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Abstract

The aim of this work is to investigate semiconductor mode-locked lasers for their
application as a transmitter pulse source in an optical time division multiplexing
(OTDM) system with data rates up to 640 Gbit/s and with on-off keying (OOK)
or differential phase shift keying (DPSK) modulation formats. Up to the present
work there have not been any applications of the semiconductor mode-locked
laser at data rates above 160 Gbit/s and in transmission experiments involving
the modulation format DPSK.

The concept of modular pulse generation was implemented comprising the
independent building blocks: pulse source, pulse compressor and pulse shaper.
This modular pulse generator was able to generate pulse trains with a pulse
widths below 0.4 ps and a pulse peak to pulse pedestal contrast exceeding
40 dB. The timing jitter o,,s was lower than 100 fs for an integration interval
from 100 Hz to 10 MHz. The generated pulse train was multiplexed up to
a 640 Gbit/s single polarization pulse train suitable for OTDM applications.
A pulse transmission of compressed pulses over a fiber link of 160 km was
demonstrated.

The building blocks of the modular pulse generator can be used indepen-
dently as a pulse source for a 10 or 40 GHz pulse train, as pulse compressor for
the reduction of the pulse width from more than 3 ps to less than 0.5 ps and
as a pulse shaper for the removal of a pulse pedestal in order to reach signal to
background ratios exceeding 40 dB.

The application of the modular pulse generator was demonstrated in a trans-
mitter of phase modulated data signals. Error free back-to-back measurements
were reported for a 320 Gbit/s DSPK bit sequence in a single polarization and
a single wavelength channel. An extension to 640 Gbit/s is possible, however
only in combination with forward error correction schemes.
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Zusammenfassung

Das Ziel dieser Arbeit ist die Untersuchung von modengekoppelten Halbleit-
erlasern fiir die Anwendung als Sender Pulsquelle in einem optischen Zeitmul-
tiplex (OTDM) System mit Datenraten von bis zu 640 Gbit/s mit Amplitu-
denmodulation (OOK) oder differentieller Phasenmodulation (DPSK). Bis zu
dieser Arbeit wurden Halbleiterlaser nicht fiir Datenraten tiber 160 Gbit/s und
in Transmissionsexperimenten mit dem DPSK Modulationsformat eingesetzt.

Mit den Halbleiterlasern wurden Pulsfolgen mit einer Wiederholrate von
10 GHz oder 40 GHz mit geringem Phasen- und Amplitudenrauschen erzeugt.
Dabei wurden Halbleiterlaser in externer Kavitat und in monolithischer Kavitat
betrachtet. Verbesserte Rauscheigenschaften der erzeugten Pulsfolgen wurden
auf Kosten der Pulsbreite der generierten Pulsfolge erreicht. Ein modulares
Konzept bestehend aus den unabhéngigen Einheiten Pulserzeugung, Pulsver-
kiirzung und Pulsformung wurde aufgebaut, um eine Pulsquelle zur Erzeugung
von Pulsen im Subpikosekundenbereich mit geringerem Phasenrauschen zu er-
halten.

Die von dem modularen Pulsgenerator erzeugte Pulsfolge bestand aus Pulsen
mit einer Pulsbreite von 0.4 ps und einen Signal-zu-Rausch-Kontrast von mehr
als 40 dB. Das Phasenrauschen o,,,s konnte in Einseitenbandmessungen [Fre-
quenzbereich 100 Hz, 10 MHz] auf unter 100 fs verringert werden.

Die erzeugte 10 bzw. 40 GHz Pulsfolge wurde zu einer Datenrate von
640 Gbit/s in einer Polarisationsebene und auf einer Wellenldnge gemultiplexed.
Eine Verwendbarkeit der generierten Pulsfolge fiir eine Ubertragung auf einer
Faserstrecke von 160 km Lange wurde bestatigt.

Die Untereinheiten des modular aufgebauten Pulsgenerators konnen un-
abhangig voneinander eingesetzt werden, die Pulsquelle zur Erzeugung von
Pulsfolgen mit einer Wiederholrate von 10 bzw. 40 GHz, die Pulskompres-
sion zur Verkiirzung der Pulsbreite von mehr als 3 ps auf unter 0.5 ps und der
Pulsformer zum Entfernen von Pulssockeln bzw. zur Erhohung des Signal-zu-
Rauschkontrasts auf iiber 40 dB.

Die Phasenstabilitiat der erzeugten rauscharmen Pulsfolgen blieb bei der
Pulskompression und der Erhéhung des Signal-zu-Rauschkontrasts durch nicht-
lineare Fasereffekte erhalten. Die Verwendbarkeit der modularen Pulserzeu-
gung fiir einen DPSK Transmitter wurde in einer back-to-back Messung eines
320 Gbit/s DPSK Datensignal nachgewiesen. Die erreichten Fehlerraten in der
back-to-back Konfiguration erlauben auch eine Erhéhung der Datenrate auf
640 Gbit/s, sofern Verfahren zur ”forward error correction” verwendet werden.



Contents

1 Introduction 1
1.1 Application of optical pulses in Optical Communication Systems 1
1.2 Requirements on optical pulses for application as OTDM trans-

mitter . . . .. 3

1.3 Objectives and Content of this work . . . . . ... ... ... .. 5

2 Pulse CharacterizationJ 7
‘2.1 Pulse width measurements . . . . . . . .. .. ... ... ..... 7
2.1.1 Autocorrelation measurements . . . . . . . . . ... ... 8

2.1.2 FROG measurements‘ .................... 10

2.2 Measurement of the frequency spectrumJ .............. 12
‘2.3 Noise measurements . . . . . . . . . . . . ... 13
2.3.1  Amplitude noise measurement‘ ............... 14

2.3.2 Phase noise measurement‘ .................. 15

3 Pulse Sources for OTDM-systems 21
3.1 Constructive Interference of Optical Modes . . . ... ... ... 21
‘3.2 Mode-locked Laseﬂ .......................... 22
3.2.1 Mode-locked Semiconductor Laser . . ... ... ... .. 23

3.2.2 Solid State Mode Locked laseﬂ ............... 25

3.2.3  Harmonic mode-locking of a fiber ring laser . . . ... .. 25

‘3.3 Modulation of cw- light . . . . . ... ... ... .00, 27

4 Architectures of Semiconductor Mode-Locked Laser 29
4.1 External Cavity Mode-Locked Laser, EC-MLL ‘ .......... 29
4.2 Monolithic Mode-Locked Laser, M-MLL . . .. ... .... ... 30
4.3 The Laser Diode . . . . . . . . . . . ... .. . ... . . ..... 31
4.4 Saturable Absorbers . . . . ... ... . ... o 32
4.5 Antireflection Coating . . . . . . . . . . . . . o 34
4.6 Electrical Connection . . . . . . . . . . . . ... ... 37

5 Performance Characteristics of EC-MLL and M-MLL Pulse

Sources 39
5.1 Characteristics of the EC-MLL with Saturable Absorber based
on Nitrogen Bombardment . . . . . . .. ... ... .. ...... 39
5.1.1 Bias Conditions, Output Power, Pulse Width and Chirp . 39
5.1.2 Noise Characteristics . . . . . . . . . . . . .. ... .... 41




CONTENTS vi

5.1.3 Locking and Tuning Range of the Pulse Repetition Fre-

QUENCY .« « v v v v v e e e e e e 42
5.2 Characteristics of the EC-MLL with Saturable Absorber based
on a Reversed Bias Section . . ... ... .. ... ........ 43
‘5.2.1 Bias Conditions, Pulse Width and Chirp. . . . . . .. .. 43
‘5.2.2 Noise Performance, Trailing Pulses and Pulse Poweﬂ ... 44
‘5.2.3 Comparison of Gain and Absorber ModulationJ ...... 45
5.3 Characteristics of the MMMLL .« . . . . o oo 46
5.3.1 Bias Conditions, Pulse Width and Output poweﬂ ..... 46
5.3.2  Noise Properties and Chirp . . . . . ... ... ... ... 47
5.3.3 Locking Range, Repetition Frequency and Wavelength
Tuning . . . . . . . . L 48

5.4 Low Noise Pulse Generation with Mode-Locked Semiconductor
Lasers . . . . . . 49

‘5.4.1 General Characteristics of the SSB Phase Noise Curves . 50
5.4.2 Compromise Between Pulse Width and Timing Jitter Op-

timization . . . . . . ... Lo 52

‘5.4.3 Low Noise, Short Pulse Generation . . ... ... .. .. 53

6 Pulse Compression 55

‘6.1 Soliton Pulse ComDressiOI}J ...................... 55

‘6.1.1 Pulse compression using simple DDF . . . . .. ... ... 56

‘6.1.2 Pulse compression using DF-DDF . . . . ... ... ... 59

‘6.1.3 Pulse compression using HNL—DDF‘ ............ 60

‘6.2 Pulse Compression using Supercontinuum GenerationJ ...... 62

‘6.3 Comparison of pulse compression methods and limitations . . . . 66

6.4 Alternative types of fiber based pulse compressionl ........ 70

7 Pedestal Suppression 73

7.1 Pedestal reduction by a dispersion imbalanced loop mirror (DILM) 73

‘7.1.1 Operation principle of a DILM . . . . . . ... ... ... 75

‘7.2 Investigation of the switching characteristic of a DILM . . . . . . 77

‘7.2.1 Experimental results of pedestal reduction by a DILM . . 78

‘7.2.2 Noise and Jitter . . . . . ... ... ... ... ... 79

7.3 Pedestal reduction by wavelength conversion. . . . . ... .. .. 80

8 Application in System Experiments‘ 83

8.1 Generation of a 640 Gbit/s Data Signal . . ... ... ... ... 83

‘8.2 Transmission of 400 fs pulses over 160 km fiber link . . . . . . . . 85
8.3 Demonstration of a DPSK back-to-back measurement up to 640

GDbit/s . . . o 86

9 Summary and Conclusion 89

Bibliography 93



vii CONTENTS

A Additional Measurements‘

A.1 Timing jitter tolerance of a 160 Gbit/s OTDM transmission system I
A.2 Phase noise reduction . . . . ... 1I
A.2.1 Feed back loops for the phase noise reduction . . . . . . . 1I

A.3 Multiplexing of short pulses . . . . . ..o ovi i v
A.4 DPSK Transmission Experiment at 160 Gbit/s . . . . . ... .. VI

B Fiber Properties, Conversion of Parameter IX
B.1 Overview over fiber properties . . . . . ... ... ... X
B.1.1 Properties of the dispersion decreasing fiber . . . . . . . . X

B.1.2 Properties of the highly nonlinear ﬁbeﬂ ........... X

B.1.3 Properties of the transmission fiber . . . . . . .. ... .. X

B.2 Conversion Charts, Conversion of Parameter . . . .. ... ... X1

C List of Variables and Abbreviations‘ XV
D List of Publications XXI

E Acknowledgements XXV



CONTENTS Viii




Chapter 1

Introduction

1.1 Application of optical pulses in Optical Commu-
nication Systems

The capacity of fiber optic networks is given by the number of wavelength
division multiplexing (WDM) channels times the time division multiplexing
(TDM) bit rate per channel. High TDM bit rates are attractive because it was
more cost effective in the past to boost the transmission capacity by increasing
the channel speed than by increasing the number of WDM channels. This cost
efficiency only holds true up to the limit given by the available operation speed
of the electrical TDM system, currently 40 Gbit/s. Higher TDM bit rates such
as 160 Gbit/s cannot be reached by electrical signal processing at the moment
and optical TDM (OTDM) technology is used to overcome this limitation in
many laboratories. A recent example of OTDM application is a 3.2 Thit/s
transmission experiment comprising 10 WDM channels with 320 Gbit/s per
channel [1]. In this experiment the spectral efficiency reached 0.8 bit/s/Hz.

There are two main reasons to study OTDM-systems. One reason is the in-
vestigation of high- speed transmission as a prerequisite for a later introduction
of an ETDM- system, e.g. 160 Gbit/s, as soon as electrical signal processing
is available at this data rate. The other reason is that all- photonic systems
may become the preferred choice in the far future, because these systems offer
the highest flexibility and transparency, which is needed for ultra-high capac-
ity data transmission. OTDM-technology is the basis of these all- photonic
systems. OTDM systems were successfully demonstrated up to 640 Gbit/s
with single polarization [2] or even 1.28 Tbit/s [3] with alternating polarization
transmission.

Fig. shows schematically a 160 Gbit/s OTDM transmission system. At
the transmitter side the essential component is the optical pulse source. The
repetition frequency of the generated pulse train depends on the electronic
base data rate. OTDM systems typically have a base data rate of 10 Gbit/s
or 40 Gbit/s, which is the highest electronic data rate commercially available
at present. The optical pulse train is coupled into several optical branches, in
which modulators (MOD) are driven by electrical 10 or 40 Gbit/s data signals to
generate 10 or 40 Gbit/s optical data signals. The sixteen (or four) optical data
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signals are bit-interleaved to generate the multiplexed data rate of 160 Gbit/s.
In laboratory experiments, only one modulator is used and combined with the
pulse source to a 10/40 Gbit/s transmitter. The 10/40 Gbit/s data signal is
then multiplexed by a fiber delay line multiplexer to 160 Gbit/s.

Short Data Pulses

for OTDM Data Rates Short Control Pulses
up to 640 Gbit/s for Messurement Applications
10/40 Gbit/s \4 .
t 160 Gbit/s Optical 10/40 Gbit/s
A sampling O/E I
receiver

10/40 GHz

ps-
optical
pulse

Add-
Drop

AAJ_{A A=/‘

Short Control Pulses
for Optical Switching

receiver

O/E
receiver

O/E I

— DEMUX

Figure 1.1: Setup of an OTDM transmission system and possible applications of short
pulses

Error free 160 Gbit/s transmission over long fiber spans requires compen-
sation for chromatic dispersion and polarization mode dispersion (PMD). Fur-
thermore nonlinearities can disturb the system performance. Therefore mea-
surement techniques like optical sampling help to monitor the pulse quality.

In a simple point-to-point transmission an optical demultiplexer (DEMUX)
separates the base data rate channels again for subsequent detection in an O/E
receiver and electrical signal processing. In a more advanced OTDM- system
all optical Add-Drop nodes allow the fast switching of single base rate data
channels.

Several applications of optical pulses are indicated in Fig. 1.1. Additionally
to the application as transmitter pulse source, optical pulses can also be ap-
plied as control pulses in optical switches, e.g. in add-drop switches, in optical
sampling gates and in demultiplexers of OTDM data signals. In this work the
focus is on the application of the pulse source in a transmitter.

Optical data signals are generated as non-return to zero (NRZ) or return
to zero (RZ) data signals. OTDM system use RZ format evidently. The NRZ
data format has the advantage to reduce the optical bandwidth requirements
and the bandwidth of the RF circuitry to generate and modulate the data train.
On the other hand the RZ data format facilitates a transmission over longer
transmission distances [4],[5]. Another parameter is the modulation format,
such as amplitude modulation also known as ON-OFF-keying (OOK) and phase
modulation, e.g. differential phase shift keying (DPSK). Both can be used with
the RZ format.
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1.2 Requirements on optical pulses for application
as OTDM transmitter

An optical pulse source appropriate for an OTDM transmitter has to satisfy
several criteria which can be considered in the temporal domain (Fig.[1.2) or
in the frequency domain (Fig.[1.3 on pl5).

repetition rate
—_—
~— timing jitter t :l:izzitude
signal ::’;2:9
hape to noise
) ratio suppression
< FWHM
~ (pulse
pedestal/
slope)
time

Figure 1.2: Requirements on optical pulses considered within the time regime.

e The optical pulses have a pulse width (FWHM) At < 0.3 B~! where
B is the aggregate bit rate as discussed in [6, 7]. It ensures a sufficient
separation of adjacent pulses, necessary to prevent coherent superposition
of pulse slopes and the resulting disturbing effects.

e The optical pulses have preferably a sech? pulse shape and an optical
spectrum with the spectral width (FWHM) Av close to the transforma-
tion limit, leading to a time-bandwidth product close to the theoretical
minimum of Av - At = 0.3148. The spectral width (FWHM) is often con-
sidered in the wavelength domain with AX. The sech? pulse shape is
especially attractive as the time-bandwidth product is smaller than for
Gauss pulses while pulse slopes are steeper than e.g. for Lorentz shaped
pulses. Both properties allow pulse applications with higher spectral ef-
ficiency. For high pulse peak powers the formation of solitons with sech?
shape is observed.

e The optical pulse source generates a pulse train with a well-controlled rep-
etition frequency at 10 GHz or 40 GHz and a long term stability to avoid
frequency drifts. For instance for a 10 GHz application the exact repeti-
tion frequency is defined by the standard transmission module (STM64)
to 9.95328 GHz [8]. Forward error correction (FEC) schemes with a data
overhead are often introduced to ease the requirements on the tolerable
bit error rate from 1079 to 1073. The required data rate increases by the
overhead of about 7 to 11% depending on the exact correction scheme
used. Therefore the repetition frequency varies between 9.95328 GHz and
11 GHz or 39.81312 GHz to 44 GHz.
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e The pulse train has a high signal to noise ratio (SNR). For the achievement
of a maximum transmission length and a maximum data rate a high signal
to noise ratio is required for error free detection of ”0” and ”1” levels in
the receiver unit. In the vicinity of the pulses the signal to noise ratio can
be overlayed by pulse slopes and by pulse pedestals.

e The pulse train has a sufficient suppression of trailing pulses. It is defined
as Trailing Pulse Suppression (TPS), the ratio between the pulse peak
power and the trailing pulse power, or in a more general description,
the ratio between pulse peak power and the pedestal maximum (Pedestal
Suppression). The TPS is in particular important, if the time delay of the
trailing pulse is near the bit period 1/B of the aggregate data rate B. A
trailing pulse at this temporal position causes a deterioration of the 70"
bit level and thus reduces the margins for the decision level for error free
detection. Trailing pulses can become a predominant problem compared
to the SNR.

e The pulse train has a low timing jitter, at least less than the pulse width
or the bit slot (depending on the experimental situation). Especially for
the time division multiplexing the exact pulse position in the time slot
for each bit is a prerequisite for multiplexing to higher data rates and for
error free switching, demultiplexing and detection of received data pulses.
For a data transmission at 640 Gbit/s a timing jitter of less than 65 fs is
necessary (Sec.|A.1).

e The pulse train has a low amplitude noise (AN). Increased AN reduces
the receiver sensitivity and limits the system margins.

e The pulse source is tunable in wavelength. Especially the operation within
the amplification wavelength band of EDFAs (1530 nm - 1565 nm) is an
attractive property.

Another possibility to monitor the quality of a pulse train is the evaluation
of the optical spectrum of the pulse train (Fig.[1.3).

The optical spectrum of a pulse train shows a clear 10 GHz or 40 GHz
mode comb structure, in the following also called mode-comb spectrum. In
the wavelength domain near 1550 nm the mode spacing is equal to 0.08 nm
and 0.32 nm for 10 and 40 GHz, respectively. Additional spectral components
indicate disturbing frequency components, e.g. due to noise. Fig. [1.3 shows
the resolved optical mode comb spectrum of a generated 10 GHz pulse train.
The resolution of the spectra was limited by the optical spectrum analyzer to
0.01 nm. For optical pulses of sech? shape in temporal regime also an sech?
shape in the frequency or wavelength regime is expected [9]. For error free
operation of transmission systems optical modes with a small line width and
a large mode comb height are required (see Fig. 1.3). The underground is
composed of disturbing frequencies and white noise. A detailed analysis of the
origins of line width broadening in lasers can be found in [10].
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Figure 1.3: The optical mode-comb spectra of a external cavity mode-locked laser
operating at its fundamental frequency of 10 GHz. (a) the spectrum with the red line
representing the fit of a sech? envelope, (b) part of the spectrum showing the mode
comb height and the line width measured with a resolution bandwidth of 1.25 GHz
(0.01 nm). The carrier frequency ¥ = 191.85 THz corresponds to a wavelength of
A = 1562.87 nm.

1.3 Objectives and Content of this work

The aim of this work is to investigate semiconductor mode-locked lasers for their
application as a transmitter pulse source in an OTDM-system with data rates up
to 640 Gbit/s and with OOK or DPSK modulation format. Up to the present
work [11], there have not been any applications of the semiconductor mode-
locked laser at data rates above 160 Gbit/s and in transmission experiments
involving the modulation format DPSK.

The pulse generation with semiconductor lasers shows a trade-off between
temporal width and low phase noise. This trade-off limits the pulse generation
with semiconductor mode-locked lasers to an OTDM-data rate of 160 Gbit/s, if
no additional measures are implemented. An approach to circumvent this lim-
itation is a modular pulse generation, separated into the independent building
blocks: pulse source, pulse compressor and pulse shaper. In the pulse source
the focus is set on pulse generation with a low phase noise. Thereafter, an
external fiber based pulse compressor and a pulse shaper (2R-regenerator) are
used to bring the pulse width and the pulse shape (pedestal suppression) to
the required values. The condition for these external building blocks are the
conservation of the low noise characteristics of the optimized pulse source and
the conservation of the phase coherence for applications in DPSK transmission
systems.

Following the review of the pulse requirements in this chapter, chapter/2 dis-
cusses the most important measurement methods, which are used in the frame
of this work. Chapter [3 reviews the prerequisites for a short pulse generation
and compares some important pulse sources, which are contemporarily used in
laboratories for pulse train generation. The advantages and the disadvantages
of each method are highlighted in order to give an overview for the appropriate
choice of the pulse source and to motivate the continued research on the vari-
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ous concepts. The set-up of semiconductor lasers is discussed in more detail in
Chapter [4. Different layouts of semiconductor mode-locked laser diodes were
investigated in the frame of this work. In chapter [5] the basic properties of
external cavity mode-locked laser (EC-MLL) and monolithic mode-locked laser
(M-MLL) are described and compared. The possibilities to operate the semi-
conductor laser sources with a low timing jitter is considered in the section[5.4.
It turns out, that the predominant need of a low phase noise pulse generation
cannot be reached simultaneously with a short pulse generation. This trade-off
leads to the stepwise pulse generation with low noise and subsequent implemen-
tation of a pulse compression and a pedestal removal. For the pulse compression
the fiber based methods of soliton formation and supercontinuum generation
are investigated in detail. In chapter /6 the pulse compression is evaluated with
respect to the pulse requirements needed. The investigations include the possi-
bility to ease the power requirements for a pulse compression at the future base
rate of 40 GHz. At the end of this chapter the limitations of the fiber based
pulse compression are considered. The pulse compression is often accompanied
with a loss in the pulse to pedestal contrast. Therefore possibilities of pulse
contrast improvements by the application of a loop mirror or with wavelength
conversion are considered in chapter 7.

Chapter [8 describes the application of the generated pulse trains by means
of selected examples. Semiconductor pulse sources were used to generate 10 and
40 GHz pulse trains with a phase noise performance comparable to commercially
available pulse sources such as fiber ring laser and solid state mode-locked laser.
The pulse generation is combined with a pulse shaping, comprising the pulse
compression and a pulse pedestal reduction, and can be used to generate pulse
trains of 400 fs pulses with a pulse to pedestal contrast exceeding 40 dB. The
maintenance of the phase stability during pulse compression and pulse shaping
is demonstrated using a solid state mode-locked laser in a 640 Gbit/s back-
to-back measurement. Semiconductor EC MLL are used in error free back-
to-back measurements for repetition frequencies of up to 320 Gbit/s using the
differential phase shift keying modulation format. In combination with forward
error correction (FEC) a further doubling of the data rate to 640 Gbit/s is
possible, although the limitation of this laser type becomes perceptible.
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Pulse Characterization

In this chapter the pulse characterization is considered. The measurements of
the temporal pulse width (FWHM) At, the spectral width of the pulse (FWHM)
Av, the pulse repetition frequency fr., and the noise of a pulse train, namely
the amplitude noise and the phase noise are considered. An overview over the
properties of the measurement devices as used in the frame of this work is given
in Tab.[2.1.

Device | Measured Operation Sensitivity Resolution
Parameter Range Povgy, Epuise
AC Atge 1.1-1.6 pm < 1076 W2 0.01 ps

(Pavg . Ppeak)
FROG | Atge, A 1.3-1.6 pum | <0.5 pJ/pulse | 0.05 nm

0-40 GHz 0.02 ps
OSA A 0.6-1.7 pm -87 dBm 0.01 nm
ESA frep | 1Hz-40 GHz | -140 dBm 1 Hz

Table 2.1: AC: autocorrelator [12], FROG: frequency resolved optical gating
[13], OSA / ESA: optical / electrical spectrum analyzer [14, 15]. Pp,q: Average
power of a pulse train, At,.: convoluted temporal pulse width.

The measurement of the pulse characteristics often reaches the limit of the
measurement devices and evaluation of the measurement set-up rather than
the properties of the measured signal has to be avoided. In the following, the
measurement methods and their limitations are discussed with focus on the
pulse characterization made later in this work.

2.1 Pulse width measurements

An optical pulse with a pulse width of At = 1 ps requires a detector band-
width of several 100 GHz for exact recovery of the pulse shape. A low detector
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bandwidth leads to the detection of a broadened pulse envelope restricting the
resolution of the detector. For pulse width measurements, devices are avail-
able such as electrical sampling oscilloscopes, streak cameras, optical sampling
oscilloscopes and autocorrelators.

The bandwidth of fast sampling oscilloscopes is limited due to the required
conversion from optical to electrical signals. Highest commercially available
bandwidths of photodiodes at 1.5 um are currently specified to 50 GHz [16].
Optical pulses of a width (FWHM) of 1 ps, measured with such photodiodes and
an electrical sampling oscilloscope show a trace with a pulse width of < 10 ps.
Another problem arises from the accuracy of the time axis. Typical values for
time variations are slightly below a root mean square (rms) standard deviation
of orps = 180 fs. It limits the resolution of the exact pulse position.

The temporal resolution of streak cameras is limited to 200 fs. Therefore
a measurement of a 1 ps pulse would deliver only 5 measurement points. For
shorter pulses, e.g. 400 fs pulses for 640 Gbit/s OTDM applications, the situa-
tion would be even worse.

An alternative to the bandwidth limitation of photo detectors is the ap-
plication of the pulse sampling based on an optical sampling system. The
technique is discussed in detail elsewhere [17]. Optical sampling measurement
systems have reached a bandwidth of several 100 GHz and were used to mon-
itor 640 Gbit/s OTDM pulse trains [18]. For this work an optical sampling
set-up based on a Kerr Gate [19] with a bandwidth of about 400 GHz was
available and the measurement of pulse trains with a repetition frequency of
up to 320 Gbit/s was possible as shown in Fig. The measured curves were
displayed on a sampling oscilloscope with the limitation in the exact timing
position as mentioned before.

Another possibility to measure the pulse width is the commonly used inten-
sity autocorrelation.

