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vláken). Jsou vysvětleny principy optických konumikací se zaměřením na aplikace 
superkontinua. Experimentálně jsou demonstrovány možnosti aplikací superkontinua 
v optických komunikacích v oblasti 1550 - 1560 nm. Vysoce nelineární konvenční optická 
vlákna jsou použita pro srovnan1 vlastností superkontinua generovaného 
v mikrostrukturním vláknu a v delších konvenčních vláknech. Spektrální šířka a 
vyrovnanost generovaného superkontinua jsou optimalizovány pomocí nastavení 
parametrú vstupních pulsů (šířka, centrální vlnová délka, špičkový výkon). Je upozorněno 
na experimentální problémy při generaci superkontin ua (zesilování ultrakrátkých pu lsl'1, 
vlivy spekter laseru a zesilovače atd.) a jsou prezentovány cesty k jejich řešení. 
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generation is given. ln theoretical part, main processes affecting the pulse propagation in 
optical fibres are described. Modem approaches used in the supercontinuu111 generation are 
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Principles of optical communications are explained with respect to applications of a 
supercontinuum. Possibilities of supercontinuum applications in optical communications 
are experimentally demonstrated in the range 1550 - 1560 nm. Highly-nonlinear 
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1. Introduction 

Nonlinear processes in optical fibres can lead to a spectral broadening of a propagating 
optical pulse. This phenomenon was discovered in 1970. In last few years (let us say since 
2000) a great focus in research is imposed to using highly nonlinear fibres for generating a 
ultra-broadband spectrum (extended over more than 1000 nm in some experiments), 
usually called supercontinuum (SC). Main processes leading to the generation of se in 
optical fibres are self-phase modulation, four-wave mixing (when the phase-matching 
condition is satisfied) and Raman scattering (expecially in long fibres). 
A se source is a new type of a light source that combines features needed in applications: 
a high output power, a broad and flat spectrum, a high degree of spatial coherence. In 
applications, se sources can significantly improve a signal-to-noise ratio, reduce 
measurement time and widen the spectral range for measurements. Many companies 
produce se sources commercially (see [1]). 
A supercontinuum generated in the visible regime has lots of applications. In a photonic
device testing, se is used for measuring the optical properties of waveguides and fibres at 
various wavelengths (measurements of attenuation, testing lasers and amplifiers, 
characterising polymer waveguides). Low-coherence "white light" interferometry uses se 
for a determination of defects positions in waveguides. In the spectroscopy, a high degree 
of spatial coherence of se allows the radiation to be collimated to a narrow beam for 
measuring small samples in biology, chemistry, medicine, physics and environmental 
monitoring. The optical coherence tomography is a medical application, where se sources 
allow to improve spatial resolution and to speed up a scan due to a high repetition rate. 
Recently, a lot of applications were found in optical telecommunications that require a Se 
source operating in the 1550-nm telecommunication window. One of these applications is, 
for instance, a realisation of a tunable optical clock translator for high-speed optical time 
division multiplexing (OTDM). The optical clock signal is transmitted simultaneously with 
the time-multiplexed data and it is used for their demultiplexing in the receiver (see [2], 
[3]). Another perspective usage of se sources in telecommunication area is wavelength 
division multiplexing (WDM) source. In WDM systems, a signal is transmitted 
synchronously in many spectral channels. Fiat and broadband se (generated using an 
actively mode-locked laser) combined with a spectral filter can be used as a source for the 
spectral channels. A signal-to-noise ratio is improved due to high coherence of se. A 
WDM system with se as a source has been already commercially realized. 
Principal parts of the se source are a pulsed laser, a fibre amplifier and a nonlinear 
element, in which nonlinear effects lead to the spectral broadening. A realization of an all
fibre se source without bulk optics is required, because fibres can be fusion spliced to 
each other with the minima! loss and with simplifying an experimental arrangement. Fibre 
lasers are mostly used as sources of ultrashort pulses required for se generation. They can 
produce sub-picosecond pulses with a high peak power and a high repetition rate [4]. The 
pulses are amplified to further increase their peak power, usually in erbium-doped fibre 
amplifiers. As a realization of the nonlinear element, highly nonlinear, single-mode silica 
optical fibres are used. A microstructured optical fibre (MOF) is a new type of an optical 
fibre which enables much better nonlinear and dispersive characteristics than standard 
fibres. 
The tunable optical clock translator for OTDM communication systems can be realized by 
a spectral slicing of the generated se using a tunable filter. When an autocorrelation trace 
is detectable in the selected spectral part of se, it proves that the clock signal at the pump 
wavelength is converted to another wavelength. This converted signal can be used as a 
synchronization signal in OTDM systems. A WDM source can be demostrated 
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experimentally using a multiplexor, which divides the spectrum into many spectral 
channels. 
The main subject of this master thesis is optimizing SC characteristics (bandwidth, flatness, 
coherence) using available experimental equipment. The characteristics of SC are 
optimized with respect to applications of SC in OTDM and WDM communication systems. 
Both experiments and simulations were used for this purpose. The experiments were 
realized at Guided-wave Photonics Department of Institute of Radio Engineering and 
Electronics of Czech Academy of Sciences. A computer program based on the split-step 
Fourier method was developed in order to simulate the pulse propagation in nonlinear 
fibres. Further, the thesis gives an overview of modern methods used in SC generation 
(fibre lasers, similaritons and microstructured optical fibres) and in telecommunication 
applications (OTDM and WDM systems). 
Chapter 2 focuses on microstructured optical fibres, which are widely used in SC 
generation. Chapter 3 reports a present research situation in the SC generation and related 
branches (fibre lasers, amplifiers, compressors). Chapter 4 provides theoretical 
fundamentals of the thesis. Physical effects affecting a pulse during its propagation in an 
optical fibre are described. Theoretical fundamentals of fibre lasers as well as basic 
principles of optical communication systems are discussed, too. Results of our experiments 
and simulations are presented in Chapter 5. Chapter 6 brings a conclusion carried out from 
experiments and numerical simulations. The numerical approach to the solution of the 
propagation equation in the optical fibre is presented in Appendix A 

2. Microstructured optical fibres 

Propagation of light in conventional silica optical fibres is based on the difference between 
the refractive indices of the core (n 1) and the cladding (n1). ln step-index fibres , refractive 
indices 11 1 and n2 are independent of distance from fibre axis. These fibres operate on a 
principie of the total interna! reflection on the boundary between the core and the cladding. 
fn graded-index fibres, the refractive index of the core descends from fibre axis to the core
cladding boundary. Therefore, light beams propagate in incurvate trajectories. Further, let 
us assume step-index fibres. 
Light can propagate in optical fibre in guided modes. ln optical communications, single
mode fibres are mostly used, because of limiting factors of modal dispersion in multi-mode 
fibres. Condition for the single-mode regime of the fibre (derived in [5]) is 

a 
V= 27l'-N.A. < 2.405, 

;i,o 
(2.1) 

where a is the core radius, A,0 is a wavelength of the propagation light and N.A. stands for 
the numerical aperture: 

-J 2 2 N.A. -n1 -n2 • (2.2) 

Parameter Vis called the normed frequency or V-parameter of the optical fibre [5]. 
A microstructured optical fibre (MOF) is a new type of optical fibres. MOFs can be 
divided into two categories according to a propagation principie: a solid-core MOF (an 
index-guided MOF) and a hollow-core MOF (a photonic bandgap MOF). 
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In the solid-core MOF light is guided due to the total interna! reflection similarly to 
conventional step-index fibres. The required index difference between the core and the 
cladding is created by presence of air holes in the cladding, so the average refractive index 
of the cladding is lower than the refractive index ofthe core. The advantage of this type of 
MOF is that optical properties such as a mode shape, nonlinearity, group-velocity 
dispersion (GVD) and birefringence can be varied over a wide range by varying the 
arrangement of holes. The effective difference between refractive indices of the cladding 
and the core descends with increasing the wavelength, because longer wavelengths 
differentiate the microstructure in the cladding less than shorter wavelengths. The effective 
area of an optical field can be very small due to a high optical contrast. Fig. 2.1 shows an 
example of a solid-core MOF. 

Fig. 2.1 Scanning Electron Micrograph of the solid-core fibre cross section. Holes have a 
hexagonal symmetry (after [I]). 

Other mechanism is employed in a hollow core MOF: dueto a periodic arrangement of the 
holes in the cladding, the photonic bandgap effect is created, so the cladding works as an 
idea! mirror for the light travelling through the fibre. However, this effect appears only for 
certain bands of photon energies (or wavelenghts). The core is filled only with air (see Fig. 
2.2) - this results in extremely low optical nonlinearity. Photonic bandgap MOFs can be 
used for pulse compression [6]. 

Fig. 2.2 Cross section of the hollow-core MOF. Light is guided in the hollow core due to a 
periodic structure of the ho les in the cladding ( after [I]). 
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In our experiments we used the microstructured optical fibre NL-1550-NEG-1 [7] 
fabricated by Crystal Fibre A/S (www.crystal-fibre.com). It is the index-guided silica fibre 
with small positive dispersi on. Parameters of NL-1550-NEG-l are given in Tab. 2.1. 

Tab. 2.1 Parameters ofNL-1550-NEG-l (after í7l). 
Length 10 m 
A verage core diameter 2.1±0.3 µm 
Dispersi on parameter D in 1510-1620 nm > -1. 7 ps/nm/km 
Attenuation constant a in 1510-1620 nm <9 dB/km 
Mode field diameter at 1550 nm 2.8 ± 0.5 µm 
Numerical aperture at 1550 nm 0.40 ± 0.05 
Nonlinear coefficient y at 1550 nm - 11 (Wkmr 1 

A cross section of the fibre and the spectral dependence of its dispersion parameter D are 
shown in Fig. 2.3. 

•••••••••••• • . • • • • '„ •...• „ • •••••••••••••••• ••••••••••••••••• •••••••••••••••••• 
··········~········ ... ,„„„„„„„„ .. „„.„„„„ .. „.„. 

•••••••••••••••••••••• ., .................. ~·· •••••••••••••••••••••••• 
···~····················· ••••••••••••••••••••••••• •l:::.-::::.·: .. ·::::::::~·:„ 
···············~···· ···· · ·········· ~····· ········ •••••••••••••••••••••••• •••••••••••••••••••••• ••••••••••••••••••••• •••••••••••••••••••• 

················~·· ··········~······· ••••••••••••••••• ·····•11•••······ •••••••••••••••• •••••••••••• 

(a) 

1.0 
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Fig. 2.3 (a) Cross section of NL-1550-NEG-1; (b) dependence of the dispersi on parameter D of 
NL-1550-NEG-1 on wavelength (after [7]). 

Negative values of D in Fig. 2.3b indicate positive group velocity dispersion (definition of 
this parameter is in Sec. 4.3.3). 

