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Abstract 

In framework of this thesis, novel all-optical 3R regenerators for high-speed signal 
processing (40 Gbit/s and beyond) have been developed. The focus was on a feasible 
solution for spectrally efficient DWDM networks. In order to guarantee a high integration 
potential as well as mechanical and thermal stability, the 3R regeneration schemes have to 
be based on compact semiconductor devices. From the application point of view, two 
different functionalities of the all-optical 3R architectures have been considered. On the 
one side, simple pass-through signal regeneration by simultaneous preservation of signal 
wavelength and phase is attractive especially for long haul point-to-point DWDM links. 
Such regenerator can basically operate as a 3R regenerative amplifier without the necessity 
of any wavelength monitoring function. On the other side, signal regeneration combined 
with wavelength conversion is an attractive functionality for optical cross-connects, in 
order to avoid wavelength blocking and, in addition, to use the wavelength conversion for 
degradation-free signal routing in the reconfigurable transparent optical networks.  

Two all-optical semiconductor based 3R regenerators have been developed and optimised 
for operation in 40 Gbit/s PRBS RZ data streams. The key functional components of both 
proposed architectures are a self-pulsating PhaseCOMB-laser (Phase Controlled Mode 
Beating) for all-optical clock recovery and an ultra-long semiconductor optical amplifier 
(UL-SOA) applied in the 3R circuits for effective exploitation of fast nonlinearities. The 
semiconductor devices were designed and fabricated in the technology of FhG-HHI. In the 
thesis, the experimental investigations on the device characteristics as well as assembled 
3R architectures are supported by detailed numerical analysis. Based on the simulations, 
the physical background of the exploited novel effects is explained and the optimised 
operation conditions are identified.   

The PhaseCOMB-clock is a compact three-sections laser providing all-optical clock 
extraction from PRBS signals. In this work, the potential of the optical clock for 
application in a 3R regeneration scheme is analysed. The system performance and 
robustness of the selected devices was studied by operation in 40 Gbit/s data streams. The 
impact of different signal degradations on the timing stability of the recovered clock signal 
was evaluated in detail. Furthermore, the burst-mode feasibility of the PhaseCOMB-clock 
was investigated. The results were later used by design of the proposed 3R schemes 
optimised for processing of asynchronous packet flows. 

In case of the UL-SOA, the device length as an important optimisation parameter was 
systematically studied and exploited in this work for the first time. Semiconductor 
amplifiers of different lengths between 2 mm and 8 mm were fabricated. The purpose was 
to exploit more effectively the nonlinearities needed for fast optical signal processing. It 
could be demonstrated that the impact of ultra-fast (< 1 ps) intra-band cross gain effects on 
the total gain saturation clearly increases when enhancing the SOA length. Subsequently, it 
was found that the inter-band transitions are also effectively accelerated in the long 
devices. Gain recovery time constants down to 10 ps were evaluated for an 8 mm UL-SOA 
compared to ~100 ps typically measured for conventional SOAs with a length below 
1 mm. Hence, the fast inter-band XGM effects make the long devices attractive for high 
speed (40+ Gbit/s) optical signal processing.   
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The unique characteristics of the aforementioned semiconductor components have been 
exploited in a novel configuration (FhG-HHI patent). The combination of the effective and 
fast gain dynamics of the ultra-long amplifiers together with the high timing stability of the 
optical clock signal results in regenerative behaviour of periodically modulated UL-SOAs. 
The periodically modulated UL-SOA is the basis for both all-optical 3R schemes 
developed in the framework of this thesis: the ‘Optically Clocked’ 3R regenerator (OC-3R) 
and the ‘Alternating Data-Clock’ 3R regenerator (ADC-3R). 

The ‘Optically Clocked’ 3R regenerator is a wavelength-preserving scheme. The signal 
regeneration is performed by effective carving of degraded data pulses, when propagating 
through the saturated long amplifier periodically modulated by the stable clock signal. The 
dominant clock determines the saturation conditions in the long amplifier and, thus, the 
regeneration efficiency of the proposed scheme. The quality of the weak PRBS data signal 
is restored without any wavelength conversion. The impact of amplitude fluctuations, 
timing instabilities as well as reduced data OSNR on the performance of the OC-3R 
regenerator was investigated in detail in order to define the optimised operation conditions 
of the proposed 3R scheme. Furthermore, the capability of the OC-3R for mitigation of 
polarisation mode dispersion (PMD) and residual chromatic dispersion (CD) as well as 
regeneration of 40 Gbit/s asynchronous PRBS packet flows is demonstrated. 

The second 3R architecture introduced in this work, the ‘Alternating Data-Clock’ 3R 
regenerator, combines signal regeneration with wavelength conversion. In contrary to 
conventional 3R circuits, the output wavelength of the regenerated signal is defined by a 
CW source and, thus, can be flexibly tuned in the whole C-band (e.g. ITU grid). Also in 
this scheme, the timing position of the converted data pulses is determined by the stable 
clock signal. In this work, the regenerative ability of the ADC-3R operated in 40 Gbit/s 
PRBS RZ data streams is studied for different signal degradations and wavelength 
combinations in order to evaluate the typical features of the proposed compact 3R circuit. 
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Zusammenfassung 

Im Rahmen der Doktorarbeit wurden neuartige rein-optische 3R Regeneratoren für 
Datenraten von 40 Gbit/s und höher entwickelt. In Hinblick auf eine praktikable 
Einsetzbarkeit in spektral effizienten WDM Systemen sollten die Regeneratoren 
ausschließlich auf kompakten Halbleiterkomponenten mit hohem Integrationspotenzial 
basieren. Dabei werden 3R Architekturen für unterschiedliche Einsatzbereiche im 
optischen Netz betrachtet. Zum einen ist für „long-haul“ Übertragungsstrecken ein 
wellenlängen-erhaltender 3R Regenerator interessant, der möglichst auch die Phase der 
Lichtwelle erhält und der keine aufwendige λ-Überwachung benötigt. Im Prinzip kann ein 
solcher Regenerator dann als ein 3R regenerativer Verstärker eingesetzt werden. Zweiter 
wichtiger Einsatzpunkt für den 3R Regenerator ist der optische Schaltknoten. Hier ist die 
Regeneration vorzugsweise mit einer Wellenlängen-Konversion zu kombinieren, um so in 
geschalteten optischen Netzen die Wellenlängen-Kollisionen zu vermeiden oder die λ-
Umsetzung für Routing zu nutzen. Angesichts dieser Überlegungen wurden zwei 
modifizierte 3R Schaltkreise entwickelt, die unter Nutzung der gleichen Halbleiter-
Funktionselemente realisiert wurden. Diese wurden sowohl anhand numerischer 
Simulationen als auch experimentell detailliert analysiert. Die Ergebnisse werden 
vergleichend diskutiert und genutzt, um die Signal-Regeneration von 40 Gbit/s PRBS RZ 
Daten-Strömen zu optimieren. 

Die erste 3R Schlüsselkomponente ist der selbstpulsierende PhaseCOMB-Laser (Phase 
Controlled Mode Beating), der für rein-optische Taktrückgewinnung genutzt wird. Diese 
Komponente ist eine bekannte Entwicklung des FhG-HHI. In der Arbeit wird das Potenzial 
des PhaseCOMB-Lasers für den Einsatz in einem 3R Regenerator evaluiert. Insbesondere 
wurde der Einfluss von starken Daten-Degradationen verschiedenen Ursprungs auf die 
Zeitstabilität des Clock-Signals untersucht, um damit die Robustheit der Clock gegenüber 
Störungen, die typischerweise in realen Übertragungssystemen auftreten, zu verifizieren. 
Speziell in Hinblick auf den Einsatz in asynchronen Netzen wurde weiterhin die Burst-
Fähigkeit der PhaseCOMB-Clock eingehend analysiert. Die Ergebnisse bestimmten das 
Design der 3R Schaltkreise, die für den asynchronen Betrieb optimiert wurden.   

Die zweite Schlüsselkomponente basiert auf Halbleiterverstärkern. Dabei wurde die Länge 
der Komponente als Optimierungs-Parameter zum ersten Mal systematisch untersucht und 
ausgenutzt. Hierzu wurden in der FhG-HHI Technologie ultra-lange SOAs (UL-SOA) 
zwischen 2 mm und 8 mm hergestellt. Das Ziel war es, die Nichtlinearitäten über die 
Länge eines Halbleiterverstärkers effektiver zu nutzen. Es konnte gezeigt werden, dass die 
ultra-schnellen (< 1 ps) Intra-Band Cross-Gain Effekte mit der SOA Länge immer stärker 
zur Gain-Sättigung beitragen und schließlich dominieren. Darüber hinaus wurde erkannt, 
dass auch bei den Inter-Band Effekten die Erholzeit deutlich beschleunigt wird. Diese geht 
in einem 8 mm UL-SOA herunter bis zu 10 ps, im Vergleich zu ~100 ps bei einem 
konventionellen kurzen SOA. Die schnelle Erholzeit ermöglicht es, die UL-SOAs und 
Inter-Band Effekte für hochratige optische Signal-Verarbeitung bei 40 Gbit/s und höher 
auszunutzen.  
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Die Eigenschaften der oben genannten Halbleiter-Funktionselemente wurden in einer 
neuartigen Anordnung (FhG-HHI Patent) vereint. Die Kombination der effektiven und 
schnellen Gain-Dynamik der ultra-langen SOAs zusammen mit der hohen zeitlichen 
Stabilität des optischen Clock-Signals führt zum regenerativen Verhalten der periodisch 
modulierten UL-SOAs. Der periodisch modulierte UL-SOA bildet die Grundlage der 
beiden in dieser Arbeit entwickelten optischen 3R Architekturen, dem ‚Optically-Clocked’ 
3R (OC-3R) Regenerator und dem ‚Alternating Data-Clock’ 3R (ADC-3R) Regenerator. 

Die Signal-Regeneration im wellenlängen-erhaltenden ‚Optically-Clocked’ 3R 
Regenerator basiert auf einem effektiven Carving der degradierten Datenpulse, die sich 
gemeinsam mit dem periodischen Taktsignal der Clock durch den gesättigten UL-SOA 
ausbreiten. Die dominante Clock bestimmt die Sättigungsverhältnisse und dadurch die 
Regenerationseffizienz des periodisch getakteten Verstärkers, während das schwache 
Daten-Signal unter Erhalt der Wellenlänge regeneriert wird. Der Einfluss von 
unterschiedlichen Daten-Degradationen (Amplituden-Fluktuationen, zeitliche Instabilität, 
OSNR Verringerung) auf die Funktionalität des optischen 3R Regenerators wurde 
detailliert untersucht, um die optimale Arbeitsbedingungen zu definieren. Anschließend 
wurde das Einsatzpotenzial des OC-3Rs zur Korrektur der Polarisations-Moden-Dispersion 
(PMD), der residualen Chromatischen Dispersion (CD) und zur Regeneration von 
asynchronen 40 Gbit/s Datenströme (kurze PRBS Pakete) evaluiert.  

In der zweiten 3R Architektur, dem ‚Alternating Data-Clock’ 3R  Regenerator, wird die 
Signal-Regeneration mit einer Wellenlängen-Umsetzung kombiniert. Anders als bei 
konventionellen 3R Schaltkreisen, wird im ADC-3R die Ausgangswellenlänge des 
regenerierten Daten-Signals von einem im ganzen C-Band flexibel wählbaren (z. B. ITU 
Raster) CW Signal definiert. Die Zeitlage der konvertierten Daten-Pulse wird auch in 
diesem Schema durch das stabile Clock-Signal bestimmt. Das regenerative Potenzial der 
ADC-3R Architektur wurde sowohl für unterschiedliche Degradationen der 40 Gbit/s 
PRBS RZ Datenströme als auch für verschiedene Wellenlängen-Kombinationen 
ausführlich analysiert, um die typischen Eigenschaften dieses kompakten 3R Schaltkreises 
zu evaluieren. 
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1 Introduction 

The increased demands on transmission capacities due to the introduction of new Internet 
services result in continuous growth of data rates as well as more effective utilisation of the 
optical bandwidth. Increasing the data rates by a factor of four has historically reduced the 
cost for the transmission of a unit bandwidth by approximately 40 % [1]. The design of the 
telecommunication networks has been changed several times in the past decades (e.g. 
transition from single-wavelength to multi-wavelength transmission, introduction of 
erbium doped fibre amplifiers). During the last network upgrade from 2.5 Gbit/s to 
10 Gbit/s, compensation of chromatic dispersion was introduced, in order to preserve the 
transmission distances without a significant increase of the penalties (optical signal to 
noise ratio (OSNR) sensitivity, power dynamic range). The implementation of dispersion 
compensating fibres (DCF) required modifications in installation of the in-line amplifiers 
in order to compensate for the additional losses. Even due to this major upgrade of 
installed systems a new approach to the network planning was introduced, resulting in 
simpler and less expensive networks in the long-term sense [2]. 

The next logical step in the network evolution will be upgrading the transmission systems 
to 40 Gbit/s data rate per WDM (wavelength division multiplexing) channel. It is of 
economical interest to reduce the number of wavelength channels by increasing the bit rate 
(lower cost per managed bit per km) [1]. The 40 Gbit/s technology is mature enough today. 
The new systems are currently designed to be hybrid, where 10 Gbit/s and 40 Gbit/s 
signals can co-exist in one spectral band. The already installed 10 Gbit/s WDM systems 
can be in-service upgraded to 40 Gbit/s, enabling carriers and service providers to postpone 
expensive new network installation. 

The key to a successful transition from 10 Gbit/s to 40 Gbit/s is the ability to utilise the 
existing transmission infrastructure. It is of high importance that 40 Gbit/s systems can use 
the same type of transmission fibres, optical amplifiers, and dispersion compensating fibres 
as currently deployed 10 Gbit/s systems. Dispersion map compatibility between 10 Gbit/s 
and 40 Gbit/s as well as robustness against polarisation mode dispersion (PMD) distortions 
and fibre nonlinearities has to be guaranteed. The 40 Gbit/s transmitter must provide a 
similar output power and the modulation format has to enable signal transmission through 
band-pass filters of typical 10 Gbit/s optical MUX/DEMUX without significant filtering 
penalty.  

The modulation formats that provide the largest transmission distances are generally also 
the most complex to realise, and therefore the most costly to implement [3] – [5]. Spectrally 
efficient return to zero (RZ) (50 % duty cycle) as well as carrier suppressed RZ (CS-RC) 
on-off keying modulation formats is a promising alternative for 40 Gbit/s systems. They 
offer good robustness to non-linear fibre propagation effects and provide higher PMD 
tolerance in comparison to non-return to zero (NRZ) signals [6], [10]. Furthermore, the RZ 
modulation shows advantages when performing signal processing in the optical domain. In 
contrary to the NRZ signals, the clock information can be directly recovered from the RZ 
PRBS data streams.   

However, the influence of system impairments becomes even more critical when 
increasing the data rates, limiting seriously the total transmission distances. In 10 Gbit/s 
dispersion managed (DM) networks, the signal degradation is determined predominately 
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by linear attenuation due to fibre insertion losses and by amplified spontaneous emission 
(ASE) of the cascaded EDFAs, which reduce the OSNR. In case of the 40 Gbit/s systems, 
noise accumulation as well as stronger interactions between the fibre dispersion and 
nonlinear effects results in faster degradation of the PRBS signals in the amplitude domain 
and time domain. The impact of these impairments is obvious from Fig. 1.1. The simulated 
eye diagrams show the quality of an ideal 40 Gbit/s RZ PRBS signal (Fig. 1.1a) after 
propagation through a 320 km SSMF in a single-channel configuration (Fig. 1.1b) and 
after transmission over 800 km in a four channel DWDM (Dense Wavelength Division 
Multiplexing) configuration with 100 GHz channel spacing (Fig. 1.1c). Although the 
transmission link was properly optimised regarding power levels, amplifier spans and 
dispersion compensation (typical measures for optimisation of a 10 Gbit/s system), the 
increase of timing and amplitude fluctuations cannot be omitted. 
 

 

Fig. 1.1: Simulated eye diagrams of a 40 Gbit/s PRBS RZ signal: back-to-back (a), single 

channel transmission over 320 km SSMF (b), and 4xDWDM channel transmission 

(100 GHz grid) over 800 km SSMF (c) [11]. 

 
The origin of the degradations is related to linear effects (fibre attenuation, chromatic 
dispersion, polarisation mode dispersion) and nonlinear effects (Kerr nonlinearities, 
Brillouin scattering, Raman scattering) in fibres [12], as well as to the interactions between 
the two groups.   

The impact of chromatic dispersion (CD) is 16-times more critical when increasing the bit 
rate from 10 Gbit/s to 40 Gbit/s [11]. In this case, the consecutive data bits are four times 
closer to each other, accelerating the bit-to-bit interactions. Furthermore, the broadened 
spectrum results in faster walkoff of the spectral components. The consequence is, thus, 
broadening of the single pulse, resulting in inter-symbol-interference (ISI). With increased 
channel data rates, the signal degradation caused by polarisation mode dispersion (PMD) 
has to be considered. The origin of PMD distortions is related to the fibre core asymmetry 
(typical feature of older, already installed fibres) with slow variations in time on the one 
side and to the mechanical stress (dynamic variations) on the other side. Due to the fibre 
birefringence, the two orthogonal modes propagate at different velocities, leading to pulse 
broadening defined by differential group delay (DGD). Because of the statistical behaviour 
of the PMD, a mitigation technique is inevitable, when the DGD value exceeds one-tenth 
of the bit-duration [13]. 

The impact of nonlinear limitations caused by the Kerr-effects in optical fibres is more 
critical in 40 Gbit/s systems because of stronger influence of the CD and PMD. In case of 
amplitude modulated data formats, self-phase modulation (SPM) results in variations of 
instantaneous frequency (nonlinear chirp) across the pulse. New frequency components are 
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generated in the signal spectrum, leading to spectral broadening. Together with CD, the 
phase modulations are transformed to intensity modulations. Considering a multi-channel 
transmission system, cross-phase modulation (XPM) can lead to signal degradations. In 
this case, the phase variations are stimulated by power variations in the adjacent channels. 
The XPM introduces timing jitter as well as amplitude fluctuations to the transmitted 
optical signals. Additionally, multi-channel systems can suffer from signal distortions due 
to four waves mixing (FWM). The interaction of different frequencies results in generation 
of new spectral components. Hence, the FWM causes dominant transmission limitation 
especially in spectral efficient DWDM systems. In case of equal channel spacing (state of 
the art), the new spectral components overlap directly with signals in adjacent channels. 

Due to the relatively fast pulse broadening in 40 Gbit/s systems, nonlinear interactions 
between adjacent and distant pulses become more significant. Fundamentally, there are 
two types of distorting effects: Intra-channel XPM (IXPM) and intra-channel FWM 
(IFWM). IXPM degrades the signal through phase modulation between two overlapped 
pulses. The resulted frequency chirp is transformed by fibre dispersion into timing jitter 
and amplitude fluctuations. The influence of IXPM is most critical for a partial overlap 
between adjacent pulses. In high bit rate transmission systems with periodical span-by-
span dispersion compensation, the IXPM represents the dominant transmission limitation 
[14]. The anomalous dispersion of standard single mode fibres (SSMF) causes a pulse 
broadening due to the faster propagation of the blue spectral components. In case of 
IFWM, the blue components interact with the red spectral components of the adjacent 
pulses, resulting in amplitude distortions and generation of ghost pulses [11]. The effect of 
IFWM is most significant in case of nearly completely overlapped pulses.  

The 40 Gbit/s systems are thus more sensitive on signal degradations (especially when 
considering already embedded SSMFs), resulting in even shorter maximum transmission 
distances compared to the 10 Gbit/s systems. In order to overcome the strong limitations, 
the signals have to be completely regenerated already during the propagation through the 
fibre link. Fundamentally, two techniques for signal restoration can be taken into account. 
The first consist in segmenting the system into independent trunks, which are concatenated 
by electronic repeater stages. In this case, the transmitted optical signal is converted in the 
electrical domain, regenerated and then converted back into optical domain. This solution 
is referred to opto-electronic (o/e) signal regeneration. The second approach is based on an 
all-optical solution, where the signal restoration is performed in the optical domain. The 
advantages of the all-optical 3R regeneration are related to higher bandwidth by reduced 
complexity and enhanced capabilities. The importance of the optical solution grows with 
increased bit rate per channel (40 Gbit/s and beyond) due to higher costs of o/e/o 
converters as well as in case of all-optical networks with optical cross-connects (OXC), 
where the switching and routing functions are incorporated into the optical part of the 
network. Hence, in a long-term sense, the all-optical signal regeneration becomes more 
attractive compared to the opto-electronic solution. 
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2 All-Optical Signal Regeneration 

An important issue, which has to be considered when optimising optical networks, is the 
analogue transmission nature of optical signals (degrading effects that the optical signals 
undergo during transmission are accumulated). Due to the impact of CD and PMD, the 
maximum transmission distances in installed point-to-point systems are generally much 
shorter when increasing the data rates (e.g. up to 40 Gbit/s). In future transparent all-
optical networks, the data signals will be optically switched and routed in optical cross-
connects. Thus, the signals will be transmitted over different distances, amplified by a 
different number of optical amplifiers, depending on the path through the network and the 
number of nodes traversed. In order to preserve the signal quality even in the worst-case 
scenario, a complete signal restoration will be indispensable. 

In this chapter, the principle of optical 3R signal regeneration (re-timing, re-shaping, re-
amplification) is discussed and the key requirements for optical regeneration are defined. 
The regeneration architectures proposed in the literature by other groups are shortly 
reviewed. Finally, the novel 3R regenerators developed in frame of this work are presented 
and the outline of the thesis is given. 

2.1 Requirements for optical 3R regenerators 

A schematic of an optical 3R regenerator is depicted in Fig. 2.1. The operation principle of 
a 3R regenerator is as follows. The PRBS data signal is amplified in the amplification 
stage. The clock recovery stage performs extraction of the clock component from the 
incoming PRBS stream. The clock defines also the shape of the regenerated pulses. A 
nonlinear gate with a threshold level provides the decision function. The accumulated 
noise is suppressed and the amplitude fluctuations are equalised. A fully restored signal is 
obtained behind the optical 3R regenerator. 

 

 

Fig. 2.1: Schematic of an optical 3R regenerator with the main building blocks.  
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The 3R regenerators have to process data signals of different qualities, leading to request 
on robust operation of the 3R schemes and high immunity against different system 
impairments. The main requirements that should be addressed by an all-optical regenerator 
are given as: 

• Suppression of timing jitter and amplitude fluctuations 
• OSNR and extinction ratio improvement 
• Polarisation independence 
• High power dynamic range 
• Large optical bandwidth 
• Moderate input power requirements 
• Low power consumption, compactness and simple implementation 

Due to the high requirements for the regeneration schemes, it is difficult to realise an all-
optical regeneration circuit providing all functionalities. Generally, each technique has its 
merits and shortcomings and a compromise in performance has to be found.  

 

2.2 Optical 3R regeneration: State of the art 

In the following, several regeneration concepts proposed in the literature are presented. 
The basic operation principle of the schemes is briefly discussed, pointing out their 
advantages and limitations. The section focuses on the two most important functionalities 
of an optical 3R regenerator: 

• Clock extraction from PRBS data streams and 
• Signal quality restoration in decision gates. 
 

2.2.1 Optical clock recovery techniques 

In the 3R scheme, an optical clock extraction circuit has to recover timing information 
from the incoming optical data signal and to generate a stable periodical pulse trace of the 
exact frequency and phase of the bit streams. The stability of the recovered clock defines 
the timing stability of the regenerated PRBS signals. Thus, a low jitter clock signal is a key 
prerequisite for all-optical signal regeneration. Furthermore, the pulse shape of the data 
signal at the regenerator output is directly or indirectly determined by the shape of the 
recovered clock signal. This has to be considered when combining the decision stage with 
the clock recovery stage in a 3R circuit. In the following, optical clock recovery techniques 
based on self-pulsating lasers, mode-locked lasers, Fabry-Pérot etalons, and optical phase 
locked loop are briefly reviewed. 

Self-pulsating lasers (SPL) [15] – [19] are compact semiconductor devices comprising 
generally two laser sections (DFB, FP) and alternatively a passive phase tuning section in-
between. In case of high pulsation frequencies, both laser sections are operated at lasing 
condition. The superposition of the lasing modes produces a beating-type self-pulsation 
with a frequency given by the spectral distance of the two modes. The nonlinear coupling 
of the two lasers enables locking of the beating oscillation to external signals. The resulting 
modulation of the carrier densities due to the injected signal modifies the mode frequencies 
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and, in turn, the pulsation frequency. The self-pulsation frequency can be tuned nearly 
continuously in a wide range simply by changing the values of the driving currents. Hence, 
the same device can be used for clock recovery from different data rates (e.g. 40 Gbit/s and 
80 Gbit/s), which is an advantageous feature from an economical point of view. A three 
section self-pulsating PhaseCOMB-laser (Phase Controlled Mode Beating) for all-optical 
clock recovery is the key component of the 3R regeneration architectures proposed in this 
work. The design and basic functionalities of the PhaseCOMB-clock are discussed in 
Chapter 3.  

All-optical clock recovery based on injection locking of mode-locked lasers (MLL) was 
demonstrated in [20] – [24]. Mode-locking is a technique for extraction of optical pulses 
from a multimode laser oscillator, forcing the optical modes by an active or passive 
amplitude modulator to defined phase conditions into the laser cavity. Typically, an 
electro-absorption modulator (EAM) or a saturable absorber (SA) is used to modulate the 
signal amplitude. The all-optical clock recovery is based on synchronisation and 
stabilisation of the mode-locking operation by an external optical signal. The recovered 
clock signal behind the MLL is characterised by short pulses (typically some ps). The 
pulsation frequency is defined by the length of the laser cavity.  

The operation principle of an all-optical clock recovery using a Fabry-Pérot filter (FPF) 
[25] – [27] is based on spectral filtering of the carrier and clock component of the RZ 
coded data signal. A high finesse value and free spectral range (FSR) exactly matching the 
clock frequency are the main prerequisites for a stable clock signal behind the FPF. In the 
time domain, this corresponds to fill the zero slots in the data stream with optical pulses. 
The pulses are reflected forward and backward in the FPF and partially extracted from the 
output mirror at each round-trip. The amplitude of the clock pulses depends on number of 
the consecutive zero bits in the PRBS word (the intensity of the pulses exponentially 
decays) and, thus, an additional active power equalising function is necessary (e.g. using a 
saturated SOA). Fine frequency tuning in a limited range can be generally performed when 
varying the resonator length. The clock extraction by a FPF is basically a very simple 
technique compared to the other solutions discussed in this section. However, data signal 
distortions directly influence the timing stability and shape of the clock pulses, which is a 
disadvantageous feature when considering an optical 3R scheme.  

The clock recovery technique based on optical phase locked loop (OPLL) [28] – [31] 
involves a phase comparison in the optical domain. The phase comparator generally 
exploits nonlinear effects in high dispersive fibres or semiconductor devices (SOA, SA). 
The extracted error signal is injected into a Voltage Control Oscillator (VCO) that drives 
an optical pulse source (e.g. MLL). The MLL defines the pulse form and timing stability of 
the recovered clock signal. The OPLL technique requires a relatively high number of 
optical and electrical components. Furthermore, expensive RF-electronics is needed when 
increasing the oscillation frequency.    

2.2.2 Schemes for all-optical nonlinear gates 

While the clock circuit defines the timing stability of the processed signals, the key 
function of a decision stage is related to OSNR improvement as well as suppression of 
signal degradations at the zero and mark power levels. The regenerative performance of the 
decision circuit is determined by the steepness of the nonlinear transfer function. The 
steeper the transfer characteristic, the more effective is the signal improvement. Figure 2.2 
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schematically depicts the impact of the power transfer function on signal improvement. For 
a linear characteristic (Fig. 2.2a), all input degradations are transferred to the output. On 
the other hand, an ideal step-like transfer function would completely eliminate the signal 
distortions (Fig. 2.2b). However, a realistic transfer function of optical decision gates is 
shown in Fig. 2.2c. In this case, the amplitude fluctuations are only partially suppressed. 
The efficiency of distortion suppression at the mark (space) level can be controlled when 
moving the operation point ‘P’ towards higher (lower) power levels. Generally, the 
decision gate has to provide high nonlinearities (defining the steepness of the transfer 
function), which have to be fast enough for performing signal processing at the bit level 
(exploitation of the whole transfer function).  

In the following, the operation principle and main features of decision schemes proposed 
by different research groups are briefly reviewed. 

 

 

Fig. 2.2: Principle of different power transfer functions indicating their efficiency for 

suppression of degradations at the signal space and mark levels: (a) linear function, (b) 

ideal step-like function, (c) typical function of an optical decision gate.  

 

2.2.2.1. All-fibre based decision architectures 

The main advantage of fibre based signal processing is related to the inherent high 
modulation bandwidth (response time of several fs only) and thus to a very high speed 
potential (beyond 160 Gbit/s). Basically, two different schemes can be exploited for all-
optical 3R regeneration, referred as Kerr Fibre Modulator (KFM) [33] – [35] and 
Nonlinear Optical Loop Mirror (NOLM) [36] – [38]. Both schemes use phase changes 
induced by interactions of two modulated signals simultaneously propagating through a 
highly nonlinear fibre (HNLF). The two decision architectures are sketched in Fig. 2.3. 
The KFM is simply a transmission fibre itself with simultaneously co-propagating data and 
clock signals. Two polarisation filters (POL) located in front of and behind the modulator 
perform the required decision function. The switching effect relies on a polarisation 
rotation of the clock signal, induced by the data signal in the HNLF. Due to the cross phase 
modulation between the two signals (a polarisation dependent effect), the component of the 
data signal parallel to the clock experiences a larger phase shift compared to the orthogonal 
component. This leads to rotation of the polarisation state for the clock signal that can then 
pass the second polarisation filter. Thus, the data information is encoded onto the high 
quality clock signal. The operation principle of the NOLM is similar to the KFM. Here, the 
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interferometric configuration results in conversion of the phase modulated clock signal into 
the intensity modulated data signal. If there is no phase difference between the split pulse 
components of the clock signal (∆Φ = 0), all incoming light is reflected. For a phase 
difference of ∆Φ = π, induced by cross phase modulation in the HNLF through the data 
signal, the clock pulses are completely transmitted (assuming a 3 dB coupler in the 
interferometric structure) to the output of the NOLM. 

The near instantaneous response of the Kerr nonlinearity makes the fibre based decision 
gates attractive for high-speed applications. On the other side, major limitations come from 
environmental instability, strong polarisation dependence, power consumption, and 
integration difficulty. The shape of the switching window is mainly determined by the 
shape of the data pulse, as long as chromatic dispersion is neglected [130]. 

 

 

Fig. 2.3: Principle schemes of all-fibre decision gates based on Kerr Fibre Modulator (a) 

and Nonlinear Optical Loop Mirror (b).  

2.2.2.2. Decision elements exploited nonlinearities in semiconductors 

In the previous section, the nonlinear function of the optical gates was performed using a 
fibre with high nonlinearities. In order to obtain the required switching characteristic, a 
relatively long interaction length is required (several hundred of meters). In this section, 
decision schemes comprising compact semiconductor devices are discussed. The operation 
principle exploits gain saturation effects in semiconductor optical amplifiers (SOAs) and 
absorption saturation effects in saturable absorbers (SAs), respectively.  

The decision gate based on Mach-Zehnder Interferometer (MZI) [39] – [47] is depicted in 
Fig. 2.4a. It comprises two SOAs integrated in each interferometer arm. The clock signal is 
split by a 3 dB coupler and propagates through both SOAs. In the basic configuration, the 
data signal is inserted into the SOA in the upper branch only. The resulted change of the 
refractive index due to gain saturation of the SOA induces a phase difference between both 
interferometer branches. For ∆Φ = π, the clock pulse is switched from the output port 2 to 
the output port 1. However, the modulation effects in SOAs are intrinsically limited in 
speed by the relatively slow gain recovery time (100 ps range) that defines the temporal 
width of the switching window in this case. The switching window can be properly 
adjusted in a differentially controlled MZI configuration, where the data pulses are injected 
into both arms of the interferometer, temporally delayed to each other by a delay τ. In this 
case, the data pulse, which enters the SOA in the lower branch a time τ later, cancels the 
phase difference between both branches, thus closing the switching window. Hence, the 
induced phase variation is suppressed after a time τ by the same signal from the second 
arm. The temporal width of the switching window is directly controlled by the delay τ.  