2.1.1 Autocorrelation measurements

The idea of autocorrelation measurements is the measurement of a short pulse
by itself. A commonly used autocorrelation set-up is based on a Michelson in-
terferometric layout as depicted in Fig. 2.1l In cross-correlation set-ups one
interferometer arm is replaced by a second entrance to allow the measure-
ment of light pulses of different origin. For cross- correlation measurements
see Sec. 2.3.2.

In the autocorrelator the pulse train and a delayed replica of the pulse
train coincide in a nonlinear crystal for second harmonic generation (SHG). For
efficient second harmonic generation the propagation of incoming signal and the
generated second harmonic signal have to be phase matched in the nonlinear
crystal [20]. For the measurement one of the retro reflectors is moved on a
shaker with a frequency of several Hz. The measurement result will be the
autocorrelations function G(7)

_ JI(t)-I(t—7)dt

O = T

(2.1)
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Figure 2.1: Set-up for an autocorrelation measurement [12].

with I the pulse intensity, t the time and 7 the relative time delay of both
pulses to each other.

G(7) contains no information of the temporal orientation of leading and
trailing edge of the pulse nor about trailing or previous pulse pedestals. The
auto-correlation is independent of timing jitter because of the simultaneous
influence on both pulse replicas in case of an autocorrelation. The measurement
does not contain any phase information.

In order to obtain a phase matching between the incoming light and the
SHG light the nonlinear crystal has to be turned into an angular position, in
which both light waves propagate with the same velocity. The required crystal
orientation depends on the wavelength. For broad spectra of some 10 nm, i.e.
in connection with short pulses, the optimization or the angular position is
limited.

A background free measurement is performed by the separation of the second
harmonic from both light beam replicas by spatial filtering. Only the new
generated second harmonic signal passes the slit introduced in the light path.
A sufficient SHG intensity is required to avoid disturbing measurement floors
by a high photo multiplier amplification or by the photo detector noise floor.
Therefore the measurement of optical pulse signals, e.g. semiconductor laser
pulses, is in most cases combined with a previous amplification by an EDFA.
The installed preamplifiers allow a linear or logarithmic amplification.

For the measurement of the pulse width a linear amplification is useful,
while a measurement of the pulse contrast is obtained with more dynamic range
using the logarithmic preamplifier. The interferometer set-up used for most
measurements in the frame of this work had two independent entrances for cross
correlation. Therefor the retro reflector 1 in Fig.[2.1 was replaced by a second
pulse signal entrance. In order to perform an autocorrelation measurement
both inputs were connected with an equal length of fiber by a 50:50 coupler.

Due to the convolution of the measured pulse with itself, the measured au-
tocorrelation traces are always symmetric. For the evaluation of the differences
between the rising and falling slope cross correlation measurements can be used.



CHAPTER 2. PULSE CHARACTERIZATION 10

Pulse shape Intensity (%) G(7) At/ Dtge | K=AVAL

P —#2
Gauss et e(2) 0.7071 0.4413

F 7 coth(7)—1

Sech sech?(f) c;;hig,(;) 0.6482 0.3148

1 1
Lorentz e ) 0.5000 0.2206
Symmetric Exp 21t (1+27)e=27D | 0.4130 0.1420

Table 2.2: Pulse shape functions for autocorrelation measurements [21]

1(t): Intensity proﬁle G(7): corresponding autocorrelation function. The pa-
rameters t = T and T = Ti are normalized times, where Ty is a time char-
acteristic for the width of the pulses. At: temporal FWHM of the pulse; Atg,:
FWHM of the autocorrelation signal, K = AvAt: time-bandwidth-product,

Av: spectral FWHM of the pulse.

The FWHM of the pulse can be concluded from G(7) [21] by comparison
with the autocorrelation traces of known input pulse shapes. Common functions

for approximation and deconvolution of measured pulse shapes are shown in
Tab. 2.2.

2.1.2 FROG measurements

An introduction to frequency resolved optical gating (FROG-) measurements
is given in [22]. The FROG measurement set-up used here is based on the
intensity SHG autocorrelation measurement, extended by a detection of the
optical spectra for each time delay (Fig. [2.2).

Pulse to be
measured
Beam
splitter Second-harmonic-
generation crystal
N N
E(t-7)
e e A
- E(t
Variable ®
delay

Figure 2.2: Set-up of a SHG Frequency Resolved Optical Gating (FROG) device [22].

A typical FROG spectrogram is shown with a color grading for the inten-
sity either with linear color grading or logarithmic color grading, which better
resolves evanescent pulse slopes. Fig.[2.3 shows the result of a FROG measure-
ment of a pulse train generated by an external cavity mode-locked laser (EC-
MLL). A retrieve algorithm generates theoretically a two dimensional spectro-
gram using assumptions for the parameters pulse phase and intensity for both,
the frequency domain and the time domain. The calculated spectrogram is
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compared with the measured FROG spectrogram and an approximation for a
minimum deviation is made. The exact shape of the pulse intensity, temporal
and spectral phase, chirp and wavelength dependent group delay over the pulse
can be deduced from this approximation. Details of the measurement procedure
are described in [22] and [23].
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(a)

Figure 2.3: Example of a two dimensional spectrogram of a FROG measurement of
pulses generated by external cavity mode-locked laser (EC-MLL) with linear (a) and
logarithmic (b) colorgrading. Note: Here the second harmonic of the laser wavelength
of 1550 nm is measured.

A good agreement of the calculated spectrogram and the measured FROG
trace is reached with an appropriate set of start parameters. The consistency of
the derived pulse shape and spectra with separate measurements by an optical
spectrum analyzer and an autocorrelator confirm a retrieved FROG measure-
ment.

Due to the symmetry of the SHG FROG measurement no temporal orien-
tation can simply be given for the autocorrelation and the derived phase and
chirp curve. At least one more measurement with a pulse having a known
change of the chirp is necessary, e.g. by insertion of a certain length of SSMF.
The calculation of the chirp value is relative to an arbitrary chosen reference
frequency wp, usually the intensity maximum of the frequency domain.

The chirp C(7) is calculated by

C(r) = —&_ (2.2)

In the wavelength domain the spectral intensity P(\) and the spectral phase
¢ = () is retrieved from the FROG graph. A further information is given
about the relative time delay tg,oup(w), at which the different wavelength com-
ponents of the measured pulse arrive in the FROG measurement device. As
complement to the chirp C(7) in the time domain, there is a corresponding
quantity g—f in the frequency domain, which is called group delay tgroup [22]

dy dp —\?

tg?"oup(w) = % = tgroup()\) = 5 . o c . (23)
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Figure 2.4: Extracted data from the FROG spectrogram shown in Fig. 2.3 in time
and frequency/wavelength domain using the retrieval algorithm. In the time domain
(a) the pulse intensity I(7), the temporal phase ¢(7) and the chirp C(7) is determined.
In the frequency or wavelength domain (b) the spectral power P()), the spectral phase
©(A) and the difference in the group delay tgroup(A) is shown.

Pulse intensity I(7) and spectral power P()A) are shown in Fig. 2.4 on a
normalized scale. The temporal phase ¢(7), the chirp C(7), the spectral phase
©(A) and the group delay tgroup(A) are relative quantities. The zero reference
is usually placed at the maxima of the pulse intensity and spectral power,
respectively.

2.2 Measurement of the frequency spectrum

Optical pulse sources used for OTDM applications have a repetition frequency
of typically 10 or 40 GHz. The carrier frequency of the pulses on the other hand
is about 193.5 THz, which corresponds to a wavelength of 1550 nm. A 1.0 ps
pulse covers around 200 oscillations of the E-field within its FWHM width. For
measurements of the optical carrier frequency or the pulse repetition frequency
an optical or an electrical spectrum analyzer are used, respectively.

Measurement with optical spectrum analyzer

The optical spectrum analyzer provides information about the frequency mode
spectrum of the generated pulse trains as shown in the example in Fig. [1.3.
In the frame of this work spectrum analyzers with a minimum resolution of
0.01 nm (1.25 GHz) were available. To date, the best resolution of < 0.24 pm
(< 30 MHz) is provided by an optical spectrum analyzer of the company APEX
[24]. In difference to grating based spectrum analyzers here an interferometric
method is used. It could be used e.g. for an exact evaluation of spectral
components of sub-harmonic components and the noise floor. For a 10 GHz
signal the optical mode spacing is 0.08 nm, a spectral width of 1.0 nm contains
12 modes.
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Measurement with electrical spectrum analyzer

The pulse train repetition frequency is measured by an electrical spectrum an-
alyzer (ESA). The optical signal needs to be converted into an RF signal by a
photodiode. The principal set-up of the measurement is shown in Fig. 2.5/ (a).
The incoming RF signal is multiplied with the sweep signal of a reference oscilla-
tor. At the mixer output a lower intermediate frequency is generated (frequency
conversion) for further evaluation. The measurement accuracy is limited by the
internal reference oscillators (cf. Fig. 2.7).

)
i

g & &

0  20G  80G 100G 120G
Frequency / Hz

Spectral Power Density / dBnvV3MHz

Figure 2.5: (a) Measurement principle of an eletrical spectrum analyzer [25], (b)
typical frequency spectrum of a 10 GHz pulse source.

The information obtained from this spectrum is the position and power of
the repetition frequency. Furthermore the distribution of noise components
around the carrier, which are composed from amplitude noise and phase noise
can be measured.

At the zero frequency the 1/f noise of the measurement device becomes
apparent. Amplitude noise (low frequency components) can be found in a
frequency range of some 10-100 MHz and around the carrier frequency of 10 GHz
due to frequency mixing as displayed in Fig.[2.5/ (b).

2.3 Noise measurements

Noise is composed of amplitude noise and phase noise (Fig. 2.6). The variation
of a pulse peak level from the average value is considered as amplitude noise
(AN). The variation of the temporal pulse position from its predetermined
position in the bit slot is caused by phase noise (PN).

The total noise is composed of random fluctuations and deterministic noise.
Random fluctuations are caused by the quantum nature of the emission and
by spontaneous amplification processes. Deterministic fluctuations can have
different origins such as an improper looking of harmonic modes in laser sources:
e.g. every second pulse is higher (or lower) than its successor. Q switching
and pulsation of pulse sources are further examples. Pattern effects due to
the saturation of active elements for amplification or absorption of data words
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Figure 2.6: Amplitude noise (red arrow) and phase noise (green arrow) indicated in
a measured data pulse eye. The width of pulse traces is partly broadened due to the
finite stability of the time reference (x-axis).

using the on-off-keying (OOK) modulation format can cause contributions to
systematic noise too. This problem increases with the data word length used.

Another problem is the conversion of amplitude noise into phase noise and
vice versa, which can occur already during the pulse generation or in a sub-
sequent pulse shaping and pulse transmission. This conversion is especially
observed for semiconductor materials due to the strong relation between refrac-
tive index and amplification, described by the line width enhancement factor,
also known as a-factor. As soon as fiber nonlinearities are used for optical pulse
manipulation and transmission this conversion becomes also apparent in fiber
links. A well-known example is the Gordon- Haus- Jitter [26].

The frequency resolved contributions of phase noise are of different impor-
tance for transmission systems. Low and mid-range frequency components up
to ~ 1 MHz can be tolerated by application of feedback loops and clock recovery
set-ups. Higher phase noise frequencies are more critical for error free operation
of OTDM systems because clock recovery circuits do not have the bandwidth
to generate synchronized reference signals. A fast realignment of control pulses
or switching windows for demultiplexer and receiver units becomes difficult.

2.3.1 Amplitude noise measurement

The amplitude noise can be measured with a sampling oscilloscope and a value
for the amplitude noise (AN) is derived from

AN = URMS(Vamplitude)

2.4
Vampl itude ( )

with o rars (Vamplitude) being the standard deviation of the maximum photo
detector voltage, which is measured in the pulse peak (cf. Fig.2.6) and with
Vamplitude being the average amplitude of the photo detector voltage [27]. This
method is used in the frame of the following work.

An alternative, not used in the frame of this work, is the evaluation of the
RF frequency spectrum of the pulse train in the frequency range from 0 Hz to

frep/2.
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2.3.2 Phase noise measurement

The discussion of methods for phase noise measurements is subject of a wide
number of publications [27,28, 29, 30, 31]. In the frame of this work only some
methods are used and detailed considerations are made hereafter.

Sampling oscilloscope measurement

The most simple method to measure the phase noise of a pulse train is to
use a sampling oscilloscope. The pulse trace is measured multiple times and
the standard distribution of the temporal pulse slope position is evaluated.
Such a phase noise measurement has a limited accuracy due to the phase noise
contribution of the time base of the electrical sampling oscilloscope. Typically
pulse-to-clock (pc) timing jitter values reach values of oryrs po = 180 fs. The
noise evaluation of a pulse train with a timing jitter below or around this value
is impossible or yields results with an increased measurement uncertainty. The
duration of the measurement, i.e. the number of evaluated traces, influences
the measured timing jitter values. Another drawback is the lack of information
about the frequency distribution of the phase noise.

The same limitations are apparent for optical sampling measurements, which
use the sampling oscilloscope as final monitoring unit.

Single Side Band (SSB) phase noise measurement

Another method often used to estimate the timing jitter is the measurement of
the single sideband (SSB) phase noise with an electrical spectrum analyzer (see
Fig.[2.7/(a)). This measurement provides also information about the frequency
distribution of the phase noise.

f =16 GHZ‘ § A0 I evice speification]
~ 204 % 2 - measured trace
2 S 60/
3 &
§£ 40| I g0
g 2
3 é ‘:,7;‘: 3
o qQ -60 i @ ~100-
T by k]
'g_ Rl ‘ © 1201
& -804 17 §
1 . 0 1401y AW
-15 10 -5 0 5 10 15 @ 1 10 100 1k 10k 100k 1M 10M100M 1G
@) fo=f-fy /MHz (b) Frequency Offset f_/Hz

Figure 2.7: (a) Single Side Band (SSB) phase noise evaluation (in principle), (b) com-
parison of lowest measured phase noise curves with the specifications of the electrical
spectrum analyzer [32].

The SSB phase noise level L(f,,) is the ratio of the power Pssp at the
frequency offset (f,) to the power Py at the carrier frequency fy. L(f,,) is
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related to 1 Hz bandwidth

L(f) = PSSB(gm)th (2.5)
0
The SSB phase noise level L(f,;,) can be measured around the carrier frequency
fy or around the n** harmonic n-fy of the carrier frequency of a pulse signal
with f,, = f—mn- fo. From the phase noise level L(f,,) of the n*” harmonic,
L(fy)n, the rms timing jitter o, can be calculated according to [33]

(n+3)-fo
1
Ome=gm (2 [ Llbmdu df (26)
n-fo

The measurement accuracy of the SSB phase noise level L(f,,) is limited
by the intrinsic phase noise of the electrical spectrum analyzer (ESA) used.
The manufacturer of the ESA provides device specifications for L(f,,) values
(black dots in Fig. 2.7 (b)) which represent the minimum noise level to be
measured by the device. The measured line in Fig.[2.7 (b) depicts results of a
SSB measurement using the RF synthesizer which is used as RF source for the
mode-locked lasers considered in this work.

As mentioned before, the total noise spectrum is composed of amplitude
noise and phase noise. Amplitude noise (low frequency components) can be
found around the carrier due to frequency mixing as displayed in Fig. 2.5 (a).
It is possible to estimate the contribution of amplitude noise by performing
measurements of L(f,,) at higher harmonics n. If the single side band mea-
surement reveals pure phase noise the timing jitter o,.,s is independent of
the measured harmonic n of the periodic signal. According to eqn. (2.6)
L(fm)n has therefore to be proportional to the order of the evaluated har-
monic n?. Based on the calculation with eqn. (2.6) for higher harmonics a
characteristic increase in the phase noise level has to be observed leading to
an difference of the phase noise level of A,y = L(fm)n 21 — L(fm)n = 1 with
Appeg) = 6 dB, Ap_g) = 9.5 dB, A,_qy = 12 dB.

Fig.|2.8/shows the SSB phase noise curves of the fundamental repetition fre-
quency and its higher harmonics for an EC-MLL operated at f.., = 5.5 GHz.
The timing jitter calculated with eqn. (2.6)) varied between oy, = 350 fs and
380 fs for the 7 harmonics measured.

As described in [27] the phase noise level L(fy,), is expected to increase
proportional to n?. On the other hand a noise level L(f,,), independent on n
indicates the presence of amplitude noise. Fig. 2.8 shows that L(f,,), for this
laser represents mainly phase noise up to the frequency offset of 10 MHz. For
frequency offsets higher than 10 MHz L(f,,),, is about constant which indicates
the presence of amplitude noise. Near a frequency offset of 1 GHz, the noise
floor of the electrical spectrum analyzer limits the measurements for harmonics
with frequencies > 26 GHz. Therefore the harmonics with N = 5 and n = 6
show an increased noise level for high frequency offsets of 1 GHz.
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Figure 2.8: (a) SSB Noise curves of higher harmonics and (b) difference of the phase
noise levels L(fm)n — L(fm)n=1 (averaged over frequency offsets f,, in [100 Hz -
10 MHz]) between nt" and 1°* harmonic.

For the calculation of the timing jitter according to eqn. 2.6, the SSB phase
noise level L(f,,;),=1 has to be integrated over the frequency offset interval,
ideally from the carrier frequency fp up to the Nyquist frequency fo+fp/2 [30].
For a 10 GHz pulse train this interval starts from f,, = 0 up to 5 GHz. In most
cases this is technically not possible. The ITU standard [34, 35] recommends an
evaluation between 20 kHz and 80 MHz for a 10 GHz pulse train. However, this
recommendation does not consider the experimental situation in many cases and
has not found a consequent use in the literature yet. In the present work, the
integration range from f,,, = 100 Hz to 10 MHz is used. Measurements below
100 Hz are falsified by the carrier signal itself due to the resolution bandwidth
and the stability of the internal frequency reference of the measurement device
(cf. Fig. 2.7 (b)). On the other hand the upper limit of 10 MHz is used in
order to exclude the eventual appearance of the amplitude noise components
as described above, but also by the noise floor of the spectrum analyzer (cf.

Fig3.2 (b)).

The jitter values obtained in this work are used to compare various pulse
sources. The deviation of these jitter values from the exact values can only be
estimated. Two estimates were performed. Using the cross correlation measure-
ments described below it is estimated that the neglect of frequencies > 10 MHz
in the integration range causes an error of less than 30 %. On the other hand
the error due to the neglect of the frequencies below 100 Hz is estimated using
an electrical sampling oscilloscope (see section 5.1). The experiments show,
that the estimated timing jitter for frequencies below 100 Hz is less than the
timing jitter of the oscilloscope, which is 180 fs.
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Cross correlation measurements

The cross correlation measurement method allows a timing jitter evaluation in
the time domain. The measurement follows the method described in [36]. As
an example autocorrelation measurements were made for a pulse train leaving
a semiconductor mode-locked laser operated with the repetition frequency of
5.5 GHz. This measurement was done for passive and hybrid mode-locking.

The pulse train is split by a 3 dB coupler into a short fiber branch (length 0)
and a long fiber branch of length I. First, the pulse width At is measured by
an autocorrelator at the output of the short fiber branch (Atac(0)) and at the
output of the long fiber branch (Atac(l)). It is used to determine the pulse
broadening due to the fiber dispersion. Second, the pulse width Atxc(l) is
measured by a cross-correlation measurement using the output of the short and
long fiber branch.

Here the measured pulse broadening is a combination of dispersion of one
pulse train in the long fiber branch and the timing jitter between both pulse
trains with on pulse train delayed with respect to the other.
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Figure 2.9: (a) measurement of pulse widths in cross-correlation (XC) and auto-
correlation (AC). (b) growth of calculated timing jitter values in dependence of the
pulse distance in cross correlation measurement for the both cases of passive and hybrid
mode-locking.

According to [36] the pulse-to-pulse timing jitter o,mspp can be calculated
now from the measured pulse width in consideration of the dispersion effect by

] (2.7)

2 2
Ormspp = 2.3;48 [Atxe(l)? - Etac(0) ;— Rtac)
were a gaussian shaped pulse was assumed. The relation between peak-to-
clock and peak-to-peak rms timing jitter is o,pmspe = arms,pp/ﬂ.

The formula 2.7 is strictly valid only for a gauss pulse [36]. oymspp depends
on the length of the fiber delay between the two cross correlated signals. Espe-
cially in the case of passive mode-locking no force keeps the pulses in their bit
slots which results in an increasing pulse to pulse mismatch. Fig.2.9 (a) shows
examples of measured correlation traces for a given length 1. Fig.[2.9 (b) shows
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results of timing jitter o, pe evaluation for passive and hybrid mode locking
of a semiconductor EC-MLL.

It is possible to identify the phase noise contribution of high frequency
components with the pulse broadening in cross correlation measurements at
fiber delay lengths of about 100 m. In case of hybrid mode-locking, a further
increase of the delay length ( > 100 m ) between both cross correlated pulse
trains caused minor deviations in the calculated timing jitter. Assuming a
refractive index of n = 1.45, the time for pulse propagation through a fiber of
the length of 100 m is about 484 ns, which is equal to a cross correlation between
the 1°¢ and the 4840 pulse of a 10 GHz pulse train or between the 1% and
the 2662 pulse of a 5.5 GHz pulse train as used in Fig.|2.9/ Cross correlation
measurements with a delay of 484 ns evaluate the frequency components with
froise = 2.0 MHz. For hybrid mode-locking an almost constant timing jitter
of about 0.4 ps is already reached within the error bars for a delay length of
100 m. In case of passive mode locking, there is a continued accumulation of
phase deviations between distant pulses. Here, the timing jitter is caused by
the missing synchronization reference.

Following [36] the cross-correlation measurements can be used to give an
estimate for the SSB-noise measurements. A cross-correlation with a delay
time T contains all timing fluctuations faster than 1/T. The delay T is related
to the fiber length by T = L/ <. Therefore, a delay length of L = 100 m contains
all timing fluctuations faster than 2 MHz, and a delay of L = 1500 m contains all
timing fluctuations faster than 140 kHz. The results in Fig.[2.9 (b) show that the
jitter for the hybrid mode-locked laser is about 0.4 ps for all timing fluctuations
faster than 2 MHz and faster than 140 kHz. Within the error bars these results
are in agreement with the SSB-phase noise measurements in the same frequency
range. An estimation on the error made by the limited integration interval of
the SSB phase noise measurements is made as follows. The integration of a
SSB phase noise curve in Fig. yields a jitter value of ogsp2 = 350 fs in
the integration range of 100 Hz to 10 MHz and ogsp1 = 230 fs in the
integration range between 100 Hz and 140 kHz. The jitter value 055, in
the integration range from 100 Hz to all higher frequencies is estimated by
035800 = 08581 T Ormsper With 0rms pe = 400 fs a jitter of 0558 00 = 460 fs
is obtained. It means, that the neglect of the integration range above 10 MHz
caused an error of about 30 %, which is an estimation for the maximum error
caused by the neglect of this frequency range.
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Chapter 3

Pulse Sources for
OTDM-systems

The most important optical pulse sources for OTDM systems and their prop-
erties are summarized in Tab. 3.1. The external cavity mode-locked laser (EC-
MLL) and the monolithic mode-locked laser (M-MLL) are investigated in this
work and will be described in detail in chapters/4 and[5. For comparison, pulse
generation by a solid state mode-locked laser, by an erbium doped fiber ring
laser (EFRL) and by cw light modulation with an electro absorptions modula-
tors (EAM) are discussed in this chapter.

Source pulse width tuning Pout
wavelength ‘ Srep
EC-MLL 1-3.5ps C-Band 1-20 GHz <1mW
M-MLL 1.6-50ps | £2.5nm | 40+£0.5 GHz ~ 1mW
Solid State MLL | 1.6 - 2.1 ps non 10£0.01 GHz 10 mW
EFRL 1.0 - 3.0 ps C-Band 404+1.0 GHz 10 mW
EAM > 3 ps C-Band < 40 GHz < 0.25 mW

Table 3.1: Comparison of pulse sources used for optical signal generation and
processing. All pulse sources cover the C-Band from 1530 nm to 1565 nm
and their assembly can be optimized for a specific wavelength and repetition
frequency. Once both parameters are chosen, their tunability vary from source
to source. The values listed here are according to the measurements carried out
for a pulse source comparison.

3.1 Constructive Interference of Optical Modes

The laser operation is limited to a frequency region, where the laser threshold
condition is satisfied. The width of the spectral frequency band Av covers
typically several longitudinal resonator modes N. The spectral mode structure
of the emitted light is determined - among other parameters - by the length L

21
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of the laser resonator and the group velocity vg,.. The optical resonator modes

oscillate at different frequencies with a frequency spacing Avg = ;"E between
neighboring modes.
The electrical field is given by
N
E(t) = Z Enexp{2mj[(vo + n - Avg)t] + ¢n} (3.1)
n=1

with E, the amplitude of the mode n, ¢,, the phase of the n**-mode and t the
actual time. If the phases of the optical modes are statistically distributed and
the amplitudes of all modes are equal to Ey, cw light emission with a power of
P=N- Eg is expected.

For the formation of a periodic optical signal a constructive interference of
optical modes is necessary. Therefore ¢, has to become equal for all modes after
each time interval given by the oscillation period in the resonator. For a mode-
locked laser the output power is a periodic function. The maximum power P of
a generated pulse train reaches P = N2 . Eg, while the average power remains
almost the same as for cw light emission [37]. The time-bandwidth product
K=AvAt limits the minimum pulse width in the spectral and temporal domain
and depends on the particular shape of a pulse. A selection of K values for the
most common pulse shapes is given in Tab. 2.2. The number of oscillating
modes N and the pulse width At are given by

N o~ At Ar (3.2)
vgr  Aug
K 2L K
A —_——= .
t Nuvg  Av (3:3)

With K = 0.3148 for the time-bandwidth product of transformation limited
sech? pulses, it is possible to derive an estimation on the number of modes
necessary for a particular pulse width. In case of 400 fs pulses with a repetition
frequency of 10 GHz the coupling of N ~ 100 optical modes is necessary. For
a repetition frequency of 40 GHz only 25 modes are necessary. Despite the
wider mode spacing the required spectral bandwidth remains unchanged. In
consequence, the determining parameter is the spectral width of the wavelength
region that complies the lasing threshold condition.

3.2 Mode-locked Laser

Constructive interference of several longitudinal optical modes is obtained by a
saturable absorber in the laser resonator, which is saturated only by high optical
powers. Constructive interference of several optical modes is necessary for a
sufficient saturation of the absorber. Optical modes oscillating with a different
phase will reach the unsaturated absorber and experience an attenuation. Only
optical modes, which (re-)start to oscillate with the same phase (mode-locked
laser operation) will pass the absorber. A prerequisite for mode-locking is a
lower saturation intensity for the saturable absorber than for the gain medium
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I abs < Is gain- This condition supports pulse amplification within the laser
resonator until an absorber bleaching is reached.

