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Preface

Technological innovations in single mode optical fibers and semiconductor
devices, advance the research in the field of optical communications. Millions
of kilometers of single mode fibers have been deployed throughout the
world. The exponential growth of the internet traffic, voice communication
and video-on-demand services require more and more network capacity.

It is expected that the totally available bandwidth of single mode fibers, will
be exploited by new technologies operating in time division multiplexing
(TDM), wavelength division multiplexing (WDM) and orthogonal frequency
division multiplexing (OFDM). In recent years, we have witnessed the
introduction of many new technologies for optical transmission, helping to
expand the capacity of global telecommunication networks.

In order to achieve a spectrally efficient high capacity transmission, many
advanced all-optical signal processing functions have to be realized, such as
all-optical switching, wavelength conversion, logic gates, flip-flop memories,
the use of different modulation formats, signal regeneration, etc.

All-optical signal processing functions are usually implemented by exploiting
nonlinear optical effects in a device. In all-optical signal processing systems,
which aim at applications in telecommunication networks, the nonlinearities
are mainly based on optical fibers, semiconductor materials (InGaAsP/GaAs)
and solid-state crystals, such as lithium niobate (LiNbOs). The semiconductor
material is attractive in all-optical signal processing systems, especially in
semiconductor optical amplifier (SOA) based devices. SOAs have several
striking advantages: First, the optical power of the input signal can be low
due to inherent amplification in the device, leading to high power efficiency.
Second, the device dimensions are small compared to devices based on other
materials, and third they have the potential to be integrated with other
photonic devices. SOAs can be integrated monolithically with laser diodes,
optical modulators, photodiodes and passive waveguides including multi-
mode-interference couplers. Integrated devices can provide more complex
functionalities, for example all-optical wavelength converters, all-optical
switches, wavelength and signal regenerators. Lastly, the wide gain
bandwidth and the flexible choice of operation wavelengths are another
attractive feature offered by SOAs.

A drawback of SOA-based signal processing systems limiting the maximum
usable bit rate is the long carrier recovery time of the SOA device which leads
to a significant patterning effect in the signal. This challenge can be met by
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Preface

optical filtering schemes, allowing to achieve high operation bit rates
resulting in patterning-free (error-free and pattern independent) output
signals.

In transparent optical networks, wavelength blocking can occur when two
signals at identical wavelengths need to be transmitted in the same fiber.
Wavelength conversion helps changing the wavelength of one of the two
signals. SOA-based wavelength and modulation format converters utilize
optical filtering techniques on the converted signal. This method can be
systematically employed when — based on the knowledge of the full refractive
index dynamics — it is possible to assign different spectral components of the
probe light to certain physical effects in the SOA.

In this thesis several solutions to the challenges of wavelength conversion at
high bit rates, signal quality improvement, and modulation format conversion
are described and experimentally investigated. For instance, an experiment
based on a single SOA followed by a filter for patterning-free wavelength
conversion at 40 Gbit/s with simultaneous change of return-to-zero (RZ) to
vestigial sideband (VSB) and carrier-suppressed-return-to-zero (CSRZ)
modulation formats, and its regenerative properties has been realized.
Advanced modulation formats, especially VSB and CSRZ, show good tolerance
to linear and nonlinear impairments that accumulate along fiber-optic
transmission lines. These formats are good candidates for ultra-long-haul
transmission since they offer the possibility to make better use of the spectral
bandwidth of the fiber, allowing to reduce the channel spacing and to
increase therefore the transmission capacity. Also, the inter-symbol
interference (ISI) is reduced due to a progressive phase shift (PPS) for both
VSB (PPS=7/2) and CSRZ (PPS= x ) formats.

This thesis is organized as follows:

In chapter 1 provides a short overview on nonlinear parametric and non-
parametric processes in nonlinear materials.

Chapter 2 presents the gain and the refractive index nonlinearities in the
SOA.

Chapter 3 describes the physical effects in an SOA arising from its interaction
with short optical pulses. The resulting time evolution of the SOA gain and
refractive index is depicted.

Chapter 4 focuses on the analysis of the spectral signature of nonlinear
effects in an SOA. Starting with an analytical model of the gain and refractive
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index dynamics, one aims to fit calculated spectra to measured ones for the
output pump pulse and for the probe light. Besides describing the known
SOA gain-saturating mechanisms, the model introduces for the first time a
delayed absorption effect, termed as two-photon induced free carrier
absorption. This effect was indicated from a frequency resolved electro-
absorption gating (FREAG) modulator measurement on an output pump
pulse. The nonlinearity parameters of the model have been determined by
fitting the calculated spectra for the output pump and probe signals to the
measured spectra. We have further investigated the dependency of the
pump and the probe light spectra with respect to the operating parameters in
order to optimally apply the optical filtering for selecting or suppressing
certain spectral components. We make use of this spectral shaping in
subsequent chapters. We conclude 4 by showing how optical filtering serves
to establish the operating parameters in logic gates.

In chapter 5, SOA-based wavelength conversion and regeneration using
optical filtering techniques are presented. We examine the changes in gain
and refractive index of the SOA, and the polarization-rotation and the chirp
(the time dependence of the instantaneous frequency) of the probe light due
to incomplete carrier recovery between consecutive mark bits in saturated
SOAs. Conversion techniques based upon above-mentioned changes are then
reported. We have used optical filtering techniques suitably designed for the
chirp dynamics of the probe light. Since the red chirp is decreasing and the
blue one is increasing with a growing degree of saturation of the SOA, the
wavelength converted signal after the amplifier can be considerably improved
by a filter of appropriate shape. Based upon the frequency-to-amplitude
conversion on the filter slope, we have obtained a patterning-free converted
non-inverted signal at 40 Gbit/s with a red-shifted optical filter (RSOF). By
using a specially designed filter system, named pulse reformatting optical
filter (PROF), we were able to get a converted non-inverted signal as a
superposition of a red-shifted and a blue-shifted spectral component having
a complementary patterning effect on the different spectral signal
components.

Chapter 6 deals with the generation of certain modulation formats after the
SOA and the filter. In this case, the filter after the SOA has to re-invert the
converted signal to mitigate the patterning effect, and to improve the signal
quality besides generating a suitable format. Starting with a 33% RZ data
signal and using different filter systems, the conversion of RZ to VSB and RZ to
CSRZ modulation formats for the wavelength converted optical signal have
been realized.

Vii
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In Appendix A the temporal effects between pulse dynamics on the one side
and refractive index dynamics and SOA gain on the other side are analyzed.
Appendix B is devoted to the calculation of integrals being relevant for the
developed analytical model. The subsequent appendix, Appendix C, contains
a short overview on the degenerated and nondegenerated two-photon
absorption coefficients.
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Vorwort (German preface)

Technologische  Innovationen in  Einmoden-Lichtwellenleitern  und
Halbleiterbauteilen fordern die Forschung auf dem Gebiet der optischen
Kommunikation. Millionen von Kilometern von Einmodenfasern sind
heutzutage bereits verlegt und werden fir Datenkommunikation genutzt. Das
exponentielle Wachstum von Internetverkehr, Sprachibertragung und Video-
on-Demand-Diensten erfordert mehr und mehr Netzwerkkapazitat.

Es wird erwartet, dass die verfligbare Gesamtbandbreite von Einmodenfasern
von neuen Technologien im Zeitmultiplex (TDM), im Wellenlangenmultiplex
(WDM) und Orthogonal Frequency Division Multiplexing (OFDM) Verfahren
immer effizienter ausgenutzt wird. In den letzten Jahren hat man die
Einfihrung vieler neuer Technologien fir die optische Ubertragung
beobachten kdonnen, bei der die Kapazitdt des globalen Telekommunikations-
netzes enorm erweitert wurde.

Um eine spektral-effiziente Ubertragung bei hoher Datenkapazitat zu
erreichen, mussen fortschrittliche, voll-optische Signalverarbeitungs-
funktionen umgesetzt werden, wie z.B. Schaltfunktionen, Wellenldangen-
konverter, Logikgatter, Flip-Flop-Speicher,  Signalregeneratoren  und
Modulationskonverter.

Voll-optische Signalverarbeitungsfunktionen werden in der Regel durch
Ausnutzung nichtlinearer optischer Effekte, die in einem Halbleiterbauteil
auftreten, umgesetzt. In voll-optischen Signalverarbeitungssystemen, die auf
Anwendungen in Telekommunikationsnetzwerken zielen, werden nichtlineare
Effekte  hauptsachlich in  optischen  Fasern, Halbleitermaterialien
(InGaAsP/GaAs) und Festkorper-Kristallen, wie Lithiumniobat (LiNbO3),
genutzt. Halbleitermaterialien sind vorteilhaft fir die Nutzung in voll-
optischen  Signalverarbeitungssystemen, insbesondere fir optische
Halbleiterverstarker (SOA). SOAs haben mehrere markante Vorteile: Erstens
kann die optische Leistung des Eingangssignals aufgrund der inhadrenten
Verstarkung im Bauteil niedrig sein, was zu hoher Energieeffizienz flhrt.
Zweitens sind die Abmessungen des SOAs klein, im Vergleich zu Bauteilen auf
der Basis anderer Materialien, und drittens kdénnen SOAs mit anderen
photonischen Bauelementen integriert werden. SOAs kdnnen monolithisch
mit Laserdioden, optischen Modulatoren, Photodioden und passiven
Wellenleitern, einschlieBlich Multimoden-Interferenz-Kopplern integriert
werden. Integrierte Bauelemente koénnen komplexere Funktionalitdten
bereitstellen, wie beispielsweise voll-optische Wellenldngenumsetzer, voll-
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optische Schalter, sowie Signalregeneratoren. SchliefRlich ist die grolRe
Verstarkungsbandbreite und die flexible Wahl der Wellenldnge eine weitere
attraktive Eigenschaft von SOAs.

Ein Nachteil der SOA-basierten Signalverarbeitungssysteme ist die lange
Erholungszeit der Ladungstrager. Dieser Effekt, der zu einer signifikanten
Bitmusterabhangigkeit (Patterning) im Signal fihrt, begrenzt die maximal
nutzbare Bitrate. Eine Minderung des Patterning-Effekts von SOAs bei hohen
Bitraten kann durch optische Filtersysteme erzielt werden.

Zwei Signale gleicher Wellenldnge, die durch dieselbe optische Glasfaser
transmittiert werden, kénnen sich gegenseitig blockieren. Eine Blockierung
kann verhindert werden, wenn durch eine Wellenldngenkonversion eine der
beiden Wellenldangen gedndert wird. Eine SOA-basierte Wellenldngen-
konversion beruht auf der Gewinn- und Brechzahldanderung des aktiven
Materials des optischen Halbleiterverstarkers. Wahrend der Wechselwirkung
mit dem Lichtimpuls finden eine Vielzahl dynamischer Prozesse im Verstarker
statt. Die nichtlinearen Inter- und Intraband-Prozesse beeinflussen sowohl
den Pump-Lichtimpuls als auch die optische Probe-Welle, die beide
gleichzeitig durch den Verstarker propagieren. Dabei werden Veranderungen
der Amplitude, Phase und Frequenz des Probe-Licht bei der Wellenléangen-
konversion genutzt.

Zusatzlich lassen sich optische Wellenlangenumsetzer auch zur Konvertierung
des Modulationsformats und zur Signalregeneration nutzen. Beide Vorteile
lassen sich durch eine geeignete optische Filterung des wellenldngen-
konvertierten Signals erreichen. Da sich die optimalen Filtereigenschaften aus
dem Spektrum des wellenlangenkonvertierten Signals ergeben, ist —
basierend auf der Kenntnis der Gewinn- und Brechzahldynamik — eine
Zuordnung der spektralen Komponenten zu physikalischen Effekten im SOA
moglich.

Die vorliegende Arbeit befasst sich mit den grundlegenden Eigenschaften von
nichtlinearen Effekten in SOAs. Dabei werden sowohl die Gewinn- und
Brechzahlmodulation, als auch die spektralen Bestandteile des Ausgangs-
signals identifiziert und den physikalischen Effekten zugeordnet.

In dieser Dissertation werden Methoden der Wellenlangen- und
Modulationsformatkonversion bei hoéheren Bitraten beschrieben und
experimentell untersucht.

Mit den gewonnenen Erkenntnissen kann auch die Signalqualitat verbessert
werden, wozu ein Experiment erldutert wird, bei dem ein Filter fir eine
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bitmusterunabhangige Wellenlangenkonversion mit gleichzeitigem Wechsel
des Modulationsformats von return-to-zero (RZ) zu vestigial sideband (VSB)
und von RZ zu carrier-suppressed-return-to-zero (CSRZ) verwendet wird.

Fortgeschrittene Modulationsformate, wie VSB und CSRZ, zeigen eine gute
Toleranz gegeniber linearen und nichtlinearen Beeintrachtigungen, die
entlang der optischen Ubertragungsstrecke auftreten kénnen. Durch die
progressive Phasenverschiebung von z/2 und 7 fur VSB bzw. CSRZ Formate,
wird die Intersymbol-Interferenz (ISI) reduziert. Da VSB zudem eine hohe
spektrale Effizienz besitzt, ist dieses Format fir transparente Netzwerke
geeignet.

Die Dissertation ist wie folgt strukturiert:

Kapitel 1 enthalt eine kurze Einleitung zu den linearen und nichtlinearen
optischen Prozessen.

In Kapitel 2 werden der Gewinnkoeffizient und die nichtlineare Brechzahl im
Halbleiterverstarker eingefthrt.