2.2  Optical 3R regeneration: State of the art 
____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

9 

 

Fig. 2.4: Nonlinear decision gates based on Mach-Zehnder Interferometer (a), Sagnac 

interferometer (b), ultra-fast nonlinear interferometer (c), and delay interferometer (d).  

 

The principle scheme of a nonlinear decision gate based on Asymmetric Sagnac 

Interferometer [48] – [50] is shown in Fig. 2.4b. The configuration is similar to the NOLM 
described in the previous section. In this case, however, the nonlinear medium is 
performed by an SOA instead of the HNLF. A 3 dB coupler splits the incident clock beam 
into two counter-propagating beams. Both the clockwise and counter-clockwise beams 
experience a nonlinear phase shift induced in the SOA by the data signal. The SOA is 
shifted from the centre of the loop by a time delay τ that defines the gating window. The 
data is encoded onto the clock at the interferometer output.  

A semiconductor Ultrafast Nonlinear Interferometer (UNI) [51] – [52] has been also used 
as a decision element in an optical 3R regenerator. The scheme indicating the operation 
principle is sketched in Fig. 2.4c. The UNI comprises a single SOA as a nonlinear medium. 
At the input, the clock pulse is split in the polarisation beam splitter (PBS1) into two 
orthogonal components and propagates through a highly birefringent polarisation 
maintaining fibre (PMF1). Due to the different propagation velocities of the two 
orthogonal pulse components, the slow component passes the SOA temporally delayed by 
τ, which is defined by the differential group delay (DGD) of the PMF. Without a data 
pulse, the UNI can be balanced such that the clock pulses are blocked at the polarizer 
(POL) output after passing the PMF2 (delay between the pulse components is cancelled) 
and PBS2. If a data pulse enters the SOA between the two clock components, the slow 
component experiences a different phase shift, compared to the fast one. In this case, the 
clock components recombine to a different polarisation behind the PBS2 and the clock 
pulse passes through the polarizer.  

In a simplified interferometric scheme, the SOA is located outside a passive Delay 

Interferometer (DI) (Fig. 2.4d) [53] –  [54]. The data information is encoded onto the clock 
by means of XPM in the SOA. The relative length difference between the upper and lower 
brunch of the DI defines the switching window τ and performs gating of the clock signal.  

The nonlinearity induced by an SOA can be also effectively exploited in a single 
processing filter [55] – [57]. The basic configuration is depicted in Fig. 2.5a. The filter is 
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characterised by a sharp frequency response that closely approximates an ideal step-like 
function. Due to the frequency chirping in the SOA, the probe signal experiences a 
frequency shift induced by the data signal. If the filter is detuned towards shorter 
frequencies relatively to the probe wavelength, the degraded ´zeros´ are blocked, while the 
´ones´ are blue-shifted and, thus, pass through the filter. As a result, the converted output 
signal has improved extinction ratio and timing stability of the clock.  

 

 

Fig. 2.5: Decision gates exploited frequency chirp in a processing step filter (a) and 

nonlinear absorption characteristic in a saturable absorber (b).  

 

Lot of interest has been invested on the analysis of saturable absorbers (SA) as a nonlinear 
decision element for optical 3R regeneration [58] – [67]. The major advantage of this 
scheme is related to its simplicity (Fig. 2.5b). Fundamentally, it comprises only a single 
component. The effect is based on cross absorption modulation (XAM) in the 
semiconductor waveguide. In case of low data power (space levels), the photonic 
absorption of the SA is high (low transparency). However, exceeding the threshold defined 
by the saturation power (mark levels), the SA transmittance increases rapidly. The clock 
signal can be thus gated by the contra-propagated PRBS signal, resulting in re-timing and 
re-shaping function at the SA output.  

From the physical point of view, the behaviour of an SOA and SA has inverse character. 
The SOA provide gain that drops down when exceeding the saturation power level 
(suppression of amplitude fluctuations). In contrary, the SA provides absorption that can be 
bleached by an external optical signal (noise suppression at the space level). This is the 
basic idea of nonlinear decision gates based on an integrated SOA-SA cascade [68]. By 
proper optimisation of the properties of the cascaded SOA and SA structures, a simple pass 
through 2R regenerator can be obtained [69]. The static characterisation of the SOA-SA 
structure showed nearly step-like power transfer function. The steepness can be further 
enhanced when concatenating several cascades on a single chip [70]. The challenges of this 
concept are related to the difficulty in fabrication. It has to be guaranteed that the signal 
wavelength is located in the gain spectrum of the SOA and, at the same time, in the 
absorption spectrum of the SA. Thus, heterostructures with different band gaps have to be 
monolithically integrated.  
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2.2.2.3. Decision element based on in-line synchronous modulation 

All-optical 3R signal regeneration can be achieved without any wavelength conversion by 
means of in-line synchronous modulation (SM) associated with narrow-band filtering (NF) 
[71] – [77]. Regeneration by SM-NF intrinsically requires nonlinear (soliton) propagation 
in the trunk fibre. The configuration of the SM-NF decision element is depicted in Fig. 2.6. 
The narrowband filtering of soliton pulses results in suppression of amplitude fluctuations. 
An increase in pulse intensity corresponds to both time narrowing and spectral broadening. 
A decrease in pulse intensity corresponds to time broadening and spectral narrowing. Thus, 
the filter induces higher loss when the intensity increases, and reduced loss when the 
intensity decreases. The jitter reduction is performed by self-forming properties of soliton 
pulses when propagating through the modulator driven by a stable sinusoidal clock signal.  

 

 

Fig. 2.6: PRBS signal regeneration based on in-line synchronous modulation associated 

with narrow band filtering.  

 

In summary, a lot of investigations have been already done on optical 3R signal 
regeneration. The main advantage of fibre based 3R regenerators is related to the high 
speed potential. However, the large interaction length, strong polarisation sensitivity, high 
power consumption make them less attractive for system applications. The compact 
semiconductors provide much higher potential for optical signal processing. Usual 
architectures are based on interferometric structures exploiting XGM and XPM effects in 
SOAs. The limiting time constants of inter-band gain dynamics in conventional SOAs 
(~100 ps) can be overcome using a differential scheme resulting in bit rate enhancement up 
to 40 Gbit/s. However, the switching window is defined by the shape of the data pulses. In 
order to effectively use the gating window of interferometers, short pulses are preferable 
(usually much shorter than the signal bit period). Thus, there is a trade off between the 
regenerator performance and the spectral efficiency required in DWDM systems. 
Furthermore, the pattern dependent SOA gain variations induced by the PRBS data signal 
degrade the exclusively XPM based regenerative efficiency of the interferometers. A 
relatively steep nonlinear transfer function can be obtained in a cascade of SOA together 
with a processing filter or in a saturable absorber. The drawback of SAs is related to high 
power levels needed for XAM and to limited speed potential (usually up to 10 Gbit/s). The 
processing filters with a steep slope are very attractive for high-speed signal regeneration, 
when the frequency chirp (high degree of gain saturation and fast gain recovery required) 
induced by SOAs is sufficiently high.  
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An optimised all-optical 3R architecture has to overcome physical limits of the optical 
components used for regenerative high-speed processing of PRBS data streams that are 
distorted by almost undefined system impairments. Although several of the 
aforementioned all-optical 3R schemes were successfully applied in high-speed 
transmission loop experiments, they have not reached a commercial breakthrough up to 
now. Hence, it is still of high interest to proceed the investigations on all-optical 3R signal 
regeneration, focusing on a compact and practicable solution for realistic all-optical 
DWDM networks. 

 

2.3 Novel semiconductor based 3R architectures 

The purpose of this work is to develop all-optical 3R regeneration schemes for their 
implementation in a realistic transmission system. Apart from effective regenerative 
performance the following aspects are considered: 

• Small footprint (thermal and mechanical stability, integration possibility) 
• Low power consumption (high nonlinearities at moderate power levels) 
• Dense spectral usage (RZ pulses of around 50 % duty cycle) 
• High speed potential (40 Gbit/s and beyond)  

 
Two architectures for all-optical 3R signal regeneration were developed in the frame of 
this thesis:  

• A wavelength-preserving scheme, referred as ‘Optically Clocked’ 3R regenerator 
(OC-3R) 

• A wavelength-converting scheme, referred as ‘Alternating Data-Clock’ 3R 
regenerator (ADC-3R) 

Both proposed regeneration architectures are based on two compact semiconductor 
devices: 

• A self-pulsating three-sections PhaseCOMB-laser (Phase Controlled Mode 
Beating) for all-optical clock recovery and 

• An ultra-long semiconductor optical amplifier (UL-SOA) for exploitation of fast 
gain and phase nonlinearities. 

The schematics of the OC-3R and ADC-3R regenerators are sketched in Fig. 2.7a,b. In 
both architectures, the clock information is extracted all-optically from the PRBS data 
stream. The signal regeneration is performed by nonlinear data-clock interactions in a 
periodically modulated semiconductor amplifier. The OC-3R is a wavelength-preserving 
scheme without necessity of any wavelength controlling during the signal processing. On 
the other hand, a wavelength conversion is performed in the ADC-3R. In contrary to the 
conventional 3R schemes, a CW source determines the wavelength of the data signal 
behind the ADC-3R regenerator (free selectable within the whole C-band), while the 
timing of the converted pulses is defined by the stable clock signal. The regeneration 
schemes have been developed and optimised for operation in 40 Gbit/s RZ PRBS data 
streams. However, the dynamics of the applied semiconductor components provide much 
higher speed potential and regeneration of data signals up to 160 Gbit/s is fundamentally 
possible. Both 3R architectures support processing of RZ pulses with a duty cycle of 
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around 50 %. Thus, they can be directly deployed in current DWDM networks, without 
any explicit bandwidth modification of the filters used in the transmission system. The 
advantage of semiconductors is related to low power consumption, high degree of 
nonlinearities and small footprint. The 3R architectures proposed in this thesis comprises 
exclusively compact optical devices. Both circuits are thus characterised by mechanical 
and thermal stability with further integration potential on a common silica motherboard.  
 

 

Fig. 2.7: Principle schemes of the wavelength preserving ‘Optically Clocked’ 3R 

regenerator, OC-3R (a) and of the ‘Alternating Data-Clock’ 3R regenerator, ADC-3R, for 

regenerative wavelength conversion (b).  

 

The advantages, when comparing the two proposed regeneration architectures, depend on 
the application field in the optical systems. The OC-3R scheme can be deployed as an in-
line 3R regenerative amplifier in ultra long-haul point-to-point transmission links for 
effective enhancing of maximum transmission distances. The ADC-3R regenerator can 
effectively upgrade the functionality of optical cross-connects in transparent meshed 
networks. In this case, simultaneous protection against channel blocking and regenerative 
conversion to a flexible wavelength is performed.  

The characteristics of the two building blocks (PhaseCOMB-Clock, UL-SOA) as well as 
their potential in the proposed all-optical 3R architectures are studied in detail. 
Furthermore, the optimised operation conditions and regenerative performance of the OC-
3R and ADC-3R schemes are analysed. The main results on the numerical and 
experimental investigations are presented in the following chapters.    
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2.4 Outline of the Thesis 

The contents of this thesis summarises the numerical and experimental analysis on the 
main building blocks as well as on the assembled all-optical 3R regenerators. The thesis is 
divided into following chapters: 
 
Chapter 3 demonstrates the potential of the all-optical clock recovery technique exploiting 
synchronisation of self-pulsating PhaseCOMB-lasers (Phase Controlled Mode Beating). 
The locking characteristics and the system performance of the PhaseCOMB-clock by 
operation in 40 Gbit/s degraded PRBS RZ data streams are evaluated. 
 
Chapter 4 analyses the gain dynamics of ultra-long semiconductor optical amplifiers (UL-
SOAs). The impact of SOA length on gain suppression and gain recovery processes is 
studied. The exploitation of nonlinear effects caused by periodical carrier density 
modulation of UL-SOAs is identified and the conclusions for regenerative potential of the 
long amplifiers are given. 
 
Chapter 5 investigates the performance of the wavelength preserving ‘Optically Clocked’ 
3R regenerator (OC-3R). The architecture and optimised operation conditions are 
presented. The regenerative potential of the proposed scheme for different signal 
degradations is analysed. Mitigation of chromatic dispersion and polarisation mode 
dispersion as well as operation in 40 Gbit/s asynchronous packet data streams is 
demonstrated. 
 
Chapter 6 introduces the second optical 3R scheme, the ‘Alternating Data-Clock’ 3R 
regenerator (ADC-3R). The principle of regenerative wavelength conversion is described. 
The importance of XGM and XPM effects in UL-SOAs is pointed out. The performance of 
the ADC-3R architecture is investigated in degraded 40 Gbit/s PRBS RZ data signals for 
different wavelength conversions. 
 
Chapter 7 concludes the most important results on the numerical as well as experimental 
studies and gives an outlook on the potential of the developed novel all-optical 3R 
schemes. 
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3 Self-pulsating PhaseCOMB-laser for 

all-optical clock recovery 

The optical clock recovery stage builds an important part of an all-optical 3R regenerator. 
It defines the timing stability as well as the shape of the regenerated data pulses. 
Furthermore, the characteristics of the clock recovery stage have to support the 
functionality of the 3R scheme. In case of the novel 3R regenerators proposed in this 
thesis, the self-pulsating PhaseCOMB-clock provides a suitable performance, as it will be 
demonstrated later. The design and theoretical background of the all-optical clock can be 
found e.g. in [88] – [89], the characterisation of the PhaseCOMB-clock from a system 
point of view was performed in frame of this work. The target of this chapter is to 
introduce the typical characteristics of the PhaseCOMB-laser with a focus on the 
performance analysis of the all-optical clock operated in highly degraded data signals.  

First, three types of self-pulsating multi-section lasers developed at FhG-HHI are briefly 
discussed and compared to each other. In the following, the locking behaviour of the 
PhaseCOMB-clock is investigated by operation in 40 Gbit/s PRBS RZ data streams. 
Finally, the regenerative potential of the optical clock is studied for different degradation 
types of the PRBS signal.  

 

3.1 Basic classification of self-pulsating multi-

section lasers 

Lot of investigations on generation of optical oscillations in self-pulsating lasers have been 
already performed (see [79] and references therein). However, only some of the proposed 
techniques are suited also for high-speed all-optical clock recovery. Self-pulsating multi-
section semiconductor lasers provide promising features for application in an all-optical 3R 
regeneration scheme. At FhG-HHI, three types of self-pulsating lasers have been 
developed; covering the main classes of SP based clock recovery techniques: 

• Dispersive self Q-switching SP lasers (DQS-clock) 
• SP-lasers based on beating type oscillations (PhaseCOMB-clock) 
• SP-lasers with DFB section and compound feedback cavity (AFL-clock) 

The Dispersive Self Q-Switching clock [81] is a three-section laser comprising two DFB 
sections and a passive phase tuning section in-between (Fig. 3.1a). In the DQS-clock, one 
DFB section is operated at high current (100 mA range). The second DFB section is 
operated at conditions near the transparency and acts as a reflector with sharp minima in 
the reflectivity spectrum. The decisive point for generating the self-pulsations is a spectral 
correlation of the lasing wavelength with a steep slope of the reflector. Here, the threshold 
conditions are directly correlated with the reflectivity of the resonator. Due to the direct 
coupling between the carrier density and the refractive index, the laser switches itself off 
after emitting a short optical pulse and turns on again after a recovery time. Frequency 
tuning from 5.5 GHz up to 22 GHz has been shown by changing the bias currents of the 
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laser sections [82]. Up to now, however, higher oscillation frequencies have not been 
achieved in this type of SP-lasers. Hence, the DQS-clock does not provide sufficient 
potential for application in high-speed (40 Gbit/s and beyond) 3R schemes. 

 

 

Fig. 3.1: Three-sections self-pulsating lasers for all-optical clock recovery: Dispersive Self 

Q-Switching (a), Phase Controlled Mode Beating Laser (b), and Laser Active Feedback 

Laser (c). The principle of the oscillation generation is schematically shown by reflectivity 

spectra of the corresponding laser sections. 

 

Basically, the same device structure can be used for generation of self-pulsations based on 
the Beating Type Oscillations (Fig. 3.1b) [83]. The main difference is related to the 
operation of the three-sections laser. In this case, the two DFB lasers are pumped above 
their threshold level. The DFB gratings are spectrally detuned to each other, as it is 
obvious from Fig 3.1b. The spectral separation of the DFB modes determines the beating 
frequency, which can be properly adjusted by the three DC bias currents. The operation of 
the PhaseCOMB-clock was experimentally demonstrated at 80 GHz [84], a speed potential 
beyond 160 GHz was theoretically predicted [19]. 

The DFB laser with short optical feedback (Active Feedback Laser) [78], [80] is a three-
section laser comprising one DFB section, a passive phase tuning section and an amplifier 
section (Fig. 3.1c). The pulsation frequency is determined by the spacing of the two 
compound-cavity modes. Tuning of the oscillation frequency can be performed by 
changing the driving currents of the DFB section or amplifier section, resulting in spectral 
shift between the two modes. The role of the phase section is to adjust properly the round 
trip conditions in the coupled system and, thus, to preserve the mode hopping in the DFB-
laser. The feedback strength has a direct impact on the self-pulsation frequencies. 
Increasing the amplifier current and, thus, increasing the feedback strength results in 
enhancement of pulsation frequencies. Although the AFL-clock fulfils the prerequisites on 
high-speed operation, the design of the present generation devices has not been still 
sufficiently optimised for the high requirements needed by operation in a 3R regenerator. 

Thus, the self-pulsating PhaseCOMB-laser was chosen for further application in the novel 
all-optical 3R regeneration schemes. The typical characteristics of the PhaseCOMB-clock 
are presented in the following sections. 
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3.2 Design and locking characteristics of the 

PhaseCOMB-laser 

The PhaseCOMB-laser applied in this work was developed and fabricated in the 
technology of the FhG-HHI. The self-pulsating laser is a three-section device based on a 
ridge-waveguide InGaAsP-InP bulk-heterostructure (Fig. 3.2a). It consists of a 1550 nm 
InGaAsP-layer, which is embedded in an asymmetric InGaAsP optical waveguide. 
Polarisation independence of the optical gain in the device is achieved by adjustment of the 
thickness of the layers and the strain of the active layer. The gratings of the two DFB-
lasers are detuned by approximately the stop band to each other. After the grating 
definition, the active layer in the phase tuning section is removed and the p-cladding layers 
are grown. The wafers are then processed into multi-section ridge-waveguide lasers. The 
lengths of the two DFB sections and the phase tuning section are around 250 µm and 
300µm, respectively. Both facets of the devices are antireflection coated. The laser chips 
are mounted on a heatsink and packaged into a temperature-controlled module (Fig. 3.2b) 
for application in system tests. 
 

 

Fig. 3.2: Ridge-waveguide heterostructure of the three-sections self-pulsating laser (a) and 

the module of the packaged 40 GHz PhaseCOMB-clock (b).  

 
The synchronisation of the self-pulsations in frequency and phase to an injected optical 
PRBS data signal is the key function needed for optical clock recovery. Figure 3.3a shows 
the measurement set-up used for the analysis of the locking characteristics of the 
PhaseCOMB-laser. First, the self-pulsation frequency was properly adjusted by the three 
DC bias currents and was tuned close to 39.8 GHz (RF-spectrum in Fig. 3.3b: Free running 
oscillation). The 39.8 Gbit/s (STM-256) PRBS 231-1 RZ signal (1550 nm) was then 
launched via a three-port circulator (average Pdata = +5 dBm) into the PhaseCOMB-clock, 
stimulating carrier recombination in active layer of the SP-laser. The free-running RF-line 
shifts to the data frequency and narrows additionally, indicating stable phase conditions of 
the synchronised pulse trace (Fig. 3.3b). As a result, the clock component is recovered with 
respect to the frequency and phase of the PRBS data signal. 
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Fig. 3.3: Operation principle and measurement set-up for locking characteristics 

investigation of the PhaseCOMB-clock (a), RF-spectrum of the free-running clock and 

synchronised to a 39.8 Gbit/s PRBS RZ signal (1550 nm, Pdata = +5 dBm) (b).  

 

Basically, the optical locking can be achieved in two different ways. In case of coherent 
injection, the external wavelength is identical with the DFB lasing mode. The device 
dynamics is significantly modified already by very low data power levels (µW). However, 
due to interference effects, the polarisation of the injected signal has to be controlled 
properly. Alternatively, non-coherent injection can be performed. Here, the injected signal 
is located arbitrarily within the gain spectrum of the laser. Although the incoherent locking 
requires higher power levels (mW-range), the polarisation insensitivity and wavelength 
independence to the external signals are more preferable for system applications. In the 
following experiments, the non-resonant locking was investigated in more detail. 

As mentioned previously, the spectral separation of the two DFB lasing modes determines 
the oscillation frequency of the self-pulsating PhaseCOMB-laser. The beating type 
oscillations can be generally tuned in an extremely wide frequency range (Fig. 3.4), simply 
by changing the driving currents of the laser sections. Hence, a clock recovery from data 
flows of different bit rates (e.g. 39.8 Gbit/s including all forward error correction (FEC) 
rates up to 46 Gbit/s) can be performed using the same device. Basically, the PhaseCOMB-
clock provides even higher speed potential [19] (pulsation frequencies of 160 GHz and 
beyond), when optimising the device parameters regarding this operation point.  

 

 

Fig. 3.4: Frequency tuning range of the PhaseCOMB-clock by changing the driving 

currents of the DFB sections. 
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In case of 40 GHz pulsation, the spectral distance of the two beating modes corresponds to 
a wavelength difference of 0.32 nm, as it is obvious from the optical spectrum shown in 
Fig. 3.5a. The timing jitter of the synchronised clock signal, as one of the most important 
quality parameter, was measured using an electrical sampling oscilloscope (Agilent 
86100B) with a precision time base reference module (Agilent 86107A). The sinusoidal 
pulse trace behind the PhaseCOMB-clock synchronised to a 40 Gbit/s PRBS RZ signal 
(λdata = 1550 nm, Pdata = +5 dBm, 390 fs RMS-jitter) is shown in Fig. 3.5b. The RMS-jitter 
of 420 fs shows a good timing stability of the recovered clock signal (λclock = 1562 nm). 
The zero level (dashed line in Fig. 3.5b) indicates a slightly reduced extinction ratio of the 
clock signal (ER = 7.8 dB). The ER correlates directly with the relative amplitude of the 
two DFB modes and can be partially controlled by wavelength detuning of the BP-filter 
placed behind the clock. The highest extinction corresponds to the equal mode amplitudes. 
Typically, the clock ER, measured with the electrical sampling oscilloscope (65 GHz 
modulation bandwidth), is within a range between 6 dB and 8 dB. 
 

 

Fig. 3.5: Optical spectrum of the PhaseCOMB-laser operated at 40 GHz (a) and the 

corresponding sinusoidal pulse trace of the recovered clock signal (420 fs RMS-jitter) 

synchronised to a 40 Gbit/s PRBS RZ signal (1550 nm, Pdata = +5 dBm) (b). 

3.3 System performance of the PhaseCOMB-

clock 

The system quality of the all-optical clock was evaluated by comparing it with a proven 
technique represented by an electrical phase locked loop (PLL). A detailed theoretical 
analysis on synchronisation behaviour of the optical clock and the analogy to an electrical 
PLL can be found in [79]. In this section, the system performance of the two clock types is 
experimentally investigated. A commercially available PLL developed for operation in 
40 Gbit/s data streams (SHF Communication Technologies AG, [164]) and successfully 
applied in several loop experiments was chosen as a reference. The measurement set-up is 
sketched in Fig. 3.6. A 40 Gbit/s PRBS 231-1 RZ signal (1550 nm) was injected 
alternatively into the optical and electrical clock, respectively. The quality of the extracted 
clock signals was evaluated using an electrical spectrum analyser (Agilent 8565EC), a 
sampling oscilloscope with precision time base module, and finally by BER measurements 
(Anritsu MP1776A).   
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Fig. 3.6: Principle set-up for direct comparison of basic characteristics of the all-optical 

(PhaseCOMB) and electrical clock recovery (SHF PLL) operated in 40 Gbit/s PRBS 2
31

-1 

RZ data streams. 

 

Phase stability of the recovered clock signals is one of the most critical issues in optical 
signal processing. Therefore, single side band phase noise measurements (SSB) were 
performed first (Fig. 3.7). The derived RMS-jitter for three frequency intervals is 
summarised in the table below. The optical PhaseCOMB-clock shows a jitter of less than 
100 fs in the integration range up to 10 MHz, which is lower in comparison to the electrical 
PLL clock. In contrary, a better performance for the electrical clock was achieved in the 
integration range up to 1 GHz. In spite of different characteristics in the frequency 
distribution, both clocks are characterised by a jitter sufficiently low for operation in 
40 Gbit/s systems. It should be noted that the jitter calculated by phase noise measurements 
typically gives lower values than that measured by the sampling oscilloscope. Due to the 
limited integration range, the phase noise analysis does not take into account the timing 
jitter correlated with amplitude fluctuations at high frequencies (in GHz range).  

 

 

Fig. 3.7: Measured single side-band (SSB) phase noise of the synchronised PLL and of the 

PhaseCOMB-clock and the RMS-jitter calculated from the SSB for different integration 

ranges. 
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In the following analysis, the typical average data power levels needed for synchronisation 
of both clocks were measured. Figure 3.8a shows the RMS-jitter of the extracted clock 
signals as a function of the input PRBS power. The PLL synchronises to power levels 
below -4 dBm and remains locked when increasing the input power up to +10 dBm. It 
should be noted that the extremely large dynamic range is also related to the sensitivity and 
linearity of the photodiode applied for o/e signal conversion (u2t Photonics, [122]). The 
PhaseCOMB-laser partially synchronises to the data signal of around –3 dBm and recovers 
a stable clock (RMS-jitter below 500 fs) for power levels higher than +3 dBm. Although 
the dynamic range is much larger in case of the electrical clock, the evaluated range of 
6 dB for the optical clock is sufficient, as its jitter performance cannot be influenced by 
strong power fluctuations in the system. Nevertheless, the minimum power level for 
locking can be further improved e.g. by reducing the fibre-chip coupling losses or by an 
additional SOA stage. 
 

 

Fig. 3.8: Power dynamic range (a) and frequency locking range (b) of both clocks (PLL, 

PhaseCOMB) as a function of the RMS-jitter of the recovered clock signals. Input data: 

39.8 Gbit/s PRBS 2
31

-1 RZ, 1550 nm, 390 fs RMS-jitter.   

 

Next, the locking range of both clocks was studied. In the experiment, the system 
frequency was continuously detuned from the SDH reference (39.81 Gbit/s) and the 
corresponding timing jitter of the recovered clock signals was evaluated. In case of the 
PhaseCOMB-clock, the operation point (defined by the DC currents) was optimised for 
synchronisation to the 39.8 Gbit/s RZ PRBS 231-1 signal. The average power level of the 
data signal was kept fixed at +5 dBm. The results are summarised in Fig. 3.8b. It can be 
seen that the PhaseCOMB-laser remains synchronised to the injected PRBS signal in a 
much wider frequency range. For an RMS-jitter below 500 fs a locking range of 170 MHz 
can be identified. In contrary, the electrical clock shows stable synchronisation within a 
frequency range of 30 MHz only. It should be noted that the small range for the PLL is less 
critical because of fixed oscillation frequency of the internal VCO. In case of the 
PhaseCOMB-clock, the pulsation frequency is determined by the three bias currents. Due 
to the large locking range, only a rough adjustment of the free-running pulsation frequency 
is required.  

Finally, the stability of both clocks was evaluated by BER measurements. Here, the BER 
receiver was synchronised alternatively by the system clock (reference clock of the pattern 
generator), the PLL and the PhaseCOMB-clock, respectively. The corresponding BER 
curves of the 39.8 Gbit/s PRBS 231-1 are depicted in Fig. 3.9. All BER traces show the 
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same receiver sensitivity with nearly identical slope. There is no penalty derived from 
either one of the clock devices with respect to the back-to-back curve. No indication of an 
error floor down to a BER of 10–12 can be noticed, proving the good stability of both 
clocks.  

 

 

Fig. 3.9: BER measurements of the 39.8 Gbit/s PRBS 2
31

-1 RZ signal. The error detector 

was triggered directly by the pattern generator (back-to-back) as well as by the clock 

signal recovered from the electrical PLL, and PhaseCOMB, respectively.  

 

In summary, the PhaseCOMB-clock shows a good system performance similar to the 
proved commercially available electrical PLL. The evaluated RMS-jitter (measured using a 
sampling oscilloscope with high precision time base) of the all-optical clock synchronised 
to the 40 Gbit/s PRBS 231-1 RZ data signal was 420 fs. The timing stability of the 
recovered clock signal remained below 500 fs within a dynamic range of 6 dB and within a 
170 MHz locking range. The PhaseCOMB-laser provides bit rate flexible operation with a 
large tuning range covering all frequencies of a 40 Gbit/s transmission system (e.g. 
without/with FEC). The high stability of the optical clock was proven by BER 
measurements. 

3.4 Regenerative performance of the 

PhaseCOMB-clock 

In the all-optical 3R regenerator, the clock has to recover a stable pulse trace even from 
strongly degraded data streams. Hence, the robustness of the PhaseCOMB-clock against 
signal impairments was investigated. In the following measurements, the 40 Gbit/s PRBS 
RZ data signal (λdata = 1550 nm, Pdata = +5 dBm) was intentionally degraded before 
injecting into the self-pulsating laser. The scheme of the degradation unit used in the 
experiments for selective generation of data distortions is depicted in Appendix E3. The 
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impact of the data amplitude and timing fluctuations on synchronisation behaviour of the 
PhaseCOMB-clock as well as the influence of OSNR degraded data signals was analysed. 
In order to quantify the influence of the signal impairments on the clock stability, the 
RMS-jitter of the clock pulse trace was measured using an electrical sampling oscilloscope 
with precision time base. 

It has been shown in the previous section that slow power fluctuations (dynamic range up 
to 6 dB) have nearly negligible influence on the timing stability of the recovered clock 
signal. In the following, the PRBS 231-1 RZ signal was intentionally degraded by 
patterning effects (1430 fs RMS-jitter). The strong amplitude fluctuations at the bit-to-bit 
level of 4 dB are clearly visible from Fig. 3.10 (upper trace). The sinusoidal pulse trace of 
the recovered clock signal remains stable in amplitude and time (Fig. 3.10, lower trace) 
with an identical RMS-jitter (below 420 fs) as measured for the high quality RZ signal 
(390 fs RMS-jitter, Fig. 3.5b). Thus, the timing stability of the synchronised PhaseCOMB-
clock does not change when increasing the amplitude fluctuations up to 4 dB. 
 

 

Fig. 3.10: Synchronisation of the PhaseCOMB-clock (λclock = 1560 nm, 414 fs RMS-jitter) 

to a 40 Gbit/s PRBS RZ data signal intentionally degraded by patterning effects (Pdata = 

+5 dBm, λdata = 1550 nm, 1430 fs RMS-jitter). 

 
One of the most critical distortions in high-speed communication systems is related to the 
timing jitter caused by nonlinear pulse interactions at the transmission link [14]. In order to 
separately investigate the impact of the jitter on the clock stability, a gain-switched laser 
(GSL) was used for generation of the data pulses. The intrinsic turn-on delay of the GSL 
results in timing fluctuations of the generated pulses. The RMS-jitter of the 40 Gbit/s RZ 
signal was continuously increased from 970 fs up to 1920 fs by changing the operation 
point of the GSL by decreasing the bias current and the corresponding RMS-jitter of the 
recovered clock signal was measured. From the results summarised in Fig. 3.11a is clearly 
visible that the PhaseCOMB-laser performs an effective jitter reduction function. In the 
whole measured range, the clock RMS-jitter remains below 600 fs. The eye diagrams of 
the PRBS signal and of the recovered clock for the worst case are depicted as inset in 
Fig. 3.11a.  
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Finally, the influence of the data OSNR on the timing stability of the recovered clock was 
evaluated. In the experiment, the 40 Gbit/s PRBS RZ signal was first strongly attenuated 
(power level below –30 dBm) and additionally re-amplified to a constant average power 
level of +5 dBm. The degree of signal attenuation determines the noise level and, thus, the 
OSNR of the data signal. The RMS-jitter of the recovered clock signal as a function of the 
data OSNR is shown in Fig. 3.11b. It is clearly visible that the jitter of the clock signal 
remains below 500 fs in a wide range down to 14 dB/0.1 nm. Thus, strong degradations up 
to FEC data quality (BER < 10-3) have only a small influence on the clock stability. The 
eye diagrams of the distorted data signal and the corresponding stable pulse trace of the 
extracted clock (inset in Fig. 3.11b) demonstrate robust operation of the PhaseCOMB all-
optical clock.  

