fiber and bulk laser systems. Systems operating at the few-cycle

few-fs regime have been demonstrated in the UV [46], visible [47], infrared [48]-[49]

and millimeter-wave [50] domains, where additional pulse compression is applied after

the master oscillator, utilizing different types of nonlinear processes. Theoretical in-

vestigation and simulation of the inherent physical mechanisms of ultra-short pulsed

fiber laser systems not only help to understand their operation more profoundly but

also make possible to forecast the operating characteristics, e. g. the output power,

temporal and spectral width of the pulse, pulse shape and stability of polarization even

for physical parameters of the laser that are difficult to vary and to predict experi-

mentally [51]-[52]. Further attention is paid to modeling passive saturable absorbers

and their intra-cavity dynamics [J5],[53]-[55]. The operation of saturable absorbers is

essential for ultra-short pulsed fiber lasers, but their parameters are inflexible following

the manufacturing process.

1.3 Phase-sensitive amplifiers

1.3.1 Overview and applications

The goal of phase-sensitive amplifiers (PSAs) is to amplify or attenuate signals ac-

cording to their phase, which makes possible numerous useful applications, such as

noiseless amplification [56], regeneration of phase modulated signals [3, J3], all-optical
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1.3 Phase-sensitive amplifiers

Figure 1.3: Calculated (a) gain depending on quadrature components and (b) nonlinear

phase transfer function of a PPLN PSA with typical parameters [2]

Figure 1.4: Constellation diagrams measured at the input and output of a phase regen-

erator based on fiber-optic parametric amplifier [3]

logic operations on phase-encoded signals [57] or ultra-high precision optical metrology

[58]. Present study focuses on their potential applications in optical fiber communica-

tion systems as ultra-low noise in-line amplifiers and phase regenerators. In contrast

with phase insensitive amplifiers (PIAs) which amplify both quadrature components

of the incoming signal equally, PSAs have a phase-dependent gain response. As it can

be seen in Fig. 1.3 (a) [2], large gain of the real quadrature component and small

gain or attenuation of the imaginary quadrature component is generated in a PSA,

which makes them suitable to reduce parasitic nonlinear phase noise of the input sig-

nal (Fig. 1.4) [3]. This behavior can be described by the typical nonlinear phase

transfer function of the PSA, shown in Fig. 1.3 (b). Phase regeneration is aimed to

be achieved together with amplitude regeneration in the fully optical domain within

a single device for compactness. Such devices propose an alternative to recently used

regenerators, based on optical-electronic-optical conversion. If such all optical signal
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Figure 1.5: Sketch of a typical PPLN structure [4]

regeneration can be practically harnessed, it would result in significant cost reduction

due to decreased power consumption and size requirements, without suffering from high

electromagnetic interference in multichannel configurations [59].

1.3.2 Motivation and advantages of the PPLN implementation

PSAs are commonly implemented utilizing the nonlinear effect of four-wave mixing in

a fiber-optic parametric amplifier (FOPA). However, cascaded second-order nonlinear

processes of second-harmonic generation (SHG) and difference-frequency generation

(DFG) in PPLN waveguides for low-noise PSA applications has generated increasing

interest recently. A sketch of a typical PPLN structure is shown in Fig. 1.5, demonstrat-

ing the periodic poling along the x axis [4]. High nonlinear coefficients can be achieved

in crystals of only a few centimeters length with low spontaneous noise emission and

no intrinsic frequency chirp, offering the prospect of compact, low latency, broadband

devices [2],[60]-[65] and potential for integration with different optical elements [66].

Additionally, PPLNs are relatively immune to stimulated Brillouin scattering, while

this effect limits pump power in FOPA-based PSAs and requires techniques such as

pump phase modulation or use of special strained fibers to increase the power thresh-

old of the scattering process in the FOPA. On the other hand, the requirement of high

pump power and the difficulty of maintaining thermal stability are disadvantages of

PPLNs compared to FOPAs. The present work involves related experimental demon-

stration and mathematical modeling as well. In the following chapter, I define the aims

of my research in detail.
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Research aims

2.1 Mathematical modeling of high power continuous-wave

Yb-doped fiber lasers and amplifiers

Understanding and predicting nonlinear spectral broadening in high power continuous-

wave (CW) fiber lasers is an important problem from both fundamental and applied

point of view. In practice, it can cause decreased power efficiency as a consequence of

spectral broadening beyond the reflection spectra of the Bragg gratings. For theoretical

study of CW Yb-doped fiber lasers, approximate analytical solutions exist for several

watts of output powers with resonator lengths of tens of meters. Already published

numerical methods can handle oscillators with similar parameters accurately, but with

the need of proper high performance computing facility. The aim of research in the

first part is to find a fast numerical algorithm that can predict the above mentioned

effects with proper accuracy for output powers of several hundreds of watts, but within

reasonable time, even on a commercial personal computer.

In case of fiber amplifier modeling as well, the applicability of numerical models at

such high power domain is relatively undisclosed. The goal of the next part is to find a

proper numerical modeling tool for high power fiber amplifiers to predict output power

and level of amplified spontaneous emission, when using doped fiber with star-shaped

cladding for cladding-pump applications. The built models for both the fiber lasers and

amplifiers are validated extensively by experiments.
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2.2 Mathematical study and experimental demonstration

of phase-sensitive amplifiers and phase regenerators

based on periodically poled lithium niobate

Phase-sensitive amplifiers (PSAs) and black-box phase regenerators for signals with

binary phase shift keying modulation have already been realized utilizing four-wave

mixing in highly nonlinear fibers (HNLFs). The next part is aimed at experimentally

demonstrating the first all-optical black-box phase regenerator for binary phase shift

keyed signals, based on periodically poled lithium niobate (PPLN). A black-box type

regenerator is close to the practically applicable in-line phase regenerators in a sense

that it does not need the exact carrier wave of the modulated signal on its input as

it has a built-in subsystem for carrier wave reconstruction. The setup would exploit

the compactness, the low spontaneous noise emission of PPLN devices, and also their

operation free of stimulated Brillouin scattering, offering a flexible alternative to the

HNLF-based configurations.

While the above experimental configuration is designed to regenerate only a single

wavelength channel in the 1550 nm window, a main advantage of PPLNs is the po-

tential for ultra-low noise phase-sensitive amplification of multiple wavelength channels

simultaneously with moderate inter-channel crosstalk, due to the exploited second-order

nonlinearities. As the finite quasi-phase matching band of PPLNs may have a filtering

effect on the parasitic crosstalk products, this can be advantageous compared to HNLF-

based parametric amplifiers in wavelength division multiplexed transmission systems in

terms of crosstalk. The aim of the final part is to develop an experimentally validated

numerical model to predict crosstalk between multiple wavelength division multiplexed

channels in PPLN PSA chains and to compare this crosstalk to that in HNLF-based

PSA chains for different transmission parameters. The efficiency of simultaneous phase

squeezing of multiple wavelength channels is going to be investigated as well, purely by

experiments.
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Theoretical background

In this section, the theoretical background of the used methods is summarized in brief.

The concerned areas involve nonlinear wave propagation in optical fibers, which is

fundamental in modeling both high power fiber lasers and parametric amplifiers. For

the forthcoming discussion of fiber lasers and doped fiber amplifiers, the reduced two-

level rate equations combined with power evolution equations needs review as well. As

the theory of nonlinear wave propagation in optical fibers is generally established for

optical pulses, the adaption of existing tools to handle continuous-wave (CW) beams

needs explanation. Finally, state-of-the-art modeling methods for 2nd-order nonlinear

processes of second-harmonic generation, sum- and difference-frequency generation in

periodically poled lithium niobate (PPLN) waveguides are shown. All introduced tools

are going to be utilized or improved in the following chapters.

3.1 Nonlinear wave propagation in optical fibers

Modeling of pulse propagation in optical fibers is based on the well established theory

and methods discussed in Ref. [67] in detail. This short overview focuses on the

modeling tools of this area that are applied in the present work.

However these tools are used for modeling CW fiber lasers here, they are gener-

alized from the theory of pulse propagation in fibers. In latter case, we restrict to

pulse widths between 10 fs and 10 ns and both dispersive and nonlinear effects are as-

sumed to act on the temporal and spectral shapes. Investigated fibers operate in single

mode. The optical medium is considered isotropic thus variation of wave polarization

during propagation is neglected. As it has already been pointed out in Ref. [67], lat-
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3. THEORETICAL BACKGROUND

ter approximation is valid in many practical cases, and its validity will be confirmed

by experiments in this work as well. Electrically induced polarization of the medium

consists of a linear and a nonlinear term with respect to the electrical field, and these

terms are proportional to the 1st-order (χ(1)) and the 3rd-order (χ(3)) electric suscep-

tibility, respectively. We note that the 2nd-order susceptibility is negligible for silica

glasses due to the molecular symmetry of SiO2. Optical nonlinearities originate from

the nonlinear polarization term, which is orders of magnitudes smaller than the linear

term in practice and can be handled by a perturbative approach.

3.1.1 Propagation of a single quasi-monochromatic wave

Considering a quasi-monochromatic wave around a single frequency (∆ω/ω0 � 1), lin-

ear and nonlinear terms of the electrically induced polarization along the fiber, from the

form of Maxwell equations valid for isotropic media and using the above approxima-

tions, the following nonlinear wave equation is obtained in a single mode fiber (SMF):

∂A(z, t)

∂z
=
(
D̂ + N̂

)
A(z, t) (3.1)

D̂ = −α
2
− β1

∂

∂t
− iβ2

2

∂2

∂t2
; N̂ = iγ |A(z, t)|2 , (3.2)

where A(z, t) is the slowly varying complex envelope of the electric field, defined by

E(r, t) =
1

2
{F (x, y)A(z, t)exp [i(β0z − ω0t)] + c.c.} (3.3)

with the transverse mode field distribution F (x, y), which is well approximated by a

Gaussian distribution in SMFs. c.c. stands for the complex conjugate of the previous

term and γ is the nonlinear coefficient, involving the nonlinear refractive index n2:

γ =
n2ω0

cAeff
, (3.4)

Together with the linear refractive index n(ω), they are responsible for the frequency

and intensity dependence of the total index ñ:

ñ = n(ω) + n2|E|2 (3.5)

The Aeff term in Eq. (3.4) stands for the effective area of the fiber mode:

Aeff =

(∫ ∫ +∞
−∞ |F (x, y)|2dxdy

)2
∫ ∫ +∞
−∞ |F (x, y)|4dxdy

, (3.6)
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3.1 Nonlinear wave propagation in optical fibers

βk is defined by the Taylor series of the propagation constant around the center fre-

quency ω0:

β(ω) = n(ω)
ω

c
= β0 + β1(ω − ω0) +

1

2
β2(ω − ω0)

2 +
1

6
β3(ω − ω0)

3 + ... (3.7)

βk =

(
dkβ

dωk

)
ω=ω0

(3.8)

Eqs. (3.1)-(3.2) are called nonlinear Schrödinger equation (NLSE) and elaborated nu-

merical techniques exist for its integration [67]. N̂ in Eq. (3.2) describes the phase

shift induced by refractive index changes by the intensity of the wave itself, called

self-phase modulation (SPM). However, higher-order nonlinear terms responsible for

Raman scattering – originating from molecular vibrations –, self-steepening and opti-

cal shock formation are not involved in the present model. The investigated wavelength

range of CW fiber lasers and FOPAs is below the 13 THz Raman shift in optical fibers

and the measurement results does not show Raman-induced power transfer from the

investigated wavelength range within the measurement accuracy. Also, the good agree-

ment between simulated and measured data indicate that these terms are small and

can be neglected in the present discussion.

3.1.2 Propagation of multiple quasi-monochromatic waves

When two or more optical pulses at different wavelengths co-propagate in a SMF,

they all induce oscillations in the nonlinear polarization of the media and changes in

the refractive index, influencing the phases of each other which is called cross-phase

modulation (XPM). The same assumptions are valid for this case of separate waves

that are for a single wave as described in Section 3.1.1. The modified, coupled NLSEs

have the following form, with the summarizing term in the expression of N̂ describing

the XPM:

∂Aj(z, t)

∂z
=
(
D̂j + N̂j

)
Aj(z, t) (3.9)

D̂j = −αj
2
− β1j

∂

∂t
− iβ2j

2

∂2

∂t2
; N̂j = iγj

|Aj(z, t)|2 + 2
∑
k 6=j
|Ak(z, t)|2

 , (3.10)

where the same notations are used as for Eqs. (3.1)-(3.2) but indices j and k denote

the separate wavelengths. Different values of the group velocities through β1j has an

important role in limiting the XPM between co-propagating waves, as the interaction

occurs only when pulses overlap, which is called walk-off.
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Following the same approximation for each wave again but considering the interac-

tion of four separate waves and four separate electrically induced polarization vectors,

assuming quasi-CW condition neglecting the time dependence of the fields, the following

field evolution equations are valid for the nonlinear interaction of four co-propagating

waves, interacting via four-wave mixing (FWM), described by the last term on the right

hand sides:

dA1

dz
=
in2ω1

c

|A1|2 + 2
∑
k 6=1

|Ak|2
A1 + 2A∗2A3A4exp(i∆kz)

 (3.11)

dA2

dz
=
in2ω2

c

|A2|2 + 2
∑
k 6=2

|Ak|2
A2 + 2A∗1A3A4exp(i∆kz)

 (3.12)

dA3

dz
=
in2ω3

c

|A3|2 + 2
∑
k 6=3

|Ak|2
A3 + 2A1A2A

∗
4exp(−i∆kz)

 (3.13)

dA4

dz
=
in2ω4

c

|A4|2 + 2
∑
k 6=4

|Ak|2
A4 + 2A1A2A

∗
3exp(−i∆kz)

 (3.14)

The phenomenon occurs when four photons satisfy the following condition for their

angular frequencies:

ω3 + ω4 = ω1 + ω2, (3.15)

which means that two photons with ω3 and ω4 annihilate but two other photons with

ω1 and ω2 are generated, conserving the energy. In a degenerate case,

2ω3 = ω1 + ω2 (3.16)

∆k = 0 in Eqs. (3.11)-(3.14) is the phase matching (PM) requirement of FWM, in

accordance with the momentum conservation. The PM term is consists of the wave

numbers of the interacting channels:

∆k = k3 + k4 − k1 − k2 = (n3ω3 + n4ω4 − n1ω1 − n2ω2)/c (3.17)

This can be satisfied in fibers with suitable refractive index profile. Eqs. (3.9)-(3.10)

together with (3.11)-(3.14) describe the evolution of multiple co-propagating waves in

a FOPA, utilized in Chapter 7. The equations are solved together using the symmetric

split-step Fourier method [67].
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3.2 Reduced two-level rate equations and power evolution in the laser
medium

3.2 Reduced two-level rate equations and power evolution

in the laser medium

Yb-doped fibers act as quasi-three or quasi-four-level laser gain media, depending on

the pump and lasing wavelengths [68]. The main energy levels of the ground state

and excited state are split into sub-levels due to the Stark effect as it is shown in Fig.

