
Optical Nonlinearities in High Power

Fiber Lasers and Phase-Sensitive

Amplifiers –

Novel Modeling Tools and Experiments
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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 [1]. 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 and fiber lasers, which

degrades the signal and beam quality [2],[3]-[6] and reduces the achievable length of

optical transmission links as well. However, exploiting nonlinearities makes possible to

fabricate stable, ultra-short pulsed fiber lasers [7]-[10], devices for high-speed optical

processing, such as wavelength converters [11]-[12] and signal regenerators [13, J3].

To sum up, nonlinear optical effects must definitely be considered 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 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

(PSAs) for transmission at multiple wavelength channels.
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1. INTRODUCTION

1.2 High power fiber lasers and fiber amplifiers

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

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

high diversity of application areas [14],[15]-[16]. A fundamental feature of fiber lasers

is that they allow of generating high-quality beams of wavelengths at which bulk lasers

are unfavourable, e. g. erbium, ytterbium (Yb), thulium, neodymium fiber lasers.

Continuous-wave (CW) fiber lasers are mostly applied for micromachining, industrial

cutting and welding as well as defense purposes [17]-[20]. Yb-doped fiber lasers have

been proven to be able to achieve record output powers in CW operation of up to

10 kW [21], while maintaining high beam quality. The combined application of high

brightness multimode laser diodes [22] with double-clad fibers [23]-[24] allows of the

development of these cladding-pumped fiber lasers and amplifiers, with larger spatial

and angular acceptance of pumping compared to core-pump schemes and with close to

5 orders of magnitude higher brightness compared to the pump laser.

1.3 Phase-sensitive amplifiers

The goal of PSAs is to amplify or attenuate signals according to their phase, which

makes possible numerous useful applications, such as noiseless amplification [25], re-

generation of phase modulated signals [13, J3], all-optical logic operations on phase-

encoded signals [26] or ultra-high precision optical metrology [27]. Present study focuses

on the first and second one among these applications, useful in optical communication

systems. In contrast with phase insensitive amplifiers (PIAs) , PSAs have a phase-

dependent gain response: large gain of the real quadrature component and small gain

or attenuation of the imaginary quadrature component occur, which makes them suit-

able to reduce parasitic nonlinear phase noise of the input signal. PSAs are commonly

implemented utilizing the nonlinear effect of four-wave mixing in a fiber-optic paramet-

ric amplifier. However, cascaded second-order nonlinear processes of second-harmonic

and difference-frequency generation in PPLN waveguides for low-noise PSA applications

has generated increasing interest recently. 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 [28],[29]-[33] and potential for integration with different optical elements [34].
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2

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 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, 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. RESEARCH AIMS

2.2 Mathematical study and experimental demonstration

of PPLN-based PSAs and phase regenerators

PSAs and black-box phase regenerators for signals with binary phase shift keying

(BPSK) modulation have already been demonstrated utilizing four-wave mixing in

highly nonlinear fibers (HNLFs). The next part is aimed at experimentally demon-

strating the first PPLN-based all-optical black-box phase regenerator for BPSK signals.

A black-box type regenerator is close to the practically applicable in-line phase regen-

erators 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 the PPLN de-

vices, 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 (WDM) transmission

systems in terms of crosstalk. The aim of the final part is to develop an experimen-

tally validated numerical model to predict crosstalk between multiple WDM 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 channels is going to be investigated as well, purely by experiments.
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Methodology

3.1 Nonlinear wave propagation in optical fibers

In the present study, to model CW fiber lasers, I use the generalization of the well-

established theory of pulse propagation in single mode optical fibers [35]. Beyond

self-phase modulation, the solved nonlinear Schrödinger equation (NLSE) solved for

fiber lasers involves the effects of group velocity dispersion and attenuation, while for

fiber optic parametric amplifiers, cross phase modulation and four wave mixing are

considered as well. According to experimental validations, higher order nonlinearities

of Raman scattering, self steepening and optical shock formation are neglected in the

present investigations and the equations are solved by the symmetric split-step Fourier

method.