Die dynamischen Prozesse wdhrend der Wechselwirkung zwischen
Lichtimpuls und Verstarker und die daraus resultierenden Nichtlinearitaten
werden im Kapitel 3 analysiert. Zeitabhangige Anderungen des Gewinn-
koeffizienten und der Brechzahl spiegeln sich in den optischen Pump- und
Probe-Spektren wieder.

Kapitel 4 stellt gemessene und berechnete optische Spektren vor. Mit Hilfe
eines analytischen Modells fir Gewinn- und Phasenmodulation werden die
Entstehung und die Dynamik der Spektralkomponenten erklart. Dabei wird
jeder Spektralkomponente des wellenlangenkonvertierten Probe-Lichts ein
bestimmter Effekt zugeschrieben. Diese grundlegende Erkenntnis bestimmt
daher sowohl den, flr eine geeignete Wellenldangen-Konversion optimalen,
optischen Filter als auch die passenden Signal-Leistungen und den Injektions-
strom.

Kapitel 5 gibt einen Uberblick tber die verschiedenen Aufbauten der auf
optischer Filterung basierenden Wellenldngen-Konverter, mit dem Ziel einer
Minderung des Patterning-Effekts im Ausgangssignal.

Experimentelle Aufbauten fur Wellenldngen- und Modulationsformat-
Konverter werden im Kapitel 6 vorgestellt.

Die Dynamik der infolge der Wechselwirkung des Pumppulses mit dem SOA
auftretenden Nichtlinearitaten werden in Appendix A erlautert.

Xi
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In Appendix B wird die Durchfiihrung der fir das Modell erforderlichen
Integrale beschrieben.

Die Beschreibung der Zwei-Photonen-Uberginge, in denen das absorbierte
Photonenpaar von beiden Lichtquellen, Pump- und Probe-Licht, stammt,
nimmt eine besondere Rolle im analytischen Modell von Kapitel 4 an. Diese
sogenannte  nicht-degenerierte  Zwei-Photonen-Absorption und  der
einfachere Fall von Absorption, degenerierter (d.h. identischer) Photonen,
werden in Appendix C ausfuhrlich erklart.

Xii



1 Linear and nonlinear optics

The underlying cause of all linear and nonlinear optical effects is the
interaction of electromagnetic radiation with matter (an insulator or a
semiconductor) and the response of matter to the radiation. The response of
matter provides information about the reaction of the material system and its
physical characteristics. In Fig. 1.1 an optical input beam, light beam 1, enters
the material and interacts with it. The optical output beam, light beam 2,
carries information about the changes in optical properties of the material.

Light beam 1 Light beam 2
> Material >

Fig. 1.1.  Interaction of light with matter.

By considering the “degree of alteration” of the material after the interaction
with the radiation, the optical processes are classified into linear and
nonlinear ones [1, 2].

We describe the response of the material to the electric field by the
polarization vector IS(X, y,z,t). We assume a spatially local response to the
field and omit in the following the spatial coordinates. The relation between
the components P,(t) of the electric polarization vector and the
components E; (t) of the electric field can be represented by the Volterra

series [3]

o © ©

R(t):goNZ‘Ij...j 2 (et )E, (11, (t—t, )dt..dty , (1.1)
with &, :8.854l9><10’12As/ng) being the electric permittivity of the
vacuum. The functions Ii(h-)ujN (t,...ty) form the components of a
symmetric tensor of rank N +1, are fully symmetric in the time variables
t.,....,ty, and are called influence functions of order N . The indices
i, jj,..., Jy take on the values 1,2,3. We adopt the Einstein summation
convention over repeated indices. Causality states that the effect cannot
precede the cause. This implies that ;(.(;")ﬂjN (tl,...,tN) vanishes for at least

I
one negative time argument.



Linear and nonlinear optics

1.1 Linear optics

The effect of a weak light beam on a transparent material leads to the
formation of dipoles in the material which oscillate at the same frequency as
the incident light. An electromagnetic field (light beam 2) will be reemitted by
a linear material as long as light beam 1 influences the material. Light beam 2
might be identical to light beam 1 for linear transparent material, or
attenuated through absorption with a constant absorption coefficient, if the
light frequency is near the medium resonance.

The dominant contribution in Eq. (1.1), P; (t), is due to the term linear in the
components of the electric field,

P.(t)= goj;(,“’ J(t-t)dt, (1.2)

where we already made use of the causality principle. Upon Fourier-
transforming both sides of Eq. (1.2) the linear polarization becomes

Ri(@ =4 (o) E (@), (13)

where P, (@), z(®) and E (@) are the Fourier transforms of P, (t),

25 (t) and E (t), respectively. The components ;( () defined by

7 (@ J exp o) 7 (1) 8t = [exp(-jot) £ (), (1.4)
0

also form a symmetric tensor of rank 2, called the linear susceptibility tensor.
Being the Fourier transform of a real-valued function, ;(i(})(a)) fulfills the
relation B

(@)= 15 (o). (1.5)

The second equality in Eq. (1.4) follows from the causality of the polarization
response and allows, together with Eq.(1.5), to connect the real and
imaginary parts of ;(,(})( ) by the Kramers-Kronig relations. As a
consequence, real and imaginary parts of the linear complex susceptibility
cannot be chosen independently for all positive values of the angular

frequency @ .



Linear and nonlinear optics

In non-transparent materials resonant excitations of dipoles occur. As a
consequence, one might detect absorption and/or emission of light. For
isotropic media, Z., ' (@) reduces to a single complex scalar ;((1)( ). One
can relate the linear susceptibility ;( ( ) with the complex-valued dielectric
constant g by Fourier- transforming the relation between electric
displacement and electric field

D, (@) = 5,E (@) +P (@)= &¢ (0)E (0), &(0)=1+4"(»). (1.6)

Here D, () is the Fourier-transform of the i -th component of the electric
displacement vector. The complex refractive index g(a)) is defined by

n*(@)=z () =1+ 2% (e). (17)

The real and imaginary parts of n(w) define the refractive index n(w) and
the power absorption coefficient a(a)) according to

c
N(w)=n —a 1.8
(o) =n(e)-ia(o), i
where ¢ =299792458 m/s is the vacuum speed of light. Combining Egs. (1.7)
and (1.8), one can express ,”_{(1)(60) in terms of n(w) and a(@). Obviously,
the refractive index and the absorption coefficient do not depend on the light
power.

1.2 Nonlinear optics

Under the influence of a strong electromagnetic field, a material changes its
physical properties. The “degree of alteration” of the material is a measure of
the nonlinearity.

The influence functions ;(I(E)]N (tl,...,tN) of order N with N >2 occurring
in Eqg. (1.1), uniquely characterize the nonlinearities of order N because they
are fully symmetric in the time variables [4]. Indeed, the i -the component of
the N -th order polarization Pi(N) (t), defined as

Pi(N)(t)zgoj [ 5 (e 0B, (1-1) By (Tt )dt..dty , (1.9)
0

does not change by using Volterra kernels of N -th order obeying causality
but being unsymmetrical in the time arguments.



Linear and nonlinear optics

1.2.1 Role of the material in nonlinear processes

Nonlinear processes can be classified being non-resonant (also known as
parametric) and resonant (also known as non-parametric) processes. The
parametric processes are mainly concerning phenomena in which the
material plays a passive role. The time-varying polarization of the material
ﬁ(t) acts as a source of new frequency components of the electromagnetic
field.

In contrast, the material response in non-parametric processes is active due
to the significant modifications of its optical properties, caused by the energy
exchange with a light beam. This modification can be also experienced by
another, time delayed light beam.

1.2.2 Parametric processes

Parametric or passive processes are those in which the material acts
essentially as a catalyst and in which it serves as an intermediate medium for
the interaction between several coherent light beams. There is no net energy
exchange between light and matter, and the material response is almost
instantaneous with the consequence that energy is conserved among the
light beams (Manley-Rowe relation), see Fig. 1.2.

Light beam 1 Light beam 2
> Material >

W]_ W2 :W1

Fig. 1.2.  Parametric processes.

This almost instantaneous response occurs as the light-matter interaction
induces only transitions to virtual energy eigenstates of the material system.
Parametric processes are described by real susceptibilities.

In parametric processes the initial and the final quantum mechanical states of
the material are identical. Examples of parametric processes are: second and
third harmonic generation, sum and difference frequency generation, optical
parametric oscillations, and light intensity dependent refractive index.

1.2.3 Non-parametric processes

In a non-parametric process, real excitations are involved in the dynamics,
giving rise to energy dissipation. For most processes, the transient regime of
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optical nonlinearities occurs when the material response to an intense light
field is slower than the rate of variations of the light intensity. This is the case,
when light causes a material excitation due to an energy transfer between
the light beam and the material (Fig. 1.3) [5].

Light beam 1 Light beam 2
> Material >

W, W, =W,
AW =W, —W,|

Fig. 1.3.  Non-parametric processes.

A part of the energy of the light, AW , may be transferred to or from the
material which gets changed, e.g., by the generation of phonons observed by
stimulated Brillouin and Raman scattering, molecular reorientation, and
changes of the occupation of states in the semiconductor conduction and
valence band.

If the degree of perturbation is sufficiently large, the perturbation gives rise
to a sizeable change of the optical properties. An observer would measure
transmission changes, refractive index changes, induced birefringence and
light scattering. Some non-parametric processes are the saturated absorption
and gain in direct gap semiconductors, the two-photon absorption (TPA) and
the stimulated Brillouin and Raman scattering in which frequencies of
incident photon and material phonons add up to give the resulting photon
frequencies. Non-parametric processes are described by the complex
susceptibility. Both parts of this susceptibility, the nonlinear gain or
absorption due to saturation and the nonlinear refractive index are
dependent on the radiation intensity.

The nonlinearities in direct gap semiconductors and especially the saturation
observed in band-to-band transitions, will be reported on in chapter 2.

Note, that there is not always a clear-cut separation between the two classes
of optical nonlinearities [1, 2, 5, 6]. There are pure parametric and non-
parametric processes, but also mixed processes with different weights for
their resonant and non-resonant components.
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Pump-probe experimentsfor non-parametric processes

One of the basic configurations used to experimentally study the temporal
response of non-parametric optical nonlinearities, is shown in Fig. 1.4.

Pump

| T Photo
Probej\ \ detector

Sample
Fig. 1.4.  Pump-probe experiment.

The pump-and-probe configuration consists of one beam exciting the
material from the equilibrium and a second (low-power) beam probing the
changes of the optical material properties. These changes are observed in
transmission, in phase because of a nonlinear refractive index, or in the
polarization state of the probe beam. Due to a slow reaction of the material
on the pump light excitation, a variation of the delay ( At) of the probe with
respect to the pump will show the temporal evolution of the optical
properties of the sample. The probe can be a single pulse (see Fig. 1.4) or a
continuous wave (CW).

1.3 Summary

Within the framework of nonlinear optics, one light beam can influence
another one and the superposition principle is no longer valid. A first beam
induces modifications in the optical properties of the material acting thus on
a second beam. In the latter case the output pulse shows a modified shape
and a different spectrum due to self-phase modulation.



2 Nonlinearities in semiconductor optical amplifiers

2.1 Basic description of travelling-wave semiconductor optical
amplifiers

Semiconductor optical amplifiers (SOAs) are optoelectronic devices similar to
semiconductor lasers which are specially designed to amplify light. In contrast
to semiconductor lasers, SOA amplify light in a single pass and have,
therefore, no optical cavity. The nonlinear behavior of the semiconductor
material with respect to the light power, is very often used to perform
wavelength conversion and switching functionalities.

A schematic diagram of an SOA is shown in Fig. 2.1.

Output signal + noise
Current

z
Active region and XZ

Input signal waveguide facet

Fig. 2.1.  Schematic diagram of an SOA with a buried active region.

An electric current is injected into the active region of the device, realizing
the population inversion necessary for the amplification by stimulated
emission. The active region is a thin layer between a p-type and a n-type
semiconductor layer [7] such that its bandgap is smaller than those of the
layers surrounding it (Fig. 2.2). This helps to confine electrons and holes to
the middle layer. Only a single waveguide mode exists in the active region of
the travelling-wave amplifier.

The bias current is assumed to pass through the active region. Only a
fraction, called field confinement factor, of the input signal extends into the
active region.
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| Active |
n-type [ material ! p-type
| Electrons ! Conduction band
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Mode profile
-

Light
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10.2um...0.4um; (Thickness of layers)

Fig. 2.2.  Schematic representation of electrical and optical confinement in a double
heterostructure SOA design.

About 70% from the mode is spread outside the active region of the SOA. The
role of the active layer is to confine the injected carriers inside the material
under a forward bias. The carrier confinement occurs because of the
bandgap discontinuity at the junction between the semiconductor materials
of same lattice constant but of different bandgaps (double heterostructure).
In this central region, electrons and holes recombine and generate light. To
realize an optical waveguide, the active region has a larger refractive index
than the surrounding p-type and n-type cladding layers.

Different theoretical models have been developed to determine the relation
between the bandgap energy and the refractive index, see, e.g., [8]. All of
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them have in common that with increasing bandgap the refractive index
decreases.

2.2 The optical amplification process in SOAs

SOAs amplify incident light using stimulated emission like semiconductor
lasers, but without optical feedback. The main condition for amplification is
the existence of a population inversion which means that the Fermi-level
separation (FLS) exceeds the bandgap. The principle of optical amplification
can be easily explained using the simple band structure consisting of a
conduction band (CB) and a valence band (VB), both of parabolic form in the
energy-wave vector plane (Fig. 2.3) [9-12].