3.1, which makes possible pumping between 860− 1035 nm and lasing between 909−
1140 nm, depending on the utilized transitions. In modeling, three-level systems can

be approximated by reduced two-level media in case of rapid non-radiative relaxations

to the meta-stable state [69]. Consequently, the two-level rate equations are used to

model Yb-doped high power fiber lasers and amplifiers, according to Ref. [70]. The

ion concentration of the upper state population n2 is spatially resolved in cylindrical

coordinates:

dn2(r, φ, z)

dt
=
∑
k

Pk(z)ik(r, φ)σak
hνk

n1(r, φ, z)− (3.18)

−
∑
k

Pk(z)ik(r, φ)σek
hνk

n2(r, φ, z)−
n2(r, φ, z)

τ
,

where ik(r, φ) is the normalized intensity of the kth mode:

ik(r, φ) = Ik(r, φ, z)/Pk(z) (3.19)

and

Pk(z) =

∫ 2π

0

∫ ∞
0

Ik(r, φ, z)rdrdφ (3.20)

Figure 3.1: Energy levels of the Yb-doped silica glass [5]
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is the total power of the kth mode. In Eq. (3.18), νk is the frequency of the kth

mode, σak and σek denote the absorption and emission cross sections of the Yb at νk,

respectively. The last term accounts for the spontaneous emission, where the Planck

constant is denoted by h and τ is the spontaneous emission lifetime of the Yb ions. In

Eq. (3.19), it is assumed that Ik(r, φ, z) is separable in z.

To focus on spectral properties of the amplifiers, the effective overlap integral (EOI)

model is derived using the above equations via integrating spatial properties over ra-

dial and azimuthal coordinates. Assuming radially symmetric dopant concentration

decreasing monotonically towards the edge of the core, the effective doping radius has

the form of

beff =

[
1

π

∫ 2π

0

∫ R

0

nt(r)

nt(0)
rdrdφ

]1/2
, (3.21)

nt stands for the dopant concentration and R is the core radius. For i = 1, 2, t, where

n1 implicitly denotes the ion concentration of the lower state population, the average

density is calculated by

ni(z) =
1

πb2eff

∫ 2π

0

∫ R

0
ni(r, φ, z)rdrdφ (3.22)

The effective overlap integrals for the n1 and n2 populations are defined by

Γk,i(z) =
1

ni(z)

∫ 2π

0

∫ R

0
ik(r, φ)ni(r, φ, z)rdrdφ (3.23)

We assume that Yb ions are well confined to the center of the supported transversal

optical mode. In this case,

Γk,1(z) ≈ Γk,2(z) := Γk(z) (3.24)

Using the above defined quantities and integrating Eq. (3.18) over the fiber core, we

obtain the EOI form of the rate equation:

dn2(z)

dt
=
∑
k

Pk(z)σakΓkn1(z)

hνkπb
2
eff

− (3.25)

−
∑
k

Pk(z)σekΓkn2(z)

hνkπb
2
eff

− n2(z)

τ

As it will be explained in the further chapters when used, stationary population inver-

sion is assumed overall the following calculations:

dn2(r, φ, z)

dt
= 0 (3.26)
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In this case, the population is calculated for each axial coordinate of the fiber by the

following formula, derived from Eqs. (3.25-3.26):

n2(z)

nt(z)
=

∑
k
Pk
ζνk

Γkσak

1 +
∑

k
Pk
ζνk

Γk(σak + σek)
, (3.27)

where

ζ =
1

τ
πb2effh (3.28)

Naturally,

n1(z) + n2(z) = nt(z) (3.29)

The power evolution equation has the following form in the EOI approximation, de-

scribing the amplified spontaneous emission with its last term:

dPk(z)

dz
= (σen2(z)− σan1(z))Γk(z)Pk(z)− αkPk(z) + σeΓk(z)n2(z)mhνk∆νk, (3.30)

where m = 2 is the number of supported polarization states and ∆νk is the used

frequency spacing. As it will be explained in the relevant chapters, the derived EOI

equations are used for modeling both fiber lasers (Chapter 4) and amplifiers (Chapter

5).

3.3 Modeling CW lasers: stochastic phase evolution

As it was mentioned in Chapter 3.1, the established methods for the nonlinear pulse

propagation in fibers must be generalized to handle CW beams in the followings, via

considering their finite linewidth. Instead of being perfectly coherent, the beams are

assumed to be partially coherent (PC), i. e., the coherence length is below the pulse

widths in the beam [67]. PC beams exhibit both phase and intensity fluctuations and

SPM not only broadens the spectrum but converts intensity fluctuations into phase

fluctuations as well. Based on Lax’s work in the 1960s [71], the nonlinear-induced

spectral broadening of PC beams during propagation in fiber has already been modeled

successfully and PC waves on the input of the fiber have been described by the phase

diffusion model [72]-[73]:

A(z = 0, t) =
√
P0 × exp [iφ(t)] , (3.31)
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where A(z, t) denotes the slowly varying complex amplitude again, P0 is the average

power and φ(t) is the temporal phase evolution following a Wiener process. According

to [71], the Wiener process on a finite T time interval properly approximates the phase

evolution of the PC beam, if ω0T � 1, where ω0 is the center frequency. It can also be

shown that the spectral width of the PC beam before being coupled into the fiber is

proportional to the mean squared displacement, which has the following form for the

Wiener process:

〈[φ(t)− φ(0)]2〉 = W |t| (3.32)

Here, W also stands for the full width at half maximum of the resulting Lorentzian

spectrum of the process. This makes possible the iterative calculation of the spectral

width on the output of a fiber laser modeled through the phase diffusion model, as it

is discussed in Chapter 4.

3.4 Second-order nonlinearities in PPLN

The interaction of three separate propagating electromagnetic waves via χ(2) in the

2nd-order nonlinear material can be sorted into three different groups, as it is shown in

Fig. 3.2. Second-harmonic generation (SHG) is a degenerate process with two inter-

acting pump photons with the same frequency and a third one with the doubled pump

frequency. The process increases the intensity of the beam at the doubled frequency. A

more general case is sum-frequency generation (SFG), where two photons with different

frequencies interact with a third one with their sum-frequency. The same photons inter-

act during difference-frequency generation (DFG), but while SFG increases the power

of the beam at the sum-frequency, DFG transmits energy in the opposite direction,

increasing the intensity of the lower frequency waves.

Figure 3.2: Sketch of the 2nd-order nonlinear processes [6]
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Above processes can be well exploited in PPLN waveguides, e. g. with the lower

frequency carrier waves in the 1550 nm telecommunication window and the second-

harmonic close to 780 nm. PM must be satisfied between the co-propagating waves for

efficient 2nd-order processes, similarly to the FWM in fibers. Since the co-propagating

waves have very different refractive indices at different wavelength windows, periodic

poling of the ferroelectric domains in media is needed to achieve quasi-phase matching

(QPM) instead of PM.

In the followings, annealed proton-exchanged waveguides are assumed, fabricated

on a Z-cut substrate of LiNbO3. The input beams are set co-polarized along the optic

axis (Z) of the birefringent crystal and propagate along the principal X axis to achieve

the highest efficiency through the largest nonlinear tensor element, d33 [74]. Annealed

proton-exchanged waveguides on a Z-cut substrate confine only extraordinarily polar-

ized modes and the waveguide is single mode around 1550 nm. However, normally,

several co-polarized modes are supported around 780 nm. The interaction is restricted

only to the lowest-order modes via proper setting of the QPM grating period to satisfy

QPM between them.

When a pump wave and two separate waves with their frequencies symmetrically

around it and with proper relative phases are coupled into the waveguide, SHG, SFG

and DFG processes occur simultaneously, called cascaded 2nd-order process, as it is

demonstrated in Fig. 3.3. This process can mimic a degenerate FWM process, with its

QPM condition analogous to the FWM PM condition, shown in the following equations.

Since the input waves except for the pump are usually phase modulated in phase-

sensitive amplifier (PSA) setups, in this work, the wave with the smaller frequency is

called Signal and the other one is called Idler in the followings. Latter name originates

Figure 3.3: Sketches of (a) cascaded 2nd-order and (b) 3rd-order FWM nonlinear processes
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from the practice that in PSA experiments, usually a phase-correlated wave to the

signal and the pump is generated in the first stage from noise, thus called Idler, and it

is used to achieve phase squeezing of the signal in a following stage of the setup.

Using the slowly varying envelope approximation similarly to Section 3.1, the fol-

lowing equations are obtained for the cascaded SHG/DFG of the co-propagating waves

[63, 74]:

dAp(z)

dz
= −αp

2
Ap(z) + iκppωpASH(z)A∗p(z)exp(i∆kppz) (3.33)

dASH(z)

dz
= −αSH

2
ASH(z) + iκppωpA

2
p(z)exp(−i∆kppz)+ (3.34)

+ 2iκsiωpAs(z)Ai(z)exp(i∆ksiz)

dAs(z)

dz
= −αs

2
As(z) + iκsiωsASH(z)A∗i (z)exp(−i∆ksiz) (3.35)

dAi(z)

dz
= −αi

2
Ai(z) + iκsiωiASH(z)A∗s(z)exp(−i∆ksiz) (3.36)

The indices p, s, i, SH stand for the pump, signal, idler and second-harmonic,

respectively. Beyond the already discussed notations, κpp and κsi represent the coupling

coefficients of the SHG and the SFG/DFG processes and are calculated in the following

ways:

κpp = deff

(
2µ0

cn2pnSHAeff

)1/2

(3.37)

κsi = deff

(
2µ0

cnsninSHAeff

)1/2

(3.38)

deff , µ0, c, Aeff and nj stand for the effective nonlinear coefficient, the permeability of

free space, the speed of light, the effective mode area in the PPLN waveguide, which is

assumed to be the same for the SHG and the SFG/DFG processes, and the refractive

indices of the waves, respectively. The effective nonlinearity is proportional to the

largest nonlinear tensor element:

deff =
2

π
d33 (3.39)
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3.4 Second-order nonlinearities in PPLN

∆kpp and ∆ksi stand for the phase mismatches for the SHG and the SFG/DFG, re-

spectively:

∆kpp = kSH − 2kp −
2π

Λ
(3.40)

∆ksi = ks + ki − kSH +
2π

Λ
(3.41)

Λ is the QPM grating period and k belongs to the wave vectors of the different waves.

Above equations are generalized in Chapter 7 so as to describe the cascaded process

for transmission in adjacent wavelength channels on a wavelength division multiplexing

grid. The calculations will be expanded to multiple signal and idler waves, their SFG

products around 780 nm and will consider all cascaded processes between them. These

generalized equations will be solved by a finite difference method with sufficiently small

steps in z, in order to accomplish crosstalk calculations for the channels.
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4

Novel modeling tools for high

power continuous-wave fiber

lasers and experimental

validation

4.1 Overview of modeling continuous-wave fiber lasers

In the present study, continuous-wave (CW) fiber laser modeling is based on the well

known numerical simulation of nonlinear wave propagation in optical fibers [67] and

the rate equations for laser amplification [70], as it was already introduced in Chapter

3. However, for CW beams, accurate modeling of finite linewidth of the laser origi-

nating from phase noise is a further challenge and means additional complexity in the

simulation, compared to models of pulsed operation [72, 75].

At high power or long cavity fiber lasers, fiber nonlinearities become important,

acting on spatial and temporal properties of the output and consequently modifying

its spectral properties. For ultra-long Raman fiber lasers with cavity lengths of up to

82.4 km and maximum output powers with near 1 W [76], the effect of nonlinear-induced

spectral broadening has already been investigated. The reduced effective reflectivity of

the fiber Bragg gratings, caused by spectral broadening beyond the reflection spectra

of the Bragg gratings led to decreased power efficiency. In case of Raman fiber lasers,

different models have been developed to describe Kerr-induced broadening of the spec-

trum. A semi-empirical approach to handle the governing equations of four-wave mixing
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was used [77]. Also, a fully analytical description based on the kinetic wave equation

[78] and a modified shooting method combining the nonlinear Schrödinger equation

(NLSE) and the steady-state power evolution equations [79] were demonstrated.

Kerr-induced spectral broadening of partially coherent CW beams has already been

studied numerically in both the anomalous and normal dispersion regimes of a fiber

[72, 75] by handling the temporal evolution of the initial phase as a suitable stochastic

process. Yb-doped fibers are generally used in the normal dispersion regime, and a

proper adaption of partially coherent beam modeling to predict spectral properties of

CW Yb-doped fiber lasers can be fruitful. By an analytical model, Kablukov et al. [80]

successfully predicted spectral broadening and secant-hyperbolic spectral shape of Yb-

doped fiber lasers with output powers in the 1− 12W range and spectral widths below

0.1 nm, consequently neglecting dispersive phase shifts between the oscillating longi-

tudinal modes within one round trip. A quantitative numerical analysis was published

recently by Turitsyn et al. [81] to explain the nonlinear spectral broadening and its

consequences. The detailed numerical model was based on the combined NLSE, power

evolution equations and effective two-level rate equations. During each round-trip, the

intensity and population distributions along the fiber were calculated iteratively, as-

suming an effective propagation along an optical line with the cavity elements placed

periodically. Unidirectional pumping was assumed in the configuration. This approach

proved to be useful for output powers of up to 12 W and for 35 m cavity length with

proper high performance computing facility. However, modeling such lasers with orders

of magnitudes higher powers might result in computational issues due to the accurate

calculation of nonlinear effects. Using bidirectional pumping in the model may be

problematic as well and induce further complexity. Accordingly, an iterative numerical

approach that overcomes latter issues is convenient.

In this chapter, a fast converging iterative numerical method is introduced to inves-

tigate nonlinear cavity dynamics in bidirectionally pumped high power CW Yb-doped

fiber lasers with output power of several hundreds of watts. Calculation results show

very good agreement with experiments for up to 708 W output power. The model is

based on the combined NLSE, power evolution equations and rate equations. Initial

forward and backward propagating CW laser beams are assumed to be spectrally fil-

tered partially coherent beams with additional one-photon-per-mode noise before being

launched into the doped fiber. Initial beam parameters are subjects of the iteration

process. In Frosz’s concept discussed in Ref. [73], it was proven by experiments that the
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output of CW pump lasers for supercontinuum generation can be successfully modeled

by a spectrally filtered phase diffusion process with additional one-photon-per-mode

noise. In the present work, Frosz’s method is extended by finding the proper iteration

process to successfully simulate cavity dynamics and predict output spectra of high

power CW fiber lasers. Using the introduced method, over 1 order of magnitude de-

crease of computing time is demonstrated, compared to the model discussed in Ref.