3.2 Description of the laser gain media

In the discussion of fiber lasers and doped fiber amplifiers, the reduced two-level rate

equations combined with power evolution equations are solved according to Ref. [36].In

modeling, Yb-doped fiber can be approximated by reduced two-level media, following

from rapid non-radiative relaxations to the meta-stable state [37].

In amplifier modeling, I focus on their spectral properties. To do this, I use the

effective overlap integral (EOI) model, similarly to the case of fiber lasers. In the model,

the spatial properties and mode field distribution of the doped fiber are described by the

overlap integral, and stationary population inversion is assumed overall the calculations.
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3. METHODOLOGY

3.3 Modeling CW lasers: stochastic phase evolution

As it was mentioned previously, the established methods for the nonlinear pulse prop-

agation in fibers must be generalized to handle CW beams via considering their finite

linewidth. Instead of being perfectly coherent, the beams are assumed to be partially

coherent, i. e., the coherence length is below the pulse widths in the beam [35]. Par-

tially coherent beams exhibit both phase and intensity fluctuations, their propagation

in single mode fiber is described by the phase diffusion model [38]-[40], where the

fiber-coupled beam with time-independent power is assumed to have a temporal phase

evolution, which follows a Wiener process.

3.4 Second-order nonlinearities in PPLN

Between three separate co-propagating coherent electromagnetic waves in the 2nd-order

nonlinear material, three different effects may occur, depending on their wavelength

and phase: second-harmonic generation (SHG), sum-frequency generation (SFG) and

difference-frequency generation (DFG).

Placing the lower frequency carrier waves in the 1550 nm telecommunication win-

dow, the second-harmonic is generated close to 780 nm. 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 simulta-

neously, called cascaded 2nd-order process. Since the input waves except for the pump

are usually phase modulated in PSA setups, in this work, the wave with the smaller

frequency is called Signal and the other one is called Idler in the followings. In PSA

experiments and in this study as well, usually a phase-correlated wave to the signal

and the pump is generated from noise in the first stage, in order to achieve phase

regeneration of the signal in a following stage.

In my work, I generalize existing equations of the cascaded process for three waves

[31] in order to describe the cascaded process for adjacent wavelength channels on a

WDM grid and to calculate the inter-channel crosstalk. The generalized equations are

solved numerically by a finite difference method.
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4

New results

4.1 Modeling high power CW fiber lasers and amplifiers

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: 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 imple-

ments the NLSE and rate equations, while the initial conditions of the propagation

calculation are based on the iterative spectral filtering of the output of a phase dif-

fusion model. This offers over 1 order of magnitude decrease in computing time,

compared to the already published iterative evolution of an initial noise in an

effective propagation line.

Dissertation Chapter 4.

Related publications: [C1],[J1]

The model is based on the combined NLSE, power evolution equations and rate

equations. Initial forward and backward propagating CW laser beams are as-

sumed to be spectrally filtered 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. The developed model is validated

extensively by experiments. The experimental setup of the cladding-pumped os-

cillator is shown in Fig. 4.1. The 20 m long Yb-doped fiber is enclosed by a high
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4. NEW RESULTS

Figure 4.1: Experimental setup for validation

reflection fiber Bragg grating (HR) and the output coupler (OC) and pumped by

multiple multimode laser diodes coupled by OFS combiners from both forward

and backward directions.

The algorithm to calculate the output power spectral density of the CW laser is

built up of 3 different stages of iterations, demonstrated in the Dissertation by a

detailed flow diagram. In each stage of the algorithm, the spectral power of the

backward signal is iteratively set at the HR before reflection, via multiplying by a

proper signal feedback function before executing the propagator for the forward

and backward propagating signals and pumps. Each stage finds the optimal

feedback function to satisfy the boundary conditions with given accuracy.

The aim of Stage 1 is to calculate approximate signal powers and nonlinear spec-

tral broadening is not considered at this stage, thus the propagation in the Yb-

doped fiber neglects any dispersive and nonlinear effects and restricts purely to

the amplification of the spectral components. The model used in this stage is

based on the EOI approximation.