3. Overview of present situation in SC generation and related branches 

3.1 Recent experiments demonstrating SC generation at 1550 nm 

In one experiment [2], a pulse train was generated by a mode-locked fibre ring laser at 
1550.5 nm with a repetition rate of 1 O GHz, amplified by an erbium-doped fibre amplifier, 
compressed in a nonlinear pulse compressor and then coupled into a 50-m Jong highly-
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nonlinear MOF with a zero-dispersion wavelength of 1552 nm, the nonlinear coefficient 
18 w-'·km-1 and birefringence 1.lxl0-4

• The MOF was spliced to standard single-mode 
fibre pigtails, so this <levice is entirely compatible with the fibre optics technology. The 
pulse FWHM was in the range from 0.3 to 2.5 ps. The generated se extends over 60 nm 
and 75 nm for light launched parallel to the principal polarization axes of the fibre. The 
application for optical time-division multiplexing (OTDM) systems was realized by the 
spectral filtering of the se. The converted clock signals at 1578.4 nm and 1574.1 nm were 
obtained from the se. 
A paper [8] reports the fabrication and properties of a soft glass MOF with zero or 
anomalous GVD at wavelengths around 1550 nm. The generation of an ultrabroadband se 
using 1550 nm ultrafast pump source was also demonstrated. Main technology focus was 
intended to optimize GVD while maintaining high nonlinearity. Dispersion at 1550 nm 
was around -30 ps·nm-'·km-', towards shorter wavelengths it rapidly became more negative. 
The zero-dispersion wavelength could be moved by changing the core diameter. The se 
generation experiment was performed using an ultrashort optical parametríc oscíllator with 
100-fs pulse duration at 1550 nm. The pulse repetition was 80 MHz and the average output 
power of the laser was 200 mW. The generated se broadened from 350 nm to 2200 nm. 
Such fibres with a mode locked fibre laser source at 1550 nm will enable the generation of 
the large-spanning se to make a compact and stable high-brightness broadband light 
source. 
Another MOF suitable for the se generation is introduced in [9]. The optical properties 
were designed by varying the diameter of air-holes along the fibre radius. This type of a 
hole arrangement provided an easy concurrent control of dispersion, the dispersion slape 
and nonlinearity. The fibre had a nonlinear coefficient of 34.5 w-1

. km-1
, the dispersi on 

coefficient of -0.12 ps·km-1·nm-1 and the dispersion slope equal to zero at 1550 nm. 
In a paper [10] there is reported a generation of the symmetric se over 40 nm in the 
1550 nm region using 1562-nm, 2.2-ps, 40-GHz optical pulses with a peak power of 6.3 W. 
The pulses were amplified in an erbium-doped fibre amplifier and launched into a 200 m
long, dispersion-flattened polarization-maintaining MOF. The used MOF had a specific 
design. Four air holes in the centra! part of the fibre provided high birefringence, which 
realized polarization-maintaining operation. The fibre had a silica core with an elliptical 
Ge-doped centre core (for reducing the confinement loss and controlling the dispersion 
characteristics). The low dispersion slope was realised. Dispersion and the dispersion slape 
at 1550 nm were -0.23 ps·km-1·nm-1 and 0.01 ps·km-1·nm-2

, respectively. Modal 
birefringence at 1550 nm was lJxI0-3

, nonlinear parameter y was 19 w-1km-1
• Such a 

fibre can be used as a part of a multi-channel optical source for WDM communication and 
photonic network systems. 
A paper [11] brings the description of the se generation in a highly-nonlinear bismuth
oxide fibre. The nonlinear coefficient of the fibre was extremely high, 1100 w-'·km-1

. 

Norma! dispersion was also high, -250 ps·km-'·nm-1
• The generated se was smooth and 

unstructured. These spanning from 1200 nm to 1800 nm was generated in a 2-cm piece of 
the fibre by the pulse source with the average input power 32 mW. As a result of the 
spectral broadening, the pulse width was compressed from 150 fs to 25 fs. 
A paper [12] reports the differences in se-generation mechanisms, when the nonlinear 
fibre is pumped in the norma!- and anomalous-dispersion regime. In the anomalous
dispersion regime, a spectral broadening is caused by decay of the initial Nth-order soliton 
into N fundamental solitons (see Sec. 4.5) due to the influence of higher-order dispersion 
and Raman scattering. In the normal-dispersion regime, self-phase modulation initiates 
the se generation, further spectral broadening is provided by the combination of four
wave mixing and Raman processes. 
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ln another experiment [ 13], the effect of the initial chirp to the se bandwidth was 
examined. lt was pointed out that there exists an optima! chirp, which maximizes the 
bandwidth of the generated se. The se bandwidth is related to the time evolution of the 
propagating pulse (splitting into more long-wavelength solitons in the anomalous
dispersion regime, which shed the dispersive waves.). In the anomalous-dispersion regime, 
the positive initial chirp improved the se generation while the opposite occurred for the 
negative initial chirp. 

3.2 Applications of SC generated in the telecomm unication range 

In an experiment [14] a se source was used for the multiple optical carrier generation. 
This was needed for one of the largest commercial systems, a 10-Gbit/s, 160-channel 
WDM system. In WDM networks it is expected the number of transmission wavelengths 
ranging from 100 to 1000. A se source is a promising method for multiple carrier source. 
The optical carriers could be obtained by a spectral slicing of the se spectrum. 
Multicarriers from the se source were produced with the mode-locked laser diode 
(generating 4.3-ps, 12.5-GHz pulse train) and the polarization-maintaining díspersion
flattened fibre. se generated around 1560 nm exhibited greater than 100-nm spectral 
broadening (more than 1000 channels). Long-term stability of the absolute frequency of 
one channel was better than 0.3 GHz, much smaller than channel spacing. A sígnal-to
noise ratio was sufficient for usíng in WDM systems. By optimization ofthe design of the 
se fibre and the pumping condition there can be developed WDM networks with high bit 
rates (40 Obit/s) and long transmission distances (> 1000 km). 
In a paper [15] the characterization of high-index contrast photonic circuits is reported. The 
ultra-broadband se covering range 1200 nm - 2000 nm was generated by pulses with a 
centra) wavelength of 1550 nm. The generated se was used for rapid and high-resolutíon 
measurements of nano-scale photonic crystal microcavities. The ultra-broadband se brings 
a great simplification to such measurements, because it substitutes the tunable lasers, 
which are not readily available at this spectral range. The high resolution 0.1 nm was 
reached when measuring the microcavity modal frequencies, quality factors and the 
photonic bandgap wavelengths. 
In another experiment [ 16], a se broadeníng from 400 nm to 1750 nm generated with 
pulses at 1550 nm was used for the formation ofthe optícal waveguides in the silica glass. 
It is pointed out that se generated at 1550 nm improves the waveguide parameters and the 
energy limitations unlike these generated at 800 nm. 

3.3 Progress in amplification of sub-picosecond pulses 

Nonlinearity in the amplifier can have detrimental influence on the propagating ultrashort 
pulse and can lead even to decay ofthe pulse. Therefore, the pulse width must be increased 
to several picoseconds before amplification. This broadening leads to decreasing the peak 
power of the pulse and to suppressing the nonlinear effects in the amplifier. After 
amplification, the pulses can be compressed again to achieve a high peak power before 
they are launched ínto the nonlínear element for the se generation. Recently, a new 
propagation regime in the amplífier was íntroduced: in a combínation of norma! dispersion, 
nonlínearíty and a distríbuted gain in the amplifier, the propagating pulse can acquire a 
parabolic shape and a high línear chirp. The pulse propagates self-similarly in the amplifier, 
maintaining its parabolic shape. These parabolíc pulses are called similaritons. Due to their 
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high linear chirp, similaritons can be efficiently compressed after an amplification using a 
grating compressor or an anomalous-dispersion fibre. Similaritons are under intensive 
study, because they are suitable for applications, where a high amplification of pulses is 
required. 
In one experiment [17], the self-similar parabolic pulses (similaritons) were generated in a 
Raman amplifier consisting of a standard 5.3-km Jong non-zero dispersion-shifted fibre 
using watt-Jeve! continuous-wave pump source at 1455 nm combined with input signal 
pulses at 1550 nrn. The fibre has the nonlinear coefficient 2.23 W 1·km-1

, second-order 
dispersion was 4.89 ps2·km-1 and third-order dispersion was 0.109 ps3·km- 1

• An intensity 
and chirp of the output pulses were measured with frequency resolved optical gating. The 
linear chirp across the whole pulse width was observed. 
In another experiment [18], there was introduced a pulse synthesis method using 
similaritons, generated in a standard 7.3-km Jong non-zero dispersion-shifted fibre. 
Parameters of the used fibre at a wavelength of 1500 nm were: the nonlinear coefficient 
2.0 w-1.km-1

, dispersion of 2.0 ps2·km-1
, the dispersion slape 0.081 ps·nm-1·km-1 and 

the Raman-amplification gain 2.38 dB·km- 1
• Synthesized pulses were independent of the 

intensity and chirp profiles, peak power and wavelength ofthe original input pulse. 

4. Theoretical fundamentals of SC generation 

4.1 Supercontinuum source, quality of supercontinuum 

Principal parts of the se source are a pulse source (a fibre laser), an amplifier and a 
nonlinear fibre. Ali of these parts should be realized by the optical fibres in order to 
minimize the need of bulk optics. The ultrashort-pulse fibre lasers generate a train of 
pulses, which are further transformed in other parts of the experimental setup. The pulse
to-pulse energy stability is required. The amplification of the pulses from the laser output 
is usually realized by the fibre amplifiers doped by rare earths (Yb, Er). Then the pulses are 
launched into the nonlinear fibre, where the nonlinear effects (self-phase modulation, four
wave mixing, Raman scattering) lead to the spectral broadening to obtain se. 
The quality of the se at 1550 nm generated in the nonlinear fibre is characterized with 
respect to its applications in optical telecommunications. The main characteristics of Se 
are flatness, bandwidth and uniformity of coherence across the spectrum. These 
characteristics are influenced by the parameters of the input pulse (peak power, width, 
initial chirp and polarization) and of the nonlinear fibre (mainly nonlinear and dispersion 
characteristics). Latest experiments show that the quality of se is better when generating 
in the normal-dispersion regime of the nonlinear fibre, where the pulse is not affected by 
the detrimental features of the soliton propagation. 
Following sections bring the theoretical fundamentals of the pulse propagation in optical 
fibres. Sec. 4.2 focuses on the derivation of the nonlinear Schrodinger equation, which 
describes the propagation of the slowly-varying envelope of the pulse. The main physical 
mechanism affecting the propagating pulse is the interplay of its initial chirp with the 
chirps caused by dispersive and nonlinear effects. These effects are described in Secs. 4.3 
and 4.4, respectively. Soliton regime of the pulse propagation is theoretically characterized 
in Sec. 4.5. Sec. 4.6 provides theoretical fundamentals of fibre lasers. eoncepts of OTDM 
and WDM communication systems are introduced in Sec. 4.7. 
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4.2 Propagation equation 

This section brings a derivation of the nonlinear Schrodinger equation for the slowly
varying envelope of the optical pulse. lt is a fundamental equation describing the 
propagation of optical pulse in the fibre [19). 
The evolution of an optical field in optical fibres is described by Maxwell' s equations: 

n E( ) __ BB(r,t) 
v X r,t - , 

Bt 
. ( BD(r,t) 

V x H(r,t) = ÍJ r,t) + , a1 
V· D(r,t) = p1 (r,t), 

V· B(r,t) =O, 

(4.2.1) 

(4.2.2) 

(4.2.3) 
(4.2.4) 

where E(r,t) and H(r,t) are electric and magnetic field vectors, D(r,t) and B(r,t) are 

electric and magnetic flux densities, respectively. Sources of the electromagnetic field 
represented by the current density vector .i.r (r,t) and the charge density P/ are not 

considered in optical fibres, therefore i/(r,t) =O and P1(r,t) =O. 
The equations above must be supplemented with material equations: 

D(r,t) = E0E(r,t) + P(r,t), 

B(r,t) = µ0H(r,t) + M(r,t), 

(4.2.5) 
(4.2.6) 

where P (r,t) and M (r,t) are the electric and magnetic polarizations, Eo and µ0 the 

vacuum permittivity and permeability, respectively. An optical fibre is a nonmagnetic 
medium, where M(r,t) =O. 
Using standard steps, the wave equation can be derived in the form 