[81]. The results are published in Refs. [C1] and [J1].

The contributions of the authors to the work and the related publications are the

following. Á. Szabó and Z. Várallyay developed the analytical model and coordinated

the experimental validation. A. Rosales-Garcia and C. Headley built the experimental

setup for validation and performed the experiments. Z. Várallyay and C. Headley also

co-managed the work.

The validating setup was built in OFS Laboratories (Somerset, New Jersey, USA).

4.2 Experimental setup for model validation

The setup of the investigated cladding-pumped oscillator is shown in Fig. 4.1. For

bidirectional pumping, OFS single mode pump-signal tapered fiber bundle (TFB) com-

biners are used to couple 18 Oclaro BMU25 type multimode high power sources and 1

single mode signal source into a single fiber for its use with a cladding-pumped doped

fiber. The high power sources are 976 nm 25 W multimode laser diodes, each coupled

into a 100/125 µm (core/cladding) diameter pigtail fiber. Diode powers are controlled

by current drivers, achieving up to 25 ± 2 W power per diode and 460 W maximum

pump power from both directions. To validate our model in the followings, comparison

of measured and calculated output power efficiencies and output spectra for a wide

range of pump powers are executed. To determine the precise pump characteristics for

the simulations, output spectral power of the laser diodes as functions of the driving

current were measured in advance. The reflection spectra for both the high reflection

fiber Bragg grating (HR) and the output coupler (OC) were determined as well and

Figure 4.1: Experimental setup for validation
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Figure 4.2: Notations at the boundaries

they are well approximated by proper Gaussian functions, centered around 1070.1 nm

with spectral full width at half maximums (FWHMs) of 3.2 nm and 0.7 nm and peak

reflections of 99.5 % and 9.8 %, respectively. A 20 m length of Yb-doped fiber with a

cladding absorption of 0.8 dB/m at 915 nm is used as the gain fiber.

4.3 Details of the algorithm

Our algorithm to calculate the output power spectral density of the CW laser is built up

of 3 different sections of iterations. Summary of the notations used at the boundaries

can be seen in Fig. 4.2, while the sketch of the built model is shown in Fig. 4.3. In

each section of the algorithm, the spectral power of the backward signal is iteratively

set at the HR before reflection (P−s (fi)@HR in the followings), and the forward sig-

nal (P+
s (fi)@HR) is implicitly calculated as its reflected spectrum at z = 0 from the

wavelength dependent reflectivity of the HR, both before their propagation calculation

towards the OC. In each section, the solver is executed from the HR towards the OC,

labeling this direction forward. z denotes the propagation distance, which is consid-

ered positive in the forward propagation direction. i and j denote the lasing modes

with frequencies fi and fj , respectively. + and - signs denote forward and backward

propagating waves, respectively and subscript s stands for the signal modes. At each

iteration step, the P−s (fi)@HR power components were multiplied by a proper signal

feedback function (P−s (fi)@HR×FFs(fi)) before executing the propagator. The feed-

back function FFs(fi) was calculated at the previous step at z = L, after executing the

propagator until the OC and obtaining backward (P−s (fi)@OC), and reflected forward
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Figure 4.3: Flow diagram of the model
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(P+
sR(fi)@OC) signals. According to the boundary condition at the OC, these two

spectra would be equal with perfect initial conditions at z = 0. This is satisfied with

given accuracy by finding the optimal signal feedback function FFs(fi), which is the

key issue of each section. Similarly to the backward signal, the spectral components

of the backward pump at the HR are iterated by a suitable pump feedback function

as well (P−p (fj)@HR×FFp(fj)), in order to match the boundary condition at the OC

given by the known spectrum of the coupled backward pump. While the same form

of the pump feedback function FFp(fj) proved to be useful for each section, based on

the shooting method [82] for each spectral component, the form of the signal feedback

function FFs(fi) is changed section by section, as it is discussed in the followings.

4.3.1 Details of Section 1 in the algorithm

In Section 1, the propagation in the Yb-doped fiber neglects any dispersive and nonlin-

ear effects and restricts purely to the amplification of the spectral components of the

electric field in the Yb-doped medium. The model used in this section is based on the

effective overlap integral approximation introduced by Giles et al. [70] and discussed

in Chapter 3. Applying Eq. (3.30) to the forward and backward propagating signal

and pump wavelengths and neglecting the amplified spontaneous emission term in our

present investigation, the power evolution equations have the following form:

d

dz
Ps

+
− = ± (n2σes − n1σas) ΓsCPs

+
− ∓ αsPs+− (4.1)

d

dz
Pp

+
− = ±

(
n2σep − n1σap

)
ΓpCPp

+
− ∓ αpPp

+
− (4.2)

As it was introduced in Chapter 3, n2 and n1 are the average ion densities of the upper

and lower state populations according to Eq. (3.22), σe and σa denote the frequency-

dependent emission and absorption cross sections, respectively. C means dopant con-

centration. Overlap integrals for the pump and signal are set to Γp = 0.0038 and

Γs = 0.65. For the core mode of the signal we determined the overlap factor by a mode

solver while the cladding-pump overlap was obtained from preliminary measurement

of the small signal loss of the propagating light in the cladding. These methods will

be explained in the following chapter in detail, as a part of fiber amplifier modeling.

Stationary population inversion is assumed at each point of the fiber, since time for a

single round-trip in the present oscillator length is over 3 orders of magnitude smaller

then the Yb life time [81], latter is considered 2.3 ms. The power evolution equations
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are solved by a 4-step Runge-Kutta method [82], involving simultaneous propagation of

each wave from z = 0 (HR) towards z = L (OC): the forward and backward propagating

signals with 1070 nm central wavelength and the forward and backward propagating

pumps. Previously measured pump spectra were used as input for the calculations.

For over 400 W total pump power, all signals are spectrally resolved in a 20 nm wide

window with 200 sampling points while for lower pump powers, 12 nm wide window

ensures stable convergency in further sections. In each iteration step of Section 1, the

signal feedback function FFs(fi) ≡ FFs is considered independent of frequency and is

proportional to the power difference
(∑

i P
+
sR(fi)@OC−

∑
i P
−
s (fi)@OC

)
calculated at

the output coupler. Since the aim of Section 1 is to calculate approximate signal pow-

ers and nonlinear spectral broadening is not considered at this stage, the P−s (fi)@HR

components assumed to have the same spectral shape that the OC reflection at the

beginning of each step. Consequently, the output of Section 1 is the total backward

signal power
∑

i P
−
s (fi)@HR with an assumed spectral shape and spectral FWHM, and

also the spectral power distribution of the backward pump, P−p (fi)@HR, all at the high

reflection grating.

4.3.2 Details of Section 2 in the algorithm

The aim of Section 2 is a rough estimation of the real spectral shape of the backward

signal P−s (fi)@HR by a Lorentzian function, which is achieved by applying the phase

diffusion model [71] on the temporal phase evolution, according to Eqs. (3.31-3.32).

The obtained spectral FWHM scales with the mean squared displacement of the Wiener

process, as seen from Eq. (3.32). One-photon-per-mode noise is added to the spectrum

as well [73]. The propagation solver of Section 2 is based on the NLSE involving

2nd-order dispersion and self-phase modulation terms according to Eqs. (3.1-3.2). An

additional gain term is used to model the laser amplification in the nonlinear gain

medium for both the forward and backward propagating signals:

∂A+
−

∂z
=

(
−
+iβ2

2

∂2

∂T 2
± iγ

∣∣A+
−
∣∣2 ± g(A+, A−)

)
A+
− (4.3)

in which A denotes the slowly varying complex amplitude and the signs stand for the

forward and backward propagating waves, similarly to Section 1. The equations for

A+ and A− are coupled via the gain term g(A+, A−) calculated by Eq. (4.1), while

Eq. (4.2) describes the pump power evolution again. The number of sampling points
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of the spectral and temporal window is increased to 4096 for accurate execution of the

symmetric split-step Fourier method [67]. β2 = 40 ps2/km is the 2nd-order dispersion

and γ = 0.003 is the nonlinear parameter. In this section, two signal iterations are

executed simultaneously: FFs(fi) is calculated the same way to Section 1 to iterate

the total backward signal power at the HR, while the spectral FWHM of P−s (fi)@HR

is scaled in each iteration step by the FWHM ratio of the spectral power distributions

P+
sR(fi)@OC and P−s (fi)@OC at the output coupler following the propagation calcu-

lation. As it is not possible to calculate FWHM for the noisy spectrum of a single

realization of the Wiener process, signal spectral curves were smoothed by a moving

average for 50 points before the FWHM calculation. Beyond the total backward sig-

nal power
∑

i P
−
s (fi)@HR and the spectral distribution of the backward pump power

P−p (fi)@HR at the high reflection grating, the complex signal spectrum with Lorentzian

shape of P−s (fi)@HR is the output of Section 2 as well, involved by the complex spectral

amplitude |A(fi)|@HR and spectral phase φ(fi)@HR in Fig. 4.3.

4.3.3 Details of Section 3 in the algorithm

In Section 3, a spectral filtering (SF) function to refine the already calculated Lorentzian

spectrum is introduced, as shown by |A(fi)|@HR×SF (fi) in Fig. 4.3. This sec-

tion is based on the idea of Ref. [73], where spectral broadening of high power

CW beams during propagation in fibers were studied and the sources were success-

fully modeled by spectral filtering the output of a phase diffusion model to obtain

the measured laser spectra. Here, this concept is generalized and it is shown that

the output spectrum of a high power Yb-doped fiber laser can be predicted by fil-

tering the output spectrum of a phase diffusion model by a proper iterative func-

tion. SF (fi) is iterated in the kth step by the feedback function FF (fi): SF (fi)k =

SF (fi)k−1 × FF (fi), where FF (fi) is calculated through the heuristic expression of

exp[K × (1 − P+
sR(fi)MA@OC/P−s (fi)MA@OC)], where the subscript MA stands for

the moving average similarly to Section 2. The exponential dependence ensures conver-

gency of spectral components at the OC boundary on a logarithmic scale if parameter

K is set properly.
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4.4 Model validation and summary

Validation of the built model was executed for different pumping schemes, with pump

powers up to 460 W in a single direction. Comparison of measured and calculated

spectra can be seen in Fig. 4.4, while output signal powers as functions of the pump

powers are shown in Fig. 4.5. Very good agreement between calculated and measured

data is observed in all cases. The calculations were executed on a 8-core Intel Xeon

X5450@3.00GHz desktop architecture with 16GB RAM. Computation times within 5

minutes were achieved even for the highest pump power, allowing of calculations in a

reasonable time without need of extreme computational capacity. For the investigated

oscillator, the proposed method ensures convergency within few hundred iteration steps,

a significant part of which are involved in the 1st Section of the algorithm, ignoring

nonlinearities thus running faster. For a similar linear oscillator, as a comparison,

already published methods based on propagation in an effective optical line needs the

nonlinear transmission of the initial noise through the cavity typically several thousand

times to reach the stable state [81].

As a summary, we conclude that using the proposed algorithm, over 1 order of

magnitude decrease in computing time is demonstrated in the simulation of high power

CW fiber lasers, compared to applying the effective optical line method as in Ref. [81].

Figure 4.4: Calculated (lines) and measured (markers) spectral powers with pump powers:

922 W bidirectional pump power (solid line with circles), 386.1 W backward pump with no

forward pump (dashed line with squares) and 124.3 W forward pump with no backward

pump (dotted line with crosses)
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Figure 4.5: Calculated and measured output powers as functions of the total pump power

for (a) bidirectional, (b) forward and (c) backward pumping
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Models and experimental

validation for high power

continuous-wave fiber amplifiers

5.1 Overview of fiber amplifier modeling

To build fiber-based high power laser systems, accurate prediction of the expected

gain and power distribution of the propagating signals in the doped fiber amplifier

is necessary. This can be crucial to design systems relying on sensitive components.

Moreover, the accurate determination of the inversion level along the fiber may help to

predict the life expectancy of the amplifier. Degradation effects, such as photodarkening

can be forecasted, which is strongly related to the typical inversion level of the dopant

ions [83].

The theoretical background to model the amplification process in doped optical

fibers has already been reported by Giles et al. as the effective overlap integral (EOI)

approximation [70], which was discussed in Chapter 3 in this work. In single mode and

core-pumped systems, the overlap factor of the pump and signal can be obtained from a

mode solver for the given frequencies [84] and than the EOI between the resulted mode

profile and the doping profile of the fiber can be derived. Accurate modeling naturally

requires the knowledge of the absorption and emission cross section (XS) parameters

of the doped fibers which may vary fiber by fiber depending on the ratio of additional

dopants [85]. As the amplification process is sensitive to the XS values, they have to

be determined accurately by experiments in advance in order to accomplish amplifier
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simulations.

High power fiber amplifiers are usually realized via cladding-pumped doped fibers

in order to achieve output powers of several watts [35]. Different inner cladding shapes

are applied [86]-[89] in order to control scattering mechanisms between the core and

cladding modes and to improve the overlap between them. Cladding-pumping presents

additional modeling challenges. It is generally accepted to approximate the overlap

factor for the pump by the ratio of the XS areas of the core and the cladding [90].

This method assumes a uniform distribution of the pump light across the fiber core

and cladding which is a good approximation in most cases [37]. However, considering

the waveguide nature of the whole fiber XS in which the propagating modes decrease

exponentially outside the cladding, we may expect that the area ratio does not give an

accurate estimation for the pump overlap factor in all cases. Furthermore, the Giles

model of the amplifier is particularly sensitive to perturbation of the overlap factor,

creating the need for its accurate prediction for the calculations. In the topic of mod-

eling high power cladding-pumped fiber amplifiers, the implementation of bidirectional

pumping, amplified spontaneous emission (ASE) and Raman effect together with the

overlap integral approximation has been demonstrated for pulse amplification [91] and

the effect of forward, backward and bidirectional pumping on the operation was inves-

tigated for average output powers of tens of watts. In Ref. [92], the authors introduce

an approach based on combining the beam propagation method with the rate equations

for an unidirectional pump configuration, which is suitable to model fibers with various

cladding shapes. They point out particular cases for double-clad fibers with circular

symmetry, in which the novel method is superior to the EOI approximation.

Despite the extensive investigation of the area, to our best knowledge, there has

been no study about the validity of the EOI approximation in the hundreds of watts

and kilowatts power domain achieved by bidirectional pumping, especially for doped

double-clad fibers with star-shaped inner cladding. However, we note that this power

regime has already been modeled by a beam propagation method in connection with

the mode competition [93] and mode instability [94] in high power amplifiers.