WA

Conduction band

-n
AL
w
=
(9]

4

Fig. 2.3.  Two band model of a direct bandgap semiconductor. The quasi-Fermi level energies

W, W, forelectrons and holes, as well as their kinetic energies W, and W, are

positive. The separation between the Fermi levels, denoted with FLS, is also positive.

K represents the wave vector of the electron.

The carriers, electrons (e ) and holes (h), are in thermal equilibrium within
each band. Therefore, they are described by distinct Fermi-Dirac
distributions. Denoting with W, (W, ) the quasi-Fermi level energy of the

9
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electron (hole) measured from the CB (VB) edge, the occupation probability
f,W,) (f,(W,)) of a state of kinetic energy W, (W,) at absolute
temperature T is

f(W,) = 1+exp(w—ek_¥v - H (2.1)

for an electron, and

f. (W )=|1+exp Wy ~Wep (2.2)
nen k,T

for a hole. Here kg =1.38065x107° J/K denotes the Bolzmann constant.

Fermi level energies are determined by the temperature and the carrier
densities. In case of free carriers, the density of energy states is given by

%
1 /(2
Pk (We)zﬁ(%) \l;;e (2.3)

for electrons, and

%
1 (2|m
Pn (Wh):ﬁ( |hzh|] \/Nh (2.4)

for holes. Here m, (m, ) is the effective mass of the electron (hole) and # is
the reduced Plank constant, #=1.05457x10"* Js . In the absence of doping,
the densities of electrons

and of holes

10
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are the same and their common value will be denoted by N, ie,
N, =N, =N holds. From now on we will use N to indicate the carrier
density since the active medium is always undoped.

Carrier pairs recombine radiatively (yielding spontaneous or stimulated
emission) or non-radiatively (e.g., Auger and Shockley-Read-Hall
recombinations).

If a photon with an energy Aw situated in the range between W, and the
FLS is injected into the SOA, it causes the stimulated recombination of a
carrier pair. The stimulated recombination of the electron-hole pair leads to a
new photon, identical in all aspects to the incident photon. This new photon
is coherent to the incident photon, i.e., it has the same frequency, direction,
polarization and phase.

For a direct bandgap semiconductor, it is convenient to work with the
effective reduced mass, m, =m,|m,|/(m, +[m,|), and with the sum of
electron and hole kinetic energies, hereafter called kinetic energy of the
reduced mass, W =W, +W, . The following equalities hold:

pe(We)dWe :ph(Wh)dWh :pr(W)dW (27)

where p, (W) is the reduced density of energy states

%
P (W)=2i(2mr] W (2.8)

72\ K

By denoting the dipole matrix element by M (W) and the Lorentzian line
shape by ;é’(W), the dependency on the kinetic energy of the reduced mass
W is given by

MW)=—"< (2.9)

and

-1

£(W) = {;thz [(0—-(Wg +W)/n) +(J,/T2)2]} , (2.10)

11
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with T, as the dipole relaxation time. The unsaturated material gain
coefficient §, is a measure for the linear amplification. It can be expressed at
an angular frequency @ as [10]

gy(0)=—"2 ]E{fe(%)—[l—fh(%)]HM(W)Fpr(W)x(W)dW, (211)

E,CNy@Wy

with @, the central angular frequency of the input light and n, = n(a)o) the
refractive index of the SOA, see Eq. (1.8).

Photons with energies greater than the FLS can only be absorbed. On the
other hand, the material of the active region is transparent for photons with
energies below the gap energy W,. The process of the two-photon
absorption (TPA) allows an interband transition via photons with energies
below the gap energy. This effect has a low probability, so TPA is mostly seen
at high optical input powers.

During the radiative process of spontaneous emission, carriers recombine
and emit uncorrelated photons of random phases and direction.
Spontaneously emitted photons have a wide variety of frequencies. While
propagating through an active material, these photons induce a stimulated
amplification process called amplified spontaneous emission (ASE). ASE is
essentially responsible for the noise induced into an SOA. Since ASE cannot
be avoided in optical amplifiers, optical band pass filters are commonly
employed to reduce the noise of a noise-impaired signal to a minimum value.

2.3 Gain

The optical gain G (known also as amplifier gain or SOA gain) is defined as
the ratio of the output power P after an SOA with respect to the input
power P, beinglaunched into the SOA,

Pout

G= b (2.12)

n

The optical gain value is usually expressed in logarithmic decibel units,
G, =10log,, G. The gain spectrum of an SOA depends on the material
structure and the operating conditions. In the range of W <&@ < FLS, the
gain is positive and has a peak that increases in magnitude and shifts towards
higher energies with growing carrier density N, i.e., with increasing current

12
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[11]. The transparency point energy (stimulated absorption and emission are
balanced) depends on temperature T and carrier density N, while the
bandgap energy W essentially depends on the material composition.

We can obtain the expression for the gain G from the equation describing
the light power P(z) along the propagation axis z,

dP(z

d—(z):[l"gm(z)—aim]P(z). (2.13)

Here «;, is the internal power loss coefficient and g, (Z) the material
power gain coefficient. The confinement factor I' represents the fraction of
light power confined in the active material. Internal loss is mainly due to light

scattering at the heterostructure interfaces.
Noting that P(0)=PR, and P(L)=P*" for an SOA of length L, the SOA

gain is obtained by integrating P(z) in Eq. (2.13),

G:exp{I[rgm(z)—aim]dz}. (2.14)

For a constant material gain coefficient g, , e.g., 9, =0, from Eq. (2.11),
and with negligible internal loss «,, =0, Eq. (2.14) can be further reduced to

G, =exp(LIg,). (2.15)

Optical gain is realized when the injected carrier density N exceeds a certain
value, known as the transparency value N, which represents the number of
carriers lost by non-radiative recombination and scattering.

The peak gain g,, increases linearly with the carrier population N and can
be approximately expressed as

gn(N)=2,(N-N,) (2.16)

with a, =dg,,/dN being the differential gain. The optical gain coefficient,
depending only on the carrier density N, is called the band filling gain

Ogr :Fgm(N)~

The material gain also depends on the angular frequency @ of the incident
light. Since carrier density N and temperature T are related by the Fermi-

13
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Dirac distribution, the material power gain depends on temperature.
Therefore, we write g, =9, (N,T,®).

The carrier concentration N changes with the signal power P(Z,t)
according to the carrier density rate equation [9-11]
N(zt) 1 N(zt) g,(zt)P(z1) (2.17)
ot eV o1, hoh, '

where V is the active volume, | the injection current, 7, the spontaneous
carrier lifetime including spontaneous emission and non-radiative
recombination, and Ay = A/T" the effective cross-section of the SOA (A as
cross-section area of the active region). Since the response of the nonlinear
medium depends on the signal power P(Z,t), the material gain coefficient
g,, becomes coordinate and time dependent. The three terms indicate the
rates at which carrier pairs are created and recombine inside the active
region. The last term corresponds to the rate of electron-hole recombination
by stimulated emission.

2.4 Nonlinearities in SOAs

Nonlinearities caused by an excitation in the gain region become noticeable
in the gain and in the refractive index of an active material. Both
nonlinearities have their origin in the change of carrier density and energy
distribution in the CB and the VB.

The change of carrier density may occur fast, as with carrier depletion (CD)
due to stimulated recombination, or significantly slower, as with carrier
recovery (CR). The gain contribution associated with CD or CR follows the
carrier dependence Eq. (2.16), and is usually referred to as band filling (BF)
contribution.

The change of carrier energy distribution is influenced by several effects such
as free carrier absorption (FCA), two-photon absorption (TPA), and removal of
cool carriers through stimulated emission, which gives rise to spectral hole
burning (SHB) as well as to carrier heating (CH). Due to FCA, a carrier is
excited in a higher energetic state within the same band by absorbing a
photon. The carrier energy distribution is changed with the absorbed photon
energy.

14
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Free carrier absorption accompanying band filling (FCAer) is an interaction of
electrons and holes with photons, a so-called plasma-effect. Since the
absorption coefficient is proportional to the concentration of carriers N, this
plasma-effect can be included in the BF effect. To see this, let us assume that
the local gain contribution as defined in the right-hand side of Eq. (2.13) is
entirely due to band filling, i.e.,, I'g,, = gg= and to internal loss ¢, . By using
Eqg. (2.16) for g,, one finds

l—‘gm_aint:raO(N_Ntr)_aint' (218)

The absorption coefficient due to FCAgr can be expressed in terms of the
absorption cross-section o, as o;,N where B denotes the band index
S =CB or VB. By taking into account the FCAgr effect in both CB and VB, one
can write

rg,—a,—> 0,N= (r%—zaﬂ](N—N" )—(aim+ZUﬂN"). (2.19)
B B B

Therefore, including the FCAgr effect in the BF amounts to redefinitions of the
differential gain a,— a, —ZUﬂ/F and internal loss ¢, — o + N"ZGﬁ.
To represent a differential gain, the difference a, —Zaﬁ/l“ must be
positive, otherwise the FCAgr effect has to be treated independently of BF.

TPA is an interband effect where a VB electron absorbs two photons to reach
the CB. A TPA-created electron can be further excited by direct absorption of
another photon. This TPA-induced FCA, denoted in the following as FCATea, is
different from FCAsr since it does not depend on the total carrier density N,
but only on the density of TPA-produced electrons in the CB, N, .

A dip within the distribution of the carriers characterizes the SHB effect. This
dip arises due to an excessive recombination of carriers within the energy
domain, where stimulated emission occurs.

A qualitative illustration of the induced transitions in an SOA, including
stimulated emission, FCA and TPA as well as subsequent changes in the
distribution of the CB electrons is shown in Fig. 2.4. These effects are
responsible for altering the Fermi-Dirac distributions and for nonequilibrium
distributions in the bands. Note that the nonequilibrium occupation
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probabilities f* and f™ are different from f, and f, introduced in
Egs. (2.1) and (2.2), respectively.

Wi
FCAg¢

\Varg

A SHB
pefeneq
/ T
pefeneq
We ATPA CDh
---------------------------- >
/ phfhneq

Fig. 2.4.  Schematic representation of the radiative transitions in SOAs and the change of the
carrier distribution. The product p, f" ( Pn fh”eq) with p, (py ), defined in Eq. (2.3)
(Eq. (2.4)), is the electron (hole) spectral density.

All these processes increase the total energy of the carrier distribution,
resulting in carrier heating (CH). Since carriers get higher kinetic energies,
they acquire a temperature larger than the lattice temperature.

The sum of the effects of CD, SHB, TPA, FCA and CH leads to the nonlinearities
of gain and refractive index in an SOA.
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2.4.1 Gain saturation and nonlinear gain compression

If the power of the input signal is such that the signal has negligible influence
on the SOA gain, the signal is called a “small-signal”. For small input signals
with powers which do not saturate the SOA gain, the SOA works as a linear
amplifier. As the signal power increases, the carriers in the active region
deplete, leading to a decrease in the gain, known as gain saturation effect.
The saturation of the amplification is mainly a band filling nonlinearity. It can
be regarded as a limitation of the number of states that can participate in
transitions giving rise to optical gain.

In case of a CW beam the steady state value of the carrier density N can be
obtained by setting dN/ot =0 in Eq. (2.17). Both carrier density and material
power gain coefficient depend only on the coordinate z, as the CW power
P(Z) is time independent. By using Eq. (2.16) one can eliminate the carrier
density N (Z) in the steady state form of the rate equation Eq. (2.17), and
find

s hoAg

eV ot
In absence of the light P(z) =0, Eq. (2.20) provides the unsaturated value of
the gain coefficient

0= 1{Nu+gmagz)}—gm(z)P(z). (2.20)

[
L (2.21)
eV

go :aO(Nst_Ntr)' Nst

From Egs. (2.20) and (2.21) one obtains the material power gain g, in the
saturation regime at a distance z from the SOA input as [11]

%
)=—"—, 2.22
1+ ——
Paa
where the saturation power P, is given by
- :h_a)ﬁ (2.23)
s &
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By substituting Eq. (2.22) in Eqg. (2.13), one finds a differential equation for
the power P(z) obeying the boundary condition P(0)=PR,. After

in

eliminating P, with the help of Eq.(2.12), the output power can be

expressed as
G
pou In (GUJG

=—7 (2.24)
I:)sat G-1

In the saturation regime (G <G, ) the output power P®* is comparable to
P, [11]. If G approaches the unsaturated value G,, the ratio P™/P,

becomes negligible. This conclusion can also be reached by setting G =G, in
Eq. (2.24).

A Linear amplification Saturation regime
o : »

L
4
I
I
w
o
oy}

Gain [dB]

-

\

Output Signal Power [dBm] p*out >

sat
Fig. 2.5.  Typical SOA gain versus output signal power.

A\
A\

Fig. 2.5 shows the SOA gain versus the output signal power. PSZI“' represents
the output power at which the amplifier gain is suppressed by 3 dB with
respect to the unsaturated gain G, [7] and can be calculated by setting

G=G,/2 inEq.(2.24),

pout _ G,In2 P

: 2.25
sat GO _ 2 sat ( )

The carriers in the saturation regime have a shorter lifetime r,; depending
on the signal power P™" [9, 11],
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LZE(H Pomj_ (2.26)

Teff Ts sat

The behavior of the gain depends on the signal power, on the signal type
(continuous wave or pulsed), and on the pulse width [11]. Gain saturation
implies a gain compression depending on the light power. The material gain
includes now both CH and SHB compression coefficients. It can be related to
the linear material gain g, (band filling contribution defined in Eqg. (2.16))
by

Oer

= _JBF (2.27)
1+¢P

g,
€ =6y +Egp IS the nonlinear gain compression parameter measured in
W™ . The signal power P relates to the photon density S by

S= P/(ha)ngeﬁ), (2.28)

where v, is the group velocity within the SOA. In this case the denominator
in Eq. (2.27) becomes 1+&S with the gain compression parameter &
measured in m?.