(4.2.7) 

where c is the light velocity in the vacuum and we introduced the linear PL(r,t) and 

nonlinear P NL (r,t) part of the electric polarization P(r,t) by the relation 

P(r,t) = PL(r,t) + PNL(r,t). (4.2.8) 

These parts of the electric polarization are coupled with electric field by the equations 

"' 
PL(r,t)=E0 Jx<1>(t-t1)E(r,t1)d11 , (4.2.9) 

"' "' "' 
PNL (r,t) = Eo J J J x<3>(t-tl't-t2, t -l3)E(r,t1)E(r,t2)E(r,t3)dt1dt2dl3' (4.2.10) 

where x<1
> is the first-order electric susceptibility and x<3

> is the third-order electric 

susceptibility. The second-order susceptibility x< 2
> vanishes in materials with an inverse 

symmetry such as Si02. 
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Derivation of the propagation equation fro111 ( 4.2. 7) requires 111aking several 
simplifications. First, we will use a slowly-varying-envelope approxi111ation, which enables 
to separate the rapid ly varying part of the optical field and the envelope function of the 
optical field, which varies slowly at the scale of optical period. Second, the spectral width 
of the pulse ~(!) is assu111ed to satisfy the condition ~ffi/co0 « I . This is valid for pulse 

widths ;::o: O. I ps. Third, the optical field is expected to 111aintain its polarization state du ring 
the propagation along the fibre length. Violation of this assumption would require a pair of 
coupled propagation equations for each polarization component, as described in [ 19]. 
Fourth, PNL is treated as a smalt perturbation to PL. This assu111ption is satisfied in optical 
fibres. Fifth, the nonlinear response of the medium is assumed to be instantaneous, which 
allows to simplify ( 4.2.1 O) to the for111 

P,v1, (r,t) = E 0 X<3JE(r,t)E(r,t)E(r,t) . (4.2.11) 

Following the slowly-varying-envelope approxi111ation, let us write the electric field in the 
form 

l A -

E(r, t) = -x[ E(r, t) exp(-iffi0t) + c.c.], 
2 
1 A -

P,, (r,t) =lx[ Pi,(r, t) exp(-iffi0t) + c.c.], 

I A -

PN,, ( r, t) =lx[ f'.vi, ( r, t) exp( -iffi0t) + c.c.], 

(4.2.12) 

(4.2.13) 

(4.2.14) 

where x is the polarization unit vector (the electric field is assumed to be linearly 

polarized along the x axis), ffio is the central frequency of the wave, E(r,t), ~. (r,t) and 

PN1,(r,t) are slowly-varying functions of time and c.c. means co111plex conjugate. 

The Fourier transform Ě(r,ffi-Co0 ) of E(r,t) is given by 

O) 

Ě(r,co-ffi0 ) = f E(r,t)exp[i(co-ffi0 )t]dt . (4.2. l 5) 

Taking the Fourier transform of (4.2.7) and following the approximations above, the wave 
equation can be written in the fonn 

\7 2 Ě +i:;( co )kg Ě =O, (4.2.16) 

where ko = ffio/c and c(ffi) is the dielectric constant given by 

-(I) 3 -(:l) IE 1·' s(ffi) =I+ X,, (co) +4X"" (r,t) . (4.2.17) 

We assume the so lution of ( 4.2. l 6) in the fonn 

(4.2.18) 
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where F(x,y) is the transverse field distribution, Po is the wavenumber and A(z,ro-ro0 ) is 

a slowly varying function of z. In the case of a single-mode fibre, F(x,y) is the modal 

distribution of the fundamental fibre mode HE1" which is usually approximated by the 
Gaussian function. 
By substituting (4.2.18) to (4.2.16) and using a slowly-varying-envelope approximation, 
we obtain the equation for A: 

2iP0 aA +(jF -P~)A =o, az (4.2.19) 

where j3 can be obtained by solving an eigenvalue equation for the modal 

distribution F(x, y) using the first-order perturbation theory. The corresponding eigenvalue 

13 is given by 

~(m) = P(ro)+L\P, (4.2.20) 

where L\P is the correction in the first order of the perturbation theory. It includes the 

effect of fibre loss and nonlinearity. The unperturbed propagation constantp(m) can be 

expanded (following approximation of small spectral widths) into a Taylor series about the 
carrier frequency: 

(4.2.21) 

where 

(4.2.22) 

The cubic and higher-order terms are negligible for a small spectral width. The coefficient 
P2 denotes propagation regime [19]: the normal-dispersion regime for positive P2 (long
wavelength spectral components travel faster than short-wavelength components), the 
anomalous-dispersion regime for negative P2. 
Substituting the Taylor expansion ( 4.2.21) up to the second order to ( 4.2.19) and taking the 
inverse Fourier transform 

1 «> -

A(z,t) = - f A(z, co -ro0 ) exp[-i(ro -ro0 )t]dro 
2n ....., 

we obtain 

aA =-P aA _.!..p a
2

A +iL\pA. 
8z I 8t 2 2 at 2 
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After transformation (employing the co-moving frame) 

(4.2.25) 

the propagation equation in the simplest form can be written as 

(4.2.26) 

where a. and y were introduced by evaluating ~p from the first-order perturbation th~ory. 

An interpretation of these parameters is following: a. is the attenuation coefficient 
(negligible for short fibres) and y is the nonlinear coefficient given by 

(4.2.27) 

where n2 is the nonlinear refractive index and Aetr is the effective core area. Equation 
(4.2.26) is usually called the nonlinear SchrOdinger equation. 
This equation can be generalized for pulse widths ~ 0.1 ps. The spectrum of such pulses is 
wide enough to employ Raman scattering between spectral components of the pulse. 
Further, due to the wider spectrum, the third term in Taylor expansion (4.2.21) must be 
included and an assumption ofthe instantaneous nonlinear response is notjustified. Hence, 
the propagation equations for this case is usually written in the form [20] 

BA __ a A-.!_ 8
2 
A+_!_ 8

3 
A 

oz - 2 2 p2 8T2 6 p3 8T3 

T 

+i(l- fR)yjAj
2 

A+iyfRA(z,T) J hR(T-T')iA(z,T')j
2 
dT', (4.2.28) 

where fŘ = 0.18 is the fraction of the Raman contribution to the refractive index and hR(I) 
is the Raman response function 

(4.2.29) 

with 'tJ = 12.2 fs and 't2 = 32 fs. The last term on the right-hand side of (4.2.28) is referred 
as the self-frequency shift (or intrapulse Raman scattering), when short-wavelength 
frequency components in the pulse spectrum act as a pump for long-wavelength 
components. Equation ( 4.2.28) is usually called the generalized nonlinear Schrodinger 
equation. A rigorous approach to derivation of this equation based on a quantum
mechanical approach is presented in [21] and [22]. 
Equations (4.2.26) and (4.2.28) have analytical solutions only for special cases. Generally, 
numerical methods must be used, mostly the split-step Fourier method discussed in 
AppendixA. 
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4.3 Group-velocity dispersion (GVD) 

4.3.l Pulse broadening dueto GVD 

Let us introduce a normalized amplitude U(z, T) by prescription 

A(z,T) = .JP: exp(-uz /2)U(z,T), (4.3.1) 

where Po is the peak power of the input pulse and the exponential factor represents the 
fibre loss. By neglecting the nonlinear effects, the propagation equation (4.2.26) for the 
normalized amplitude U(z,T) is ofthe form 

au i a2u ____ A_ 

az - 2 ,_,2 ar2 • 
(4.3.2) 

Equation (4.3.2) can be solved analytically. Using the Fourier transform in time it has a 
form of an ordinary differential equation 

where Ú(z,(J)) denotes the Fourier transform of U(z,T). The solution is 

The amplitude U(z, T) is then given by the inverse Fourier transform of this solution. 
Let us consider the input unchirped pulse of a Gaussian profile 

U(O,T) = exp(- T
2

2 J, 27;, 

(4.3.3) 

(4.3.4) 

(4.3.5) 

where the width parameter To is the half-width at l/e of maximum. For a Gaussian profile, 
this parameter is coupled with the fu II width at half maximum TFWHM by the relation 

TFWHM = l .665T0 • (4.3.6) 

Taking the inverse Fourier transform ofthe solution (4.3.4) we have 

(4.3.7) 

This solution is also a Gaussian pulse, but its half-width at lle of maximum after 
propagating a distance z is given by 

(4.3.8) 
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where 

(4.3.9) 

is the dispersion length, characterizing dispersion properties during the propagation. lt 
denotes the length where the Gaussian pulse broadens .Ji. -times. Thus, independently on 
the sign of [3i, the GVD effect leads to a broadening of the initially unchirped pulse. 
Other feature of the solution ( 4.3. 7) is that although the initial pulse was unchirped, during 
propagation it becomes chirped. The instantaneous frequency across the pulse changes and 
differs from its central frequency according to formula [19] 

oro= 2sgn(P2)(z! ;n) ~. 
l +(z I Ln) T0 

(4.3.10) 

This chirp is linear across the pulse and depends on the sign of í3i. In the normal-dispersion 
regime the chirp increases linearly across the pulse, in the anomalous-dispersion regime it 
decreases. 
The evolution of the pulse chirp and width is different when the pulse has an initial chirp. 
Let us concern the input Gaussian pulse with a linear initial chirp given by the chirp 
parameter C: 

U(O,T)=exp[ (1+iC)T2] 
2 T;} . (4.3.11) 

The solution of ( 4.3.2) for such a pulse is analogous to the solution for an initially 
unchirped pulse, however, the formula for the half-width at lle of maximum after 
propagating a distance z takes the form 

(4.3.12) 

The pulse-width evolution now depends on the sign of the product cp 2 • In the case of 

cp 2 >O, the pulse broadens monotonically like for the pulse without an initial chirp. On 

the other hand, a negative sign of the product cp2 ( opposite directions of the initial chirp 

and the chirp induced by GVD) causes an initial narrowing of the pulse. The narrowest 
pulse width occurs at the distance where the GVD-induced chirp cancels the initial chirp. 
After that, the pulse broadens monotonically. 
The pulses emitted from the fibre lasers working in soliton regime (see Secs. 4.5 and 4.6) 
have a hyperbolic-secant profile [19] 

( T) ( iCT
2

) U(O,T) = sech - exp ---
2 

, 

T0 2T0 

(4.3.13) 
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where the width parameter To is related to the full width at half-maximum TFWHM by the 
relation 

TFWHM ::::: l.763I'a. (4.3.14) 

The solution of (4.3.2) for hyperbolic-secant pulses can not be carried out in the closed 
form (unlike Gaussian pulses), but the qualitatively features of the pulse broadening are the 
same. 

4.3.2 Dispersion ofthe third order 

In cases when the pulse wavelength is near the zero-dispersion wavelength (where 132 ::::: O), 

the third-order term with 133 in the expansi on of 13( ro) comes to importance. lt must be taken 
into an account for pulse widths :$;O. I ps, too. The propagation equation is then of the form 

(4.3.15) 

This equation can be solved similarly to (4.3.2) using the Fourier transform [19]. As a 
result, 133 term contributes to a broadening of the pulse independently on the relative sign 
of both 133 and C. Much more important conclusion from accounting 133 to the propagation 
equation is that third-order dispersion leads to the distortion of the pulse shape, as 
described in [ 19]. The pulse becomes asymmetric with an oscillatory structure at one of its 
edges. In the case of 133 > O, the trailing edge develops oscillations while the opposite 
appears when 133 <O. The oscillations are significantly deep only close to the zero
dispersion wavelength. 
To characterize the effect of third-order dispersion, the dispersion length related to third
order dispersion can be introduced by the relation 

(4.3.16) 

The effects of third-order dispersi on are significant on ly for L~ :$; L0 • 

4.3.3 Dispersion parameter D and dispersion s/ope S 

Dispersion features of the fibre are commonly characterized by the parameters D and S. 
The parameter S is related to D by the prescription 

S=dD. 
áA. 