In the present chapter of this work, the validity of the EOI approximation is shown

to model bidirectionally pumped Yb-doped double-clad star-shaped fiber amplifiers

with output powers of several hundreds of watts. An iterative numerical approach is

demonstrated to handle the spectrally resolved pumps and ASE beams in both direc-

tions. Good agreement of the calculations with the experimental results are achieved
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for the investigated setup for over 1kW output power under continuous-wave (CW) op-

eration. Important parameters for the simulations such as the XSs, the overlap factors

between the signal and dopant ions and between the pump and the dopant ions are

determined preliminary by experiments. Moreover, our investigations show that the

cladding overlap factor varies as a function of the divergence of the pump diodes with

changing pump power. The results are published in Ref. [J2].

The contributions of the authors to the work and the related publication are the

following. Z. Várallyay and Á. Szabó developed the analytical model and coordinated

the experimental validation. A. Rosales-Garcia and C. Headley built the experimental

setup for validation and performed the measurements. E. Gonzales and H. Tobioka

accomplished the measurements of the absorption and emission cross sections of the

doped fiber. Z. Várallyay and C. Headley also co-managed the work.

Similarly to Chapter 4, the validating setups were built in OFS Laboratories (Som-

erset, New Jersey, USA).

5.2 Theory of the used models

The EOI approximation for the reduced two-level medium is implemented in our model

with a proper iterative approach to handle the spectrally resolved boundary conditions

for the signal Ps and the forward and backward propagating pumps P±p and ASE beams

P±ASE as well.

Compared to Chapter 4, a main difference between the used methods is the im-

plementation of the spectrally resolved ASE in the present chapter. This introduces

further complexity in the power evolution calculations and affects the inversion level as

seen from Eq. (5.4), as well as separate boundary conditions must be applied for the

ASE. Accordingly, a new iteration method is developed to find solutions for the signal,

pump and ASE spectra. Another main difference between the methods of Chapter 4

and Chapter 5 lays within their fundamental equations. In the present chapter, the

power evolution equations and rate equations are solved together to describe the laser

operation, while in Chapter 4, they are involved in the nonlinear Schrödinger equation

to account for the significant nonlinearity that accumulates during the roundtrips in

the oscillator.
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For the amplifier, the following power evolution equations are valid for the propa-

gating waves:

d

dz
Ps(z, fi) = (n2(z)σe(fi)− n1σa(fi)) ΓsCPs(z, fi)− αsPs(z, fi) (5.1)

d

dz
Pp

+
−(z, fi) = ± (n2(z)σe(fi)− n1σa(fi)) ΓpCPp

+
−(z, fi)∓ αpPp+−(z, fi) (5.2)

d

dz
PASE

+
−(z, fi) = ± (n2(z)σe(fi)− n1σa(fi)) ΓASECPASE

+
−(z, fi)∓

∓αASEPASE+
−(z, fi)± ΓASEσe(fi)n2(z)mhfi∆fi

(5.3)

The same notations are used here that were introduced in Chapter 3 and already used

in Chapter 4, with the frequency components denoted by fi. The last term in Eq.

(5.3) accounts for the spontaneous emission which is amplified along the fiber. Eqs.

(5.1)-(5.3) are coupled via the upper state population which is given by the following

formula using steady-state approximation:

n2(z) =

τ
b2effπh

(∑
i
σa(fi)
fi

ΓsPs(z, fi) +
∑

j
σa(fj)
fj

ΓpPp(z, fj)+

+
∑

k
σa(fk)
fk

ΓASEPASE(z, fk)
)

1 + τ
b2effπh

(∑
i
(σa(fi)+σe(fi))

fi
ΓsPs(z, fi) +

∑
j
(σa(fj)+σe(fj))

fj
ΓpPp(z, fj)+

+
∑

k
σa(fk)
fk

ΓASEPASE(z, fk)
)

(5.4)

Eq. 5.4 is derived from the two-level rate equations assuming stationary population

inversion, according to Eqs. (3.25-3.27), then separating and subscripting the pump,

signal and ASE wavelengths. For solving the equations, the following boundary condi-

tions for the signal, forward and backward pump and ASE waves have to be satisfied:

Ps(z = 0, fi) = Psin(fi) (5.5)

P+
p (z = 0, fi) = P+

pin(fi) (5.6)

P−p (z = L, fi) = P−pin(fi) (5.7)

P+
ASE(z = 0, fi) = 0 (5.8)
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P−ASE(z = L, fi) = 0 (5.9)

Eqs. (5.5)-(5.9) are solved through the 4th-order Runge-Kutta method [82] towards

increasing z coordinate, from proper initial assumptions of P−p (z = 0, fi) and P−ASE(z =

0, fi). As initial conditions, the power spectral components of both the backward pump

and backward propagating ASE are assumed to decrease exponentially from their input,

by an estimated loss value for all frequencies. In the following iteration steps, the

shooting method [82] is applied to set the optimum of the power spectral components

of these two quantities at z = 0 in order to satisfy boundary conditions at z = L. The

method is based on the following heuristic iteration to get spectral powers at z = 0:

P−(z = 0, fi) = P−in(z = L, fi)
P−old1(z = L, fi)

P−old1(z = 0, fi)

(
P−old2(z = 0, fi)

P−old2(z = L, fi)

)2

(5.10)

Above iteration formula is derived from the assumed nonlinear relationship between

the iterated spectral powers at z = 0 and z = L fiber positions:

P−in(z = L, fi)

P−(z = 0, fi)
=

(
P−
old2(z=L,fi)

P−
old2(z=0,fi)

)2
P−
old1(z=L,fi)

P−
old1(z=0,fi)

(5.11)

The subscripts old2 and old1 stand for spectral powers at two and one iteration steps

before the current step, respectively, while subscript in denotes the fixed boundary

condition at the input. We note that the heuristic expression of Eq. (5.11) iterates a

gain-like quantity of the amplifier defined as g = P−(z=L)
P−(z=0)

for the backward propagating

waves, and has the simpler form of g = g2
g2

g1
. We also note that in each iteration step,

there are evanescent ASE frequencies in the amplifier if the attenuation of the frequency

component dominates over the amplification. Disabling these frequencies in the solver

highly increases the numerical stability of the method.

5.3 Obtaining doped fiber parameters by experiments

As it was mentioned previously, the doped fiber parameters are determined experi-

mentally in advance for accurate simulations. In initial calculations, the output signal

power was found to be very sensitive to the absorption XS and to the cladding-pump

overlap factor with the gain medium. The less sensitive parameters were the emission

XSs of the ytterbium ions at the signal wavelengths and the signal overlap factor with

the gain medium.
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Figure 5.1: Change of the overlap factor as a function of wavelength for the propagating

fundamental core mode

5.3.1 Overlap factors

The signal overlap factor with the dopant ions can be derived using a mode solver for

the given fiber XS and evaluate the overlap integral between the core mode and the

distribution of the dopant concentration:

Γs =

∫ 2π

0

∫ R

0
Ψ(r, φ)Cd(r, φ)rdrdφ (5.12)

Ψ(r, φ) is the mode-field distribution obtained from the Helmholtz eigenvalue equation

for the fundamental core mode and Cd(r, φ) is the dopant concentration across the fiber

with radial and angular dependence which is now considered uniform in the core and

zero in the cladding. The obtained overlap factor for the only fundamental mode in

the core is shown in Fig. 5.1 where the overlap factor decreases monotonously towards

longer wavelengths. The amplified signal has a center wavelength at 1070 nm where

the corresponding overlap factor is 0.65.

If the 975 nm pump was a core-pump, its related overlap factor would be 0.73,

according to the above calculation. For a cladding-pump, the overlap factor is generally

considered to be the ratio of the core and cladding areas [90]. The star-shaped fiber

we use has an outer cladding radius of rcl = 100 µm, while the core diameter is dc =

11.5 µm. The XS area of the star-shaped cladding, denoted by Acl is 81.6 % of the area

of the outer disk with rcl radius, denoted by A0 (see Fig. 5.2). Ac stands for the core

area. In order to make an initial estimation for the cladding-pump overlap factor with
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Figure 5.2: The fiber XS having a star-shaped cladding with rcl outer radius

the dopant ions we calculate the ratio of the core and the star-shaped cladding using

the corresponding areas:

Γp =
Ac
Acl

=
(dc/2)2

0.816r2cl
= 0.004, (5.13)

where the factor 0.816 comes from the proportion of Acl and A0 areas. We note that

assuming a circular cladding with rcl radius, we would obtain 0.0033 for the calculated

Γp factor. We use the calculated Γp value as the cladding-pump overlap factor in the

followings.

5.3.2 Absorption and emission cross sections

The absorption and emission XSs for ytterbium dopant in an optical fiber was measured

with white light absorption spectroscopy in 1997 [95]. The published data is used

widely in the literature when the numerical investigation of the amplification process

in an Yb-doped fiber is necessary. With the development of fiber manufacturing, core

dopants have changed which alter the real absorption and emission XSs [85]. Since we

did not obtain good agreement between the simulations and experiments using the XS

data implemented from Ref. [95], we measured the absorption XSs from spectroscopic

study using a short piece of fiber (1cm) and the emission XSs through the McCumber

theory, as they are discussed in Ref. [85]. The obtained emission and absorption

XSs are shown in Fig. 5.3 between 840 nm and 1200 nm. We note that due to the

used short fiber length, the measured emission XS data above 1050 nm was too noisy
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Figure 5.3: The obtained emission and absorption XSs from the measurements for our

Ytterbium-doped, double-clad fiber amplifier

therefore has been smoothed in this range. All other ranges are plotted as obtained from

the measurements. Comparing the obtained XS values to the known values from the

literature we can see that approximately 1.4 times smaller peak is shown in Fig. 5.3 at

around 976 nm than in Ref. [95] (18.3× 10−25 m2 vs. 26× 10−25 m2). The absorption

XS near 915 nm and the emission XS near 1030 nm show more than twice and 1.5

times smaller peaks, respectively. The differences are caused by the different amount

and type of core dopant than those used in an Yb-doped fiber amplifier investigated in

Refs. [1, 85, 95].

5.4 Results

Checking the accuracy of the previously obtained overlap factor and XS parameters is

done via comparing measured and analytically calculated small signal loss in a short

piece of the star-shaped doped fiber. Additionally, measurement results are compared

to the simulation of the propagation as well. In the investigated wavelength range, the

XS data shown in Fig. 5.3 are used. The superluminescent diode (SLD) used for this

purpose is a broadband light source providing stable output to measure the small signal

loss around 975 nm. The spectrum of the diode is shown in Fig. 5.4 with its peak at

980 nm. Its −3 dB bandwidth is approximately 30 nm.

For the analytical calculations, the attenuation and output power after certain
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Figure 5.4: Spectral shape of SLD used for the low power, cut-back experiment

length of propagation can be predicted, assuming so low power that the induced popu-

lation inversion can be neglected, which is referred to as a small signal in the followings:

Pout = Pinexp[−(α+ α0)L], (5.14)

where Pin is the input power, L is the propagation length, α is the small signal loss, and

α0 is the usually negligible small background loss which is approximately 5 dB/km near

1 µm wavelength in Yb-doped gain fibers. In the recent case, its value is considered for

accuracy.

According to Ref. [84], the small signal evolution is generally given by the following

formula:

α = ΓpCdσa, (5.15)

where Cd is the dopant concentration of the core, Γp is the overlap factor of the prop-

agating mode which equals the pump overlap of the simulations as the light is coupled

into the cladding here and σa stands for the absorption XS at the 980 nm center wave-

length of the SLD. Using Eqs. (5.14-5.15), the output power of the launched light in the

fiber cladding due to small signal loss can be predicted using the previously estimated

pump overlap factor and the known dopant concentration. The result can be compared

to the measured output power of the SLD following the propagation in the fiber. The

output powers at different fiber lengths are monitored by a cut-back experiment.

To accomplish numerical simulations as well to predict small signal loss of the SLD

are done by solving the rate equations and full power evolution equations without
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neglecting the inversion, as it is discussed in Subsection 5.2. The spectral shape of

the SLD for the simulations is modeled by a Gaussian function with its previously

mentioned center wavelength and bandwidth. The obtained inversion in the numerical

solutions must be small enough that the results match the analytical ones based on

Eq. (5.14), where the inversion was neglected at all. The results obtained by the

three different methods are compared in Fig. 5.5 using a dopant concentration value

of Cd = 1.17 × 1026 m−3 obtained from datasheet specifications and an overlap factor

of Γp = 0.004. We note that the concentration is calculated through a separate small

signal loss measurement, obtaining α = 1.9 dB/m small signal loss of the propagating

core mode at 1060 nm. Then, using the absorption XS value from Fig. 5.3 at 1060 nm

(σa = 1.6285 × 10−26 m2) and the overlap factor for the core mode in Fig. 5.1 for

the same wavelength (Γ = 0.6624) we obtain the mentioned concentration level from

Eq. (5.15). Regarding the results shown in Fig. 5.5, we can conclude that the overlap

factor for the cladding-pump is an accurate value calculated as the ratio of the core

and cladding areas for this power level. The measured and simulated output powers

as well as the analytical results show very good agreement along the fiber and the

Figure 5.5: Measured, calculated and simulated signal output power as a function of the

fiber length. Inset shows the obtained inversion level from the numerical solutions which

is small enough to be decisive.
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maximum relative error is less than 4 % between measurements and simulations. The

SLD has a low numerical aperture (NA) therefore it can be confined well in the star-

shaped cladding. High power laser diodes due to the larger number of modes and

more extensive far field [96] have larger numerical aperture than the used SLD here.

Accordingly, we expect a reduced overlap factor of the cladding-pump compared to the

discussed small signal behavior, which is investigated in the forthcoming section.

5.4.1 Amplification of signals with 10 W input power

To investigate complete amplifier systems with high power operation, first an amplifier

with 10 W input signal and forward pump powers ranging from 10 to 90 W is simulated

and studied experimentally. Considering the spectral properties of the pump laser diode

(Sheumann), we involve in the calculations both the center wavelength shift and the

bandwidth changes as functions of the driving current and the pump power of the

laser diode. We found that both the center wavelength shift and the bandwidth of the

approximately Gaussian spectral shape change near linearly as a function of the input

pump power in the investigated power regime, according to the following formulas:

λc = 0.0437Pp + λ0 and ∆λ = 0.0229Pp + ∆λ0. λ0 = 968.8 nm and ∆λ0 = 1.6645 nm.

A cut-back experiment is accomplished for this setup as well to determine the

signal power along the fiber. The output power is investigated at three different signal

wavelengths using different pump powers at 975 nm. Experimental results are compared

to the simulations using the maximum pump power of 87.2 W. Assuming Γp = 0.004

here as well, it is found that the simulations result in essentially higher output powers

than the experiments and somewhat more than 5% relative error. Except for the pump,

we use exactly the same parameter list we obtained and discussed for the small signal

investigation. Beyond the higher pump power compared to the small signal case, the

pump bandwidth also decreased to 3.7 nm from the 30 nm bandwidth of the SLD.