For the mode-locked laser operation three time constants have to be consid-
ered: 7, the absorber recovery time, 7, the recovery time of the gain medium
and 7. the cavity round trip time. The conditions for a stable mode-locking are
discussed in [38]. The most favorable situation in mode-locked laser is given by

Tu < T < Te (3.4)

The recovery time of the absorber has to be shorter than that of the gain
section in order to maintain the condition for a stable mode-locking by a higher
saturation intensity I 4ps. It prevents a multiple pulse emission such as Q-
switching within one cavity round trip period. The second relation is not sat-
isfied in semiconductor mode-locked lasers with recovery times of the order of
100 ps. In this case the situation is described by 7, < 7. < 7,, and leads to a
pulse emission with a lower peak power [38]. Higher gain currents can reduce
the recovery time 7, but it is limited to carrier transportation time scales of
the order of x-10 ps.

Mode-locked operation can be distinguished by the type of modulation. It
is possible to operate the free running laser, what is referred to as passive
mode-locking. Alternatively a combined active and passive mode-locking, also
known as hybrid mode-locking, can be performed by e.g. absorber or gain
modulation. Hybrid mode-locking is attractive because it combines the short
pulse width of passive mode-locking with the synchronization provided by an
external reference [39, 40].

For active modulation a sinusoidal or §-peak signal is used. A modulation
frequency equivalent to the cavity round trip frequency is considered as funda-
mental mode-locking. Active modulation at a multiple or an integer fraction
of the cavity round trip frequency is considered as harmonic or subharmonic
mode-locking.

3.2.1 Mode-locked Semiconductor Laser

Mode-locking of laser diodes is a method often used to generate short pulses.
Ref. [41] gives a review on mode-locked semiconductor lasers. Transform limited
pulses can be generated having a width of less than 1 ps at a repetition frequency
of several tens of GHz. Fundamental mode-locking is possible and promises low
jitter values. A discussion on this technique follows in section 5.4 in more detail.

A mode-locked semiconductor laser emits a train of pulses with a repetition
frequency f,¢, equal to the the cavity round-trip frequency and therefore the
frequency spacing Avg = ZLLT The facets of semiconductor laser diodes can
form a laser cavity due to the refractive index of the semiconductor material
of e.g. nge = 3.22 compared to surrounding air with ng;, = 1. Therefore the
operation of laser diodes with a typical length of about 300-500 pm corresponds
to a repetition frequency of 150 to 90 GHz. As the desired pulse repetition is at
10 GHz or 40 GHz, these very high repetition frequencies can not be utilized for
OTDM applications at present. Therefore, the cavity lengths of the laser diodes

are extended either monolithically or by an external resonator. The saturable
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absorber in the mode-locked laser can be generated by ion implantation or
by a reversed biased section in a multi-section laser. These arrangements are
discussed in the following.

Fig. shows several arrangements of mode-locked semiconductor lasers.
Fig.3.1l(a) depicts a two-section laser diode consisting of a gain and a saturable-
absorber (SA) section. The saturable absorber is provided by a short reversed
biased section. Fig.[3.1] (b) shows an external-cavity mode locked laser. The
saturable absorber may be generated either by ion-implantation in a single-
section laser diode or by using a reversed biased section of a two-section laser
diode (as shown in Fig.|3.1 (a)). In the frame of this work, the external-cavity
laser is investigated for both kinds of saturable absorbers. Both laser types are
discussed in section |4 and |5.
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Figure 3.1: Configurations of different semiconductor mode-locked lasers (not to scale)
[41]. (a) Laser diode consisting of a gain and a absorber section only, (b) laser diode

with an external cavity extension, (c) colliding pulse setup and (d) monolithic cavity
extension with phase section and DBR.

H

Figs. 3.1/ (¢) and [3.1 (d) show two examples of mode-locked lasers with
monolithically extended cavities. More details on the investigation of the laser
type shown in Fig.[3.1 (d), will be presented in sec.[5.3. Several other arrange-
ments are also possible. A disadvantage of the monolithically integrated pulse
source is the low tunability in repetition frequency and wavelength of about
Af =~ 500 MHz and AX = 5 nm. These properties are determined by the
optical path length of the diodes and the DBR grating, respectively. With a
change of the operation currents in the laser sections such as the phase shift
section (the passive section) minor differences in the pulse round trip time form
the target repetition frequency can be corrected. Nevertheless the variations in
the cavity length have to be kept in a small region, which requires exact cleav-
ing of the laser-chips and is not reached by simple means. In the colliding pulse
setup in Fig.[3.1 (c) the saturable absorber has to be centered exactly in the
middle of the cavity [41]. Advantages of semiconductor mode-locked lasers are
the compact set-up, the low driving current and the possibility of monolithic
integration together with the possibility of low cost mass production.
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3.2.2 Solid State Mode Locked laser

This type of laser consists of a solid state gain material and a separate absorber,
in this example a SESAM (Semiconductor saturable absorber mirror, Fig.3.2).
The main difference to the semiconductor laser is the separately provided gain
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Figure 3.2: (a) Mode-locked Solid State Laser set-up [42] and (b) comparison of the
measured single side band noise performance between the free running and stabilized
Solid State Laser. The laser was operated at a carrier frequency of 10 GHz.

by a solid state material such as Er:Yb:glass. Extensively more pump energy
has to be provided by a separate pump light source. The upper state of the
gain material has a longer carrier life time of ~ 1 ms compared to few ns of
in ITI-V semiconductor [20, 43]. Therefore the phase noise, especially at higher
frequencies, is as low as the noise of an RF synthesizer used as reference to
stabilize the pulse generation. In the SSB phase noise diagram in Fig. 3.2/ the
noise levels of the RF synthesizer, the free running solid state laser and the
stabilized laser are shown. An active modulation is not necessary and in case
of the gain also not possible. The stabilization of the cavity length is reached
by the realignment of the cavity mirror. The repetition frequency of the pulse
train is compared with an external RF frequency and a feedback signal for the
cavity control is derived. The emitted 10 GHz pulse train has a pulse width of
about 1.5 ps after a suitable length of DCF to compensate for a pulse chirp of
-1.2 ps/nm.

Solid state mode-locked lasers have a good noise performance with a timing
jitter as low as g,ms = 40 fs, which is similar to the timing jitter of the external
RF reference. The output power is several mW. Unfortunately commercially
available lasers of this type offer no tunability neither in wavelength nor in
repetition frequency. A monolithic integration of the laser cavity is not possible.

3.2.3 Harmonic mode-locking of a fiber ring laser

Fig. 3.3 (a) shows a typical set-up of a pulse source based on harmonic mode-
locking in erbium doped fiber ring lasers (EFRL). The pulses generated with
an EFRL have an almost sech? pulse shape, no pedestals and a low phase noise
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identical to the RF source used for synchronization. However, the stabilization
of the fiber ring is a rather elaborate task. The limited long term stability of
such a device is shown in Fig. 3.3 (b) and will be discussed here briefly. This
figure shows measurements of a section of the pulse train spectrum at different
times with a delay to the first measurement as indicated in this figure. Due
to the unavoidable length of a fiber ring resonator the fundamental repetition
frequency is of the order of MHz. Therefore, for operation at 40 GHz har-
monic mode-locking becomes essential. It requires exact suppression of lower
frequency components, e.g. caused by the slopes of the modulator window, am-
plitude fluctuations and polarization mode dispersion (PMD). However, due to
the limited perfection subharmonic components become apparent between the
optical mode comb corresponding to the 40 GHz repetition frequency. It reduces
the mode comb hight to values between 30 and 40 dB. The thermal influences
on the resonator need a permanent control of cavity length and temperature
in order to minimize wavelength drifts. In the worst case the cavity control
drops out and requires some time for a realignment as shown in Fig. (b)
with the rise of subharmonics. Such realignment can become an outage time in
system applications. The wavelength drifts are in the order of 0.01 nm and a
problem for applications using a modulation format based on phase shift key-
ing. If a stable operation point is found fiber ring laser generate pulse trains
with good pulse quality with respect to phase noise and pulse shape. However,
for application in laboratory environment or in flexible optical networks the
tedious alignment becomes a drawback. For cavity stabilization a set-up as
sophisticated as expensive is necessary.
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Figure 3.3: Harmonic mode-locked fiber ring laser: (a) set-up [44] and (b) the mea-
sured optical spectrum of a generated 40 GHz pulse at different times show wavelength
drifts in the order of 0.01 nm induced by an thermal changes in the cavity. A stable
suppression of subharmonics needs a careful alignment of the cavity length.

A number of publications deals with the optimization of this type of pulse
source. Symmetric, transform limited pulses at gigahertz rates are reported by
[45]. However, temperature changes affect the fiber length and lead to instabil-
ities. Stable operation is reached e.g. with a clock signal following the changes
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in cavity length [46]. Fine tuning of the wavelength as small as 0.0001 nm is
reported in [47]. The super-mode competition within the ring laser has to be
prevented to reduce noise figures. Suggested methods are the insert of a Fabry-
Perot-Filter [45] or dithering the erbium fibre at a kilohertz rate [48]. In a
1.28 Thit /s transmission experiment a 10 GHz fiber laser generated 3 ps pulses

which were modulated with a PRBS signal and compressed to pulses shorter
than 200 fs [49].

3.3 Modulation of cw- light

This optical pulse source comprises a CW laser and an electro-absorption mod-
ulator or a Mach-Zehnder modulator, which is driven by a high frequency sinus
signal. Here the set-up with an electro-absorption modulator is considered
solely (see Fig.3.4 (a)).

CW-light 40 GHz Pulse Train optical transmission
| CW-Laser | EAM | Autocorrelatorl
A _
'
i
40 GHz Sinus '}
i
(a) (b)

Figure 3.4: (a) Set-up for pulse generation with EAM and (b) transmission charac-
teristic of an EAM with a combination of dc voltage and a modulation voltage [50].

Unlike mode-locking of several oscillating laser modes, the combination of
a cw-light source with an electro absorption modulator relies on the generation
of a frequency spectrum near the frequency v = 193 THz (A = 1550 nm) of
the cw light. The amplitude of the cw light is modulated by the 40 GHz RF
signal applied to the EAM. If this RF signal would cause solely a sinusoidal
modulation of the 193 THz carrier signal there are just 3 optical modes at
192.96, 193.00 and 193.04 THz. But, as shown in Fig. 3.4/ (b), the transmission
window Ty (t) of the EAM can be shortened by a combination of DC bias with
the RF voltage and the carved pulse train is more exactly approximated by a
Fourier expansion of cosine terms

N
Tn(t) =) an-cos(n- 27 finoa -t + o) (3.5)

n=0

with the modulation frequency fioq of e.g. 40 GHz. The product frequen-
cies induced by the EA modulation are in phase due to the generation process.
Therefore an additional mode-locking is not necessary. Fig.[3.5 (a) shows the
corresponding spectrum (here the wavelengths) of a 40 GHz pulse train and (b)
the autocorrelation of the generated 6 ps pulses. Wide pulse tails between the
measured pulses reduce the contrast to values less than 25 dB (Fig. 3.5 (b)).
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Fig (3.5 (c) shows the SSB phase noise curve of the generated pulse train and
of the RF signal driving the EAM. The pulse generation by modulation of cw
light has a timing jitter determined solely by the RF source.
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Figure 3.5: (a) Spectrum, (b) Intensity Autocorrelation (linear scale) and (c) SSB
phase noise curve for a 40 GHz pulse train generated with a CW-Laser - EAM set-up

The electro-absorption modulators may be followed by an optical compres-
sion and/or optical regeneration stage. Using this technique 140 fs pulses were
obtained with a repetition frequency in the range of 6.67 - 18 GHz at a wave-
length of 1.54 - 1.553 pm [51]. In Ref. [52] pulses with 7 ps FWHM were com-
pressed using an optical amplification and reshaping, a so-called 2R regenerator,
based on self phase modulation in dispersion shifted fiber and subsequently opti-
cally filtered to provide transform limited 3 ps pulses. Using electro-absorption
modulation, transform limited 3-4 ps pulses at 40 GHz with a 20 dB extinction
ratio were reported in [53]. Here an improvement of the extinction ratio was
reached by cascading two EAMs.

A monolithic integration of light generation and modulation is possible as
shown in [54]. A combination of an EAM, a gain section and a DBR section
was used for nearly transform limited 4 ps pulse generation at 40 GHz.

A drawback of this pulse source is the low output power. Pulse width
and pulse contrast require subsequent pulse compression and pulse shaping
for OTDM applications at 160 Gbit/s and higher. An advantage is the fast
flexibility for choosing wavelength and repetition frequency. EAM based sources
are often used for experiments with non return to zero (NRZ) data format.



Chapter 4

Architectures of
Semiconductor Mode-Locked
Laser

This chapter describes the investigated configurations of mode-locked semicon-
ductor lasers (MLL), the external cavity mode-locked laser (EC-MLL) for a
pulse generation at repetition frequencies around 10 GHz and the monolithic
mode-locked laser (M-MLL) for repetition frequencies at 40 GHz. Both configu-
rations of the laser diode were based on a semiconductor material with a buried
heterostructure. Moreover the EC-MLL may have a saturable absorber (SA)
based on Ion implantation, or a reversed bias section. Antireflection coating
(AR) and electrical connection are important accessories of the semiconductor
MLL.

4.1 External Cavity Mode-Locked Laser, EC-MLL

Fig.l4.1 (a) depicts schematically the External Cavity Mode-Locked Laser (EC-
MLL) investigated in this work. It comprises a semiconductor laser diode in
an external cavity. The laser diodes are mounted on a diamond heat sink to
provide an efficient cooling during the laser operation. The laser diodes are
Fabry Perot lasers with an antireflection coating (AR) on one facet. At this
facet, the emitted light is collimated via a graded refractive index (GRIN) lens
onto a grating, which defines one of the two mirrors of the cavity. The other
mirror is given by the second facet of the laser diode. At this facet a saturable
absorber is placed to achieve the mode-locking. A part of the laser pulse leaves
the laser cavity at this facet and is coupled into a SSMF with a tapered fiber
end. The external cavity laser is tuneable in the repetition frequency by the
change of the grating position between 1 and 20 GHz and in the wavelength by
a change of the inclination of the grating. The laser diode is described in detail
in sec. 4.3.

The antireflection coating is described in detail in sec. [4.5. The antireflec-
tion coatings are optimized for just one wavelength which sets a limitation to
the tuning range, because of a rise of the residual reflectivity. In consequence

29
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Figure 4.1: (a) Schematic set-up of the optical pulse source and (b) photograph of
the laser diode with a gradient index lens on the left-hand side and a fiber taper on
the right-hand side.

the strength of the saturable absorber cannot suppress the emission of trailing
pulses. Another limitation of tunability to some 100 nm arises from the finite
gain spectrum of the laser medium [55]. The saturable absorber (SA) is gener-
ated either by ion-implantation in the facet of the laser diode or by a reversed
biased section of a two-section laser diode. More details on the saturable ab-
sorber (SA) are described in section 4.4. The electrical connection is provided
by bond wires between the bond pads of the heat sink and the laser diode. The
quality of this connection is considered in section 4.6l

4.2 Monolithic Mode-Locked Laser, M-MLL

In monolithic mode-locked semiconductor laser (M-MLL) diodes the extended
cavity section is formed by a passive optical wave guide extension of the semi-
conductor chip. Fig.|4.2 shows the structure of the monolithic laser diode and
the packaged M-MLL module.

The active section consists of a gain section and a saturable absorber section.
The absorber and gain section have an identical multi quantum well (MQW)
structure with 6 quantum wells. The absorber is operated with reversed bias.
The passive extension comprises phase sections, a platinum stripe-heater section
and a DBR section. The length of the sections is shown in tab.[4.1. The total
cavity length of the laser chip has to be 1100 pum in order to provide the cavity
round trip time of 25 ps.

The exact optical length depends of the refractive index which varies with
the number of grown MQWs (ref. also to [57]). The additional sections of
passive part of the monolithic cavity can be used for a increase of the refrac-
tive index by thermal effects (section with a platinum heater stripes) or for a
decrease of the refractive index by electrical effects (phase section for insertion
of additional carriers). Both facilitates to adjust the optical cavity length and
therefore provides the possibility for the tuning of the repetition frequency [56].
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Figure 4.2: (a) Schematic view of the monolithic mode-locked laser diode and its
integrated subelements and (b) the packaged M-MLL laser module. [56].

M-MLL section | SA | gain | Phasel | Pt heater | Phase2 | DBR | Total
length / um | 50 | 560 155 125 155 50 1100

Table 4.1: Length of the M-MLL sections. The EC-MLL investigated in Sec. 5.2
comprise the saturable absorber section and the gain section only with a total
length of 610 pm. For comparison: The implanted laser diodes have a shorter
length of about 300 pm.

The selection of a suitable gain current and absorber voltage are further pa-
rameters to change the repetition frequency. These possibilities are required
to compensate repetition frequency deviations caused by fabrication tolerances
in the M-MLL cavity length, e.g. tolerances in the waveguide width and the
thickness or tolerances of the cavity length caused by the cleaving of the waver.
In total it is possible to compensate for deviations of a few um by the refractive
changes in the different laser sections. The DBR section is used to define the
emission wavelength and includes the option of a fine tuning by 5 to 6 nanome-
ter (ref. to Fig.[5.9). The active and the passive sections are butt coupled
to minimize disturbing reflections within the laser resonator which is formed
by the facet on the absorber side by a highly reflective (HR) coated facet in
order to improve the cavity quality and the DBR section on the opposite end.
Disturbing influences of the facet of the DBR section side are reduced by an
antireflection (AR) coating. The laser output is coupled into a tapered fiber at
the DBR facet (Fig.[4.2).

4.3 The Laser Diode

Fig. [4.3] shows the structure of the 1.55 um InP laser diodes as they are used
for the EC-MLL and M-MLL. The waveguide width is w = 0.9 and 1.2 ym for

bulk and MQW laser diodes, respectively to ensure mono-mode (TEMyg) laser
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operation. For ion implantation laser diodes with a bulk structure! have to be
used. The MQW structure is the preferred choice for the MLL operated with
a reversed bias absorber. The active region has a thickness of 150...200 nm.
The buried heterostructure is grown with MOCVD technology. The active
region is surrounded by a material of higher band-gap material and lower re-
fractive index. Efficient and stable laser emission with low threshold currents
can be achieved due to the index guiding of the buried heterostructure. The
areas around the active material usually have a diode structure in opposite
p-n-sequence. Therefore, leak currents can be avoided but on the expense of
high parasitic capacities in the recombination regions. These capacities scale
with the RF frequency applied for modulation. As an alternative, low capacity
semi-insulating iron- blocking layers (InP:Fe) are introduced to circumvent this
drawback. The simultaneous advances in wave guiding, carrier confinement
and current guiding through the active area improves the modulation capabili-
ties of these lasers. Additionally, the RF modulation power required for active
(hybrid) modulation at frequencies up to 44 GHz can be kept reasonably low.
However, it does not change the frequency roll off which limits the modulation
frequency in general.

p-contakt_/ p-GalnAs/GalnAsP

P-InP:Zn
Current blocking layers:
tl ~ n" - InP barrier
W s.i. InP:Fe
1
1 active region:
n" - InP:Si buffer GalnAsP
Ay =1.55pum
n* - InP substrate d =150...200 nm
w=1.2 pm (MQW)
| 0.9 um (bulk)

(a)

Figure 4.3: (a) Schematic cross section of the buried heterostructure of the laser
diodes. The active laser waveguide consists of GalnAsP bulk or MQW material. (b)
REM picture of the bonded EC-MLL chip, (¢) EC-MLL chip mounted on a heat sink.

4.4 Saturable Absorbers

To achieve the hybrid mode-locking, a saturable absorber region has to be
placed within the laser chip. A saturable absorber can be defined by a sepa-
rate reversed bias section in a bulk or a MQW gain material. In laser diodes
with bulk material an absorber section was defined by an ion implantation
using nitrogen-, oxygen-, phosphorus ions or protons.Implantation by oxygen
or phosphor-ions has been investigated by other groups [58]. In the frame of

n case of MQW structures the volume of the active material available for an absorber
based on crystal defects is smaller and requires longer absorber sections either by higher im-
plantation energies, provided of their availability, or perpendicular implantation while shield-
ing the gain region.
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this work nitrogen ions were used for implantation of InGaAsP laser diodes
with a bulk structure, adopting a technique investigated in [59]. The implan-
tation of ions induces point defects in the semiconductor crystal, which act as
fast non-radiative recombination centers in the semiconductor crystal. Thus,
in consequence the carrier life time is reduced to picoseconds and satisfies the
absorber condition as stated in eqn. (3.4). However, after an implantation ther-
mal influences, already caused by high gain currents, have shown a complete
annealing and remove the absorber properties. By increasing the implantation
dose the formation of a stable defect cluster is obtained and provides a per-
manent saturable absorber characteristic. Further increase of the implantation
dose leads to amorphous structures or formation of poly-crystalline material
and provides a lower number of crystal defects acting as fast recombination
centers. It may destroy the band structure needed to operate the laser diode.
A detailed analysis for III-V materials can be found for GaAs in [60] and for
InP in [61, 62]. In consequence there is an optimum implantation dose for
a fast saturable absorption. The determination of the accurate implantation
dose for the laser diodes investigated in the frame of this work are typically of
the order of 1072e¢m™=2. The dose has to be determined individually for every
laser diode. This is done by controlling the change of laser threshold current
to higher values or the suppression of the switch on of the lasing in the typical
region of operation currents as depicted in Fig.[4.4 (b) with the dashed-dotted
lines. The final power-current (L-I-) curve should show a change of some 10 mA
or more to higher current values (dashed line) compared to the L-I- curve of
the laser diode before ion implantation.
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Figure 4.4: (a) schematic view of a bulk laser diode and implantation of N*2 ions at
one laser facet for saturable absorption and (b) L-I curves for the laser diode without
AR coating before ion implantation (solid line), after ion implantation (dash-dotted
lines), after thermal annealing (double dashed line) and further absorber annealing
(dashed line).

An annealing has to follow in order to finish the observed partial repair of
crystal defects in a short time. The absorber strength can be evaluated after-
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wards to confirm long term properties of the mode-locked operation. Otherwise
the dose has to be increased by an additional implantation step. The implan-
tations were carried out at the Hahn-Meitner-Institute in Berlin. The nitrogen
ions were implanted perpendicular onto a diode facet with a kinetic energy of
about 10 MeV. The energy defines the penetration depth, usually limited to 5 to
10 gm. The bulk structure is required for the implantation technique as MQW
structures showed a failure due to QW intermixing after an implantation.

The saturable absorber based on a separate reversed bias section avoids
the efforts of the implantation technique which is not everywhere and always
available. However, due to the longer time constants for carrier depletion the
trailing pulses become more critical for these lasers. A simple way to cope with
the longer absorber recovery time is the increase of the length of the laser diodes.
An optimization of the MQW structure, such as strained layers, focus on the
reduction of the carrier lifetime and carrier escape times. A further possibility
is to use absorber structures grown by MBE low temperature (200°C) epitaxy
which show shorter time constants for recombination processes (cf. e.g. [63]).
The shorter time constant is caused by additional recombination levels in the
energy band gap of the semiconductor. On the other hand, it requires higher
efforts on the technological process, e.g. by an additional selective area growth
process. In case of the M-MLL in total five instead of four growth steps would
be necessary.

4.5 Antireflection Coating

The refractive index of semiconductor laser diodes is determined by the refrac-
tive index of the active material InGaAsP, nr,qeasp = 3.5 and the surrounding
material (cadding) InP, ny,p = 3.22. The effective refractive index n.ss for the
spherical waves depend on the exact thickness d of the active material [64]. For
the investigated laser diodes d = 150 nm and n.ss has a value of 3.25. With
the surrounding air (ng = 1.0) the reflectivity R at each laser facet is given by
the plane-wave approximation

2
R= (M) = 0.28 (4.1)
Neff +np

This is a small value in comparison to the mirror reflection of R > 0.9 used
in other laser types, e.g. gas laser. However, due to the high gain coefficient g
of the semiconductor material of up to 10 cm™!, higher losses can be tolerated.
For optimization of the laser performance, the diode facets can be coated with
a suitable material to increase (HR) or decrease (AR) the facet reflection. By
experience made with this type of laser the operation of an EC-MLL requires
the AR coating with R < 10~ on one side of the semiconductor diode to achieve
a coupling to the external cavity and to suppress the emission of trailing pulses
(see Fig. 4.1).

The EC-MLLs investigated in this work were antireflection coated inside the
cavity while the M-MLL were antireflection (AR) coated at the output facet of
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the DBR side and high reflection (HR) coated at the absorber side (Fig.[4.2).
The AR-coating at the DBR end of the laser diode is required in order to avoid
a second resonator defined by the facet of the laser diode. Here a residual
reflectivity of the laser facet of R < 1073 is sufficient. This lower requirement
is adequate as the residual reflectivity is only relevant for the part of the laser
pulse, that is leaving the laser cavity. The antireflection coating is accomplished
by sputtering of TiOy and StOy materials on the facet. The energy balance of
a semitransparent laser mirror is

R+T+A=1 (4.2)

with R: the reflectivity, T: the transmission and A: the absorption of the inter-
face. The low absorption A is important in order to avoid a thermal destruction
of the AR coating and the facet at high laser intensities. During the sputtering
process, the sputter rate, the thickness and the Oo-partial pressure have to be
optimized for a specific target wavelength. The AR coating for a broader wave-
length region or for higher reflectivity /transmission requires a multiple layer
coating with layers, alternating with a higher- (H) and lower (L) refractive in-
dex. For a high reflectivity the sequence is LH(LH...), on the other hand for
antireflection coating the sequence is HLHLHL, were H = TiO9 and L = SiOs.
In the present work, only one pair of TiOy and SiOs coatings was sputtered.
The required thickness of both layers depends on the refractive index of the
semiconductor material, which has to be determined very precisely. By varia-
tion of the thickness an optimum replacement for a quarter wave layer is found

(Table [4.2).

Material refractive index thickness
Laser

active material NipGadsP = 3.9

cladding ny,p = 3.22

TiOy ny = 2.24 do = 123.7 nm
SiO9 n; = 1.48 d; = 183.2 nm
Air ng =1

Table 4.2: Parameters of the AR coating used for the layers deposited on one
laser facet for EC-MLL applications.

The quality of the AR coatings can be evaluated adopting a technique de-
scribed in [65, 66]. This method relies on the comparison of the ASE spectra
of the laser diode, which is operated without cavity and below threshold. The
spectral power density and the height of the mode comb are measured on the
front and back side of a laser diode to derive an information about of the gain
per round trip and the residual reflectivity. The detailed calculation of the AR
values can be found [65]. Fig. 4.5/ (a) shows the emission spectrum of a laser
diode, with an AR-coating on one facet. The optimum of the AR coating can
be identified by the disappearance of the mode comb, in this case at 1540 nm.