These parameters are coupled with 132 and 133 by relations 

/...2 
P2 = --2 D, 

1tC 
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(4.3.19) 

Parameters D and S are widely used in technical literature [7]. 

4.4 Self-phase modulation (SPM) 

4. 4.1 Spec tra! broadening 

After substituting the normalized amplitude defined by (4.3.1) and neglecting the GVD, 
the propagation equation ( 4.2.26) has the form [19] 

(4.4.1) 

where LNL is the nonlinear length introduced by 

( 4.4.2) 

Equation ( 4.4.1) is an ordinary differential equation with solution 

U(z,T) = U(O,T)exp[i<DNL (z,T)]. (4.4.3) 

The nonlinear phase shift is given by 

(4.4.4) 

where 

( 4.4.5) 

The phase shift (4.4.4) depends on time, which is why the instantaneous frequency varies 
across the pulse. The difference between the instantaneous frequency and the centra) 
frequency m0 is given by 

om(z,T) = _ o<DNL (z, T) = _ o!U(O,T)l
2 

z.ff . 

8T 8T LNL 

(4.4.6) 

The tilne dependence ofóco(z, T) can be understood as a frequency chirp. Assuming a 

Gaussian initial pulse given by (4.3.5), the SPM-induced frequency chirp is 

, z.ff 2T ( T
2 J 8m(T) = --2 exp - - 2 • 

LNI. To To 
( 4.4. 7) 
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This SPM-induced frequency chirp is positive and linear across the central part ofthe pulse. 
The chirp increases in magnitude with the propagation length which means that SPM 
creates new frequency components continuously during the pulse propagation. 
The actual pulse spectrum is to be calculated from the relation 

~ 2 

S(w) =IÚ(z,m)l
2 

= f U(O,T)exp[i<l>NL(z,T)+i(m-m0 )T]dT , (4.4.8) 

where Ú(z,ro) denotes the Fourier transfonn of U(z,T). 

Spectrum broadened by SPM has an oscillatory structure and peaks at the edges of the 
spectrum are the most intense. Number of spectral peaks M is related to the propagation 
distance by the relation 

(4.4.9) 

The oscillary structure of the spectrum can be explained from the time dependence of the 
chirp [19]. The same value ofthe chirp occurs at two distinct values of T. These two points 
represent two waves with the same frequency and different phases, which can interfere. 
This interference can be constructive of destructive in dependence on the relative phase 
difference between the two waves. Such interference results into the multipeak structure of 
the SPM-broadened spectrum. 

4.4.2 Effect ofGVD 

In order to account the GVD influence to SPM, let us introduce the normalized distance 
and time variables 

(4.4.10) 

(4.4.11) 

After this substitution, the propagation equation is of the fonn 

au i (A ) a2u .N2 -uz IUl2 u -=--sgn .., 2 --
2 

+1 e , 
a~ 2 a-r 

(4.4.12) 

where 

(4.4.13) 

The parameter N governs the relative significance of nonlinearity and dispersion. SPM 
dominates above GVD for N » 1 while the opposite occurs for N « 1 . 
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Equation (4.4.12) must be solved numerically, commonly using the split-step Fourier 
method. Assuming N= l and neglecting fibre loss, the numerical solution of (4.4.12) is 
characterized in [19] as follows: in the nonnal-dispersion regime, a broadening of the 
initially unchirped Gaussian pulse is faster than in the case of no SPM (SPM produces new 
red-shifted frequency components at the leading edge and blue-shifted frequency 
components at the trailing edge of the pulse; the red components tra vel faster than the blue 
components, so the pulse broadens more rapidly in conclusion). In the anomalous
dispersion regime, behaviour of the initially unchirped Gaussian pulse is different. The 
initial broadening is much slower and after 4 Ln the steady-state appears. The SPM
induced chirp is positive, while the GVD-induced chirp is negative, so they can cancel 
each other in the centra! part of the pulse. The propagation of the pulse in the anomalous
dispersion regime is coupled with soliton effects, which are discussed in Sec. 4.5. 

4.4.3 Effect oj third-order dispersion 

The propagation of the pulse with a small temporal width (~O.I ps) or near the zero
dispersion wavelength is described by the equation 

au - l (P ) a3u .N-2 -IJZ 1u12 u ---sgn --+1 e 
a~' 6 3 &r3 , 

(4.4.14) 

where 

~· =;, 
D 

(4.4.15) 

and 

(4.4.16) 

Let us assume N » 1 . In the case of an initially unchirped Gaussian pulse and ~3 > O, the 
effect of third-order dispersion leads to an asymmetric shape of the pulse with deep 
oscillation near the trailing edge [ 19]. Due to large temporal oscillations, the first tenn on 
the right-hand side of ( 4.4.14) becomes more significant because of a large third derivative 
of U. 

4.5 Optical solitons 

The soliton propagation is a result of interplay between SPM and anomalous GVD. The 
propagation equation in the nonnalized fonn (4.4.12) for anomalous dispersion and 
lossless case 

(4.5.1) 

can be solved by the inverse scattering method [ 19]. 
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Using the substitution 

[Yf[ 
u=NU=vjJA, 

equation (4.5.1) is ofthe form 

. OU I 8
2
u I 12 1-+--+ u u=O. 

a~ 2 a.2 

(4.5.2) 

(4.5.3) 

The steady-state solution obtained by the inverse scattering method corresponding to N = I 
is called the fundamental soliton. lt can be written as 

u(~,•)= sech(-r)exp(i~/2). (4.5.4) 

Thus, when the peak power and the pulse width are such as N = I and the hyperbolic 
secant pulse is launched into the lossless fibre, the pulse will propagate without change of 
its shape. 
The higher-order solitons are arisen when the pulse shape at ~ = O is 

u(O, •) = Nsech(•), (4.5.5) 

where N > 1 and it is an integer. The higher-order solitons do not maintain their shape 
during propagation. Nevertheless, their evolution is periodic with the soliton period 

(4.5.6) 

The time evolution of the Nth-order soliton during one soliton period is following: first, the 
pulse is contracted, then split into N fundamental solitons at the half of the soliton period 
and merged into the original shape at the end of the period. The initial narrowing of the 
higher-order solitons can be used for the pulse compression. 
The soliton regime of the propagation is widely used in the fibre lasers [23] and optical 
communications [19]. The soliton lasers are discussed in Sec. 4.6. 

4.6 Ultrafast fibre lasers and similaritons 

4. 6.1 Introduction 

Fibre lasers are compact, robust, inexpensive and stable. Variability of fibre components 
leads to minimizing the need of bulk optics and mechanical alignment. In addition with 
mode-locking, they can generate a train of pulses and therefore it is possible to use them in 
optical communication systems as well as in supercontinuum generation. Fibres doped by 
Er3

+ are mostly used for amplification of the pulses in fibre lasers. 
The operation regime of the fibre laser must eliminate the detrimental influence of 
excessive nonlinearity. Therefore, nonlinearity and dispersive effects must be balanced. 
Mutual cancelling of nonlinearity and anomalous-dispersion effects leads to the 

- 23 -



propagation of solitons (hyperbolic secant profile of the pulse shape). The soliton regime 
of the laser can be proven by spectral measuring of the propagating pulse. When the fibre 
laser works in the soliton regime, so called Kelly' s sidebands occur in the spectrum. 
Kelly's spectral sidebands are consequences of perturbations like the output coupler, 
filtering or amplifying. The pulse circulates in the cavity, so these perturbations become 
periodical. The perturbed soliton emits dispersive radiation while reshaping back into the 
soliton shape [23]. Waves of this dispersive radiation have a dispersion relation 

k . = -1~.3L:1m2 
disp 2 • (4.6.1) 

where Lim is the frequency offset from the centra! frequency. This dispersive wave is 
emitted each period L (the laser length). 
The phase-matching between the dispersive wave and the soliton wave occurs when 

where m is an integer and 

k =lM 
" 2T2 • o 

Solving the relation ( 4.6.2), corresponding Lim is to be found: 

Lim = ± J__ ~m &zo -1 
T L ' o 

(4.6.2) 

(4.6.3) 

(4.6.4) 

where z0 stands for the soliton period introduced by (4.5.6). The Kelly' s sidebands occur in 
the pulse shape as a pedestal under the pulse, limiting the shortest available pulse width. 
Another limitation of soliton lasers is a limitation of pulse peak power, which can be 
derived from the soliton area theorem [23]. If we write the soliton shape as 

(4.6.5) 

the soliton area must satisfy the following relation: 

(4.6.6) 

where ni is the nonlinear refractive index, Aerr is the effective core area and 'A is the 
operation wavelength of the laser. 
Assuming hyperbolic secant shape of the soliton pulse, relation between nonlinearity and 
the peak power is 

(4.6.7) 
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If the peak power exceeds this limitation, the single pulse in the cavity will decay into 
multiple pulses without defined timing. lt can be shown that energy of the pulse is limited 
to be up to O. I nJ [24]. 

4.6.2 Actively mode-locked solitonfibre lasers 

Active mode-locking in fibre lasers can be obtained by a high-speed electro-optic 
modulator placed into the cavity [23]. These lasers are widely used as light sources in 
optical communication systems (time-division multiplexing and wavelength-division 
multiplexing), because of a defined repetition rate of the output pulses. This repetition rate 
can be higher than 1 GHz. 
ln optical communication systems, the pulse-to-pulse energy stability is required. 
Unfortunately, the relaxation time of the Er3

+ (- 10 ms) is slow in comparison with the 
pulse spacing (- I ns), so that it cannot stabilize the pulse energy variations. 
One way how to stabilize the pulse energy is inserting a spectral filter into the cavity. SPM 
generates more broadened spectrum for a pulse with a higher intensity, so that loss in the 
filter is higher than for a lower-intensity pulse. Another way is using the effect of nonlinear 
polarization rotation, as described below in the section conceming passively mode-locked 
lasers. 

4.6.3 Passively mode-locked solitonfibre lasers 

In passively mode-locked lasers, the cavity loss is modulated without an external 
modulator. The lasers can be self-starting (a pulse is built up from a noise). One possibility 
how to modulate the cavity loss is nonlinear polarization rotation, using nonlinear effects 
in the fibre. The principie of this method is the intensity-dependent rotation of an elliptical 
polarization ofthe pulse during its propagation in a fibre (see Fig. 4.6.1) 

Polarizer /..,/4 plate Kerr medium /..,/2 plate Polarizer 

Fig. 4.6. l The setup for a pulse shortening using nonlinear-polarization rotation (after [23]). 
Evolution ofthe elliptical polarization ofthe pulse is shown. 

An initial linearly polarized pulse is transformed to an elliptic polarized pulse by a quarter
wave plate. In the Kerr medium, the rotation of the principal axes of the polarization 
ellipse is intensity-dependent. The peak of the pulse rotates more than wings due to a 
higher intensity. A half-wave plate orients the pulse polarization such that the peak of the 
pulse passes through the polarizer, while the wings are suppressed. 
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In the slowly-varying envelope approximation, the propagation of the pulse in the 
passively mode-locked laser can be described by the Master equation [23]: 

[ -i\j/+g-a+(L+.!..~2L) 82

2 +(-io+S)juj
2]u=O, ng 2 a1 

(4.6.8) 

where u(t) is the complex amplitude of the slowly varying envelope, 'I' is the net linear 
phase shift, g is the laser gain, a is the loss per one pass and S represents the saturable 
absorber. Parameter o is defined as 

(4.6 .9) 

The exact solution of ( 4.6.8) is a chirped hyberbolic-secant pulse. 