Also, the present pump diode has a higher NA than the SLD. Latter is believed to be

the reason of the deviation between simulated and measured output powers. In the

few watts and few times ten watts power regime, the power distribution of the higher-

order modes cannot be considered uniform across the fiber core and the cladding.

A significant portion of the total power is located outside the star-shaped cladding,

penetrating in the outer cladding. Also, due to the increased light power in the diode,

nonlinear self-focusing occurs in the waveguide of the diode which causes a radially

extensive far-field even for the lower-order modes [96]. These effects increase the pump
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mode field area compared to the low power case, therefore we have to consider a larger

mode area to evaluate the cladding-pump overlap factor Γp. Decreasing Γp to 0.0033,

we obtain a good agreement between the experiments and the simulations. As it was

already pointed out, Γp = 0.0033 is equivalent to the overlap integral what we obtain

if we use the total area of the outer disk of the star-shaped cladding (A0 in Fig. 5.2)

in Eq. 5.13 instead of the real cladding area (Acl). Fig. 5.6 shows the comparison

of simulation results to the measurements for 1070, 1080 and 1090 nm signal center

wavelengths. The input signal has a power of 9 W and 2.5 nm bandwidth. Simulation

results corresponding to Γp = 0.004 and to Γp = 0.0025 are also presented in the figure,

demonstrating the discrepancy caused by the not properly set cladding-pump overlap.

The results in Fig. 5.6 indicate that the Γp = 0.0033 cladding-pump overlap factor

is an appropriate choice to obtain good agreement between the simulations and the

experiments. The measurements, however, show some uncertainty because the losses

at the fiber end are somewhat different for different cuts. The average deviation between

the measured and simulated results is approximately 2 %. In Fig. 5.6, the calculation

results are also shown for Γp = 0.004 and for Γp = 0.0025 at 1070 nm wavelength.

Figure 5.6: Comparison of the calculated and measured output power for three different

signal wavelengths at 87.2 W pump power and Γp = 0.0033. Calculation results for Γp =

0.004 and for Γp = 0.0025 are also presented for 1070 nm center wavelength
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Γp = 0.004 results in essentially higher signal powers and the average deviation from

the measurements is over 5%, while Γp = 0.0025 provides smaller output powers than

the experiments, as the pump is absorbed too quickly or too slowly for these distinct

overlap integral values.

In the following section, we present the experiment with output powers of up to

several hundreds of watts to validate the calculations based on the EOI approximation

for this high power range. We show that the obtained Γ = 0.0033 overlap factor can

be used efficiently even for such high powers.

5.4.2 Experimental validation of the amplifier model for output pow-

ers of several hundreds of watts

We repeat the measurement with higher pump powers in a general master oscillator

power amplifier (MOPA) arrangement using bidirectional pumping scheme of the am-

plifier. The sketch of the setup can be seen in Fig. 5.7, with the same type of Oclaro

diodes and tapered fiber bundle (TFB) combiners used in Section 4.1 for the oscilla-

tor setup. The gain fiber is pumped in forward and backward directions with pump

powers shown in Table 5.1. The signal coupled into the input of the amplifier from the

oscillator output is 333 W. We note that both the forward and backward pumps expe-

rience approximately 5 % loss through the TFBs before entering the gain fiber which

is considered in the calculations, as well as the 5 % loss of the signal at the output of

the amplifier.

Figure 5.8 shows the efficiency curve of the system obtained from the measurements

and the simulations. The output signal power following 18.5 m of amplification is

plotted as a function of the total pump power of the diodes coupled into the star-

shaped cladding. The maximum power of the amplified output signal is 1069 W, using

11 A driving current for both directions which corresponds to 904.5 W total pump

power. The simulation is in good agreement with the measurements using the same

Figure 5.7: Sketch of the built MOPA setup
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Table 5.1: Pump diode currents and the corresponding pump powers launched in forward

and backward directions

Forward Backward Forward Backward

current [A] current [A] pump [W] pump [W]

4 4 170.6 169.2

5 5 217.6 215.8

6 6 262.6 260.6

7 7 304.7 303.7

8 8 345.9 345.2

9 9 385.7 383

10 10 420.4 418.6

11 11 452 452.5

Figure 5.8: Measurement and simulation for a 1070 W MOPA arrangement using Γ =

0.0033 as pump overlap factor in the calculations. The relative error between the two

results are indicated by the blue crosses which shows a relative error remaining below 2 %

parameters discussed previously and Γ = 0.0033 according to Fig. 5.6. The relative

error of the output power values obtained from the simulations remains below 2 %

compared to the measurements in the whole investigated power range.

We note here however that changing the overlap factor to Γ = 0.004 which belongs

to the small pump NA case we do not obtain a different simulation result compared

to the curve presented in Fig. 5.8. This is a consequence of the 18.5 m amplifier

44



5.4 Results

Figure 5.9: Power evolution of the signal, pumps and ASE beams along the amplifier

corresponding to the total pump power of 904.5 W. Inset shows the calculated inversion

level distribution along the gain fiber

length, as such length of doped fiber absorbs almost the total pump power and only

a few milliwatts remain at both ends of the fiber, which can be seen in Fig. 5.9. In

this figure, we also show the calculated evolution of the total power of the propagating

beams along the fiber when the largest pump power in Table 5.1 is applied and the

signal power on the MOPA output is 1063 W. Accordingly, increasing the overlap

factor of the pump will not result in significantly increased pump absorption and gain,

in contrast with the amplification of the 10 W signal (Fig. 5.6).

5.4.3 Summary

In this section, we summarize our work on modeling high power, cladding-pumped,

Yb-doped fiber amplifiers with star-shaped cladding. We preliminary measured and

calculated the necessary fiber parameters to be able to perform accurate calculations.

Absorption and emission XSs were determined and it was observed that they differ

from those of fibers with different core composition. We determined also the dopant

concentration based on absorption loss measurements. We evaluated the overlap factor

for core modes using a mode solver as well as the overlap factor for the cladding
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modes using the approximate formula given by the ratio of the core and cladding areas.

Calculated this way, the cladding-pump overlap factor of Γ = 0.004 value is proven to

be accurate for low NA diodes with output powers in the mW domain. For high NA

diodes with powers of several watts, the cladding-pump overlap factor has to be refined

and we found that the appropriate value can be obtained using the cladding area which

is defined by the outer disk of the star-shaped cladding.

The performed experiments and simulations showed very good agreement for over

900 W bidirectional pump power, indicating that the model based on the effective

overlap integral approximation is efficient in predicting amplifier behavior for star-

shaped cladding, even in such high power domain.

Finally, it may be useful to consider whether the validity of the models is limited or

not by physical effects that occur at extremely high power densities. Namely, electrical

breakdown causes damage in the dielectric material of the optical fiber if electric fields

exceed the dielectric strength [97]. Moreover, nonlinear self-focusing can result in os-

cillating beam diameter during the propagation [98, 99] which might limit the validity

of the effective overlap integral method. Even beam collapse can occur at the critical

power for catastrophic self-focusing, which is approximately 4 MW for Gaussian beams

in fused silica around 1 µm wavelength [100].

To our best knowledge, the highest available output power of commercial CW single-

mode fiber lasers today is 10 kW and operates at 1070 nm [101]. This makes possible

to give a worst-case estimation of the above limiting factors. The typical mode field

diameter in a single mode fiber around 1 µm wavelength from datasheets is approxi-

mately 2 µm, resulting in ≈ 40× 106 V/m for the maximum of the electric field in the

Gaussian intensity profile. This is over 10 times smaller than the dielectric strength

of fused silica [97], indicating that electrical breakdown is not a real risk for CW fiber

lasers, even for the highest output power with today’s technology.

From the above output power and mode field diameter, according to [98], the relative

decrease in the diameter of the single mode beam induced by self-focusing can be

approximated and 10−3 is obtained. Accordingly, the effect of self-focusing on the

effective overlap integral can be neglected, even for the highest available output powers.
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6

All-optical phase and amplitude

regeneration

6.1 Overview

Phase-sensitive amplifiers (PSAs) have been widely studied as a technology for optical

phase regeneration [2, 3, 63, J3, J9, C3, C4, C7],[102]-[105]. The most common tech-

nique of implementing a PSA is to use four-wave mixing in a fiber-optic parametric

amplifier (FOPA) or other Kerr (χ3) nonlinear medium to generate phase-correlated

waves used as the input to a second FOPA operated as a PSA [56], [106]-[107], where

it is referred to as a copier plus PSA setup. More recently, cascaded second-order (χ2)

nonlinearity in periodically poled lithium niobate (PPLN) waveguides has also been

investigated for all-optical signal processing and phase-sensitive operation for telecom

applications, due to their inherently advantageous physical properties, described in

Section 1.3.2.

C-band phase-sensitive behavior has been investigated in several PPLN-based ex-

periments. In the non-degenerate idler configuration compatible with wavelength di-

vision multiplexed (WDM) systems, [2] the phase-sensitive dynamic range was shown

to be the key parameter in determining the phase squeezing performance and multi-

channel phase squeezing was also demonstrated [C3]-[C4]. A ridge waveguide structure

has been used for binary phase regeneration of the signal with a degenerate signal,

idler and pump configuration [102] including long distance transmission and amplitude

regeneration [103], and also expanded to phase and amplitude regeneration of quadra-

ture phase shift keyed signals by using a waveguide with multiple quasi-phase matched
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regions [104]. Quadrature amplitude modulation regeneration has also recently been

demonstrated in FOPA [108] and in a ridge PPLN waveguide structure [109] as well.

Using a bidirectional copier plus PSA operating in a single planar waveguide device

[J9], phase modulated signals have been successfully regenerated.

Above results clearly show an ultimate trend in the application of PSAs, which is the

realization of in-line implementation of a phase regenerator, preferably with amplitude

regenerative capabilities. By the nature of this application, black-box operation of

the PSA is required, which means that the carrier wave of the signal required for

the phase regeneration is not available as an independent incoming wave and must be

reconstructed from the incoming signal. Until the research presented in this work, black-

box phase regenerators had only been realized using FOPAs, however, the potential

of phase-sensitive application of PPLNs had already been revealed. The following

work presents the first experimental demonstration of a solely PPLN-based, all-optical,

black-box phase regenerator for binary phase shift keyed (BPSK) signals. Beyond the

demonstration, the effect of the phase regenerator on the phase noise and amplitude

noise is investigated as well, since parasitic conversion of phase noise to amplitude noise

is an issue for PSAs [2], making simultaneous phase and amplitude regeneration more

difficult. The results are published in Refs. [C2] and [J3].

The contributions of the authors to the work and the related publications are the

following. Á. Szabó and B. J. Puttnam designed and built the experimental setup.

D. Mazroa and S. Shinada co-managed the work. N. Wada provided overall technical

leadership for the research.

The experiments were accomplished in the National Institute of Information and

Communications Technology, Photonic Network Systems Laboratory (Tokyo, Japan).

6.2 Experimental demonstration of the PPLN-based all-

optical black-box BPSK phase regenerator

6.2.1 General details and build-up of the optical source

The setup and phase relationships of the waves is shown in Fig. 6.1, where the subscripts

s, p, i, sN, iN stand for signal, pump, idler, signal noise and idler noise, respectively.

The dual-pump degenerate phase-sensitive amplifier setup is similar to that based on

FOPAs, described in [3], but it was optimized in detail to utilize PPLNs for idler gen-

eration and phase-sensitive amplification. Both PPLNs were doped with magnesium
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oxide to prevent photorefractive damage [110] and packaged in temperature controlled,

fiber pigtailed modules with insertion losses, including fiber coupling, of 5.5 dB and

7.5 dB, respectively. The quasi-phase matching wavelength (λQPM ) of both devices is

1549.9 nm at 40 oC and grating period of 18.9 µm. The first stage of the setup gener-

ates an idler by cascaded second-harmonic generation/difference-frequency generation

(SHG/DFG) which is phase-correlated to the pump and the carrier wave of the signal.

The output of an amplified spontaneous emission (ASE) source built of erbium-doped

fiber amplifiers (EDFAs) and a 5 nm band-pass filter centering the signal wavelength is

combined with an external cavity tunable laser (ECTL) source with 700 kHz linewidth

on the high loss arm of a 90/10 coupler to emulate a signal with amplitude and phase

noise. In the next step, a 10 Gbit/s BPSK source based on a 215 − 1 length pseudo-

random bit sequence is combined with the output of a 400 MHz arbitrary function

generator by an electrical splitter and connected to a phase modulator to add phase

modulation with additional phase noise to the signal channel, which is varied by the

output power of the function generator.

6.2.2 Details of the copier stage based on the first PPLN module

The role of the copier stage is to generate the idler phase-correlated to the signal.

Another ECTL of the same type is used as an unmodulated pump source for the

1st PPLN. The signal and the pump are amplified by high power EDFAs, followed

by variable optical attenuators (VOAs), band-pass filters and polarization controllers

(PC) to control the input power, remove excess noise and tune the polarization of

the channels at the input to PPLN1. The signal and the pump channels are then

combined by a WDM coupler producing less than 1 dB loss on both arms. The channel

wavelengths are chosen to be λs = 1549.8 nm and λp = 1547.9 nm, respectively, which

is a trade-off between the transmission bands of the WDM couplers, the quasi-phase

matching wavelength of the PPLNs and the gain spectrum of the slave laser required

for recovering the carrier phase from the generated idler.

6.2.3 Carrier wave reconstruction by injection locking

The idler with a phase of φi + φiN = 2φs + 2φsN − φp is generated in PPLN1, which

erases the modulation of the BPSK signal, but produces an excess phase noise with

φiN = 2φsN , which has to be removed. Since injection locking is a narrow band

filtering mechanism with a sub-GHz bandwidth [111], any higher frequency fluctuations
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Figure 6.1: The experimental setup of the PPLN-PPLN black-box phase regenerator

with phase relationships
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6.2 Experimental demonstration of the PPLN-based all-optical black-box
BPSK phase regenerator

produced by the ultrafast processes of SHG/DFG are removed by the slave laser. Before

exploiting the phase noise removal capability of the injection-locked laser, it had to be

characterized in advance to find its stable locking domain, according to Ref. [111].

The output of PPLN1 is passed through a VOA and a PC. By the VOA, the

input power of the slave laser is set to a value that allows it to track the frequency of

the injected wave up to a few hundred MHz. The idler is injected into the slave laser

through a circulator and a multiplexer/demultiplexer (MUX/DEMUX) which separates

the idler, and in the reverse direction, combines the injection-locked idler with the pump

tapped off from the unmodulated pump path. The combined pump and idler are then

spectrally symmetrical and phase-locked to the signal carrier wave. They are passed into

port 2 of the circulator to act as pumps in PPLN2, in which cascaded sum-frequency

generation (SFG) produces a wave at the signal second-harmonic wavelength and DFG

with the original noisy signal acts as a PSA, utilizing its natural squeezing transfer

function to regenerate BPSK symbols on the real axis [3].