In an active medium, light of a certain wavelength causes stimulated
transitions between specific energy levels but not across the entire gain
spectrum. This means that stimulated transitions tend to modify the carrier
density in a specific energy region within the conduction (CB) and valence
band (VB) of the SOA. Such localized non-uniformities or dips in the carrier
distribution, resulting from SHB as well as CH, are responsible for the
nonlinear gain suppression (see Fig. 2.4). A strong optical field will cause a
“hot” carrier distribution originating from a depletion of the low energy
carriers, and through direct photon absorption [10, 13]. Both, SHB and CH,
significantly reduce the SOA gain.

2.4.2 Carrier-induced change in refractive index

The dominant effects leading to changes of the refractive index in the active
material of an SOA are band filling, bandgap shrinkage, carrier heating
through stimulated emission, FCAtea and TPA. The change in the refractive
index is described by
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An(N,)=n(N,w)-n,(®), (2.29)

with n, (a) the background refractive index of the semiconductor material,
and n N,a)) the refractive index of a semiconductor at population inversion
[13].

Band filling (Burstein-Moss) effect

A change of the carrier density as a result of current injection, stimulated
absorption or stimulated emission is called the band filling effect. The band
filling determines the absorption energy, the FLS, the gain peak and the
refractive index of the SOA. The increase of the absorption energy depending
on the carrier density is known as the Burstein-Moss effect.

In [13] the imaginary part of the complex index of refraction,
—c/(2w) a(w,N), see Eq.(1.8), is calculated and fitted with experimental
data. Alternatively, instead of finding the absorption coefficient a(a), N), itis
possible to exploit an expression for the material gain g,, with g, =-a,
which is calculated using Fermi’s golden rule (quantum-mechanical
probability for the dipole transition between CB and VB) [10]. Having now the
imaginary part of the complex index of refraction, one can use the Kramers-
Kronig theorem to calculate the real part. In this way one can find the change
of the refractive index An, i.e., the real part which accompanies the change
Aa (or —Ag,,) in the absorption coefficient.

In the publications [13] and [14], it is shown that the increase of refractive
index An can be considered as linear with the decrease of the carrier density
AN < 0. If carrier pairs are created, i.e., AN >0 holds, the refractive index
will get smaller (An<0). It increases (An>0), if carriers recombine
AN < 0. It has been calculated that the refractive index change per carrier
pair is about An,, =2x10"cm™ [15] for SOAs based on InGaAsP.

Bandgap shrinkage

The basic mechanism of the bandgap shrinkage is the occupation of states at
the bottom of the conduction band by injected electrons. If the concentration
is large enough, the electrons form a gas of interacting particles. The
electrons will repel one another by Coulomb forces and electrons with same
spin will avoid each other because of the Pauli exclusion principle. The net
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result is a screening of electrons and a decrease of their energy leading to a
lower energy for the conduction band edge. A similar correlation effect for
holes leads to an energy increase in the valence band. The sum of these
effects is the bandgap shrinkage.

This effect causes a translation (red shift) of the absorption curve. The change
in absorption is accompanied by a change in refractive index.

Carrier heating, free carrier absorption, two-photon absorption
and spectral hole burning

Hot carriers are created because of three different processes, namely
stimulated recombination (which eliminates cool carriers with energies close
to the band edges), free carrier absorption and two-photon absorption,
resulting in a perturbed distribution. An intraband carrier-carrier scattering
relaxes the nonequilibrium distribution to a “hot” Fermi-Dirac distribution.
The “hot” Fermi-Dirac distribution is a Fermi-Dirac distribution at a
temperature higher than the lattice temperature. The intraband process is
called carrier heating. The refractive index An increases because both
spectral densities, p,f, and p, f, , and the bandgap energy W, decrease
with increasing temperature. Under thermal equilibrium conditions, the
temperature-related refractive index change is dn/dT <10°3K™ [10].

In FCA the electron moves to a higher energy state within the same band by
absorbing one photon. The corresponding calculated change in the refractive
index, due to the carrier concentration in the conduction (CB) and valence
band (VB), is described by the plasma-effect within the Drude model [13] of
free electrons and holes as

212
e €2 )N N o0
8r2c’g,n, )\ m,  |my|

where e=1.6x10" As, A is the vacuum wavelength of light producing
carrier absorption, and N, and N, are the densities of the quasi-free
electrons and holes, respectively. In an SOA, N, =N, =N holds. Obviously,
An takes on negative values. Because of the A -dependency, the absolute
value plasma-effect index change, |An|, increases as the photon energy
decreases. The carrier concentration depends on the light power.
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Two-photon absorption (TPA) is a nonlinear effect that occurs when an
electron in the valence band (VB) performs a transition from the ground state
to a higher state in the conduction band (CB) by the simultaneous absorption
of two photons [16]. This corresponds to the generation of a carrier with an
energy higher than the transparency point energy. The refractive index
change is negative An<0Q due to a small carrier generation AN >0 and,
more importantly, because of the high kinetic energy of these carriers.

The photon absorption by carriers in the bands is called FCAgr. This effect
contributes to both, gain and refractive index change (called free carrier index
change FCl). The impact of this effect can be included in the band filling
contribution to gain and refractive index.

Spectral hole burning does not affect the change of refractive index due to
the symmetry of the material gain change Ag,, around the central frequency.
The integrand in the Kramers-Kronig relation will be nearly anti-symmetric
and thus its contribution vanishes.

The dynamics of these processes will be discussed in-depth in chapter 3.

Combination of effects

All the above discussed carrier effects are independent, and the total change
in refractive index corresponds to the sum of the contributions of these
effects. As a consequence of the interaction of light with the active material
of an SOA, the changes in refractive index An are produced by the change of
carrier density AN (interband effects) and of the energy distribution of
carriers in the corresponding bands (intraband effects), effects that all
depend on the light intensity.

2.5 Summary

Nonlinear effects in SOAs manifest themselves as refractive index and gain
changes. Both, gain and refractive index, depend on the carrier density N
and carrier energy distribution, on the wavelength, on the shape (pulse or
CW), and on the power of the injected light.

While material gain changes Ag,, take place within spectrally narrow regions,
where stimulated emission occurs, refractive index changes An depend on a
wide spectral region. The effect of TPA does not significantly change the total
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number of carriers in the bands, but it changes their energy distribution. This
change in energy distribution of carriers has a smaller effect on the gain as on
the refractive index.
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3 Dynamics in SOAs

3.1 Introduction

To realize switching devices based on SOAs for high-speed all-optical
communications, the nonlinearities of SOAs have to follow the intensity
change of the signal closely. Gain and refractive index nonlinearities depend
on the input pulse properties in terms of pulse width and input power, on the
characteristics of the SOA, and on the applied bias current. Gain and
refractive index of the SOA have quite different dynamics regarding their
interaction with short optical pulses. When knowing both dynamics, it is
possible to choose the proper operating parameters to improve the
bandwidth for an SOA based signal processing system.

3.2 Basics of the dynamics in an SOA

3.2.1 Radiative transitions

When an optical pump pulse with frequencies in the gain spectrum is
injected into the active region of an SOA, it mainly produces three kinds of
radiative transitions [17-19] during the light-matter interaction (see Fig. 3.1):

e stimulated emission (carrier depletion (CD)),
e free carrier absorption (FCA), and
e two-photon absorption (TPA).

Stimulated emission results from of an electron-hole recombination in the
presence of a stimulating photon. The emitted photon is identical with the
stimulating photon in all aspects, i.e., wavelength, direction, polarization and
phase. A stimulated recombination in an active material can only occur, if a
population inversion is realized. Both, the initial photon as well as the
secondarily generated photon give rise to adjacent stimulated carrier
recombination, resulting in an amplification of the light injected into the
active material.

Since FCABF is a direct interaction of carriers in the bands with the optical
wave (plasma-effect), its magnitude is proportional to the concentration of
the carriers N and to the photon density S [19].
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Fig. 3.1.  Optically excited radiative transitions in SOAs within the gain spectrum:
(a) stimulated emission, (b) free carrier absorption and (c) two-photon absorption.

TPA is a nonlinear process [19, 20] in which the electrons of the VB are
excited into the CB by successive absorption of two photons. The process
occurs in two steps: the electron reaches a virtual level by absorbing a first
photon while a second photon raises the electron into the CB. Therefore,
transition rate is proportional to the square of the photon density SZ.
However, the TPA gain reduction Ag.,, is proportional to the photon density
S as

AQrpa :_Fzs , (3.1)

where the TPA coefficient E is measured in m2. Alternatively, if one uses the
light power P instead of S, the TPA coefficient is denoted as S, and
expressed in cm/GW.

Additionally, spontaneous emission and non-radiative recombination in traps,
e.g by Shockley-Read-Hall effects, in Auger processes and through carrier
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leakage mechanisms [7]. The spontaneous emission is amplified (ASE) and
gets relevant for the SOA dynamics.

In the following we explain the SOA carrier dynamics.

3.2.2 Carrier density dynamics

Carrier depletion and recovery are the main processes in the carrier density
dynamics. After injecting a light pulse into the SOA, the carrier density
N =N, =N, gets smaller due to the stimulated recombination of electron-
hole pairs, and the quasi-Fermi levels change their positions accordingly. By
electrical pumping, the carrier density and the quasi-Fermi levels reach their
steady state values. This slow process needs about 1 ns for the complete
carrier recovery.

3.2.3 Carrier density and energy dynamics

By stimulated emission, AN electrons from the CB with energies in a specific
range AW, recombine yielding a distortion of the Fermi-Dirac distribution
[21] (see Fig. 3.2). The energy domain AW, is broad for short pulses and
narrow for long ones.
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Fig. 3.2.  Electron spectral density versus electron energy W with a hole being burned by
stimulated emission.

For a small photon density S the stimulated emission is weak such that the
“spectral” electron density in the energy range AW, is relatively high. In this
small-signal regime, the SOA works as a linear amplifier.

If the electrons in the energy domain AW, around the mean CB kinetic
energy are strongly depleted by stimulated emission, gain saturation is
reached and a spectral hole burning (SHB) process arises [21]. One can see
SHB as the formation of a dip in the gain spectrum, occurring by the
recombination of electrons and holes at the photon energy, see Fig. 3.2. SHB
is a significant local deviation from the Fermi-Dirac distribution at carrier
energies corresponding to optical transitions and occurs on a time scale 7
up to 80 fs.

The creation of a spectral hole has been measured by employing a mode-
locked laser at a pulse repetition rate of 10 GHz as pump source. A dip in the
optical pump pulse spectrum after the SOA (Fig. 3.3) indicates a high degree
of saturation.
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Fig. 3.3.  Pulse spectrum (red curve) before the SOA and pulse spectrum (black curve) after
the SOA (biased at | =400 mA ) for a repetitive sequence of optical pulses with the
properties: B, =12dBm (peak power), 2.8ps full width at half maximum
(FWHM), and 2, =27rc/w, =1550nm central wavelength. The pulse repetition
frequency is f,, =10 GHz . The powers are differently normalized for both spectra.
The pulse spectrum corresponds to the envelope of the traces.
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Carrier heating (CH)

By carrier heating the carrier temperature in the band becomes larger than
the lattice temperature [22]. If photon energies are smaller than the FLS but
larger than W, stimulated emission removes cool carriers and heats the
distribution. The carrier distribution can additionally be heated by FCA and
TPA [23].

Through carrier-carrier scattering these hot carriers give up their excess
energy and heat up the rest of the distribution. This effect is called carrier
heating. A new “hot” Fermi-Dirac distribution is established, and the carriers
get a temperature higher than the lattice. Typical carrier-carrier scattering
times are about 80 fs up to 100 fs. Through heating of carriers, the gain of the
active semiconductor m edium is reduced.

The “hot” distribution will cool down to the lattice temperature by phonon
emission. This effect is called carrier cooling (CC). The corresponding
relaxation time, named intraband relaxation time, is in the range from
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0.6...1 ps depending on pulse power and length. Cooling the distribution will
increase the gain.

While carrier heating describes the installation of a temperature higher than
the lattice temperature, carrier cooling is responsible for the return to the
lattice temperature. The carrier heating is characterized by gain compression
and by an increase of refractive index, while carrier cooling leads to an
increase of the gain and a decrease of the refractive index.

Briefly, carrier heating is a consequence of stimulated emission, FCA and TPA.
At transparency (e =FLS) and for a pump energy below the bandgap
energy (hw <Wj), the heating can only occur via FCA and TPA since there
are no stimulated transitions [19, 21-23].

Fig. 3.4 shows a qualitative evolution of the carrier density per unit energy,
induced by a short pulse in the SOA: Stimulated emission burns a spectral
hole, and TPA as well as FCA generate hot carriers. After these processes the
carrier distribution recovers via carrier-carrier scattering to a “hot” Fermi-
Dirac distribution. The spectral hole gets filled within a time scale of
80...100 fs. In general, the time scale for carrier-carrier scattering is shorter
for holes than for electrons and depends on the total carrier density as well
as on the pulse duration and power. A further carrier cooling and carrier
injection helps to restore the initial Fermi-Dirac distribution [21].
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Fig. 3.4.