For the spectrum shown in Figld.5 (a) a residual reflectivity of the order
of 107 was achieved for wavelengths between 1535 nm and 1545 nm (b). For
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Figure 4.5: (a) Optical spectrum emitted from the AR coated facet of a laser diode
and (b) reflectivity of a laser diode with antireflection coating (AR) on one facet.

wavelengths outside of this range the residual reflectivity exceeds 1-1074. It
is possible to minimize the residual reflectivity for a broader wavelength range
by sputtering of e.g. 4 layers. However, each of these layers has to meet the
exact value of thickness otherwise the net result is an antireflection coating for
a wider wavelength range, but with a higher value for the residual reflectivity.

A strong reduction of the requirements on the accuracy of the AR coating
can be achieved by the use of bend waveguide structures. In this case, the
waveguide orientation of the laser diode is not perpendicular to the output
facet of the resonator. It has a bending with a final inclination of e.g. 7° at
the laser facet towards the inner side of the cavity. In consequence, the light
emitted into the external resonator has an inclination of about 20°, because
of the semiconductor/air interface. Most of the reflected light is leaving the
waveguide and thus, does not contribute to the rise of unwanted disturbing
trailing pulses in EC-MLL configurations. One example of EC-MLL with bent
waveguide was investigated. It was not possible to operate the laser without
antireflection coating in the external cavity. If antireflection coating remains
necessary, it has to be adapted to the new light path with an off-axis angle of
7°. In this case the evaluation of the AR-coating as described in Fig.[4.5 fails
to provide reasonable results for the optimization. A rather poor antireflection
coating provided a trailing pulse suppression (TPS) of 27 dB with the first run of
the laser coating. For laser diodes with a waveguide orientation perpendicular
to the output laser facet the coating has to be optimized in several steps to
reach a comparable trailing pulse suppression (TPS). A curved waveguide can
be grown with an off-axis angle of up to 15° and reduces the requirements on
antireflection coatings even further (cf. SOAs with a curved waveguide in [67]).
However, it becomes more and more difficult to handle the collimation of the
beam in the external cavity with a lens of high numerical aperture lens over the
lateral width of the laser facet.
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4.6 Electrical Connection

The mode-locking in pulse sources is most often achieved by a combination of
passive and active mode-locking. An effective carrier density modulation for
active mode-locking requires a low loss radio frequency (RF) connection into
the active laser region for the 10 GHz or even 40 GHz RF signals.

P/dBrel.

00 50 100 150 200 250 0.0 5.0 10.0 15.0

Frequency / GHz Frequency / GHz
(a) (b)

Figure 4.6: (a) RF Reflectivity and (b) optical small signal response of a semicon-
ductor laser diode as used for the EC MLL.

Limitations of the modulation capability can have several reasons. On the
one hand side there is the intrinsic modulation frequency limit in the semi-
conductor chip. On the other hand side external parameters such as parasitic
capacities of connection pads and connecting wires have to be minimized. The
connection between the external RF circuit and the laser chip cause a reduc-
tion of transmitted RF power onto the laser chip due the impedance mismatch.
The series resistance of the laser diodes is typically 3-5 €2 compared to the line
impedance with 50 2. Therefore a share of the RF modulation power will be
reflected. For an impedance matching a serial resistor can be introduced but
will not increase the submitted power. Alternatively, a circuit for impedance
matching can only be optimized for limited frequency bandwidth, e.g. be-
tween 10.0 GHz and 10.7 GHz as used for forward error correction (FEC) of a
10.0 GHz signal, but does not match the resistivity for the full tuning range of
an EC-MLL between 1 and 20 GHz.

In order to evaluate the electrical matching, S1; parameter measurements
have been done (cf. Fig. 4.6 (a)). For modulation frequencies close to 10 GHz
a reflectivity of < 5 dB is observed. For frequencies of 20 GHz and above, the
absorption of the bias-T causes a reduction in the measured reflected power.
Fig. [4.6 (b) shows the small signal response characteristic of the laser diode
for gain currents at 25 mA, 50 mA ...125 mA. The small signal frequency
response of the laser diode describes the modulation capability of the mode-
locked laser. The low pass behavior and the missing resonance peaks indicate
the reduction of the modulation power due to the impedance mismatch. For
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the series resistance values of the laser diode zp = 5 € and of the SMA wire
zr, = 50 Q a reflectivity r of 1 = (25 — 21)/(2g + 21) =~ 0.8 was expected

and is confirmed by electrical time domain reflectometry.

At a frequency of 10 GHz the modulation response decreased by 7.7 dB and
4.5 dB for gain currents of 50 and 125 mA, respectively. Oscillations in the
decreasing wings of the curves have to be attributed to resonances due to an
electrical mismatch of the bond wiring to the laser diode.

For the operation of a hybrid mode-locked 10 GHz laser, these losses can be
tolerated, e.g. by an increase of the modulation power. However, the operation
of a 40 GHz mode-locked laser requires an improvement of the RF connection
to enable a hybrid mode-locked operation. An improved RF connection was
implemented by the company ”u2t photonics” using a micro-strip connection
and an impedance matching circuit. The bandwidth for the RF matching was
about 1 GHz around the M-MLL operation frequency and allowed a hybrid
mode-locked operation with an RF power as low as 12 dBm. In other publica-
tions [68] open RF stubs were trimmed for optimization of the electrical circuit.
There the RF modulation power needed for hybrid mode-locking of a M-MLL
was reduced to -20 dBm at the Bias-T output.



Chapter 5

Performance Characteristics
of EC-MLL and M-MLL Pulse
Sources

In this chapter detailed investigations on the performance characteristics of the
different semiconductor mode-locked laser configurations, described in Chap-
ter |4 are reported. Namely the EC-MLL with different saturable absorbers
(SA) and the M-MLL are compared. The objective of the investigations was to
evaluate these configurations for their application as pulse source in a 640 Gbit/s
transmitter.

5.1 Characteristics of the EC-MLL with Saturable
Absorber based on Nitrogen Bombardment

5.1.1 Bias Conditions, Output Power, Pulse Width and Chirp

Fig.5.1 shows the power- current (L-I) characteristic of the EC-MLL. The three
insets are autocorrelation traces in three regions of the laser pulse emission. Due
to hysteresis a gain current of 53 mA is necessary to start the laser operation.
For steady state laser operation a minimum gain current of 35 mA is necessary.
If the gain current is larger than 45 mA, the EC-MLL pulses are accompanied
by a single satellite pulse (inset of Fig.[5.1). Due to the high gain current, the
round trip gain for trailing pulses is sufficient to saturate the absorber a second
time. At high gain currents the condition for stable mode-locking in eqn. (3.4)
is not fulfilled, because the gain recovery becomes faster. If the input current is
further increased above 72 mA, a second satellite pulse appears. The emission
of satellite pulses is connected with a change of the cavity round trip time
(repetition frequency of the passively mode-locked laser) and the output power
of the EC-MLL. The useful operation range of this particular EC-MLL is at
injection currents between 35 mA and 45 mA. This range (including the lowest
operation current) can be shifted to higher currents by a higher implantation
dose in the saturable absorber.

A FROG measurement was made for these laser pulses in order to evaluate

39
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Figure 5.1: EC-MLL with a saturable absorber (SA) based on Nitrogen bombardment:
L-I- characteristics with hysteresis and satellite pulses (inset: autocorrelation curves)
at higher gain currents.

the pulse shape and the chirp. A linear positive chirp of 150 GHz was observed
and corresponds to a wavelength dependent group delay tg,oup of 1 ps over the
spectral pulse width (FWHM) of 1.6 nm (cf. Fig.[2.4 and Eqn. 2.3). This slight
chirp can be compensated by transmission through a dispersive fiber with a
Dispersion of D = 1.0ps/1.6nm = 0.63ps/nm, approximately 30 m SSMF.

Within the operation range given by the gain current, it is possible to change
the wavelength over the complete C- band by the inclination of the grating.
For this wavelength tuning only minor changes of the pulse properties are ob-
served. The exchange of the grating with 300 lines/mm by a grating with 150
or 600 lines/mm has an influence on the ratio between spectral and temporal
pulse width and on the phase noise of the laser (Tab.5.1) and will be discussed
in Section [5.4.2.

grating spectral width | temporal width | timing jitter
[lines/mm)] [nm)] [ps] [fs]
150 2.1 1.3 190
300 1.4 2.1 140
600 0.8 3.2 70

Table 5.1: Comparison of pulse properties generated by the EC-MLL using
gratings with 150, 300 and 600 lines/mm.

Gratings with 150, 300 and 600 lines/mm caused a temporal width of 1.3,
2.1 and 3.2 ps and a spectral width of 2.1 nm to 1.4 nm and 0.8 nm, respectively.
By the change of the gratings the timing jitter was measured as 190 fs, 140 fs
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and 70 fs, respectively. This will be considered in more detail in Sec. 5.4.2.
In the measurements the same RF synthesizer with a constant RF modulation
power was applied. For example, a frequency spectrum for the laser operated
with a grating with 600 lines/mm is shown in Fig.[1.3|

5.1.2 Noise Characteristics

Fig. [5.2] shows measurements of the RF spectrum of the EC-MLL. The RF
spectrum was measured from 0 to 13 GHz (Fig. 5.2 (a)) and shows a clean
carrier signal. Disturbing frequencies, e.g. caused by amplitude modulations,
are suppressed to 70 dB below the carrier signal. Fig. (b) depicts the
measured SSB phase noise for the EC-MLL. The EC-MLL was operated at
1550 nm with a gain current of 37 mA, which is close to the threshold. The
generated pulses had a width of 2.1 ps.

A
S

SSB Phase Noise
fo = 9.95328 GHz

RF Smdhm

fc=9.953 GHz

&
i

&
2

10 100 1k 10k 100k 1M 10M100M 1G
(b) Frequency Offset f_/ Hz

00 20 80 100 120
Frequency / GHz

Spectral Power Density / dBm/3MHz
SSB Phase Noise I_Ievel L(f )/ dBc/Hz
)

o

Figure 5.2: (a) RF-spectrum between 0 to 13 GHz and (b) single side band (SSB)
phase noise spectrum of the EC-MLL.

A timing jitter of 70 fs was obtained for the EC-MLL by the integration
within a frequency offset interval between 100 Hz to 10 MHz from the carrier
frequency as discussed in sec. 2.3. An RF source with a jitter of 50 fs and
an RF power of 29 dBm was used. Since the integration range of the SSB
phase noise measurement technique is limited as an alternative an electrical
sampling oscilloscope was used for timing jitter evaluation in particular for the
low frequency components f,, < 100 Hz. The timing jitter o,,,s was measured
to be 210 fs, including a jitter of 180 fs caused by the sampling oscilloscope. A
rough estimation yields that phase noise with frequencies below 100 Hz add not
more that 100 fs to the total jitter value. However, these components are not
relevant if a clock recovery is used in the transmission set-up. The amplitude
noise (AN) of this laser was measured to AN < 2 %.



CHAPTER 5. PERFORMANCE CHARACTERISTICS OF EC-MLL AND M-MLL
PULSE SOURCES 42

5.1.3 Locking and Tuning Range of the Pulse Repetition Fre-
quency

Fig. 5.3 (a) depicts the timing jitter of a hybrid mode-locked laser versus the
detuning of the RF modulation frequency f,., from the repetition frequency
fo passive M = 9.95634 GHz of the passively mode-locked laser. The detuning
characterizes the locking range of the laser cavity, if the other pulse charac-
teristics can be kept almost unchanged. This measurement was repeated for
different RF modulation powers. Hereby a large share of the RF power is lost
due the resistivity mismatch (cf. sec.(4.6).
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Figure 5.3: (a) Timing jitter of the EC-MLL measured with the SSB noise mea-
surement versus the detuning of the external synchronization frequency at different
RF power. (b) minimum timing jitter and locking range in dependence of the RF
modulation power.

For hybrid mode-locking the lowest timing jitter is measured for the rep-
etition frequencies lower than the corresponding repetition frequency of the
passively mode-locked laser. The RF modulation yields an increase of the tem-
perature of the device and leads to an increase of the refractive index of the
laser chip. In consequence the optimum modulation frequency is shifted up to
15 MHz towards lower values.

For an RF modulation power of 30 dBm applied to the bias-T (ref. Fig.!4.1)
the timing jitter remained below 100 fs in a tuning range of 30 MHz. At the
edges of the tuning range a strong increase occurred until the hybrid mode-
locking became instable. With the reduction of the modulation power the
tuning range becomes smaller and eventually the hybrid mode-locking becomes
too weak to provide timing jitter values below 100 fs (Fig.[5.3 (b)). An increase
of the modulation power reduces the timing jitter value down to 50 fs, however
this reduction saturates. For these measurements a grating with 600 lines/mm
and an RF-synthesizer with a SSB-phase noise of o5 = 40 fs [100 Hz -
10 MHz]. The pulse width of the hybrid mode-locked laser was < 1.2 times the
transformation limit for a sech? pulse shape in the 30 MHz tuning range.
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5.2 Characteristics of the EC-MLL with Saturable
Absorber based on a Reversed Bias Section

The laser set-up described in section [5.1 requires an elaborate implantation
of Nitrogen Ions into a laser diode with bulk structure to form a saturable
absorber for mode-locking. As an alternative, laser diodes with multiquantum
well structure were fabricated at HHI. The laser diodes are subdivided into two
sections. One of the two sections was operated with a reversed biased section
as a saturable absorber. The active waveguide of this laser structure had 6
quantum wells. The length of the gain section was 560 pm and the absorber
had a length of 50 ym. Both sections were separated by a 20 pm region without
electrical contact in order to provide an electrical separation of 2.8 to 3.8 k2
between the gain and the absorber section. For the investigated laser diode the
antireflection coating of the laser facet inside the laser resonator has a remaining
reflectivity in the order of 1075, The grating of the investigated laser cavity had
300 lines/mm and was not changed for the investigations described in Chap.5.2.
As show later (Fig.[5.12), a change of the grating has a influence on pulse width
and timing jitter too.

5.2.1 Bias Conditions, Pulse Width and Chirp

The performance of the EC-MLL with a two section mode-locked laser depends
on the two parameters gain current I q;, and absorber voltage Ug,,. In the fol-
lowing the absorber voltage is written as a positive value, although it represents
a reversed bias.

Fig.[5.4 (a) shows the region of mode-locked laser operation (grey area) in
dependence of the gain current and the absorber voltage. The higher the gain
current, the higher the absorber voltage has to be for sufficient mode-locking.
At gain currents less than 60 mA, the generated pulses were broad and showed
wide pulse tails, which indicates incomplete mode-locking. Optimum mode-
locking characteristic was possible at gain currents above 60 mA and absorber
voltages between 1.0 V and 3.5 V. Higher absorber voltages were not applied
in order to avoid a failure due to a break through of the laser diode. The laser
operation was limited for each gain current by a maximum absorber voltage
(describing the absorber strength). The pulses with shortest temporal width
were observed at this limit (the lower borderline of the grey area in Fig. 5.4).

Fig. 5.4 (b) displays the temporal and spectral pulse widths for a selected
gain current of 90 mA in dependence of the absorber voltage. The exact position
of the mode-locking area in Fig.|5.4 depends on the alignment of the laser cavity
and the grating, which is used in this resonator set-up.

The emitted pulses had a time-bandwidth product of 1.5 to 2.0 times the
time-bandwidth of transformation-limited sech? pulses. Especially for low ab-
sorber voltages a higher time-bandwidth product was measured. In order to
investigate the chirp, the generated pulses were transmitted over several sec-
tions of SSMF and the pulse width was measured versus the SSMF length.
These measurements were taken at a constant gain current of 90 mA and an
absorber voltage of 1.9 V, where the RF frequency spectrum showed low con-
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Figure 5.4: (a) Bias conditions for the passive mode-locked laser operation of the
EC-MLL and (b) Temporal and spectral pulse width in dependence of the absorber
voltage at a constant gain current Iyq;,, = 90 mA and a grating with 300 lines/mm.

tributions from amplitude noise ( cf. Fig. 2.5 (b) ). The emission wavelength
was 1550 nm and the cavity length was kept constant during the measurements.
The spectral pulse width was 2.1 nm and 1.5 nm for hybrid mode-locking with
gain modulation and hybrid mode-locking with absorber modulation, respec-
tively. Simultaneously a temporal pulse width of 2.7 ps and 3.5 ps, respectively,
was measured.

It was possible to compensate the chirp by transmitting the pulses through
an appropriate length of 50 and 90 m SSMF for gain and absorber modulation,
respectively. A SSMF fiber length of 20 m was already necessary for the mea-
surement set-up being used. The observed chirp of the emitted pulse train is
due to the self-phase modulation caused by gain saturation in the gain section,
which is not compensated inside the cavity (cf. [69, 70]).

The minimum pulse width was 1.4 ps and 1.7 ps for gain and absorber
modulation. It counts to 1.1 times the transformation limit of sech? pulses for
both of the hybrid mode-locking operations.

5.2.2 Noise Performance, Trailing Pulses and Pulse Power

Fig. 5.5/ (a) shows the timing jitter of the generated pulse train versus the
absorber voltage. The gain current was kept at 90 mA. The lowest timing
jitter of the hybrid mode-locked laser (absorber modulation) was o;.,,s=55 fs
was measured at an absorber voltage of 1.0 V and increased for higher absorber
voltages. Therefore the generation of shortest pulses is accompanied by a higher
timing jitter (cf. Fig.[5.4/(b)). Fig. 5.5 (b) shows the fiber coupled average power
of the pulse train. With an increase of the absorber voltage the output power
was reduced from 0.69 mW to 0.3 mW. For stable mode-locked operation the
maximum output power for this laser was 0.46 mW (-3.4 dBm) at Ugs = 1.0 V.
The trailing pulse suppression (cf. Fig.|1.2) can be increased from 14 dB at
the onset of complete mode-locking to 32 dB for absorber voltages of 1.5 V and
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Figure 5.5: (a) Timing jitter versus absorber voltage, (b) Trailing pulse suppression

and output power in dependence of the absorber voltage. Both measured at a gain
current Igqs, of 90 mA. The absorber section was hybrid mode-locked with an RF
power of 20 dBm.

above. For higher absorber voltages there is no further improvement.

5.2.3 Comparison of GGain and Absorber Modulation

The two section laser device in the EC-MLL enables both, gain or absorber mod-
ulation by applying an external RF signal. Therefore the question is, whether
there is an advantage for one or the other RF modulation with respect to
the pulse width and jitter of the EC-MLL. The bias condition was chosen to
Lyain = 90 mA and Ugs = 1.7 V.
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Figure 5.6: Comparison of gain and absorber modulation for hybrid mode-locking:
Timing jitter (a) in dependence on the external modulation power and RF spectrum
between 0 and 13 GHz for a modulation power of 20 dBm and 30 dBm, respectively

(b).
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Fig. 5.6 (a) compares the SSB phase noise curves and Fig. 5.6/ (b) the RF
spectrum of the 10 GHz pulse train for gain- and absorber modulation. The
maximum RF power was 30 dBm for gain modulation and 20 dBm for absorber
modulation. Despite the lower modulation power the timing jitter o, = 80 fs
for the absorber modulation was comparable with the timing jitter performance
of gpms = 70 fs for the gain modulation.

The RF spectrum for absorber modulation showed slightly lower amplitude
noise components close to the zero frequency and as mixing product around the
carrier frequency.

5.3 Characteristics of the M-MLL

The architecture of the monolithic 40 GHz mode-locked laser (M-MLL) and its
module packaging are described in Chapter 4 (cf. Fig.[4.2). In the following
the basic properties of this M-MLL are discussed.

5.3.1 Bias Conditions, Pulse Width and Output power

In Fig. (a), the grey area represents the region of absorber voltages U g,s and
gain currents Iyqi,, where a stable mode-locking is possible at the fundamental
pulse repetition frequency of 40 GHz. Light grey squares represent a short pulse
width and dark gray a broad pulse width. For high absorber voltages the pulse
width is shorter than for low absorber voltages.
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Figure 5.7: (a) Pulse widths of the M-MLL for different bias conditions at the gain and
absorber section [71]. (b) Spectral pulse width, fiber coupled output power and pulse
width versus absorber voltage at a constant gain current of 130 mA. Both diagrams
were measured in passive mode-locked laser operation.

The operation region of the M-MLL is qualitatively similar to that of the
EC-MLL with a saturable absorber based on a reversed bias section as shown
in Fig.[5.4. For higher Ug, a higher I 4, is required in order to overcome the
additional losses of the saturable absorber. The operation of the M-MLL at a
repetition frequency of 40 GHz instead of the EC-MLL at a repetition frequency
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of 10 GHz requires a slightly higher gain current, as shown in Fig.[5.7/compared
to Fig. [5.4.

As Fig. 5.7 (b) shows, the pulse width At decreases from 6.0 ps to 1.8 ps
for increasing Uy, at a given Iju;, = 130 mA. Simultaneously, the spectral
width Av increases, such that the time-bandwidth product AvAt remains
between 1.1 and 1.4 times the time-bandwidth product of transformation
limited sech? pulses. The output power is reduced from P,,; = 1.65 mW to
1.03 mW within the region of stable mode-locking. Distinct changes of the
pulse width and of the output power at Uy, = 0.7 V and for the output power
also at Uy, = 2.7 V can be explained in context of the noise properties of the
M-MLL, which are discussed in the next section.

5.3.2 Noise Properties and Chirp

Fig. (a) shows measurements of RF spectra at a given gain current
Iyain = 130 mA for various values of the absorber voltages Ug,. The ab-
sorber voltage was increased from 0.0 V to 3.0 V in 0.3 V steps. For absorber
voltages Ugps below 0.9 V a multiple of spikes appeared in the frequency spec-
trum close the zero and as mixing products around the carrier signal. Such
spikes indicate Q switching operation of the laser. An increase of the absorber
voltage to Uy > 0.9 V caused these spikes to disappear and enabled a
mode-locking at one stable pulse repetition frequency close to 40 GHz. With a
further increase of the absorber voltage the amplitude noise components close
to zero became apparent (cf. Sec.[2.3) and eventually, for absorber voltages at
Ugaps > 2.4V, the laser operation changed from the so-called cw- mode-locking
to the Q switched mode-locking [72]. In the RF spectrum the Q switching can
be identified by frequency components at 3.5 GHz, its multiples and the mixing
frequencies around the carrier.
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Figure 5.8: (a) Influence of the absorber voltage on the RF spectrum and (b) on the
timing jitter and the amplitude noise.

Such instable mode-locking, also known as pulsation, was not observed for
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mode-locked laser diodes operated in the EC-MLL at 10 GHz, although a slight
increase of amplitude noise components and timing jitter was also found there
for high absorber voltages.

Fig. (b) shows the timing jitter and the amplitude noise in dependence
of the absorber voltage. The measurements were performed with an electrical
spectrum analyzer (SSB phase noise measurement) and a sampling oscilloscope,
respectively (cf. sec.2.3). The amplitude noise is reduced if the absorber voltage
was increased to 0.9 V and a stable mode-locking operation became possible.
However, higher absorber voltages cause an increase of the amplitude noise
from 3 % to 10 % for an increase of the voltage from 0.9 V to 2.4 V. For higher
absorber voltages the pulsation starts to destroy a stable pulse train generation.
The comparison of the results in Fig. 5.7 (b) with those in Fig. 5.8 (a) show,
that it will not be possible to optimize the pulse generation by the M-MLL for
a narrow pulse width At and a pulse train with a low noise simultaneously [71].

The pulse quality of the M-MLL was investigated using FROG measure-
ments. The M-MLL was operated with a gain current Iy4;, = 130 mA and the
absorber voltage was varied from Ugs = 1.5 V to 2.5 V. An almost linear blue
chirp in the order of 100 GHz was measured over the pulse center, which could
be compensated by about 10 m of SSMF. An increase of the absorber voltage
Uaps from 1.5 V to 2.5 V leads to a wavelength shift to shorter wavelength
but was accompanied by a spectral broadening. The FROG traces shows the
reduction in temporal pulse width on expense of an increase of the spectral
width. A good pulse quality was only be identified for absorber voltages up to
Uaps = 2.5 V.

5.3.3 Locking Range, Repetition Frequency and Wavelength
Tuning

A major challenge for the development of a M-MLL is a sufficient tunability
of the pulse repetition frequency and the wavelength. A certain tunability
is needed to compensate for repetition frequency and wavelength deviations
caused by production tolerances of a M-MLL, e.g. to meet the ITU frequency
standards. Simultaneously, the properties of the generated pulses, especially the
noise performance has to be maintained. Fig.'5.9 shows the timing jitter for the
tuning of the repetition frequency by the change of the external synchronization
frequency. For a locking range of 175 MHz the timing jitter remained below
100 fs (the integration range was 100 Hz to 10 MHz).

Additional repetition frequency tuning of up to 500 MHz is possible by
changing the gain current and absorber voltage simultaneously, similar to results
in [56]. This tuning range can be further increased by carrier injection into the
phase shift sections and by thermal phase shifting. Other publications [73]
report on tuning ranges of up to 1 GHz.

The emission wavelength is determined by the periodicity of the DBR grat-
ing. Wavelength changes of about 5 nm towards lower wavelengths are possible
by a current injection into this section. The change of the wavelength shows
discrete steps rather than a continuous shift. The intermediate wavelengths can
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Figure 5.9: (a) Timing Jitter of a M-MLL for the variation of the synchronization
frequency. (b) Tuning of the emission wavelength by current injection into the DBR
section.

be attuned by an additional carrier injection into a phase section of the M-MLL
(cf. also [74, 75]).

Unfortunately, the change of one parameter also affects the total perfor-
mance. Therefore a readjustment of other operation parameters can become
necessary.

5.4 Low Noise Pulse Generation with Mode-Locked
Semiconductor Lasers

The importance of a low phase noise of pulse trains for high data rate OTDM
applications was pointed out in chap. 1l An example is shown in sec./A.1. In
the following sec.|5.4.1 the characteristics of the phase noise curves of MLL are
considered in detail.

The main possibilities to reach low phase noise laser operation can be dis-
tinguish in 1% a suitable choice of the parameters of the semiconductor laser
material and the laser cavity set-up, 2" the choice of optimum laser opera-
tion conditions and 3" the noise reduction by a subsequent phase stabilization.
The 1% group comprises design features of the semiconductor material such
as the introduction of an iron blocking layer in the semiconductor material as
discussed in sec. and an increase of the saturation energy, e.g. with the
reduction of the number of quantum wells [76, 57]. Once the semiconductor
material is grown only the set-up of the laser cavity can be changed. Here a
high cavity quality helps to reduce the injection current and consequently also
the amount of spontaneously emitted photons. For an increase of the cavity
quality high reflection (HR-) coatings can be sputtered onto the facet of the
cavity end. A further cavity parameter is the spectral filter bandwidth in the
cavity as will be discussed in sec. [5.4.2. As a 2" step the choice of operation



CHAPTER 5. PERFORMANCE CHARACTERISTICS OF EC-MLL AND M-MLL
PULSE SOURCES 50

conditions is important. This was discussed in the preceding sections of this
chapter. In a third step subsequent methods for phase stabilization such as
the application of feedback loops can be used. The last method suffers from
the limited bandwidth of e.g. electrical loop setups. Especially the disturbing
phase noise components in the high frequency range cannot be removed. The
set-up of a laser operated with a feedback loop as discussed in appendix A.2.1
did not show an advantage in comparison to the precautions addressed in the
first and the second place.