 

 

Fig. 3.11: RMS-jitter of the PhaseCOMB-clock (1560 nm) synchronised to the 40 Gbit/s 

PRBS RZ 2
31

-1 data signal (1550 nm, Pdata = +5 dBm) intentionally degraded by timing 

fluctuations (a) and by reduced OSNR (b). 
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In summary, the self-pulsating PhaseCOMB-laser recovers a stable sinusoidal pulse trace 
even in strongly degraded 40 Gbit/s PRBS 231-1 RZ data streams. The RMS-jitter of the 
clock signal was evaluated for different types of signal distortions. It was demonstrated 
that bit-to-bit amplitude fluctuations of 4 dB do not affect the timing stability of the 
extracted clock signal. A clock RMS-jitter below 500 fs was measured for strongly jittered 
PRBS signals (1920 fs) as well as in case of reduced data OSNR down to 14 dB/0.1 nm. 
The measurements prove the robustness of the PhaseCOMB all-optical clock against main 
distortions in high-speed transmission systems. 
 

3.5 Conclusions 

In this chapter, the operation principle and typical characteristics of the all-optical 
PhaseCOMB-clock were analysed in order to identify suitability of the optical clock for the 
novel 3R regeneration schemes proposed in this work. The PhaseCOMB-laser 
synchronises all-optically to the injected PRBS RZ signals and emits a sinusoidal clock 
pulse trace at the output. The system performance of the optical clock was evaluated by 
operation in 40 Gbit/s PRBS 231-1 data streams and compared to the proven electrical PLL-
clock (SHF). A stable recovered clock signal was obtained behind the PhaseCOMB-laser 
in a wide dynamic range (6 dB) and frequency tuning range (170 MHz). The robustness of 
the PhaseCOMB-clock was studied for selectively controlled data distortions. A high 
quality clock signal (RMS-jitter below 500 fs) was detected for bit-to-bit power 
fluctuations of 4 dB, data RMS-jitter up to 2 ps and OSNR reduction down to 
14 dB/0.1 nm. The measurements show that the robust operation of the clock recovery 
stage based on the PhaseCOMB-clock fulfils the key prerequisites for application in an all-
optical 3R regenerator.   
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4 Analysis of XGM effects in ultra-

long SOAs 

The compact dimension, combined with high nonlinearities at moderate power levels, 
makes the semiconductor optical amplifiers (SOAs) very attractive for all-optical signal 
processing. The exploited physical effects are based on cross gain modulation (XGM), 
cross phase modulation (XPM), and four wave mixing (FWM) between the optical signals, 
when simultaneously propagating the SOA. A wide application potential of the SOA 
devices comprising wavelength conversion [144]-[146], signal regeneration [147]-[148], 
optical switching [149] as well as logic operations [150] has been reported. However, in 
the most experiments, standard SOAs with a length below 1 mm have been used, originally 
designed for linear signal amplification.  

Effective exploitation of nonlinearities in semiconductor amplifiers is the main prerequisite 
for proper operation of both 3R regeneration schemes proposed in this work. Although lot 
of investigations have been performed using short SOAs, the potential of ultra-long SOAs 
(UL-SOAs, L ≥ 2 mm) for signal processing has not been sufficiently studied yet. It is 
therefore of high interest to explicitly analyse the influence of the length on the SOA gain 
dynamics. For high-speed signal processing, effective gain compression and short recovery 
time constants are inevitable. In this chapter, the dynamic behaviour of UL-SOAs is 
studied in detail. The focus is given on the impact of periodical gain modulation of the 
long amplifiers, which is the key technique exploited in the novel all-optical 3R 
architectures.  

First, the design and basic characteristics of the ultra-long SOAs fabricated in the 
technology of FhG-HHI are presented. Based on the static characterisation of the long 
amplifiers, the small signal gain as a function of wavelength and SOA current density is 
analysed. In the second part, the gain dynamics of the SOAs are investigated by modelling 
(VPIphotonicsTM [156]) and experimentally (high bandwidth optical sampling 
oscilloscope). The impact of the device length on inter-band and intra-band effects is 
studied using pump-probe measurements at 10 GHz. The analysis focuses on evaluation of 
the modulation depth and recovery processes of XGM converted periodical signals for 
different pulse widths. The re-timing and re-shaping function of 40 GHz sinusoidal signals 
by periodical modulation of the UL-SOA gain is pointed out. Finally, the behaviour of the 
ultra-long SOAs operated in PRBS data streams is discussed and the impact of the pattern 
dependent gain modulation on the data quality is demonstrated. 

 

4.1 Static characterisation of UL-SOAs 

The design of the investigated ultra-long SOAs is briefly reviewed, focusing on 
suppression of internal reflections, as a critical issue in the long devices with high gain. 
The UL-SOA gain characteristics in 2 mm and 4 mm UL-SOA are statically analysed 
under different operation conditions including the impact of an additional holding beam on 
signal amplification. 
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4.1.1 Design of the ultra-long SOAs 

The schematic view of the ultra-long semiconductor optical amplifier investigated in this 
work is depicted in Fig. 4.1a. The bulk UL-SOAs with buried heterostructure (BH) were 
fabricated in the technology of FhG-HHI. The layers are epitaxially grown on an n-doped 
InP substrate. The InGaAsP active layer composition was designed for a gain peak 
wavelength around 1550 nm. The lateral modes are controlled in a strongly index guided 
bulk region, which is buried in higher band-gap layers from all sides. The additional p-n 
blocking inhibits current spreading and forces the carriers to recombine in the active layer. 
A cross-section photograph of a fabricated semiconductor amplifier is depicted in 
Fig. 4.1b. The metallisation evaporated on the top of the upper cladding forms the positive 
electrical contact of the device. The typical parameters of the SOA devices are summarised 
in Appendix A. 
 

 
 

Fig. 4.1: Schematic view of the UL-SOA layer structure (a) and the photograph of the 

amplifier cross-section (b).   

 

The ultra-long SOAs are characterised by high device gain. The total single-pass gain G at 
a given wavelength is generally described as [134]  

 ( ) 
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where Γ is the confinement factor, g is the material gain coefficient, αint are the internal 
losses of the device, and L is the cavity length of the SOA. Generally, very low 
reflectivities on the facets are required (typically smaller than 10-5, [155]) in order to 
prevent the lasing of the devices. If the reflectivity is not low enough, ripples are observed 
in the gain spectra. Furthermore, too large facet reflectivities reduce the gain bandwidth, 
and the output saturation power [135]. Using a double layer TiO2/SiO2 antireflection (AR) 
coating, suppression of the reflectivities down to 10-4 is possible [137]. In case of ultra-
long semiconductors, a further improvement was achieved by introducing tilted facets (the 
waveguides are penetrating the facet with an off-axis angle). The average reflectivity 
decreases when increasing the facet angle. However, the coupling efficiency between the 
chip and the optical fibre degrades for large facet angles due to the asymmetry of the far 
field pattern. The UL-SOA waveguides investigated in this work were angled by 12° 
relative to the crystal axis, resulting in 42° fibre coupling angle. A photograph of a 4 mm 
UL-SOA chip mounted on a heatsink (the angular shift relative to the coupled fibre tapers 
is clearly visible) and of the device packaged in a module is shown in Fig. 4.2.  
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Fig. 4.2: Chip of the 4 mm UL-SOA with tilted facets (12° off axis) (a) and the open 

module of the packaged device (b).   

 

A polarisation insensitive operation is required for optical signal processing. Basically, the 
transmitted waves in an SOA cavity experience different amplifications regarding their 
polarisation states, depending on the confinement factor of the guided mode and on the 
material gain of the SOA. Due to technological fabrication, an identical confinement for 
TE and TM is not possible [136]. Thus a strained bulk active layer is used, which 
introduces an anisotropy to the gain. The gain can be matched separately for TE and TM 
by fine-tuning of the strain, resulting in a polarisation insensitive SOA.  

More detailed information to the semiconductor heterostructure, processing technique and 
SOA design optimisation can be found in [137] and references therein. 

 

4.1.2 Small signal gain analysis 

In this section, the basic analysis of the 2 mm and 4 mm ultra-long SOAs regarding 
polarisation sensitivity, small signal gain and saturation behaviour is performed. It was 
mentioned that the long semiconductor devices require special design of the end facets, in 
order to prevent unwanted lasing inside the active medium. The ASE spectrum behind the 
4 mm UL-SOA without any external signal (driven by 800 mA DC bias) is depicted in 
Fig. 4.3a (red curve). It is clearly visible that in spite of anti-reflection coating and tilted 
facets, Fabry-Pérot modes distort the ASE spectrum in a range of more than 20 nm around 
the peak wavelength. Due to the strong internal gain, the maximum peak-to-peak 
amplitude of the ripple is up to 9 dB high. However, the internal lasing can be effectively 
eliminated when an external signal saturates the long amplifier (Fig. 4.3, green curve). In 
this case, a CW signal at 1550 nm was launched into the UL-SOA at a power level of 
0 dBm. A suppression of the ripple from 9 dB down to 1 dB was achieved. It should be 
noted that the ultra-long SOAs are exclusively considered for optical signal processing and 
are, thus, typically operated in the highly saturated regime. Hence, the fabricated devices 
fulfil requirements regarding internal reflections and can be used for experimental 
investigations. 
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Fig. 4.3: ASE spectrum behind the 4 mm UL-SOA (ISOA = 800 mA) without and with an 

external CW signal (PCW = 0 dBm) (a) and the small signal gain of 2 mm and 4 mm long 

amplifiers for TE and TM modes as a function of the wavelength (b). 

 

In the following, the gain spectrum for the TE and TM polarisations were measured behind 
the 2 mm and 4 mm amplifiers (Fig. 4.3b). The UL-SOAs were driven by a bias current of 
200 mA/mm. The power level of the input CW signal was set to –15 dBm. The maximum 
gain evaluated for the 2 mm UL-SOA and for the 4 mm UL-SOA was 21 dB and 16 dB, 
respectively. The reduced gain in case of the longer amplifier is related to the higher fibre-
chip losses. It can be seen that the amplification of the TE and TM modes show similar 
evolution in the measured wavelength spectrum. The polarisation sensitivity varies 
between 0.1 dB and 4 dB. In spite of the proper design of the SOA heterostructure, the gain 
peak (~1560 nm) is shifted by around 10 nm towards longer wavelengths. A gain 
maximum at 1550 nm would be preferable for system experiments, in order to exploit the 
UL-SOA bandwidth more effectively in the C-band. The gain bandwidth is narrower for 
the 4 mm UL-SOA. The bandwidth narrowing in cascaded SOAs or when increasing the 
SOA length is a well-known effect [138] (for the ASE spectra of the measured SOAs see 
Appendix C).  

The integrated power of the amplified spontaneous emission at the UL-SOAs output and 
the small signal gain as a function of current density was measured (Fig. 4.4). For the 
calculation of the current density, the experimentally evaluated active region width of 
0.9 µm was considered (100 mA bias current (1 mm SOA) corresponds to 1.11x108 A/m2). 
A fast increase of the ASE power by tuning the current density from 0.14x108 A/m2 to 
0.83x108 A/m2 is obvious from Fig. 4.4a. Further increase of the current density leads to 
stronger depletion of free carriers by the ASE itself, resulting in saturation of the output 
power at +11 dBm and +8 dBm in case of the 2 mm and 4 mm UL-SOA, respectively. The 
measured curves for small signal gain at 1550 nm show similar tendency (Fig. 4.4b). The 
gain saturation at low currents is mainly due to the strong impact of ASE in the long 
devices. A nearly constant small signal gain of around 11 dB (4 mm UL-SOA) and up to 
20 dB (2 mm UL-SOA) was achieved behind the devices when increasing the current 
density from 0.28x108 A/m2 up to 2.22x108 A/m2.  
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Fig. 4.4: Integrated ASE power (a) and the small signal gain (SSG) at 1550 nm (b) 

measured at the output of the 2 mm and 4 mm UL-SOA as a function of the amplifier 

current density (1.1x10
8
 A/m

2
corresponds to 100 mA/mm). 

 

4.1.3 Impact of the holding beam on signal amplification 

In the following, the signal amplification versus input power was investigated without and 
with a holding beam (also referred to assist light). In optical signal processing, the use of a 
holding beam is an effective technique for the stabilisation of pattern dependent gain 
modulation as well as for increasing the speed potential of SOAs [90], [91]. Therefore, the 
impact of the assist light on the amplification of the optical signal was analysed for the 
long devices. The current density of the UL-SOAs was kept fixed at 2.22x108 A/m2; the 
power was measured in the fibre using an optical spectrum analyser (1 nm resolution 
bandwidth). Figure 4.5 summarises the results. Without the holding beam, a linear transfer 
function for small input powers (1550 nm) can be observed in a range up to  
–8 dBm (2 mm UL-SOA) and –4 dBm (4 mm UL-SOA). Due to the gain saturation, any 
further increase of the input power results in nearly constant output power levels of 
+9 dBm (2 mm UL-SOA) and +7 dBm (4 mm UL-SOA). In case of the holding beam 
(1560 nm, Phol = +8 dBm), a linear power transfer function can be observed in the whole 
measured range. However, the CW signal does not experience any amplification behind the 
amplifiers.  
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Fig. 4.5: Power transfer function of the CW signal at 1550 nm for 2 mm and 4 mm long 

semiconductor amplifiers without and with an additional holding beam (1560 nm, 

Phol = +8 dBm). 

 

In the following, the small signal gain as a function of the CW (1550 nm) input power was 
evaluated (Fig. 4.6). The gain is constant at low input powers and decreases for higher 
power levels. The measured input saturation power (3 dB gain suppression) was –6 dBm 
for the 2 mm and –1 dBm in case of the 4 mm UL-SOA. Injecting the strong assist light 
additionally into the amplifier (1560 nm, Phol = +8 dBm), the signal gain is lower than the 
coupling losses. The negative net gain remains nearly constant in the whole measured 
range when increasing the CW power level (around 5 dB for the 2 mm UL-SOA and 9 dB 
in case of the 4 mm UL-SOA).  

 

 
 

Fig. 4.6: Small signal gain versus input power level of the CW signal (1550 nm) for the 

UL-SOAs (2 mm, 4 mm) without an additional external light and by gain compression 

due to a holding beam (1560 nm, Phol = +8 dBm). 
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In summary, the maximum measured fibre-to-fibre gain (1560 nm) of the fabricated ultra-
long SOAs was 21 dB (2 mm) and 16 dB (4 mm). Both UL-SOAs show efficient gain 
saturation at low current densities. The saturation power levels were  –6 dBm and –1 dBm 
for the 2 mm and 4 mm UL-SOA, respectively. Linear signal amplification was evaluated 
after applying a holding beam, however, without fibre-to-fibre net gain. The static 
characterisation proves the suitability of both devices for further dynamic analysis.  

4.2 Gain dynamics of ultra-long SOAs 

In the previous section, the UL-SOA gain analysis was done for CW operation. In the 
following, the temporal evolution of the gain after injecting a short optical pulse into the 
UL-SOA is investigated. First, the inter-band and intra-band effects in semiconductor 
amplifiers are discussed. The gain compression and recovery processes in the SOAs of 
different lengths are evaluated using a pump-probe technique based on XGM wavelength 
conversion at 10 GHz. The impact of the SOA length as well as power level and pulse 
width of the control signal on SOA gain dynamics is studied. For better understanding of 
the physical effects, numerical simulations are performed additionally to the experiments. 

4.2.1 Inter-band versus intra-band effects 

Generally, the SOA gain dynamics are characterised by inter-band and intra-band effects. 
The first correlates with carrier transitions between valence and conduction band, while the 
second effects modify the carrier energy distribution within one band [85] – [87].  

The characteristic time constant for inter-band carrier modulation process is denoted as 
effective carrier lifetime τeff. This time constant (typically in a range of 100 ps) defines the 
gain recovery time after saturation of the SOA by an injected optical signal and is 
generally a limiting factor for XGM based high-speed signal processing. The value of the 
carrier lifetime depends strongly on the SOA type and on the operation conditions.  

The gain of the semiconductor material is determined by the free carrier density N in the 
bands. Thus, the time evolution of the gain associated with the inter-band transitions is 
directly linked to variations of N. The involved dynamics are usually described by the rate 
equation [132]: 

 ASEstimspon RRR
qV

I

t

N
−−−=

∂

∂
 (4.2) 

The first term on the right hand side represents the rate of injected electrons into the active 
layer of the SOA. I is the bias current, q the electron charge, and V the active region 
volume. The other terms take into account the carrier loss caused by various radiative and 
non-radiative recombination processes: Rspon is the spontaneous recombination rate, Rstim 
and RASE represent the carrier recombination stimulated by the signal and spontaneously 
emitted photons, respectively.  

The spontaneous recombination rate can be expressed as [134] 

 3

N

2

NNspon NCNBNAR ++=  (4.3) 

AN, BN, and CN, are the defects, spontaneous radiative, and Auger recombination 
coefficients. 
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The stimulated recombination rate describes the impact of stimulated emission and 
absorption and can be written as [130] 

 gSvR gstim =  (4.4) 

where S is the local signal photon density, vg is the group velocity of the signal, and g is the 
local gain coefficient (difference between the rate of stimulated emission and absorption). 

The RASE is related to the carrier recombination stimulated by spontaneously emitted 
photons, which are not included in the signal photon density S.  

The presence of photons in SOA active region accelerates the dynamics of N, because of 
the increase of Rstim and RASE with increased photon density. The effective carrier lifetime 
is than defined as [138] 
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τ
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In case of short SOAs with low input optical power (below saturation power), the value of 
τeff is mostly determined by Rspon. The RASE is dominant for long SOAs with weak input 
power signals and the Rstim becomes the main term when the injected optical power is large 
enough to saturate the SOA gain.  

An increase of bias current reduces the effective lifetime, because of the increase of N, 
which leads to larger Rspon, Rstim, and RASE. Furthermore, τeff can be reduced by applying a 
holding beam [90], [91], resulting in an increase of the stimulated recombination rate 
(Rstim), however, by simultaneous N reducing. Finally, the carrier recovery processes can be 
accelerated, when enhancing the SOA length. This is due to the higher RASE in the long 
amplifiers [86]. The impact of the amplifier length on the inter-band gain dynamics will be 
investigated in more detail in the following sections of this chapter.     

The gain dynamics due to intra-band effects is characterised by much shorter time 
constants (fs range) [127]. In contrary to the inter-band transitions, the intra-band effects 
change only the distribution of the free carriers within the band. Fig. 4.7 qualitatively 
shows the main processes related to the intra-band effects. Injecting an optical beam into 
the amplifier, the electrons in excited states are depleted because of the stimulated 
emission processes. The optical pulse stimulates carriers to recombine around a narrow 
range of energies corresponding to the pulse photon energy, resulting in a deviation from 
the Fermi distribution (Fig. 4.7b). This process is called spectral hole burning (SHB). At 
the same time, due to the high photon density in the active region, two photon absorption 
(TPA) occurs, causing electron transfer from the valence band to a high energy level of the 
conduction band. Furthermore, free carrier absorption effect (FCA) causes carriers 
excitation to higher energies within the same band.  

The Fermi-Dirac distribution is restored via carrier-carrier scattering, which is typically on 
the 100 fs time scale [85] (Fig. 4.7c). The stimulated emission has removed carriers with 
energy lower than the average carrier energy in the band. Moreover, the TPA and FCA 
also contribute to the increase of the average energy. As a result, the effective carrier 
temperature is higher than the lattice temperature. The distribution cools down via a 
phonon emission to its original value (Fig. 4.7d). The time scale of this process is in sub-
picoseconds range. A quasi-equilibrium Fermi-Dirac distribution at the lattice temperature 
is established. From this point on, the state of the amplifier is characterised by the total 
carrier density. The original carrier density is restored by electrical pumping within a time 
up to some hundreds of ps, depending on the SOA and on the operation conditions.  
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Fig. 4.7: Temporal evolution of the carrier distribution (carrier density N vs. carrier 

energy E) in the conduction band induced by a short optical pulse [138]. 

 
Detailed theoretical analyses of the SOA gain dynamics for calculating nonlinear pulse 
propagation in active semiconductor waveguides can be found in [93] – [96] and 
references herein. 
Usually, the inter-band gain effects in SOAs are preferred for optical-signal processing. In 
this case both gain modulation (XGM) and phase modulation (XPM) caused by variations 
of the carrier density can be exploited. The signal processing based on XGM effects is 
simple and, thus, very attractive. However, the relatively slow time constants (~100 ps) 
limit the applications to a bit rate of around 10 Gbit/s. The bit rate can be further enhanced 
(up to 40 Gbit/s) when phase effects are exploited. In this case, more sophisticated 
architectures based on differential operation of an interferometric structure (see Chapter 2) 
are required. Although the ultra-fast intra-band gain dynamics combine simplicity (XGM) 
with high speed potential (beyond 160 Gbit/s), they are relatively weak in the conventional 
amplifiers [127]. In the following it will be demonstrated, how the efficiency of the intra-
band effects can be increased when enhancing the SOA length.  
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4.2.2 Experimental analysis of gain effects in short and long 

SOAs 

In the following experiments, the gain dynamics of SOAs of several lengths are 
investigated using a pump-probe technique with high timing resolution. The scheme of the 
experimental set-up is depicted in Fig. 4.8. Two signals were simultaneously injected into 
the analysed optical amplifier: a control signal comprising short pulses generated by a 
tuneable mode locked laser (TMLL) at a repetition rate of 10 GHz (2 ps FWHM) and a 
continuous wave (CW) probe signal generated by an external cavity laser. The emission 
wavelength of the pump source was kept unchanged at 1560 nm, while the probe 
wavelength was tuned in a range from 1540 nm to 1555 nm. The input average power 
levels were controlled by inline power-meters. The short MLL pulses saturate the SOA 
gain, resulting in a depletion of free carriers. The modulated carrier density leads to an 
amplitude variation of the co-propagated CW signal. Hence, gain saturation and recovery 
processes are directly impressed to the CW light. The CW wavelength was separated at the 
SOA output by a 3 nm band-pass filter and the XGM converted signal was analysed by an 
optical sampling oscilloscope (OSO). The time resolution of the proposed measurement 
technique is determined by the pulse width of the control signal as well as by the resolution 
bandwidth of the OSO, which was in this case 750 GHz (Agilent 86119A). Thus, the 
nonlinear dynamics of the amplifier gain can be directly evaluated.  
 

 

Fig. 4.8: Measurement set-up for SOA gain dynamics analysis using a pump-probe 

technique at 10 GHz. 

 
The measured temporal evolution of the XGM modulated probe signal behind the optical 
amplifier is depicted in Fig. 4.9. The left diagram is related to the 0.5 mm long SOA, while 
the right plot corresponds to the 4 mm UL-SOA. The amplifiers were driven by a bias 
current of 200 mA/mm and the wavelength of the CW signal was set to 1550 nm in this 
case. The input average power levels (measured in the fibre in front of the amplifier) were 
adjusted to +3 dBm for the control and –2 dBm for the probe signal, respectively. Both 
curves show similar behaviour. The SOA gain drops down instantaneously due to the 
carrier depletion induced by the short pump pulse. The gain recovers in two steps. The fast 
recovery is related to the intra-band effects. After establishing a quasi-equilibrium carrier 
distribution, the slow recovery process governed by inter-band transitions restores the 
unsaturated gain.  
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Fig. 4.9: Temporal evolution of the probe signal (λprobe = 1550 nm, Pprobe = -2 dBm) 

behind the 0.5 mm SOA (a) and 4 mm UL-SOA (b) indicating the gain dynamics of both 

amplifiers induced by 10 GHz short control pulses of 2 ps FWHM (λcontol = 1560 nm, 

Pcontrol = +3 dBm). 

 

The difference between the two measured curves is related to the total gain compression, 
which is clearly higher in case of the 4 mm UL-SOA (Fig. 4.9b). The strong gain 
saturation indicates an effective exploitation of the fast nonlinearities with the SOA length. 
Furthermore, the gain recovers to the unsaturated regime much faster for the long amplifier 
than for the 0.5 mm SOA.  

The impact of the SOA length on the intra-band recovery processes was analysed in more 
detail. Here, the ratio between the fast (Rf) and slow (Rs) gain recovery (Fig. 4.10a) as a 
function of the SOA length was evaluated for three different wavelength correlations 
between the control and probe signal. The results are summarised in Fig. 4.10b. The 
influence of intra-band effects is clearly dominant in case of longer devices. Considering 
the 5 nm spectral separation, the evaluated Rf / Rs ratio for different SOA lengths is 0.9 
(0.5 mm), 2.2 (2 mm), 5 (4 mm), and 13.2 (8 mm). The fast gain recovery is more than 
twice larger than the slow recovery part for 2 mm UL-SOA and even 13 times larger in 
case of the 8 mm UL-SOA. The ultra-fast effects clearly dominate the gain recovery in the 
long amplifiers. Thus, the UL-SOAs provide effective exploitation of intra-band gain 
dynamics needed for high-speed system applications.  

 

 
Fig. 4.10: Denotation of the linear magnitudes related to fast (Rf) and slow (Rs) gain 

recovery (a), and the Rf / Rs ratio as a function of the SOA length for three spectral 

separations between the control (1560 nm) and the probe signal (1555 nm – 1545 nm) (b). 
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It should be noted that the effectiveness of the ultra-fast intra-band gain effects is spectrally 
limited. From Fig. 4.10b is obvious that for the 10 nm spectral distance between the control 
and probe signal, the Rf / Rs ratio is already reduced to a value of 6 for the 8 mm and to a 
value of 2 in case of the 4 mm, respectively. For higher wavelength separations the impact 
of the fast gain recovery is even smaller.  

However, comparing both transmission curves of the XGM converted signal behind the 
0.5 mm SOA and 4 mm UL-SOA (Fig. 4.9), one can notice that the total gain recovery 
(including inter-band transitions) is much faster for the longer devices too. The gain 
recovery time can be estimated from the temporal evolution of the gain curve and will be 
defined in this work as a relaxation time due to inter-band transitions until 10 % of the 
unsaturated probe level. A shortening of the gain recovery constants from 80 ps (0.5 mm) 
down to 23 ps (4 mm) can be observed from Fig. 4.9. Thus, the ultra-long SOAs provide 
also the possibility of exploitation of inter-band XGM/XPM signal processing at much 
higher bit rates as it is in conventional SOAs. It should be noticed that while the spectral 
usage of intra-band processes is limited to several nm only, the effects based on inter-band 
transitions can be exploited in the whole SOA gain spectrum. More detailed investigation 
on the UL-SOA gain dynamics under different operation conditions was performed using 
numerical simulations and the results are discussed in the following section. 

 

4.2.3 Numerical simulation on UL-SOA gain dynamics 

The dynamic behaviour of the SOA gain effects was studied numerically using 
commercially available simulation software for photonic systems VPIcomponentMakerTM 
[156]. The VPI environments enable detailed analysis, evaluation and design of optical 
components, circuits and networks [157] - [162]. In this work, the SOA model developed 
by VPI was employed. The longitudinal and spectral dynamics of the SOA were simulated 
using a segmented transmission line laser model (TLLM) [163]. For more details relating 
the TLLM see Appendix B. The parameter values used in the SOA model were adapted to 
the fabricated devices and are listed in Appendix B. 

In order to compare the simulated results with the experiment, the SOA gain characteristics 
were derived by an identical technique, based on XGM pump-probe analysis at 10 GHz. 
The wavelengths of the pulsed control signal and of the CW probe signal were set to 
1560 nm and 1550 nm, respectively. The peak power levels of the control and probe 
signals were set to +10 dBm and –2 dBm, respectively, the SOA current density was set to 
2.75x108 A/m2 and was kept fixed throughout all the simulations. First, the SOA gain 
compression and relaxation characteristics were investigated for control pulses with a 
width of 2 ps, as used in the experiments. The temporal evolution of the probe signal 
behind the 4 mm UL-SOA is depicted in Fig. 4.11a. The simulation show strong amplifier 
gain compression followed by relaxation due to intra-band and inter-band effects. The 
obtained results match very well with the measured ones.  

Short control pulses are preferable for pump-probe measurements in order to study the 
recovery processes after a short excitation. However, in case of 40 Gbit/s RZ PRBS 
streams, the typical width of the data pulses is 12.5 ps (50 % duty cycle). Hence, in the 
following, the SOA gain dynamics were modeled using the pump-probe technique for 
12.5 ps control pulses (Fig. 4.11b, upper trace). The temporal gain evolution behind the 
4 mm UL-SOA is shown in Fig. 4.11b (lower trace). In contrary to the short pulses 
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(Fig. 4.11a), where the fast intra-band effects dominated the gain compression, one can 
notice that for the 12.5 ps pulses the gain dynamics is mainly determined by inter-band 
transitions. However, the gain recovery time due to the carrier relaxation is nearly the same 
in both cases.   
 

 
Fig. 4.11: Simulated gain dynamics of the 4 mm UL-SOA by pump-probe technique for two 

FWHM of the control pulses: 2 ps (a) and 12.5 ps (b). λcontrol = 1560 nm, Pcontrol = 

+10 dBm, λprobe =1550 nm, Pprobe = -2 dBm. 

 
In the next analysis, the gain recovery time and the total gain compression were simulated 
as a function of the SOA length. The results for the two different control pulse widths (2 ps 
and 12.5 ps) are summarised in Fig. 4.12. The gain recovery time constant decreases nearly 
exponentially with the SOA length. The simulated time constants drop down from around 
84 ps for the 0.5 mm SOA to less than 10 ps for the 8 mm long SOA. The total gain 
compression (also shown in Fig. 4.12) increases with the SOA length. It is obvious that the 
gain suppression is more effective for short control pulses (up to 12.2 dB) than in case of 
the 12.5 ps pulses (up to 9 dB). This is due to the additional contribution of intra-band 
effects to the gain compression in case of the 2 ps pulses.  
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Fig. 4.12: Simulated gain recovery time and total gain compression as a function of the 

SOA length for two different pulse widths (2 ps, 12.5 ps FWHM) of the control signal. 

SOA current density: 2.75x10
8
 A/m

2
, λcontrol = 1560 nm, Pcontrol = +10 dBm, λprobe 

=1550 nm, Pprobe = -2 dBm. 

 
In the next simulation, the impact of the control peak power on the gain compression and 
gain recovery was investigated. The set-up and the operation conditions remained identical 
as described previously. The analysis was performed for 0.5 mm and 4 mm optical 
amplifiers and for two different pulse FWHM of the control signal: 2 ps and 12.5 ps. The 
results for short control pulses are summarised in Fig. 4.13a. It can be seen that for the 
4 mm UL-SOA the gain is much stronger compressed already at moderate power levels. At 
the peak power level of the control signal of +10 dBm, a gain compression of 2.8 dB and 
10.2 dB was evaluated for the 0.5 mm SOA and 4 mm UL-SOA, respectively. However, 
the gain recovery time does not depend on the control power. Time constants of 85 ps 
(0.5 mm SOA) and 23 ps (4 mm UL-SOA) were evaluated in the whole range. Hence, it is 
not possible to speed up the gain recovery of a short amplifier simply by increasing the 
power level of the optical control signal. The same simulation was performed also for the 
12.5 ps control pulses (Fig. 4.13b). For the longer SOA, even faster increase of the total 
gain compression with the pulse power was obtained when comparing to the previous 
simulation (2 ps pulses). This is due to the reduced free carriers caused by stronger 
stimulated emission. The gain recovery time remains unchanged for the 0.5 mm SOA. Due 
to the stronger gain compression in the 4 mm device, the recovery time constants slightly 
increase when increasing the power level of the control signal. 
 



4  Analysis of XGM effects in ultra-long SOAs 
____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

40 

 
Fig. 4.13: Gain recovery time and gain compression as a function of peak power level of 

the control signal simulated for 0.5 mm and 4 mm amplifier and for 2 ps (a) and 12.5 ps 

(b) FWHM of the control pulses. 