4. 7 OTDM and WDM communication systems 

4. 7.1 OTDM systems 

Time division multiplexing is based on dividing a high-speed digital data stream into more 
slower-speed data streams, as shown in Fig. 4.7.1. Time intervals in the output stream are 
called time slots. 

o 1 

o 
: =~_J--·--1 

f i ' -1--------i 
o o 1 1 1 1 o o o 

o~t~ '·j- ! 1 
o ---- - ____ .J 

o o o 

1 o o 

lnput Bit Streams 

o 1 o ... _J 
Output 

Bit 
Stream 

Fig. 4.7. l Principie of time division multiplexing (after [3]). Each of input bit streams is assigned 
to every fourth bit in a high-speed output bit stream. The input streams must be exactly 
synchronized to the higher-speed output stream. 

The fastest electronic modulators can produce bit rate up to 30 Gbps (gigabits per second). 
This limitation leaded to using an optical signal rather than an electronic signal. Optical 
time division multiplexing (OTDM) systems based on the soliton transmission can reached 
a bit rate of about 200 Gbps. A concept ofan OTDM transmitter is illustrated in Fig. 4.7.2. 
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Fig. 4.7.2 Concept of OTDM transmitter (after [3]). 

The logical "l" is realized by the pulse in the time slot, while the time slot is dark for the 
logical "O". The laser signal is split into four lines and a fixed time delay between the lines 
is provided by fibre loops. Bach line is modulated to carry its own information. Then, the 
four lines are combined together into the output stream, which is amplified to reach an 
appropriate strength for the transmission and detection. 
A synchronizing clock signal must be transmitted with the data stream and used for data 
recovery in the receiver. The clock signal is mostly realized by a tunable laser. However, 
using of a supercontinuum as a tunable otical clock translator can save the cost of the 
tunable laser. The clock signal at required wavelength can be extracted from the SC using a 
tunable filter. This application is demostrated experimentally in this thesis. 

4. 7.2 WDM systems 

Wavelength division multiplexing comprises the transmission of the signals 
simultaneously in more separated and independent spectral channels. It is identical to 
frequency division multiplexing in TV and radio transmissions. The basic principie of 
WDM is illustrated in Fig. 4.7.3. 

Transmltters Receivers 

"-, c b" . ;;C=:J V · , orn m1ng separating . 
~ · ' . Si~1ols Slon<il~ - · ' v ·· '. Transmf5r, jon co f jhre ~· ' .,.c=:J 

-.. . .. .. : .: :.::„ -.: .:!-.:.: ::.:.::,:: : :.~ :.: : .: : . : :.: :.: : :. :.: : .:: .: : .: : .J: . . ::.: ... ·•·· 
[>- -.. : .. ~ .. ~· „ „ :: .... ·l ::„ :-:-.. :: .. ::„ ::„::.:::„:: .. :: .. :: .. :: .. :: .. ::„:: .. :: .. :: .. ::.-17-. -:-.:::„ •. „~ .. ~ ....... C=:J 

~- · .... .,c::J 
Fig. 4.7.3 Principie ofWDM system (after [3]). 
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The light source for the WDM system can be realized by lasers at the fixed wavelengths, 
each for one spectral channel. However, the usage of a multiwavelength source would 
considerably simplify the WDM source construction. The configuration of the WDM 
source is shown in Fig. 4.7.4. 

Conlrol of 
channel spacing 

t
~I 5-0-~-(a-13-1 ~~ wavelength ·1 

I 
~ \·vavelength 2 

C
. s .uroo2 l 

I J 
wavelength 3 

~ S<:lUrce3~ 
: )U:::: : 

output 
( < 200 wavelengths) 

(a) 

Multicacrier 
source 

wovelengtl1 ·1 

wavelengfh 2 

wavelength N 

output 
( ·roo - rnoo wavelengths) 

(b) 

Fig. 4.7.4 Configuration of the WDM source (a) with more separated sources, (b) with one 
multiwavelength source (after [14]). 

Supercontinuum generation in combination with an optical filter or multiplexor can be 
used as a multiwavelength source. A high degree of coherence of se can considerably 
increase the signal-to-noise ratio in the spectral channels. The desired properties of se are 
a good flatness (in order to have a uniform intensity in all spectral channels) and a high 
signal-to-noise ratio. Fig. 4.7.5 illustrates the construction ofthe se-based WDM source. 

Pump pulses SC fiber 
Repe!iúan 1requency !0 

time -• ---
IN OUT 

Se•ieral mo~es wilh lixed spac1ng r0 

opttcal frequenc~· 

Supercontinuum 
light 

Mu!tiple opticol 
carners 

wavefength 
Filterin11 rn1ly ons mode 

Tne number 0f mcxles > 1 CO 

11111111111 11 111~ . 
optical frequency 

Fig. 4.7.5 Construction ofthe WDM source using supercontinuum (after [14]). 

In real applications, it is necessary to use the pulse laser with a high and exactly defined 
repetition rate as a source of pulses. 
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5. Experimental and numerical results 

5.1 Experimental equipment used for measurements 

A passively mode-locked sub-picosecond fibre laser vvorking in a soliton regime was used 
as a source of pulses. The centra! wavelength oť the laser was around 1533 n111. ln the 
soliton regime, significant Kelly's sidebands were observable in the spectrum. The cavity 
loss of the laser was managed by the nonlinear polarization rotation (described in 
Sec. 4.6.3). The laser was constructed at Guided-wave Photonics Department oť Institute of 
Radio Engineering and Electronics. The signal from the laser was too weak to measure the 
pulse width with the autocorrelator. The 3-dB spectral width of the output pulse was 
around 4 nm. The basic repetition rate of the laser (determined by the cavity length) was 
5.67 MHz and the number oť pulses in one period was 28. ln the sche111es of the 
experi111ental setup, this laser is denoted as PMLFRL. 
The pulses fro111 this laser were a111pliťied in the erbium-doped fibre amplifier (produced by 
INO), which was suitable for amplifying short pulses with a high peak power, probably 
due to a large ťield diameter of an active fibre. ln typical experimental conditions the 
average output power from the ampliťier was 4 - 20 mW, the FWHM of the output pulses 
varied in the range 0.5 - I ps and peak powers were between 80 and 640 W. 
Another laser used in our experiments was a tunable passively-mode lockecl laser TMLL-
1550 (produced by U2T). The repetition rate could be tuned around I O GHz. The regime of 
the laser depended critically on a driving current of the laser, acljusted repetition rate and 
centra! wavelength. Due to a lower peak power of the output pulses, they coulcl be 
amplified in the erbium-doped fibre amplifier (Keopsys) with the highest output average 
power around 20 dBm (100 111W). This amplifier had an active fibre with a small field 
diameter. Therefore, it was not suitable for the ampliťication of ultrashort pulses with a 
high peak power. 
A I 0-m microstructured optical ťibre used in our experiments was described in Chapter 2. 
[ts parameters at wavelengths used in our experiments were: the nonlinear coefficient 
y = I I (W·kmr 1, the dispersion parameter D = -0.85 ps/(nm·km), the dispersion slape 
S= O.O 15 ps/(nm2·km). The fibre was in the normal-dispersion regime in all spectral parts 
of the generated SC. Three conventional highly-nonlinear fibres (HNLFs) were used as 
well in order to compare the supercontinua generated in the microstructured fibre and in 
conventional fibres. The fibres have difťerent zero-dispersion wavelengths, which allowed 
comparing the ťeatures of supercontinua generated with various relative positions of the 
pump wavelength and the zero-dispersion wavelength . The parameters of the conventional 
fibres are given in Tabs. 5.1.1 - 5.1.3. 

T b a. 5.1.1 p arameters o f I . I t1e HNLF w1t1 a zero- I of 1529 m ď 1s1)ers1011 wave engL 1 
Length 500 m 
Cladding diameter 125 ~llll 

Mode field diameter at 1550 nm 3.89 ~Lm 
Attenuation at 1550 nm 0.77 dB/km 
Dispersion parameter Dat 1550 11111 0.40 IJS/(nm·km) 
Dispersi on slope S at 1550 11111 O.O 19 IJS/( 111112·k111) 
Zero-disDersion wavelength 1529 nm 
Nonlinear coefficient y at 1550 11111 11 (W·km)" 1 
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b Ta . 5.1.2 Parameters o f I . I t ie HNLF w1t i a zero- I of 1543 111 ď 1spers1011 wave en '1.l l 
Length 500 Ill 
Cladding diarneter 125 µ111 
Mode field diameter at 1550 nm 3.88 ~Lill 
Attenuatio11 at 1550 nm 0.76 dB/km 
Dispersion pararneter D at 1550 11rn 0.14 ps/(nm·krn) 
Dispersion slape S at 1550 11111 O.O 19 ps/(nm 2·km) 
Zero-dispersion wavelength 1543 nrn 
Nonlinear coefficie11t y at 1550 11111 I I (W·kmr 1 

Tb513P a . . . ararneters o f I HNLF . I t1e w1 ti a zero- ti of 1560 m ď 1spers1011 wave eng l 

Length 1010 m 
Cladding diameter 125 ~LITI 

Mode field diameter at 15 50 11m 3.91 µm 
Attenuation at 1550 11rn 0.86 dB/km 
Dispersio11 parameter Dat 1550 11111 -0 . 15 ps/(nm·krn) 
Dispersi on sl ope S at 1550 nm O.O 16 ps/(nm 2·km) 
Zero-dispersion wavelength 1560 11111 
No11li11ear coefficient y at 1550 11111 1 1 (W·k111r 1 

The spectral slicing oť the generated supercontinuum \Vas performed by a tunable filter. 
Other tunable filters were used to suppress the amplified spontaneous emission from the 
ampl ifiers. The spectra were measured with an optical spectrum analyser with a resolution 
oť O. I nm. lt was necessary to monitor the spectra at several positions in the experimental 
setup (the output from the laser, the spectrum aťter ampl ification , the supercontinuum 
generated in a nonlinear fibre, at positions following the tunable filters). The fibre couplers 
with coupling ratio 90/ 1 O and 99/ l were used for monitoring oť the spectra. A four-channel 
optical switch was used in order to switch the outputs of the couplers to the optical 
spectrum analyser. Therefore, no manual disconnections oť connectors were necessary. 
The signal aťter the spectral slicing was amplified by an erbium-doped fibre amplifier 
(Keopsys) with the highest output average power around I O dBm (1O111 W). 
The autocorrelation traces of pulses were measured with an autocorrelator using a second
harmonic generation. 

5.2 Simulations of dependence of SC-properties on an initial chirp 

eharacteristics of a generated se are strongly dependent on the chi rp of the pulse launched 
into the nonlinear fibre. The linear initial chirp can be described by the parameter C in 
relations (4.3.l l) or (4.3.13). The numerical simulations oťthe se generation in a 10-111 
microstructured optical fibre (u sed in the experi ments) for in i ti al I i near chi rps with C = - I O, 
-5, O, 5 and 1 O were carried out in order to investigate the se generation for a wide range 
oť initial chirps. The input pulses had a hyperbolic-secant shape according to (4.3.13). The 
parameters oť the initial pulse were To = 0.244 fs, A,= 1533 nm, Po= 640 W). Such pulses 
correspond to output pulses from the INO amplifier for a high amplification. 
The computed spectra are shown in Fig. 5.2.1 . 
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Fig. 5.2. l Output spectra from MOF for C = -1 O, -5, O, 5 and 1 O. 