5.4.1 General Characteristics of the SSB Phase Noise Curves

In Fig.[5.10 the SSB phase noise curve of a EC-MLL as investigated in Sec. /5.1 is
displayed for hybrid and passive mode-locking. For comparison the SSB phase
noise curve of the RF synthesizer is shown. Three different regions A, B and
C of the SSB-phase noise characteristics of the hybrid mode-locked laser are
defined, which apply to all laser configurations investigated in sections [5.1] -
5.3.

— Passiv Nbde—Locking
—— Hybrid Mode-Locking
—— RF Synthesizer
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Figure 5.10: Characteristics of the single side band curves for a EC-MLL in passive
mode-locking, hybrid mode-locking and the corresponding RF source for the active
mode-locking part.

A strong dependence on the phase noise of the driving RF-generator is
obtained for offset frequencies below 100 kHz (region A). On the other hand,
for offset frequencies between 100 kHz and 1 MHz (region B), the phase noise
behavior shows a transition from the phase noise of the RF-generator to that of
the passively mode-locked laser. Above 1 MHz (region C) the SSB phase noise
is clearly determined by the EC-MLL. In dependence on the RF coupling and
the laser structure the frequency range of these regions show a slight variation
[77].

Fig.5.11 (a) shows the measurement of the SSB phase noise curve of the
EC-MLL in dependence of the modulation power. Within the integration range
between 100 Hz and 10 MHz, the timing jitter values have been measured down
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to grms = 120 fs at an RF-power of 25 dBm. This is close to the timing jitter
of opms = 105 fs of the RF oscillator used in these measurements. Most of
the RF power is lost due to electrical mismatch between the laser diode and
the connecting RF wires. The SSB phase noise curves shown in Fig. 5.11 (a)
depend on the powers applied onto the bias-T. The signal RF power transferred
to the chip is estimated taking into account the impedance mismatch between
50 Q connection and the semiconductor laser chip with 5 € to about 20% of
this value.
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Figure 5.11: (a) This picture describes the influence of the driving power on the single
side-band phase noise curves. The EC-MLL had a repetition frequency of 10 GHz.
Fig. [5.11 (b) shows the reduction of timing jitter close to values of the synthesizer
for maximum modulation power of 25 dB. The Jitter values for the lower and upper
side-band are equal.

In Fig.[5.11 (a) the three regions (A-C) of the frequency offset can be identi-
fied as explained in Fig.[5.10. However these sections depend on the modulation
strength. In the region A up to 100 kHz, the EC-MLL phase noise level can be
reduced down to the oscillator phase noise level by hybrid mode-locking. In the
region C (above 100 kHz for an RF power about 5 dBm and above 10 MHz for
an RF power about 22 dBm) an increase of modulation power does not change
the phase noise level. For this frequency offset the phase noise is determined
by the passive mode-locking behavior. In the transition region B, the phase
noise level can be further reduced by applying a higher modulation power. For
a modulation power of 25 dBm the phase noise level is -120 dBc (Fig.[5.11 (a)).

Fig.5.11 (b) shows the timing jitter evaluation for the RF power of 25 dBm.
The integration over the frequency offset range according to eqn. [2.6/is subdi-
vided into intervals for each offset decade and the jitter is calculated for these
intervals. It reveals a high jitter contribution from low offset frequency com-
ponents to the total jitter value. It is caused by the noise of the RF oscillator
driving the laser and the evaluation limits of the electrical spectrum analyzer.
Another contribution originates from high frequency offsets, where the laser
does not follow the oscillator noise performance but shows additional, intrinsic
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contributions to the phase noise.

The noise behavior shown in Fig. [5.11 could be identified for all mode-
locked laser described in this chapter. Differences may occur for the exact
position of the passive mode-locking according to the resonator quality and for
the required RF modulation power due to the different RF coupling quality (cf.
also sec. 5.2.3). This synchronization behavior is also observed for other laser
types, e.g. DFB laser as discussed in [78§].

5.4.2 Compromise Between Pulse Width and Timing Jitter Op-
timization

By the choice of the grating of the EC-MLL (cf. Fig.[4.1), it is possible to
change the width of the generated pulses. For gratings with 150 lines/mm it was
possible to generate 1.2 ps pulses but with a timing jitter of ogyrs = 190 fs.
For gratings with smaller spectral bandwidth (e.g. 600 lines/mm) the pulse
width increased to 3.2 ps while the timing jitter was reduced down to values
of opms = 70 fs. Fig.[5.12 (a) shows this dependence for three different laser
diodes. Similar results are discussed in [79].

Gratings with less lines/mm lead to a broader spectral filtering. Therefore
the spectral width Av in eqn. 3.3 broadens and the temporal pulse width At
becomes consequently shorter. However, this decrease of the temporal pulse
width is accompanied by an increase of the timing jitter as Fig.[5.12 (a) shows.
The timing jitter increases with an increase of the spectral width Av, because
a larger amount of spontaneously emitted photons are coupled into the cavity.
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Figure 5.12: (a) Timing jitter versus pulse width for three different laser diodes. The
change of the pulse width is obtained by the exchange of the gratings in each of the
EC-MLL. (b) Pulse shape for laser #1 with different gratings.

On the other hand side gratings with a narrow filter bandwidth, i.e. more
lines/mm, filter out more spontaneous emission. This is achieved on expense of
a broader temporal pulse width. Furthermore, the spontaneous emission within
the narrow filter bandwidth cannot be switched off. However, the temporal
broader pulses experience a stronger retiming by the active modulation envelope
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[28]. Therefore the influence of the remaining spontaneous emission onto the
temporal pulse position in the cavity will be better suppressed.

The improvement of the timing jitter behavior of three different lasers is
shown in Fig.5.12| The lasers differ in the laser chip used and the modulation
capability. All laser were semiconductor EC-MLL, thereof Laser #1 and #2
comprised a bulk laser diode with ion implanted saturable absorber and Laser
#3 comprised a two section laser diode with a reversed biased absorber section.
Laser #1 was operated at 5.5 GHz and the cavity end was defined by a grating
with 150, 300, 900 and 1200 lines/mm. For the application of a grating with
150 lines/mm a strong increase in the timing jitter but no reduction of the pulse
width was observed with respect to the results for the grating with 300 lines/mm
grating. For a very narrow optical bandwidth filtering (1200 lines/mm) the
spatial pulse width exceeds the absorber length and an effective mode-locking
becomes impossible (Fig.[5.12 (b)). This defines the limits of the change of the
spectral bandwidth. EC-MLL #2 and #3 were operated at a pulse repetition
frequency of 10 GHz. The reduction of parasitic capacities within the laser diode
improved the modulation bandwidth. Laser #2 was investigated in sec. 5.1. For
the jitter measurement in dependence of the used grating it was operated using
hybrid mode-locking. The gain current was chosen to 38 mA, which is close
to the threshold current of this laser. Laser #3 was investigated in sec. [5.2.
In this measurement the gain current was chosen to 90 mA and the absorber
voltage to 2.0 V. For hybrid mode-locking the absorber was modulated. The
pulse widths of laser #3 shown here are measured after the compensation of
the pulse chirp.

Laser #2 and #3 represent the final timing jitter performance reached with
the EC-MLL set-up in the frame of this work.

5.4.3 Low Noise, Short Pulse Generation

As discussed in the previous section, the generation of a low phase noise pulse
train can be achieved by tighter spectral filtering within an external cavity MLL
and by an increase in RF modulation depth. However, this leads to an increase
of the pulse width, which is not suitable for optical time domain multiplexing
up to 640 Gbit/s.

Modular Pulse Generator

10 /40 GHz
pulse train
Pulse Source |—|Pulse Compressor|—>| Pulse Shaper
low noise
10/ 40 GHz pulse generation Reduction of Removal of short pulse width
with low phase noise pulse width pulse pedestals high pulse contrast

Figure 5.13: Schematic of the concept of an modular pulse generator to generate short
pulses at a fundamental repetition frequency of 10 GHz or 40 GHz.

Therefore, a combination of low noise pulse generation and subsequent pulse
compression is a promising way to meet the requirements for low jitter and short
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pulse width simultaneously [11]. This leads to the modular set-up of a pulse
generator as shown in Fig. 5.13: In the first step a pulse train with low phase
noise is generated by narrow optical filtering inside the laser cavity. The second
step is the reduction of the pulse width in a fiber based pulse compressor. This
will be discussed in detail in the following chapter [6. In a third step a pulse
shaper is used to remove the pulse pedestals. It increases the pulse to pedestal
contrast as will be considered in Chap.



Chapter 6

Pulse Compression

The typical pulse widths of semiconductor MLL and other pulse sources de-
scribed in chapter [5 and [3 are in a range between 1.2 ps to 3.5 ps and a direct
use for OTDM applications at multiples of 160 Gbit/s is not possible due to
the coherent interference of the pulse slopes. As described in the last chapter
the pulse generation with a mode-locked laser is a trade-off between a low noise
performance and a short pulse width. Since a pulse compression is necessary
in each case it is advantageous to optimize the pulse source for low noise and
to accept a broad pulse width. The pulse width will be reduced in the next
building block of the pulse generator, the pulse compressor. Different possibili-
ties for a pulse compression exist and the selection of a method depends on the
wavelength of the pulses. Fiber based pulse compression schemes are attractive
because they avoid free space optics with high requirements on adjustment and
low vibration. For communication applications the two most common tech-
niques are adiabatic soliton compression using a dispersion decreasing fiber
[80] and supercontinuum generation combined with a linear pulse chirping and
spectral carving [81,/82].

6.1 Soliton Pulse Compression

Soliton formation is observed in the anomalous dispersion region of the opti-
cal fiber and it is described by the nonlinear Schroedinger equation [83]. A
particular property of the soliton of the 1% order (fundamental soliton) is the
relation

_ 1B

Py
v- T3

(6.1)
between the peak power Py, the pulse width Ty, the dispersion parameter
(B2 and the nonlinear coefficient . Hereby the pulse width Ty is related to the

full width half maximum Tgrwgay by Terway = 1.763-Tg. The energy of a
sech? pulse with the peak power Py is given by

E=2 Py T (6.2)

95
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cf. eqn. (B.12) in the appendix. From equation (6.1) it follows that the
energy E of a soliton can be expressed as

| B2 |

FE = 3.526 .
v-Trwum

If a soliton propagates over a lossless fiber (E=const) from the coordinates
0 to z, the relation between T rywmar(z) and Trwmrar(0) is described by

Triwam(z) = gzgg; 3223 “Trwam(0) (6.3)

which shows that a pulse compression can be reached by a decrease of (2(2)
or by an increase of v(z) along the fiber. The formula|6.3 is strictly valid only
for an adiabatic pulse change.

Fibers with a decreasing (32(z) along the fiber length have successfully been
produced [84]. In this work soliton pulse compression is reached by various
types of dispersion decreasing fiber, such as a simple dispersion decreasing fiber
(DDF), dispersion flattened- dispersion decreasing fiber (DF-DDF') and highly
nonlinear-dispersion decreasing fiber (HNL-DDF). A detailed overview over the
fiber properties is given in Sec. B.1l For the dispersion decreasing fibers the
pulse compression factor at the end of the fiber is expected to be equal to the
ratio of the initial to the final second-order dispersion.

Different fiber profiles such as linear, gaussian, cosine, exponential and hy-
perbolic can be used. There is an ongoing discussion about the optimum disper-
sion profile for a fiber based soliton compression [85, 86]. However, an adequate
choice is already made with a linear dispersion decreasing profile.

6.1.1 Pulse compression using simple DDF

The set-up for a soliton compressor using dispersion decreasing fiber is shown
in Fig.[6.1.

g4
S

@ time
EC-MLL [000)
P.C. DDF At = 400fs

+ pedestal

Figure 6.1: Set-up for a pulse compressor using dispersion decreasing fiber (DDF) for
a reduction of the pulse width to At < 400 fs accompanied by the formation of a pulse
pedestal.

The EC-MLL generates a 10 GHz pulse train with a pulse width of
Trwnym = 3.2 ps. The pulses are amplified and transmitted through a band-

pass filter, a polarization controller and coupled into the dispersion decreasing
fiber (DDF).
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Figure 6.2: Pulse compression and pulse peak to pedestal contrast (Pedestal Suppres-
sion) before and behind a soliton compression stage setup by DDF, (a) on linear scale
and (b) on logarithmic scale.

The length of the DDF is chosen to be 1000 m and the dispersion decreases
linearly from 10 ps/nm/km to 0.5 ps/nm/km. Thus the expected compression
ratio is 20 according to eqn. (6.3)) if 7(0)/~v(2) = 1. The length was chosen to
provide a slow gradual dispersion change for an adiabatic soliton compression.
As described in [87], this gives the following condition for the length L

L .2 4
>335 13 (6.4)

For a start pulse width of Tryw g = 3 ps this yields L > 970 m and is good
in agreement to the experience made by the fiber manufacturer [88].

Behind the DDF the compressed pulses pass again a bandpass filter. De-
spite the attempt to achieve an adiabatic soliton compression, the output pulse
usually comprises a narrow pulse and a pedestal due to an incomplete soliton
formation. The pulse pedestals will cause coherent interferences if the 10 GHz
pulse train is multiplexed to 160 Gbit/s or higher which inhibits an applications
of the pulse train in error free data transmission. Fig.[6.2 shows the autocorre-
lation traces for a pulse width reduction reached with the soliton compression
in the DDF.

For the evaluation of the pulse width the autocorrelation measurement is
shown with the normalized SHG signal on a linear scale (a). The pulse pedestal
can be recognized in the autocorrelation measurement with the SHG signal on
a logarithmic scale (b). For the example shown, the pulse width was com-
pressed from 3.25 ps to 0.4 ps while the pulse pedestal contrast was 25 dB after
compression. The input power was 23 dBm.

A detailed investigation of the pulse compression was made. Fig. 6.3 shows
measurements of the pulse width, the pedestal suppression, the spectral width
and the spectral mode comb height versus the power P;y ppr into the DDF.
The spectrum was broadened to a spectral width between 5 and 12 nm. For a
high input power a shift of the wavelength maximum to higher wavelength was
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Figure 6.3: (a) pulse width Trw gy and pulse pedestal suppression at the next
640 GHz bit position in dependence of the DDF input power. (b) spectral mode comb
height and spectral 3 dB width of compressed pulses versus the DDF input power. The
input wavelength was A = 1550 nm. For comparison: For an EDFA output power of
26 dBm the spectral width was 1.5 nm and the spectral mode-comb height was 37.4 dB
before the compression fiber. The pulse compression was measured without a bandpass
filter behind the DDF.

observed. It is referred to a soliton self-frequency shift [89]. As shown in Fig.|6.3,
the minimum optical average power to obtain temporal pulse compression was
21 dBm. The minimum pulse width of the compressed pulses was 0.25 ps for the
set-up without a bandpass filter behind the DDF. This pulse width increased to
0.37 ps after a 13 nm bandpass filter which was inserted behind the DDF. The
broadening is caused by a wavelength dependent differential group delay due
to the filter passage. In a measurement of the differential group delay (DGD)
this delay was determined to be < 0.1 ps. A pulse pedestal was observed with
a suppression of 20 dB.

An increase of the pulse power launched into the DDF caused a degradation
of the optical mode comb spectrum of the compressed pulses. The increase of
the EFDA amplification goes along with an increase of the amplified sponta-
neous emission (ASE). Especially ASE at the input pulse wavelength cannot be
filtered by the 5 nm filter inserted between EDFA and DDF. The interaction
between ASE and the solitons is taken responsible for the observed degradation
[90].

The maximum input pulse width used was 3.25 ps and the minimum output
pulse width obtained was 0.25 ps at a power of 25 dBm. Therefore, the exper-
imentally observed compression factor is 13 while the value expected form the
dispersion ratio D;, = 10 ps/nm/km to Dy, = 0.5 ps/nm/km was 20. There
are several reasons responsible for this difference: The dispersion tolerances are
in the order of AD = 0.1 ps/nm/km, about 20 % of the dispersion at the fiber
end. A fiber dispersion of e.g. Dy, = 0.6 ps/nm/km would already reduce the
expected compression ratio to 16.7. Higher order dispersion, such as the dis-
persion slope, limits the pulse compression as discussed in [91]. Another effect,
which reduces the experimental compression factor, is the power dissipation
into pulse pedestals, which occurs during the soliton compression as shown in
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Fig./6.2 (b). This limits the compression of the soliton pulse in comparison to
(eqn.[6.1). Also polarization mode dispersion (PMD) reduces the compression
factor. A careful selection of the pulse polarization at the fiber input is neces-
sary to minimize the effect of PMD. However, higher order polarization mode
dispersion cannot be alleviated.

6.1.2 Pulse compression using DF-DDF

A limitation of the pulse compression is given by higher order chromatic dis-
persion [91]. Dispersion flattened DDF (DF-DDF) can be used for a pulse
compression over a broader wavelength region. In consequence the spectral
shape of the compressed pulses is more symmetric and a pulse compression
down to a minimum pulse widths of Tryw gy = 0.19 ps was measured. The
fiber had a linear dispersion profile from the anomalous dispersion region with
D = 10 ps/nm/km into the normal dispersion region with D = -1.0 ps/nm/km
at the output en(ﬁ in order to enlarge the spectral broadening as suggested in
[92].
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Figure 6.4: (a) temporal pulse width Try s and the pulse to pedestal contrast versus
the pulse input power. (b) spectral pulse width and spectral mode comb height versus
the input power into the DF-DDF compressor. The input wavelength was A = 1550 nm.
For higher input powers a pulse slitting was observed.

In Fig.[6.4 (a) the change of the pulse width for an increase of the pulse
input power from 18.0 to 20.5 dBm is shown. The original pulse train had
a repetition frequency of 10 GHz and the pulses a width of 3.5 ps. In this
measurement the pulse width was reduced to 0.27 ps. A draw back of this
method is the pulse instability for higher input pulse powers. For high pulse
powers exceeding 20.5 dBm a strong deviation from a sech shaped spectrum was
observed. Simultaneously the autocorrelation measurement of the compressed
pulse showed a split up in the pulse peak. The compressed pulses pass a region

!The dispersion slope changes from S ~ 0.20 ps/nm?/km for D = 10 ps/nm/km to S ~ -
0.05 ps/nm?/km for D = -2 ps/nm/km at a wavelength of A\ = 1550 nm. At the output end of
the DF-DDF used the in these experiments, S lies in the proximity of 0 ps/nm? /km according
to the dispersion map provided by the fiber manufacturer
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of zero dispersion before they are broadened in the final normal dispersion end of
the DF-DDF. The observed pulse distortions are considered as a consequence
of a higher order soliton formation in the vicinity to the zero dispersion. In
Fig. 6.4 (b) the spectral broadening and the spectral mode comb height is
shown in dependence of the input power. A wide spectral pulse broadening is
achieved on expense of the quality of the optical spectrum. The mode comb
height is continuously reduced if the input power was increased over 20.5 dBm.
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Figure 6.5: (a) an optical pulse spectrum, (b) an autocorrelation measurement for the
minimum T gy s of 0.19 ps after the compression in DF-DDF.

Fig.[6.5/ (a) shows the spectrum for the optimum input power of 20.5 dBm
and Fig.[6.5](b) shows the measured autocorrelation trace for the shortest pulse
width of 0.19 ps (FWHM). The curves were taken without spectral bandpass
filter behind the DF-DDF. A pulse compression with symmetric spectrum is
characteristic for a dispersion flattened fiber and was measured for the wave-
lengths of the entire C-Band.

For an enlarged and stable pulse spectrum, a DF-DDF with a dispersion
(e.g. D = 10 ps/nm/km to D = -1 ps/nm/km) is suitable only in a small
power range as shown in Fig.[6.4 (a). Instead a combination of DF-DDF in the
anomalous dispersion region only followed by a highly nonlinear fiber with a
normal dispersion region is considered here for further investigations.

6.1.3 Pulse compression using HNL-DDF

In order to reduce the power requirements for a higher base frequency at the
pulse compressor, e.g. 40 GHz instead of 10 GHz, a reduction of the pulse peak
power is necessary. A practical reason is the limited power available by the
EDFAs. The peak power for a soliton formation and compression can be reduced
by an increase of the nonlinearity of the fiber. A HNL-DDF, also with a linear
decreasing fiber dispersion from D = 12 ps nm~! km~! to 0.5 ps nm~! km™!
along a length of I = 920 m was used to compress a 40 GHz pulse train generated
with a M-MLL pulse source as described in Section 5.3. For a reduction of the
required soliton peak power (cf. eqn.|6.1) this fiber had an increased fiber
nonlinearity coefficient of vy = 9 W—'km™"! in average while the typical fiber
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nonlinearity of the DDF used in the measurements described in the previous
sections was about v = 3 W lkm~!. A gradual change of the fiber dispersion
profile is necessary to obtain the linear decreasing dispersion along the fiber.
At the same time the value of v changes rather than remaining on a constant
value. Since the effective area A.rs of a DDF decreases the value of 7y increases.
It is also possible to consider the DDF as fiber with increasing nonlinearity.
However, the nonlinearity coefficient v ~ ﬁff only changes with a small factor

compared to the change of dispersion D with factor 1/24 [88], cf. Tab. B.1.
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Figure 6.6: (a) Pulse width Ty g versus average input power of a 10 GHz pulse
train into DDF and HNL-DDF. (b) Temporal pulse width of a 37.6 GHz pulse train
of the M-MML before and after compression in HNL-DDF and (c) spectral shape of
compressed pulses behind the HNL-DDF.

In Fig. 6.6/ (a) the required average pulse power for a 10 GHz pulse train
for a DDF with a v = 3 W 'km™! is compared to the HNL-DDF with
v =9 W 'km~'. A pulse compression has been reached for an input power
which was about 3 dB lower than that for the conventional DDF. The expected
power difference of 4.8 dB (cf. eqn. (6.1)) due to the change of 7 is reduced by
higher splicing losses between SSMF and HNLF. For input powers of 20 dBm
and higher the compression effect saturates and in case of the compression with
HNL-DDF the formation of a pulse pair has been observed. This is considered
as an higher order soliton effect, which appears if the length of the HNL-DDF
does not coincide with the soliton period zg = g% or an multiple thereof.

The reduction of the required pulse peak power for a soliton pulse compres-
sion enables the use of a commercially available high power EDFA for pulse
compression at 40 GHz. The 37.6 GHz pulse train of the M-MLL was com-
pressed in HNL-DDF. Fig.[6.6/ (b) shows the autocorrelation trace of two adja-
cent pulses before and after compression. In Fig. 6.6 (c¢) the optical spectrum
is shown after the pulse compression in HNL-DDF. The spectral mode comb of
the compressed pulse train had a height of 35 dB. The pulse width was reduced
from 3.75 ps to 0.365 ps. The average input power of the pulse train was as low
as 22.8 dBm.

The higher value of the nonlinearity coefficient v reduces the required pulse
amplification and therefore enables a soliton pulse compression at 40 GHz. It
also reduces the disturbing effects of ASE due to a high power amplification.
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6.2 Pulse Compression using Supercontinuum
Generation

The process of spectral broadening and pulse compression comprises several
effects, such as self phase modulation (SPM), cross phase modulation (XPM)
and four wave mixing (FWM). It has to be distinguished between the conditions,
either for the most efficient spectral broadening, which is often considered in this
context, or the spectral broadening with the aim of pulse compression, which
also obeys all pulse criterions considered in chap. 1. For pulse compression
the HNLF is followed by a piece of SSMF to compensate for the chirp of the
broadened pulse spectrum. A linear blue-chirp can be reached if the dispersion
along the HNLF is kept in the normal dispersion region. Then the self phase
modulation is considered as the main effect for the spectral broadening [82]
while disturbing effects, such as modulation instabilities and soliton formation
do not interplay [83].

Experimental Results

The set-up for pulse compression using supercontinuum generation with HNLF
is depicted in Fig. 6.7. The fiber properties of the HNLF are listed in Sec. B.1.
In difference to the set-up used for a soliton pulse compression with DDF, here
an additional chirp compensation behind the HNLF is necessary. The chirp is
induced during the pulse broadening in the HNLF and its amount also depends
on the input power. It can be compensated by transmission through a short
length of SSMF as long as only a linear chirp is induced. For a significant
change (e.g. 2.5 dB in Fig.[6.10) of the pulse input power into the HNLF the
SSMEF length for chirp compensation had to be readapted. Pulses with a higher
peak power experience a wider spectral broadening but smaller chirp during the
transmission through the HNLF (cf. [81]). Therefore length of SSMF required
for the subsequent pulse compression by opposite dispersion is reduced. Typical
SSMEF fiber length, required for chirp compensation varied between 20 and 40 m.
A length of 10 m is already required for the fiber connection between the HNLF
end and the free-space michelson set-up of the autocorrelator.
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Figure 6.7: Set-up for pulse compression using supercontinuum generation in a highly
nonlinear fiber (HNLF). The pulse widths are reduced to values of At < 0.4 ps after a
chirp compensation by transmission through x-10 m meters of SSMF. For investigation
of the compressed pulse spectra the second filter is omitted. Otherwise, for a further
application of the compressed pulses, a selection of the wavelength is often required.
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In the experiment, depicted in Fig. 6.7, an EC-MLL generated a 10 GHz
pulse train with a pulse width of 1.8 ps. The pulses were amplified and trans-
mitted through a bandpass filter and a polarization controller before they were
launched into the HNLF1 (cf. Sec. B.1). The HNLF1 had a length of 510 m
and a nonlinear coefficient v = 21 W= km~!. In the measurement using the
HNLF1 the spectrally broadened pulses pass a bandpass filter to cut off evanes-
cent pulse tails.

T T
Filter behind HNLF
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0.8

0.6

0.4

0.24

Normalized SHG signal / a.u.

T T T T 0.0 T T T
1520 1530 1540 1550 1560 -2.0 -1.0 0.0 1.0 2.0

Wavelength / nm Delay / ps
(a) (b)

Spec. power density / dB/0.08nm

Figure 6.8: (a) Broadening of the optical pulse spectrum in the highly non-linear fiber
HNLF1 for different input power P,.4, (b) autocorrelation traces of a pulse without
and with spectral filtering.