Center image: Temporal gain change (blue curve) of an SOA during and after its

excitation by a short pulse. The input pulse is indicated by the red dotted curve.
Surrounding images: Corresponding evolution of the carrier density per unit energy.

During and after the pulse-SOA interaction

processes occur with different dynamics:

interband and intraband
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The slow dynamic effect is carrier recovery (CR) via electrical pump.

The fast dynamic effects include

e carrier depletion and possibly burning of a spectral hole via
stimulated emission,

e instantaneous processes TPA and FCA,

e carrier-carrier scattering (electron-electron scattering), and

e carrier-phonon scattering leading to carrier temperature
relaxation.

According to the type of transition, one can distinguish interband and
intraband effects:

e Interband effects are spontaneous and stimulated emission, TPA
and carrier injection by electrical or optical pumping. The effects
are associated with changes in carrier density.

e Intraband effects are FCA, carrier-carrier scattering (creation of
the “hot” carrier distribution and annihilation of the spectral
hole) as well as carrier-lattice scattering (leading to carrier
cooling). Such effects lead to a change of the energy distribution
in the bands without modifying the carrier density (AN =0).

Significance of various processes in SOAs as a function of time

During the propagation of a pulse through an active medium, three main
processes occur:

Pulse-SOA interaction

e A short but strong pulse induces carrier depletion via stimulated
emission (with formation of a spectral hole for large signals,
AN <0), TPA(AN >0) and FCA (AN =0).

Carrier heating and relaxation

e The mechanism of heating carriers includes stimulated emission
that removes cool carriers from the band, as well as FCA and TPA
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that create highly energetic carriers in the band. Through carrier-
carrier scattering, these hot carriers give up their excess energy
and heat the rest of the distribution. The spectral hole vanishes
when the “hot” Fermi-Dirac distribution has been realized.

e CC sets in after CH by carrier-lattice scattering. The carrier
distribution will cool down, and a Fermi-Dirac distribution at
lattice temperature is established. During the relaxation time one
can consider the carrier density unchanged (AN =0).

Electrical pumping

e The injection current leads to an increase in carrier density
(AN >0) with a constant rate 1/(eV).

All the above processes occur during the whole interaction time, while
electrical pumping takes place permanently. The relative weight of each
process changes in time, resulting in the dynamics of the -carrier
concentration N(t) and of the energy distribution.

The change of local carrier concentration in the AW energy domain, see Fig.
3.2, determines the gain dynamics, whereas the change in the whole
distribution of carriers defines the refractive index dynamics. The studies of
all processes in the active medium of an SOA are especially relevant for short
pump pulses. A long pulse can be considered as a sequence of successive
short segments. Only the first segment interacts with the medium in the
‘ground state’, the remaining segments hit the medium in a perturbed status
in which the partially ultrafast recovery and/or carrier recovery have already
occurred. This explains the difference between the gain dynamics G(t) of the
SOA during an interaction with long and short pump-pulses, see Fig. 3.5. By
splitting the long pump-pulse into a sequence of short-duration time
segments, the gain dynamics results by merging the gain in all segments.
Notice that the contributions of various segments are time-delayed with
respect to each other. As mentioned at the beginning of this subsection, for
long pulses the corresponding AWp is narrow. Therefore, in order to analyze
the SOA dynamics, only short pulses are suitable. For long pulses, the
interband effects are dominant, not the intraband effects. In contrast, for
pulses shorter than the critical value 7, [24], intraband effects cannot be

33



Dynamics in SOAs

neglected. Below 7, the ultrafast nonlinear processes, like spectral hole
burning and carrier heating, dominate the gain dynamics. At 7, the carrier
saturation and ultrafast compression contributes equally to the gain
reduction.

There is experimental evidence that the 3 dB output saturation energy is
smaller for short pulses than for long ones. The 3 dB output saturation energy
is the pulse energy at which the SOA gain has been reduced to half of its
small-signal value.

For pulses shorter than 7, spectral hole burning and carrier heating as well
as their relaxation, play an essential role to establish gain saturation. The
dynamics of the local carrier density in the energy domain AW, consist of a
decrease of carrier number due to stimulated emission and an increase of
carrier number through relaxations. Since both processes, carrier depletion
and spectrally local recovery occur simultaneously, the 3 dB output saturation

energy depends on the pulse length [24].

3.2.4 Rate equation approximation

The carrier density N and the photon density S are not uniformly
distributed along the waveguide in the active region of the SOA as the photon
number strongly increases by stimulated emission while the carrier density
decreases. The optical gain depends therefore on the position within the
amplifier.

For taking into account the longitudinal variations of the carrier and photon
densities while solving the rate equations, the amplifier is subdivided into Z
sections, each of which have uniform carrier and photon densities [14].
Considerable simplifications apply if the intraband relaxation time is
neglected. Using this approximation in each section i (with i=1,...,Z) of the
SOA, carrier density N, (t) and photon density S, (t) dynamics are described
by the rate equations,

_ _ V. 3.2
NN s S

t € A r (3.2)
ds, —
ot =V, ['9;S; =V, S; — Vg B,S’,
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with v, as the group velocity, 7 as the carrier lifetime and v ¢, as the
photon lifetime. N;, S, and g, =9, (N;,S;) represent the carrier and
photon densities, and the material gain in the i -th section, respectively. 7 is
determined by the amplified spontaneous emission (ASE) and the non-
radiative processes as Auger and Shockley-Read-Hall recombinations, as well
as carrier leakage mechanisms. Note the weight factor 1/2 associated with

the carrier density increase due to TPA.

The term v,g;S; corresponds to the depletion of carriers, while Vgﬁ_’ZSi2
represents the TPA term. The depletion becomes larger with increasing i
such that it reaches a maximum at the end of the amplifier. The change of
carrier density along the SOA leads to changes in the transparency frequency
@ =FLS/h in the gain spectrum g, (@) and in its maximum.

With the help of Egs. (2.15) and (2.26), the explicit dependency of the
material gain on carrier and photon densities reads

aO(Ni_Ntr).

33
1+ &S, (33

9 =9, (N..S)=

The rate equations in Eq. (3.2) are usually solved numerically.

3.3 Gain dynamics

The SOA gain, defined in Section 2.3, can be put to a form appropriate for the
solution of Eq. (3.2),

G, (t)= exp{%i[rgm (Ni (t).S, (t))_ﬂ_zsi (t)]_aintL} ) (3.4)

i=1

where, for simplicity, we have considered Z sections of equal length L/Z .
The higher the number Z of sections the better is the approximation
Eqg. (3.4) for the SOA power gain. The time dependence of the SOA gain
follows from the carrier and photon density dynamics N(t) and S(t),
respectively. The gain dynamics can be measured in pump-probe
experiments, where the probe can be chosen either as a pulse train or as CW.

Considering that a strong pump pulse train and a weak CW probe light are
simultaneously launched into an SOA, the probe light is linearly amplified as
long as no pump pulse enters the SOA. As soon as a pump pulse enters the
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SOA, the SOA gets depleted, i.e., the pulse strongly reduces the carrier
density N . The decrease of the number of carriers reduces the gain of the
SOA, i.e., the amplification of the probe light. This effect is known as cross-
gain modulation (XGM). P, (t) follows approximately the dynamics of the
average carrier density, N (t), in the SOA. The carrier depletion corresponds
to a decrease and the carrier recovery to an increase of the probe output
power.

In the case of long pulses, the gain recovery has a weakly ascending slope,
while for short pulses below a critical value 7, [24], the gain recovery curve
consists of two segments with differently ascending slopes. The steep slope is
associated to the ultrafast recovery, the flat slope corresponds to the slower
carrier recovery.

The afore statements can be justified from the experiment in [25], where a
data sequence 1011010000 as pump signal is injected together with a CW
probe light into an SOA. Fig. 3.5(a) shows the output probe light for short
pump pulses (1.8 ps), while Fig. 3.5(b) depicts the output probe light for long
pump pulses (8 ps). Note the weight factor 1/2 associated with the carrier
density increase due to TPA.

1.5
I Epulse =1334, P, =25dBm
©
= 1.04
3]
=
c
— 0.51
[
9
8 00 (a) Measurement T, = 1.8 ps (b) Measurement = 8.0 ps

"0 20 40 60 80 100 120 140 20 40 60 B0 100 120 140
Fig. 3.5.  Comparison between experimentally measured [25] cross-gain modulated probe
light for pump pulse widths of (a) 1.8 ps and (b) 8 ps.

3.3.1 Gain overshoot

By injecting strong optical pump pulses together with CW probe light into an
SOAs, which operates at high bias currents, an increase of the device gain
over the steady state value is achieved. This results in a gain overshoot, which
can be seen in the output probe light, see Fig. 3.6(a).
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Fig. 3.6.  Output probe light power versus time for two SOAs (a) with gain overshoot,
(b) without gain overshoot (the gain recovers to a steady state).
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The overshoot is explained [26-28] as a result of an inhomogeneous carrier
density along the length of the SOA. With increasing CW probe light, which
acts as a holding beam in the gain region, the carrier concentration, and thus
the gain overshoot, can be reduced.

3.3.2 Gain recovery

The gain recovery time is defined as the time necessary to recover the gain
from 10% to 90% of its unsaturated value. It depends on the bias current, the
pulse energy and on the probe light power P, . To shorten this time the bias
current can be increased, or a holding beam can be utilized in gain or
absorption regimes. The increase of the electrical or optical pump helps, but
the use is limited due to the ASE noise and the electrical confinement. Using
a holding beam in the gain spectral region, the carrier concentration gets
partially saturated since both, the signal and the holding beam, get amplified
[27, 29-31]. By reducing the number of carriers with the holding beam, the
saturation of the SOA causes a reduction of the pulse amplification. The
depletion of the carriers due to the pump pulse is lower, and the SOA can
recover faster. The CW probe light acts as a holding beam if its power P, is
comparable to the pulse power P, . Usually, the choice of the holding beam
power leads to a trade-off between recovery time and pulse amplification. At
transparency (ha)zFLS) the holding beam behaves like an optical pump
when the gain spectrum shifts towards smaller energies. It maintains the
separation of the quasi-Fermi levels, FLS, and keeps the recovery time of the
device constant. The ASE acts as a holding beam in the entire gain region. A
wavelength dependency of the gain recovery time has been measured [32].
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The experimental results reveal a minimum recovery time at the same
wavelength as the peak of gain spectrum, G=G(4).

The recovery time constant has been introduced as a variable parameter to
match the measured probe light dynamics [33-35]. The experimentally
measured time dependency of the SOA gain has been fitted accordingly to
the formula (a and b are fitting parameters)

G(t)=exp aexp[—%]+b[1—exp{ft J]exp(—rt J (3.5)
delay SHB

Cl

where 7, is the recovery time constant for the ultrafast carrier-carrier
scattering which fills the spectral hole, and r,, is the recovery time constant
for the carrier recovery. z,,, denotes the time interval between the arrival of
the pulse and the onset of ultrafast recovery. The recovery time constant
depends on the bias current but not on the length of the SOA.

3.4 Refractive index dynamics

3.4.1 Theory

The complex refractive index g(a)) can be defined (see also Eq. (1.7)) as

n(w) =1+ 2%(@). (3.6)

Being the Fourier transform of a causal influence function, the linear
susceptibility }((1)(60) is an analytic function in a domain of the complex
angular frequency plane (Titchmarsh’s theorem [36, p. 28]). As the square
root of an analytic function remains analytic, g(a)) is also an analytic
function. Following Eq. (1.8) we can express N(®) as

(o) =n(e)-n (o), n(0)=—a(o). (3.7)

2w

(=]

The analytic function Q(a)) can be made single-valued by requiring

limn(w)=1. (3.8)

W—>0
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Assuming that certain conditions [12, pp. 372,373] for the modulus |g(a))|
are fulfilled, the real and imaginary parts of g(a)) form a Hilbert pair, i.e.,
they are interconnected by the Hilbert transforms

n(@)-1=1p] LI M jae)mnie) @)@y 39
T Jo-o T o —-w
and
V4 o' -o V4 o' -w

—0 —o0

where [P denotes the Cauchy principal value. The second form of the
chained Egs. (3.9) and (3.10) are obtained by taking advantage of the identity
(37],

P do” (3.11)

Co'-w
and by assuming dg(a))/da) finite. In Egs. (3.9) and (3.10), the integrand,
singular at @' = in the first form, has been replaced by a derivative at
@' = w in the second form. Having removed the singularity at @' = ®, one

can omit the symbol P.

Being the Fourier transform of a real-valued function, the susceptibility
7P () satisfies (see Eq. (1.5)) also

2V (0)= 1P (o). (3.12)

By analyzing Eqg.(3.6), one can show that the relation extends to the
nonlinear case, n’ w)zg(—w) . Subsequently, the real and imaginary parts
satisfy

n(-w)=n(w) and n, (-o)=—n (o). (3.13)

Note that n, (a)) is represented by an odd function of the angular frequency,
whereas the (real) refractive index n(a)) and the absorption coefficient
a(w) are even functions.
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With the help of Eq.(3.13) one can reformulate the Hilbert transforms in
Egs. (3.9) and (3.10) as

(@) =1+ 2] 20 (@)-en (@) 4, (3.1)
Ty 0" -
and
n; (w):_z_w*wdw,’ (3.15)

respectively.