The spectra for positive values of C exhibit depletion in the centra! part. The Se generation 
is strongly suppressed for the case of C = O. The bandwidth of Se does not depend 
significantly on the sign of C. An oscillatory structure of the spectra is a consequence of an 
interference of a train of short pulses. 
Fig. 5.2.2 shows the evolution ofthe pulse shape during its propagation in the MOF. 
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Fig. 5.2.2 Evolution of the pulse shape during the propagation for C = -10, -5, O, 5 and I O. 
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The pulse shape exhibits decay due to interaction between a pulse chirp and third-order 
dispersion (the decay does not occur in the case of ~3 = O). This satisfies the theoretical 
result that third-order dispersion can lead to the distortion of the pulse shape (see 
Sec. 4.3.2). When the initial pulse splits into the train of ultrashort pulses, the third 
derivative of the amplitude with respect to time becomes large locally, which causes 
further increasing the influence of third-order dispersion (see Sec. 4.4.3). The simulated 
evolutions of the pulse shape confirm these theoretical predictions. Fig. 5.2.2 shows the 
difference of the decay rate for opposite signs of the initial chirp. The pulse decays much 
more rapid ly in the case of the positive initial chirp. 
The width of the pulses in the pulse train after decay was estimated to be 15 - 20 fs. The 
usage of the slowly-varying envelope approximation for the description of such pulses is 
not quite correct. The direct integration of the Maxwell's equations (instead of the 
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nonlinear Schrodinger equation) would be a rigorous description of such ultrashort-pulse 
train. However, this approach is not presented in this thesis. 
Further simulations were carried out to investigate the pulse decay in detail. Sequences of 
the decay are shown in Fig. 5.2.3 and 5.2.4. 
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Fig. 5.2.3 Sequence of the pulse decay for C = -5. The pulse shape and chirp are plotted after 
z/L =O. I, where L is the fibre length. 

Severa! interesting features are worth noticing. The SPM-induced positive chirp described 
by ( 4.4.7) occurs very soon for both signs of the initial chirp. This chirp further develops to 
a more complex structure especially in the pulse edges and the decay phase is connected to 
the deformation of the chirp. The differences in the pulse-shape development for opposite 
signs of C are obvious. In the case of C < O, the pulse shape acquires the rectangular-like 
shape with oscillations on the top of the pulse. These oscillations become deeper and the 
pulse edges increase their steepness during the propagation. The decay phase is connected 
to an appearance of significant peaks, which are observable in the decayed pulse, too. The 
case of C > O exhibits qualitatively different features. The oscillations in the centra! part of 
the pulse do not appear and the pulse edges are not steep. However, the peaks at the pulse 
edges appear as well. 
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Fig. 5.2.4 Sequence of the pulse decay for C = 5. The pulse shape and chirp are plotted after 
z/L = 0.1, where Lis the fibre length. 

The simulated autocorrelation traces of the output from the MOF are plotted in Fig. 5.2.5. 
The extremely narrow peak is a consequence of the pulse decay. Due to a decrease of a 
coherence time, the narrow peak changes rapidly into a broad pedestal. 
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Fig. 5.2 .5 Autocorrelation traces of the output from the MOF for C = -1 O, -5, O, 5 and 10. 
Autocorrelation traces in simulations were computed according to [25]. 

5.3 Measurements of SC generation in microstructured fibre using a sub-picosecond 
laser 

The experimental setup is shown in Fig. 5.3.1. As a pulse source, a sub-picosecond 
passively mode-locked fibre ring laser (PMLFRL) was used. The central wavelength of the 
PMLFRL was 1533 nm. The regime of the laser was monitored at an optical spectrum 
analyser (OSA) and the repetition rate was measured at a high-speed oscilloscope (OSC). 
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Fig. 5.3.1 Experimental setup. The inputs to the optical spectrum analyser OSA were switched by 
an optical switch (not drawn for clarity). 

The pulses from the laser were amplified by the fibre amplifier AMPl (company INO), 
which produced average output powers around 4.5 m W. The amplified spontaneous 
emission from the AMPl was suppressed by a bandpass filter with a 3-nm full-width at 
halí-maximum. A polarization controller (PC) was placed before the MOF due to fibre 
birefringence. 
The supercontinuum generated in the MOF was observed at the OSA using a 90/1 O coupler 
(COUPl). The spectral slicing ofthe supercontinuum was performed by a tunable filter (F2) 
with a 2.87-nm width at 3dB level. A 90/10 coupler (COUP2) was used to monitor the 
position of the filter F2 in the spectrum. The signal behind the filter F2 was too weak to 
detect it at an autocorrelator. Therefore, another fibre amplifier AMP2 was used to increase 
the signal. The filter F3 reduced the amplified spontaneous emission from the AMP2 and 
the output signal was led to the OSA and to the autocorrelator AC through the 99/1 coupler 
COUP3. 
The spectrum from the fibre laser is shown in Fig. 5.3.2. The Kelly's sidebands of the first 
order are evident. The small peak near the central wavelength is an artifact of a continuous 
wave circulating in the laser due to unsufficient modulation. This peak can be suppressed 
by setting the polarization controler in the laser. 
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Fig. 5 .3 .2 Spectrum of a sub-picosecond soliton fibre laser. 

The spectrum from the fibre laser, the generated Se in the MOF and the spectra behind the 
filters F2 and F3 are shown in Fig. 5.3.3. 
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Fig. 5.3.3 Laser spectrum, supercontinuum from MOF and spectra behind F2 and F3 . 

lt can be noticed that the small peak from the laser spectrum was also present in the 
generated supercontinuum. The best flatness of the se generated in the MOF was in the 
range between 1550 nm and 1560 nm. Therefore, the filters F2 and F3 were tuned to 
1560 nm to demonstrate the clock-signal conversion. 
Then, we were trying to optimize the properties of the converted pulses at 1560 nm. The 
filter F3 was taken away and the autocorrelation traces of the converted pulses were 
measured for four levels ofthe AMP2 pumping (see Fig. 5.3.4). 
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Fig. 5.3 .4 Autocorrelation traces (a) and spec tra (b) of the ampl ified converted pul ses for various 
levels ofthe AMP2 pumping. 

With decreasing the pumping the AMP2, the signal-to-noise ratio decreases due to the 
amplified spontaneous emission (around 154011111) ofthe amplifier. A 150-rnA level ofthe 
purnping was found to be idea!. The autocorrelation traces of the converted pulse with and 
without the filter F3 are shown in Fig. 5.3.5 . 
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Fig. 5.3.5 Comparison ofthe autocorrelation traces with and without the filter F3. 

The width and the signal-to-noise ratio of the converted pulses do not depend significantly 
on the purnping AMP2, if the filter F3 is u sed. 

5.4 Supercontinuum generation in MOF and highly-nonlinear conventional fibres 
using a tunable picosecond laser TMLL-1550 

5. 4.1 Optimization oj input pulses 

The tunable passively mode-locked laser TMLL-1550 with a repetition rate of I 0.3 GHz 
was used as a pulse source to demostrate the differences between properties of 
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supercontinua generated in the microstructured fibre (MOF) and in the highly-nonlinear 
conventional fibres (HNLF). The output spectrum of the laser tuned to 1524.2 nm and 
1531 nm in linear and logaritmic scale are shown in Fig. 5.4.1. 
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Fig. 5.4.1 The output spectra ofthe laser TMLL-1550 in (a) linear scale, (b) logaritmic scale. The 
spectra are modulated with the repetition rate of the laser (10.3 GHz). The pump current of the 
laser was 77 mA. 

The autocorrelation of the pulses was not detectable. Therefore, the setup in Fig. 5.4.2 was 
used. 

[> 
COUP AC 

50 
TMLL-1550 I 

AMPI 
OSA 

Fig. 5.4.2 Experimental setup for measuring the spectra and autocorrelation traces ofthe amplified 
pulses from the laser TMLL-1550. 

The pulses from the laser TMLL-1550 at 1531 nm were amplified in the fibre amplifier 
AMPl (Keopsys) with an output power up to 20 dBm. The output power ofthe AMPl was 
set to 13.3 dBm. The coupler COUP with a coupling ratio 99/1 was placed at the AMPl 
output in order to measure the output spectrum and autocorrelation traces of the pulses 
with the optical spectrum analyzer OSA and with the autocorrelator AC, respectively. The 
autocorrelation trace for a 77-mA laser pumping showed that two pulses were propagating 
simultaneously in the laser cavity. This feature indicated the soliton regime of the laser, 
when the fundamental soliton decayed into solitons of the higher order because of an 
excessive energy in the laser cavity (see Sec. 4.5). The laser pumping was decreased to 
63.3 mA, when only one pulse was observable at the autocorrelation trace. The 
autocorrelation traces for the laser pumping 77 mA and 63.3 mA are plotted in Fig. 5.4.3a. 
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The spectrum after amplification is shown in Fig. 5.4.3b. There were no observable 
changes in the spectrum when the laser pumping decreased from 77 mA to 63 .3 mA. 
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Fig. 5.4.3 (a) The autocorrelation trace of the amplified pulses for the laser pumping 77 mA and 
63.3 mA; (b) the spectrum for laser pumping 63.3 mA (the spectrum for 77 mA was nearly 
identical). 

The increase of a long-wavelength part of the spectrum in Fig. 5.4.3b is caused by the 
amplified spontaneous emission (ASE) in the amplifier. In the autocorrelation traces in 
Fig. 5.4.3a, the ASE appears as an incoherent pedestal. It is necessary to suppress the 
influence of the ASE in order to improve the coherent properties of the generated se. 
Furthermore, the ASE would affect the long-wavelength part of the Se. Therefore, the 
laser was tuned to 1538.9 nm, when the largest ratio between the laser peak and the ASE 
occurs in the spectrum (see Fig. 5.4.4). 
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Fig. 5.4.4 The spectrum for the laser pumping 63 .3 mA after tuning to 1538.9 run. The laser peak 
to the ASE ratio improved to about 20 dB. 
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5.4.2 Experimental setup 

The experimental setup for the SC generation is shown in Fig. 5.4.5. 

PC MOF <HNLF) 

TMLL-1550 1-----[>-~=l ~------""---"""--"'---.. 
AMPl 

AMP2 
COUPl COUP2 AC 

F2 
OSA OSA OSA 

Fig. 5.4.5 Experimental setup for the SC generation. The inputs to the optical spectrum analyser 
OSA were switched by the optical switch (not drawn for clarity). 

The central wavelength of the laser TMLL-1550 was set to 1538.9 nm, the pump current of 
the laser was 63.3 mA. The pulses from the laser were amplified by the fibre amplifier 
AMPl (Keopsys) with an output power up to 20 dBm. The polarization controller PC was 
placed before the nonlinear fibre due to fibre birefringence. The supercontinuum generated 
in the nonlinear fibre was observed at the OSA using the 90/1 O coupler COUP 1. The 
spectral slicing of the supercontinuum was performed by the tunable filter Fl with a 2.87-
nm width at 3dB level. The 90/10 coupler COUP2 was used to monitor the position of the 
filter Fl in the spectrum. The signal behind the filter F1 was too weak to detect it at the 
autocorrelator. Therefore, another fibre amplifier AMP2 (Keopsys) with an output power 
up to 10 dBm was used to increase the signal. The filter F2 reduced the amplified 
spontaneous emission from the AMP2 and the output signal was led to the OSA and to the 
autocorrelator AC through the 99/1 coupler COUP3. 
The output power from the AMPl varied in a range 13 dBm - 21.5 dBm.' The parameters 
ofthe pulses at the nonlinear fibre input are in Tab. 5.4.1. 