 

In summary, experimental analysis as well as modelling demonstrates acceleration of SOA 
gain dynamics with the amplifier length. Gain recovery time constants of 80 ps and 23 ps 
were measured for 0.5 mm SOA and 4 mm UL-SOA, respectively. The impact of intra-
band effects on gain compression increases with the SOA length. However their 
effectiveness reduces for spectral separation higher than 10 nm between the control and 
probe signal. Gain recovery induced mainly by carrier relaxation was observed for 12.5 ps 
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control pulses. The inter-band effects are much faster in long SOAs compared to the 
conventional amplifiers. A total gain recovery down to 10 ps was simulated for an 8 mm 
UL-SOA. Finally, higher peak power of control pulses leads to stronger gain saturation 
(more effective for longer SOAs) but it has no impact on the recovery time. The short gain 
recovery time constants based on inter-band transitions can be exploited in long amplifiers 
for signal processing at much higher bit rates (40 Gbit/s). Furthermore, the ultra-fast intra-
band effects indicate high-speed potential (up to 160 Gbit/s) of the UL-SOAs.  

 

4.3 XGM effects in ultra-long SOAs for high-

speed signal processing 

The pump-probe measurements have shown that the inter-band gain effects can be 
effectively accelerated in ultra-long SOAs. The target is to exploit the UL-SOAs for the 
regeneration of 40 Gbit/s signals. In this section, the amplifier gain dynamics induced by 
40 GHz periodical control signal is studied first. The investigations are performed for 
different operation conditions and amplifier lengths. Saturation effects in UL-SOAs are 
exploited for the generation of a short gain window. In the following, the impact of the 
gain window on a co-propagating weak 40 GHz sinusoidal signal is investigated. Re-
timing and re-shaping of jittered periodical signals is demonstrated. Finally, the critical 
behaviour of UL-SOA gain dynamics operated in 40 Gbit/s PRBS data streams is analysed 
and the role of a holding beam on gain stabilisation is pointed out. 

4.3.1 Impact of SOA length on gain window induced by 

40 GHz sinusoidal signals   

In the following numerical investigations, the gain dynamics of the SOAs are analysed by 
means of XGM wavelength conversion of a 40 GHz sinusoidal control signal to a CW 
probe signal. The amplitude modulations of the XGM converted signal behind the SOA 
directly correlates with the clock induced gain variations of the amplifier. In order to 
describe the SOA gain characteristics for different operation conditions, a term “gain 
window” is introduced in this work (similar to the “switching window” used for 
characterisation of interferometric structures, see Chapter 2). The shape of the generated 
gain window is described by the pulse form (FWHM, ER) of the XGM converted 
periodical signal.  

The simulation was performed for 0.5 mm SOA and 4 mm UL-SOA devices. The 
wavelengths of the control and probe signal were set to 1560 nm and 1550 nm, 
respectively. The power level of the CW signal was kept fixed at 0 dBm, the average 
power of the modulated signal was set to –2 dBm and +13 dBm, respectively. In 
Fig. 4.14a, the pulse traces of the XGM converted signals at the 0.5 mm SOA and at 4 mm 
UL-SOA output for the control power of -2 dBm are depicted. It can be seen that the 
moderate power level of the clock signal is not high enough to saturate the 0.5 mm SOA 
and, thus, to sufficiently modulate the CW signal. As a result, the amplitude of the CW 
light is only slightly affected at the amplifier output. The interactions between the clock 
and the CW beam caused by XGM effects are stronger for the 4 mm UL-SOA. The 
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amplification of the clock signal due to higher gain in the long SOA leads to more effective 
carrier depletion. The impact of cross gain modulation on the probe CW signal is more 
obvious when increasing the clock power to +13 dBm (Fig. 4.14b). In this case, the 
extinction ratio of the converted signal is extended from 0.5 dB to around 3 dB for the 
0.5 mm SOA. In case of the 4 mm ultra-long SOA, the sinusoidal input signal is converted 
to short pulses with FWHM below 6 ps and an extinction ratio of around 14 dB. The pulse 
shape of the converted signal defines the gain window induced by the clock signal during 
the propagation through the amplifier. Hence, the XGM effects at 40 GHz are much 
stronger in the long SOA than it is in the short one.   
 

   

Fig. 4.14: Analysis of the gain window based on XGM wavelength conversion of a 40 GHz 

sinusoidal control signal to a CW probe signal in 0.5 mm and 4 mm UL-SOA for two 

different average power levels of the control signal: -2 dBm (a) and +13 dBm (b). λcontrol 

= 1560 nm, λprobe =1550 nm, Pprobe = -2 dBm, ISOA =200 mA/mm. 

 
In the following, the generation of the short gain window in ultra-long SOAs is 
investigated in more detail. Figure 4.15a shows the sinusoidal 40 GHz control signal 
(+13 dBm) and the CW probe signal (0 dBm) at the input of the 4 mm UL-SOA. The 
traces of both signals behind the optical amplifier are depicted in Fig. 4.15b. It is obvious 
that the pulse shape of the sinusoidal signal is highly deformed after propagation through 
the UL-SOA. Because of strong gain compression, the marks of the control signal are 
limited at the saturation power level, resulting in a pulse broadening. Due to the effective 
cross gain modulation and fast recovery processes in the UL-SOA, the modified shape of 
the input control signal is inversely transformed on the co-propagating CW signal. 
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Fig. 4.15: 40 GHz sinusoidal clock control signal (+13 dBm, 1560 nm) and CW probe 

signal (0 dBm, 1550 nm) at the 4 mm UL-SOA input (a) and the pulse shape of both 

signals after propagating through the optical amplifier (b). 

 

In the next simulations, the characteristics of the gain window are studied for different 
operation conditions. First, the FWHM (indicating width of the gain window) and the 
extinction ratio (indicating the contrast ratio of the gain window) of the XGM converted 
40 GHz pulses as a function of the average power level of the sinusoidal control signal at 
the amplifier input are evaluated. The power level of the input CW probe signal was kept 
fixed at 0 dBm. Figure 4.16 summarises the results for two SOA lengths (0.5 mm and 
4 mm). It can be seen that, in case of both SOAs, the width of the gain window (FWHM 
probe out) decreases when increasing the control power. However, the absolute values of 
the FWHM differ significantly when comparing the two amplifier lengths. In case of the 
0.5 mm SOA, a power level of +16 dBm leads to a nearly identical FWHM between the 
input and the converted pulses. On the other hand, pulse compression down to 5 ps due to 
strong gain saturation and fast gain recovery in the 4 mm UL-SOA can be observed. The 
pulse widths correlate directly with the extinction ratio of the XGM converted signal. Even 
in case of the strong control signal (+16 dBm), the modulation depth of the probe signal 
behind the 0.5 mm amplifier does not exceed 4 dB. The effective gain suppression caused 
by the control signal propagating through the 4 mm UL-SOA leads to an ER increase up to 
15 dB at the amplifier output. 
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Fig. 4.16: Pulse FWHM and extinction ratio of the probe signal (defining the generated 

SOA gain window) behind the 0.5 mm SOA and 4 mm UL-SOA as a function of the average 

power level of the 40 GHz sinusoidal control signal at the amplifier input (Pprobe= 0 dBm). 

 
It has been shown that the shape of the gain window directly depends on the power level of 
the sinusoidal control signal (FWHM = 12.5 ps). The influence of the pulse width of the 
control signal on the generated gain window is investigated in the following simulation. 
The results for two SOA lengths (0.5 mm, 4 mm devices) are summarised in Fig. 4.17. In 
the simulation, the FWHM of the input control pulses was increased from 4 ps up to 18 ps 
and the corresponding FWHM and ER of the XGM converted signal was evaluated. The 
peak power levels of the control and probe signal at the amplifier input were kept fixed at 
+11 dBm and 0 dBm, respectively. From the numerical investigations follows, the width of 
the gain window (FWHM probe out) decreases when broadening the control pulses. This is 
due to inverse character of the XGM conversion. For both amplifiers, the simulated curves 
are almost parallel to each other in the whole range. However, the generated gain window 
is about 4 ps narrower in case of the ultra-long SOA. The modulation depth of the gain 
window (ER probe out) is much smaller at the 0.5 mm SOA output than behind the 4 mm 
UL-SOA because of different saturation degrees of both amplifiers. This is the reason why 
there is only a slight ER decrease (from 2 dB to 0.5 dB) in case of the short amplifier. Due 
to stronger carrier density modulation in the UL-SOA, the ER decreases from 13.5 dB 
down to 5 dB when broadening the control pulses. Notice that, in contrary to the amplitude 
change of the control signal showing in the previous simulation, narrower gain window 
leads to reduced output ER. In case of broad control pulses, the SOA gain modulation is 
smaller than for the short ones (longer saturation of the amplifier gain), resulting in 
reduction of the contrast ratio of the converted signal.  
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Fig. 4.17: Dependence of the pulse width and extinction ratio of the probe signal at the 

0.5 mm and 4 mm amplifier output (defining the generated gain window) on the FWHM of 

the 40 GHz control pulses for fixed input peak powers (Pcontrol= +11 dBm, Pprobe= 0 dBm). 

 
Figure 4.18 shows the evolution of both parameters (FWHM, ER) of the converted signal 
as a function of the SOA length. In the simulation, the average power levels of the 40 GHz 
control and of the CW probe signal at the SOA input were set to +13 dBm and 0 dBm, 
respectively. As expected, the FWHM of the gain window decreases and the modulation 
depth increases when enhancing the length of the semiconductor amplifier. The FWHM 
(ER) of the XGM converted pulses saturates to 3 ps (16 dB) for SOAs longer than 6 mm. 
 

 
Fig. 4.18: FWHM and extinction ratio of the XGM converted signal (defining the 

generated SOA gain window) as a function of the SOA length for fixed average input 

powers of the control an probe signal (Pcontrol= +13 dBm, Pprobe= 0 dBm). 
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It is obvious that the shape of the gain window, which is generated by the periodical signal 
propagated through the amplifier, can be controlled by combination of several parameters. 
The FWHM of the gain window reduces and the contrast ratio increases with the amplifier 
length as well as when increasing the power level of the control signal. Broader control 
pulses result in narrowing of the gain window but reduce the modulation depth behind the 
SOA.  
 

4.3.2 Signal re-timing and re-shaping by periodical UL-SOA 

gain modulation  

In the previous section, the CW probe signal was used for analysis of the SOA gain 
modulation induced by the periodical 40 GHz control signal. Here, it will be demonstrated, 
how the gain window can be exploited for shaping of periodical signals. In this 
configuration, two signals simultaneously co-propagate through the amplifier: the 40 GHz 
control signal (generating the gain window) and a 40 GHz sinusoidal probe signal. In order 
to locate the ´ones´ of the probe signal in the transmission part of the gain window, the two 
signals are delayed by half a period to each other. Figure 4.19a depicts the pulse traces of 
both signals at the SOA input. The relative time position between the control and probe 
signal is clearly visible. Additionaly, the probe signal was intentionally degraded by timing 
jitter, in order to investigate the effect of the gain window. Based on the previous analysis, 
the average power levels of the control clock (1560 nm) and of the probe clock signal 
(1550 nm) were set to +10 dBm and to 0 dBm, respectively. The simulation was performed 
for a 0.5 mm and for a 4 mm UL-SOA driven by a bias current of 200 mA/mm. 
Figure 4.19b depicts the pulse form of the probe signal behind the 0.5 mm SOA (upper 
diagram) and behind the 4 mm UL-SOA (lower diagram). In case of the short amplifier, 
the signal interactions due to XGM effects are relatively weak. The corresponding gain 
window is characterised by FWHM of 12.3 ps and ER of 2 dB (see Fig. 4.16). Thus, the 
probe signal at the 0.5 mm SOA output follows the timing variations and shows only a 
slight improvement in the jitter. However, the re-shaping and re-timing effects are clearly 
visible, when applying the 4 mm UL-SOA. In this case, the stable control signal saturates 
the gain and effectively modulates the carrier density of the semiconductor amplifier. The 
resulted short gain window (7.2 ps FWHM, 10.5 dB ER) can be exploited for carving of 
the weak probe pulses. Hence, the timing fluctuations of the probe signal are clearly 
suppressed at the output of the UL-SOA.  
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Fig. 4.19: Simulated curves of the sinusoidal 40 GHz high power control signal 

(+10 dBm, 1560 nm) and jittered 40 GHz weak probe signal (0 dBm, 1550 nm) in front of 

the optical amplifier (200 mA/mm bias current) (a) and the pulse shape of the probe 

signal behind the 0.5 mm SOA (upper trace) and 4 mm UL-SOA (lower trace) (b). 

 
The impact of the gain window on the jitter reduction of the weak probe signal was 
investigated in more detail. In the following simulation, the timing stability of the 40 GHz 
probe signal was continuously degraded before injecting (together with the ideal 40 GHz 
sinusoidal control signal) into the 4 mm UL-SOA and the corresponding RMS-jitter of the 
probe signal at the amplifier output was evaluated. The average input power of the probe 
signal was kept constant at 0 dBm, while the average input power of the control signal was 
set to +11 dBm, +4 dBm, and –3 dBm, respectively. This corresponds to different FWHM 
of the gain window generated in the long SOA: 6.5 ps, 10.5 ps, and 15.2 ps, respectively 
(see Fig. 4.16). Figure 4.20 summarises the results on this simulation. It can be seen that 
the narrower the gain window, the more effective jitter improvement can be achieved. In 
case of the 6.5 ps window, the jitter of the probe signal behind the amplifier does not 
exceed 300 fs even for an input jitter of 1400 fs. However, there is no improvement in the 
timing stability, when the gain window is broader than the pulse width (including the 
timing instabilities) of the sinusoidal probe signal (GW: 15.2 ps in Fig. 4.20). It should be 
noted that the jitter reduction function results in modification of the shape of the output 
pulses (see Fig. 4.19b) and generally a compromise has to be found between the re-timing 
efficiency and the width of the output probe pulses.  
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Fig. 4.20: The RMS-jitter of the 40 GHz probe signal at the 4 mm UL-SOA output as a 

function of the input RMS-jitter (Pprobe= 0 dBm) for three different gain windows (GW). 

 
The jitter reduction function of the probe clock signal in a periodically modulated 4 mm 
UL-SOA was also investigated for different widths of the control pulses at the 4 mm UL-
SOA input: 6.5 ps, 12.5 ps, and 18.5 ps. In this simulation, the peak power of the control 
signal was kept fixed at +7 dBm. The results are summarised in Fig. 4.21. It has been 
shown in the previous section that broader control pulses result in narrowing of the gain 
window (Fig. 4.17). Thus, the most effective re-timing was obtained for control pulses of 
18.5 ps FWHM. In case of the narrow control pulses (6.5 ps FWHM), a jitter improvement 
was obtained only for higher timing degradations (RMS-jitter > 1000 fs). Due to the 
relatively high power of the input control signal, the saturation effects partially reduce the 
gap between the pulses, resulting in jitter improvement function. 
   

 

Fig. 4.21: The RMS-jitter of the 40 GHz probe signal at the 4 mm UL-SOA output as a 

function of the input RMS-jitter (Pprobe= 0 dBm) for three different FWHM of the control 

pulses (constant peak power of Pcontrol= +7 dBm). 
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In summary, the modelling results have shown that the gain effects induced by a 40 GHz 
periodical control signal are much more effective when increasing the SOA length. Based 
on the XGM wavelength conversion in the amplifier, a gain window was evaluated for 
different operation conditions. The pulse width of the XGM converted control signal was 
compressed in the 4 mm UL-SOA down to 5 ps (Pcontrol = +13 dBm). Simultaneously, the 
extinction ratio of the generated pulses increased up to 16 dB, indicating a high degree of 
SOA gain suppression. Furthermore, broadening the control pulses from 12.5 ps to 18 ps 
results in narrowing of the gain window in the 4 mm UL-SOA from 8 ps to 5 ps and 
simultaneous ER reducing from 9 dB to 5 dB. The fast gain modulation in ultra-long SOAs 
by the dominant control clock can be exploited for carving of weak periodical signals. 
Effective jitter reduction function of the optically clocked 4 mm UL-SOA was 
demonstrated. The RMS-jitter of the sinusoidal probe signal was reduced from 1400 fs 
down to around 800 fs for a 10.5 ps gain window and down to 300 fs in case of a 6.5 ps 
gain window width. Similar results were obtained when broadening the control pulses 
(pulses of 18.5 ps FWHM lead to jitter reduction down to 200 fs) in spite of reduced 
contrast ratio of the gain window in this case. Thus, the modulation depth has an inferior 
effect when short gain window with steep edges (fast gain recovery needed) is guaranteed.  

4.3.3 PRBS signal degradation caused by pattern dependent 

gain modulation in UL-SOAs 

In the previous sections the gain saturation and recovery processes in amplifiers of 
different lengths were discussed and the gain dynamics of the SOAs induced by 40 GHz 
periodical signals were investigated. Finally, in this section, the behaviour of the ultra-long 
amplifiers operated in 40 Gbit/s PRBS data streams is analysed and a comparison with 
SOAs of a conventional length (0.5 mm) is given.  

In the following experiment, the influence of the SOA gain dynamics on the quality of 
40 Gbit/s 231-1 PRBS RZ signals is studied. Again, two SOA lengths were considered: 
0.5 mm SOA and 4 mm UL-SOA driven by a bias current of 200 mA/mm. The eye 
diagram of the high quality RZ data signal at the amplifier input is depicted in Fig. 22a. 
The quality criteria of the signals are determined by the timing stability (RMS-jitter) and 
by eye signal-to-noise ratio (eye S/N, for definition see Appendix D). The average power 
level of the data signal (1550 nm, RMS-jitter: 340 fs, eye S/N: 20.2) was set to –8 dBm 
before injecting into the amplifier. The measured eye diagram of the data signal behind the 
0.5 mm device is shown in Fig. 4.22b. The short SOA operates in linear regime, leading to 
a nearly identical signal quality at the SOA output (RMS-jitter: 389 fs, eye S/N: 19.1). 
However, the PRBS data stream is strongly degraded behind the 4 mm UL-SOA, as it is 
obvious form Fig. 4.22d. Due to the gain saturation effects, the bits are differently 
amplified depending on the previous PRBS history. The carrier density follows the 
envelope of the PRBS signal. A mark experiences a higher gain after consecutive spaces 
than a mark that propagates inside a bit sequence of logical ´ones´. Thus, the data signal is 
distorted by strong power fluctuations leading to a timing jitter of 1300 fs. At the same 
time, the eye S/N decreases down to 4.1. Figure 4.18c shows the simulated eye diagram of 
the 40 Gbit/s PRBS signal behind the 4 mm amplifier, indicating similar behaviour as 
observed in the experiment.  
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Fig. 4.22: Eye diagrams of the ideal 40 Gbit/s PRBS 2
31

-1 RZ signal (λdata = 1550 nm) 

before injecting into the amplifier (Pin=-8 dBm) (a), after propagating through the 0.5 mm 

SOA (b) and behind the 4 mm UL-SOA (c-modeling, d-experiment). 

 
The timing jitter and eye signal to noise ratio of the data signal at the SOA output (0.5 mm, 
4 mm devices) were measured for different input data average powers. The results are 
summarised in Fig. 4.23. In case of the 4 mm UL-SOA, the RMS-jitter as well as the eye 
S/N factor have their optimum for a limited power dynamic range between -12 dBm and  
-6 dBm. If the power level is smaller, degradations due to ASE are dominant. On the other 
side, for power levels higher than 0 dBm, the data signal is distorted mainly by strong 
amplitude fluctuations. However, even for the optimised configuration the quality of the 
PRBS signal after propagating through the amplifier (RMS jitter: 1170 fs, eye S/N: 6.2) is 
not comparable with the original signal (RMS jitter: 340 fs, eye S/N: 20.2). The data signal 
at the 0.5 mm SOA output shows clearly different behaviour. The jitter variation is much 
smaller in a wide power range of more than 10 dB; the eye S/N remains relatively high 
(beyond 16), until degradations due to patterning effects occur (saturated regime). 
Obviously, there is no advantage of long optical amplifiers directly operated in PRBS data 
streams. 
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Fig. 4.23: RMS-jitter (a) and eye S/N (b) of the data signal at the output of the 0.5 mm 

SOA and 4 mm UL-SOA as a function of the average power level of the ideal PRBS 2
31

-1 

RZ signal (340 fs RMS-jitter, 20.2 eye S/N).  

 

In order to prevent the strong signal degradations caused by the pattern dependent gain 
modulation of the long SOAs, the gain has to be saturated independently of the PRBS 
pattern. This can be achieved by a second signal, which propagates the amplifier together 
with the data signal and acts as a holding beam. The simulation shows (Fig. 4.24a) that the 
patterning effects are reduced when a CW signal (1560 nm, PCW = +2 dBm) was launched 
into the 4 mm ultra-long SOA additionally to the 40 Gbit/s data signal (1550 nm, Pdata =  
-8 dBm). However, even for an ideal input signal some distortions can be observed behind 
the UL-SOA. Figure 4.24b depicts the experimentally evaluated eye diagram of the data 
signal behind the 4 mm UL-SOA. The measurements confirm the modelling results. The 
RMS-jitter of the output data signal increased from 340 fs (ideal data in) to around 560 fs, 
the eye S/N factor reduces down to a value of 8.8, which is mainly due to residual 
amplitude fluctuations.  
 

 

Fig. 4.24: Simulated (a) and measured (b) eye diagrams of the 40 Gbit/s PRBS data signal 

behind the 4 mm UL-SOA stabilised by an additional CW holding beam (Pdata = -8 dBm, 

PCW = +2 dBm).  
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In summary, the behaviour of ultra-long SOAs operated in PRBS data streams has been 
shown and a direct comparison with SOAs of a conventional length (0.5 mm) was 
performed. The numerical as well as experimental results indicate the key problem of the 
long devices for direct processing of 40 Gbit/s PRBS signals. Even at low power levels, 
strong signal degradations due to gain saturation effects were observed (RMS jitter 
increase from 340 fs to 1170 fs, eye S/N reduction from 20.2 down to 6.2). The different 
amplification of the data bits with dependence on the previous PRBS history leads to 
strong degradations behind the UL-SOAs. The distortions can be partially suppressed after 
applying an additional holding beam (RMS-jitter: 560 fs, eye S/N: 8.8). However, the 
quality of the original data signal cannot be achieved.  
 

4.4 Conclusions 

The gain dynamics of ultra-long semiconductor optical amplifiers provide very attractive       
features for high-speed all-optical signal processing. Based on the pump-probe 
measurements, the impact of intra-band effects on gain compression as well as recovery 
processes is much more effective in the long SOA devices compared to the conventional 
amplifiers with a length below 1 mm. Furthermore, the inter-band transitions are 
effectively accelerated when enhancing the SOA length. Gain recovery time constant of 
23 ps was measured for the 4 mm UL-SOA and a recovery even below 10 ps was 
evaluated by numerical simulations in case of the 8 mm long SOA. Hence, in contrary to 
conventional SOAs (~100 ps recovery time), the inter-band gain effects (XGM, XPM) of 
the ultra-long SOAs provide a speed potential for signal processing at 40+ Gbit/s.  

The exploitation of periodically modulated UL-SOAs for signal processing was studied in 
detail by numerical simulations. In this case, the SOA gain modulation was induced by a 
dominant 40 GHz optical clock signal. Due to strong gain saturation and fast recovery 
processes of the UL-SOAs, a short gain window is generated in the long device. The gain 
window can be effectively narrowed when increasing the clock power level and SOA 
length, respectively. The impact of the gain window in the periodically modulated UL-
SOA was further exploited for re-shaping and re-timing of 40 GHz weak sinusoidal 
signals, intentionally degraded by timing fluctuations. An effective jitter reduction function 
from 1400 fs down to 300 fs was achieved in the optically clocked 4 mm amplifier. The 
behaviour of the UL-SOAs operated in 40 Gbit/s PRBS RZ streams was also analysed. In 
this case, the pattern dependent gain saturation results in strong degradation of the data 
quality behind the amplifier. The distortions caused by gain dynamics of the long amplifier 
can be partially eliminated by means of a CW holding beam, however with a still reduced 
signal quality compared to a conventional SOA. 

The analysis has revealed a completely new potential of the ultra-long SOAs for high-
speed all-optical signal processing. In case of PRBS data signals, the UL-SOA has to be 
stabilised by an external signal independently on the pattern sequence, in order to exploit 
the pronounced intra-band and fast inter-band effects in the long devices. In the proposed 
configuration, the dominant clock signal is used for gain stabilisation and simultaneous 
pulse carving. A periodically modulated UL-SOA has been identified as the key technique 
for both all-optical 3R regeneration schemes developed in frame of this thesis, as it will be 
demonstrated in the following chapters.   



 
____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

53 

5 Optically Clocked 3R Regenerator: 

OC-3R 

The target of this work is to develop an all-optical 3R architecture for spectrally efficient 
DWDM long-haul transmission systems that can be deployed in the fibre link as a 3R 
regenerative amplifier without the necessity of any wavelength monitoring function. In 
order to guarantee high integration degree, mechanical and thermal stability, the proposed 
scheme has to comprise exclusively compact semiconductor devices providing sufficient 
bandwidth for high-speed signal processing (40 Gbit/s and beyond).  

The knowledge on UL-SOA gain dynamics as well as on the gain window generation 
induced by a periodical signal propagated through the long device was effectively 
exploited in the design of the novel wavelength preserving 3R scheme, the ‘Optically 
Clocked’ 3R regenerator (OC-3R). 

First, the set-up and the basic characteristics of the OC-3R scheme operated in ideal 
40 Gbit/s PRBS RZ data streams are presented. The impact of power levels for different 
data-clock wavelength combinations is pointed out. Furthermore, the demands on the UL-
SOA length and on the quality of the clock signal for effective regeneration of distorted 
PRBS signals is analysed. The robustness of the optical regenerator is investigated by eye 
analysis and by BER measurements. Finally, the functionality of the OC-3R architecture is 
demonstrated in system experiments. The ability of the optical 3R regenerator for 
mitigation of chromatic and polarisation mode dispersion as well as for operation in 
40 Gbit/s packet data streams are discussed. 

5.1 Basic characteristics of the OC-3R 

regenerator 

5.1.1 OC-3R set-up and performance for ideal data streams 

The operation principle of the wavelength preserving ‘Optically Clocked’ 3R regenerator 
exploits the saturation effects and fast gain dynamics of ultra-long SOAs discussed in the 
previous chapter. The set-up of the proposed all-optical OC-3R regenerator is sketched in 
Fig. 5.1. Basically, it comprises an optical clock (e.g. PhaseCOMB-laser) and an UL-SOA. 
The principle of operation is as follows. The degraded 40 Gbit/s PRBS RZ signal is split 
off at the regenerator input. A part of the data signal is injected into the self-pulsating laser 
used for all-optical clock recovery. The PhaseCOMB-clock synchronises to the injected 
PRBS signal and emits a sinusoidal pulse stream. The second part of the data signal is 
delayed by half a bit period relative to the synchronised clock. Thus, the data signal 
propagates through the long amplifier within the gain window induced by the periodical 
clock (see section 4.3.1). The strong gain saturation due to the dominant clock together 
with fast XGM effects in the UL-SOA leads to amplitude equalising and effective carving 
of the distorted weak data pulses. The clock is filtered out behind the UL-SOA. The data 
signal is regenerated in the amplitude and time without any wavelength conversion. 
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Fig. 5.1: Principle set-up of the ‘Optically Clocked’ 3R regenerator (OC-3R). 

 
First, the performance of the OC-3R regenerator is investigated for ideal 40 Gbit/s RZ 
signals. Figure 5.2 depicts the simulated eye diagrams of the data signal (1550 nm, Pdata =  
-2 dBm) at the regenerator input (upper trace) and behind the OC-3R (lower trace). The 
dominant 40 GHz clock signal (1560 nm, Pclock = +6 dBm) defines the gain dynamics in 
the long amplifier (4 mm UL-SOA). Thus, the distorting patterning effects (see section 
4.3.3) are effectively suppressed and the high quality data signal pass through the optically 
clocked UL-SOA without any addition of amplitude noise and timing jitter. In the 
experiment, the 40 Gbit/s PRBS 231-1 RZ signal (1550 nm) was propagated through the 
4 mm UL-SOA (200 mA/mm bias current) together with the clock signal recovered by the 
PhaseCOMB-laser (1560 nm). The average power levels of the data and clock in front of 
the amplifier (measured in fibre) were set to -2 dBm and +6 dBm, respectively. The 
resulted eye diagrams (Fig. 5.2b) match well with the simulated ones. For any incoming 
data bit, the UL-SOA gain history is defined by the preceding strong clock pulse and not 
by the data pattern. 
 

 
Fig. 5.2: Eye diagrams of the ideal 40 Gbit/s PRBS 2

31
-1 RZ signal (1550 nm) at the OC-

3R input (upper traces) and behind the regenerator (lower traces) evaluated by modelling 

(a) and in the experiment (b). The average power levels of the optical signals at the 4 mm 

UL-SOA input were set to Pdata = -2 dBm, Pclock = +6 dBm. 



5.1  Basic characteristics of the OC-3R regenerator 
____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

55 

From the system point of view, low power consumption, polarisation insensitive operation 
and wide wavelength range are important additional features of an optical regenerator. In 
the following experiments, the OC-3R performance was investigated for ideal data signals, 
in order to identify the typical behaviour of the proposed architecture. Figure 5.3 shows the 
ASE spectrum of the 4 mm UL-SOA applied in the regenerator, indicating the location of 
the clock signal (1560 nm) and of the data signal for three different wavelengths: 1540 nm, 
1550 nm, and 1558 nm respectively. In order to effectively use the saturation conditions in 
the UL-SOA, which have to be defined by the periodical signal, the clock wavelength was 
located close to the gain maximum of the semiconductor amplifier. One can notice that the 
SOA gain differs in the investigated wavelength range for more than 10 dB (the data signal 
experiences different gain at 1558 nm compared to 1540 nm). The timing jitter of the 
output data signal was evaluated in order to quantify the typical operation conditions of the 
OC-3R regenerator. 

 

 

Fig. 5.3: ASE spectrum of the 4 mm UL-SOA (200 mA/mm bias current) indicating 

spectral location of the 40 GHz clock signal and of the three wavelengths used for the 

40 Gbit/s PRBS data signal.  

5.1.1.1. Data and clock power analysis in the OC-3R scheme 

In the following, the power relations between the 40 Gbit/s PRBS 231-1 RZ signal and 
40 GHz clock in the OC-3R scheme are studied. First, the average power level of the high 
quality data signal (380 fs RMS-jitter) was continuously varied from -18 dBm up to 
+4 dBm (measured in the fibre in front of the UL-SOA) and the RMS-jitter of the data 
signal at the OC-3R output was evaluated using a sampling oscilloscope with precision 
time base. The average power level of the clock signal was set to +4 dBm and was kept 
fixed during the measurement. The results are summarised in Fig. 5.4a. It can be seen that 
for the data wavelengths of 1558 nm and 1550 nm, a power level of only –6 dBm leads 
already to error-free operation of the OC-3R regenerator. In case of the short wavelength 
data signal (1540 nm), an input power of at least 0 dBm is required, which is related to the 
smaller gain at this operation point. At the low power levels (below -16 dBm) the 
regenerative potential of the OC-3R scheme is limited by the fibre-chip losses of the UL-
SOA, resulting in signal degradation due to reduced OSNR behind the regenerator. 
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Fig. 5.4: RMS-jitter of the 40 Gbit/s PRBS 2
31

-1 RZ signal behind the OC-3R regenerator 

as a function of the input average data power (Pclock =+4 dBm, λclock = 1560 nm) (a) and 

of the average clock power (Pdata = 0 dBm) (b) for three data wavelengths (λdata = 

1540 nm, 1550 nm, 1558 nm, 380 fs RMS-jitter).  

 
In the following, the requirements for the clock power level in the OC-3R scheme are 
analysed. Here, the average power level of the 40 Gbit/s PRBS signal was kept constant at 
0 dBm. The amplitude of the clock signal was continuously increased from –6 dBm up to 
+6 dBm. Also in this case, the corresponding RMS-jitter of the output data signal was 
evaluated. Figure 5.4b shows the results on this measurement. An average clock power of  
-2 dBm only results in a high quality data signal behind the OC-3R, when both data and 
clock are located close to the UL-SOA gain maximum (1558 nm – 1560 nm),. A further 
increase of the clock amplitude has no influence on the timing stability of the data signal. It 
should be noted that the clock power defines directly the gain window in the UL-SOA (see 
section 4.3.1) and, thus, the regenerative efficiency of the OC-3R. In the experiments 
described here, a high quality data signal was applied at the regenerator input and hence no 
additional re-shaping induced by the gain window was necessary. Generally, a dominant 
clock power (narrower gain window with higher contrast ratio) is required in order to 
guarantee quality improvement of the data signal at the regenerator output. The increased 
data RMS-jitter for low clock powers is related to the patterning effects caused by the 
PRBS induced gain dynamics of the ultra-long SOA.  