6.2.4 Phase locking control

A phase error-tracking mechanism is applied to pick up any path length deviations

and to avoid parasitic phase shifts caused by sub-kilohertz thermal and acoustic fluc-

tuations of the two longest optical paths in the setup after the 90/10 coupler in the

pump path. The deviations of the two equalized path lengths are compensated by an

electrical phase-locked loop shown in detail in Fig. 6.1 and a lead zirconate titanate

(PZT) fiber stretcher in the pump path. Interference on the pump wavelength gener-

ated by the pump path and the crosstalk between port1 and port3 of the circulator

is detected on port3 and transmitted as a feedback to the phase-locked loop. The

multiplexer/demultiplexer after port2 was observed to offer better performance than a

band-pass filter to isolate the idler, since it prevents reflections of the pump wavelength.

We note that the use of cascaded SHG/DFG in a PPLN for idler generation instead of

the more efficient four-wave mixing in a FOPA does not degrade the idler power, since

that is eventually determined by the output of the slave laser.

6.2.5 Phase regenerator stage by the phase-sensitive PPLN and co-

herent detection

The noisy, modulated signal for the input of PPLN2 is tapped off from the original signal

path and is combined with the pump-idler pair on the low power arm of a 90/10 coupler.

51



6. ALL-OPTICAL PHASE AND AMPLITUDE REGENERATION

Before the input of PPLN2, a programmable filter is used to set the pump and signal

powers, and their effects on phase squeezing and phase-to-amplitude noise conversion is

then observed. A high power amplifier, VOA and PC are then used to control the signal

powers at the input of PPLN2. The input powers into both PPLNs are set to 30 dBm.

The polarizations of the signal, pump and idler paths are controlled separately by PCs.

The signals are detected using a single polarization coherent receiver with an ECTL

used for the local oscillator with 100 kHz linewidth and the outputs of the 90o optical

hybrid received with DC-coupled photodiodes at the input to a 50 GSa s−1 real-time

sampling oscilloscope. The scope has a 20 GHz bandwidth and a 0.6 nm band-pass

filter is used to filter the regenerated signal before the photodiode. Offline analysis is

performed using 4000 sample statistics.

6.3 Experimental investigation of the potential for ampli-

tude regeneration and the parasitic phase-to-

amplitude noise conversion during phase regeneration

As it was already mentioned in Chapter 1, all optical phase regeneration is aimed to

accomplish together with amplitude regeneration within a single device for compact-

ness, as an attempt for complete 2R (Reshaping, Reamplification) regeneration. This

is a difference compared to direct regenerators already existing in microwave trans-

mission systems, where a separate limiter stage executes the ampliture regeneration

[112]. Accordingly, beyond phase regenerative operation, the potential for amplitude

regeneration by the built setup is investigated as well, as discussed in the followings.

Phase and amplitude regeneration is studied for different ratios of the signal power

and the power of one single pump at the input of PPLN2 with the pump powers equal-

ized by the programmable filter in each case. Input power ratios from -20 to 0 dB

are investigated to cover both the unsaturated and saturated PSA regime. In the cas-

caded process, saturation occurs at high signal powers, where the phase-sensitive energy

transfers of DFG and SFG become so high that they can reduce the second-harmonic

and pump powers significantly. In saturation, lower amplitude noise is expected at the

output of the PSA, or even amplitude squeezing in the case of high phase-sensitive gain

easily achievable in FOPAs [3, 113]. The phase and amplitude squeezing performance

is investigated by analyzing the constellations. The standard deviation of the phase

angle (σφ) and signal amplitude (σA) are determined separately [113] for the input of
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6.3 Experimental investigation of the potential for amplitude regeneration
and the parasitic phase-to-

amplitude noise conversion during phase regeneration

Figure 6.2: Phase and amplitude squeezing as functions of the signal-to-pump power

ratio for different amounts of input phase noise: (a) σφin
= 0.453 (b) σφin

= 0.484 and (c)

σφin = 0.504

the system and the PSA output. Phase squeezing and amplitude squeezing are charac-

terized by the σφin/σφPSA
and σAin/σAPSA

ratios, respectively. The PSA performance

is investigated under three different phase noise levels on the input signal, while the

amplitude noise is constant: σAin = 0.16. Fig. 6.2 shows the phase and amplitude

squeezing performances for (a) σφin = 0.453, (b) σφin = 0.484 and (c) σφin = 0.504

with absolute error values. The phase angle standard deviation ratios are over 1 in

each case, indicating phase squeezing. For lower input phase noise (Fig. 6.2 (a) and

(b)), the phase squeezing performance as a function of the signal-to-pump power ratio

can be considered constant, taking the fitting error into account. For σφin = 0.504

(Fig. 6.2 (c)), a decreasing trend in the phase squeezing is observed. This is believed

to be caused by the non-optimal signal to-pump power ratio in the saturated regime,

similarly to the case of a FOPA-based PSA [3]. Phase noise transferred to the pumps

from the signal by phase-sensitive processes is more intense for higher signal noises,

degrading the phase squeezing. In each case, the σAin/σAPSA
amplitude squeezing is

below 1, signifying unwanted phase-to-amplitude noise conversion [2, 114]. However,
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the graphs show stable increase of the amplitude squeezing towards the saturated PSA

operation at higher signal powers, indicating reduced noise conversion. This effect was

also observed in a FOPA PSA for increased PSA input powers with a similar sym-

metrical pump configuration [114]. Figs. 6.3-6.5 shows constellations with low and

high signal-to-pump power ratios for σφin = 0.453, σφin = 0.484 and σφin = 0.504,

respectively, illustrating higher amplitude squeezing at higher power ratios.

While real amplitude regeneration cannot be achieved with the present setup, the

increasing trend of the amplitude squeezing values prove the potential for future ampli-

tude regeneration in the saturated gain regime of the PSA, when low-loss devices and

higher signal powers will be available. It must be emphasized that in the presented early

stage of research, our experimental opportunities allowed only these kind of investiga-

tions. Later in 2013, Umeki et al. demonstrated real phase and amplitude regeneration

within a single PPLN PSA [115], applying special low-loss PPLN devices. To sum up,

it was shown that PPLN PSAs are potentially suitable for simultaneous phase- and

amplitude regeneration, when operating in the strongly saturated gain regime.

6.4 Summary

In the present chapter, all-optical black-box phase regeneration of 10 Gbit/s BPSK sig-

nals was demonstrated, based on cascaded second-order nonlinearities in PPLN waveg-

uides for the first time. It was shown for moderate input phase noise that the un-

wanted phase-to-amplitude noise conversion can be minimized without degrading the

phase squeezing efficiency by increasing the signal-to-pump power ratio at the PSA in-

put. Latter proves that PPLN PSAs are potentially applicable as combined all optical

phase- and amplitude regenerators within a single device, if operation in the strongly

saturated gain regime is practically accomplished.
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6.4 Summary

Figure 6.3: Noisy input and regenerated output with (a) −20 dB and (b) −2 dB signal-

to-pump power ratio for σφin
= 0.453

Figure 6.4: Noisy input and regenerated output with (a) −16 dB and (b) −2 dB signal-

to-pump power ratio for σφin = 0.484

Figure 6.5: Noisy input and regenerated output with (a) −20 dB and (b) 0 dB signal-to-

pump power ratio for σφin
= 0.504
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7

All-optical phase-sensitive

amplifiers for wavelength division

multiplexed channels

7.1 PPLNs as phase-sensitive amplifiers for wavelength

division multiplexed applications

Although phase-sensitive amplifiers (PSAs) have been widely studied as a technology

for optical phase regeneration, their features can be exploited for ultra-low noise ampli-

fication as well [56, 65], [106]-[107]. These applications have the potential to transform

optical transmission systems if they can be practically harnessed. An attractive applica-

tion for periodically poled lithium niobate (PPLN) and fiber-optic parametric amplifier

(FOPA) PSAs is as low noise amplifiers. A sub-3dB noise figure in a PPLN [65] and in

a PSA-amplified link using a single channel FOPA-PSA [107] has already been demon-

strated. Four wave mixing crosstalk is a well known issue for parametric amplifiers with

Kerr nonlinearity acting on the wavelength division multiplexed (WDM) input signals

[116] and techniques to reduce its impact have been studied extensively [117]-[120]. A

brief comparison of advantages and disadvantages of FOPA and PPLN devices in PSA

applications have already been presented in Subsection 1.3.2 in the Introduction.

In the following sections, we introduce a novel mathematical model to calculate evo-

lution of multiple wavelength channels and crosstalk (XT) between them in cascaded

PPLN waveguides, typical in phase-sensitive applications. The model is validated ex-

perimentally. We make comparisons to XT generated in equivalent FOPA PSA chains
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constructed from highly nonlinear fiber (HNLF). Using ordinary device parameters, we

observe that the in-band crosstalk is smaller for HNLF PSA chains with 4 channels

but exceed that in PPLN PSA chains for 18 channels, showing that the quasi-phase

matching (QPM) band limits inter-channel interaction. Additionally, we present mea-

surements of phase squeezing in PPLN PSA of up to nine, 50 GHz spaced, 10 Gb/s

binary phase shift keyed (BPSK) channels to investigate the impact of WDM crosstalk

experimentally, observing that additional channels have minimal effect on the phase

squeezing characteristics. Both numerical and experimental results show that PPLN is

a promising candidate for low-XT, low-noise amplification or even phase regeneration

of multiple wavelength channels. The results are published in Refs. [C3, C4] and [J4].

The contributions of the authors to the work published in [C3, C4] are the following.

B. J. Puttnam and Á. Szabó designed and built the experimental setup. D. Mazroa

and S. Shinada co-managed the work. N. Wada provided overall technical leadership

for the research.

To the work published in [J4], Á. Szabó contributed by developing and implementing

the mathematical models. B. J. Puttnam and Á. Szabó designed, built and utilized

the validating experimental setup. A. Albuquerque performed supporting simulations.

D. Mazroa and S. Shinada co-managed the work. N. Wada provided overall technical

leadership for the research.

Similarly to Chapter 6, all the experiments were accomplished in the National

Institute of Information and Communications Technology, Photonic Network Systems

Laboratory (Tokyo, Japan).

7.2 Mathematical modeling of inter-channel crosstalk in

PPLN PSAs

In this section, the novel analytical model is introduced to calculate inter-channel XT in

cascaded PPLN waveguides during multichannel phase-sensitive amplification. A nu-

merical model is built as well to calculate the same in FOPAs based on highly nonlinear

fiber. The model is solved numerically and experimental validation is demonstrated as

well.
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7.2.1 Expressions for signal evolution and crosstalk

We describe models for numerical calculation of inter-channel crosstalk between WDM

channels for both PPLN waveguides and HNLF gain media. Our propagation model

for multiple WDM channels in PPLN is expanded from the coupled-mode equations of

cascaded sum-frequency generation/difference-frequency generation (SFG/DFG) and

cascaded second-harmonic and difference-frequency generation (SHG/DFG) for non-

degenerate signal/idler phase-sensitive amplifier configuration, presented in [63]. Pre-

viously in Ref. [121], Yamawaku et al. derived approximate analytical formulas for

WDM XT during multichannel cascaded wavelength conversion processes in PPLN

waveguides with negligible pump depletion. These equations are applicable to idler

generation or phase-insensitive amplifier (PIA) but must be adapted for PSA applica-

tion to take into account the phases of the incoming signals and signal power variations

during propagation. Hence, our propagation calculations assume a high power pump

and multiple WDM input channels, takes account of pump depletion and phases of the

input signals and allows changes of signal power during propagation. The proposed

model is valid for both PIA and PSA operation, independent of the modulation format

and considers all possible SFG and DFG processes between the channels in the C-band

and those in the second-harmonic (SH) domain, as well as SHG of the pump. However,

it neglects second-harmonic of the signal and idler channels being far from the QPM

band as a consequence of the applied guard band.

In the SFG part of the cascaded process, the evolution of the electric fields in the

SH domain are calculated as shown in Eq. 7.1:

dEwSFGj(z)

dz
= −αSH

2
EwSFGj(z) + iκwpωwpEwj(z)Epj(z) exp (−i∆kwpz)+

+ i
∑
s,i
i−s=

=wSFG
w=wSFG

κsiωsiEsj(z)Eij(z) exp (i∆ksiz) (7.1)

Here, α denotes the attenuation, ∆k and κ denote the generalized phase mismatches

and coupling coefficients, respectively, between interacting waves in the C-band, accord-

ing to the definitions in Chapter 3. s and i are the varying subscripts for the interacting

signal and idler, while p means the pump with fixed wavelength, respectively. The cal-

culations are executed separately on each sample in the time domain, denoted by j.

z is the coordinate towards the direction of propagation, ω is the angular frequency.

To simplify the computation and description of the model, joint indices are introduced
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for all investigated wavelengths in the C-band and in the SH band, denoted by w and

wSFG, respectively. Both w and wSFG run from –N to N , where N indicates the num-

ber of signal channels including those with zero power in the guard band. In case of w,

–N denotes the lowest frequency signal channel and N denotes the highest frequency

idler. w = 0 is equivalent to the pump wavelength. Frequencies denoted by wSFG

are all shifted from the frequencies of w by the pump frequency into the SH domain.

In Eq. 7.1, SFG processes involving the pump are described by the 2nd term on the

right hand side, as well as the SHG of the pump. The sum in the 3rd term includes all

SFG processes between signals and idlers, all acting on the wave subscripted by wSFG.

Similar notations are used in the evolution equation of the signal fields, involving DFG

processes interacting with the SH domain:

dEsj(z)

dz
= −αs

2
Esj(z) + i

∑
wSFG,w

wSFG−w=−s
s>0

κswωsEwSFGj(z)E
∗
wj(z) exp (−i∆kswz) (7.2)

In the above equations, s, i = 1..N . The evolution equations of the idler channels

are analogous to Eq. 7.2. Finally, the pump evolution is generalized as in Eq. 7.3,

where the summation exploits the frequency shift by the pump between the w channels

and wSFG products:

dEpj(z)

dz
= −αp

2
Epj(z) + i

∑
wSFG,w
wSFG=w

κpwωpEwSFGj(z)E
∗
wj(z) exp (i∆kpwz) (7.3)

We note that above calculation method is valid for both PIA and PSA operation.

Our preliminary simulations based on Refs. [122]-[123] pointed out that effects of

dispersion and group velocity differences at the simulated bitrate and waveguide length

can be neglected. Important examples of the channel-channel interactions described

by the above equations are presented in Fig. 7.1. Normal PSA operation of a signal

channel, its phase-correlated idler and the degenerate pump, neglecting any parasitic

XT is shown in Fig. 7.1 (a). Channel-channel XT can occur with (Fig. 7.1 (b)) and

without (Fig. 7.1 (c)) participation of guard band channels as well. Note that products

in the SH band far from the SH of the pump are poorly phase matched.