Tab. 5.4.1 Parameters of the ulses at the nonlinear fibre in ut. 

Pout (AMP1) [dBm] Pav9 [mW] hwHM[ps] Po [W] ~AFWHM [nm] c 
13.0 16.8 1.64 0.93 2.8 0.87 
15.3 29.4 1.51 1.8 2.9 0.76 
18.0 56.2 1.59 3.2 3.1 0.98 
20.0 86.3 1.85 4.3 3.2 1.4 
21.5 128.8 1.89 6.2 3.3 1.5 
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Pavg denotes the average power at the nonlinear fibre input. The chirp parameter C was 
calculated from the relation 

(5.4.1) 

assuming the Gaussian pulse shape. 

5.4.3 Supercontinuum generation in the microstructuredjibre 

The spectrum of the pulse did not broaden significantly in a 10-m MOP. The spectrum 
measured with the OSA behind the eOUP2 for the highest output power from the AMPl 
(see Fig. 5.4.5) is plotted in Fig. 5.4.6. 
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Fig. 5.4.6 Input and output spectrum for a pumping AMPJ of21.5 dBm. 

The 10.3-GHz modulation of the laser spectrum is observable in the output spectrum, too. 
The conversion of the pulses to other wavelength could not be demostrated because of a 
small width ofthe generated spectrum. 
Numerical simulations were performed in order to investigate the Se generation in the 
MOP at higher peak powers ofthe input pulses. First, these generation for the peak power 
of 6.2 W was simulated for comparison with the experimental results. Fig. 5.4.7 shows the 
simulated spectrum for the peak power 6.2 W, which corresponds to the experimental 
conditions. 
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Fig. 5.4.7 Simulated spectra from the MOF for the peak power 6.2 W. 

A simulated spectral broadening is very small , in accordance with the experimental results. 
Further simulations for higher initial peak powers (I 00 W, 200 W, 300 W and 400 W) 
were carried out. The simulated output spectra from the MOF are plotted in Fig. 5.4.8. 
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Fig. 5.4.8 Simulated supercontinua from the MOF for initial peak powers I 00 W, 200 W, 300 W 
and 400 W. 

The spectra broaden symmetrically due to self-phase modulation. Peak powers around 
400 W were required for a sufficient signal in the range I 550 -1560 nm. 
Simulated output pulse shapes and autocorrelation traces for these peak powers are shown 
in Fig. 5.4.9. 
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Fig. 5.4.9 Simulated pulse shapes (left column) and autocorrelation traces (right column) of the 
pulses at the output the MOF for initial peak powers 100 W, 200 W, 300 W and 400 W. 

- 44 -



A significant modulation of the pulse shape for Po = 400 W is evident. This modulation 
leaded to the spectral broadening. The pulses did not exhibit decay. Therefore, the spectral 
slicing of the spectra could be performed in order to get a converted clock signal. 

5.4.4 Supercontinuum generation in a I.OJ-km HNLFwith a zero-dispersion wavelength oj 
1560 nm 

The microstructured fibre was replaced by the highly-nonlinear conventional fibre (HNLF) 
with a length of 1010 m and a zero-dispersion wavelength of 1560 nm. The pump 
wavelength 1538.9 nm fell into the normal-dispersion regime of the fibre. lt is worth 
noticing that a part of the se was generated in the anomalous-dispersion regime, which 
involves soliton effects during se generation. The output spectra from the HNLF are 
shown in Fig. 5.4.10 for the AMPl output power as a parameter. 
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Fig. 5.4. l O Spectra generated in a 1.0 I-km HNLF with a zero-dispersion wavelength of 1560 nm. 

The spectra generated with the AMPl output power more than 18 dBm exhibit depletion in 
the range 1550-1580 nm. The Stokes components of four-wave mixing were observable in 
the anomalous-dispersion region, while blue-shifted anti-Stokes components appeared in 
the region around 1500 nm. Those spectra can not be used for the clock-signal conversion 
because ofmore than a 10-dB depletion around 1560 nm. 

5.4.5 Supercontinuum generation in a 500-m HNLF with a zero-dispersion wavelength oj 
1529 nm 

In order to demonstrate the se generation in the anomalous-dispersion regime, a 500-m 
highly-nonlinear conventional fibre with the zero-dispersion wavelength at 1529 nm was 
used. The generated spectra are plotted in Fig. 5.4.11. 
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Fig. 5.4.11 Spectra generated in a 500-m HNLF with a zero-dispersion wavelength of 1529 nm. 

The generated supercontinua are affected by an energy transfer into a long-wavelength part of 
the spectrum, a typical feature of the SC generation in long fibres. The flatness is not 
sufficient for applications like the clock-signal conversion. 

5.4.6 Supercontinuum generation in a 500-m HNLF with a zero-dispersion wavelength oj 
1543 nm 

The greatest bandwidth and flatness of the SC were achieved with a 500-m highly nonlinear 
conventional fibre with a zero-dispersion wavelength of 1543 nm. The generated 
supercontinua are plotted in Fig. 5.4.12. 
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Fig. 5.4.12 Spectra generated in a 500-m HNLF with a zero-dispersion wavelength of 1543 nm. 
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The supercontinua generated in this nonlinear fibre exhibited a great bandwith and flatness , 
especialty in the range 1550-1600 11111. The spectral slicing at 1560 11111 was perfor111ed to 
demonstrate the clock signal co11versio11. The spectra behind the filters F I and F2 are 
shown in Fig. 5.4.13. 
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Fig. 5.4.13 Supercontinuum and spectra behind the filters Fl and F2 (the output power of the 
AMPI was 21.5 dBm). 

However, no pulses were detected at the autocorrelator. lt could be explained by decay of 
the pulses. Numerical simulations were perfor111ed in order to iltustrate the pulse evolution 
during the propagation in the fibre (see Fig. 5.4.14). The parameters of the initial pulse 
were taken fro111 Tab. 5.4.1 for the case of the AMP l output power 21.5 dBm. 
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Fig. 5.4. 14 Simulation of the pulse evolution in a 500-m HNLF with a zero-dispers ion wavelegth 
of 1543 nrn . 

The nurnerical simulation shows that the pulse undergoes decay . That 1s why the 
autocorrelation was not detectable. 
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5.5 SC generation in three HNLFs 

Three highly-nonlinear fibres - a 1O10-m HNLF with a zero-dispersion wavelength of 
1560 nm, a 500-m HNLF with a zero-dispersion wavelength of 1560 nm and a 500-m 
HNLF with a zero-dispersion wavelength of 1529 nm were connected. The laser TMLL-
1550 centra! wavelength was set to 1538.6 nm. The experimental setup is shown in 
Fig. 5.5.1. 

PC 3 HNLFs 

FI 

l 
TMLL-1550 

AMPI 

AMP2 
COUPI F2 COUP3 AC 

OSA OSA F3 OSA 

Fig. 5.5.1 Experimental setup for SC generation using three connected nonlinear fibres. 

The tunable filter Fl of a width 0.5 nm was placed at the laser output and tuned to around 
1538 nm. The role of the filter was to increase the pulse width and to decrease the peak 
power ofthe pulses. The decrease ofthe peak power was caused by filtering out outer parts 
of the pulse spectrum. Due to this, undesirable nonlinear effects in the amplifier were 
suppressed. The output power from the AMPl was 20 dBm. The decrease in the peak 
power was compensated by a longer nonlinear fibre. 
The autocorrelation trace and spectrum ofthe pulses launched into the connected nonlinear 
fibres are shown in Fig. 5.5.2. The FWHM of the pulses was about 9 ps. 
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Fig. 5.5.2 The autocorrelation trace (a) and the spectrum (b) of filtered pulses behind the polarization 
controller PC (see Fig. 5.5.1). 

The spectrum behind three connected nonlinear fibres is plotted in Fig. 5.5.3. It exhibits a 
great flatness in the C-band used for optical communication (1530 nm- 1565 nm). However, 
the spectrum descended significantly in this range, when the output power from the AMP l 
decreased slightly. 
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Fig. 5.5.3 Supercontinuum generated in three connected nonlinear conventional fibres. 

The spectral slicing of the SC was performed to demonstrate the clock-signal conversion. The 
filters F2 and F3 were tuned to 1541.9 nm, 1550.0 nm and 1560.1 nm. The autocorrelation 
traces behind the F3 and spectra behind the F2 and the F3 are shown in Fig. 5.5.4. 
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Fig. 5.5.4 Autocorrelation traces and spectra at 1541.9 nm, 1550.0 nm and 1560.l nm. 

The experimental realization of the se source for wavelength division multiplexing 
(WDM) systems was also demonstrated. The output power of the AMPI was increased to 
21.5 dBm (the shape of the generated se remained unchanged). The filter F2 from the 
Fig. 5.5.l was replaced by the multiplexor and demultiplexor. The experimental setup is 
shown in Fig. 5.5.5. 
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Fig. 5.5.5 Experimental setup for a demonstration ofa WDM source. 