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

signal near the HR by a Lorentzian function, which is achieved by applying the

phase diffusion model on the temporal phase evolution. The propagation solver

of Stage 2 is based on the NLSE with an additional gain term used to model the

laser amplification in the nonlinear gain media for both the forward and backward

propagating signals.

In Stage 3, a spectral filtering function to refine the already calculated Lorentzian

spectrum is introduced. This stage is based on the idea of Ref. [40], where spectral

broadening of high power CW beams during propagation in fibers were studied

and the sources were successfully modeled by spectral filtering the output of a

phase diffusion model to obtain the measured laser spectra. Here, this concept it

generalized and it is shown that the output spectrum of a high power Yb-doped
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4.1 Modeling high power CW fiber lasers and amplifiers

Figure 4.2: Calculated and measured output powers as functions of the total pump power

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

fiber laser can be predicted by filtering the output spectrum of a phase diffusion

model by a proper iterative function.

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

pump powers up to 460 W in a single direction. Output signal powers as functions

of the pump powers are shown in Fig. 4.2, while comparison of measured and

calculated spectra can be seen in Fig. 4.3. Very good agreement between calcu-

lated 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.

Thesis 1.2: 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
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4. NEW RESULTS

Figure 4.3: 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)

falls between the core/cladding and the core/cladding external disk area ratios of

the doped fiber.

Dissertation Chapter 5.

Related publication: [J2]

The modeling part of this thesis is based on the power evolution equations and

rate equations with EOI approximation again, to model an Yb-doped fiber am-

plifier with bidirectional pumping. Propagation equations are solved for the am-

plified signal, forward and backward pumps and forward and backward amplified

spontaneous emission beams, all resolved in the frequency domain. A heuristic

iteration formula is applied to find the solution that matches the boundary con-

ditions, which iterates the gain of the amplifier, instead of pure iteration of the

beam powers before propagation.

For accurate modeling of the amplifier, the model parameters of the absorption

and emission cross sections and the EOI for the signal were determined by exper-

iments in advance. The model is used in three different output power regimes: a

few milliwatts, a few times ten watts and several hundreds of watts up to 1063 W.

The calculation results in each power domain are compared to experiments and
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4.1 Modeling high power CW fiber lasers and amplifiers

Figure 4.4: 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.

good agreement is found in each case, validating both the measured model pa-

rameters and the EOI method with the developed iteration formula even for over

1 kW output power. Fig. 4.4 shows the validation results in the few milliwatts

regime together with the analytical solution, while Fig. 4.5 demonstrates the

corresponding calculated and experimental results for several hundreds of watts.

As the numerical aperture of the pump diodes is different in the few milliwatts

and higher pump power cases due to nonlinear self-focusing [41]-[42], it is possible

to compare the pump EOI parameters in the different cases, utilizing the model.

As it is demonstrated in Fig. 4.4, Γ = 0.004 is successfully used to obtain results

for milliwatts of pump powers. For pump powers of several hundreds of watts,

however, the results show that Γ = 0.0033 is valid, as it can be seen in Fig.

4.5. We also note that for an intermediate pump power domain of tens of watts,

Γ = 0.0033 is proven to be valid again, using similar comparison of measurements

and calculations.

From the above Γ values, it is observed that in the investigated pump power range,

the EOI parameter has the extremal values of the core/cladding area ratio and

the core/cladding external disk area ratio, according to Fig. 4.6. For intermediate
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4. NEW RESULTS

Figure 4.5: Measurement and simulation for a 1070 W master oscillator power amplifier

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 %

Figure 4.6: The fiber cross-section having a star-shaped cladding with rcl outer radius

pump powers and numerical apertures, the EOI value should be between these

extremal values.

The kind cooperation of OFS Laboratories (Somerset, NJ, USA) is acknowledged

for establishing the experimental setups of fiber lasers and amplifiers.

12



4.2 All-optical phase- and amplitude regeneration

4.2 All-optical phase- and amplitude regeneration

Thesis 2: I demonstrate and analyze experimentally the first PPLN-based all-optical

black-box BPSK phase regenerator.

Thesis 2.1: 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 fiber.

Dissertation Chapter 6.