5.1.1.2. Polarisation sensitivity of the OC-3R scheme 

In the next experiment, the polarisation dependence of the OC-3R scheme is investigated. 
The average power levels of the data signal (1550 nm) and of the clock (1560 nm) in front 
of the 4 mm UL-SOA were set to 0 dBm and +4 dBm, respectively. The polarisation state 
of the PRBS signal was controlled before injecting into the regenerator. Two extreme cases 
were considered; the parallel data-clock polarisation and the case, where the data signal 
was orthogonally polarised relative to the clock signal. The relative data-clock polarisation 
was determined using an optical spectrum analyser by means of new FWM products. The 
eye diagram of the 40 Gbit/s data signal behind the OC-3R for identical data – clock 
polarisation is shown in Fig. 5.5a. Subsequently, the polarisation of the data signal was 
rotated by 90 degree. The resulted eye diagram of the output signal is shown in Fig. 5.5b. 
A decrease in the amplitude of around 30 % can be noticed. Figure 5.5c shows the output 



5.2  Requirements for UL-SOA and Clock in the OC-3R scheme 
____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

57 

signal for orthogonal data – clock polarisation after readjusting the average power level in 
front of the receiver, indicating identical signal quality compared to the previous 
configuration. Hence, the OC-3R scheme does not require any explicit polarisation 
monitoring. The regenerative performance of the optically clocked scheme is based on fast 
gain effects that are generally polarisation insensitive. The amplitude changes observed in 
this experiment are related to the polarisation dependence of the UL-SOA gain (see section 
4.1.2) and can be further eliminated by proper design of the semiconductor heterostructure.    
 

Fig. 5.5: Eye diagrams of the 40 Gbit/s data signal behind the OC-3R regenerator for 

identical data – clock polarisations (a) and for orthogonal data – clock polarisation 

before (b) and after readjusting the power level at the receiver (c). 

 

In summary, the typical operation conditions of the OC-3R scheme were demonstrated by 
processing of ideal PRBS 231-1 RZ data streams. It has been shown that power relations 
between the data and clock signal are directly related to the gain spectrum of the ultra-long 
SOA. The carrier density of the amplifier has to be modulated by the dominant periodical 
clock signal in order to prevent data distortions due to patterning effects. The input power 
level of the data signal is less critical (more than 10 dB dynamic range), when the 
wavelength is located around the SOA gain peak. Based on the first analysis, the OC-3R 
regenerator shows potential for polarisation insensitive operation in a wide wavelength 
range of more than 20 nm. 
  

5.2 Requirements for UL-SOA and Clock in the 

OC-3R scheme 

In the following, requirements for the key devices of the OC-3R scheme operated in 
degraded data streams are numerically analysed using VPIcomponentMakerTM. In the 
simulation, the 40 Gbit/s PRBS 231-1 RZ signal was intentionally degraded by amplitude 
fluctuations of around 3 dB before injecting into the optical regenerator. The parameter 
values of the SOA model were extracted from the simulations performed in the previous 
chapter and are given in Appendix B. First, the impact of the SOA length on regenerative 
performance of the OC-3R architecture is discussed. Furthermore, the basic prerequisites 
on the periodical clock signal for effective signal regeneration are demonstrated. 
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5.2.1 Impact of the SOA length 

5.2.1.1. Re-shaping effect versus SOA length  

Suppression of bit-to-bit amplitude fluctuations in the OC-3R regenerator for different 
SOA lengths was numerically analysed. In the simulation, the degraded 40 Gbit/s RZ 
PRBS data signal (λdata = 1550 nm, Pdata = 0 dBm, Fig. 5.6a) was injected bit interleaved to 
the ideal 40 GHz sinusoidal clock signal (λclock = 1560 nm, Pclock = +10 dBm) into the 
semiconductor amplifier. The simulation was performed for different SOA lengths 
between 0.5 mm and 8 mm. The quality of the data signal at the regenerator output was 
evaluated by eye diagrams (Fig. 5.6b-f). It is obvious that the SOA length directly 
determines the quality improvement of the data signal processed in the OC-3R regenerator. 
The longer the SOA, the more effective is the suppression of the amplitude fluctuations, 
resulting in improved eye opening at the regenerator output. The dominant clock signal 
stabilises the carrier density modulation in the long amplifiers, the patterning effects 
caused by the degraded data signal are effectively equalised. Furthermore, the generated 
gain window shapes the data pulses, leading to suppression of the timing jitter behind the 
OC-3R regenerator. Comparing the signal quality corresponding to the 4 mm and to the 
8 mm UL-SOA, the eyes are nearly identical. From a practical point of view (considering 
e.g. power consumption, suppression of internal reflections, temperature stability), the 
amplifier should be as short as possible. Hence, a 4 mm UL-SOA was selected for further 
experimental analysis. 
 

 
Fig. 5.6: Degraded 40 Gbit/s PRBS signal at the UL-SOA input (a) and the corresponding 

output signals behind the OC-3R regenerator for different UL-SOA lengths (b-f). (Pdata = 

0 dBm, λdata = 1550 nm, Pclock = +10 dBm, λclock = 1560 nm.) 
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In the following, the jitter reduction function of the OC-3R architecture is evaluated 
numerically for different SOA lengths. The RMS-jitter of the degraded 40 Gbit/s RZ input 
signal (Pdata = 0 dBm) and of the ideal 40 GHz clock (Pclock = +10 dBm) was 1680 fs and 
100 fs, respectively. Figure 5.7 shows the RMS-jitter of the data signal behind the OC-3R 
regenerator as a function of the SOA length. The jitter values are extracted from the eye 
diagrams depicted in the previous simulation. The periodical clock signal propagates the 
SOA between two data pulses, resulting in re-timing and re-shaping of the distorted PRBS 
signal. The principle of signal interactions due to saturation effects and fast cross gain 
modulation in UL-SOAs has been already discussed in section 4.3.2. It is obvious that the 
jitter reduction effect is relatively small for short interaction lengths (200 µm, 500 µm 
SOAs) and increases when enhancing the length of the semiconductor amplifier. For 
devices longer than 4 mm the gain dynamics in the UL-SOA is stabilised by the clock 
signal predominantly and the RMS-jitter remains nearly unchanged.  
 

 

Fig. 5.7: RMS-jitter of the 40 Gbit/s data signal behind the OC-3R regenerator for 

different amplifier lengths. (Pdata = 0 dBm, λdata = 1550 nm, Pclock = +10 dBm, λclock = 

1560 nm). 

 

5.2.1.2. Impact of data extinction ratio in the OC-3R scheme 

Up to now, the investigations were performed for RZ data signals with an extinction ratio 
(ER) higher than 25 dB. It has been shown that degradations in amplitude and time domain 
can be effectively eliminated behind the OC-3R regenerator. The following simulation 
shows behaviour of the OC-3R when processing PRBS signals with reduced extinction 
ratio. Figure 5.8a depicts the eye diagram of a 40 Gbit/s RZ data signal (1550 nm) with an 
ER of around 10 dB only. The eye diagrams of the data signal behind the OC-3R 
regenerator are shown in Fig. 5.8b-d for different SOA lengths (0.5 mm, 4 mm, 8 mm 
devices). The average power level of the clock signal (1560 nm) was set to +10 dBm 
before injecting into the amplifier. It can be seen that the reduced ER is not improved 
behind the regenerator. In case of the 0.5 mm SOA (Fig. 5.8b), the data signal pass through 
the device without any significant changes. For the 4 mm and 8 mm amplifiers 



5  Optically Clocked 3R Regenerator: OC-3R 
____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

60 

(Fig. 5.8c,d), the impact of the gain window induced by the dominant clock signal can be 
observed, reducing the zero level out of the bit slots. The XGM effects exploited in the 
optically clocked long amplifier do not provide any threshold function needed for 
suppression of data distortions at the space level. An extended 3R circuit based on the OC-
principle, which performs additional ER improvement, will be briefly introduced in 
section 5.3.4. The theoretical background of this concept can be further found in [175]. 
 

 
Fig. 5.8: 40 Gbit/s PRBS signal with reduced extinction ratio (ER = 10 dB) at the OC-3R 

input (a) and the eye diagrams of the corresponding signal behind the regenerator for 

different SOA lengths: 0.5 mm (b), 4 mm (c), and 8 mm (d). (Pdata = 0 dBm, λdata = 

1550 nm, Pclock = +10 dBm, λclock = 1560 nm). 

 
Figure 5.9 summarises the results on ER investigations for the 4 mm UL-SOA. In the 
simulation, the 40 Gbit/s PRBS signal was continuously degraded by reduced extinction 
ratio and the corresponding ER of the data signal behind the OC-3R was evaluated. The 
average power levels (wavelengths) of the data and clock signals at the amplifier input 
were set as specified in the previous simulation. From Fig. 5.9 can be seen that the output 
data ER is nearly identical with the input data ER when reducing the ER of the original 
PRBS signal down to 12 dB. Further reduce of the input ER leads to slightly faster ER 
degradation of the data signal at the regenerator output. Thus, the OC-3R regenerator 
(comprising exclusively a clock recovery stage and an ultra-long SOA) assumes processing 
of PRBS signals with sufficiently high extinction ratio (ER > 20 dB). The OC-3R can 
preserve the data ER, however an improvement cannot be achieved.  
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Fig. 5.9: Extinction ratio of the data signal behind the OC-3R regenerator comprising a 

4 mm UL-SOA (ISOA = 200 mA/mm) as a function of the input PRBS data ER. (Pdata = 

0 dBm, λdata = 1550 nm, Pclock = +10 dBm, λclock = 1560 nm). 

 

5.2.2 Demands on the clock parameters 

Experimental results have shown (see section 5.1.1.2) that a dominant clock guarantee 
processing of ideal data signals without any additional degradation. In this section the 
impact of the clock signal on the regenerative efficiency of the OC-3R operated in 
degraded PRBS data streams is numerically studied in more detail.  

In the following simulation, the jitter as well as extinction ratio of the 40 Gbit/s data signal 
(1550 nm) behind the OC-3R regenerator was evaluated for different power levels of the 
ideal clock signal (100 fs RMS-jitter). The data signal was intentionally degraded before 
injecting into the regenerator. The amplitude fluctuations of 3 dB (Fig. 5.6a) lead to an 
RMS-jitter of 1680 fs; the data extinction ratio was reduced down to 10 dB (Fig. 5.8a). The 
data average power level in front of the 4 mm UL-SOA (200 mA/mm) was set to 0 dBm. 
Figure 5.10 summarises the results. The importance of the clock power level is clearly 
visible. Increasing the clock average power from +3 dBm to +10 dBm causes an 
improvement of the output data RMS-jitter from 800 fs down to 400 fs. As discussed in 
section 4.3.1, the clock power determines directly the FWHM of the gain window 
generated in the long amplifier. A clock average power level of +3 dBm results in gain 
window width of 12 ps, the FWHM of the window reduces down to 6 ps for Pclock = 
+13 dBm (see Fig. 4.16), leading to even more effective carving of the degraded data 
signal.  

The extinction ratio of the data signal at the OC-3R output can be also influenced by the 
power of the clock (filled triangles in Fig. 5.10). The more is the UL-SOA saturated by the 
clock, the higher data ER can be obtained. When the clock signal is not strong enough (e.g. 
Pclock = +3 dBm), the reduced data ER degrades at the OC-3R output from 10 dB down to 
4.8 dB. The original extinction ratio can be preserved behind the long amplifier only for 
dominant clock power levels (more than +10 dBm in this case).  
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Fig. 5.10: RMS-jitter and extinction ratio of the degraded 40 Gbit/s PRBS data signal 

(1680 fs RMS-jitter, 10 dB ER) behind the OC-3R regenerator as a function of the clock 

average power level at the 4 mm UL-SOA input. (Pdata = 0 dBm, λdata = 1550 nm,  λclock = 

1560 nm). 

 
It was demonstrated that the dominant clock signal is a prerequisite for regenerative 
performance of the OC-3R scheme. It should be noted that the absolute values of the clock 
power depend on the degree of data degradation, which the regenerator has to compensate 
for. Thus the regeneration efficiency of the OC-3R can be controlled directly by the clock 
power. In the following, the further influence of the clock on the data quality improvement 
is numerically analysed. The results are compared to the typical parameters of the self-
pulsating PhaseCOMB all-optical clock. The simulations were performed for a 4 mm ultra-
long SOA, the average power levels of the 40 Gbit/s PRBS signal (1550 nm) and 40 GHz 
clock signal (1560 nm) were set to 0 dBm and +10 dBm, respectively. 

5.2.2.1. Relative data-clock delay 

In order to show the importance of the relative time position between the data and clock 
pulses in the OC-3R scheme, the performance of the regenerator was investigated for two 
extreme cases. First, the degraded data signal and the ideal clock signal were launched 
simultaneously into the UL-SOA (Fig. 5.11a). The data pulses and the clock pulses 
propagate through the amplifier in the same time slots, which is equivalent to a holding 
beam configuration. Although the gain is strongly saturated by both signals, the carrier 
density in the long amplifier follows the amplitude fluctuations of the distorted PRBS 
signal. Thus, no signal regeneration can be observed behind the OC-3R. The unwanted 
dynamics of carrier density are effectively eliminated, when the data and clock pulses are 
interleaved to each other (Fig. 5.11b). The periodical gain modulation due to the dominant 
clock signal shapes the data pulses, which propagate within the gain window, resulting in a 
reduction of timing jitter and amplitude fluctuations at the regenerator output. Furthermore, 
because of the fast recovery time constants in the UL-SOA, the gain is compressed 
between two data pulses only. Thus, the data signal experiences at the regenerator output 
around 3 dB higher gain compared to the previous configuration.  
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Fig. 5.11: Impact of the relative time position between the data and clock pulses on the 

regenerative performance of the OC-3R scheme. The degraded 40 Gbit/s PRBS signal and 

ideal 40 GHz clock propagate the 4 mm UL-SOA in the same time slots (a) and interleaved 

by 12.5 ps to each other (b).  

 

5.2.2.2. Extinction ratio of the clock signal 

In the following simulation, the impact of the clock ER on regenerative performance of the 
OC-3R architecture is analysed. The strongly degraded PRBS signal with an RMS-jitter of 
1680 fs (Fig. 5.6a) and the sinusoidal clock signal (100 fs RMS-jitter) were injected 
interleaved by 12.5 ps into the 4 mm UL-SOA. Figure 5.12b summarises the dependence 
between the clock ER and the output data RMS-jitter. It can be seen that the regenerative 
function of the OC-3R scheme is less effective (higher jitter at the regenerator output) 
when decreasing the ER of the clock signal. In case of the reduced clock ER, the amplitude 
fluctuations are only partially suppressed; the re-shaping function due to fast XGM effects 
in the long amplifier cannot be fully exploited. An extinction ratio of 0 dB corresponds to 
the configuration, when a CW holding beam is used for stabilisation of the UL-SOA gain 
dynamics. As discussed in section 4.1.3, the UL-SOA shows nearly linear behaviour when 
applying a CW holding beam. Thus, the data signal is only linearly attenuated in this case, 
without any quality improvement at the regenerator output. Figure 5.12a depicts the eye 
diagram of the regenerated data signal for the clock with an ER of 3 dB. The typical 
extinction ratio of the clock signal generated by the PhaseCOMB-laser is higher than 6 dB. 
This is a sufficient value for an efficient quality improvement of the degraded PRBS 
signals.  
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Fig. 5.12: Eye diagrams of the 40 GHz clock signal (ER = 3 dB) and the corresponding 

40 Gbit/s PRBS signal at the OC-3R output (a) and the calculated data RMS-jitter behind 

the regenerator as a function of the clock extinction ratio (b). (Pdata = 0 dBm, λdata = 

1550 nm, Pclock = +10 dBm, λclock = 1560 nm). 

 

5.2.2.3. Clock timing stability 

In the simulations discussed previously, the regenerative function of the OC-3R 
architecture was simulated for an ideal clock signal with a nearly negligible timing jitter. In 
a realistic scenario, however, the optical clock signal is characterised by a finite timing 
stability. In the following analysis, the 40 GHz clock signal was continuously distorted by 
timing fluctuations before injecting into the 4 mm ultra-long SOA and the corresponding 
RMS-jitter of the output data signal was extracted. Also here, the 40 Gbit/s PRBS RZ input 
signal was strongly degraded by amplitude fluctuations (Fig. 5.6a), leading to a timing 
jitter of 1680 fs. The results are summarised in Fig. 5.13. Figure 5.13a shows the degraded 
clock signal with an RMS-jitter of 820 fs (upper trace) and the corresponding data signal at 
the regenerator output with a RMS-jitter of around 600 fs (lower trace). The signal quality 
behind the regenerator for other jitter values of the clock is shown in Fig. 5.13b. The 
regenerative function of the OC-3R scheme is based on periodical modulation of the UL-
SOA gain, without any wavelength conversion to the clock signal. Thus, the clock RMS-
jitter defines the timing stability of the PRBS signal indirectly by the width of the 
generated gain window. For a low clock jitter (below 400 fs), the data improvement is 
limited by ASE of the amplifier. In case of highly jittered clock (more than 1000 fs) the 
degrading influence of the instable gain window can be observed. The RMS-jitter of the 
synchronised self-pulsating PhaseCOMB-laser is typically between 400 fs and 650 fs. 
Hence, an effective regenerative performance of the OC-3R architecture can be expected. 
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Fig. 5.13: 40 Gbit/s PRBS signal at the OC-3R output for degraded input data signal 

(1680 fs RMS-jitter) and 40 GHz clock signal (820 fs RMS-jitter) (a), the RMS-jitter of the 

data signal behind the regenerator for different timing stabilities of the clock signal (b).  

 

5.2.2.4. FWHM of the clock pulses 
 
As discussed in Chapter 2, there are several possibilities for generation of an optical clock 
signal. Depending on the applied recovery technique (e.g. TMLL, PhaseCOMB, AFL), the 
clock pulses can be characterised by different FWHM. The impact of width of the control 
pulses on re-timing of periodical 40 GHz signals in the long amplifier was discussed in 
section 4.3.2. Here, the influence of the clock pulse width on the regenerative functionality 
of the OC-3R scheme operated in degraded 40 Gbit/s PRBS data streams is studied. Three 
different configurations were simulated (Fig. 5.14). First, the data signal was propagated 
through the UL-SOA together with short clock pulses of 6.5 ps FWHM (Fig. 5.14a). 
Although the amplitude fluctuations of the degraded data signal are partially suppressed 
behind the regenerator, the eye diagram indicates some additional distortions at the zero 
level of the output PRBS signal. Because of the relatively long gap between the data and 
clock pulses and fast recovery processes in the ultra-long SOA, the gain is not saturated 
enough in case of a bit sequence of consecutives spaces. This leads to power fluctuations at 
the space level. Figure 5.14b shows the configuration, when applying a sinusoidal clock 
signal (12.5 ps FWHM at 40 GHz) in the OC-3R scheme. The improvement in signal 
quality compared to the previous case is clearly visible. The last simulation (Fig. 5.14c) 
demonstrates the performance of the OC-3R architecture for a clock pulses broadened up 
to 18.5 ps. The UL-SOA gain is saturated for a time period longer than the gap between the 
two RZ pulses, resulting in a suppression of amplitude fluctuations. Even for the short time 
interval between the clock pulses, the fast carrier density modulation additionally leads to 
an effective carving of the data pulses. Hence, similar results to the previous case were 
obtained. The simulations show that short clock pulses (large gain window in the UL-
SOA) are less suitable for signal quality improvement in the OC-3R scheme. The 
sinusoidal waveform of the self-pulsating PhaseCOMB-lasers can be effectively exploited 
in the OC-3R regenerator.      
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Fig. 5.14: Regenerative performance of the OC-3R scheme for different FWHM of the 

40 GHz clock pulses: 6.5 ps (a), 12.5 ps (b) and 18.5 ps (c). (Pdata = 0 dBm, λdata = 

1550 nm, Pclock = +10 dBm, λclock = 1560 nm). 

 
In summary, the design rules of the key components of the OC-3R regenerator were 
investigated by numerical simulations. First, the influence of the SOA length was analysed. 
Effective power equalising and jitter reduction of degraded 40 Gbit/s RZ PRBS signals 
was achieved in amplifiers longer than 4 mm. Furthermore, it has been shown that the 
periodical clock signal defines the regenerative efficiency of the OC-3R scheme. The 
power level as well as the pulse form of the clock controls the saturation effects and gain 
window in the long amplifier. The dominant clock (Pclock > 10 dBm) results in effective 
pulse carving and improved extinction ratio (up to ER of the data in) of the degraded data 
signals. Based on the simulations, an ER of more than 6 dB, RMS-jitter below 650 fs and 
sinusoidal shape of the clock signal guarantee a regenerative signal processing of distorted 
PRBS data streams. The results show suitability of the self-pulsating PhaseCOMB-lasers 
as well as of the 4 mm UL-SOAs for their implementation in the all-optical OC-3R 
regenerator. 
 

5.3 Experimental analysis of the OC-3R 

regenerative performance 

Based on the modelling results discussed in the previous section, the OC-3R regenerator 
was assembled and experimentally investigated. The key devices are the 4 mm UL-SOA 
and the self-pulsating PhaseCOMB-clock. The performance of the OC-3R scheme was 
studied by operation in degraded 40 Gbit/s RZ data streams. Figure 5.15 sketches the 
experimental set-up (for the complete scheme see Appendix E1). The 40 Gbit/s RZ PRBS 
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231-1 data signal (50 % duty cycle) was generated using a tuneable external cavity laser 
(ECL) followed by two modulators for encoding of the clock and data information. Hence, 
the emission wavelength of the data signal can be flexibly tuned in the whole C-band. In 
order to investigate the regenerative potential of the OC-3R scheme, the quality of the data 
signal was intentionally distorted in a degradation unit before injecting into the 
regenerator. The degradation stage (shown in Appendix E3) provides controlled inducing 
of timing jitter and amplitude fluctuations to the high quality PRBS signal as well as noise 
loading, which results in degradation of the OSNR. The signal analysis was performed 
using an electrical sampling oscilloscope (eye diagrams), optical spectrum analyser 
(wavelength and power analysis) and finally by bit error ratio measurements.  

 

 

Fig. 5.15: Principle scheme for experimental performance investigation of the OC-3R 

architecture operated in degraded 40 Gbit/s PRBS 2
31

-1RZ data streams. 

 
The eye diagram of the intentionally distorted 40 Gbit/s PRBS signal (1550 nm) behind the 
degradation unit is depicted in Fig. 5.16a. Strong patterning effects result in RMS-jitter of 
more than 1300 fs. The average power level of the data signal before injecting into the 
optical regenerator was set to +2 dBm. The RMS-jitter of the 40 GHz sinusoidal clock 
signal (1560 nm, average power level of +8 dBm) used for generation of the gain window 
in the semiconductor amplifier was 490 fs. In order to experimentally verify the 
importance of the SOA length on the OC-3R regenerative performance, the measurement 
was performed for a 0.5 mm SOA and a 4 mm UL-SOA, respectively. Both amplifiers 
were driven by a bias current of 200 mA/mm. The eye diagrams of the corresponding data 
signals behind the regenerator are depicted in Fig. 5.16b,c. It has been already shown by 
numerical simulations that the interaction length between the data and clock pulses 
propagated through the amplifier determines directly the degree of signal regeneration. 
This behaviour is obvious also in the experiment. The amplitude fluctuations are only 
partially suppressed and the timing jitter remains higher than 1000 fs, when the OC-3R 
comprises the 0.5 mm SOA (Fig. 5.16b). However, a significant signal quality 
improvement in case of the 4 mm ultra-long SOA (Fig. 5.16c) was achieved. The RMS-
jitter of the data signal is reduced from 1330 fs down to 680 fs. Furthermore, effective 
elimination of the patterning effects leads to an eye opening enhancement behind the 
regenerator. Thus, the experimental results on the OC-3R performance confirm the 
numerical simulations. 
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Fig. 5.16: Eye diagram of the strongly degraded 40 Gbit/s PRBS 2
31

-1 RZ signal (a) and 

the measured eye diagrams behind the OC-3R regenerator comprising a 40 GHz 

PhaseCOMB all-optical clock and a 0.5 mm SOA (b) and a 4 mm UL-SOA (c). Pdata = 

+2 dBm, λdata = 1550 nm, Pclock = +8 dBm, λclock = 1560 nm, ISOA = 200 mA/mm. 

 

 

5.3.1 Equalising of amplitude fluctuations 

Slow power fluctuations of the transmitted data flows can be expected in the optical 
networks. Therefore, the equalising effect of the OC-3R regenerator was investigated in 
more detail. In order to identify the impact of the gain spectrum of the 4 mm UL-SOA 
(shown in Fig. 5.3), the analysis was performed for different wavelength combinations 
between the data and clock signal. The data wavelength was set to 1540 nm, 1550 nm, and 
1558 nm respectively, while the wavelength of the sinusoidal clock was kept fixed at 
1560 nm. In the second configuration, the data-clock wavelengths were 1560 nm-1550 nm. 
Throughout the whole measurement, the average power level of the clock signal remained 
constant and was set to +8 dBm. The power of the input RZ PRBS signal (measured using 
an optical spectrum analyser with a 1 nm resolution bandwidth) was continuously 
increased and the corresponding power level of the output data signal was evaluated. 
Figure 5.17 summarises the results. Comparing the shadow areas at the x-axis (input power 
variation) and the y-axis (output power variations), the equalising effect of the OC-3R is 
clearly visible. When the data and clock are located close to the gain peak of the 4 mm UL-
SOA (Fig. 5.17a, b), the increase of the data power at the regenerator input from –2 dBm 
to +2 dBm causes only a marginal amplitude changes (1.1 dB (a) and 0.6 dB (b)) behind 
the OC-3R. The equalising behaviour is less effective for the short wavelength data signal 
(1540 nm). This is due to the smaller gain saturation at the shorter wavelengths. However, 
optimising the fibre-chip losses and shifting the gain maximum of the UL-SOA to 
1550 nm, even higher equalising efficiency in a wider wavelength range can be expected.  
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Fig. 5.17: Power equalising in the OC-3R regenerator comprising the 4 mm UL-SOA 

(200 mA/mm bias current, see Fig. 5.3 for the ASE spectrum) for different data-clock 

wavelength combinations. The average clock power was fixed at Pclock = +8 dBm. 

 
In the previous analysis it was demonstrated that the OC-3R regenerator effectively 
equalises slow power fluctuations. Another type of distortions in high-speed transmission 
systems are related to bit-to-bit amplitude variations originated mainly from non-linear 
characteristics of fibres and semiconductor devices. Hence, equalising of fast amplitude 
fluctuations in the optical regenerator was also investigated. The 40 Gbit/s PRBS 231-1 RZ 
signal was additionally degraded by strong patterning effects (bit-to-bit amplitude 
fluctuations) and launched together with the 40 GHz clock signal into the 4 mm UL-SOA. 
The average power levels of the data and clock signals were set to +2 dBm and +8 dBm, 
respectively. In Fig. 5.18, the pattern of the distorted data signal at the regenerator input 
(upper traces) and the PRBS sequence behind the OC-3R (lower traces) are shown for two 
data-clock wavelength configurations: 1550 nm – 1560 nm and 1560 nm – 1550 nm. Due 
to the high gain saturation and short recovery constants of the ultra-long amplifier, the bit-
to-bit amplitude fluctuations are effectively suppressed from 2.5 dB to only 0.5 dB at the 
regenerator output in case of both wavelength combinations.   
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Fig. 5.18: Effective suppression of bit-to-bit amplitude fluctuations in the OC-3R 

regenerator for two data-clock wavelength combinations (1550 nm – 1560 nm, 1560 nm – 

1550 nm). Upper traces: PRBS 2
31

-1 RZ signal distorted by patterning effects (∆in 

=2.5 dB), lower traces: bit pattern of the data signal behind the optical regenerator (∆out 

=0.5 dB). Pdata = +2 dBm, Pclock = +8 dBm. 

 

5.3.2 Re-timing function of the OC-3R architecture 

Preserving of the timing stability of the optical signals is a key issue in high-speed 
transmission systems. Thus, regenerative function in the time domain is an important task 
for a 3R regenerator. In the following, the jitter reduction function of the optically clocked 
3R scheme was evaluated by the histogram function of the electrical sampling oscilloscope 
in more detail. The RMS-jitter of the input 40 Gbit/s PRBS 231-1 RZ signal was extracted 
for different degradation degrees (induced in the degradation unit by amplitude 
fluctuations) and the corresponding timing jitter of the data signal behind the OC-3R was 
measured. The average power level of the clock signal (400 fs RMS-jitter) was set to 
+8 dBm. The clock wavelength was kept constant at 1560 nm, while the data wavelength 
was set to: 1558 nm, 1550 nm, and 1540 nm, respectively. For a clock wavelength of 
1550 nm, the data signal was located to 1560 nm. The resulting jitter transfer 
characteristics are summarised in Fig. 5.19. It can be seen that the jitter remains clearly 
reduced behind the regenerator for all wavelength combinations in the whole measured 
range when comparing to the input data jitter. Increasing the data RMS-jitter from 400 fs 
up to 800 fs leads to a small jitter increase (below 50 fs) at the OC-3R output. The gain 
window induced in the 4 mm UL-SOA by the dominant clock signal causes effective 
carving of the jittered data pulses. For stronger data degradations, the output jitter increases 
too, however a significant jitter improvement (e.g. from 1200 fs to around 600 fs) in case 
of all investigated correlations was achieved.  
 
 



5.3  Experimental analysis of the OC-3R regenerative performance 
____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

71 

 
Fig. 5.19: Jitter reduction function of the OC-3R regenerator for different data-clock 

wavelength correlations. Pdata = +2 dBm Pclock = +8 dBm, ISOA = 200 mA/mm. 

 

5.3.3 BER analysis of the OC-3R regenerative performance  

In the previous sections, the regenerative performance of the OC-3R scheme was 
investigated by eye diagrams. The improvement of timing stability and effective 
suppression of amplitude fluctuations was demonstrated for different data-clock 
wavelength combinations. In this chapter, the functionality of the OC-3R regenerator is 
characterised by bit error ratio (BER) measurements. The schematic of the BER receiver is 
depicted in Appendix E4. In the following experiments, the wavelength of the degraded 
40 Gbit/s PRBS 231-1 RZ signal was kept constant at 1550 nm, while the clock wavelength 
was set to 1560 nm and 1540 nm, respectively. The average power levels of the data signal 
and clock in front of the 4 mm UL-SOA (ASE spectrum shown in Fig. 5.3) was set to 
0 dBm and +8 dBm, respectively. 

5.3.3.1. BER versus received power 

The results on BER as a function of the average power level at the receiver are summarised 
in Fig. 5.20. The back-to-back curve of the distorted data signal behind the degradation 
unit (Appendix E3) is shown by filled squares. The BER curves of the PRBS signal behind 
the OC-3R are depicted by filled dots and triangles, respectively. A negative penalty of  
2 dB was achieved (relative to the back-to-back curve) at the OC-3R output for the 
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1550 nm-1560 nm data-clock combination. In case of the short wavelength clock 
(1540 nm, filled triangles), the regenerative performance of the OC-3R is less effective. 
The data quality is nearly preserved at BER of 10-9; a negative penalty of 1 dB was 
obtained at 10-3 BER. In this configuration, the clock wavelength is located 20 nm out of 
the UL-SOA gain maximum. Hence, the periodical modulation of the carrier density is not 
strong enough in order to sufficiently shape the degraded data pulses.  
 

 

Fig. 5.20: BER measurements of the degraded 40 Gbit/s PRBS 2
31

-1 RZ signal (filled 

squares) and the BER curves of the regenerated data signal at the OC-3R output for two 

data-clock wavelength combinations: 1550 nm – 1560 nm and 1550 nm – 1540 nm. 

(Pdata = 0 dBm, Pclock = +8 dBm). 