In Egs. (3.14) and (3.15) one can replace the imaginary part n, (a)) by the
absorption coefficient a(w), or by the gain coefficient g(w)=-a(w),
according to

n, (a)):—ig(a)), (3.16)

in which case the Hilbert transformations are usually called the Kramers-
Kronig relations. They are expressed as

ct9(0)-9(o) ,
_-L2e)7 ) .
n(o) ﬂ'([ P dw (3.17)
and
_ 40 tn(e)-n(w) .
9(w)= — I i do' . (3.18)

0

As causality also holds for nonlinear systems, one can examine under what
conditions the Kramers-Kronig relations apply in nonlinear optics. By viewing
the material in the presence of a perturbation (e.g., a strong light beam) as a
new linear system, one can apply causality and the linear Kramers-Kronig
relations. Since the Kramers-Kronig relations apply in the absence of the
perturbation, they will also apply to the refractive index and gain differences,
An and Ag, between the perturbed and unperturbed systems. One can
thus write [10, 37]
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An(w,g):_ETAQ(“"Q‘A?(“"%@', (3.19)
Y o’ -w

where ¢ denotes the perturbation, which must be held constant as @' is
varied.

This equation can be applied to resonant and non-resonant optical
nonlinearities as long as the optical perturbation is another field. Since the
perturbation must remain constant over the integration, the applicability of
Eq. (3.19) is restricted to nondegenerate optical nonlinearities, e.g., to pump-
probe experiments with the pump at a fixed frequency.

For nonlinear processes, it is easier to relate the dynamics of the refractive
index n and the gain coefficient g by « -factors. An « -factor expresses the
ratio between the change of refractive index and the change of gain as
functions of the carrier density N, the temperature T or the photon
intensity S,

on on on
Ar 5N 4z o1 Az o5

Agr 2 6791 Ay 2 879' Crpa 1 579 (3.20)
OoN or oS

oy, is often denoted by «,, . Each a -factor is frequency dependent and can
be positive or negative [35, 38]. As there is a variation of the spectral gain
change with position and time, the refractive index will also depend on this
position and time, respectively. Nevertheless, it is assumed that the « -
factors are constant. This holds for variations of N, T and S which are not
too large.

At the beginning of Section 2.4 we have shown how to consider FCAg in the
BF gain contribution. By employing the Kramers-Kronig relation on this
modified BF gain, the refractive index change associated to BF also includes
the free carrier index (FCI) change.

Knowing the value of oy, the first equation in Eq. (3.20) can be used with
the modified BF gain to find the BF refractive index change which includes
the FCl change.
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We now comment on the definition of a4, (see third equation in Eq. (3.20)).
on/oS is proportional to the conventional Kerr coefficient n, for the
intensity-induced change in the refractive index

Z—gzhwvgnz. (3.21)

By using the TPA gain reduction, Eq. (3.1), one obtains
4r havyn,

@ =g (3.22)

From the reported values S, =3.8x10"m?, v, =845x10"m/s and
n, =—1.3x10™" m?/W, the value a,, =-3 at A =1.55um results.

We will see in chapter 4 that the observed strong decrease of the refractive
index cannot be explained based only on the TPA effect with ap, =—3. An

important contribution is from the excitation of TPA-produced electrons in
the CB by free carrier absorption (FCAr effect). Denoting by Ng., the

density of the FCAma-excited electrons and by m., their effective mass, the
decrease of the refractive index An.., can be obtained from the Drude
formula, Eq.(2.30) by replacing N,/m, with Ng.,/M. and by setting
N, =0. On the other hand, An., can be expressed in terms of the FCA
cross-section o, and the (negative) alpha factor o, , see Eq. (A.2) and

the first formula in Eq. (A.5). By equating the two expressions for the change
in the refractive index one finds the relation

e’

—_— (3.23)
2716,C Ny Orca

Meca |aFCA| =

for an SOA operating at the wavelength A . By substituting n, =3.47 from

[10], 2=155pum and op, =107 m?, as suggested in Appendix A, the
right-hand side of Eqg.(3.23) amounts 25% of the free electron mass
m, =9.109 x107 kg .
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With the conditions a;., > 7.6 derived in Appendix A for a negligible FCA-
coefficient, one obtains M., < 0.03m,. The value of the FCArm excited
electron effective mass is thus significantly smaller than the electron effective

mass m, at the minimum of the lowest conduction band, e.g,

m, =0.04685m, for Gao4lnosAso.ssPo.1s as reported in [10].

We conclude this subsection by emphasizing that the probability of direct
absorption of one photon for FCAtea is several orders higher than in the FCAge
effect.

3.4.2 Experimental methods for the study of the refractive
index dynamics

A pulse propagating in z direction inside of an SOA is described by the
electric field

EzEO(z,t)%{exp[j¢(z,t)]+c.c.}éy, (3.24)

where Eo(z,t) is the real-valued field envelope and €, the polarization
direction (taken here along the Y -axis). ¢(Z,t) is the complete phase
consisting of the plane wave phase and the phase shift go(z,t),

¢(z,t)=w0t—%noz+¢(z,t) (3.25)

with @, =27 f, =27c/ ], the central angular frequency of the pulse, n, the
effective refractive index and 27zn, /4, the effective propagation constant.

By neglecting for simplicity the guided propagation, the phase ¢(Z,t)
becomes linear in z . A time dependent refractive index n(t) can be defined
according to

0 27
E¢(z,t):—Zn(t). (3.26)

By substituting the expression of the complete phase, Eq. (3.25), in the left
hand side of Eq. (3.26), one obtains
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0 2z

—op(z,t)=——|n(t)—n, |. (3.27)
2 p(20)=-Z{n)-1,)

For convenience of notation, we set z=L with L as the SOA length, and
write @(t)=¢(L,t) and An(t)=n(t)—n,. The dynamics of the refractive
index change An(t) is related to the measured probe light phase shift ¢(t)
by

(p(t):—7 LAN(t). (3.28)

From the definition of the instantaneous frequency, we obtain

f(t):%%qﬁ(L,t): £+ AF (1)
1d Ld
=f +§E¢’(t)— fO_ZEn(t)'

(3.29)

For Aqo(t)/At >0, i.e, An>0, the instantaneous frequencies become
smaller, leading to a spectral red-shift. In contrast, for Aqo(t)/At<0, i.e.,
An <0, the instantaneous frequency increases, yielding a spectral blue-shift.
The change in time of the instantaneous frequency is named chirp.

3.4.3 Phase modulation

Techniques for the phase shift go(t) measurements are described below:

e An interferometric arrangement used in a pump-probe
experiment enables measurements of pump-induced refractive
index changes in the SOA. The refractive index change causes a
phase shift of the probe pulse which can be measured with a
third pulse, a reference pulse [39]. The probe phase shift is
measured as a function of a pump-probe time delay.

e Time-resolved frequency chirp measurements at the output
probe signal are used to calculate the phase shift as a function of
time. This can be obtained by integrating over the measured
chirp, i.e., the second derivative of the phase with time.
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Techniques for simultaneous phase and gain dynamics measurements are:

e Both gain and phase functions are calculated from spectrograms
[40-43]. The time-resolved complex transmission function is
determined by the frequency resolved optical gating (FROG)
technique or the frequency resolved electro-absorption
gate (FREAG) technique, respectively. Measurements based on
the FREAG technique will be presented in chapter 4 and 6.

e Simultaneous measurement of the dynamics of gain and
refractive index in an optically excited SOA are performed using a
terahertz optical asymmetric demultiplexer (TOAD) loop [33-35].
The reflection and transmission results of the probe light are
used to determine the gain G(t) and refractive index n(t).

Cross-phase modulation (XPM)

The injection of a pump pulse together with a probe light into an SOA induces
a time dependent modification of the refractive index in the active medium.
As a consequence, the probe light phase is correspondingly modulated. This
effect, called cross-phase modulation, is responsible for the broadening of
the probe light spectrum. Considering only a band filling process inside the
SOA, the carrier density decreases (AN <O) during depletion while the
refractive index increases (An >0). The instantaneous frequencies will have
smaller values than the center frequency of the CW probe light @, , and a
red-shifted spectral component is created in the spectrum of the probe light.
When the carrier recovery dominates (AN > 0), the refractive index
decreases (An < O), and the instantaneous frequencies get larger than ay,, .
This process generates a blue-shifted component. Hence the probe light gets
a red-shifted sideband during the depletion and a blue-shifted sideband
during the recovery process.

For pulses longer than the critical value 7, the ultrafast effects can be
neglected. The XPM causes a shift of the probe spectral components first to

longer (red-shifting) and then to shorter wavelengths (blue-shifting).
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(a) Input data signal (bit pattern “0111") (b) Gain evolution
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Fig. 3.7. Schematic diagram of (a) input pulses, (b) SOA gain modulation,
(c) probe  light phase modulation and  refractive  index  evolution,
(d) probe light induced chirp.

Fig. 3.7 shows the time evolution of the input pulse sequence, the dynamic
SOA gain, the induced phase shift and the chirp. For simplicity we ignore the
delay of the SOA gain with respect to the pulse peak.

Fig. 3.8 shows the spectrum of the probe light after the SOA in a pump-probe
experiment using a 10 GHz clock signal from a mode-locked laser source. The
spectrum is considerably broadened and displays a three-sideband structure,
one strong red-shifted and two blue-shifted components.
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Fig. 3.8.  Probe light spectrum after the SOA (biased at | =900mA) for a repetitive
sequence of optical pump pulses. The pump pulse power is P, =125dBm at a
center wavelength of A,=1550nm. The pulse repetition frequency is

fep =10 GHz for pulse of 2.8ps FWHM. The probe light power is R, =10 dBm
at a wavelength of A.,, =1540 nm. The spectrum corresponds to the envelope of
the traces.

The time dependency of instantaneous frequencies gives information about
the probe light phase shift go(t) and about the refractive index change
An(t) of the SOA. Measuring a spectrum with an optical spectrum analyzer
(OSA) corresponds to an integration of the incoming photons in a certain
spectral domain over equally long time intervals. Therefore, the probe light
spectrum gives no information on the chronological order of the refractive
index changes, which means that the sequence of spectral components is
unknown.

This limited information coming from a probe light spectrum can be improved
by a spectral analysis of the pulse after the SOA, see Chapter 4.

Self-phase modulation (SPM)

The pulse itself acts as probe light such that the output pulse spectrum gets
modified. The gain and refractive index nonlinearities lead to a pulse
distortion as the leading pulse edge produces gain saturation. Therefore, both
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gain and refractive index of the SOA get modified, and subsequently the
trailing edge of the pulse is influenced. The pulse spectrum can be
considerably distorted, if the refractive index suffers a relatively large
modification.
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Fig. 3.9.  Pulse spectrum (red curve) before the SOA and pulse spectrum (black curve) after
the SOA (biased at | =400 mA ) for a repetitive sequence of optical pulses with the
properties: P, =0dBm, 2.8ps FWHM, A,=1550nm. The pulse repetition
frequency is f,,, =10 GHz . The powers are differently normalized for both spectra.
The pulse spectrum corresponds to the envelope of the traces.

The SPM-induced spectral broadening in Fig. 3.9 shows a dominant peak
shifted towards red with respect to the input spectrum as well as a weak
blue-shifted peak.

XPM and SPM processes will be analyzed in more detail in chapter 4.

3.4.4 Nonlinear polarization rotation

In this section we explain how the polarization of an incident signal is rotated
in an SOA by the ‘nonlinear polarization rotation’.
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Light propagating in an SOA can be decomposed into a transverse electric
(quasi-TE) and a transverse magnetic (quasi-TM) mode (mutually orthogonal
polarized), see Fig. 3.10. Generally, both modes sense different SOA power
gain values Gz and Gy, , and different refractive indices n; and ng,,
leading to a rotation of the polarization of the light [44, 45]. The absolute
value of the difference between G;. and G;, is called polarization
sensitivity and is denoted by

AGrgmy = |GTE _GTM| : (3.30)

There are two reasons for the different gain for TE and TM modes in a bulk
SOA. The first reason is the difference between the confinement factors of
the TE and TM mode, while the second reason is the different material gain
for TE and TM in the case of gain saturation.

Since a strong pump signal saturates the active region of both modes, the
mode with the larger confinement factor experiences a larger gain, while the
other one has a weaker amplification. By choosing a square cross-section of
the active medium, the confinement factors for TE and TM can be made
equal.

The modes propagate independently through the SOA, although they have an
indirect interaction with each other via the gain saturation. The TE and TM
gains couple different hole reservoirs, i.e., for light holes (Ih) and heavy holes
(hh), to a single electron reservoir of the SOA. For unstrained bulk SOAs, the
transitions for electrons from CB to the |h-VB and to the hh-VB are fully
symmetric for TE and TM fields.
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TEY

Fig. 3.10. Different amplifications of TE and TM modes leading to a polarization rotation.

In strained bulk SOAs the material gain coefficients for TE and TM
polarizations are different, g, 1y # g1 - Different SOA gains for TE and TM
polarizations give rise to different refractive indices N # Ny, , which in turn
are responsible for the relative phase shift

2zL
Prerrm :T|nTE _nTM| : (3.31)

™ 7

This phase shift between TE and TM mode of the probe light is called cross-
phase polarization. It increases with the power of the pump pulse [45]. The
effect of different amplification for TE and TM modes of the probe light is
called cross-gain polarization.