The spectral pulse broadening in a highly nonlinear fiber induces a chirp,
which depends on the input power of the pulses. For an average input power
of 1 W the chirp was compensated by a pulse transmission through 20 m of
SSMF (0.34 ps/nm). The HNLF1 (A9 = 1569 nm) was used in the normal
dispersion regime with a low dispersion in order to maintain the high pulse
peak power over a longer fiber length. Fig. 6.8 (a) shows the optical spectra
measured behind the HNLF1 for an average pulse power launched into the
compression stage varying from 100 mW to 1 W in steps of 100 mW. The input
pulse wavelength was 1537 nm, and the dispersion was D = -1.0 ps/nm/km.
The fiber dispersion slope Sis50nm = 0.03 ps / nm? / km caused the observed
asymmetries in the optical spectra (cf. another example in Fig. 6.9 (d)). A
general possibility to reduce the disturbing effect of higher order dispersion is
the reduction of the fiber length. In turn, an increase of the pulse power is
required for the compression (cf. also Fig.[6.11). The available amplification
limits the reduction of the fiber length.

Fig. 6.8 (b) shows the autocorrelation trace of a compressed pulse before
and behind the 13 nm bandpass filter for an average input power of 1 W. The
compressed pulses had a spectral width of 19 nm and 12 nm and a temporal
pulse width of 310 fs and 400 fs, respectively. The insertion of the bandpass filter
increased the temporal pulse width but provided also a better pulse pedestal
suppression. A limitation arises from the PMD of the HNLF (cf. Fig.16.13 (b))
and the bandpass filter with a measured DGD of < 0.1 ps.
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Figure 6.9: Supercontinuum generation in dependence of the input wavelength
launched into the HNLF2 with Ag = 1555 nm. The wavelength of the input pulses
was chosen (a) in the normal, (b) in the normal close to zero and (c) in the anomalous
dispersion region. In (d) the measured optical spectrum for an input power of 22.5 dBm
at A = 1550 nm (as in case (b)) is compared with calculations of the spectral envelope
with D = -0.09 ps/nm/km without and with a dispersion slope of S = 0.019 ps/nm? /km.
Calculated curves shown in (d) by courtesy of Ayhan Demicran, WIAS Berlin.

The investigation of the optimum fiber dispersion for pulse compression by
supercontinuum was made using HNLF2. This fiber has a length of 789 m,
a nonlinearity of v = 10.5 W~ 'km~! and a zero dispersion wavelength of
Ao = 1555 nm. The wavelength of the pulse source was tuned to achieve the
pulse compression for the three cases of the normal dispersion (G, > 0) at
1535 nm, low dispersion (f2 = 0) at 1550 nm and anomalous dispersion
(B2 < 0) at 1562 nm. The pulse width of the input pulses where 3.2 ps and
the pulse repetition frequency 10 GHz.

The broadening of the optical pulse spectra is shown in Fig.[6.9 in depen-
dence of the HNLF2 input power. In the regime of anomalous dispersion the
spectral pulse broadening exceeds a width of 100 nm, but the mode-comb struc-
ture is strongly reduced (Fig.!6.9 (c)). In case of a low dispersion (82 ~ 0) the
generation of new spectral components by SPM is more efficient ( Fig. 6.9 (b) ).
Simultaneously the disturbing effect of higher order dispersion becomes more
distinctive as seen in (d) by the power fluctuations within the pulse spectrum.
The calculated pulse envelopes are symmetric if the dispersion slope equals zero
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but becomes asymmetric for, in this case, slope values of S = 0.019 ps/nm? /km.
For high input powers spectral components reach into both adjacent dispersion
regions and lead to an onset of coherence degradation as known from the situ-
ation in the anomalous dispersion region.

Ounly in the normal dispersion region, shown in Fig. [6.9] (a), the mainte-
nance of a mode comb structure with increasing input power was possible. The
maximum spectral pulse width for an input power of 25 dBm was 30 nm. This
relatively small supercontinuum (cf. e.g. [93,/94]) provides a spectral width,
which is more than sufficient for a pulse compression to below 0.4 ps ( Fig./B.1).
This situation is considered in more detail in Fig. [6.10.
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Figure 6.10: Evaluation (a) of the pulse width At = Tpw g after chirp compensa-
tion and (b) of the mode comb height versus the HNLF2 input power. The improvement
of the pedestal suppression by spectral filtering is shown exemplarily in (a) for an input
power of 22.5 dBm. Simultaneously a slight pulse broadening is inevitable.

Fig.'6.10 (a) shows the pulse width and the pulse to pedestal contrast versus
the pulse input power. Fig.[6.10] (b) shows the spectral width and the mode-
comb height versus the pulse input power into the HNLF2. These results were
measured for an input wavelength in the normal dispersion region of the HNLF2
()\ < )\0)

In Fig. 6.10 (a) a limitation of the pulse compression can be observed for
an increase of the input power over 18 dBm. The generation of new spec-
tral components in the normal dispersion region is accompanied by a temporal
broadening of the pulses. In consequence the pulse peak power is reduced and
the pulse shape changed from parabolic to rectangular shape. The induced
chirp, suitable to compress the pulse, is limited to the edges of the pulse spec-
trum [83]. In consequence the nonlinear effects to enhance the spectral width
by SPM saturate. Fig.[6.10 (b) shows the increase of the spectral width. This
is accompanied with a reduction of the mode comb structure, e.g. due to the
increase of the EDFA noise and the distribution of the pulse energy over a
broader spectral range.
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Dependence from the HNL fiber length

Fig.16.11 (a) shows the evolution of the pulse width after a chirp compensa-
tion with SSMF in dependence of the HNLF fiber length and the input power.
For these measurements the dispersion flattened HNLF 3, 4, 5 and 6 (cf. Ap-
pendix [B.1) were used. The dispersion D was (-0.5 £ 0.1) ps/nm/km in order
to provide a sufficient distance to the zero dispersion over the C-band and the
fiber length despite unavoidable fabrication tolerances.

spectral width / nm

Figure 6.11: (a) pulse width over HNLF fiber length and input power, (b) spectral
width over HNLF fiber length and input power. For a high fiber input power and a
fiber length exceeding 500 m the pulse width reduction saturates while the spectral
width continues to increase.

The color graded pulse width diagram shows the requirements on fiber
length and input pulse power for the maximum available pulse width reduc-
tion. For high fiber input power and fiber length exceeding 500 m the pulse
width reduction saturates while the spectral width continues to increase. The
time-bandwidth product increases from the transform limit of sech pulses for
short fiber length and low powers up to four times for maximum power and fiber
length at right hand corner of the diagram. A spectral broadening towards this
point is a prerequisite for wavelength conversion rather than pulse compression.
For the latter case higher input power should be avoided in order to preserve
the spectral mode comb height, as shown in Fig.[6.10. Furthermore simulations
for dispersion flattened fiber with a dispersion D ~ -0.5 ps/nm/km indicate a
tendency to optical wave-braking [95]. The combination of a lower pulse power
and a longer fiber length helps to avoid this effect.

6.3 Comparison of pulse compression methods and
limitations

The pulse compression results for the three representative fibers HNLF2, DDF
and HNL-DDF are summarized in Table [6.1. The combination of soliton
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compression in the anomalous dispersion region with an increased fiber non-
linearity significantly reduced the power requirements for pulse compression.
Soliton based fiber compressor can be subject to additional noise, e.g. caused
by Gordon-Haus-Jitter [96]. However, in the frame of this work only a minor
increase of the timing jitter was observed (cf. Fig.[7.4). In general the pulse
compression with supercontinuum is reached with shorter fiber length. Apart
from these differences the obtained pulse properties such as pulse width, pulse
to pedestal contrast and mode comb height do not suggest the one or the other
method to be advantageous.

Method / Fiber | Pulse width Peak to Mode | Input | Spectral

Fiber length after pedestal/slope | comb | power width
type compression contrast height

/ m / ps / dB /dB | /dBm | /nm

Solit. compr. 0.25 24.3 10.8 25 12.2
DDF 1000 0.40 15.9 25.7 21.5 6.7
Solit. compr. 0.27 20.1 20.1 21.5 17.6
HNL-DDF! 920 0.40 24.2 23.1 17.5 11.6
SC gener. 0.31 10.3 18.4 25 30.0
HNLF2 789 0.44 15.7 28.7 17.5 8.7

Table 6.1: Evaluation of the three main types of fiber for pulse compression:
DDF, HNL-DDF and HNLF. The results are shown for the generation of 0.4 ps
pulses and for the minimum possible pulse width. The peak to pedestal contrast
is determined by the height of the autocorrelation function of the pulse slope
or, if worse, the formation of a pulse pedestal. The slope height is measured
at the next 640 GHz bit position in a distance of 1.5625 ps from the pulse
peak. For comparison: In an autocorrelation measurement a sech? pulse with
a FWHM of 0.4 ps is decreased by 20.0 dB in a distance of 1.5625 ps from its
maximum. The average power of a 10 GHz N=1 soliton sequence in SSMF is
equal to 31.6 dBm (1.45 W).

The pulse width reduction is limited and the filtering of a part of the spec-
trum leads to a slight increase of the final pulse width to values between 0.40 ps
and 0.50 ps. In the following some aspects of the pulse compression limits are
discussed.

Phase coherence of the pulse train

Data formats such as differential phase shift keying (DPSK) require a well-
defined phase of the optical carrier (optical field) between adjacent pulses. The

'measured with a pulse repetition frequency of frp, = 10 GHz
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maintenance of the mode-comb structure is an indication for the preservation
of coherent phase relations in optical pulse trains. In particular deviations in
the carrier phase and therefore in the phase coherence of the pulse train, cause
a line width broadening in the optical spectrum [10]. In section 8.3 an error
free DPSK 640 Gb/s back-to-back measurement is demonstrated and proofs the
maintenance of a stable phase between adjacent pulses in the pulse compressor
and for the pedestal reduction.

EDFA Noise

The pulse sources considered in Chap. 3 generate pulse trains with pulse peak
powers which are not sufficient to stimulate the required nonlinear effects in the
available fibers (DDF and HNLF) for the pulse compression. In consequence
there is the need for a high power amplification which inevitable adds noise
to the pulse trains. Fig.[6.12 (a) shows the mode-comb spectrum of a 1.5 ps
10 GHz pulse train after a spectral broadening in HNLF2. Therefore the pulse
train is generated in a solid state MLL and amplified to P4,y = 21 dBm. In order
to evaluate the influence of the amplifier, the EDFA input power was reduced
from 9.2 dBm to -17.5 dBm by a manual attenuator. The EDFA output power
was kept at 21 dBm, a typical average power needed for the compression of a
10 GHz pulse train.
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Figure 6.12: (a) The optical spectrum of a pulse compressed in HNLF2. The input
power into the EDFA was varied. (b) the mode-comb height in dependence of the
optical EDFA input power. The resolution bandwidth was 0.01 nm.

Fig.16.12 (b) shows the reduction of the mode-comb height after the pulse
compression in HNLF2 in dependence of the EDFA input power. The mode
comb height of the laser spectrum is gradually reduced from 38.1 dB to 19.6 dB
behind the HNLF2 if the EDFA input power was attenuated. The mode comb
height of the laser spectrum without amplification was as high as 41.3 dB.

The degradation of the optical mode-comb spectrum has to be distinguished
between underlying white noise components which form a noise floor and the
phase deviations which cause a line width broadening. Here the observed reduc-
tion of the spectral mode-comb height is caused by the increase of the noise floor.
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A problem for further applications are very low pulse powers. In Fig. 6.12/(a) a
noise floor becomes apparent if the signal input power of a 1.5 ps 10 GHz pulse
train into the EDFA becomes lower. In this case the amplification to the con-
stant output power of 21 dBm requires a higher EDFA gain and simultaneously
increases the noise figure of the EDFA.

PMD

For pulses launched into a fiber compressor a controlled input polarization is
necessary for an optimum pulse width reduction. The fibers used for the pulse
compression have remaining PMD values in the order of 0.5 ps/ Vkm. Especially
HNLF fibers often have a higher PMD value. The input polarization plane of
a pulse train has to be aligned parallel with one of the main polarization axis
of a compressor fiber. It avoids the pulse splitting into separate short pulses
travelling along the fast or slow fiber axis which eventually recombine and lead
to a broader final pulse width. With an alignment parallel to one polarization
axis it is possible to reduce the influence of the first order PMD. However, the
higher order fiber PMD as measured over the wavelengths of the C-Band in
Fig. [6.13 cannot be alleviated by an alignment of the polarization axis. The
change of the differential group delay is especially critical for pulses with a
broad spectrum, i.e. short pulses, and limits the possible pulse compression.
The evaluation of the differential group delay (DGD) showed a similar course if
the measurement was repeated at different times. Due to the short fiber lengths
of < 1 km a change of the distribution of the DGD versus the wavelength is
not observed.
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Figure 6.13: PMD evaluation: Differential group delay measurement for (a) the DDF
and (b) HNLF1 over the C- band. These fibers were used for the pulse compression as
displayed in Fig.|6.3 and Fig.|6.8|

An alternative is the use of polarization maintaining DF-DDF as used in
[97] for 54 fs 10 GHz soliton generation and in [98], where a 2.3 ps 40 GHz pulse
train of a mode-locked laser diode was compressed to 100 fs.
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Higher order dispersion

The pulse compression based on soliton effects has not reached the expected the-
oretical pulse width. For the simple DDF a pulse compression factor of 20 was
expected according to the fiber dispersion decreasing from D = 10 ps/nm/km at
the fiber input to D = 0.5 ps/nm/km at the fiber output. A part of the EDFA
power is lost due to amplified spontaneous emission and due to pulse broaden-
ing by PMD effects. Additionally a soliton self-frequency shift was observed for
high input powers. The spectral pulse maximum was shifted by about 10 nm
to longer wavelength. In combination with third order fiber dispersion in the
order of S = 0.02 ps/nm?/km, the effective dispersion at the end of the fiber
increased to D = 0.6 ps/km/nm and reduced the expected compression factor
to 16.7 . For dispersion flattened DDF this effect has smaller influence due to
the reduced slope of the order of S ~ 0.005 ps/nm?/km.

6.4 Alternative types of fiber based pulse compres-
sion

A broad range of fiber types has been investigated elsewhere for pulse compres-
sion. They can be considered as an alternative or supplement to the methods
investigated in the preceding chapter.

For very broad pulses exceeding pulse widths of 10 ps, e.g. generated with
a cw-laser - modulator combinations, a consecutive set-up of two DDF com-
pression fiber with an intermediate pedestal suppression stage is proposed to
compress pulses to below 300 fs [99].

Despite the high pulse peak power requirements a pulse compression with
N>1 solitons is an attractive choice for pulse compression, especially for lower
data rates and is investigated in [86]. A possibility to circumvent the high
pulse powers is the use of low dispersive fiber such as DSF which were used to
compress pulses from 5 ps to 1.5 ps for 160 Gbit/s OTDM applications [100].
The continuous dispersion decreasing profile of DDF's can be approximated by
Step Like Dispersion Profiled Fiber (SDPF) or Comb Like Dispersion Profiled
Fiber (CDPF). The fibers used for the separate sections of a SDPF or CDPF
are commercially available fiber types such as DSF and SSMF. SDPF stages
have been used to compress pulses to a final pulse width of 500-700 fs [101] or
even to the sub-100 fs region [102]. CDPF pulse compressors were constructed
with different fiber combinations such as DSF and SSMF to compress sinusoidal
pulses to 3 ps [103] or 11.5 ps pulses to 538 fs [104]. Alternatively HNL-DSF
and SSMF were used for the compression of a 104 GHz pulse train to a pulse
width of 328 fs [105]. The use of HNL-DSF reduces the required length of the
compression stage to 693.6 m.

In addition, the recent development of micro structured fibers (also known
as photonic crystal fibers) offers a possibility to increase the light confinement
in the fiber core and therefore the nonlinearity. The pulse compression can be
achieved along a shorter fiber length. This is attractive since thermal phase
deviations induced in each fiber based pulse transmission scale with the length
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of the fiber. In a data transmitter a shorter compression fiber can help to
reduce the fiber length between pulse source and data modulator. Therefore the
variations of the temporal pulse position with respect to the transmitter clock
are reduced. Such an improvement could save an additional clock extraction
unit behind the pulse compressor, overwise required to realign the modulator
switching window (cf. Transmitter (Tx) set-up in Fig. 8.6, sec.[8.3).
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Chapter 7

Pedestal Suppression

The reduction of the pulse width is often accompanied by the formation of
pulse pedestals. These pedestals cause a degradation of the data signal and
have to be removed by e.g. a loop mirror or simply by wavelength conversion
if the required spectral width is available. A number of investigations made
elsewhere, e.g. [91, 100, 106, 107], used the nonlinear switching behavior of
fiber ring configurations. This approach will be investigated in more detail in
the following section 7.1.

Another possibility to remove the pulse pedestals is the use of a wavelength
conversion following a spectral broadening which will be considered in section
7.3. A further method, not considered here, is the pulse shaping incorporating
an EAM. This method follows the idea of the pulse generation by modulating
an cw- light signal (cf. sec.(3.3). It is not appropriate for pulses with a pulse
width < 1 ps.

The optimum set-up has to be selected according to parameters such as the
properties of the available fibers, the pulse repetition frequency, the available
amplifier power and the available wavelength range.

7.1 Pedestal reduction by a dispersion imbalanced
loop mirror (DILM)

A particular set-up for pedestal reduction is shown in Fig.[7.1. The incoming
pulses are split by a fiber coupler to provide a pair of pulses which propagate
in opposite directions through the loop.

The pulse pair introduced into a fiber loop experiences a nonlinear switching
if a 7w phase shift is obtained between both pulse parts, which propagate in
opposite directions through the loop. If a loop pulse pair reaches the fiber
coupler after a circulation with a 7 phase shift or an uneven multiple of 7w
it recombines and is switched to the output port while pulse pairs without
or an even multiple of the phase shift = are switched back to the input port.
The important feature for the nonlinear switching with a fiber loop is the
introduction of an asymmetry, which influences the pulse peaks but not the
pulse pedestals. Several configurations of fiber loops were investigated for the
pedestal removal. There are different possibilities to insert an asymmetry in
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the fiber loop

a fiber loop set-up with an attenuator at an asymmetric position within
the DSF loop [108]

a fiber loop set-up with an amplification at an asymmetric position within
the loop [109].

a NOLM with an asymmetric coupler [110].

A dispersion imbalanced loop by use of a DSF-SMF fiber combination
[111,112]

1 G

o
LDF SSMF %
l Q. LDF SSMF
PC E
el f 9)

EDFA O ,
\ DCF Prrans

v .
P 50:50 0 SSMF LDF

REFL coupler
(@) )  DISTANCE

Figure 7.1: (a) set-up of the dispersion imbalanced loop mirror (DILM) comprising
low dispersive fiber (LDF) and standard single mode fiber (SSMF), (b) changes of the
pulse peak power circulating either in clockwise or in counter clockwise direction.

The principal difference between the listed concepts is the way in which the
asymmetry for the pulse switching effect is reached: The first three examples
rely on the concept of an asymmetric pulse power distribution between
both pulses propagating in opposite directions through the fiber loop. The
asymmetric power distribution is required for the switching effect. However,
a strong coupler asymmetry reduces the difference between the transmission
maximum and minimum of the loop mirror [106] and therefore limits the
possible pedestal reduction. The proposed NOLM set-up with an attenuator
leads to an enhanced inherent power loss while a NOLM set-up with an
amplifier within the loop, e.g. an EDFA, is susceptible to an increased time
dependent polarization change within the loop.

The concept of the dispersion imbalance (forth item) utilizes the influence
of the different fiber dispersions. It leads to a different pulse width and peak
power for both pulses propagating through the loop while both pulses have the
same pulse energy.
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7.1.1 Operation principle of a DILM

Here the calculation of the phase shift to achieve the switching effect is consid-
ered. The switching behavior of a fiber loop mirror is described by the formula
[107]

P — Pméu—cosm(/))) (7.1)

with A¢ the experienced phase difference for counter propagating pulses
after the circulation through the loop. The phase difference A¢ for the loop
pulse propagation in the DILM is calculated for clockwise (cw) and counter
clockwise (ccw) propagation by:

A = ¢ew — becw With (7.2)
bew = PLDF+ ONL LDF + PSSMF (7.3)
Gccw = QLDF + GSMF (7.4)

were LDF is a low dispersion fiber, e.g. DSF, and were ¢, and ¢, are the
accumulated phases of the clockwise and counter clockwise propagating pulses,
respectively. The difference is the nonlinear phase shift ¢ rpr, which is in-
duced due to the preserved peak power of the unchanged clockwise propagating
pulse. The peak power is maintained due to the small dispersion of the low
dispersion fiber (in our case DSF) section.

Counter propagating pulse components with low power do not experience a
relative phase shift with respect to each other and have accumulated the same
phase ¢y = @cew after the circulation. For these components Piygns = 0.

For pulse peaks with high power the clockwise circulation comprises the
additional phase shift ¢ pr along L;pr. Hereby the formation of a funda-
mental soliton ( N = 1) is attractive, as only in this case the nonlinear phase
shift applies for the complete sech? shaped soliton and therefore maintains the
pulse shape [113]. Counter propagating pulses have a lower pulse peak and will
not experience a significant nonlinear phase shift.

A clockwise propagating pulse with a peak power below soliton peak power
experiences a phase shift according to the power which varies over the pulse.
For the calculation of the required DILM input power only pulses, which satisfy
the soliton condition and experiences the same phase shift for all parts of the
pulse, are considered.

¢dcew ON the other hand does not comprise an additional soliton phase shift.
Pulses in counterclockwise propagation are dispersed due to the propagation
through the SSMF. A pulse broadening by a factor a leads to a reduction of
the peak power by a factor 1/a. The required soliton peak power is reduced
simultaneously by a factor 1/42, i.e. faster and would allow a soliton formation
too. However due to the chirp induced by the transmission through SSMF such
soliton formation is not possible. In consequence, the soliton formation is only
achieved in clockwise direction.

The fundamental soliton is given by the following equation [114]
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u(§, 7) = sech(r) - exp (zg) (7.5)

Tlov where T is the laboratory time and Ty a time characteristic

Here 7 =
for the pulse width. Using the required phase shift % := 7 and the definitions
— z - 17
£ = 5 Lp:= Bs] then

¢ 1Lppr-|B2] 1

2 2 17 9 VHLDFE0 =T (7.6)
TrwHM\2
7'[-'(7

Lipp = 2. T (1.7)

with Lypr equal to fiber length z and with Ty = Trwgar/1.763 due to the
sech? shape of the soliton pulses. The required fiber length to satisfy the phase
shift 7 therefore scales linearly with T2, ;,, and 1/|3s].

Furthermore a loop operation with nonlinear phase shift requires a certain
pulse peak power to form a N=1 soliton. The required power is calculated
according to

| B2
B = (7.8)
v- T3
Py T,
Pay = 2- =2 (7.9)
Tpst

The expression for P,y is derived in eqn. B.11in sec. B.2. The required
input power is determined to satisfy the soliton condition for the clock wise
propagating pulse. However, due to the 50:50 power splitting the input power
has to be twice as high with P, = 2 Py, and the final expression is

|52

v-Trwum - TBit

P [W] = 4-1.763 - (7.10)

if v is given in W=! km™!, By in ps?/km and T,7 in ps. The required
average power thus scales with (s and the inverse of v, Trw gy and the bit
period Tpg;:. The latter is equal to the inverse of the pulse repetition frequency,
thus the required input power scales linear with the repetition frequency.

The optimum loop layout

According to eqn. (7.6, the DILM operation requires the following condition:
2T = LLDF’)/PO (711)

The optimum loop layout has a short fiber length L;pr and low pulse peak
power. In consequence a high value of v is favorable. If an operation over
the whole C (S-,L-) band is of further interest, a dispersion flattened highly
nonlinear fiber (DF-HNLF) with a low anomalous dispersion is the preferred
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choice. Signals with a narrow bandwidth do not experience the effect of different
dispersion. Hence the DILM is nontransmitting for these signal components.
This property is not valid for the power imbalanced schemes and explains the
advantage of a DILM to reach a high extinction ratio [115].

7.2 Investigation of the switching characteristic of a
DILM

In the experiments a Dispersion Imbalanced- NOLM = DILM with 100 m DSF
as low dispersive fiber (LDF) and 20 m SSMF was used and the improvement
of the pulse contrast investigated. A piece of DCF of a length 2 m was placed
behind the exit of the loop to compensate for the dispersion the pulses have
experienced in the loop.

The evaluation of the measured and calculated power transfer characteristic
is shown in Fig.[7.2l shows the measured DILM power balance with the total
output power P, the transmitted power Pypqpns and the reflected power Py.p
versus the average input power P;, of the 10 GHz pulse train with a pulse width
of 0.4 ps. Fig.[7.2] (b) depicts a calculation of the power balance of the loop
mirror for a pulse train without pedestals.

The power Pirans (cf. eqn.[7.1), Prep and Py, are defined as follows:

1
Pirons = P, - 5(1 — cos(A¢)) (7.12)
Prefl = Pin - Ptrans (713)
Pout = Ptrams + Prefl (714)

A¢ is the phase difference between the clock and counter clock wise circu-
lating pulses in the loop. Due to the nonlinear interaction, A¢ depends on the
power P;,. According to eqn.[7.5/A¢ can be expressed by A¢ = % Maximum
transmission Pipqns 1S obtained for % = . The required power P;, for this
maximum is derived in eqns. [7.5 to 7.10!

For the calculation of the switching behavior of the loop mirror the variables
are Ty =100 ps, v = 1.6 W~ km™! and Bpsr = 2.5 ps nm~! km~' and
Lypr = 100 m. The dotted lines in Fig. 7.2 indicated P, = P, represent
theoretical lines, which take not into account the experimentally observed loss
of 2 dB mainly due to splicing. In the calculation the observed loss of 2.0 dB
was taken into account. For a pulse width of Tryw gy = 0.4 ps the required
input power for the soliton formation is 22.4 dBm and where experiments show
a good pedestal reduction. Here the power losses at the DILM input have to
be considered. With these approximations the power balance in Fig. 7.2 (a) is
calculated using eqn. [7.12 to[7.14 and compared with the experimental results
in Fig.[7.2 (b).

In the measurement of the power balance (Fig. 7.2 (b)) the power minima
expected according to eqn.[7.12/and as shown in Fig. 7.2 (a) cannot be observed.
In real applications the pulse train comprises not only ideal pulses but also noise
components. The deviation of the measured curves can be explained by pulse
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Figure 7.2: (a) DILM power transfer calculated for the ideal pulse train according to
eqn. [7.12 without a pedestal and (b) measured for the real pulse train.

pedestals which are reflected independently of P;,. This causes a flattening of
the curves shown in the calculation.

7.2.1 Experimental results of pedestal reduction by a DILM

Fig.[7.3 (a) shows three curves: The generated pulse shape (Laser) of the orig-
inal laser signal, the pulse shape (DDF) after pulse compression and the pulse
shape (DILM) after pedestal suppression.