 

5.3.3.2. Dynamic range 

In the following experiment, the dynamic range of the OC-3R was evaluated by BER 
measurements. The average data power was varied from -6 dBm up to +3 dBm, while the 
average clock power level was kept constant at +8 dBm. The sensitivity (received power at 
BER of 10-9) was measured at fixed decision threshold level of the BER receiver. 
Figure 5.21 summarises the results. In case of the 1560 nm clock, the BER sensitivity of  
-28 dBm remained nearly unchanged when increasing the data power from -2 dBm up to 
+3 dBm. A 1 dB-penalty was measured for an input power level as low as -4.5 dBm, 
resulting in a dynamic range of 7.5 dB. This is related to the high gain in the long amplifier 
and effective pulse carving caused by the gain window. The estimated dynamic range is 
smaller (around 5 dB for 1 dB penalty) in case of the 1540 nm clock signal. An optimum in 
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the power level between 0 dBm and +2 dBm can be observed for this configuration. This is 
because of impact of patterning effect for stronger signals (the gain dynamics in the UL-
SOA are determined by the PRBS signal) and, on the other site, due to the data degradation 
by amplified spontaneous emission for weaker data signals.  
 

 

Fig. 5.21: Received power at BER of 10
-9

 as a function of the average data power at the 

OC-3R input for two data-clock wavelength combinations: 1550 nm – 1560 nm and 

1550 nm – 1540 nm. The average clock power level was kept fixed at +8 dBm. 

 

5.3.3.3. Tolerance to the decision timing 

The bit error ratio analysis regarding timing stability of the degraded PRBS signal and after 
propagation through the optically clocked 3R regenerator was performed. The decision 
marker of the BER receiver was continuously detuned from its optimum time position and 
the corresponding received power at BER of 10-9 was evaluated. The jitter reduction 
function of the OC-3R scheme is obvious mainly for the data-clock wavelength 
combination of 1550 nm-1560 nm (Fig. 5.22). The suppression of timing fluctuations 
behind the regenerator leads to an enhanced detuning range from 4.8 ps up to 6.2 ps (for a 
1 dB-power penalty). As expected, the influence of the periodical modulation of SOA gain 
is less effective, when the clock signal (1540 nm) was located outside the gain peak 
(1560 nm) of the semiconductor amplifier, resulting in improvement of the detuning range 
of around 0.2 ps only.   
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Fig. 5.22: Received power at BER of 10
-9

 as a function of the decision marker detuning in 

the BER receiver for 1550 nm – 1560 nm and 1550 nm – 1540 nm data-clock wavelength 

combinations. (Pdata = 0 dBm, Pclock = +8 dBm).  

 

5.3.3.4. Impact of the OSNR on BER 

The OC-3R is a wavelength-preserving scheme without signal conversion to a new 
wavelength. This is an advantageous feature when considering an in-line optical 3R 
regenerator without need of any wavelength controlling function. However, the XGM 
effects exploited in the UL-SOA for signal regeneration do not provide any decision 
function (as discussed in section 5.2.1), in order to suppress the accumulated noise. In the 
following, the impact of the OSNR degradation on the performance of the OC-3R scheme 
was evaluated. The degraded 40 Gbit/s PRBS 231-1 RZ signal was strongly attenuated 
(down to -35 dBm) and amplified to a constant average power level of 0 dBm before 
injecting into the regenerator. The noise loading (OSNR reduction) can be controlled by 
varying the data attenuation. The data signal OSNR was evaluated using an optical 
spectrum analyser.  

The received power level at the BER of 10-9 was measured as a function of the data OSNR. 
The results for the 1550 nm – 1560 nm data – clock wavelength combination are 
summarised by filled dots in Fig. 5.23. The data signal at the OC-3R output follows nearly 
linearly the penalty of the input data signal down to an OSNR of 27 dB/0.1nm. In this 
range the regenerative ability of the OC-3R scheme remains unchanged. However, there is 
a relatively fast penalty increase for OSNR below 26 dB/0.1nm. The regenerative 
performance is more critical in case of the second wavelength configuration (1550 nm 
data, 1540 nm clock, filled triangles in Fig. 5.23). Here, the spontaneous emission is even 
more amplified, resulting in noise addition to the degraded data signal.  

Thus, the OC-3R regenerator can effectively improve the quality of the data signals 
degraded by amplitude and timing jitter, when the input data OSNR remains higher than 
27 dB/0.1nm. The ASE at the UL-SOA output can be filtered out by a narrowband optical 
band pass filter. However, an additional compensation stage for noise suppression (e.g. a 
saturable absorber) would be preferable, in order to guarantee a better robustness of the 
OC-3R architecture. 
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Fig. 5.23: Impact of the data OSNR on regenerative functionality of the OC-3R scheme for 

two data-clock wavelength combination: 1550 nm – 1560 nm and 1550 nm – 1540 nm. 

(Pdata = 0 dBm, Pclock = +8 dBm). 

 

5.3.4 Optically clocked saturable absorber 

The reduced OSNR leads to signal degradation in the time and amplitude domain as well 
as to distortions in the zero power level. It has been shown that the OC-3R is well suited 
for effective suppression of amplitude fluctuations and timing jitter, which are critical 
distortions in high-speed (40 Gbit/s and beyond) DWDM systems. An OSNR improvement 
in a pass-through regeneration scheme using a saturable absorber (SA) has been already 
reported [68]. The SA is characterised by a very low transmission for small data power 
levels, which is followed by nonlinear increase of the transmission when exceeding a 
threshold power value (transparency regime). The potential of an absorber for noise 
suppression at the space level was simulated. In the modelling, the 40 Gbit/s PRBS RZ 
signal, intentionally degraded in the zero amplitude (Fig. 5.24a), was directly injected into 
an 80 µm long saturable absorber. The eye diagram of the signal at the absorber output is 
shown in Fig. 5.24b. It is obvious that the zero distortions are effectively suppressed. 
However, strong patterning effects, due to pattern dependent absorption modulation, 
additionally degrade the data signal.  

The key idea for avoiding the pattern degradations is to apply the same technique as in case 
of the UL-SOA, the optically clocked scheme [175]. Figure 5.24c shows the data signal 
behind the SA when propagating bit interleaved with the periodical clock signal. The zero 
distortions are effectively suppressed without affecting the timing and amplitude stability 
of the original signal. Hence, the optically clocked principle can be used for stabilisation of 
gain dynamics in ultra-long SOAs as well as absorption dynamics in SAs. The 
experimental proof of the concept was not possible because of the lack on a saturable 
absorber with sufficiently fast absorption recovery characteristic. 
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Fig. 5.24: Simulated 40 Gbit/s PRBS RZ signal intentionally distorted in the zero power 

level (a), eye diagrams of the data signal behind a 80 µm saturable absorber (b) and after 

stabilisation of the absorption dynamics by a periodical 40 GHz clock signal (c).  

 
In summary, experimental analysis on the regenerative performance of the OC-3R 
architecture proves the modelling results performed in the previous sections. The quality of 
the strongly degraded 40 Gbit/s PRBS RZ signals can be effectively improved behind the 
regenerator when enhancing the SOA length from 0.5 mm to 4 mm. Due to the gain 
saturation and fast XGM effects in the UL-SOA, slow power variations (up to 4 dB) as 
well as bit-to-bit amplitude fluctuations (up to 2 dB) were effectively equalised behind the 
OC-3R scheme for different wavelength combinations between the data and clock signal. 
Suppression of timing fluctuations from 1200 fs down to around 600 fs was obtained, 
showing an effective jitter reduction function of the proposed regenerator. The efficiency 
in the compensation of signal distortions correlates directly with the gain spectrum of the 
applied ultra-long SOA. Generally, a dominant clock is needed with a wavelength located 
close to the gain maximum of the amplifier. The regenerative functionality of the OC-3R 
was verified by BER measurements. A 2 dB negative penalty, 7 dB dynamic range and 
1.4 ps enhancement of the timing window was demonstrated. The first simulation results 
show that the signal distortions at the zero power level due to reduced OSNR can be 
compensated in an optically clocked saturable absorber.  
 

5.4 System applications of the OC-3R scheme at 

40 Gbit/s 

In the previous sections the regenerative performance of the OC-3R architecture was 
analysed in detail. The optical regenerator was investigated in order to identify the best 
configuration (device characteristics) and operation conditions (power levels, data-clock 
wavelengths). In this section, the performance of the accordingly optimised OC-3R 
regenerator is experimentally evaluated for processing of 40 Gbit/s PRBS RZ data streams 
degraded by residual chromatic and polarisation mode dispersion. Furthermore, the ability 
of the proposed scheme for operation in 40 Gbit/s packet data streams is discussed. The 
regenerator comprises a PhaseCOMB-laser (λclock = 1560 nm) for all-optical clock 
recovery and a 4 mm ultra-long SOA (ASE spectrum shown in Fig. 5.3). 
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5.4.1 OC-3R for dispersion compensation 

Chromatic dispersion (CD) as well as polarisation mode dispersion (PMD) is degrading the 
performance of ultra long haul 40 Gbit/s transmission links and can result in severe system 
outages [139]. Several individual compensation techniques have been applied to overcome 
these impairments [140]. Especially the temporal and statistical drift of PMD 
characteristics is a serious obstacle distorting the quality of transmitted optical signals. 3R 
regenerators have been considered to be an attractive approach for mitigation of the PMD 
since the costs for developing and installing of additional PMD compensators can be 
avoided in this case [141]. Hence, the performance of the OC-3R all-optical regenerator for 
mitigation of PMD and CD degradations at 40 Gbit/s was explicitly analysed.  

The experimental set-up is sketched in Fig. 5.25. First, the 40 Gbit/s PRBS 231-1 RZ data 
signal (1552 nm) was injected into a dispersion emulator. The PMD emulator comprises a 
polarisation controller and a polarisation maintaining fibre (Newport, F-SPPC-15) with 
average differential group delay (DGD) of 10.2 ps (corresponding to 40 % bit deviation 
from the pulse width at 40 Gbit/s). The splitting ratio of the data power level between the 
fast and slow polarisation axis of the fibre can be continuously tuned by rotating the 
quarter wave and half wave plate of the polarisation controller. In case of the CD emulator, 
a 2 km long SMF-fibre with accumulated CD of 35 ps/nm was applied, in order to simulate 
non-perfect slope compensation. The dispersion distorted PRBS signals were launched into 
the OC-3R. The input/output signal quality was analysed and compared using a wide-
bandwidth electrical sampling oscilloscope with precision time base reference module and 
by BER tester. 
 

 

Fig. 5.25: Experimental set-up for performance analysis of the OC-3R regenerator 

operated in 40 Gbit/s PRBS data streams intentionally distorted by PMD and CD 

dispersion, respectively (λdata = 1552 nm, λclock = 1560 nm). 

 

5.4.1.1. PMD and CD compensation: eye analysis 

Figure 5.26a depicts the eye diagram of the data signal behind the PMD emulator (10.2 ps 
DGD). The pulses are broadened from 12 ps to around 21 ps (930 fs RMS-jitter). The 
quality of the data signal behind the OC-3R regenerator is clearly improved, as it is 
obvious from the eye diagram shown in Fig. 5.26b. In the 4 mm UL-SOA, the data pulses 
are effectively reshaped by the sinusoidal clock signal of the synchronised PhaseCOMB 
all-optical clock (1560 nm, 520 fs RMS-jitter) to an RZ signal of 50% duty cycle (FWHM 
of 12.5 ps). Furthermore, the amplitude fluctuations are suppressed and the RMS-jitter of 
the regenerated signal is reduced down to 550 fs.  
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Fig. 5.26: Eye diagrams of the PMD distorted (10.2 ps DGD, 930 fs RMS-Jitter) 40 Gbit/s 

PRBS 2
31

-1 RZ signal at the OC-3R input (a) and behind the optical regenerator (550 fs 

RMS-Jitter) (b). λdata = 1552 nm, λclock = 1560 nm. 

 
In the following, the adaptive compensation of PMD distorted signals was analysed in 
more detail. The eye diagrams of the 40 Gbit/s input data signal for different splitting ratios 
between the fast and slow axis of the data pulses (generated by rotating the signal 
polarisation in front of the PMD emulator) are depicted in Fig. 5.27 (upper traces). 
Figure 5.27 (middle traces) shows the corresponding eye diagrams of the PRBS signal at 
the regenerator output. For all polarisation states, clearly opened eyes were obtained, 
always stable in amplitude and shape. In order to explain the timing shift of the output 
signal, the recovered clock signal behind the PhaseCOMB-laser is depicted in the lowest 
diagrams of Fig. 5.27. Due to the effective carving function in the UL-SOA, the timing 
position of the regenerated data pulses correlates with the position of the clock pulses. 
Hence, in the evaluated range, the OC-3R improves the signal quality independently of the 
input data polarisation state. It should be noted that the PMD was adaptively compensated 
from 0 ps up to 10.2 ps without any change of the OC-3R operation conditions. 
 

 

Fig. 5.27: Adaptive PMD compensation (10.2 ps DGD) by the OC-3R regenerator for 

different power splitting ratios between the fast and slow polarisation axis of the data 

pulses. Upper traces: 40 Gbit/s PRBS RZ signal at the regenerator input, middle traces: 

data signal behind the OC-3R, lower traces: clock recovered by the PhaseCOMB-laser. 
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In the next analysis, the impact of non-ideal compensation of the chromatic dispersion on 
regenerative performance of the OC-3R scheme is investigated. Figure 5.28 depicts the 
40 Gbit/s PRBS signal behind the 2 km SSMF fibre (accumulated dispersion of 35 ps/nm). 
The eye diagram of the regenerated signal behind the optical regenerator is shown in 
Fig. 5.28b. Also in this case, the amplitude fluctuations are effectively suppressed and the 
broadened pulses are reshaped to around 50 % duty cycle.  
 

 

Fig. 5.28: Eye diagrams of the 40 Gbit/s RZ signal after transmission through a 2 km 

SSMF (35 ps/nm accumulated dispersion) (a) and the regenerated signal behind the OC-

3R regenerator (b). 

 

The mitigation of the PMD as well as CD distorted PRBS signals in the proposed OC-3R 
regenerator is limited by the maximum FWHM of the data pulses. The pulses are shaped in 
the long amplifier due to the gain window induced by the periodical clock signal. The 
PhaseCOMB-laser directly synchronises to RZ-like PRBS data streams only. Thus, at 
40 Gbit/s, the distorted data pulses should not exceed FWHM of around 22 ps. However, 
the PhaseCOMB-laser recovers clock information from NRZ data signal, if a pre-
processing circuit is additionally used (see Ref. 25 in Appendix G). In this case, even more 
broadened data pulses due to fibre dispersion can be compensated in the all-optical 
regenerator.  
 

5.4.1.2. PMD and CD compensation: BER analysis 

In order to confirm the results on the eye-analysis, the impact of distortions induced by 
dispersion on the OC-3R performance was investigated using bit error ratio measurements 
(Fig. 5.29a,b). The solid squares belong to the back-to-back measurement for an ideal 
signal in front of the PMD/CD emulator. The data signal, intentionally degraded by 
average DGD of 10.2 ps (Fig. 5.29a) and by accumulated CD of 35 ps/nm (Fig. 5.29b), is 
denoted by solid triangles. Finally, the measured BER curves of the data signal behind the 
regenerator are denoted by solid dots. It is obvious that a negative penalty higher than  
2 dB at a BER of 10-9 without any indication on error floor down to a BER of 10-12 was 
obtained for PMD as well as for CD degraded data signals at the regenerator output. The 
output curves are very close to the initial high quality data signal. Thus, the BER 
measurements prove the suitability of the OC-3R scheme for regeneration of dispersion 
distorted data signals. 
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Fig. 5.29: BER curves of the ideal 40 Gbit/s PRBS 2

31
-1 RZ signal (squares), data signal 

behind the CD/PMD emulator (triangles) and of the regenerated signal at the OC-3R 

output for PMD (a) and CD (b) signal distortions.  

 
In summary, the investigations show that the OC-3R scheme is well suited even for 
operation in dispersion degraded PRBS data streams. It should be noted that an optical 
regenerator could improve the signal quality (pulse shape, timing jitter), when the 
broadening of the data pulses does not exceed overlapping of the neighbouring pulses. 
Hence, conventional compensation techniques of chromatic dispersion (e.g. DCF modules) 
cannot be generally replaced by an optical 3R regenerator. However, the 3R regenerator 
can compensate for the residual dispersion, a critical issue mainly in high-speed multi-
channel DWDM systems (because of the SSMF dispersion slope). The statistical character 
of PMD leads to high requirements for an effective compensation technique. In this case, 
the instantaneous polarisation state of the optical signal has to be controlled adaptively. An 
adaptive mitigation of the PMD up to 10.2 ps was achieved in the OC-3R regenerator. 
 

5.4.2 OC-3R operated in asynchronous data packet streams  

Communication networks with burst and packet switching have to be taken into account in 
the next generation network scenarios for improving the system granularity. The main 
advantage of optical packet switching nodes is related to high flexibility in bandwidth 
usage [142], [143]. Considering these scenarios, all-optical 3R regenerators have to 
improve the quality of data bits encapsulated in short packets, leading to additional 
requirements for the regeneration schemes. Ultra-fast synchronisation to the incoming 
PRBS packets is one of the main prerequisite for processing of packet data streams. 
Furthermore, as the data packets can originate from different sources, the transmitted 
wavelength is not predefined. Hence, the incoming packets are uncorrelated in time and 
wavelength to each other. 
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The capability of the OC-3R regenerator for operation in 40 Gbit/s PRBS packet data 
streams was analysed. The scheme of the regenerator is sketched in Fig. 5.30. It is obvious 
that the basic architecture is identical with the scheme used for synchronous data streams. 
The only difference is related to an additional delay line (tD) for proper adjustment of the 
lengths between the data path and clock path inside the regenerator. It is important that the 
UL-SOA is already stabilised by the strong sinusoidal clock pulses before the first data bit 
of the PRBS packet arrives. At the same time, the UL-SOA has to be stabilised even for 
the time, when the last bit of the PRBS packet propagates the amplifier. Thus, an 
asymmetrical locking characteristic of the optical clock is required. The relative time 
difference between the data path and clock path depends directly on synchronisation 
behaviour of the PhaseCOMB-clock. 
 

 

Fig. 5.30: Scheme of the OC-3R regenerator for operation in asynchronous 40 Gbit/s 

PRBS RZ packet streams. 
 

5.4.2.1. Operation of the PhaseCOMB-clock in packet streams 

The locking characteristics of the PhaseCOMB-laser operated in short data packet streams 
were investigated in more detail. Triggering of an optical regenerator for processing of 
short PRBS packets is a critical issue. Generally, a preamble with synchronisation bits has 
to be added to each packet [143]. However, the degraded preamble must be swapped by a 
new one after the regeneration stage, resulting in sophisticated logical circuits. 
Figure 5.31a shows a 40 Gbit/s PRBS packet (3000 bits) at 1550 nm (upper trace) and the 
according clock signal behind the self-pulsating laser (lower trace) measured in the average 
mode of the sampling oscilloscope. The average function does not change the amplitude of 
a synchronised signal, while the amplitude of a non-synchronised signal converges to the 
zero level. The instantaneous increase of the clock amplitude at the packet head shows 
ultra-fast locking and the slow decrease of the amplitude at the packet end indicates a long 
holding of the synchronisation after the end of the packet.  

The synchronisation behaviour of the PhaseCOMB-laser was analysed by evaluating the 
timing stability of the clock pulse trace. The fast decrease of the RMS-jitter after injecting 
the data packet into the SP-laser (tON) is clearly visible from Fig. 5.31b. Depending on the 
average data power level, the PhaseCOMB is already synchronised to the incoming PRBS 
packet in frequency and phase within a time scale between 3 ns and 4 ns. On the other side, 
the synchronised state is preserved for longer than 27 ns (4 ps RMS-Jitter, Fig. 5.31c) after 
the last data bit leaves the laser cavity (tOFF). In this case, the data power dependency can 
be neglected. It should be noted that the smallest RMS-jitter (around 1 ps) was limited by 
intrinsic timing stability of the sampling oscilloscope. 
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Fig. 5.31: (a) 40 Gbit/s short PRBS packet (upper trace) and the synchronisation 

behaviour of the PhaseCOMB-clock (lower trace). Measured clock RMS-jitter indicating 

locking time to the injected PRBS packet (b) and holding of the synchronisation after the 

data packet lefts the optical clock (c) for different average data power levels (0 dBm, 

3 dBm, 6 dBm). 
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5.4.2.2. OC-3R for processing of asynchronous packets  

The asymmetric locking characteristics of the PhaseCOMB-laser can be exploited in the 
OC-3R scheme for regeneration of asynchronous packets without any additional preamble. 
An error-free processing of all data bits can be expected for proper adjustment of the 
timing delay between the data and clock path (Fig. 5.32). Short PRBS packets (3000 bits) 
at 1550 nm were generated and injected into the 3R regenerator. The impact of improper 
adjustment of the tD delay on the processed bits is visible from Fig. 5.32a. If the data pulses 
reach the UL-SOA earlier than the synchronised clock (tD < tsyn), the first data bits are 
distorted by the uncorrelated SOA gain variations. On the other hand, if the data-clock 
delay is longer than the holding time of the PhaseCOMB-clock (tD > thol), the bits at the 
packet end propagate the amplifier together with the unsynchronised clock signal, again 
resulting in data degradations. Next, the synchronisation behaviour of the PhaseCOMB-
clock was considered and the delay tD was set to 5 ns. The results for this configuration are 
depicted in Fig. 5.32b showing the PRBS packet at the input and output of the regenerator. 
It is obvious that the first bit as well as the last bit of the injected data packet is processed 
in the OC-3R without any distortions. 
 

 

Fig. 5.32: Short PRBS packet (3000 bits) at the OC-3R input (upper traces) and output 

(lower traces). (a) Data - clock delay (tD) does not correlate with the PhaseCOMB 

synchronisation behaviour, (b) properly adjusted data-clock delay (tD = 5 ns). 
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5.4.2.3. Asynchronous packet processing at two wavelengths 

In the following experiment, the performance of the OC-3R is analysed by operation in a 
stream of data packets with alternating wavelength and various guard band lengths. Two 
40 Gbit/s packet streams at 1550 nm and 1555 nm with a time duration of 50 ns were 
generated. The data packets were relatively delayed to each other, multiplexed, and 
alternatively launched into the optical regenerator (Fig. 5.33). The guard band between the 
data packets (∆t) was set to 10 ns. The data packets were analysed using a sampling 
oscilloscope.  
 

 

Fig. 5.33: Set-up for performance analysis of the OC-3R regenerator operated in 

asynchronous WDM packet streams (λ1 = 1550 nm, λ2 = 1555 nm). 

 
The results are shown in Fig. 5.34a. The PhaseCOMB-clock synchronises alternatively 
ultra-fast to the incoming data packets (Fig. 5.34a middle trace). Thus, the packet streams 
are processed in the OC-3R without any bit losses behind the regenerator (Fig. 5.34a lower 
trace). Note that the time span of the sampling oscilloscope does not resolve the individual 
bits. The free-running oscillation of the unsynchronised clock is depicted as a continuous 
dark noise band, while for the locked state bright vertical lines can be observed. In 
Fig. 5.34b, the first bits of the two data packets at OC-3R input and output are resolved. 
The second packet was delayed by half a bit period relative to the first packet, resulting in 
an asynchronous packet flow. This corresponds to the worst case of the bit correlation. 
Nevertheless, no distortions are visible at the output of the regenerator. Thus, the OC-3R 
scheme is well suited even for operation in asynchronous packet data streams at different 
wavelengths.  
 

 

Fig. 5.34: Processing of short PRBS packets at two wavelengths (10 ns guard band) in the 

OC-3R regenerator (a), start of the packets (delayed by half a bit period to each other) at 

the input and output of the OC-3R demonstrating asynchronous operation (b).  
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In summary, the performance of the optically clocked 3R regenerator has been investigated 
for processing of 40 Gbit/s asynchronous packet data streams. The ultra-fast locking (down 
to 3 ns) and the long synchronisation holding time of the PhaseCOMB-laser based clock 
recovery are the key features for preamble free packet processing without bit losses. The 
OC-3R was successfully applied for regeneration of PRBS packets at alternating 
wavelengths with a small guard band of 10 ns. No bit distortions were observed even for 
the most critical relative time position between the consecutive packets. Thus, the OC-3R 
regenerator fulfils the requirements for future dynamic reconfigurable asynchronous all-
optical WDM networks. 
 

5.5 Conclusions 

In this chapter, the first 3R scheme developed in frame of this thesis was introduced, the 
wavelength preserving ‘Optically Clocked’ 3R regenerator. The OC-3R is basically a very 
simple and compact architecture comprising only two functional components, the 
PhaseCOMB all-optical clock and the periodically modulated ultra-long SOA. The quality 
restoration of distorted PRBS data signals is performed without any wavelength conversion 
as well as necessity of wavelength monitoring function. This makes the OC-3R scheme 
attractive for deployment in long-haul transmission links as a 3R regenerative amplifier.   

The operation principle and the regenerative performance of the OC-3R operated in 
40 Gbit/s PRBS RZ data streams have been evaluated by numerical simulations and 
experimental analysis. The signal regeneration is based on shaping of degraded data pulses 
during propagation through an UL-SOA, which is periodically modulated by a dominant 
clock signal. The data and clock have to be delayed by half a bit period relative to each 
other before injecting into the amplifier. The influence of the device parameters on the 
regeneration efficiency of the OC-3R was demonstrated and the optimised operation 
conditions were defined. An SOA length of at least 4 mm was identified as one of the 
prerequisite for effective suppression of strong amplitude fluctuations and timing jitter of 
the degraded data signals. The clock parameters, extracted from the numerical analysis, 
correlate very well with typical values of the self-pulsating PhaseCOMB-laser, proving the 
suitability of the all-optical clock for operation in the proposed regeneration scheme. It has 
been shown that the regeneration efficiency increases for higher clock power levels. The 
clock determines the shape of the gain window generated in the UL-SOA (jitter 
improvement) as well as the saturation conditions in the long amplifier (power equalising). 
Hence, the clock wavelength should be located close to the UL-SOA gain peak, while the 
data wavelength can be flexibly tuned within the whole C-band. Based on the experimental 
results, suppression of bit-to-bit amplitude fluctuations from 2 dB down to 0.5 dB and of 
the RMS-jitter from 1300 fs down to 600 fs was achieved at the regenerator output. The 
signal quality improvement has been finally proven by BER measurements showing a 2 dB 
negative penalty. The XGM effects of the periodically modulated UL-SOA do not provide 
a decision function for elimination of distortions at the zero level. The extended 
architecture proposed in this work exploits a saturable absorber for ER improvement and 
noise suppression. The modelling has shown that the optically clocked technique can be 
used for avoiding of patterning effects in the SA.   
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The performance of the OC-3R scheme was analysed in different system experiments. An 
adaptive PMD compensation in a range from 0 ps up to 10.2 ps (40 % bit deviation from 
the pulse width at 40 Gbit/s bit rate) was demonstrated. Furthermore, pulse broadening and 
amplitude fluctuations due to residual chromatic dispersion of 34 ps/nm could be 
effectively suppressed behind the optical regenerator. Finally, the operation of the OC-3R 
in packet switched networks was considered. The asymmetric locking behaviour of the 
PhaseCOMB-clock has been exploited for preamble free processing of 40 Gbit/s packet 
data streams without loss of any bits.  

The proposed wavelength preserving OC-3R scheme fulfils the main prerequisites for 
successful implementation in spectrally efficient 40 Gbit/s DWDM transmission systems 
as a cost effective in-line 3R regenerator. The semiconductor devices can be further 
integrated to a compact array for performing a pass-through 3R regeneration of all DWDM 
channels in the fibre link. The knowledge of the optically clocked principle was exploited 
in the second 3R architecture, developed as a 3R flexible wavelength converter for optical 
cross-connects. The operation principle and the performance of this regeneration scheme 
are presented in the following chapter. 
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6 Alternating Data-Clock 3R 

Regenerator: ADC-3R 

Optical switching nodes with regenerative wavelength conversion are needed for 
degradation-free signal routing as well as in order to avoid wavelength collision in the 
future reconfigurable transparent networks. In the conventional wavelength converting 3R 
schemes, the data information is encoded onto the wavelength of the clock signal. Hence, 
optical clock devices with emission wavelength covering any DWDM channel defined by 
the ITU have to be fabricated.  

The ‘Alternating Data-Clock’ 3R regenerator (ADC-3R) is a novel semiconductor based 
3R architecture developed in the frame of this work that fundamentally performs λ-
conversion independently on the clock wavelength. Similar to the previous regeneration 
scheme (OC-3R), fast inter-band gain processes in a periodically modulated ultra-long 
SOA are exploited for all-optical signal processing. In the ADC-3R, the output wavelength 
is determined by a CW laser source and can be flexibly tuned in the whole C-band, while 
the clock at a fixed wavelength defines the timing stability of the converted data pulses.  

In this chapter, the scheme and the operation principle of the ADC-3R regenerator is 
presented. The effectiveness of the ADC wavelength conversion is first investigated for 
high quality 40 Gbit/s PRBS RZ signals by numerical simulations and experimental 
analysis. The impact of frequency chirping in UL-SOAs on extinction ratio improvement 
of the converted signals is demonstrated. In the second part, the regenerative behaviour of 
the ADC-3R is analysed for different operation conditions as well as data degradations. 

6.1 Basic characteristics of the ADC-3R 

regenerator 

In this section, the principle of the ADC wavelength conversion is schematically described 
and the key prerequisites are defined. In the ADC scheme, both the XGM and XPM effects 
in the UL-SOA and a concatenated processing filter are exploited. The frequency chirp of 
periodical signals induced by the long amplifiers is experimentally evaluated for different 
operation conditions. The impact of frequency detuning of a BP-filter on the quality of the 
ADC wavelength converted signal is demonstrated.   

6.1.1 Scheme and principle of ADC wavelength conversion 

Figure 6.1 depicts the set-up of the ‘Alternating Data-Clock’ 3R regenerator. The similarity 
of the ADC-3R architecture to the OC-3R scheme is obvious. Also in this case, the 
PhaseCOMB all-optical clock (Chapter 3) and ultra-long SOA (Chapter 4) are the key 
components of the proposed regenerator. Additionally, a CW laser and a processing filter 
extend the functionality of the ADC-3R scheme. In the regenerator, three signals 
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simultaneously co-propagate the UL-SOA: the 40 Gbit/s PRBS RZ signal, the 
synchronised clock signal (bit interleaved to each other) and the CW beam. Here, the data 
information is first encoded by means of strong cross gain modulation into the CW 
wavelength. Behind the UL-SOA, the converted signal passes through a processing filter in 
order to exploit cross phase effects induced by carrier density modulation in the long 
amplifier. A wavelength converted 40 Gbit/s PRBS signal with improved quality is 
obtained at the output of the ADC-3R.  

 

 

Fig. 6.1:  Scheme of the ‘Alternating Data-Clock’ 3R regenerator (ADC-3R) showing the 

main building blocks.  

 
The operation principle of the ADC wavelength conversion is schematically depicted in 
Fig. 6.2. As mentioned previously, the PRBS RZ signal and the periodical clock signal are 
delayed by half a bit period relative to each other. In contrary to the OC-3R scheme, where 
the dominant clock controls the weak data signal, the average power levels of the data and 
clock are nearly identical in the ADC-3R. A new combined signal, referred as ADC in this 
work, is derived from the envelope of both interleaved signals. The amplitude of the 
combined ADC signal remains constant, if consecutive marks are present in the PRBS 
word and drops down between two adjacent clock pulses in case of a space. Hence, the 
ADC signal is inverted in the logic compared to the original data signal. The logical ones 
appear as zeros and vice versa. In the UL-SOA, the information of the ADC signal is 
encoded by means of XGM onto the new CW signal. The gain dynamics of the amplifier is 
defined exclusively by the dominant ADC signal that controls the amplitude of the weak 
CW beam. Notice that the pulse shape as well as the timing stability of the converted 
PRBS signal are determined by two adjacent clock pulses and are nearly independent of 
the quality of the data signal. Thus, the ADC principle provides a 3R regenerative 
wavelength conversion of distorted PRBS RZ data streams to a flexible wavelength 
defined by the CW signal. 
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Fig. 6.2: Operation principle of the XGM based ADC wavelength conversion. 