The multiplexor and demultiplexor were coupled in order to observe all spectral channels. 
Finally, the demultiplexor was taken away and one selected channel was detected at the 
OSA and at the AC. Fig. 5.5.6 shows the spectrum after the coupled multiplexor and 
demultiplexor, and the spectrum in one channel of the multiplexor, when the demultiplexor 
was disconnected. 
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Fig. 5.5.6 Supercontinuum, the spectrum behind the MUX/DEMUX and the spectrum in one 
channel ofthe multiplexor. 
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Uniform intensities in all spectral channels were achieved. However, the real application 
would require an actively-mode locked laser that ensures an exactly defined repetition rate 
~~~. . 

The signal from the one channel of the multiplexor was amplified by the AMP2 (an output 
power of 12.3 dBm) in order to detect the autocorrelation trace. The filter F3 was used to 
eliminate the amplified spontaneous emission from the AMP2. The spectrum behind the F3 
and the autocorrelation trace ofthe pulses in the channel is plotted in Fig. 5.5.7. 
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Fíg. 5.5 .7 Measurement of one selected channel of the multiplexor. (a) The spectrum after 
amplíficatíon behind the F3; (b) the autocorrelation trace ofthe pulses. 

Similar spectra and autocorrelation traces would be measured in other spectral channels, 
too. 

6. Conclusion 

6.1 Experimental and numerical results 

The main goal of the thesis was optimizing the supercontinuum (SC) characteristics with 
respect to applications in OTDM and WDM telecommunication systems. This task was 
fulfilled and the possibilities of applications of Se in OTDM and WDM 
telecommunications systems were demostrated. A variety of input pulses was used to 
generate se in four nonlinear fibres with different lengths and the zero-dispersion 
wavelengths. 
Sec. 5 .2 brings numerical simulations of a time evolution of the pulse when it is 
propagating in a 10-m microstructured fibre (MOF) used in experiments. The simulations 
were performed for a high peak power of the pulse and a small pulse width (Po= 640 W, 
To= 0.244 fs). Dependence of the Se generation on a chirp of initial pulses was 
investigated. lt was shown that the se bandwidth (at a given intensity Jeve!) increases with 
the absolute value of the chirp parameter. The bandwidth of the generated se was larger 
for the case of the negative initial chirp. Detrimetal decay of the pulses after propagating a 
half of the fibre length was found. Therefore, a shorter fibre or lower peak powers should 
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be used in experiments in order to get an autocorrelation trace corrensponding to non
decayed output pulses. According to ( 4.4.9), shortening of the fibre is equivalent to 
decreasing the peak power. 
ln Sec. 5.3, the Se generation in the 10-m MOP was demonstrated using sub-picosecond 
pulses from a passively mode-locked fibre laser working in the soliton regime. Peak 
powers were lower than those in the simulations from Sec. 5.2. A great flatness of the 
generated se was achieved in the range 1550 nm - 1560 nm, which is important for 
telecommunication applications. A tunable optical clock translator for OTDM systems was 
demonstrated using the spectral slicing of the supercontinuum at 1560 nm. The converted 
pulses were amplified in order to measure their autocorrelation traces at the autocorrelator. 
The spectrum after amplification was filtered to suppress the negative influence of the ASE 
from the amplifier. 
Langer pulses (more than 1 ps) with lower peak powers were used to generate se in the 
MOP and in three highly nonlinear convential fibres (HNLFs), as described in Sec. 5.4. A 
great significance was assigned to the optimization of pulses launched into the nonlinear 
fibres. Methods of the optimization were described in Sec. 5.4 (setting a laser regime, 
suppression of the ASE from the amplifier). The 10-m MOP was found to have an 
insufficient length for the se generation with picosecond pulses, because the spectral 
broadening was not significant. According to the relation ( 4.4.9), the unsufficient Iength of 
the fibre can be compensated by increasing the peak power of the pulse. This increasing 
was not possible in aur experiment. Therefore, numerical simulations were performed 
instead. 
First, a simulation of the output spectrum from the MOP for the case of the peak power 
6.2 W was performed for comparison with the experimental results. The simulated output 
spectrum from the MOP (Fig. 5.4.7) corresponds qualitatively to the measured spectrum 
(Fig. 5.4.6). The output spectra are similar and the simulated spectral broadening is in 
accordance with the experimental results. The numerical model <lid not include the 
amplified spontaneous emission produced by the amplifier (a long-wavelength part of the 
spectrum). The spectral width in the simulation is smaller in comparison with the 
experiment. However, the simulated spectral width is critically dependend on a choice of 
the pulse shape (which could not be determined experimentally). Therefore, the Gaussian 
shape used in simulations was only an approximation of a real pulse shape. The 
simulations for higher peak powers show that the spectrum broaden significantly for peak 
powers exceeding 300 W, while the peak power in the experiment was 6.2 W. The spectra 
broaden symmetrically, what is a typical feature of se generation in the normal-dispersion 
regime. Further simulations were performed in order to simulate the pulse shape at the 
output from the MOP. The simulations indicate that the propagating pulse does not exhibit 
decay. Therefore, coherence in the simulated supercontinua would be sufficient for a 
spectral slicing and detection of converted pulses at the autocorrelator. 
Experiments with the highly-nonlinear conventional fibres instead of the MOP showed 
differences in the output spectra in dependence of the relative position of the pump 
wavelength and the zero-dispersion wavelength of a nonlinear fibre. The lengths of the 
conventional fibres (500 m and 1O1 O m) were sufficient for a significant spectral 
broadening. The spectra generated in a l O 10-m long HNLF with a zero-dispersion 
wavelength of 1560 nm exhibited depletion in the range 1550 - 1580 nm. Therefore, they 
were not suitable for telecommunication applications. This depletion was caused by a high 
efficiency of four-wave mixing in a vicinity of the zero-dispersion wavelength [12]. The 
Stokes components appeared in the long-wavelength part of the spectrum, the anti-Stokes 
components were observable around 1500 nm. 
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The spectra generated in the anomalous-dispersion regime (in a 500-m HNLF with a zero
dispersion wavelength of 1529 nm) did not have flatness suitable for applications. The 
energy transfer to a red side of the spectrum was caused by the soliton self-frequency shift 
described by (4.2.28) in the anomalous-dispersion regime. Therefore, the se generation in 
the normal-dispersion regime is more suitable, because the spectrum broadens nearly 
symmetrically. 
The se generation with the pump wavelength near the zero-dispersion wavelength was 
demonstrated using a 500-m HNLF with a zero-dispersion wavelength of 1543 nm. The 
generated spectra exhibited the energy transfer to longer wavelengths due to the soliton 
self-frequency shift in an anomalous-dispersion part of the spectrum. A great flatness of 
the spectrum in the range 1550-1560 nm was suitable for applications. However, no pulses 
were detected at the autocorrelation trace. This was explained by a numerical simulation of 
the evolution of the pulse shape. The decay of the pulse caused that no autocorrelation 
signal corresponding to regular pulses was detectable. 
In Sec. 5.5, the pulses from the laser TMLL-1550 were broadened by the spectral filter to 
about 9 ps. A decrease of the peak power of input pulses was compensated by an 
increasing the length of a nonlinear fibre (three HNLFs were connected). The generated se 
had the best obtainable properties, especially a great flatness in the telecommunication e
band (1530 nm - 1565 nm). The optical clock translation was demonstrated at 1540, 1550 
and 1560 nm. The flatness and good coherence of the se allowed a demonstration of a 
WDM source using a multiplexor. A real application of se as a WDM source requires an 
actively-mode locked laser with a defined repetition rate. lt was not available for our 
experiments. However, the optimization of pulses launched into the nonlinear fibre is 
critically important for supercontinuum applications. 

6.2 Experimental issues of supercontinuum generation 

Amplification of short (sub-picosecond) pulses was found to be a significant problem in 
these generation. Nonlinear effects during the amplification can lead even to decay of the 
pulse. Most of erbium-doped fibre amplifiers have a fibre with a small field area, which 
causes the detrimental nonlinear effects during the amplification. One possibility is to use 
an amplifier with a large field area, which considerably reduces nonlinear effects. Another 
way (presented in our experiments with the TMLL-1550 laser) is to broaden the time shape 
of the pulse before the amplification (using spectral filter, which decrease the spectral 
bandwidth of the pulse). The peak power ofthe pulse descends because a part of the pulse 
spectrum is filtered out. Under specific conditions in the amplifier (a proper combination 
of gain, norma! dispersion and nonlinearity) the similaritons can be generated. When the 
pulse is chirped, it can be compressed after aplification. 
It is necessary to eliminate undesirable influences on the se shape, especially an effect of 
the amplified spontaneous emission (ASE) from the amplifier. The ASE leads to the lost of 
coherence in these. Therefore, the spectrum ofthe pulse launched into the nonlinear fibre 
must be monitored. Further, a peak of a continuous wave in the laser spectrum can appear 
in the generated se. This continuous wave is a consequence of an unsufficient modulation 
in the laser cavity. Fig. 6.2.1 shows how the ASE and the laser continuous-wave peak can 
affect the shape of generated se. 
The continuous-wave laser peak can be removed by proper setting mode-locking of the 
laser. The ways how to suppress of the ASE from the amplifier are presented in Secs. 5 .3 
and 5 .4. One possibility is a use of the filter at the amplifier output. In the case of a tunable 
laser, the centra! wavelength ofthe laser can be tuned to the maximum of the ASE. 
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Fig. 6.2.1 Negative intluences on the shape ofthe generated SC. (a) ASE ofthe amplifier (with the 
laser switched oft) and the generated SC. A long-wavelength part of the se is strongly affected by 
the ASE, which causes the peak at 1560 nm. (b) eontinuous-wave peak in the laser spectrum 
displayed in the generated se around 1534 nm. 

The MOF used in our experiment had significant birefringence. Therefore, the shape of the 
generated supercontinuum was dependent on the polarization of the input pulse. ft was not 
observed in the long nonlinear fibres, because at long distances the initial polarization state 
of the pulse was not preserved. 
The length of the standard-fibre pigtails of optical components and devices must be taken 
into an account, especially in the case of short and/or highly chirped pulses. The 
propagation of the pulse in a 1-m long pigtail between the amplifier output and the input to 
the MOF was simulated numerically. The pigtail was made frorn the standard single-mode 
anomalous-dispersion fibre SMF-28 with second-order dispersion 132 = -20 ps2-km·1 at 
1550 nm, third-order dispersion (33 = 0.17 ps3-km· 1 and the nonlinear coefficient 
y = 1.8 (W·kmr 1

• The simulation were performed for pulses from Tab. 5.4.1 for the case of 
output power from AMP I equal to 21.5 dBm (TFwHM = 1.89 ps, Po= 6.2 W). The 
simulated pulse shapes for chirp parameters C = 1.5 and 1 O are plotted in Fig. 6.2.2. 

Fig. 6.2.2 Simulation of the pulse propagation in a l-m long pigtail from SMF-28 for initial chirps 
C = 1.5 (a) and C =IO (b). 
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A value C = 1.5 corresponds to experimental conditions. Fig. 6.2.2 shows no significant 
changes of a peak power or pulse width for this value of a chirp parameter. However, in 
the case of C = 1 O the pulse is compressed due to a compensation of an initial positive 
chirp in the anomalous-dispersion fibre, and its peak power increases significantly. Hence, 
the length of pigtails is important for high chirps ofthe pulse. 
In order to detect an autocorrelation trace of converted pulses after a spectral slicing, it is 
necessary to amplify the pulses. However, the ASE from the amplifier can affect the 
spectrum. That is why another filter at the amplifier output must be used. 
Reproducibility of measurements is very important. It is critically dependent on the 
stability of the laser. The spectrum must be measured at various places ofthe experimental 
setup (at the outputs from the laser, amplifiers, nonlinear fibre and filters). In- our 
experiments, an optical switch was used in order to eliminate an uncertainty in insertion 
Joss due to the need of repeated manipulation with the connectors. 
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Appendix A- Numerical method for solving the propagation equation 

Prom the mathematical point of view, the propagation equation ( 4.2.28) is a nonlinear 
partial integro-differential equation, which has not analytic solution, except for some 
specific cases. Therefore, numerical methods are used. One method that is used extensively 
[ 19] is a pseudospectral method called the symmetrized split-step Fourier method (S
SSFM). 
To show the principie the S-SSFM, let us write the propagation equation formally in the 
form 

~: =(ÍJ+N)A, (A.l) 

where ÍJ is a linear differential operator which includes dispersive, gain and absorption 

effects and N is a nonlinear operator which includes the nonlinear effects. These operators 
for ( 4.2.28) can be expressed by 

(A.2) 

T 

N = i(l- fR)ylAl
2 

+iyfR f hn(T-T')IA(z,T')l
2 
dT'. (A.3) 

The fibre length is divided into many short sections of length h, where dispersive and 
nonlinear effects are assumed to act independently. On the distance from z to z + h/2, the 
pulse is propagating only with dispersion. At z + h/2, the influence of the nonlinear 
operator over the whole section length h is included. After that, the pulse is propagating 
distance from z + h/2 to z + h only with dispersion. This procedure can be expressed by the 
relation 

(A.4) 

The operator exp( ~ ÍJ) is evaluated in the Fourier domain, where the differential operator 

a I 8T is replaced by ico , what is only a number in the Fourier domain. Thus, the 

prescription of execution of exp ( ~ ÍJ) is 

exp( ~ ÍJ )A(z,T) = { p-1 
exp[ ~ ÍJ(ico)] F} A(z, T), (A.5) 

where F stands for the Fourier transform. 
z+lo 

The simplest way how to evaluate the integral f N(z')dz' is to make approximation 
z 
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z+h 

J N(z')dz' = hN(z). (A.6) 

This approximation can be used for the small step size h. More accurately, the integral can 
be evaluated by the trapezoidal rule to obtain 

z+h h J N(z')dz' =2'[ N(z)+N(z+h)], (A.7) 
z 

where N(z + h) must be evaluated by the iterative method. N(z + h) is initially replaced 

by N (z) to estimate the value A( z + h, T), which is then used to calculate N (z + h) again. 
Performance of S-SSFM was further improved, for example by introducing the predictor
corrector method [26]. 
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