The model used to calculate channel evolution in HNLF PIAs and PSAs includes the

effects of dispersion and self-phase modulation for each individual channel. Together
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7.2 Mathematical modeling of inter-channel crosstalk in PPLN PSAs

Figure 7.1: Inter-channel interactions in a multichannel PSA: (a) normal PSA operation

neglecting all parasitic crosstalk, (b) crosstalk realization via guard band channel interac-

tions and (c) direct signal-signal crosstalk without participating guard band channel

with cross-phase modulation and four-wave mixing between the interacting channel

combinations, the coupled nonlinear Schrödinger equations are solved by the symmet-

ric split-step Fourier method to obtain changes in the electric fields, as it was introduced

in Eqs. (3.9)-(3.14). To calculate the exact accumulated XT powers for both PPLN

and HNLF PIAs and PSAs, the XT of a signal channel is derived from Eq. (7.4). The
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changes of the fields are considered as XT and are involved in the summation only if

caused by nonlinear channel interactions that differ from the normal signal-degenerate

pump-idler process presented in Fig. 7.1 (a).

XTs =
1

S

S∑
j=1

∑
zi<L

 ∑
{s,wSFG,w}/∈

/∈PSA

dEw,wSFG
sj (zi)


 (7.4)

Latter is responsible for PIA and PSA operation for both HNLFs and PPLNs with no

crosstalk considered, as discussed in Refs. [2, 56] in detail. These parasitic channel

combinations resulting in crosstalk are denoted by {s, wSFG, w} /∈ PSA, and dEw,wSFG
sj

is the change in the electrical field in this case. L is the fiber/waveguide length and

zi is the distance in the direction of propagation. For each calculation S samples are

taken from each channel. The calculations can be extended to describe XT in multiple

cascaded devices by consecutively adding the XT terms calculated by Eq. (7.4) for

each device.

7.2.2 Experimental setup

As coherent crosstalk occurring at separate signal channels following PSA stages is hard

to follow experimentally, they are determined purely by calculations according to Eqs.

(7.1)-(7.4). However, in order to validate the propagation models both for PPLN and

HNLF experimentally, measured and calculated spectra are compared for both devices

Figure 7.2: Experimental (a) and simulated (b) spectra after the PPLN PIA stage
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following a single PIA copier stage (Figs. 7.2-7.3). For PPLN, the experimental setup

is identical to the PIA stage of the PPLN-PPLN copier+PSA setup discussed in Ref.

[C3], except that here an array of DFB lasers is used to generate 9 signal channels

with 50 GHz spacing, from 1554.12 nm to 1557.36 nm, similarly to Ref. [C4]. The

complete copier+PSA setup will be introduced in detail in Section 7.3, where phase

squeezing of multiple channels is investigated experimentally. The same PPLN devices

are used that in Chapter 6 and the pump with 27 dBm power is generated by an

external cavity tunable laser with its wavelength at 1549.9 nm to match the quasi-

phase matching wavelength of the used PPLN again. To validate the multichannel

propagation solver in HNLF as well, the same conditions are recreated at the input to

a 400 m span of HNLF, except for the pump power which is set to 23 dBm to achieve

the same idler efficiency. The HNLF has a zero dispersion wavelength of 1545 nm

and nonlinear coefficient of 10 (W · km)−1. We note that the wavelength span of the

applied guard band between the pump and signal band is higher than the width of the

signal band. This way, intense crosstalk products from DFG involving the pump are all

located in the guard band and avoid the signal band according to Fig. 7.1 (b), which

is observed in Figs. 7.2-7.3 and discussed below. However, these crosstalk products

decrease the effective width of the guard band through participating in parasitic sum-

and difference-frequency generation.

The derived evolution and XT equations presented previously are solved for the

same initial signal, pump and overall system parameters that are used in the experi-

mental setups. Idlers are built from initial noise. Power differences of the input signals

Figure 7.3: Experimental (a) and simulated (b) spectra after the HNLF PIA stage
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and pump are varied between 27 dB and 35 dB, which yields measured side peak powers

high enough to compare with those obtained by simulations. In each case, very good

agreement is observed between the measured and simulated spectra, which is demon-

strated for 27 dB power difference for PPLN in Fig. 7.2 and for 29 dB difference for

HNLF in Fig. 7.3. We note that for the PPLN, side peaks around the pump change

steeper for the simulation than for the experiment, as Fig. 7.2 shows. This is believed

to be caused by spreading of the conversion band in the SH domain, originating from

fluctuation in the QPM grating period [121], which is not considered in the present

model.

7.2.3 Calculation results and discussion

In the calculations, for both the PPLN- and the HNLF-based PSA chains we use 4

and 18 channel transmitters, instead of 9 channels used for the experimental compar-

ison. This is done in order to compare XT performances for operation with low and

higher channel number. While we use known characteristics of the PPLNs introduced

in Section 6.2, HNLF parameters must be changed. Shorter HNLFs are used with

length of 93 m. As it has already been pointed out in Ref. [119], the inter-channel

XT in a FOPA scales by the square of the length, which makes possible to decrease

the XT by using shorter HNLF, while increasing the pump power to keep up the same

phase-sensitive gain. Consequently, in order to make a fair XT comparison between

PPLN- and HNLF-based PSA chains we set the HNLF length to achieve the same idler

efficiency at the same pump power for both types of devices. For all calculations, inde-

pendent pseudo-random bit sequences are applied to each signal channel with lengths

of 27 − 1. Calculations are executed for phase-sensitive gain values of 6 dB, 10 dB and

16 dB at each PSA stage. As in Ref. [106], we assume ideal optical links with perfect

compensation of both chromatic and polarization-mode dispersion, power and phase

regeneration of the pump, phase locking before each PSA and no other non-linearity is

present. The schematic of the built setup is shown in Fig. 7.4, where the total number

of channels is N , POF stands for the programmable optical filter, PC and DC denote

the polarization and dispersion compensation, respectively. The pump regeneration

is accomplished by high performance injection locking lasers and the equality of the

optical path lengths are ensured by phase-locked loops, similarly to Section 6.2. Fiber

transmission between PSAs is modeled by a lumped loss with attenuation set to ensure

invariant signal channel powers at the outputs of gain flattening filters positioned after
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Figure 7.4: The modeled copier + PSA link

each PSA. We note that these filters are included in the POFs in Fig. 7.4. Different

signal channel powers of −10 dBm, 0 dBm and 5 dBm are investigated.

In Fig. 7.5, calculated XT values are shown for 0 dBm signal channel power. The

top row, (a)-(c) shows XT following the copier+1 PSA, while the bottom row (d)-(e)

belongs to the copier+5 PSAs case. Different columns of Fig. 7.5 belong to different

channel wavelengths. From the left to the right, the columns stand for the lowest ((a)

and (d)), the medium ((b) and (e)) and the highest ((c) and (f)) frequency channels.

The increased channel XT as the channel number grows from 4 to 18 is demonstrated

by solid arrows for HNLF and by dashed arrows for PPLN, similarly to the line styles of

the graphs for the different devices. We note that growing channel number necessarily

increases the guard band and changes the channel wavelengths, which is marked in each

graph.

For both the 4-channel and 18-channel cases of the copier+5PSAs setup, higher

contribution of the PIA stage to the total crosstalk is observed, using HNLF. Around

40 % and around 90 % PIA contribution for 6 dB and 16 dB phase-sensitive gains and
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Figure 7.5: Crosstalk comparison of HNLF-based and PPLN-based PSA chains:

copier+1PSA (upper row), copier+5PSAs (bottom row). Different columns stand for dif-

ferent signal channels
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lumped link losses are obtained, respectively, while these contributions using PPLN are

only 10 % and 50 %. For 4-channel systems, the crosstalk performance of HNLF-based

chains overtakes PPLN-based ones by up to 9dB in the copier+1PSA and by up to

12dB in the copier+5PSAs case, depending on the channel and gain. The difference

is the most impressive for the highest frequency signal channel, with its wavelength

closest to the pump. The strongly varying manner of XT for different signal channels

in PPLN is caused by considerable changes of the phase matching terms ∆ksw in Eq.

(7.2).

For increased channel numbers from 4 to 18, higher XT for both PPLN- and HNLF-

based devices is observed, however, increase is less for PPLNs. This results in, for 18

channels, up to 8dB and up to 7dB higher XT for the HNLF-based copier+1PSA

and copier+5PSAs chains, than for the PPLN-based ones. However, for the highest

frequency signal channel, XT in PPLN becomes smaller only for 16dB phase-sensitive

gain. Such high difference in XT increase between PPLN and HNLF-based PSAs is

believed to be caused by the finite width of the quasi-phase matching band. For higher

channel number, numerous SFG products far from the pump SH are poorly phase

matched and have low power compared to the products close to the SH, caused by

steep change of ∆kwp and ∆ksi terms in Eq. (7.1). Similarly, ∆ksw terms in Eq. (7.2)

limits DFG products for high channel number. Such filtering mechanism is much less

significant for HNLF, producing XT in a wider wavelength range than for PPLN.

Simulation results for different signal powers reveal similar trends to those shown

in Fig. 7.5, although the XT levels decrease by 30 dB for −10 dBm input power per

channel and increase by 15 dB for 5 dBm input power per channel, due to the product of

3 different participating channels in the four-wave mixing formulas (Eqs. (3.11)-(3.14))

and in the cascaded SFG/DFG process (Eqs. (7.1)-(7.3)) as well.

7.3 Experimental investigation of phase squeezing efficiency

for multiple WDM channels

In the followings, we describe the experimental setup for multi-channel phase squeezing

experiments in detail. The PIA stage of this experiment was referenced previously to

validate the model for inter-channel crosstalk calculations.

It must be emphasized that the presented experimental demonstration of multi-

channel phase squeezing below is a different process and its efficiency is a different
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physical quantity from the previously studied coherent inter-channel crosstalk. Also

note that latter was studied only through numerical simulations as it can be deter-

mined experimentally with difficulty. Both quantities are based on the cascaded 2nd-

order nonlinearities in PPLN, however, their connection is not completely resolved to

date. Accordingly, they are separate, novel investigation methods and separate results,

summarized in different sections of the present chapter and also in different theses, as

it can be seen in the followings.

7.3.1 Experimental setup

In the realization of the multichannel PPLN-PPLN PSA, the same PPLN waveguides

are used again as in Section 7.3, denoted by PPLN A and PPLN B here. The first

stage of the setup is to generate the pump (λp), with phase-correlated signal (λs1−9)

and idler (λi1−9) pairs in the first PPLN. The signal channels are generated by an array

of DFB lasers, each with independent polarization controller (PC) and variable opti-

cal attenuator (VOA) and multiplexed in a temperature controlled arrayed waveguide

grating (AWG) with 50 GHz channel spacing. The pump is generated by an external

cavity tunable laser and after a PC, amplified by a high power erbium-doped fiber am-

plifier (EDFA) and filtered with a 1.4 nm optical band-pass filter (OBPF) to remove

excess noise. This is then combined with the arrayed waveguide grating output on the

low loss arm of a 90/10 optical tap with additional PCs and VOAs used to control the

relative power and polarization of each pump and signal arm. The λp pump wavelength

is chosen to match the QPM wavelength of the PPLNs and the λs signal wavelengths

are set to neighboring 50 GHz spaced channels between 1554.12 nm and 1557.36 nm

which fills the region of optimum gain of the high power EDFAs required for ampli-

fication. For the following regeneration measurements, all the signals are transmitted

through PPLN A, acting as the PIA where the phase-correlated idler waves are gener-

ated with phase φiN = 2φp − φsN . The relative phase following the PIA stage equals

zero: φrel = 2φp − φsN − φiN = 0 and each idler typically possesses 10 dB lower power

than the corresponding signal. The signal/idler pairs are then separated from the pump

in different arms of a WDM coupler. The signal arm contains a POF, which allows

for channel power equalization to compensate for the weaker idlers and allows selective

idler blocking to switch between phase-sensitive and phase-insensitive operation. Also

included on the signal arm is an optical delay to precisely align the pump and signal

path lengths and a phase modulator where the 10 Gbps BPSK signal based on a 215−1
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Figure 7.6: Experimental setup for the model validation and measuring multi-channel

phase squeezing efficiency

69



7. ALL-OPTICAL PHASE-SENSITIVE AMPLIFIERS FOR
WAVELENGTH DIVISION MULTIPLEXED CHANNELS

length pseudo-random bit sequence is modulated onto each of the signal/idler pairs.

The pump arm contains a 1 nm OBPF to remove all signal and idler wavelengths, a lead

zirconate titanate (PZT) fiber stretcher to compensate for variations in the optical path

lengths of the two arms caused by thermal or acoustic fluctuations and an additional

PC. The pump is then recombined with the signals and idlers on the high power arm

of a 4-port 90/10 power coupler. Here, the data modulation on each signal/idler pair

(φdata) becomes the relative phase shift of the recombined waves, enabling the natural

squeezing transfer function of the PSA to act as a regenerator for the BPSK symbols

on the real axis. The low power output of the coupler is used as the input to a feedback

circuit used to control the driving voltage to the fiber stretcher, based on interference

of the pump arm and a small pump component propagating in the signal arm. The

high power output of an EDFA containing the pump and correlated signal/idler pairs

is then passed into PPLN B in phase-sensitive operation with a VOA used to control

the input power. The input power into both PPLNs was approximately 30 dBm for all

measurements.

The setup of the single polarization coherent receiver is identical to the one used in

Section 6.2. A 0.6 nm OBPF following the PSA output is used to select the channel

for reception. To investigate the regeneration performance, the BPSK driving signal

is combined with the noise output of a function generator and the level of distortion

is optimized first to achieve zero bit errors. It is accomplished by monitoring with

a coherent signal analyzer which allows fast BER measurement as well, ensuring all

data points are pushed to the correct symbol phase. Then, offline signal analysis is

performed for various signal/idler combinations with the phase-sensitive and phase-

insensitive operation compared by suppressing the idlers in the POF. During the phase

regeneration measurements, optical spectra of the input and output of each PPLN

waveguide are recorded.

7.3.2 Measurement results

Initially, with all other channels blocked, each signal channel is received in turn in

phase-sensitive and phase-insensitive operation, compared by blocking or passing the

appropriate idler in the POF, and traces are saved for constellation analysis. Next, with

all signals and idlers present, the center channel (λ5) is received and traces are saved.