Related publications: [C2, J3]

I built the experimental setup shown in Fig. 4.7 in the National Institute of

Information and Communications Technology (NICT) Photonic Network System

Laboratory (Tokyo, Japan). Compared to previously published setups based on

HNLF, the main novelty of this setup is that it uses solely PPLN waveguides for

both the carrier wave recovery (Modulation clearing in Fig. 4.7) and the PSA

stage.

The novelty compared to previously published PPLN PSA experiments is the

black-box realization of the setup. Namely, while previous PPLN PSA experi-

ments exploited the PSA operation via interaction with an available unmodulated

idler wave, which was phase-correlated to the carrier wave of the signal, this setup

is capable of clearing the modulation of the signal and the generation of the idler

itself. The generated idler is used for regeneration in the PSA block of the setup.

In Fig. 4.7, the block of Noisy signal input shows generation of the 10 Gbps

BPSK signal through a phase modulator and the addition of phase and amplitude

noise in a variable extent. The block of Modulation clearing recovers the signal

carrier wave and removes its noise, generating the idler wave. The block of Phase-

sensitive amplification exploits the previously generated idler to regenerate the

phase of the incoming original noisy signal. For phase-sensitive amplification, the

constant optical paths must be ensured, which is done by an electronic phase-

locked loop (block of Phase locking control). Fig. 4.7 shows also the wavelengths

(λ) and phases (φ) of the signal, idler and pump in important points of the

setup, where subscripts s, p, i and n belong to the signal, pump, idler and noise,

respectively.
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4. NEW RESULTS

Figure 4.7: The experimental setup of the PPLN-PPLN black-box phase regenerator

with phase relationships
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4.2 All-optical phase- and amplitude regeneration

Thesis 2.2: 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 combined all optical

phase and amplitude regenerators within a single device, when operation in the

strongly saturated gain regime will be practically accomplished.

Dissertation Chapter 6.

Related publications: [C2, J3]

The performance of regeneration is characterized by the decrease in the stan-

dard deviations of the phase and amplitude in the constellation, calculated by

σφ−in/σφ−PSA and σA−in/σA−PSA, where the subscripts in and PSA stand for

the values on the input and the PSA output, respectively. Fig. 4.8 shows perfor-

mances of phase and amplitude regeneration as a function of the signal-to-pump

power ratio on the input of the PPLN PSA. Results can be seen for three dif-

ferent input phase noise levels: (a) σφ−in = 0.453, (b) σφ−in = 0.484 and (c)

Figure 4.8: Phase and amplitude squeezing as a function of the signal-to-pump power

ratio: (a) σφin
= 0.453 (b) σφin

= 0.484 and (c) σφin
= 0.504
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4. NEW RESULTS

σφ−in = 0.504 and constant input amplitude noise (σA−in = 0.16) is applied. The

phase angle standard deviations ratios are over 1 in each case, indicating phase

squeezing, while the amplitude standard deviations ratios are below 1, signify-

ing unwanted phase-to-amplitude noise conversion. However, the graphs show

stable increase of the amplitude squeezing towards the saturated PSA operation

at higher signal powers, indicating reduced noise conversion. According to Fig.

4.8 (a) and (b), we can conclude that for moderate input phase noise, 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 input. The decreasing trend in the phase squeezing in Fig. 4.8 (c)

is believed to be caused by the non-optimal signal to-pump power ratio in the

saturated regime, similarly to the case of a PSA based on fiber-optic parametric

amplifier [13]. Phase noise transferred to the pumps from the signal by phase-

sensitive processes is more intense for higher signal noises, degrading the phase

squeezing.

4.3 All-optical phase-sensitive amplifiers for WDM chan-

nels

Thesis 3: I show the first comparison of the inter-channel crosstalk in PPLN PSA

chains to that in fiber optic parametric amplifier (FOPA) PSA chains by a nu-

merical 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: I introduce a numerical model to simulate propagation and non-

linear 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 experiments.

Dissertation Chapter 7.