 
In the following experiment, wavelength conversion of high quality data streams in the 
ADC-3R scheme is performed. A 40 Gbit/s RZ PRBS 231-1 signal (590 fs RMS-jitter, 
Fig. 6.3a) was converted from 1550 nm to 1555 nm. Figure 6.3b shows the 40 GHz pulse 
trace of the synchronised self-pulsating PhaseCOMB-clock (1560 nm, 500 fs RMS-jitter). 
The average power level of the data and clock before splitting together was set to +4 dBm 
and +5 dBm, respectively. The combined ADC signal was encoded to a weak CW beam 
(1555 nm, PCW = -3 dBm) in a 4 mm UL-SOA (800 mA bias current, ASE spectrum shown 
in Fig. 5.3). Behind the amplifier, the CW wavelength was filtered by a 1 nm tuneable BP-
filter. The eye diagram of the converted PRBS signal is depicted in Fig. 6.3c. Due to the 
fast XGM effects in the UL-SOA, a clearly open eye without any patterning effects was 
obtained at the ADC-3R regenerator output. Notice that the RMS-jitter of the converted 
signal (490 fs) correlates with the jitter of the periodical clock. The extinction ratio is 
slightly reduced at the regenerator output. As mentioned previously, phase variations 
induced by carrier density modulations can be further exploited in a processing filter for 
improved wavelength conversion. Obviously, the conventional 1 nm BP-filter used in the 
experiment does not provide sufficient functionality. In order to identify the demands on 
transmission characteristics of the processing filter, chirp effects in ultra-long SOAs were 
studied in more detail.  
 

 

Fig. 6.3: Eye diagrams of the 40 Gbit/s data signal (590 fs RMS-jitter, 1550 nm) (a), 

recovered clock signal behind the PhaseCOMB-laser (500 fs, 1560 nm) (b), and the 

wavelength converted signal at the ADC-3R output (490 fs, 1555 nm) (c). 
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6.1.2 Signal chirping induced by UL-SOAs 

In the ADC scheme, encoding of the data information on the co-propagated CW signal is 
based on XGM effects in UL-SOAs. The modulation of the refractive index due to inter-
band transitions results in phase variation of the CW beam. The total phase-to-gain 
changes in the SOA can be expressed by a coupling factor αeff, also referred as a chirp 
parameter [167]. Considering XGM interactions between a modulated control signal and a 
CW probe signal, the effective α-factor is defined as [168]: 
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where Gmin and Gmax are the minimum and maximum gain values associated with the 
interband gain recovery and  ∆Φtot is the total phase shift of the probe signal induced by the 
control signal in the SOA, which is related to the waveguide length L and the mean 
refractive index changes n∆  
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where λ is the wavelength of the probe signal. The effective α-factor increases with the 
SOA length due to combination of nonlinear gain compression and propagation effects 
(carrier density is not constant over the amplifier length) in the long devices [169]. 

The frequency chirp of the optical signal behind the SOA is defined as the frequency 
deviation relative to the beam optical frequency, which is caused by the phase changes of 
the output signal  
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From the equation (6.3) follows that every phase variation at the amplifier output (due to 
e.g. SPM or XPM) is always accompanied by a certain amount of chirp. The relation 
between the frequency chirp and the chirp parameter is [138] 
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where Pin is the input power level of the probe signal and P(t) is the power variations of the 
probe signal associated with SOA gain changes. Since the dependence of αeff on the input 
power of the probe signal is relatively small when the signal wavelength, bias current and 
SOA length are fixed, the αeff can be considered as a constant. In this case the equation 
(6.4) reduces to 
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where P(t) is the time dependent probe beam output power. The equation (6.5) indicates 
that the chirp is not only dependent on the αeff but also on the dynamics of P(t). Hence, 
large αeff and fast changes of P(t) enhance the frequency chirp of the modulated signal.  

Generally, there are two types of frequency chirp: A positive chirp where the output pulses 
undergo blue shift during the rising edge and red shift during the falling edge and vice 
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versa for a negative chirp. The magnitude of the maximum chirp variation is referred as 
maximum chirp excursion or peak-to-peak chirp [113]. In the following, the influence of 
the ultra-long SOAs on the frequency chirping of 40 GHz periodical signals is 
experimentally investigated for different operation conditions. 

 

6.1.2.1. Measurement of the frequency chirp 

The basic issue in measuring the frequency chirp is the ability to detect the optical 
frequency or optical phase variations of the investigated signal and to distinguish them 
from the power variations. Since the photodetector is not sensitive to the optical phase, a 
FM/AM converter is usually needed. Several methods have been developed for measuring 
the frequency chirp of the modulated light source. Most of them use optical filters as 
frequency discriminators e.g. a Fabry-Pérot etalon [115], a waveguide grating router [116], 
or a Mach-Zehnder interferometer [117] – [119]. 

In the following experiments, the chirp characteristics of the optical signals were measured 
using a commercial system from Agilent Technologies. The signal analysis was performed 
by an optical spectrum analyser (OSA, Agilent 8614B with TRC option) combined with a 
digital communication analyser (DCA, Agilent 86100 A/B). The measurement was based 
on time resolved spectroscopy (TRS). Thus, a temporal distribution of the frequency shift 
of the analysed modulated signals was evaluated. A detailed description to the 
measurement technique can be found in [123]. It has to be noted that the system was 
calibrated for bit rates up to 10 Gbit/s only. In order to prevent high peak errors, the 
measurement was performed for 40 GHz periodical signals instead of PRBS data streams. 
As a reference, the frequency chirp of the synchronised PhaseCOMB-laser was measured. 
The peak-to-peak chirp of the clock signal after propagation through the SOAs of different 
lengths (0.5 mm, 2 mm and 4 mm) was evaluated for different operation conditions. The 
resolution bandwidth of the OSA filter was set to 1 nm; the 10 nm spectral window was 
sampled in 0.5 nm steps around the central wavelength of the measured signal. 

 

6.1.2.2. Peak-to-peak chirp analysis 

The chirp pulse trace of the synchronised self-pulsating PhaseCOMB-clock is depicted in 
Fig. 6.4a. It is obvious that the peak-to-peak frequency chirp of the optical clock is below 
10 GHz. The small chirp value is due to the beating type oscillation of the PhaseCOMB-
clock (see Chapter 3). The periodical clock signal was then injected at average power level 
of +3 dBm into the investigated amplifiers (200 mA/mm bias current). Behind the 0.5 mm 
SOA, the peak-to-peak chirp already increased from 10 GHz up to 30 GHz (Fig 6.4a). 
Figure 6.4b shows the chirp pulse traces of the sinusoidal signal at the 2 mm and 4 mm 
UL-SOA output. Due to the stronger carrier induced phase modulation, the evaluated peak-
to-peak chirp was 52 GHz and 57 GHz for the 2 mm and 4 mm amplifier, respectively. The 
frequency chirp increases with the SOA length and is nearly twice as high in case of the 
4 mm UL-SOA compared to the amplifier with a conventional length of 0.5 mm.  
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Fig. 6.4: Measured frequency chirp traces of the synchronised PhaseCOMB-clock at the 

input and output of the 0.5 mm SOA (a) and behind the 2 mm and 4 mm UL-SOAs (b). 

Pclock = +3 dBm, λclock = 1560 nm, ISOA = 200 mA/mm. 

 

In the ADC-3R regenerator, the UL-SOA is operated in a highly saturated regime. 
Therefore, the maximum chirp excursion behind the 2 mm and 4 mm amplifiers was 
measured as a function of the input power level. Figure 6.5a summarises the results. The 
increased power leads to stronger carrier density modulation. Thus, the sinusoidal signal 
experiences higher phase changes. A faster increase of the frequency chirp can be observed 
for the 4 mm amplifier. At Pin = +8 dBm, a difference of more than 10 GHz was measured 
when comparing both amplifiers. This is due to stronger gain saturation in the longer 
device. The smaller peak-to-peak chirp for lower input powers (below 0 dBm) in case of 
the 4 mm UL-SOA is related to different quality of fibre-chip coupling between both 
amplifiers (see section 4.1). Figure 6.5b shows the chirp dependence of the 40 GHz clock 
signal (Pin = +3 dBm) on the UL-SOA current density. The frequency fluctuations increase 
with higher current density. However, due to carrier depletion induced by amplified 
spontaneous emission, both curves saturate at a nearly constant levels. 

 

 
Fig. 6.5: Measured peak-to-peak chirp of the control clock signal for two UL-SOA lengths 

as a function of the input power level (a) and amplifier current density, Pin = +3 dBm (b). 
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6.1.3 Exploitation of the frequency chirp for improved ADC 

wavelength conversion 

The high frequency chirp (phase modulation) induced by the long amplifiers can be 
exploited for data wavelength conversion in an interferometric scheme. In this section, the 
focus will be given on a band-pass filter with sharp frequency response, as a compact and 
very simple structure for optical signal processing. The ADC wavelength conversion and 
the impact of the BP-filter were simulated using VPIphotonicsTM in more detail.  

In the first approach, the ADC conversion based only on the XGM in the 4 mm UL-SOA 
(ISOA = 200 mA/mm) is numerically analysed for different power levels of the CW signal. 
Figure 6.6a depicts the eye diagrams of the ideal 40 Gbit/s PRBS RZ signal (1550 nm, 
upper trace) and of the ADC converted data signal (1555 nm, lower trace) behind the UL-
SOA. The average power levels of the input data signal, clock (1560 nm) and of the CW 
signal (1555 nm) at the amplifier input were set to +6 dBm, +6.5 dBm, and –5 dBm, 
respectively. Comparing both eye diagrams, the only difference in the quality of the data 
signals is related to reduced extinction ratio behind the UL-SOA down to 5.5 dB. The ER 
value of the converted signal directly depends on the input CW power, as it is obvious 
from Fig. 6.6b. The maximum extinction ratio of 6 dB was achieved for CW amplitude 
smaller than -7 dBm. The data ER decreases when increasing the CW power and is below 
2 dB for the input power of +8 dBm.  
 

 

Fig. 6.6: (a) ADC XGM wavelength conversion of a 40 Gbit/s PRBS RZ signal (1550 nm to 

1555 nm) in a 4 mm UL-SOA (Pdata = +6 dBm Pclock = +6.5 dBm PCW = -5 dBm, λclock = 

1560 nm, ISOA = 200 mA/mm), (b) extinction ratio of the converted data signal as a 

function of the CW power level at the UL-SOA input. 

 
In the following simulation, a trapezoid band-pass filter was additionally concatenated 
behind the 4 mm UL-SOA and the impact of frequency detuning between the CW signal 
and the center frequency of the BP-filter on the converted data signal was investigated. 
Figure 6.7 depicts the transfer function of the BP-filter. The FWHM of the filter was set to 
200 GHz (sufficiently wide for 40 Gbit/s RZ signals); the filter steepness was optimised to 
around 3 dB/10 GHz. For identical frequencies (middle eye diagram in Fig. 6.7), high 
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quality RZ signal with ER of around 6 dB was detected at the regenerator output 
(comparable to the case without any filter). Tuning the filter by 150 GHz towards shorter 
frequencies, pulse broadening as well as degradations in timing stability and ER can be 
observed behind the BP-filter (Fig. 6.7, right hand side eye diagram). However, the 
extinction ratio of the converted signal can be effectively enhanced, when the filter 
transmission spectrum was shifted towards longer frequencies. Frequency shift of 150 GHz 
leads to an ER improvement from 6 dB to more than 13 dB at the regenerator output 
(Fig. 6.7, left hand side eye diagram). As already shown, the gain modulations are 
accompanied by phase changes due to frequency chirping of the UL-SOA. The phase 
modulation corresponds to a blue-shifted chirp (longer frequencies) on the leading edge of 
the converted pulses and a red-shifted chirp (shorter frequencies) on the trailing edge. 
Tuning the central frequency of the output BP-filter, either the red-shifted or blue-shifted 
spectral components can be suppressed. In case of the ADC wavelength conversion, an 
improvement can be achieved, when blue-shifted components are selected, which are 
governed by fast carrier depletion effects. The almost rectangular shape of the trapezoid 
filter allows effective blocking of the CW signal and provides transparency already for 
small chirp values.   
 

 

Fig. 6.7: Transmission spectrum of the trapezoid band-pass filter (200 GHz FWHM, 3 dB 

/10 GHz steepness) and the eye diagrams of the ADC converted 40 Gbit/s PRBS signal 

(4 mm UL-SOA) for different detuning of the filter centre frequency relative to the CW 

beam: ∆f = -150 GHz, 0 GHz, +150 GHz. (Pdata = +6 dBm,  λdata = 1550 nm, Pclock = 

+6.5 dBm,  λclock = 1560 nm, PCW = -7 dBm, λCW = 1555 nm, ISOA = 200 mA/mm). 

 
Figure 6.8 summarises the results of the previous simulation. For comparison, the 
influence of a commercial BP-filter with a Bessel power transmission characteristic 
(200 GHz bandwidth, 1 dB/10 GHz steepness) was also considered. The central frequency 
of the band-pass filters at the 4 mm UL-SOA output was tuned in a wide range from  
–170 GHz up to +170 GHz relative to the emission wavelength of the CW laser and the ER 
of the converted signal was evaluated. The average power level of the 40 Gbit/s data 
signal, 40 GHz clock and CW was kept fixed at +6 dBm, +6.5 dBm and –7 dBm, 
respectively. It is obvious that an ER improvement can be achieved only when the BP-
filter is detuned towards longer frequencies. In case of the Bessel filter, the ER increases 
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nearly linearly with the positive detuning and an improvement from 6 dB to 9 dB can be 
observed at +170 GHz frequency shift. Different behaviour shows the configuration with 
the trapezoid BP-filter. The ER of the converted signal remains almost unchanged inside 
the transmission spectrum of the filter. However, relative strong ER increase can be 
observed at the filter edge (frequency shift higher than +100 GHz) and an extinction up to 
17 dB was achieved for the maximum frequency shift.  

At the same time, the average output power level of the converted signal was evaluated at 
the ADC-3R output for different filter detuning. From Fig. 6.8 is clearly visible that the ER 
improvement by frequency detuning is closely coupled with additional insertion losses. 
This is due to partly suppression of the data modulation spectrum behind the BP-filter. 
When comparing both configurations, the losses are more critical for the trapezoid BP-
filter (6 dB difference at +170 GHz detuning). Thus, there is a trade off between the ER 
enhancement (filter steepness) and the output power level of the converted data signal.  
 

 

Fig. 6.8: Extinction ratio and average power level of the converted 40 Gbit/s PRBS RZ 

data signal at the ADC-3R output as a function of frequency detuning of the 200 GHz 

FWHM BP-filter (Bessel (1 dB /10 GHz), trapezoid (3 dB /10 GHz)) relative to the CW 

wavelength.  

 
In summary, the optically clocked principle was exploited in the ADC-3R regenerator for 
effective wavelength conversion of 40 Gbit/s PRBS RZ data streams. In the ADC scheme, 
the clock signal determines the timing stability of the converted signal. The output 
wavelength is defined by the CW signal and can be flexibly tuned independently of the 
clock wavelength. The wavelength conversion based on XGM effects in UL-SOAs result 
in high quality output signals, however, with reduced extinction ratio. Furthermore, XPM 
effects can be exploited for improved conversion efficiency. The peak-to-peak frequency 
chirp increased from 30 GHz up to 57 GHz when enhancing the SOA length from 0.5 mm 
to 4 mm. In the optimised ADC-3R architecture comprising a BP-filter with step-like 
transmission characteristic, an effective ER improvement of the converted signal from 
6 dB up to 17 dB was demonstrated.  
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6.2 Design optimisation of the ADC-3R scheme 

operated in degraded PRBS streams 

The ADC-3R scheme shows good performance for operation in ideal 40 Gbit/s data 
streams. However, the purpose of this work was to develop a wavelength converter with 
regenerative features. In this section, the potential of the ADC-3R for regeneration of 
strongly distorted PRBS signals is numerically investigated in more detail. Throughout all 
simulations, the wavelengths of the PRBS signal, clock and CW were set to 1550 nm, 
1560 nm, and 1555 nm, respectively. The SOA bias current was set to 200 mA/mm. 

First, ADC wavelength conversion of degraded data signals by means of XGM effects in 
the 4 mm UL-SOA is discussed and the interactions between the optical signals are 
analysed at the bit level. The impact of the SOA length and of the processing filter on the 
quality improvement of the converted signals is demonstrated. In the second part, the basic 
requirements for the periodical clock signal in the ADC-3R are pointed out.   

 

6.2.1 Impact of signal distortions on ADC wavelength 

conversion 

The ADC wavelength conversion of degraded PRBS signals exploiting XGM effects in a 
4 mm UL-SOA was investigated. In the simulation, an ideal sinusoidal 40 GHz clock 
signal (Pclock = +6.5 dBm) was launched together with a 40 Gbit/s PRBS RZ data signal 
(Pdata = +6 dBm), strongly distorted by amplitude fluctuations and timing jitter, and a weak 
CW signal (PCW = -4 dBm) into the amplifier. A 3 nm band-pass filter, tuned to the 
wavelength of the CW signal, was placed behind the UL-SOA. The eye diagrams of the 
degraded PRBS signal and of the converted 40 Gbit/s data signal at the ADC-3R output are 
depicted in Fig. 6.9a, b. It is clearly visible that the strong amplitude fluctuations as well as 
the timing jitter are effectively suppressed behind the regenerator. The XGM wavelength 
conversion results in extinction ratio reduction of the output data signal, as already shown 
in the previous section. Furthermore, comparing the eye diagrams for the ideal data 
streams (Fig. 6.6a), some additional distortions at the zero level can be observed, which 
reduce the eye opening of the new signal behind the ADC-3R regenerator.  
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Fig. 6.9: Eye diagrams of the degraded 40 Gbit/s PRBS RZ signal (a) and of the ADC 

wavelength converted data behind the ADC-3R regenerator comprising a 4 mm UL-SOA 

and a 3 nm BP-filter tuned to the CW wavelength (b). Pdata = +6 dBm,  λdata = 1550 nm, 

Pclock = +6.5 dBm,  λclock = 1560 nm, PCW = -4 dBm, λCW = 1555 nm, ISOA = 200 mA/mm. 

 
The origin of the distortions is obvious from the pattern diagrams of the optical signals at 
the UL-SOA input and output, respectively (Fig. 6.10). The principle of the ADC scheme 
is based on continuous SOA gain saturation when the data and clock pulses are 
simultaneously present in the amplifier. It is assumed that the amplitudes of both signals 
are nearly identical (Fig. 6.2). However, in case of degraded signals, the amplitude of the 
data pulses strongly fluctuates, resulting in fluctuations of the amplitude difference 
between the data and clock (Fig. 6.10a). Figure 6.10b depicts the temporal evolution of the 
three signals behind the UL-SOA. It is obvious that the pulses of the converted signal 
appear in the time slots between two adjacent clock pulses. Due to the UL-SOA gain 
saturation, the marks of the new signal are effectively fixed at a constant power level. The 
fluctuations of the degraded input signal are also partially suppressed. However, 
interactions between the distorted data and the clock signal during propagation through the 
amplifier lead to additional encoding of the bit pattern onto the clock. The resulted 
differences in the data-clock amplitudes (∆x in Fig. 6.10b) induce power variations at the 
space levels of the converted signal.   
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Fig. 6.10: ADC wavelength conversion of degraded 40 Gbit/s PRBS signals. Pulse traces 

of the optical signals (data, clock. CW) at the 4 mm UL-SOA input (a) and after 

propagation through the long amplifier showing the influence of amplitude differences 

between the data and clock (∆x) on the zero distortion of the converted signal (b).  
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6.2.2 Regenerative potential of the ADC scheme 

Reduced ER and residual distortions of the converted signal caused by XGM effects in the 
ultra-long SOA degrade the regenerative behaviour of the ADC-3R scheme. Thus, an 
additional optimisation of the proposed architecture is required. In the following, the 
performance of the ADC-3R regenerator is evaluated for different SOA lengths and the 
impact of the processing filter is discussed.  

6.2.2.1. Role of the SOA length 

As mentioned previously, the ADC scheme exploits strong gain saturation and fast 
recovery processes in UL-SOAs. In the following simulation, the impact of the SOA length 
on the regenerative efficiency of the ADC wavelength conversion is analysed in more 
detail. The simulation was performed for three different amplifier lengths: 1 mm, 4 mm 
and 8 mm UL-SOA. The degradation of the 40 Gbit/s PRBS corresponds to the signal 
shown in Fig. 6.9a. The eye diagrams of the ADC converted data signal behind the three 
amplifiers are depicted in Fig. 6.11. In case of the 1 mm SOA (Fig. 6.11a), the modulation 
depth as well as the fast gain recovery part are relatively weak in order to effectively 
transform the data information into the new wavelength. Due to the slow inter-band 
transitions in the short amplifier, the broadened eye of the converted signal is degraded in 
the extinction ratio and in the timing jitter. Figure 6.11b,c shows the eye diagrams of the 
converted signal behind the 4 mm and 8 mm UL-SOA, respectively. In this case, the 
quality improvement is clearly visible. The timing jitter and amplitude fluctuations are 
effectively suppressed. Although there is only a small difference in the quality of the 
converted signal when comparing the two amplifiers, the distortions at the zero level are 
more reduced and the extinction ratio is more improved behind the 8 mm UL-SOA. This is 
because of stronger gain saturation, resulting in smoothing of the amplitude differences 
between the signals. However, from a practical point of view, the 4 mm UL-SOA seems to 
be a good compromise for further experimental investigations.  
 

 
Fig. 6.11: Eye diagrams of the ADC wavelength converted 40 Gbit/s data signals (degraded 

input data shown in Fig. 6.9a) for different SOA lengths: 1 mm (a), 4 mm (b) and 8 mm (c). 

Pdata = +6 dBm,  λdata = 1550 nm, Pclock = +6.5 dBm,  λclock = 1560 nm, PCW = -4 dBm, λCW 

= 1555 nm, ISOA = 200 mA/mm. 
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6.2.2.2. Impact of the frequency detuned BP-filter 

It has been shown in the section 6.1.3 that the ER of the output signal can be significantly 
improved, when exploiting the processing filter detuned towards longer frequencies 
relative to the CW wavelength.  

In the following simulation, the impact of the trapezoid BP-filter (200 GHz FWHM, 
3 dB/10 GHz steepness) in case of degraded data streams was studied. The average power 
levels of the data signal, clock and CW were set to +6 dBm, +6.5 dBm and –5 dBm before 
injecting into the 4 mm UL-SOA. The detuning between the filter and the CW wavelength 
was continuously varied and the quality of the converted data signal was evaluated by eye 
S-N parameter. This parameter simultaneously captures amplitude fluctuations at marks 
and spaces as well as the extinction ratio of the converted signal (equation in Fig. 6.12b). 
Figure 6.12 summarises the results. It is obvious that the eye S-N of the wavelength-
converted signal is even smaller than the eye S-N of the input degraded PRBS signal, when 
the converted signal do not interact with the steep slope of the concatenated BP-filter. An 
improvement can be seen for detuning larger than 120 GHz. Further frequency detuning 
leads to an improved signal quality behind the ADC-3R regenerator. An eye S-N up to 9 
was evaluated in case of a 160 GHz filter shift. The corresponding eye diagram of the 
converted 40 Gbit/s signal is depicted in Fig. 6.12a. Effective suppression of amplitude 
fluctuations and timing jitter as well as an improved extinction ratio is clearly visible. 
Furthermore, the residual distortions at the zero bit level are significantly reduced when 
comparing to the output signal without additional filter processing (Fig. 6.9b). Thus, the 
combination of the periodically modulated UL-SOA (re-shaping, re-timing function) and 
the steep processing filter (ER improvement, zero equalising) in the ADC-3R architecture 
results in an all-optical 3R regenerative wavelength conversion of degraded 40 Gbit/s 
PRBS RZ signals.  
 

 
Fig. 6.12: Eye diagram of the ADC-converted 40 Gbit/s PRBS signal (4 mm UL-SOA) for a 

160 GHz frequency detuned trapezoid filter (200 GHz FWHM, 3 dB/10 GHz) (a) and the 

eye S-N parameter of the output signal as a function of filter detuning relative to the CW 

wavelength (b). (Degraded input data signal shown in Fig. 6.9a). 
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6.2.3 Clock requirements for the regenerative ADC 

conversion 

In the ADC-3R architecture, the pulse shape and timing stability of the converted data 
signal depends directly on the quality of the periodical clock signal. Hence, basic 
requirements on the clock signal for a regenerative wavelength conversion has to be 
evaluated. In the following, the performance of the ADC-3R regenerator operated in 
degraded 40 Gbit/s PRBS data streams (1550 nm) was numerically analysed for different 
quality of the 40 GHz clock signal (1560 nm). Based on the simulation results, the 
regenerative potential of the ADC-3R comprising a self-pulsating PhaseCOMB-laser can 
be estimated. The typical parameters of the PhaseCOMB-clock are (see Chapter 3): 
ER > 6 dB, RMS-jitter < 650 fs, and FWHM ~ 12.5 ps. In the simulations, a 4 mm UL-
SOA (800 mA bias current) concatenated with a 200 GHz trapezoid BP-filter 
(3 dB/10 GHz steepness) detuned by 160 GHz relative to the CW wavelength (1555 nm) 
was utilised.  

6.2.3.1. Clock extinction ratio 

First, the impact of the extinction ratio of the ideal 40 GHz clock (100 fs RMS-jitter) is 
analysed. In order to define the limits of the ADC regeneration, the clock ER was varied 
from 2 dB up to 10 dB and the corresponding RMS-jitter of the converted PRBS signal 
was evaluated. The RMS-jitter of the degraded data signal was 1680 fs. Figure 6.13b 
summarises the results. The highest RMS-jitter of 1700 fs (2 dB clock ER) corresponds to 
the jitter of the input data signal. In this case, the relatively strong CW component of the 
clock signal saturates the amplifier gain, however the amplitude fluctuations and timing 
jitter are suppressed only partially. Further increase of the clock extinction ratio results in 
jitter improvement of the converted signal. From the simulations follows, the data jitter can 
be reduced down to 400 fs, when the clock ER exceeds 8 dB. It should be noticed that due 
to strong patterning effects of the degraded data signal (Fig. 6.9a), a jitter reduction near to 
an ideal clock signal cannot be achieved even in the case of 10 dB clock ER. Figure 6.13a 
shows the eye diagram of the ADC converted data signal for a clock ER of 3 dB. 
 

 

Fig. 6.13: (a) ADC converted 40 Gbit/s PRBS RZ signal (lower trace) for a clock signal of 

3 dB ER (upper trace), (b) RMS-jitter of the converted data signal as a function of the 

40 GHz clock ER. 
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6.2.3.2. Clock timing stability  

 
The timing jitter of the clock signal is one of the most critical parameter of an optical 3R 
regenerator. In the following, the relation between the clock jitter and the RMS-jitter of the 
ADC converted signal are modelled. The results are summarised in Fig. 6.14b. Although 
the output data jitter remains in the whole range higher than the clock jitter, a faster data 
jitter increase for stronger degraded clock can be observed. The timing fluctuations can be 
halved at the regenerator output when the clock jitter amounts 700 fs. However, no 
regenerative wavelength conversion can be guaranteed, when the clock RMS-jitter exceeds 
900 fs, as it is visible from the eye diagram depicted in Fig. 6.14a.  
 

 

Fig. 6.14: (a) Eye diagrams of the converted 40 Gbit/s PRBS signal (lower trace) for a 

clock RMS-jitter of 900 fs (upper trace), (b) RMS-jitter of the output data signal as a 

function of the clock RMS-jitter in the ADC-3R regenerator.  

 

6.2.3.3. FWHM of the clock pulses 

Finally, the performance of the ADC-3R regenerator was simulated for three different 
pulse widths of the optical clock. First, a periodical signal with short pulses (6.5 ps 
FWHM) was propagated together with the degraded PRBS signal and the CW through the 
4 mm UL-SOA (Fig. 6.15a). The pulses of the converted signal are obviously broadened at 
the regenerator output. This is because of the marks generation in the time slot between 
two clock pulses. However, the SOA gain is not stabilised sufficiently in this case, 
resulting in amplitude fluctuations. Furthermore, additional distortions at the zero level can 
be observed. Figure 6.15b shows the performance of the ADC-3R architecture by applying 
a sinusoidal clock signal. A regenerative wavelength conversion is achieved behind the 
regenerator, as discussed in the previous sections. The third simulation was performed for 
clock pulses with a FWHM of 18.5 ps (Fig. 6.15c). Except for a narrower pulse width, 
there is no difference in the signal quality compared to the previous configuration 
comprising a sinusoidal clock signal. Due to the effective gain saturation and fast XGM 
effects in the long amplifier, the stable periodical signal shapes the distorted data pulses, 
resulting in an effective power equalising and jitter reduction function. Thus, a 
regenerative wavelength conversion can be performed in the ADC-3R regenerator for 
clock signals with sinusoidal or even wider pulse form. 
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Fig. 6.15: Regenerative ADC wavelength conversion of degraded 40 Gbit/s data signal for 

different FWHM of the 40 GHz clock signal: 6.5 ps (a), 12.5 ps (b), and 18.5 ps (c). 

 
In summary, signal degradations due to strong amplitude fluctuations and timing jitter can 
be effectively suppressed behind the ADC-3R regenerator. However, the signal 
interactions induced by XGM effects in ultra-long SOAs lead to distortions at the zero 
level of the converted signal. An improved wavelength conversion was demonstrated when 
increasing the amplifier length (up to 8 mm). Further improvement in the signal quality can 
be obtained when exploiting phase modulation in a concatenated processing filter. Eye S-N 
increase from 2.2 up to 9 has been shown for frequency detuning of 160 GHz between the 
trapezoid filter and the CW wavelength. The optimised 3R architecture provides a 
complete signal regeneration of strongly distorted PRBS signals. Finally, the impact of 
clock features on the ADC-3R regenerative performance was investigated. The RMS-jitter 
of the clock signal was identified as the most critical parameter. An ER ≥ 7dB and FWHM 
≥ 12.5 lead to effective suppression of signal degradations. The simulation results prove 
the suitability of the PhaseCOMB-clock for implementation in the ADC-3R regenerator. 
 

6.3 Experimental analysis of the ADC-3R 

regenerative performance 

In the following experimental investigations, the regenerative performance of the ADC 
architecture operated in 40 Gbit/s PRBS 231-1 RZ degraded data streams was studied. The 
set-up is sketched in Fig. 6.16 (for the complete scheme see Appendix E2). The quality of 
the ideal data signal can be controlled in a degradation unit, enabling intentional signal 
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degradation in the amplitude and time domain (Appendix E3). The distorted PRBS signal 
was injected into the ADC-3R regenerator comprising the PhaseCOMB-clock and the 
4 mm UL-SOA (200 mA/mm bias current) with tuneable Bessel BP-filter (1 nm FWHM). 
The quality of the wavelength-converted signal was analysed by an electrical sampling 
oscilloscope with precision time base and by BER measurements.  

First, the robustness of the ADC-3R is demonstrated. The influence of slow amplitude 
fluctuations and timing jitter (relative data-clock position) is investigated. Furthermore, the 
impact of bit-to-bit data distortions is analysed. The quality of the data signal behind the 
ADC-3R is evaluated for different wavelength combinations of the data, clock and CW 
signal. 
 

 

 

Fig. 6.16: Experimental set-up for performance analysis of the ADC-3R regenerator 

operated in 40 Gbit/s PRBS 2
31

-1 RZ degraded data streams.  