. O Tpulse confrast behind /] m O
[} —— Laser E
g B
5 - < 201 1
5 38 without DILM
@ il
o 17}
X Q
9 %’ 401 .\' ith DILM vs. Pi
E 2 \\:’I vs. Pin
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g : : : %60l : : :
20 0 20 18 20 22 24
(a) Delay / ps (b) P DILMIN/ dBm

Figure 7.3: (a) Improvement of the pulse contrast using the DILM set-up measured
by autocorrelation. The trailing pulses of the EC-MLL are removed together with the
pulse pedestal. (b) The pedestal suppression scales with the DILM input power until
the phase shift condition is reached.

The peak to pedestal contrast was increased with the increase of the DILM
input power as shown in Fig.[7.3 (b). A critical issue is the polarization sensi-
tivity of the DILM. For an improper alignment a noise floor occurs which can
cover the whole pedestal structure at the expense of the maximum available
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contrast ratio. It was difficult to deduce the minimal necessary pulse power at
the input of the DILM but the typical values exceed 20 dBm optical average
power for pulses of a width of 0.4 ps. In the experiment the input power into
the DILM was increased to reach an optimum switching behavior, which was
obtained for an average power above 23 dBm. There was no sharp transition
from the complete pulse reflection to the pulse peak transmission.

7.2.2 Noise and Jitter

The phase noise of the modular pulse source (sec.[5.4.3) was evaluated by SSB
phase noise measurements. A minor increase in jitter from 50 fs to 60 fs was
observed during the compression of the pulses as depicted in the three phase
noise curves (Laser, DDF, DILM) in Fig.[7.4.

SSB curve behind / L(10MHz) /Gy |
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$ 401
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Figure 7.4: Comparison of SSB Phase Noise measurements behind pulse generation
(Laser), pulse compression (DDF) and pedestal reduction (DILM)

For a DILM input power of 25.5 dBm the pulse width decreased from 370 fs
to 350 fs after the pulse amplification in the EDFA and the transmission through
the DILM. Due to the nonlinear switching behavior of the DILM it is also
possible to reduce the amplitude noise of the signals.

This property follows from the power dependent periodicity of the switching
behavior and can be shown for the NOLM configurations [116] as well as for
the DILM configurations as investigated here. The input power into the DILM
was chosen to be in a region where the transfer function (cf. Fig.[7.2)) reaches a
local maximum.

Large input fluctuations can be reduced due to the small change in the
transmitted power value. This switching characteristic can be used to improve
the pulse amplitude noise of the compressed pulses to values as measured before
the pulse compressor. Fig. |7.5 (a) shows the RF spectra between 0 Hz and
13 GHz for the transmitted pulses in dependence of the DILM input power. For
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Figure 7.5: (a) Improvement of the RF spectrum with the DILM pulse input power
and (b) the reduction of the amplitude noise, measured with a sampling oscilloscope.

the measurement of the spectra the power detected by the electrical spectrum
analyzer is kept constant while the DILM input power is varied. For an increase
of the DILM input power to 23.5 dBm, the RF spectrum shows a decrease of
frequency components distant from the carrier. A further increase of the input
power reverses this improvement. In an other measurement the evaluation
of the amplitude noise using a sampling oscilloscope according to chap. 2.3
shows the reduction of amplitude noise down to 4% which coincides with the
amplitude noise behind the EC-MLL used in this measurement (Fig. 7.5/ (b)).
The property of the noise reduction by DILM configurations can also be used for
a pulse regeneration and reamplification (2R regenerator) in a fiber transmission
link. The optimum power for the 2R operation is slightly beyond the maximum
of the transfer curve, as suggested [117]. If the pulse energy fluctuates upwards
the loop transmission decreases and vice versa, restoring the original state.

7.3 Pedestal reduction by wavelength conversion

The temporal pulse compression is simultaneously leading to a spectral pulse
broadening according to the Fourier limitation of the time-bandwidth prod-
uct. However, the spectral pulse broadening often exceeds this limitation and
non-transform limited pulse spectra are formed, e.g. by the supercontinuum
generation. A part of the generated spectra can be filtered without a drastic
increase of the temporal pulse width. The resulting pulse shape will be closer
to the transform limit. This possibility was used in [118] for all-optical 2R pulse
regeneration which involved a wavelength conversion.

This implementation is an alternative to the fiber loop set-ups such as the
DILM. The spectral power distribution has to be sufficiently uniform and the
system set-up has to tolerate a wavelength shift. Especially for the generation
of a broad spectrum, e.g. a supercontinuum for the pulse compression, this
method can become an alternative [119]. But also for the soliton compression
wide optical spectra can be generated. A possible arrangement for a pedestal
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reduction by a wavelength conversion uses a laser wavelength at 1535 nm, the
first maximum in the EDFA gain curve (cf. Fig.B.4) and converts the pulses to
higher wavelengths at 1545 nm and above, where the EDFA gain curve reaches
another maximum. The experimental set-up is equivalent with the configuration
shown in Fig. and [6.7.
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Figure 7.6: (a) A generated broad spectrum behind a DDF fiber compressor and a
13 nm Filter. The input wavelength into the DDF was 1535.2 nm. The wavelength shift
by the filter was increased up to a center wavelength of 1550 nm. (b) Autocorrelation
of the compressed pulses for different filter wavelength

The optical pulse spectrum shows a wide broadening behind the soliton
compression fiber. The shift of the optical filter behind the compression fiber
towards longer wavelengths compared to the input wavelength (see Fig.7.6 (a) )
leads to an improvement of the pulse contrast. In this case the pulse to pedestal
ratio increased from 21 dB to ~ 40 dB as shown in Fig. 7.6 (b). A wavelength
shift to shorter wavelength had the reverse effect. The pulse to pedestal ratio
decreased to 17 dB. The pulse width was changed due to the wavelength shift
and the resulting dispersion change along the fiber connection between the
fiber compressor and the autocorrelator. It was possible to keep the pulse
width between 0.37 ps to 0.39 ps for the different wavelength selections if the
dispersion was compensated by additional DCF or SSMF.

A pedestal reduction with a wavelength conversion is limited by the spectral
power distribution. In Fig. 7.7 (a) the power for the filtered pulse is shown.
The power maximum of 19 dBm is measured at a wavelength of 1540 nm. The
input pulse had a wavelength of 1535 nm, the input power was 22.5 dBm.

The improvement can be explained by the low peak power of the noise back-
ground: The disturbing noise components within the wavelength range of the
input pulse can not be removed by an input filter placed before the compression
fiber. However, due to the lower peak power the noise components do not ex-
perience a broadening by the nonlinear effects such as SPM. A filter behind the
compression fiber can be used to remove these components. A prerequisite for
the flexible choice of the filter wavelength is a spectral broadening exceeding the
transform limit of the desired pulse width. Furthermore an uniform distribution
of the pulse power over the wavelength range is favorable for a flexible choice
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Chapter 8

Application in System
Experiments

In this chapter the applicability of the modular pulse source is investigated.
The focus is on the prerequisites to generate a 640 Gbit/s data signal.

8.1 Generation of a 640 Gbit/s Data Signal

The pulse sources described in chap.[5 emit a pulse sequence with a repetition
frequency of 10 or 40 GHz. The generation of a 640 Gbit/s data signal requires
the multiplexing of the laser pulses. A possible method is to use a fiber delay
line multiplexer to interleave the original pulse or data sequence to reach mul-
tiple repetition frequencies. Detail of the multiplexer layout are discussed in
appendix A.3.

Here it is investigated, whether the width of the compressed pulses is suf-
ficiently narrow to generate a 640 Gbit/s data signal. The measurements were
performed using the set-up displayed in Fig. (a).

Modular ‘ S 1.0+ AT\:nat::or'relation '
Pulse Source |at=0.38ps 90% 0.8
f,op= 10 GHz 377 1.56ps
- «—>
5 0.6
Pulse i
¥ ——— g 0.4
Shutter 8 ’
N/2 bit N/a bit ol g 0.2
< =< < Ay Cross- 5] .
e
160->640 Gb/s Fiber MUX Pulse 0.0
last two stages for 640 Gbit/s only ’ -4 _'2 '0 é 4’1 é 8
delay / ps
(a) (b) Y

Figure 8.1: (a) Set-up of a cross-correlation measurement and (b) a 640 GHz pulse
sequence consisting of 4 pulses with a distance of 1.56 ps.

The 10 GHz pulse train with a pulse width of 0.38 ps was split into two

83
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branches. In one branch the pulse train was multiplexed using the last two
stages of a 10 to 640 Gbit/s multiplexer. This generated a single polarization
640 Gbit/s data sequence comprising four ”1” followed by sixty ”0”. This pulse
signal was cross-correlated with the 10 GHz pulse train of the second branch.
Fig.8.1 (b) shows the cross-correlation measurements of the four pulses rep-
resenting the ”1” and having a pulse separation of 1.56 ps. The de-convoluted
pulse shapes are also indicated in this figure by dashed red lines. They have
a de-convoluted pulse width of 0.43 ps. The separation of the de-convoluted
pulses is sufficient for single polarization 640 Gbit/s transmission (cf. [2]).
Fig.[8.2 (a) shows results obtained by the optical sampling system for the
pulses generated by the EC-MLL as investigated in sec. [5.1 and (b) the com-
pressed pulses after the DILM. The pulses of the EC-MLL have a pulse width
(FWHM) of 3.2 ps, whereas the pulses after compression and pedestal reduc-
tion have a width (FWHM) of 0.4 ps. The pulse separation corresponds to a
160 Gbit/s data signal in Fig. (a) and to a 320 Gbit/s data signal in (b).

EC MLL DDF + DILM

(a) (b)

Figure 8.2: Optical sampling traces (a) of a pulse pair of EC-MLL pulses and (b) of
compressed pulses after a pedestal reduction in the DILM.

The pulses from the EC-MLL, generated with respect to low phase noise
(cf. chap.[5.4.3), show a clear eye opening but also an overlap due to the large
pulse width indicating the necessity for pulse compression even for 160 Gbit/s
applications. The compressed pulses (b) show a sufficient pulse separation for
320 Gbit/s while the eye opening is maintained. Therefore, these results con-
firm that the modular set-up for pulse generation provides narrow pulses with
an appropriate phase noise performance for 320 Gbit/s transmission. Optical
sampling measurements of 640 Gbit/s pulses were not possible due to the lim-
ited bandwidth of the sampling set-up and the remaining width of the pulse
traces. The precision time base of the measurement oscilloscope had a resid-
ual jitter of about 180 fs. An evaluation of the oscilloscope traces revealed
orus value of 250 fs and 275 fs for the EC-MLL pulses and the compressed
pulses, respectively. Both values include the residual jitter of the precision time
base. In comparison a timing jitter value of 230 fs is measured for a fiber ring



85 CHAPTER 8. APPLICATION IN SYSTEM EXPERIMENTS

laser. Fiber ring laser were successfully used in 640 Gbit/s and 1.24 Thit/s
experiments [2, 3].

8.2 Transmission of 400 fs pulses over 160 km fiber
link

In order to verify the quality of the generated short pulses for communication
systems, a transmission over a 160 km fibre link was performed. Fig.8.3/shows
the set-up comprising the modular pulse source, two spans of a SLA-IDF fibre,
each with a length of 80 km, additional 200 m SSMF for exact dispersion
compensation and an autocorrelator (AK) for the evaluation of the transmitted

pulses.
Modular AC
Pulse Source § =10 GH Hl :
rop = z, s 4 s00m Pol
1.2xTF Limit, 80 km— Filter At=0.59 ps
At=0.42 ps

Figure 8.3: Short pulse transmission experiment.

At the output of the modular pulse source an additional optical filter with
a filter bandwidth of 16 nm was inserted in order to cut off the spectral compo-
nents outside the pulse profile, which disturbed the transmission due to higher
order dispersion effects.
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Figure 8.4: (a) pulse width and (b) signal to noise ratio before and after transmission
over the 160 km fibre link.

As Fig. 8.4 (a) shows, the pulse width of the transmitted pulses increased
from 0.42 ps at the output of the optical filter to 0.59 ps at the end of the trans-
mission link (input of autocorrelator in Fig.8.4). It should be emphasized that a
careful polarization alignment for the pulses launched into the transmission link
was necessary to obtain a short pulse width at the output of the transmission
link. The increase of the pulse width is in agreement with measurements re-
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ported in other publications [2, 120]. This pulse broadening is attributed to the
PMD and the higher order dispersion (34 of the transmission set-up including
the SSMF and all EDFAs. The signal to noise ratio (SNR) of the autocorrela-
tion trace decreased from 46 dB to 40 dB due to the re-amplification after each
fibre span ( Fig. (b) ).

8.3 Demonstration of a DPSK back-to-back
measurement up to 640 Gbit /s

The semiconductor mode-locked lasers were operated in several DPSK trans-
mission experiments at data rates of 160 Gbit/s, where a pulse compression
is not required. The generated pulses had a widths of 1.3 ps and 1.4 ps in
[121}, 122] and [123] (cf. sec.|A.4) respectively. These experiments show, that
the semiconductor mode-locked lasers generate pulse sequences with a stable
phase relation between adjacent pulses suitable for an application in transmis-
sion experiments using a phase modulation format.

For a transmission experiments at 320 Gbit/s or higher the pulse generation
by a semiconductor mode-locked laser needs an additional pulse width reduc-
tion and a pedestal removal. As shown in the preceding chapters a modular
pulse generator can provide these functions to improve the pulse quality for an
application in transmission systems.

In order to confirm the functionality, the modular pulse generator has to be
tested for data rates higher than 160 Gbit/s for transmission experiments with
e.g. differential phase shift keying modulation format.

For the investigation a test-bed with a transmitter (Tx) and a receiver
unit (Rx) was used as shown in Fig.8.5. The pulse source of the transmitter,
a semiconductor EC-MLL with ion implantation is operated at a wavelength
1556 nm and emitted a 10 GHz pulse train with a pulse width of 3.45 ps.
The pulses are compressed in HNL-DDF (sec. 6.1.3) and shaped in a DILM
(sec.[7.2) to a pulse width of 0.42 ps with sech? shape. The output wavelength
of the laser is slightly shifted to 1555 nm, determined by a filter behind the
pedestal reduction. In order to reduce the influence of spectral bandwidth
limiting elements, such as EDFAs and of the residual dispersion of the set-up,
the generated pulse train is filtered by a 8.0 nm filter. In consequence the pulse
width is broadened to 490 fs at the transmitter output.

A phase modulator is used to generate a DPSK data train with a base rate
of 10 Gbit/s. It is driven by a Bit Pattern Generator (BPG), which provides a
27-1 PRBS data signal. The fiber length between pulse source and modulator is
exceeding 1000 m. Therefore a clock signal had to be extracted to drive the BPG
and modulator. The modulated 10 Gbit/s DPSK bit sequence is multiplexed
in an optical delay line multiplexer to a data rate of up to 640 Gbit/s in single
polarization, single wavelength channel signal at the transmitter exit.

The multiplexed data signal of the transmitter is inserted into a receiver.
The receiver set-up comprises a NOLM-based demultiplexer with dispersion
flattened HNLF of 300 m length. The control pulses for switching are provided
by a 40 GHz control pulse laser operating at the wavelength 1532 nm and having
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Figure 8.5: Setup for the BER measurement in back-to-back configuration for data
rates of up to 640 Gbit/s in single polarization, single wavelength channel DPSK format.
The pulse source is a semiconductor EC-MLL, either comprising a one section laser
diode with implantation or a two section laser diode, both described in sec. [5.1 and
sec. The pulse width is reduced in the modular pulse generator to At < 0.42 ps.

a pulse width of 1.0 ps. The demultiplexed signals are inserted into a delay line
interferometer (DLI) to convert the phase information of the pulse train into an
amplitude modulation. A balanced photo detector is used for the measurement
of both logical states of the demultiplexed DPSK data train.

Fig.[8.6 shows the BER curves for a received DPSK bit sequence of 40 Gbit/s
without demultiplexer, for a DPSK bit sequence of 40 Gbit /s, which passed the
demultiplexer without active switchingH and BER curves for the demultiplexing
of 320 Gbit/s and 640 Gbit/s to 40 Gbit/s. The BER curves show the possibility
of an error free detection of bit rates up to 320 Gbit/s. For 640 Gbit/s a noise
floor limited the BER to 10~7. This is well below the maximum tolerable limit
for the application of a forward error correction of 1073, which has to be applied
in this case. The 320 Gbit/s demultiplexing experiment was also performed with
a different pulse source in the transmitter. Instead of the EC MLL with ion
implantation (5.1) also the EC MLL with a two section laser diode (5.2) was
used. With the latter pulse source a back-to-back BER measurement with BER
< 1072 was not possible.

The remaining phase noise and additional amplitude noise, partially con-
verted into further phase deviations in the process of pulse compression, is
suspected to lead to the observed slight occurrence of a curvature in the
BER measurement, which finally lead to the formation of an error floor for
640 Gbit/s. Note also, that the pulse width is as high as 650 fs (cf. require-
ment A ¢ < 0.3/B = 470 fs sec. 1.2) at the demultiplexer due to the spectral
filtering in the transmitter and the inevitable pulse broadening in the complete
set-up including the demultiplexer (NOLM).

A confirmation, that the set-up of the pulse compression and pedestal re-
duction itself do not disturb the phase coherence was made with an error free

!The passage of the demultiplexer at 40 Gbit/s provides a reference measurement of the
complete set-up including the switch (NOLM) rather then separating pulses in the literally
sense.
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Figure 8.6: Back-to-back BER measurement for the DPSK data trains demultiplexed
from bit rates of 320 and 640 Gbit/s to 40 Gbit/s. The BER curves are shown for
pulse trains generated by the modular pulse generator comprising a the semiconductor
mode-locked laser with ion implantation and, in case of 320 Gbit/s, also of the two-
section mode-locked laser.

The BER curves are shown for the demultiplexing from 320 to 40 Gbit/s and 640 to
40 Gbit/s. For the demultiplexed 320 Gbit/s data train the receiver sensitivity was
-22.4 dBm and 21.3 dBm for the both laser, respectively. Further BER curves show
the performance for the direct detection of the data signal without DEMUX and for
the unswitched transmission through the demultiplexer, both at 40 Gbit/s.

1.28 Thit/s transmission experiment using a solid state laser pulse source [124].
Hereby the solid state mode-locked laser was operated at the wavelength of
1550 nm and the generated 10 GHz pulse train had a phase noise of 40 fs,
about as low as the RF reference provided by a synthesizer. The pulse width of
2.1 ps pulse was similarly reduced to 420 fs in the pulse compressor and allowed
an error free transmission at a data rate of 640 Gbit/s in single channel single
polarization transmission with the DPSK modulation format. The transmitter
and receiver set-up for the transmission experiment was identical to the one
shown in Fig.8.5!

These results confirm the possibility to use semiconductor MLL as a pulse
source in a modular pulse generator for DPSK transmission experiments at
320 Gbit/s. The phase coherence of a pulse train is conserved in the pulse
compressor and the pulse shaper. Both components are suitable modules for a
pulse generator for transmission systems with data rates of up to 640 Gbit/s.
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Summary and Conclusion

The objective of this work was to assemble an optical pulse generator, suitable
for pulse generation in OTDM transmission systems operated at data rates
between 160 to 640 Gbit/s. High data rate OTDM systems require temporal
short pulses with a low timing jitter and a sufficient pulse to pedestal contrast.
The evaluation of the pulse properties often reaches the accuracy limits of the
measurement devices. Therefore, the pulse evaluation has to be made by various
measurement techniques such as single side band phase noise measurement,
autocorrelation measurement, optical spectrum analysis and optical sampling
to provide a reliable information about the pulse quality.

Different optical pulse sources, such as fiber ring laser, solid state laser,
semiconductor laser and EAM modulated cw-signals are suitable for an ap-
plication in OTDM systems. An emphasis of this work was the investigation
of the pulse generation based on semiconductor mode-locked laser in different
configurations. Two possibilities were identified: 1. a configuration in an ex-
ternal cavity set-up, which offers a high flexibility in wavelength and repetition
frequency; 2. the monolithic integrated mode-locked laser with a limited but
sufficient tunability for an application in a commercial transmission system.
A further difference is the type of the saturable absorber used for the passive
mode-locking. The saturable absorption can be reached by introduction of ad-
ditional recombination centers with ion implantation or by the carrier removal
in a separate, short, reverse biased absorber section. The ion implantation of
the laser diodes requires great efforts and the access to an implantation facil-
ity. It leads to a fixed definition of the absorber strength. The reversed biased
absorber sections requires a longer diode length in order to compensate for the
longer absorber recovery times. All configurations have proofed to be suitable
to generate optical pulses with a width of the order of 1 - 3 ps and a timing
jitter below 100 fs (integration range 100 Hz - 10 MHz).

The main reason for the phase noise is the spontaneous emission included in
the lasing process in the pulse generation. A reduction of the phase noise can
be reached by a smaller spectral filter bandwidth of the grating used in the laser
cavity to select the operation wavelength. Under these conditions the width of
the generated pulses increased to a pulse width of up to 3 ps. Thus the phase
noise can be reduced on expense of the pulse width of the generated pulses. The
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minimum phase noise obtained was about 60 fs and achieved the limit required
for 640 Gbit/s transmission. A similar situation concerns the amplitude noise.
The increase of the amplitude noise with higher absorber voltages is indicating
the slight transition to a pulsating laser operation. Distinct pulsating laser
operation was observed for the monolithic laser diodes. In order to avoid the
influence of these effects the laser devices with separate saturable absorber
were operated at an absorber voltage between 1 and 2 V. This is below the
maximum possible value, typically exceeding 3 V. It reduced the amplitude
and phase noise in the generated pulse train. However, both improvements are
reached on expense of the pulse width of the generated pulses.

A pulse generation for OTDM applications requires short pulse widths in
the order of 400 fs for 640 Gbit/s and 800 fs for 320 Gbit/s applications and
a phase noise of about 65 fs for 640 Gbit/s and 130 fs for 320 Gbit/s. Conse-
quently, the pulse generation with a semiconductor mode-locked laser inherits
a trade-off between a low noise pulse generation on the one hand side and a
short pulse generation on the other hand side. Phase noise reduction outside
the laser resonator is difficult to achieve. Especially the higher frequency com-
ponents above 1 MHz, characteristic for the semiconductor devices, are difficult
to remove. Feed back loops can be used to stabilize the pulse generation but fail
to show an improvement for high frequency components. For the application of
the generated low noise pulse trains in a 640 Gbit/s OTDM system an external
pulse compression becomes inevitable. Pulse compression is often accompanied
by the formation of a pulse pedestal which has to be removed. This leads to
the modular concept of a pulse generator based on the separate blocks of the
pulse source, the pulse compression and the pulse shaping.

Fiber based pulse compression avoids the necessity of an elaborate free space
set-up and relaxes the requirements on stability against mechanical vibrations.
Fiber based pulse compression exploits the nonlinear effects resulting from the
Kerr effect for high optical pulse powers. In the frame of this work the soliton
pulse compression and the supercontinuum generation were investigated. For
the soliton compression different linear dispersion decreasing fibers (DDF) were
used. In order to relax the power requirements, a DDF with an increased
nonlinearity was successfully used to compress a 3 ps 37.5 GHz pulse train
with an input power as low as 23 dBm to reach a final pulse width of 0.38 ps.
Alternatively pulse compression using the generation of a spectral broadened
chirped pulse, the so-called supercontinuum generation, was implemented. The
maintenance of high pulse quality requires a supercontinuum generation with
a highly nonlinear fiber in the normal dispersion region. A dispersion flattened
HNL fiber avoids higher order dispersion limitations and can be applied over
the complete C-Band. The final pulse width of the compressed and filtered
pulses was 0.40 ps. Both methods showed their suitability with respect to the
pulse requirements for OTDM systems.

The compressed pulses are often impaired by the formation of a pulse
pedestal reducing the pulse to pedestal contrast to less than 30 dB and have
to be removed. Therefore imbalanced loop switches are an effective choice.
A dispersion imbalanced loop setup, consisting of dispersion shifted fiber and
standard single mode fiber was used to remove the pulse pedestals adjacent
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to the pulse peak. The pulse to pedestal contrast was improved to more than
40 dB. The switching characteristic of a dispersion imbalanced loop mirror pro-
vides a reflection of low power components such as noise and pulse pedestals
independent from the input power. Another possibility to improve the pulse
contrast is a wavelength conversion between the generated pulses and the com-
pressed pulses. Pulse compression leads to temporal short pulses with a broad
wavelength spectrum. Often the spectral broadening was higher than neces-
sary for a transformation limited pulse. The filtering of a part of the optical
spectrum can remove disturbing spectral components and improves the pulse
shape, provided a suitable choice for the filtered wavelength is possible.

The functionality of the modular pulse generator and its subcomponents was
demonstrated in several experiments. Due to the modular nature of the pulse
generation concept the components of the low noise short pulse generator can
be used separately. The mode-locked laser can be used for a pulse generation
suitable for data rates up to 160 Gbit/s OTDM with long term stability and
without need of further pulse shaping using either OOK or DPSK modulation
format. The pulse compressor works in combination with every low noise pulse
source, or just as a stand alone pulse compression unit for an incoming pulse
train. The loop mirror for the pedestal reduction can be applied at any place
of a transmission system to remove disturbing pulse pedestals after a pulse
compression but also after a pulse transmission over a fiber link. Both can
be used for data signals with OOK or DPSK modulation format. An back-to-
back measurement was demonstrated for the combination of a semiconductor
external cavity mode-locked laser, soliton compressor and dispersion imbalanced
loop mirror at 320 Gbit/s and 640 Gbit/s. The bit error rates BER reached
values below 1072 and < 1073, respectively. The soliton compressor and the
pedestal reduction where used in combination with an solid-state laser for an
error free (BER < 107?) transmission experiment over 160 km with a single
channel single wavelength and single polarization pulse repetition frequency of
640 GHz.
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Appendix A

Additional Measurements

A.1 Timing jitter tolerance of a 160 Gbit/s OTDM
transmission system

A critical issue for an OTDM transmission system is the sensitivity of the error
free performance to the timing jitter of the incoming data signals. Requirements
on the pulse sources have to be derived from the allowable tolerances. Therefore
the impact of timing jitter on the demultiplexer and receiver performance was
investigated. The experimental set-up is depicted in Fig. A.1!

40Gbis
ETDM
10GHz 40GHz V 60Gb/s

n,| Optical 40Gb/s ETDM
[ TMLL F—>] mux |—> moD [—>| mux /Ur Doty [ recemver
Jitter:

160Gb/s BER

220 fs... 600 fs P - 40Gbis o rement

Figure A.1: Set-up of a 160 Gbit/s transmission system for measurement of the timing
jitter tolerance.

The mode-locked laser was operated at 1555 nm. The timing jitter of the
emitted 10 GHz pulse train was varied by changing the RF modulation power
applied to the hybrid mode-locked laser and the adaptation of the gain current
between 60.8 mA and 64.2 mA.