Related publication: [J4]

The propagation model for multiple WDM channels in PPLN is expanded from

the coupled-mode equations of cascaded SFG/DFG and cascaded SHG/DFG for

non-degenerate signal/idler PSA configuration, presented in [31]. Previously in

Ref. [43], Yamawaku et. al. derived approximate analytical formulas for WDM
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4.3 All-optical phase-sensitive amplifiers for WDM channels

Figure 4.9: Experimental (a) and simulated (b) spectra after the PPLN PIA stage

crosstalk (XT) during multi-channel cascaded wavelength conversion processes in

PPLN waveguides with negligible pump depletion. These equations are appli-

cable to idler generation or phase insensitive amplification but must be adapted

for PSA application to take into account the phases of the incoming signals and

signal power variations during propagation. Thus, the presented novel propaga-

tion calculations consider these factors, moreover, assume a high power pump

and takes account of pump depletion. The proposed model is valid for both PIA

and PSA operation, independent of the modulation format and considers all pos-

sible SFG and DFG processes between the channels in the C-band and those in

the second-harmonic domain, as well as SHG of the pump. However, it neglects

second-harmonic of the signal and idler channels being far from the quasi-phase

matching band as a consequence of the applied guard band.

The changes of the fields are considered as XT only if caused by nonlinear channel

interactions that differ from the normal signal-degenerate pump-idler process,

discussed in Refs. [25, 28] in detail. The calculations can be extended to describe

XT in multiple cascaded devices by consecutively adding the XT terms of each.

As coherent XT occurring at separate signal channels following PSA stages is hard

to follow experimentally, in order to validate the propagation model, measured

and calculated spectra are compared following a single PIA copier stage (Fig.

4.9). The validating experimental setup is identical to the PIA stage of the

PPLN-PPLN copier+PSA setup discussed in Ref. [C4] and shown in Fig. 4.11

later. We note that similar experimental validation is accomplished for the built

model of HNLF-based copier+PSA chains, discussed in the Dissertation in detail.

Thesis 3.2: Using the developed model, I show for ordinary setup parame-

ters that PPLN PSA chains have better crosstalk performance for high channel

17



4. NEW RESULTS

numbers typical in dense WDM applications, compared FOPA PSA chains. This

is a consequence of the finite quasi-phase matching band of PPLN, filtering the

inter-channel interactions.

Dissertation Chapter 7.

Related publication: [J4]

While the novel model for XT in PPLNs is introduced above, another model is

built to calculate channel evolution and XT in HNLF-based PSA chains through

implementing the effects that occur in a FOPA. Namely, the model includes the

dispersion and self-phase modulation for each individual channel. Together with

cross-phase modulation and four-wave mixing between the interacting channel

combinations, the coupled NLSE is solved by the symmetric split-step Fourier

method to obtain changes in the electric fields [35]. Following experimental vali-

dation of the propagation models, PSA chains built of both types of devices are

compared, with equivalent gain for both. Calculations results for 0 dBm power

per each signal channel and for phase-sensitive gains of 6 dB, 10 dB and 16 dB

at each PSA stage are discussed. As in Ref. [44], 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

Figure 4.10: Crosstalk comparison in HNLF and PPLN PSA chains for different signal

channels: copier+1PSA (upper row), copier+5PSAs (bottom row)

18



4.3 All-optical phase-sensitive amplifiers for WDM channels

no other non-linearity is present. Fiber transmission between PSAs was modeled

by a lumped loss with attenuation set to ensure invariant signal channel powers

at the outputs of gain flattening filters positioned after each PSA. Calculated XT

values are presented in Fig. 4.10. The top row, (a)-(c) shows XT following the

copier+1PSA, while the bottom row (d)-(e) belongs to the copier+5PSAs case.

Different columns of Fig. 4.10 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 in-

creases the guard band and changes the channel wavelengths, which is marked in

each graph.

For 4-channel systems, the XT 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. 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, limiting SFG and 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 repeated for -10 dBm and 5 dBm signal channel powers reveal similar

trends to the those discussed above.

Thesis 3.3: I show by experiments that phase squeezing performance of multi-

ple channels in PPLN-based PSAs is approximately independent of channel num-

ber 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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4. NEW RESULTS

Dissertation Chapter 7.