3.5 Correlation between gain and refractive index dynamics

3.5.1 Ultrafast refractive index dynamics

Experiments with very short strong pump pulses of 100 fs up to 440 fs [19,
20, 46] show an instantaneous decrease of the refractive index at the
beginning of the interaction in the SOA. This refractive index decrease,
measured with a probe light, is independent on the operation regime of the
SOA, i.e., absorption, transparency or gain regime. By adjusting the center
wavelength of the pump pulse to the transparency point of the SOA,
stimulated absorption and emission balance, and therefore the carrier
density is not affected by the pump pulse. Here, the measurement of the
incipient instantaneous decrease of the refractive index is only attributed to
TPA and FCA.
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In [43] the refractive index decrease was measured for a 3 ps pulse.

3.5.2 Dynamics of gain and phase in an SOA

Time delay Atd

The dynamics of the gain and refractive index in an optically excited SOA,
measured using spectrograms [40, 41, 43] and a picosecond pump-probe
arrangement [34], shows a delay between the maximum of the refractive
index and the minimum of the amplitude, see Fig. 3.11. This delay At,
depends on the pulse width of the input pulses. Measurements have shown a
time delay of At, ~2ps for pulses of 3 ps FWHM and At; =5ps for pulses
of 20 ps FWHM. This makes clear that gain and phase response are not
linearly related as implied by the constant Henry factor concept. To overcome
this deficiency a time dependent « -factor has been introduced by J. Wang et
al. [43].
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Fig. 3.11. Simultaneous measurements [43] of power and phase of the output probe light
which describe the gain and refractive index dynamics.

Phase change at ultrafast gain recovery

Observations have confirmed that the ultrafast contribution to the gain
recovery dynamics of an optically excited SOA has no counterpart in the
phase dynamics.
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Gain and refractive index recovery dynamics in SOAs differ in two aspects:

e the absence of the ultrafast component in the refractive index

and

e the time delay At

between the maximum of the gain

compression and the maximum of the refractive index.
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Fig. 3.12. A simplified scheme of gain and refractive index dynamics of an SOA indicating
predominant physical effects. The total refractive index (blue curve) is the sum of all
contributions.

We explain the gain and refractive index dynamics using a simplified scheme,
see Fig. 3.12. The whole time interval is split into three segments A, B and C.
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The gain reduction, consisting of carrier depletion and ultrafast gain
compression, is the main effect in segment A. The ultrafast gain recovery
during CH is depicted in segment B. Segment C shows carrier cooling and
carrier recovery.

In the next subsection we will describe the change in the gain coefficient Ag
and in the refractive index An within these time segments.

Evolution of gain and refractive index

Gain depletion

During the interaction of the pump pulse with the SOA, FCA and TPA
accompany the CD by suppressing the gain, i.e., Ag <0. While CD leads to an
increase of refractive index An> 0, both FCA and TPA are responsible for its
decrease. Carriers generated by TPA or excited by FCA are assumed to make a
negligible contribution to the gain in the active region. SHB will not change
the refractive index because of the approximate symmetry of Ag around the
central angular frequency @ [35], see Eq. (3.19). At the angular frequency
o, the gain compression is at maximum, i.e. dg (a)')/da)'LU_m =0.

The main features of the gain and index dynamics are summarized in tabular
form:

FCA
CD SHB CH TPA
(FCAgr+FCAT)
Gain AQep <0 | AQgs <0 | AQgy <O | AQrpp <O | AQecp <O

Refractive index | Ang, >0 | Ang,z =0 | An,, >0 | An,, <0 Ang., <0

o -factor g >0 | 0g5=0 | a5, >0 | appa <0 Qe <0

The probability of stimulated emission is orders of magnitude larger than the
probability of FCA or TPA. The stimulated emission of photon of 0.8eV
removes the cool carriers, i.e., the electrons and holes of a few meV above
and respectively below the bandgap [20], and leaves carriers of higher
energies in the distributions. In this way stimulated emission leads to heating
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of the carriers [22]. Each FCA or TPA event changes the total energy of the
distribution by the single photon energy of 0.8eV (for 4 =1550nm) in the
case of FCA, or by 1.6eV for TPA. On the other hand, TPA and FCA have
contributions to carrier heating proportional to their respective transition
probabilities. Note that the effects, i.e., FCA, TPA, CD, carrier-carrier
scattering, carrier-lattice scattering, and CR can occur simultaneously. If the
effects can be considered independent, the total change in the refractive
index is equal to the sum of their individual contributions. This property
remains true for gain contributions because of the linearity of the Kramers-
Kronig relations. By assuming that TPA, FCA, CD and SHB are the main effects
occurring in time segment A, one immediately concludes a strong gain
suppression. The lowest value of the SOA gain corresponds to the maximum
SHB. Since the various contributions to the refractive index have opposite
signs, the corresponding effects might even completely cancel.

Even though the probability for FCA and TPA is low, both effects have a
significant impact on the interaction of short but strong optical pulses with
the active material. This holds true especially at the beginning of the pulse,
where FCA and TPA might suppress — and at certain times even
overcompensate — the increase of the refractive index, see Fig. 3.12. FCArea is
delayed with respect to TPA, see Appendix A.

Ultrafast Gain Recovery

After reaching its minimum, the SOA gain starts recovering immediately. The
spectral hole fills during the CH process. This intraband process is
accompanied by an increase in gain (Ag>0) and in refractive index
(An>0). The gain increases due to the installation of the “hot” Fermi-Dirac
distribution. As the distribution heats up, the refractive index increases.

Gain Recovery

The intraband carrier cooling (CC) as well as the slow increase of the carrier
density (AN >0) due to CR change the gain (Ag >0) and the refractive
index (An<0).
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cC CR
Gain Agec >0 Ager >0
Refractive index | Ang. <0 Ang, <0
a -factor ey >0 g >0

In Ref. [43], the SOA dynamics were discussed in terms of the SOA gain G(t)
and of the probe light phase shift (p(t). The relative weights of the
constituting processes change in time and determine the dynamics of both
G(t) and go(t) as well as their relation which can be encoded in the
effective time-dependent « -factor, oy (t),

d
aeff (t) = ZL(t) .
% nG(t)]

The time delay At, between the minimum of the gain and the maximum of
the refractive index has its origin in the intraband relaxation of the spectral
hole during CH.

(3.32)

Both, TPA and FCA processes occur only for high pulse power. For weak pump
pulses and short SOAs, where the amplification is small, the dominant
process is CD. For strong pulses or when the SOA is long enough to produce
significant amplification, the effects CH, SHB, TPA and FCA significantly
contribute to gain reduction and refractive index change.

During the ultrafast gain recovery, the refractive index continues to increase.
Since the refractive index decrease starts a time a time At later then the
gain recovery, the refractive index appears to recover faster than the
gain [47]. The correlation between the gain and refractive index dynamics
and the output pulse shape and phase is discussed in Appendix A.

3.6 Summary

In order to find good operating parameters for an SOA, it is important to
know the gain and the phase dynamics. These dynamics evolve differently for
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long and short pulses with respect to a critical temporal width . For long
pulses the dynamics of the gain and refractive index in the SOA can be related
with a single o -factor, except for the time interval At; between the gain
minimum and the maximum of the refractive index. This time delay and the
fact that the refractive index recovers faster than the gain, are both explained
by the intraband relaxation of the spectral hole through CH.

For short input pulses the intraband and interband effects have almost the
same importance. For short strong input pulses, the gain cannot be related to
the refractive index by a single «a -factor.

The high-speed switching dynamics of all-optical devices incorporating SOAs
is mainly determined by the carrier density dynamics. The carrier recovery
limits the available operating bandwidth. Solutions for mitigating this
limitation are shown in chapter 5.
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4 Measurement and modeling of optical spectra

4.1 Introduction

The refractive index modulation An(t), induced by a pump pulse inside an
SOA, leads to a cross-phase modulation (XPM) of the probe light and to a self-
phase modulation (SPM) of the pump pulse.

As high-speed optical networks employ short optical pulses, the analysis of
the SOA response to these pulses is important. Therefore, probe light spectra
have been measured for different operating points with respect to the pump
and probe light power, the probe wavelength as well as the applied bias
current.

The goal of these measurements is to associate with each spectral
component a process contributing to the SOA dynamics. This is required for
practical applications utilizing optical filters, which select specific spectral
domains. The refractive index dynamics is reflected by the probe light
spectrum. Spectral measurements of pump and probe light allow to focus on
one out of two different models [25, 48] regarding the refractive index
dynamics during the interaction of a pump pulse with the SOA.

For clarifying the underlying physics, we propose an analytical model for a
pump-probe experiment and compare the calculated and measured spectra
in order to find the nonlinear SOA parameters.

4.2 Experimental setup and measurements

The experimental setup is shown in Fig. 4.1. A mode-locked laser generating
pulses with 2.8 ps FWHM at a wavelength of 1550 nm was chosen as the
pump pulse source. The pulse repetition rate was 10 GHz. The pump
power P, was varied between 0 dBm and 12 dBm, while the probe power
P.y is fixed between 0 dBm and 10 dBm. The probe wavelength was chosen
in the range between 1535 nm and 1560 nm. The 2.6 mm long bulk SOA
showed an almost polarization-independent amplification. The bias current
| was varied between 150 mA and 900 mA. At the lower current limit, a gain
recovery time of 75 ps was measured. The spectra were recorded using an
optical spectrum analyzer (OSA).
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Using a 3 dB coupler, pump and probe light were injected in co-propagation
direction into the SOA. The CW light was TE linearly polarized in the SOA layer
plane.

VOA/
Y —/ |
Mode-locked 4
ps-pulse Laser SOA 1 OSA
S? VOA/
Tuneable 4
CW Laser

Fig. 4.1  Experimental setup used for spectral measurements. A pump pulse train from a
mode-locked laser is injected together with a CW probe light into an SOA. The
output light behind the SOA was measured with an optical spectrum analyzer. The
light power was adjusted for probe and pump using variable optical attenuators
(VOAs).

Results will be shown in Section 4.5 and Section 4.6.

4.3 Information retrieval of refractive index dynamics from
spectra

4.3.1 Probe light spectrum

For a CW probe light of angular frequency a,,, instantaneous angular
frequency @, (t), and phase shift ¢(t) at the SOA output, the slope of the
phase modulation can be related to the instantaneous frequency deviation
by, see Eq. (3.28)

A0 (t) = By (1)~ :%(p(t). (4.1)

The sign of Aw determines an increase or decrease of the phase. A blue-
shifted spectral component (Aa)>0) indicates a decrease of the refractive
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index (An<0) and a red-shifted spectral component (A® <0) an increase
(An>0).

As mentioned in chapter 3, a measurement of optical spectra does not offer
information about the temporal occurrence of the spectral components. The
phase dynamics proposed in [25] and [48] is different, leads, however, to
similar probe light spectra. In Fig. 4.2 the weak blue spectral band arising
from the strong decay of the refractive index can occur either earlier or later
as the red component. The missing information can be provided by the
output pulse spectrum, Fig. 4.3.

The spectrum of the output pump pulse offers the possibility to find the
correct model.

Power [dBm]

.-560 i i i i IO i i i i 5!()0.
Frequency [GHZz]

Fig. 4.2  Probe light spectrum after the SOA, centered at the CW frequency. The pump pulses
of 2.8ps FWHM were emitted at a repetition rate of frep =10GHz . The pump
power was P, =5dBm at a center wavelength of A, =1550nm . The CW probe
light power was R, =2dBm at a wavelength of A, =1540nm . The SOA was
biased at 1 =400mA .

4.3.2 Pump pulse spectrum after the SOA

The spectrum of the 2.8 ps FWHM pump pulse after propagation through an
SOA is shown in Fig. 4.3.
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Fig. 4.3  Spectrum of the output pulse centered at the maximum intensity of the input pulses.
The pump pulses of 2.8ps FWHM were emitted at a repetition rate of
fo, =10GHz . The pump power was P, =5dBm at a center wavelength of

Z:p: 1550 nm . The SOA was biased at 1 =400mA .
Depending on the power and length of the output pulse, it is differently
amplified, broadened (chirped) and distorted. For short pulses of 100 fs [49],
1 ps [50], 2 ps [51] the output spectrum shows additional blue components
compared to the input spectrum. For long pulses of 21 ps [52] and 27 ps [50]
additional blue and red components appear. Pulses of 55 ps [17] show only
an additional red spectral component.

The optical spectra of short pulses capture the refractive index changes in the
first span of time of the pulse-SOA interaction, and this time span cannot be
longer than the pulse length itself. Since the measured spectra of a 2.8 ps
FWHM pump pulse show only blue components, the refractive index
dynamics starts with a decay of the refractive index.

The following order of occurrence results for the spectral components:
e weak blue spectral component far away from the CW
wavelength,

e strong red component and
e strong blue component close to the CW wavelength.
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In the next section we develop an analytical model for the gain and refractive
index dynamics of an SOA in a pump-probe experiment and calculate the
spectra of the pump and probe light.

4.3.3 Analytical model describing the SOA gain and refractive
index dynamics

Optical spectra measured at the SOA output allow to derive the gain and
refractive index dynamics of the amplifier operated in the nonlinear regime.
The pump spectrum gives information on the self-phase modulation for a
time no longer than the pulse duration. The probe light spectrum depicts the
cross-gain and cross-phase modulation for the whole time interval of 100 ps
between two consecutive pump pulses.

We propose below an analytical model for the gain and refractive index
dynamics of an SOA in a pump-probe experiment. The dynamics described in
the model impresses a distortion on the shape of an input pump pulse, as
also reported in [53]. By comparing measured and calculated spectra for the
pump and probe light, it is possible to extract numerical values of the
parameters for the various nonlinear processes. This allows to attribute
specific spectral components to the respective physical effects.