The influence of variations of other parameters was minimized due to a
constant pulse width of 1.4 ps and a spectral width of 1.3 nm, which had
been maintained for the different modulation powers. The amplitude noise was
measured using a sampling oscilloscope and had a value between 1.5 % and 2 %.
It did not change with the timing jitter. Note that the timing jitter measured
with an oscilloscope were some 40 % to 20 % higher mainly due to the noise
of the precision time base unit of 180 fs but to a minor extent also due to the
limited frequency integration range of the SSB phase noise measurement.

In Fig. A.2 (a) the maximal tolerable value for the timing jitter can be
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Figure A.2: (a): shows the BER curves for different timing jitter values. The jitter
was calculated with the SSB phase noise measurement in the integration range between
100 Hz to 10 MHz. (b): the required receiver input power for error free detection
(BER < 107?) versus the timing jitter of the 160 Gbit/s pulse train is shown.

determined to around 330 fs where the BER curve reached an error floor near
a BER of 1-107Y. The required receiver input power for error free reception
of the data signal is shown in dependence of the timing jitter in Fig. A.2 (b).
The main influence on the jitter sensitivity of this set-up is caused by the width
of switching window of the demux. The exact limit for a data transmission
system will strongly depend on the particular demultiplexer set-up being used.
Here a demultiplexer with a self-cascaded EAM was used (cf. Ref. [125]) which
provides a switching window of about 2.5 ps. However, as conclusion there is a
requirement for the maximum tolerable jitter of a pulse source of about 260 fs
for an error free operation of 160 Gbit/s systems. In approximation a timing
jitter less than 65 fs is considered necessary for the operation of a 640 Gbit/s
system.

A.2 Phase noise reduction

The main possibilities to reach a EC-MLL pulse generation with a low phase
noise was already discussed in Sec. [5.4. Apart from a suitable choice of the
parameters of the semiconductor laser material and the laser cavity set-up, the
choice of optimum laser operation conditions also the 3"® approach, the noise
reduction by subsequent phase stabilization was investigated.

In the following the stabilization of the pulse generation is investigated by
the set-up of a feed back circuit.

A.2.1 Feed back loops for the phase noise reduction

The deviation of the exact pulse positions can be corrected by a feed back signal
which is evaluated to adjust the laser cavity length. The cavity length can be
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changed by the alteration of the resonator mirror position as used for solid state
MLL shown in Sec. 3.2. Alternatively the optical path length can be altered
by a refractive index change. This is especially attractive for semiconductor
devices due to the high dependence of the refractive index from the carrier
density. It offers the possibility to avoid mechanical changes with their long
time constants.

In the frame of this work a feed back loop as shown in the set-up in

Fig. /A.3 (a) was used for the reduction of phase noise during pulse generation.
The pulse source comprised an ion implanted bulk-laser diode as described in
Chap.4 and[5. The EC-MLL generated a 10 GHz pulse train. A lower share of
the pulse power was used to provide a feed back signal onto the gain current.
A photodiode converted the generated pulse train into a RF feed back signal.
A 1/8 frequency divider was needed to enable the phase comparison with a
reference signal of an RF synthesizer in a phase comparator (PDF) element.
The product signal was filtered by a low pass filter and added to the DC supply
current for the gain section.
Due to the influence of the carrier density on the refractive index but also due
to thermal heating the pulse round trip time and therefore the pulse spacing of
the generated pulse train can be changed. The feedback ratio of the PLL signal
had to be optimized.
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Figure A.3: PLL for an EC-MLL stabilization and its impact on the SSB noise per-
formance

Fig. (b) shows the SSB Phase Noise curve of the passive mode-locked
laser with the typical high phase noise levels (black curve) for the semiconduc-
tor laser. The improvements by insertion of the feed back loop is shown with
the green curve. In comparison the phase noise curve for the hybrid mode-
locked laser without feed back loop is shown with the blue curve. The circuit
for phase stabilization did not reach an improvement in comparison with the
solely hybrid mode-locked noise performance. A change of the gain current, e.g.
an increase of the gain current, has an influence on the thermal heating of the
laser diode and on the carrier density. A fundamental problem is the opposite
influence of the thermal heating and the carrier density on the refractive index
of the laser material. The thermal effects can be used to control rather slow
frequency variations. The variation of the refractive index by electric effects
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can control higher frequency variations. However, the contrary effects of a gain
current change onto the refractive index remain a problem for an adjustment.
An alternative is therefore the manipulation of other laser cavity length pa-
rameter like the mirror position or, if multi sectional laser diodes are used, the
change of passive sections for phase tuning or wavelength tuning.

A more fundamental limitation of all phase locked loops is the loop length, a
critical parameter for the maximum possible operation frequency. Limitations
are imposed by the device capacities and the maximum frequency of the band-
pass/feed back electronic. In this measurement a maximum bandwidth in the
order of 100 kHz was available (Fig.|A.3/ (b)). However for an improvement of
the noise performance of the semiconductor mode-locked laser the reduction of
the phase noise in the frequency regions above 1 MHz is more important, since
low frequency changes can be tracked by clock recovery set-ups. The latter are
obligatory in network applications anyway.

N.B.: There is an obvious amplitude noise peak in the range of 200 MHz. The
measured phase noise curves in Fig. (b) are taken for the upper side band.
Measurements of the lower side band phase noise curve delivered identical values
with exception of such a peak.

A.3 Multiplexing of short pulses

Pulse sources and modulator typically are operated at repetition frequencies of
10 or 40 GHz. Therefore the generation of a 640 Gbit/s data signal requires a
multiplexing of the generated data sequences.

In multiplexing of pulses it has to be distinguished between multipexing
of PRBS data signals and multiplexing of an unmodulated pulse train. The
appropriate multiplexer devices differ in their fiber delay length and are called
PRBS-multiplexer and pulse multiplier, respectively.

In laboratory experiments the generation of high data rates would require
one transmitter per channel. In order to reduce the equipment needed, the
data rate of one channel is increased in a subsequent multiplexer. A fiber based
PRBS-multiplexer is depicted in Fig. A.4. In the example it comprises two
stages for multiplexing, e.g. from 10 Gbit/s to 40 Gbit/s.

Shutter

N/2 bit N/4 bit
S= Pol.

AT —=__ ATl
ATT |ATT

AAL
424

Figure A.4: Set-up of a fibre based multiplier with two stages containing a free space
delay line including quarter- and half- wave plates.

The incoming 10 Gbit/s pulse train is split in the first multiplexer stage by
a 3 dB coupler into two branches. Both branches of the multiplexer stage have



\% APPENDIX A. ADDITIONAL MEASUREMENTS

different lengths in order to obtain a delay between both pulse trains before they
are recombined by the next 3 dB coupler. A free space optical delay line with
quarter- and half-wave plates is introduced in one branch for the adjustment
of the delay and of the polarization. To compensate for the higher loss of the
optical delay line a variable attenuator is introduced in the other fiber branch
to equalize the pulse power of the merged pulse trains. For doubling the bit rate
of a PRBS word of the length of N Bit in a single stage the delay between both
pulse trains has to be N/2 times the bit period of the incoming data signal in
order to maintain the PRBS structure of the data word at the multiplied data
rate. The data rate can be increased by further multiplexer stages.

For short pulses with a broad spectral width the tolerances of the multi-
plexer are more stringent. A disturbing influence of the dispersion of the first
multiplexer stages is recognized on the pulse width when multiplexing with a
27—1 PRBS multiplexer from 10 Gbit /s to 40 Gbit/s and above. The first stages
have a relatively long SSMF fibre delay exceeding 1 m and cause a broadening
of the delayed pulses as shown in tab. for a 0.4 ps pulse with a gaussian
shape. The multiplexing to higher bit rates is less critical due to shorter delay
lengths needed. The maximum delay difference for the multiplexing is 2.56 m
(limit of the arithmetic progression) and would lead to a pulse broadening of
gaussian pulses from 0.40 ps to 0.58 ps. In case of multiplexing from 20 to
40 Gbit/s is has to be distinguished between pulses which have already experi-
enced a delay in the 10 to 20 Gbit/s stage or not. As every pulse experienced
a different dispersion, the resulting pulse train consists of pulses of different
width which is not suitable for an application.

To avoid these problems, it is sufficient to operate with a base rate of 40
Gbit/s. For pulse multiplying from 10 GHz to 40 GHz a multiplexer, also called
pulse multiplier, with just 1/2 bit delay can be used in order to circumvent these
problems. Alternatively PRBS multiplexer with DSF fiber delays could be used.

| MUX stage / GHz | delay /bit | delay /m [ delay /ps | width |
10-20 Ghit/s | (27— 1)/2 | 1.28 | 3189.90 | 0.45
20-40 Gbit/s | (27— 1)/4| 0.64 1594.95 | 0.41
1.92 4784.85 0.51

Table A.1: 27-1 PRBS multiplexer delay line fiber lengths, delay time and the
broadening of a 0.4 ps gauss pulse due to the dispersion of SSMF.

Fig. A.5 shows the autocorrelation trace of a 160 Gbit/s signal consisting
of short pulses. The 10 GHz pulse train was multiplied to 40 GHz, modulated
with a 40 Gbit/s data signal and multiplexed to 160 Gbit/s. Note that an ideal
autocorrelation trace of a data sequence with equal number of marks and spaces
in the average has a central pulse and side pulses of half hight. Side pulses are
result of a crosscorrelation. Deviations from the exact delay, power splitting and
the remaining dispersion contribute to a pulse trace with different hight of each
pulse. Due to the cross-correlation in combination with the timing jitter the
measured side-pulses show an additional broadening and thus a minor increase
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Figure A.5: Autocorrelation trace of a 0.4 ps 160 Gbit/s pulse train multiplexed with
a 1/2 bit delay multiplexer from 10 to 40 GHz, subsequently modulated with a 27 — 1
PRBS word and multiplexed to 160 Gbit/s maintaining the PRBS sequence. Slight
deviations from the optimum multiplexer lead to the observed sub-structure of the
measured pulse train.

in pulse width is inevitable in the cross correlation of pulses (cf. Section 2.3.2).

A.4 DPSK Transmission Experiment at 160 Gbit/s

The EC-MLL and the M-MLL pulse sources were tested in 160 Gbit/s DPSK
transmission experiments [122, 123]. The setup for a measurement with the
M-MLL is shown in Fig. A.6/ and differs from the experiment in sec.[8.3. For
data rates of 160 Gbit/s it is still possible to use uncompressed pulses and the
demuliplexer can be implemented using the switching window of an EAM.

Transmitter Receiver

Transmission

40 Gbit/s 160->40 Gbit/s
QQ)
N Optical 40 Gbit/s
MMLL Mux ¥ SLA IDF Gate BERT
80 km
O 40>160 X6 P
40 Gbit/s  Gbit/s
Recovery

Figure A.6: Set-up for the 160 Gbit/s DPSK transmission experiment using the 40
GHz M-MLL pulse source in a 160 Gbit/s RZ-DPSK Transmitter. The transmission
link was built by 6 spans of SLA-IDF.

In this example the 160 Gbit/s DPSK transmitter comprised the 40 GHz
M-MLL pulse source. It was operated with a gain current of 102 mA and an
absorber voltage of 1.7 V. The generated pulses had a sech? pulse shape and
a pulse width of 1.4 ps. An 40 GHz RF signal was applied onto the absorber
voltage for hybrid mode-locking. The generated 40 GHz pulse train had a tim-
ing jitter of o,pms = 85 fs (evaluation range f,, € [100 Hz,10 MHz]). The
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pulse sequence was modulated in a LiNbOs Mach-Zehnder phase modulator
and followed by a passive fiber delay-line multiplexer to generate a single polar-
ization 160 Gbit/s data signal. The transmission link had a length of 480 km (6
spans of SLA-IDF). The 160 Gbit/s DPSK receiver consisted of a 160 Gbit/s to
40 Gbit/s optical demultiplexer (DEMUX), an clock recovery and a 40 Gbit/s
DPSK receiver. In the 40 Gbit/s DPSK receiver an optical pre-amplification
was necessary and is followed by an optical bandpass filter. A fibre based delay-
line interferometer (DLI) was used to convert the DPSK modulation into OOK
modulation which is then detected by a balanced photoreceiver and a 40 Gbit/s
BER detector (BERT).
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Figure A.7: BER measurement for the transmission of the 160 Gbit/s DPSK pulse
train over 480 km SLA-IDF

The bit-error rate of the 160 Gbit/s RZ-DPSK data signal was measured
after transmission over the 480 km fiber link and are shown in Fig. [A.7. A
160 Gbit/s back-to-back measurement is included for comparison. Error-free
performance was shown for all four 40 Gbit/s OTDM channels in the back-to-
back measurement and after the 480 km transmission. The power penalties for
the transmission varied between 1.2 and 2.1 dB compared to back-to-back BER
curve.
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Appendix B

Fiber Properties, Conversion
of Parameter

B.1 Overview over fiber properties

Fiber Dispersion

Parallel to the dispersion D [ps/nm/km]| often the second order dispersion co-
efficient 35 [ps?/km] is considered:

fo=—-5—-D (B.1)

The dispersion slope S [ps/nm?/km] can simultaneously be expressed by the
third order dispersion coefficient 33 [ps®/km]
A2 4me
=(=—)"-(S— — B.2
By = () (S = S5 fh) (B2)
Only for transmission of sub-picosecond pulses higher order dispersion such
as (4 has to be included in compensation schemes.

Fiber Nonlinearity

A high nonlinearity is attractive for an efficient pulse broadening. The measure-
ment of the nonlinear coefficient is based on SPM, XPM and FWM processes
in the investigated fibers. In the literature details of the measurement methods
can be found [126, 127]. The accuracy (heights) of the measured coefficient
varies depending on the measurement method being used. For the HNLF the
reported values vary between 11 and 21 km~" W~!. For applications a v value
of about 10 W~! km™"! is proposed as an optimum balance between a high
nonlinear coefficient and the increasing fiber loss of bulk fiber.

IX
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B.1.1 Properties of the dispersion decreasing fiber

Table B.1 gives an overview over the DDF fiber parameter used in the frame of

this work.
Fiber DDF | DF-DDF | HNL-DDF
length / m 1000 1000 920
Attenuation / dB 1.8 1.6 3.2
Dispersion begin / ps/nm/km | 10.0 10.0 12.0
Dispersion end / ps/nm/km | 0.5 -1.0 0.5
Nonlinearity v / W~ km~! 3 3 9

Table B.1: Overview over DDF fiber properties.

B.1.2 Properties of the highly nonlinear fiber

Fiber HNLF 1 | HNLF 2 HNLF 3/4/5/ 6
length / m 510 789 125/ 250/ 500/ 750
Attenuation / dB km™! 0.47 0.84 0.78
Ao / nm 1569 1555 non
D at 1550 nm / ps nm~! km~! | N.A. -0.09 | -0.49/-0.49/ -0.45/ -0.34
S at 1550 nm / ps/nm?/km 0.03 0.019 0.0061/ 61/ 62/ 64
v/ W™t km™! 21 10.5 10.5
PMD / ps (km)™? N.A. 0.053 0.024

Table B.2: Overview over HNLF fiber properties

The properties of HNL fibers are listed in Table/B.2. )\ is the zero dispersion
wavelength of the HNL fiber. Some fibers (HNLF3-6) have a normal dispersion

over the full wavelength range.

B.1.3 Properties of the transmission fiber

For the transmission experiment shown in Sec. 8.2 a SLA-IDF dispersion man-

aged fiber combination was used.

The SLA-IDF fibre (ultra-wave fibre) was provided by OFS-Denmark. Each
80 km fibre span consisted of Super Large Area Fibre SLA (A.ss = 105 um?,
D = 20 ps/km/nm) and Inverse Dispersion Fibre IDF (A.sf = 33 um?, D= —

44 ps/km/nm).
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B.2 Conversion Charts, Conversion of Parameter

Fourier transformation of Pulse shapes

Gaussian pulse shape:

A a2
@) = dexp(—a??) & f(3) = 2D eV (B.3)
Sech pulse shape:
f(z) = sech(azx) & f(y) = % -ﬂa_lsech(%wg) (B.4)

Conversion of Parameter

The spectral width can be measured on the frequency or wavelength scale. For
comparison often used values are given Tab. [B.3.

A/ nm 1310 1530 1550 1565
v / THz | 228.85 | 195.94 | 193.41 | 191.56

AN / nm at 193 THz 1 1.6 | 8.02 | 200
Av / THz at 1550 nm | 0.125 | 0.2 1 25.06

Table B.3: Conversion THz < nm

The (absolute) electrical peak to peak voltage at 50  is converted into
power in dBm according to

Pq

Upp = 20 -1/ 101%™ /1000 (B.5)

With P,,; = %\Eel|2 the conversion between dBm and mW of optical power
follows to P
w
P, [dBm] = 10 logm# (B.6)

Conversion Charts
Time-Bandwidth Ratio for Transform Limited Pulses

The spectral width of a transformation limited pulse of a pulse width of 0.4 ps
depends on the exact pulse shape (gaussian or sech?) and varies between 6 nm
and 9 nm (Fig. B.1).

The calculation of the spectral width and temporal width of a transforma-
tion limited pulse was according to

AT AN
A2

with K: Time-Bandwidth-Product (cf. Tab. 2.2).

K= co (B.7)
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Figure B.1: Time-Bandwidth Ratio for Transform Limited sech? and gauss pulses

Pulse Peak Power versus Average Power
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Figure B.2: Conversion chart between Py/W, Epyuise/pJ and Pg,q. Diagram (a): for
2.0 ps sech? pulses at repetition frequencies of 10, 40, 160 and 640 GHz. Diagram (b):
for 0.5, 1.5, 2.0 and 3.0 ps sech? pulses at a repetition frequency of 10 GHz.

For conversion between pulse peak power, peak energy and average power
Fig.|B.2 (a) shows the conversion charts for 2.0 ps sech? pulse train with repe-
tition frequencies of 10, 40, 160 and 640 GHz and in Fig. B.2|(b) for different
pulse width of 0.5, 1.0, 1.5, 2.0 and 3.0 ps for a repetition frequency of 10 GHz.

The conversion is according to

Prae(mW) = 1.763- _ Thit g(Pue(dBm)/10) (B.8)
(2-Trwum)

Epulse(fj) = TBit : 10(Pa1)g(dBm)/10) (Bg)
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with T'g;; the Bit-period in ps and Trw gy the FWHM pulse width in ps.

N=1 Soliton Peak Power and Average Power

In Fig.B.3 for a 10 GHz pulse train is shown in dependence of the soliton pulse
width for propagation in SSMF (a) and in dependence of the fiber dispersion
for 0.4 ps and 2.0 ps soliton pulse widths (b).

10000 T T T — 1000 : T T T
\ N=1 Soliton auf SMF: LA
- - Ppeak T AT TN~~~
1000 — Pavg 1 100 ppeakﬁ_;ps/ el
\ B,= 17.0 ps/nmkm 2.0p5\ ~
1004 =217pshkm ] L A
R [
0] -~ 1 = 1= O ereeasccs ~max. Peoea 7]
= T~ . _ Ppeak o avg 20ps \
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Figure B.3: (a) Pulse peak power Ppeqr and (b) Average power Py, for a 10 GHz
pulse train of fundamentals soliton (N=1).

The soliton peak power is inverse proportional to 1/T}27WHM and direct
proportional to (3o:

P = |52|2
'Y'To

The relation between the pulse peak power Py and the average power of a
pulse trains is

(B.10)

Pavg = 27070 (B.11)

with the bit period Tg;; in [ps] and the integration over a soliton pulse

/ sech(Ti)Q it = 27 (B.12)

—0 0

cf. factor 2 in eqn.|6.2.
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EDFA gain spectrum

A typical EDFA gain spectrum in shown in Fig. B.4. Gain flattened EDFAs
use absorption plates to attenuate the gain maxima to an average value.

16
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Gain -
12+
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| 1 1 1 )
1530 1540 1550 1560
Wavelength (nm)

Figure B.4: Gain spectrum of an EDFA [128].
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List of Variables and
Abbreviations

name

Eo

Ee, E(t)
E,

EPulse

fo

fm

fnoise

frep

fsync
fOpassiveML
Af

G(7)

i

1

Isua

Igain

Is abs» Is gain

K

described quantity

Amplitude

Absorption [-]

amplitude of the n'* cosine term of a Fourier expansion
Bit rate [Hz]

Bit period [s, typ. ps]

Wavelength Band 1530-1565nm

Chirp [GHz|

light velocity in vacuum [2.99792458 - 108 m/s]
Dispersion [ps/nm/km]

height of the active region of a semiconductor diode [nm]
amplitude of the superposition of optical modes [V /m]
electrical field [V/m]

amplitude of the mode n [V/m]

energy of a single pulse [J]

reference frequency [Hz|

frequency offset from center frequency in SSB [Hz]
frequency of noise components [Hz|

pulse repetition frequency [Hz]

synchronization frequency [Hz]

frequency of the free running mode-locked laser [Hz|
frequency variation [Hz|

convoluted pulse shape [ps]

index [-]

pulse intensity [W]

SHG Intensity [a.u.]

gain current [mA]

Saturation intensity of absorber and gain section
time- bandwidth- product [-]

XV
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name described quantity

L(fy) Side Band Phase Noise Level L [dBc/Hz]

Lipr length of LDF [m]

L-I- curve power- current curve

Lp Dispersion Length [m)]

L-Band Wayvelength Band 1565 - 1625 nm

1 length [m]

N Number of Bits -]

n index variable [-]

1, Ny, Nge refractive index in general, -of air and -semiconductors [-]
P power [dBm, W]

Py, Ppeak pulse peak power [dBm, W]

Pavg average power [dBm, W]

Popts Per optical / electrical power [dBm, W]

Py, Pout input-, output power [dBm, W]

Pirans transmitted power [dBm, W]

Py spectral power at A [dBm, W]

Pssp(fm)|m. SSB Power at offset f,, [dBc/Hz]

R Reflectivity [-]

S Dispersion Slope [ps/nm?/km]

S11 input reflection

T Transmission [-]

Tgi Time interval of one bit slot [s, typ. ps]

Trwam temporal full width half maximum [ps]

To temporal pulse width, Ty = Trwmar/1.763 [ps]
Tn(t) temporal width transmission window of the EAM [ps]
t time [s]

tgroup group delay [ps]

Upp peak-to-peak voltage [V]

Uubs voltage biased to the saturable absorber [V]
Vamplitude voltage from peak to zero [V]

Vgr group velocity [m/s]

w width of the waveguide of a semiconductor diode [pm]
z parameter for length [m]

At temporal pulse width = Tpwmar [ps]

Atye temporal width of an autocorrelation function [ps]
B2, B3, B4 2nd, 3rd and 4th order of dispersion [ps?/km, ps®/km]
v nonlinear coefficient [W~1km™!]

A wavelength [nm)]

Ao zero dispersion wavelength [nm]

Ag wavelength of the gain maximum [nm]

Vearrier carrier frequency [Hz]

At - Av time-bandwidth product K [-]

Av, A\ spectral pulse width [Hz, nm]

Avp pt1 spectral distance between optical modes n and n+1 [Hz]
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name described quantity
13 phase angle [°, rad]
Orms standard deviation
Ope, Opp standard deviation peak to clock, -peak to peak [ps, fs]
T time [s, ps; often used for a variable delay time etc.
Tay Tn recovery time of the absorber and gain medium, respectively [ps]
Te cavity round trip time [ps]
tac, txc pulse width in autocorrelation, - cross-correlation [ps]
o(T) temporal phase information [°, rad]
Ag phase shift [°, rad]
Oews Pecw phase shift - clock wise, - counter clock wise [°, rad]

¢SMF>¢LDF) ¢NL LDF phase Shift in SSMF, LDF, NL LDF [O, rad]

p(N)

spectral phase [°, rad]

Abbreviation full name

AN

ACF

AK

AR

BER
BERT
CDPF
CW
DBR
DDF
DEMUX
DF-DDF
DFF
DGD
DILM
DPSK
DSCF
DSF
EAM
EC-MLL
EDFA
EDRL
ETDM
FEC
FROG
FWHM

Amplitude Noise

Auto-Correlation Function
Auto-Correlator

Anti Reflection

Bit Error Ratio

Bit Error Ratio Test bed

Comb like Dispersion Profiled Fiber
Continuous Wave

Distributed Bragg Reflector
Dispersion Decreased Fiber
De-Multiplexer

Dispersion Flattened - DDF
Dispersion Flattened Fiber
Differential Group Delay [ps]
Dispersion Imbalanced Loop Mirror
Differential Phase Shift Keying
Dispersion Slope Compensated Fiber
Dispersion Shifted Fiber

Electro Absorption Modulator
External Cavity - Mode-Locked Laser
Erbium Doped Fiber Amplifier
Erbium Doped Fiber Ring Laser
Electrical Time Division Multiplexing
Forward Error Correction

Frequency Resolved Optical Gating
Full Width Half Maximum
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Abbreviation

FWM
GRIN
HDF

HL
HNL-DDF
HNLF
HP-EDFA
HR
InGaAsP

IDF
ITU
LDF
MBE
MOCVD
MOD
M-MLL
MQW
MUX
NA
NOLM
NRZ
OOK
OTDM
PM
PMD
PN
PRBS
RDF
RF
RIN
RZ

SA
SBS
SDH
SDPF
SESAM
SHG
SLA
(S)SMF
SNR
SPM
SSB
STM

full name

Four Wave Mixing

Gradient Index

High Dispersion Fiber

Combination of high reflectivity layer and low reflectivity layer
High Non-Linear DDF

High Non-Linear Fiber

High Power EDFA, Poyt qvg > 20 dBm
High Reflectivity

Semiconductor comprising the elements
Indium Gallium Arsenide Phosphide
Inverse Dispersion Fiber, also: RDF - reverse dispersion fiber
International Telecommunication Union
Low Dispersion Fiber

Molecular Beam Epitaxy

Metal Organic Chemical Vapor Deposition
Modulator

Monolithic - Mode-Locked Laser

Multi Quantum Well

Multiplexer

Numerical Aperture

Nonlinear Optical Loop Mirror
Non-Return-to-Zero

On-Off-Keying

Optical Time Division Multiplexing
Polarization Maintaining

Polarization Mode Dispersion

Phase Noise

Pseudo Random Bit Sequence

Reverse Dispersion Fiber

Radio Frequency

Relative Intensity Noise

Return-to-Zero

Saturable Absorber

Stimulated Brillouin Scattering
Synchronous Digital Hierarchy

Step like Dispersion Profiled Fiber
Semiconductor Saturable Absorber Mirror
Second Harmonic Generation

Super Large Area

(Standard) Single Mode Fiber

Signal to Noise Ratio

Self Phase Modulation

Single Side Band

Standard Transmission Module
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Abbreviation full name

TDM Time Division Multiplexing

TEMgg Transversal Electro Magnetic wave with gaussian intensity distribution
TPS Trailing Pulse Suppression

VCO Voltage Controlled Oscillator

(D)WDM (Dense) Wavelength Division Multiplexing
XPM Cross Phase Modulation
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