Related publications: [C3, C4]

The setup was also built in NICT Photonic Network System Laboratory and in-

vestigates crosstalk in PPLN PSAs experimentally. The signal wavelengths are

set to neighboring 50 GHz spaced channels between 1554.12 nm and 1557.36 nm

chosen to fill the region of optimum gain from the high power erbium-doped fiber

amplifiers (EDFAs) required for amplification. For the following regeneration

measurements, all the signals are transmitted through PPLN A, acting as the

PIA, where the phase-correlated idler waves are generated. The signal/idler pairs

are then separated from the pump in different arms of a WDM coupler (Interfer-

ometer stage). On the signal arm, 10 Gbps BPSK signal is modulated onto each

of the signal/idler pairs. Path lengths of the Interferometer arms are equalized

by a phase-locked loop, similarly to Fig. 4.7. The pump is then re-combined

with the signals and idlers, with the data modulation on each signal/idler pair

(φdata) then becoming the relative phase shift of the recombined waves. Follow-

ing amplification, the combined pump and correlated signal/idler pairs are then

passed into PPLN B, acting as a PSA and regenerating the phase of the BPSK

symbols. Offline signal analysis is performed for various signal/idler combinations

with the phase-sensitive and phase insensitive operation compared by suppress-

ing the idlers. Initially, with all other channels blocked, each signal channel was

received in turn in phase-insensitive and phase-sensitive operation, compared by

blocking or passing the appropriate idler in the programmable filter. Next, with

all signals and idlers present, the center channel (λS5) was received and traces

saved. The process was then repeated with the signal and corresponding idler

for wavelengths λS2, λS4, λS6, λS8 also blocked to leave 5*100 GHz spaced chan-

nels and finally λS3 and λS7 were also blocked to leave 3*200 GHz channels. In

each case, the received constellations were than analyzed and the phase squeezing

performance compared by considering the ratio σφ−PIA/σφ−PSA, where the index

PIA denotes the measurements with blocked idler. The ratio was measured to be

positive, indicating phase squeezing, in all cases with values between 1.5 and 1.6.

Fig. 4.12 (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 constella-

tions for the center channel are shown in Fig. 4.12 (c), which shows the standard
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4.3 All-optical phase-sensitive amplifiers for WDM channels

Figure 4.11: Experimental setup for the model validation and measuring multi-channel

phase squeezing efficiency
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4. NEW RESULTS

Figure 4.12: 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 a function of channel spacing

deviations ratios for both phase and amplitude of the received constellation as a

function of the channel spacing.

From the constellation plots in Fig. 4.12 (a) and (b) it is evident that the pres-

ence of the idler at the input to the second PPLN leads to significant squeezing of

the signal phase. In Fig. 4.12 (c), the reduction in the standard deviation of the

phase angle of channel 5 varied little as a function of the channel spacing, show-

ing that the presence of additional channels does not affect the phase squeezing

performance of the PPLN-PPLN PSA and that crosstalk generated from neigh-

boring channels has no impact on this kind of phase-sensitive interaction, even

with 50 GHz channel spacing.
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5

Applicability of the results

The presented results of Thesis Group 1 makes possible to estimate parameters of

built-in devices for high power Yb-doped fiber lasers and amplifiers with bidirectional

pumping. Several device parameters – e. g. dopant concentration and profile, mirror

spectral shape and bandwidth – of the lasers or amplifiers are hard to change after

finishing the construction, which makes necessary to estimate these parameters in ad-

vance. Using the presented models, these estimations can be accomplished for output

powers of several hundreds of watts, within a reasonable time even on commercial

personal computers.

In Thesis Group 2, I presented the first experimental demonstration and investiga-

tion of a purely PPLN-based, all-optical, black-box phase regenerator for BPSK signals.

As PPLN waveguides are compact devices with the potential for integration, they are

proven to be practical candidates for all-optical phase regeneration in future high speed

networks. This makes possible to build simpler and cheaper phase regenerators with

lower power consumption and space requirements, compared to present regenerators

based on optical-electrical-optical conversion. Moreover, high electromagnetic interfer-

ence in multichannel configurations would be avoided as well.