The process is then repeated with the signal and corresponding idler for wavelengths

λ2, λ4, λ6, λ8 also blocked to leave 5*100 GHz spaced channels and finally λ3 and λ7
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Figure 7.7: Received constellations of the center channel with all signals present in (a)

PIA operation and (b) PSA operation and (c) σφ−PIA/σφ−PSA and σA−PIA/σA−PSA

ratios as functions of channel spacing

are also blocked to leave 3*200 GHz channels. In each case, the received constellations

are analyzed and the phase squeezing performance is compared by considering the ratio

of the standard deviations of the phase angle (σφ) and signal amplitude (σA) in both

the phase-sensitive and phase-insensitive cases. The standard deviation ratio for the

phase angle (σφ−PIA/σφ−PSA) is measured to be positive indicating phase squeezing

in all cases. The values of (σφ−PIA/σφ−PSA) are between 1.5 and 1.6 for each signal

channel measured individually and for the center channel with each combination of

other channels present. As expected in the linear regime of phase-sensitive gain, some

amplitude noise is added to the signals being squeezed. The ratio of amplitude noise

in phase-insensitive and phase-sensitive operation (σA−PIA/σA−PSA) also showed little

variation between signal channels with values between 0.85 and 0.92 for all channels.

Fig. 7.7 (a) and (b) show examples of constellation diagrams for channel 5 with all 50

GHz channels present in both PIA operation with idler blocked and PSA operation.

The impact of varying the channel spacing on the measured constellations for the center

channel are shown in Fig. 7.7 (c), which shows the standard deviation ratios for both

phase and amplitude of the received constellation as functions of the channel spacing.

From the constellation plots in Fig. 7.7 (a) and (b) it is evident that the presence

of the idler at the input to the second PPLN leads to significant squeezing of the signal

phase with both a visible reduction in the distribution of bit centers and a squeezing of
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the circular trajectory typical of phase modulators, towards the real axis. As evident

from Fig. 7.7 (c), the reduction in the standard deviation of the phase angle of channel 5

varied little as a function of the channel spacing, showing that the presence of additional

channels does not affect the phase squeezing performance of the PPLN-PPLN PSA and

that crosstalk generated from neighboring channels has no impact on this kind of phase-

sensitive interaction, even with 50 GHz channel spacing. It is also worth noting that the

channel limit here is imposed by the availability of lasers and not by the gain spectra

of the PPLNs. Indeed previously, the SHG/DFG process was demonstrated to provide

adequate wavelength conversion of up 103 channels [121].

Note that present discussion is an improvement of our preliminary work published

in [C3], where it was shown for up to 4 channels that additional channels have little

impact on the phase squeezing efficiency. The channels were placed into the same

wavelength domain with 100 GHz and 200 GHz spacing.

7.4 Summary

In this chapter, interaction of multiple WDM channels in copier+PSA chains con-

structed of PPLNs was investigated both numerically and experimentally. Based on a

numerical model, generated crosstalk in chains of PPLNs and HNLF fiber-optic para-

metric amplifiers were compared for systems with 50 GHz WDM frequency grid in

the C-band. 4-channel and 18-channel systems were investigated and effects of varied

phase-sensitive gain and signal channel powers were studied as well. For 4 channels,

calculated crosstalk was smaller in HNLF-based chains, however, for 18 channels, the

crosstalk performance of PPLN chains became generally better. This effect is attributed

to the finite quasi-phase matching band of the PPLN, which restricts SFG and DFG

products leading to parasitic channel interactions. Experimental results showed for 50,

100 and 200 GHz channel spacing that the number of channels has little impact on the

phase squeezing efficiency, indicating that inter-channel crosstalk has negligible effect

on multichannel phase squeezing. Both theoretical and experimental results prove that

PPLN is a promising candidate to build copier+PSA chains for low crosstalk operation

with high channel numbers typical in dense WDM applications.
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Summary

In my dissertation, I introduce novel methods in mathematical modeling of high power

continuous-wave (CW) fiber lasers and amplifiers. A numerical method to calculate

crosstalk by nonlinear interaction of multiple propagating channels in periodically poled

lithium niobate (PPLN) phase-sensitive amplifiers (PSAs) is developed as well. Ad-

vantages and drawbacks are discussed, compared to fiber-optic parametric amplifier

(FOPA) PSAs for different transmission setups. All the models are validated by exper-

iments.

Purely experimental results are achieved in realizing the first PPLN-based black-

box phase regenerator for binary phase shift keyed (BPSK) signals and in investigating

its potential for amplitude regeneration as well. Phase squeezing efficiency in PPLN

PSA in presence of multiple wavelength division multiplexed (WDM) channels are also

investigated purely by experiments.

In this chapter, I summarize my achievements in 3 different thesis groups. The total

number of separate theses in 7.

8.1 Summary of the theses

Thesis 1: I develop novel mathematical models for high power, CW, bidirectionally

pumped, linear cavity, Yb-doped fiber lasers and high power Yb-doped fiber am-

plifiers. I validate the models by experiments.

Thesis 1.1 ([C1, J1]): I develop a novel, fast numerical model for high power

CW bidirectionally pumped linear cavity Yb-doped fiber lasers. I validate the

model experimentally for output powers of up to 708 W. The propagation solver

implements the nonlinear Schrödinger equation and rate equations, while the ini-

tial conditions of the propagation calculation are based on the iterative spectral
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filtering of the output of a phase diffusion model. This offers over 1 order of mag-

nitude decrease in computing time, compared to the already published iterative

evolution of an initial noise in an effective propagation line.

Thesis 1.2 ([J2]): By numerical simulation and experiments, for the first

time, I show the validity of the effective overlap integral method for high power

Yb-doped fiber amplifiers with up to 1 kW output power, when bidirectional

cladding-pumping of the star-shaped doped fiber is applied. I reveal that the

effective overlap integral model parameter depends on the numerical aperture of

the pump laser and falls between the core/cladding and the core/cladding external

disk area ratios of the doped fiber.

Thesis 2: I demonstrate and analyze experimentally the first PPLN-based all-optical

black-box BPSK phase regenerator.

Thesis 2.1 ([J3, C2]): I demonstrate experimentally the first all-optical black-

box PPLN-PPLN BPSK phase regenerator. This exploits 2nd-order cascaded

nonlinearities of the compact PPLN devices, in contrast with already existing

phase regenerators based on 3rd-order nonlinearity of highly nonlinear fibers.

Thesis 2.2 ([J3, C2]): For moderate phase noise on the input of the phase

regenerator, I show that parasitic conversion of phase noise to amplitude noise

can be minimized by increasing the signal-to-pump power ratio at the input of the

PSA, without degrading the phase squeezing efficiency. In spite of the increased

amplitude noise, this proves that PPLN PSAs are potentially applicable as com-

bined all-optical phase and amplitude regenerators within a single device, when

operation in the strongly saturated gain regime will be practically accomplished.

Thesis 3: I show the first comparison of the inter-channel crosstalk in PPLN PSA

chains to that in FOPA PSA chains by a numerical model and validate the model

by experiments. I analyze experimentally the nonlinear interaction of WDM

channels in a PPLN PSA for the first time.

Thesis 3.1 ([J4]): I introduce a numerical model to simulate propagation and

nonlinear interaction of multiple amplified wavelength channels in PPLN PSA

chains. The model is suitable to handle arbitrary channel powers and phases on

the PSA inputs, transparent to modulation format and is validated by experi-

ments.

Thesis 3.2 ([J4]): Using the developed model, I show for ordinary setup

parameters that PPLN PSA chains have better crosstalk performance for high
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channel numbers typical in dense WDM applications, compared to FOPA PSA

chains. This is a consequence of the finite quasi-phase matching band of PPLN,

filtering the inter-channel interactions.

Thesis 3.3 ([C3, C4]): I show by experiments that phase squeezing perfor-

mance of multiple channels in PPLN-based PSAs is approximately independent

of channel number for up to 9 channels and of channel spacing down to 50 GHz,

making PPLN PSAs suitable for operation at high channel number.
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Appendix - Device parameters

In the present chapter, the most important parameters of the used electro-optical de-

vices are summarized, beyond those ones that have already been mentioned in the

text.

9.1 Laser and light source parameters

Table 9.1: Santec TSL-510 ECTLs (Setup Figs. 6.1, 7.6)

Category Parameter Unit Performance

Wavelength characteristics

Tuning range nm 1500-1630

Resolution pm 5

Absolute accuracy pm < 100

Typical stability pm < 5

Optical power characteristics

Peak output dBm > 10

Typically used dBm 10-14

Output in full tuning range dBm > 8

Accuracy % < 5

Typical stability dB < 0.01

Spectrum

Typical linewidth MHz < 1

Typical side-mode

suppression ratio
dB > 45

Typical signal-to-total source

spontaneous emission ratio
dB > 35
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Table 9.2: Slave laser: Eblana Photonics EP1550-NLW-B (Setup Fig. 6.1)

Category Parameter Unit Performance

Wavelength characteristics

Typical wavelength

@ 5 mW output
nm 1550

Tuning range nm 2

Wavelength current

coefficient @ 5 mW output
pm/mA 3

Wavelength temperature

coefficient @ 5 mW output
nm/K 0.09

Optical power characteristics
Typical output in fiber mW 5

Quantum efficiency mW/mA 0.04

Spectrum

Linewidth kHz 100

Side-mode suppression

ratio @ 5 mW output
dB 40

Electrical characteristics
Threshold current mA 45

Operating current mA 250

Table 9.3: White light source for measurements of ytterbium absorption spectra: Ando

AQ-4303B (Chapter 5)

Parameter Unit Performance

Wavelength range nm 400-1800

Typical output stability dB 0.05

Output waveform CW or 270 Hz chopped light

Output level dBm ≥ −45

78
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9.2 EDFA parameters

Table 9.4: IPG EAD-40-C low power EDFA (Setup Figs. 6.1)

Parameter Unit Performance

Saturated output power mW 40

Optical input power (typical) dBm -3

Output power stability dB 0.13-0.02

Optical bandwidth nm 1530-1570

Noise figure dB 5

Polarization Random

Polarization dependent loss dB 0.3

Table 9.5: IPG EAD-2-C high power EDFA (Setup Figs. 6.1, 7.6)

Parameter Unit Performance

Saturated output power W 2

Optical input power dBm 0-3

Output power stability dB 0.1-0.02

Optical bandwidth nm 1535-1567

Noise figure dB 6

Polarization Linear

Polarization dependent loss dB 0.3

Table 9.6: IPG EAD-4-C high power EDFA (Setup Figs. 6.1, 7.6)

Parameter Unit Performance

Saturated output power W 4

Optical input power dBm 0-3

Output power stability dB 0.1-0.02

Optical bandwidth nm 1535-1567

Noise figure dB 6

Polarization Linear

Polarization dependent loss dB 0.3
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9.3 Phase modulator parameters

Table 9.7: Sumitomo Osaka Cement T-PMH-1.5-40 (Setup Figs. 6.1, 7.6)

Parameter Unit Performance

Maximum optical input power mW 20

Insertion loss dB ≤ 6

Operating wavelength µm 1.55

Optical bandwidth (3 dB down) GHz ≥ 20

Polarization extinction ratio dB ≥ 20

Driving voltage @ 1 GHz Vpp ≤ 5.5
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9.4 Receiver and detector parameters

Table 9.8: Combined coherent receiver and digital signal analyzer: Agilent N4391A with

DSA 91304A and DSOX 90000 Q series (Setup Figs. 6.1, 7.6)

Parameter Unit Performance

Modulation analyzer

Amplitude error % 1.8

Phase error deg 0.9

Gain imbalance between I and Q dB < 0.007

Sensitivity dBm -20

Coherent receiver

Optical input wavelength range nm 1528− 1630

Maximum optical input dBm 14

Electrical bandwidth GHz 37

Oscilloscope

Sample rate on each channel Gsa/s 80

Data acquisition bandwidth GHz 16− 32

Typical jitter between channels fs 700

Noise @ 10mV range, 32GHz bandwidth mV rms 0.6

Local oscillator

Wavelength range nm 1527.6− 1565.5

Minimum wavelength step GHz 25

Absolute wavelength accuracy pm 22

Stability kHz 100

Typical side mode suppression ratio dB 50

Typical RIN dB/Hz −145

81



9. APPENDIX - DEVICE PARAMETERS

Table 9.9: Photoreceiver for phase-locking control: New Focus 1811-FC (Setup Figs. 6.1,

7.6)

Parameter Unit Performance

Detector material InGaAs

Detector type PIN

Detector diameter mm 0.1

Noise-equivalent power pW/
√

Hz 2.5

Bandwidth @ -3dB MHz 125

Maximum conversion gain V/W 4× 104

Rise time ns 3

CW saturation power @ 1550nm µW 55

Table 9.10: High power thermal sensor for fiber laser and amplifier measurements: Ophir

5000W-BB-50 (Setup Figs. 4.1, 5.7)

Parameter Unit Performance

Spectral range µm 0.19-20

Aperture diameter mm 50

Cooling Water

Power mode

Power range W 20-5000

Power noise level W 1

Maximum average

power density
kW/cm2 6 @ 1000W

3 @ 5000W

Typical response time

with meter (0-95%)
s 3

Power accuracy % 5

Linearity with power % 2

Energy mode

Maximum energy density

< 100ns

J/cm2

0.3

< 1µs 0.4

< 0.5ms 5

< 2ms 10

< 10ms 30
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[C4] Benjamin J. Puttnam, Áron Szabo, Dániel Mazroa, Satoshi Shinada and Naoya Wada,

“Signal-signal crosstalk measurements in a PPLN-PPLN PSA with narrow channel spacing,”

17th Opto-Electronics and Communications Conference (OECC), pp. 67–68, 2012. 47, 58,

63, 75

84



Further publications

Journal papers
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[J7] Áron Szabo and Szilárd Zsigmond, “Determining the Optimal Signal Power Based on

Physical Effects in CWDM Optical Networks,” Infocommunictaions Journal [Invited], vol.

63, pp. 55–59, 2010.
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Aguiló, Francesc D́ıaz, Valentin Petrov, and Uwe Grieb-

ner. Passive mode locking of Yb:KLuW using

a single-walled carbon nanotube saturable ab-

sorber. Opt. Lett., 33(7):729–731, Apr 2008.

[14] Guichuan Xing, Hongchen Guo, Xinhai Zhang, Tze Chien

Sum, and Cheng Hon Alfred Huan. The Physics of

ultrafast saturable absorption in graphene. Opt.

Express, 18(5):4564–4573, Mar 2010.

[15] Jin-Long Xu, Xian-Lei Li, Yong-Zhong Wu, Xiao-Peng

Hao, Jing-Liang He, and Ke-Jian Yang. Graphene sat-

urable absorber mirror for ultra-fast-pulse solid-

state laser. Opt. Lett., 36(10):1948–1950, May 2011.

1

[16] R. Paschotta. Encyclopedia of Laser Physics and

Technology. 1

[17] Stéphane Randoux, Guillaume Beck, François Anquez,
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