 

6.3.1 Robustness of the ADC-3R scheme against data 

distortions  

The robustness of the ADC-3R regenerator against distortions in the amplitude and time 
domain was experimentally studied. The wavelengths of the data signal, clock and CW 
were set to 1555 nm, 1560 nm and 1550 nm, respectively. First, the impact of slow power 
variations was investigated. The average power level of the PRBS signal was continuously 
increased from –1 dBm up to +5 dBm and the quality of the converted signal was 
monitored using a sampling oscilloscope. During the measurements, the average power 
levels of the 40 GHz clock and of the CW signal were kept fixed at +5 dBm and –2 dBm, 
respectively. Figure 6.17a shows the input signal and the converted signal for two extreme 
cases. The upper diagram corresponds to the low input power (–1 dBm), while in the lower 
diagram the data signal was increased by 6 dB. In both cases, the quality of the converted 
signal remains nearly unchanged. Due to the high gain in the 4 mm UL-SOA, the data 
amplitude saturates to a fixed power level, resulting in a large dynamic range. However, 
slightly improved regeneration can be observed for lower data power (Fig. 6.17a, upper 
diagram). In this case, the dominant clock leads to stable pulse shaping at the ADC-3R 
output. The impact of the continuous data power increase can be clearly noticed in 
Fig. 6.17b. Here, the integration function of the sampling oscilloscope was used. It is 
obvious that the strong amplitude variations of the data signal (upper trace) in an extremely 
wide range (up to 6 dB) influence the eye opening of the converted signal (lower trace) 
only marginally. 
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Fig. 6.17: (a) Eye diagrams of the PRBS 2
31

-1 RZ  signal at the ADC-3R input and behind 

the regenerator for Pdata = -1 dBm (upper diagram) and Pdata = +5 dBm (lower diagram), 

respectively, (b) impact of slow data power variations of 6 dB (upper trace) on the quality 

of the ADC converted signal (lower trace). λdata = 1555 nm,  λclock = 1560 nm, λCW = 

1550 nm, Pclock = +5 dBm, PCW = -2 dBm. 

 
In the following, the impact of timing variations on the quality of the ADC wavelength 
converted signal is demonstrated. The power levels of the data, clock and CW signal in 
front of the 4 mm UL-SOA were set to +3 dBm, +5 dBm and –2 dBm, respectively. First, 
the relative position between the data and clock pulses was delayed exactly half a bit 
period to each other. The data signal was then continuously detuned by ±3 ps from its 
optimum timing position. The measurement results are depicted in Fig. 6.18. From the 
integrated view is clearly visible that the pulse shape of the converted signal (Fig. 6.18b 
lower trace) is not affected by the strong timing shift of the input signal (Fig. 6.18b upper 
trace). This is because the timing position of the converted signal is exclusively defined by 
the stable clock. However, some distortions can be observed in the zero level. The origin of 
these distortions is more obvious from Fig. 6.18a, where the eye diagrams of both signals 
for two extreme detuning positions are depicted. The envelope of the interleaved data-
clock pulses (combined ADC signal) determines the zero level of the converted signal. The 
relative data-clock time shift leads to a short gap between both pulses. Due to fast cross 
gain modulation effects in the ultra-long SOA, the resulted gain variations influence 
amplitude of the co-propagated CW beam. Hence, a small ripple can be noticed in the 
space level of the converted signal. However, it should be noted that the investigation was 
performed for an extremely wide data-clock detuning. In the realistic systems timing 
fluctuations below 3 ps can be expected, demonstrating sufficient robustness of the ADC-
3R against distortions in the time domain.    
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Fig. 6.18: (a) Eye diagrams of the PRBS data signal at the ADC-3R input and behind the 

regenerator for data-clock detuning of +3 ps (upper diagram) and –3 ps (lower diagram), 

respectively, (b) impact of the continuous data time shift in a range of 6 ps (upper trace) on 

the timing stability of the converted signal (lower trace). λdata = 1555 nm,  λclock = 

1560 nm, λCW = 1550 nm, Pdata = +3 dBm, Pclock = +5 dBm, PCW = -2 dBm. 

 

6.3.2 Dynamic power equalisation and jitter reduction 

function  

In the following, the regenerative wavelength conversion of the ADC-3R architecture is 
analysed in strongly degraded 40 Gbit/s PRBS 231-1 RZ data streams. The regenerative 
potential of the proposed scheme for suppression of bit-to-bit amplitude and timing 
fluctuations is demonstrated by eye diagrams and finally by BER measurements. 

6.3.2.1. Bit-to-bit amplitude fluctuations 
 
The high quality 40 Gbit/s PRBS signal was intentionally distorted in the degradation unit 
before injecting into the regenerator (Fig. 6.19a). Due to strong patterning effects, the 
amplitude fluctuations result in an RMS-jitter of around 1100 fs. The wavelength and the 
power levels of the optical signals were set as mentioned previously (λdata = 1555 nm, 
 λclock = 1560 nm, λCW = 1550 nm, Pdata = +3 dBm, Pclock = +5 dBm, PCW = -2 dBm). 
Figure 6.19b depicts the eye diagram of the corresponding ADC converted signal behind 
the regenerator. It is obvious that the amplitude fluctuations are effectively suppressed; the 
timing jitter is reduced down to 578 fs. The eye opening is clearly improved at the ADC-
3R output. It should be noticed that a conventional tuneable 1 nm BP-filter was used 
behind the UL-SOA instead of a properly designed processing filter. Although the filter 
was detuned relatively to the CW wavelength, the small steepness (below 1 dB/10 GHz) 
does not completely suppress the zero distortions. Improved regeneration efficiency can be 
expected when a step-like filter (as shown in the modelling) will be applied. 
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Fig. 6.19: Eye diagram of the strongly degraded 40 Gbit/s PRBS signal (1555 nm, 1100 fs 

RMS-jitter) (a), and the wavelength converted data signal behind the ADC-3R regenerator 

(1550 nm, 578 fs RMS-jitter) (b). Pdata = +3 dBm, Pclock = +5 dBm, PCW = -2 dBm λclock = 

1560 nm. 

 
In the following, the suppression of bit-to-bit amplitude fluctuations in the ADC-3R is 
demonstrated (Fig. 6.20). The upper trace depicts the degraded PRBS pattern of the data 
injected into the regenerator, while the lower trace is related to the pattern of the converted 
signal. Comparing the input and the output pulse traces, the logical inversion behind the 
ADC-3R is clearly visible. The marks are converted to spaces and vice versa. Due to the 
high gain saturation in the UL-SOA, the strong amplitude fluctuations of 2 dB can be 
effectively suppressed to around 0.5 dB at the regenerator output.   
 

 

Fig. 6.20: Equalisation of the bit-to-bit amplitude fluctuations caused by patterning effects. 

Upper trace: input 40 Gbit/s PRBS RZ signal (1555 nm), lower trace: converted data 

signal (1550 nm) behind the ADC-3R regenerator.  

 

6.3.2.2. Wavelength flexibility of the ADC-3R scheme 

The ADC-3R was developed to provide flexible conversion to any wavelength defined by 
the CW signal. Hence, the regenerative performance of the proposed architecture was 
analysed for different wavelength combinations between the data, clock and CW signal. In 
order to quantify the functionality of the regenerator, the RMS-jitter of the converted signal 
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was measured as a function of the input data jitter. The clock wavelength was set to 
1560 nm and 1540 nm, respectively. For each clock wavelength up-conversion (1550 nm 
to 1555 nm) and down-conversion (1555 nm to 1550 nm) was performed. The RMS-jitter 
of the input 40 Gbit/s PRBS RZ signal was varied from 600 fs up to 1390 fs. Figure 6.21 
summarises the results. It is obvious that an effective jitter reduction function was obtained 
for all wavelength combinations. The evolution of the curves is nearly identical up to an 
input RMS-jitter of 900 fs. Further jitter increase leads to more efficient signal conversion 
towards shorter wavelengths (a typical feature for XGM based wavelength converters). 
Due to the stable clock signal (490 fs RMS-jitter), strong timing fluctuations (1300 fs 
RMS-jitter) could be reduced down to an RMS-jitter of 800 fs (up-conversion) and 700 fs 
(down-conversion) behind the ADC-3R regenerator. 
 

 
 

Fig. 6.21: RMS-jitter of the ADC converted 40 Gbit/s PRBS 2
31

-1 RZ data signal as a 

function of the input data RMS-jitter for different wavelength combinations between the 

data, clock and CW signal. 

 

6.3.2.3. BER analysis 

Finally, the regenerative performance of the ADC-3R architecture was investigated by bit 
error ratio measurements. Also here, different wavelength combinations between the 
optical signals were considered. The evaluated BER as a function of received power at the 
bit error detector is shown in Fig. 6.22. The BER of the degraded input signal is depicted 
by filled triangles. It is clearly visible that the BER curves measured for the converted 
signals prove the eye diagram analysis. For all wavelength combinations, a negative 
penalty could be evaluated without any error floor down to a BER of 10-12. An identical 
negative penalty of 2 dB at a BER of 10-9 was obtained for both clock wavelengths when a 
down-conversion (1555 nm to 1550 nm) was performed. In case of the up-conversion 
(1550 nm to 1555 nm), the ADC-3R regenerator shows better performance, when the clock 
wavelength was set to 1540 nm (-1.5 dB at 10-9 BER). Thus, the ADC-3R scheme provides 
a regenerative signal conversion to the shorter as well as to the longer wavelengths. 
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Fig. 6.22: BER curves of the degraded 40 Gbit/s PRBS 2
31

-1 RZ signal (filled triangles) 

and of the converted data signal behind the ADC-3R regenerator for different wavelength 

combinations between the data, clock and CW signal. 

 
In summary, the experimental investigations show robust operation of the ADC-3R 
regenerator. The saturation effects in the ultra-long SOA result in suppression of slow 
power variations in a wide dynamic range up to 6 dB. Due to the dominant impact of the 
clock in the ADC-3R scheme, a stable pulse shape of the converted signal was obtained for 
data detuning in the range of ±3 ps. The regenerative behaviour of the ADC-3R was 
analysed by operation in strongly degraded 40 Gbit/s PRBS 231-1 RZ data streams. 
Patterning effects (up to 2 dB bit-to-bit amplitude fluctuations) were effectively 
suppressed. A jitter reduction from 1300 fs down to 700 fs was demonstrated for different 
wavelength combinations. Finally, BER measurements were performed. A negative 
penalty of 2 dB (down-conversion) and 1.5 dB (up-conversion) was obtained behind the 
ADC-3R regenerator. 
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6.4 Conclusions 

In this chapter, the wavelength converting ‘Alternating Data-Clock’ 3R regenerator 
developed in the frame of this thesis was presented. The ADC-3R is a compact 
semiconductor based architecture that effectively exploits fast inter-band gain dynamics of 
periodically modulated ultra-long SOAs. In contrary to a conventional 3R scheme, the data 
information is encoded to a wavelength defined by a free tuneable CW laser and not by a 
clock signal used for re-timing in the 3R circuit. Hence, flexible wavelength conversion 
within the whole C-band can be performed simply by adjusting the CW source to the ITU 
wavelength.  

In the ADC-3R regenerator, the data pulses and the clock pulses are combined in the ADC 
signal (data and clock balanced in power, bit interleaved to each other) before injecting 
into the UL-SOA. The physical advantage of the ADC wavelength conversion is related to 
the inverse operation of the long SOA. The power level of the ADC signal remains 
constant in case of ‘1’ bits (continuously saturated SOA) and drops down in case of a ‘0’ 
bit, however only within a time slot between two clock pulses. Thus, the slow gain 
recovery effects that follow the PRBS envelope and usually degrade the XGM converted 
signals are eliminated in this scheme. Furthermore, the short recovery time and strong gain 
saturation of the UL-SOAs guarantee that the shape and timing of the output signal are 
defined by quality of the adjacent clock pulses (re-timing and re-shaping function in the 
ADC-3R). The XPM effects in the long amplifiers (frequency chirping) are further 
exploited in a concatenated processing filter for more efficient wavelength conversion. The 
optical filter improves the ER of the converted signals and, at the same time, acts as a 
decision stage for suppression of distortions at the zero power level.  

The ADC-3R regenerator was characterised in 40 Gbit/s PRBS RZ data streams. Based on 
numerical simulations, effective suppression of amplitude fluctuations (from 3 dB down to 
0.2 dB) and timing jitter (from 1680 fs down to 450 fs) of degraded data signals was 
achieved in the regenerator comprising SOA devices longer than 4 mm long and a stable 
sinusoidal clock signal (RMS-jitter < 500 fs). Due to the high frequency chirp generated in 
the UL-SOA (up to 70 GHz), an improvement of ER from 6 dB to 16 dB and of eye S-N 
from 3.5 up to 9 was demonstrated behind the frequency detuned trapezoid BP-filter 
(3 dB/10 GHz steepness). The performance of the ADC-3R scheme was finally proven 
experimentally by eye diagrams and BER measurements. Regenerative wavelength 
conversion of distorted 40 Gbit/s RZ data streams was achieved behind the all-optical 3R 
regenerator for different wavelength combinations (up-conversion, down-conversion). 

The ADC-3R regenerator combines the main features important for operation in realistic 
high-speed optical networks. The flexible tuning of the output wavelength defined by the 
CW source performs signal routing and avoids wavelength collision in the optical 
switching nodes. The compact semiconductor devices can be further monolithically/hybrid 
integrated on a common platform, reducing the footprint and increasing the mechanical 
and thermal stability of the proposed scheme. Furthermore, pulses of a duty cycle close to 
50 % make the ADC-3R suitable for deployment in spectrally efficient DWDM systems. 
As the ADC-3R comprises identical functional components as applied in the wavelength 
preserving OC-3R scheme, adaptive processing of PMD and CD distorted data signals as 
well as operation in asynchronous data packet flows can be performed. 
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7 Summary and outlook 

In the framework of this thesis, two novel all-optical 3R regeneration schemes have been 
developed and evaluated by operation in 40 Gbit/s PRBS RZ data streams. Both 3R 
regenerators apply compact semiconductor devices, exploiting their nonlinearities for fast 
optical signal processing. The first 3R architecture is a wavelength and phase preserving 
regenerator that can act as a 3R regenerative amplifier in long-haul fibre transmission 
links, without necessity of any wavelength monitoring function. The second 3R scheme 
combines signal regeneration with wavelength conversion and has been designed for 
application in an optical switching node. The key functional components of the proposed 
schemes are the all-optical PhaseCOMB-clock and the ultra-long SOA. 

The self-pulsating PhaseCOMB-laser for all-optical clock recovery is a well known device 
developed at FhG-HHI. In this work, the selected modules were characterised at optimised 
operation conditions in 40 Gbit/s data streams. The focus was given on the robustness of 
the optical clock as one of the most important feature for implementation in a 3R 
regeneration scheme. A stable sinusoidal clock signal (RMS-jitter below 500 fs) was 
recovered from PRBS data signals intentionally strongly distorted by reduced OSNR 
(down to 14 dB/0.1 nm) and by timing jitter of up to 1900 fs. Furthermore, the 
performance of the PhaseCOMB-clock was evaluated by processing of short PRBS 
packets. It could be demonstrated that the optical clock synchronises ultra-fast (~3 ns) to 
the incoming data packets and holds the synchronisation for longer than 10 ns. The 
asymmetric locking behaviour of the PhaseCOMB-clock was exploited in the design of the 
proposed 3R schemes for preamble free signal regeneration of asynchronous packet flows. 

The second key functional component is the UL-SOA. Although conventional SOAs have 
been successfully applied in lot of experiments, the impact of device length as a parameter 
for optimising the nonlinearities has not been investigated consequently yet. The according 
studies have been performed in this work for the first time. Ultra-long amplifiers with a 
length between 2 mm and 8 mm were fabricated in the technology of FhG-HHI. The gain 
dynamics of UL-SOAs were studied numerically as well as experimentally using a pump-
probe technique based on XGM wavelength conversion at 10 GHz. It could be 
demonstrated that the impact of ultra-fast (< 1 ps) intra-band effects on total SOA gain 
saturation effectively increases with the device length (by a factor of two in the 2 mm UL-
SOA and even up to 13 times higher in the 8 mm UL-SOA compared to a conventional 
0.5 mm SOA). The effective exploitation of the intra-band XGM proves the high speed 
potential (beyond 160 Gbit/s) of the ultra-long SOAs. 

A very attractive feature identified in this work is related to acceleration of the inter-band 
transitions when increasing the SOA length. Based on the simulation results, the gain 
recovery time constants can be shortened significantly from 80 ps for a 0.5 mm SOA down 
to 10 ps evaluated in the 8 mm UL-SOA. A total gain recovery within 23 ps was 
experimentally measured in the 4 mm amplifier. Thus the 4 mm UL-SOA can be 
effectively exploited for XGM as well as XPM based signal processing even at 40 Gbit/s. 

In the next step, the dynamic behaviour of the UL-SOAs controlled by a dominant 40 GHz 
periodical optical clock signal was analysed. Due to strong saturation effects and fast 
recovery processes in the UL-SOAs, the clock generates a short gain window while 
propagating through the long amplifier. The form of the gain window (FWHM, ER) 
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depends on the power level and pulse width of the clock signal as well as on the length of 
the SOA. Higher clock power and longer SOA device lead to shorter gain window with 
improved contrast ratio. For the 4 mm UL-SOA, gain window narrowing down to 5 ps and 
simultaneously an ER increase up to 16 dB was achieved. The impact of the gain window 
was exploited for re-shaping and re-timing of 40 GHz sinusoidal signals, intentionally 
degraded by timing fluctuations. In this case, the weak jittered signal was delayed by half a 
period relative to the dominant clock in order to propagate through the long amplifier 
within the gain window. Effective RMS-jitter reduction from 1400 fs down to 300 fs was 
demonstrated behind the periodically modulated 4 mm UL-SOA. 

The novel technique based on periodical modulation of the ultra-long SOAs was 
successfully exploited in both 3R architectures developed in frame of this thesis, the 
‘Optically Clocked’ 3R regenerator (OC-3R) and the ‘Alternating Data-Clock’ 3R 
regenerator (ADC-3R)  

In the OC-3R regenerator, the signal quality improvement is performed simply by carving 
(jitter reduction) of the degraded data pulses in a periodically modulated UL-SOA that 
operates in highly saturated regime (power equalising). Hence, the wavelength and phase 
of the data signal remain preserved during the signal processing. In order to exploit the 
regenerative impact of the gain window, the weak data signal has to be injected into the 
UL-SOA bit interleaved to the dominant clock. The performance of the OC-3R scheme 
was characterised and optimised by operation in degraded 40 Gbit/s PRBS 231-1 RZ data 
streams. Based on the numerical studies, an effective regeneration can be achieved in the 
OC-3R comprising an UL-SOA with a length of at least 4 mm and a stable sinusoidal clock 
signal with RMS-jitter below 600 fs. It was demonstrated that the reduced extinction ratio 
of the input data signal could be preserved behind the OC-3R regenerator. ER 
improvement as well as distortions elimination at the zero power level can be further 
achieved in an optically clocked saturable absorber. 

Experimental investigations have proven the regenerative functionality of the OC-3R 
scheme. Suppression of bit-to-bit amplitude fluctuations from 2 dB down to 0.5 dB and of 
the RMS-jitter from 1300 fs down to 600 fs was obtained for different data-clock 
wavelength combinations. A negative penalty of 2 dB (BER of 10-9) was achieved for the 
regenerated 40 Gbit/s data signal behind the OC-3R. Based on the performed 
investigations, in the optimised configuration the dominant clock signal should be located 
near to the gain maximum of the UL-SOA, while the data wavelength can be flexibly tuned 
in the whole C-band. The OC-3R regenerator was successfully applied in several system 
experiments. An adaptive PMD compensation within a range from 0 ps up to 10.2 ps was 
demonstrated. Furthermore, pulse broadening and amplitude fluctuations due to residual 
chromatic dispersion of 34 ps/nm were effectively suppressed behind the optical 
regenerator. The asymmetric locking performance of the PhaseCOMB-clock was exploited 
in the OC-3R regenerator for preamble free processing of 40 Gbit/s packet data streams 
without loss of any bits.  

In the second 3R scheme proposed in this work, the ADC-3R, simultaneous signal 
regeneration and wavelength conversion is performed. The operation principle is based on 
XGM and XPM interactions between the combined ADC signal and CW signal when 
propagating through the ultra-long amplifier. The combined ADC signal comprises the 
data and clock signal, which are delayed by half a bit period relative to each other and 
balanced in power. Thus, the converted data pulses are generated at the CW wavelength in 
the time slots between two stable clock pulses, resulting in re-timing and re-shaping 
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function of the novel 3R scheme. Furthermore, processing filter with a step-like transfer 
characteristic exploits the frequency chirping of the converted signals induced by the UL-
SOA for improved efficiency of the ADC wavelength conversion. The ADC-3R 
regenerator was designed and characterised for processing of 40 Gbit/s PRBS 231-1 RZ 
data streams. Based on numerical simulations, suppression of strong amplitude fluctuations 
(from 3 dB down to 0.2 dB) and RMS-jitter (from 1680 fs down to 450 fs) was obtained 
behind the ADC-3R comprising a 4 mm UL-SOA. A converted data signals with improved 
ER (from 6 dB up to 16 dB) and eye S-N (from 3.5 up to 9) was obtained after applying a 
trapezoid BP-filter (3 dB/10 GHz steepness), detuned towards longer frequencies relative 
to the CW wavelength. The regenerative behaviour of the proposed 3R scheme was proven 
by experimental analysis. Effective suppression of slow variations in amplitude (up to 
6 dB) and time (±3 ps) was demonstrated behind the ADC-3R regenerator. Furthermore, a 
negative penalty of 2 dB (down-conversion) and 1.5 dB (up-conversion) was measured at 
BER 10-9 for the ADC wavelength converted 40 Gbit/s data signals.  

Both optical 3R regeneration schemes developed in frame of this thesis provide attractive 
features for implementation in realistic 40 Gbit/s transmission systems. The deployment of 
the OC-3R as an inline 3R regenerative amplifier can effectively improve the maximum 
transmission distances of long-haul fibre links. The ADC-3R regenerator can additionally 
perform signal routing and avoid wavelength collision in optical switching nodes of future 
transparent optical networks. Both schemes have been optimised for processing of RZ 
pulses of around 50 % duty cycle, which is an advantage when considering DWDM 
systems with high spectral efficiency. Furthermore, high nonlinearities at moderate power 
levels of the compact semiconductor devices guarantee cost effective operation as well as 
combine mechanical and thermal stability with integration possibility of the all-optical 
schemes on a common motherboard.  

In outlook, the characteristics of the functional components can be subsequently optimised 
for improved performance of the proposed 3R architectures. Reducing the losses of the 
fibre-chip coupling in the UL-SOA (e.g. by integrated tapers) and shifting the gain 
maximum close to 1550 nm will contribute to higher efficiency and wider spectral usage of 
the exploited nonlinear effects. Based on the simulation results, an optically clocked 
saturable absorber can provide better robustness of the OC-3R regenerator against 
distortions at the space level. Furthermore, a specially designed processing filter with a 
steep (step-like) transmission characteristic can improve the wavelength conversion in the 
ADC-3R scheme. It has been shown that the PhaseCOMB-clock as well as the gain 
dynamics of the UL-SOAs (intra-band effects) provide high modulation bandwidth. Hence, 
ultra-fast processing of PRBS data streams at bit rates up to 160 Gbit/s can be 
fundamentally performed in the proposed 3R regeneration schemes. Finally, assembly and 
integration of the 3R circuits in compact line-cards will accomplish the requirements for a 
practicable solution in the reconfigurable all-optical DWDM networks.  
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8 Appendix 

 

A Parameters of the SOA devices applied in 

  the experimental investigations 

 
 
 0.5 mm SOA (AVT StdA-V3.0-040/05) 

Parameter Value Unit 
Device Chip Length 0.5e -03 m 
Spontaneous Emission Peak Wavelength 1542e -09 m 
Active Region Width 0.9e -06 m 
Active Region Thickness 0.2e -06 m 
Polarisation Dependent Gain < 0.6 dB 
Fibre-to-Fibre Maximum Gain 11.0 dB 
Saturation Output Power 5.0 dBm 

 
 
 2 mm UL-SOA (AVT 110/04_GS) 

Parameter Value Unit 
Device Chip Length 2.0e -03 m 
Spontaneous Emission Peak Wavelength 1561e -09 m 
Active Region Width 0.9e -06 m 
Active Region Thickness 0.2e -06 m 
Polarisation Dependent Gain < 4.0 dB 
Fibre-to-Fibre Maximum Gain 19.0 dB 
Saturation Output Power 9.0 dBm 

 
 

 4 mm UL-SOA (AVT 106/03_Eh) 

Parameter Value Unit 
Device Chip Length 4.0e -03 m 
Spontaneous Emission Peak Wavelength 1567e -09 m 
Active Region Width 0.9e -06 m 
Active Region Thickness 0.2e -06 m 
Polarisation Dependent Gain < 4.0 dB 
Fibre-to-Fibre Maximum Gain 11.0 dB 
Saturation Output Power 7.0 dBm 
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B Transmission-Line Laser Model used for 

    simulation of the SOA gain dynamics 
 
 

 
B1: Schematic of a semiconductor laser and its Transmission-Line Laser Model (TLLM), 

showing a node within a model section [172]. 

 

The analysis of semiconductor optical amplifiers using VPIcomponentMaker™ simulation 
tool is based on the Transmission-Line Laser Model (TLLM). In this model, the laser is 
divided into longitudinal sections, as shown in Figure B1. Each section contains scattering 
nodes representing the gain (stimulated emission), loss (scattering and absorption), noise 
(spontaneous emission), grating coupling, and index changes that optical waves experience 
while passing through the section. The nodes of adjacent sections are connected by 
transmission-lines, which represent the waveguide-propagation delay. The output of the 
model is a stream of optical field samples separated by the model time step. The optical 
spectrum can be easily calculated by taking a Fourier transform of the samples. Thus, the 
TLLM allows the full dynamics of semiconductor lasers to be efficiently simulated, 
including the spectral dynamics. The TLLM model is able to predict: 

• Nonlinearities during analogue modulation 

• Evolution of lasing spectra during modulation 

• CW spectra performance and purity (multi-mode, single-mode, noise floors) 

• Optical noise (intensity noise spectra, Amplified Spontaneous Emission) 

• RF noise (Relative Intensity Noise, excess noise due to feedback, chaos) 

• Effect of external optical components, optical injection 

• Modulation response (IM, FM, magnitude and phase) 

 

The parameters of the SOA model used for the numerical investigations in this work were 
compared and adapted to the typical behaviour of the devices fabricated at FhG-HHI. The 
main values are listed in Tab. B2.  
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 Parameter Value Unit 
Active region width  0.9e-06 m 
Active region thickness 0.2e-06 m 
Confinement factor 0.3  
Group effective index 3.7  
Left facet reflectivity 1.0e-04  
Right facet reflectivity 1.0e-04  
Optical coupling efficiency 1.0  
Fixed internal loss 4000 1/m 
Differential refractive index -1.11e-26 m^3 
Chirp reference carrier density 2.3e+24 1/m 
Current injection efficiency 1.0  
Linear recombination coeff. 1.0e+08 1/s 
Bimolecular recombination coeff. 1.0e-16 m^3/s 
Auger recombination coeff. 1.0e-41 m^6/s 
Linear material gain coeff. 3.0e-20 m^2 
Transparency carrier density 1.5e+24 1/m^3 
Nonlinear gain coefficient 1.0e-23 1/m^3 
Nonlinear gain time constant 200e-15 s 
Gain peak frequency 0.0 Hz 
Gain peak freq. carrier dependence 0.0 Hz*m^3 
Gain coefficient spectral width 1.0e+15 Hz 
Gain coef. spectral width carrier depend. 0.0 Hz*m^3 
Population inversion parameter 2  
Spontaneous emission peak frequency 0.0 Hz 
Spont. emission freq. carrier dependence 0.0 Hz*m^3 
Spont. emission spectral width 1.0e+15 Hz 
Spont. emission spect. width carrier dep. 0.0 Hz*m^3 
Initial carrier density 1.0e+24 1/m^3 

 
 B2: Parameter values used in the SOA model for numerical investigations. 
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C ASE spectra of the SOA devices fabricated 

  at FhG-HHI 
 
 
 
 

 
C1: ASE spectra of the SOA devices applied in the experimental investigations referred in 

this work (ISOA = 200 mA/mm). 
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D Waveform characterisation using Agilent  

   86100B Infiniium DCA 
 
The Agilent 86100B Infiniium DCA wide-bandwidth oscilloscope was used in the 
experimental investigations for characterisation of the optical waveforms. An automatic 
measurement of the timing jitter and eye signal-to-noise ratio (eye S/N) was exploited, in 
order to quantify the quality of the 40 Gbit/s data signals. In the following, the definition of 
both parameters is given [173]. 

 

Jitter: RMS and Peak-to-peak 

The timing jitter is a measure of the instability of a signal from its ideal time position. In an 
RZ signal, jitter is manifested as a broadening in both the rising and falling edges of the 
eye. To characterise the jitter, histograms are constructed on the first edge from the left of 
the screen. The peak-to-peak jitter is determined by finding the difference between the 
extreme data points of the histogram. The RMS jitter is determined by calculating the 
standard deviation σ of the histogram (Fig. D1).  
 

 
D1: Eye diagram of an RZ signal indicating measurement of the peak-to-peak jitter and 

RMS-jitter. 

 
Eye signal-to-noise ratio 

The eye S/N parameter is a measure of the actual eye opening. The “signal” is the 
information power of the signal indicated by the difference between the ‘1’ and ‘0’ level, 
The “noise” is the combined standard deviations of the ‘1’level spread and the ‘0’ level 
spread (Fig. D2). The measurement is constructed as: (1 level – 0 level)/(σ1 + σ0) 
 

 
D2: Eye diagram of an RZ signal indicating measurement of the eye signal-to-ratio 

parameter (eye S/N). 
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E Experimental set-ups 

 
 
 

 
E1: Experimental set-up for performance analysis of the OC-3R regenerator.  

 
 
 
 
 
 

 
E2: Experimental set-up for performance analysis of the ADC-3R regenerator.  
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E3: Set-up of the degradation unit enabling intentional inducing of different types of 

distortions (D1, D2, D3) into the 40 Gbit/s PRBS RZ data signal.  

D1 – addition of timing jitter to the 40 GHz el. clock signal used for pulse carving.  

D2 – degradation of the data OSNR by strong signal attenuation and re-amplification. 

D3 – generation of bit-to-bit amplitude fluctuations caused by patterning effects in SOA. 

 
 
 
 
 
 

 
E4: Set-up of the bit error ratio receiver indicating the location of the evaluated received 

power for the BER estimation.  
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F List of Abbreviations and Symbols 

 

 
3R re-amplification, re-timing, re-shaping 
ADC-3R alternating data-clock 3R 
AFL active feedback laser 
AM amplitude modulation 
AR anti reflection 
ASE amplified spontaneous emission 
ATT attenuator 
BER bit error ratio 
BP band-pass 
CD chromatic dispersion 
CW continuous wave 
DC direct current 
DCF dispersion compensating fibre 
DEMUX demultiplexer 
DFB distributed feedback laser 
DGD differential group delay 
DI delayed interferometer 
DQS dispersive Q-switching 
DSF dispersion shifted fibre 
DWDM dense wavelength division multiplexing 
EAM electro-absorption modulator 
ECL external cavity laser 
EDFA erbium doped fibre amplifier 
ER extinction ratio 
ESA electrical spectrum analyser 
FP Fabry-Pérot 
FSR free spectral range 
FWHM full width at half of maximum 
FWM four wave mixing 
GVD group velocity delay 
IFWM intra-channel FWM 
IXPM intra-channel XPM 
KFL Kerr fibre modulator 
MLL mode locked laser 
MLLD mode locked laser diode 
MOD modulator 
MOVPE metalorganic vapour phase epitaxy 
MQW multi quantum well 
MUX multiplexer 
MZI Mach-Zehnder interferometer 
NOLM nonlinear optical loop mirror 
NRZ non return-to-zero 
OC-3R optically clocked 3R 
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O/E optical/electrical 
OPLL optical phase locked loop 
OSA optical spectrum analyser 
OTDM optical time division multiplexing 
OXC optical cross-connect 
PhaseCOMB phase controlled mode beating 
PIC photonic integrated circuit 
PM power monitor 
PMD polarisation mode dispersion 
PMF polarization maintaining fibre 
PRBS pseudo-random bit sequence 
RF radio frequency 
RMS root mean square 
RW ridge waveguide 
RZ return-to-zero 
SA saturable absorber 
SDH synchronous digital hierarchy 
SI Sagnac interferometer 
SLALOM Semiconductor laser amplifier in a loop mirror 
SOA semiconductor optical amplifier 
SONET synchronous optical network 
SP self-pulsation 
SPM self-phase modulation 
SSB single side band 
SMF single mode fibre 
TE transverse electrical 
TM transverse magnetical 
TOAD terahertz optical asymmetric demultiplexer 
UL-SOA ultra-long semiconductor optical amplifier 
UNI ultrafast nonlinear interferometer 
VCO voltage controlled oscillator  
WDM wavelength division multiplexing 
XGM cross gain modulation 
XPM cross phase modulation 
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