Another promising application of PPLNs is as PSAs for optical transmission using

multiple WDM channels, which is investigated in Thesis Group 3. PPLN-based PSAs

are shown to be suitable to amplify WDM channels with low crosstalk and low noise,

especially for high number of WDM channels, where they have better crosstalk per-

formance than PSAs based on fiber optic parametric amplifiers. Beyond the obtained

results, the developed analytical model is suitable to estimate inter-channel crosstalk

in future ultra-low noise optical transmission systems based on PSAs.
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[J3] Áron Szabo, Benjamin J. Puttnam, Dániel Mazroa, Satoshi Shinada and Naoya Wada,

“Investigation of an All-Optical Black-Box PPLN-PPLN BPSK Phase Regenerator,” IEEE

Photonics Technology Letters, vol. 24, pp. 2087–2089, 2012. 1, 2, 13, 15
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and Naoya Wada, “Numerical comparison of WDM inter-channel crosstalk in FOPA- and

PPLN-based PSAs,” IEEE Photonics Technology Letters, vol. 26, pp. 1503–1506, 2014. 16,

18

Conference papers
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Petrov, and Uwe Griebner. Passive mode locking of Yb:KLuW using a single-walled carbon

nanotube saturable absorber. Opt. Lett., 33(7):729–731, Apr 2008.

[9] 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.

[10] Jin-Long Xu, Xian-Lei Li, Yong-Zhong Wu, Xiao-Peng Hao, Jing-Liang He, and Ke-Jian

Yang. Graphene saturable absorber mirror for ultra-fast-pulse solid-state laser. Opt. Lett.,

36(10):1948–1950, May 2011. 1

[11] V. Pruneri, R. Koch, P. G. Kazansky, W. A. Clarkson, P. St. J. Russell, and D. C. Hanna. 49

mW of cw blue light generated by first-order quasi-phasematched frequency doubling of a

diode-pumped 946-nm Nd:YAG laser. Opt. Lett., 20(23):2375–2377, Dec 1995. 1

[12] Q. H. Xue, Q. Zheng, Y. K. Bu, F. Q. Jia, and L. S. Qian. High-power efficient diode-pumped

Nd:YVO4/LiB3O5457 nm blue laser with 4.6 W of output power. Opt. Lett., 31(8):1070–1072,

Apr 2006. 1

29

http://www.sciencemag.org/content/286/5444/1523.abstract
http://link.aps.org/doi/10.1103/PhysRevLett.13.479
http://www.sciencedirect.com/science/article/pii/S0030401805001719
http://www.sciencedirect.com/science/article/pii/S0030401805001719
http://www.opticsexpress.org/abstract.cfm?URI=oe-14-12-5103
http://www.opticsexpress.org/abstract.cfm?URI=oe-14-12-5103
http://www.opticsexpress.org/abstract.cfm?URI=oe-14-12-5103
http://www.opticsinfobase.org/abstract.cfm?URI=CLEO_SI-2013-CF1E.7
http://ol.osa.org/abstract.cfm?URI=ol-36-13-2542
http://ol.osa.org/abstract.cfm?URI=ol-36-13-2542
http://www.opticsexpress.org/abstract.cfm?URI=oe-16-23-18646
http://ol.osa.org/abstract.cfm?URI=ol-33-7-729
http://ol.osa.org/abstract.cfm?URI=ol-33-7-729
http://www.opticsexpress.org/abstract.cfm?URI=oe-18-5-4564
http://www.opticsexpress.org/abstract.cfm?URI=oe-18-5-4564
http://ol.osa.org/abstract.cfm?URI=ol-36-10-1948
http://ol.osa.org/abstract.cfm?URI=ol-20-23-2375
http://ol.osa.org/abstract.cfm?URI=ol-20-23-2375
http://ol.osa.org/abstract.cfm?URI=ol-20-23-2375
http://ol.osa.org/abstract.cfm?URI=ol-31-8-1070
http://ol.osa.org/abstract.cfm?URI=ol-31-8-1070


REFERENCES

[13] Radan Slav́ık, Francesca Parmigiani, Joseph Kakande, Carl Lundström, Martin Sjödin, Peter A.
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