The following section is taken in part from [54] which covers Sections 2.1 to
4. The text has been altered with respect to variables and figures to match
the thesis.

Begin of paper [54], Section 2.1 to Section 4.
Spectral signature of nonlinear effects in

semiconductor optical amplifiers

A. Marculescu, S. O’Duill, C. Koos, W. Freude, and J. Leuthold
Opt. Express 25(24), 29526-29559 (2017)

General description

Before explaining the details of the model, we review the most relevant gain
dynamics and gain-saturating processes in SOAs which occur on vastly
different time scales [43]. Different « -factors can be attributed to these
processes. For simplicity, carrier diffusion along the SOA is neglected.
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62

(i)

Band filling (BF). BF relates to the change of the total number of
carriers within the energy bands of the SOA. The dynamics
comprises carrier depletion (CD) followed by subsequent carrier
recovery (CR). The first effect is fast, because stimulated
recombination is virtually instantaneous on the timescale of the
pulse duration. Carrier depletion increases the refractive index. The
recovery, which implies refilling of electron and hole states back to
the concentration of the small-signal gain, takes place on a
timescale of about 100 ps, which is much longer than the pump
pulse duration. The « -factor associated with BF is denoted by o, .
In some publications, the symbol «,, is used instead.

(ii) Spectral hole burning (SHB). The pump signal depletes the carriers

(iii)

(iv)

virtually instantaneously at the pump photon energy so that a
“hole” is burned into the gain spectrum. The empty states of the
band are refilled through carrier-carrier scattering on a time scale of
about 100 fs [22]. The change in gain due to SHB has a symmetric
spectral profile around the center frequency of the pump and does
not change the refractive index [38]. Assuming the probe frequency
is close to the center frequency of the pump, the spectral symmetry
applies also to the probe, and we therefore neglect the probe’s SHB
contribution to the refractive index. Consequently, the associated
og,s factor is assumed to be zero.

Carrier heating (CH). If carrier equilibrium inside a band is destroyed
by rapid processes, the instantaneous carrier occupation probability
cannot be described anymore with a Fermi function. However, after
refilling the unoccupied states left by SHB, the carrier occupation
probability follows again a Fermi distribution with an effective “hot”
carrier temperature larger than the lattice temperature. The process
is named carrier heating. By heating the carrier distribution, the gain
decreases [22] and the refractive index increases. Subsequently, the
hot carriers cool down (carrier cooling, CC), and the gain relaxes
back on a timescale of up to a picosecond (carrier heating relaxation
time) [22]. The gain changes lead to refractive index changes, and
the associated « -factor is denoted by o, .

Two-photon absorption (TPA) and TPA-induced free carrier
absorption (FCAtra). Two photons with the same or with different
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energies can be absorbed simultaneously. This process is rather
unlikely, and therefore large powers (large photon numbers) are
needed for this effect to be significant. Electrons are lifted virtually
instantaneously from the valence band (VB) to the conduction band
(CB). The TPA process can occur with simultaneous absorption of
two pump photons (degenerate TPA), or with the simultaneous
absorption of a pump and of a probe light photon (nondegenerate
TPA). For nondegenerate TPA, the polarizations of the optical fields
play an important role, such that even for a weak probe light the
corresponding TPA absorption coefficient can become twice as large
as for degenerate TPA. Although a nondegenerate TPA-process may
enhance the absorption coefficient for the probe light, the
additional number of photoexcited electrons is too small for a
significant change of the refractive index if the probe light is
sufficiently weak. The associated increased optical loss with
degenerate and nondegenerate TPA and the increased number of
carriers lead to an instantaneous decrease of the refractive index
[39]. The «a -factor associated with the TPA process is thus negative
and will be denoted by aq,,. Carriers generated via TPA can
become available for free carrier absorption (FCA), we denote this
process FCAtpa, and explain it as follows: For sufficiently strong
pulses and semiconductors of suitably small bandgap, two-photon
absorption generates an appreciable population of photoexcited
electrons in the I"-valley of the lowest conduction band (CB) [55]. If
this T -valley is filled or if the sum energy of the two photons is
large enough, lower unoccupied states in side-valleys [56], e.g., in
the X-valley, can be filled. In this case, however, an additional
phonon has to deliver the required difference in crystal momentum.
This is also true if electrons in I -valley states are to be scattered
into the same-energy X-valley states [56, 57]. The transfer of the
photoexcited electrons from the I -valley to the satellite X-valley
needs a finite amount of time 7, [57], usually termed intervalley
scattering time. Since the bottom of the X-valley lies close [58] to
the next higher CB, electrons which reached this side-valley can
absorb one more photon (direct absorption) and make a
momentum-conserving upwards transition to the next higher
conduction band without the assistance of a phonon. This direct,
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TPA-induced free carrier absorption (FCAta) has been
demonstrated [55] for the binary compounds GaAs and InP. Similar
to TPA, TPA-induced FCA increases the optical loss so that the
refractive index decreases [59]. However, this refractive index
change occurs delayed by the intervalley scattering time z,. An
instantaneous FCApa-effect requires a simultaneous absorption of a
photon to conserve both, energy and momentum, and can be
neglected [55]. A pictorial explanation of both instantaneous and
delayed FCArea-processes is given in Appendix A. Intervalley
scattering effect may well have other significance for SOAs. In
previous work intervalley scattering would explain for the required
higher-order correction term applied to the carrier density rate
equation in [43] (Eq. (13)), whereby carrier leakage at high carrier
energies was necessary to get a good fitting with experiments.

The aforementioned effects can be identified when looking at the evolution
of the input pump signal (subscript S) and the input CW probe light
(subscript x) inside the SOA. We assume single-mode propagation and
represent the waveguide mode by a plane wave with an effective propagation
constant k,n, and an effective refractive index n, . The fields depend on the
coordinates z (position) and t (time), and are represented by the square
root of the respective powers. Denoting the powers by P}/S,x(z’t) and the
phases by (pysyx(z,t) we write the normalized root-mean-squared (RMS)
electric fields as

E,..(2t)=\P..(z1) exp| s, (z,t)]exp[j(a)s,xt —konoz)} (4.2)

where @, =k,C stands for the closely neighbored pump signal and probe
angular frequencies @ = @, ® @,. In the subsections 4.3.3 and 4.3.4 the
index y is reserved for the functions in the real (non-retarded) time frame.
The SOA length is denoted by L. We attach the superscript in (out) to the
functions of time at the SOA input (output) at position z=0 (z=L). Then
the input and output normalized RMS fields are given by

En. ()=PL. (t)exp[ jols.. (t) exp(jms ) (4.3)

and
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Ee, (1) = P (texp[igee. (1) Jexp| i@ t—knol) ], (44)
respectively. We further assume that the probe light power is much smaller
than the pump light power so that four-wave mixing between pump and
probe remains insignificant. In this case coherent interaction is excluded so
that the phase relation between pump and probe is unimportant, and the
assignments (p;”s’x (t)=0 for both the pump and the probe are justified.
Pump wave and probe wave (influenced by the pump) have complex-valued
envelopes with a typical width of 2.8 ps,

Es.(2,t)= ,nyS,X (z,t)exp[jgoysyx (z,t)] . (4.5)

When pump and probe propagate simultaneously through the amplifier, the
response of the nonlinear medium depends on the powers PVS(Z,t) and
P. (Z,t) of both co-propagating fields. This response can be described by a
complex refractive index N, (z,t), which is split in a coordinate-
independent part n,,d, and a coordinate-dependent contribution
An g (z,t), Ag,,(zt). Real and imaginary parts define the refractive
index n (zt) and the modal gain g,,(zt), respectively. As
ws = @, = @, holds, we write

Anysx(z t)= 75X(z,t)—no :Anysvx(z,t)+2—lj(ogysvx(z,t), e

gyS,x (Z’t) = gO +Agy3.>< (Z’t)'

While the dominant coordinate-independent part is virtually the same for
both signals, the coordinate-dependent contributions An g (Z,t) and
An, (Z,t) are in general different because the SOA nonlinearity couples the
two optical fields through a nondegenerate TPA process. (Such a coupling
cannot occur in the FCAtea process because the absorbed photon belongs
either to the pump or to the probe light.) We also assume that both signals
propagate with the same group velocity v, , have a negligible group-velocity
dispersion [48], and the wavelengths of both pump and probe are close to
the wavelength of the SOA gain peak so that SOA gain-dispersion can be
ignored, i.e., ySX/awSX =0. For simplicity, throughout this chapter, we
neglect the internal loss coefficient ¢, . In the slowly-varying envelope
approximation [17], the complex-valued envelope function Sys,x(z,t),
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Eq. (4.5), is related to the complex refractive index nySX(Z,t) by the
propagation equation
0 10
Eé’ysvx(z,tﬁ—aé’ys,x( t)=—jkAn, (2.t)E,(2,t). (47
9
It is convenient to formulate the propagation of the light signals in a retarded
time frame z':t—z/vg (functions Fy(z,t) transform in retarded functions

F(Z,T) ),
P.(27)=Pg. (z1), 9s.(2.7)=0,s.(2.1),
?s.(2.7)=0,5,.(2,1), Ang (z,7)=Ang (2,1).
Since the retarded time 7 at the SOA input (z=0) coincides with the

natural time t, the input pump and CW probe power dependencies as well
as the input phase shifts are

P (0,r)=P%(r)=P,(r), P.(0,7)=P(r)=P, =const,

5. (0,7) =9, ()=0.

At the SOA output (z =L) we have the output pump and CW probe power
dependencies as well as the output phase shifts

P,.(Lz)=P% (r+ L/vg)z P (7),

7S,x
05 (Li7)=gpe. (7 +L/v, ) =08 (7).

We now perform the coordinate transformations (z,t) to (z,7) in Eq. (4.7),
separate modulus and argument of &, observe Py =& é'SX, and obtain
the propagation equations for the powers and the phase shlfts

0

(4.8)

(4.9)

(4.10)

EPSVX(Z,T)ZgSVX(Z,T)PSVX(Z,T) (4.11)
and
0
5(0va(Z,T):—kOAnSYX(Z,r), (4.12)

respectively. Integrating Eq. (4.11) over the SOA length leads to
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P, (L7)=P (O r)exp[hs,x (r)], h . (7)= JL‘ 9s.(z,7)dz.(4.13)

The power gain coefficient gsyx(z,r) in Eqg. (4.11) is positive and takes care
of the fact that the signal power is distributed over a cross-section so that the
total power is larger by the field concentration factor [60]. The highest value
g, represents the unsaturated small-signal gain, see Eg.(4.6). The
dimensionless integrated gain coefficient hg (z’) (logarithmic power gain) is
also positive and determines the amplification of the respective optical signal

% =exp[hg, (7)]. (4.14)

The integrated unsaturated gain coefficient h, =g,L corresponds to the
largest amplification. It is convenient to subtract hy from hg (z) and
introduce the integrated gain decrease

Ahg (z)=hg, (7)-h, = .L[[gsyx (z.7)-g, |dz. (4.15)

From Eq. (4.12) we find the solution Agosvx(r) for the spatially integrated
phase change of the output light with respect to the input light,

Aps, ()= 5. (L) =05, (0,7) =k, LAng (7)),

1% (4.16)
Ang  (7)= —J.Ans (z,7)dz.
, L) :
The nonlinear output phase shift follows from Egs. (4.9) and (4.16),
L
¢ (7)) =k, [Ang, (z,7) dz. (4.17)

0

In Fig. 4.4 we display a schematic of the dependencies listed in Egs. (4.9),
(4.10) and (4.16). The pump pulse PSin (r) at the input has a symmetric shape
(shown in red in Fig. 4.4 (a)). While propagating through the SOA, the leading
edge of the pump pulse experiences a larger gain than the trailing edge, due
to gain saturation. The pump pulse emerging at the SOA output (shown in
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blue in Fig. 4.4(a)) has therefore an asymmetric shape with its peak power
shifted to smaller 7, this has been documented in [17].

The gain dynamics which results from the previously mentioned effects is
probed with a weak CW input light having constant power P, which
becomes modulated by the instantaneous gain. Fig. 4.4(b) shows the power
dependency of the modulated probe light P (L,7)=P™(z). The gain
decreases as induced by the pump pulse causes the falling slope of P™(z) .
While CD occurs over the whole pump pulse duration, only the processes
dominant in each temporal segment are explicitly marked. The probe power
minimum is reached after the (input) pump pulse maximum at 7=0,
because CD, TPA and SHB are still in effect. Eventually, the SOA gain recovers,
and subsequently the probe power increases towards its initial value.

@ (b) ©
PS(Z'T) “ Anx (T)
Cg CR
CD+
TPA
X >
T
N
CH
FCATpA

Fig. 4.4  Schematic input and output pump power, probe output power, and refractive index
change as a function of retarded time z'=t—Z/Vg (t: real time, z: propagation
coordinate, V, :group velocity). The dominant process for each time segment is
marked. (a) Input pump pulse power (red line, z=0 ) and output pump pulse power
(blue line, z=L ). (b) Probe output light power at z=L . (c) Refractive index
change An, (r) according to Eq. (4.16), averaged over the SOA length. (CD: Carrier
depletion; CH: Carrier heating; TPA: Two-photon absorption; SHB: Spectral hole
burning; FCArea: Free carrier absorption induced by TPA;, CC: Carrier cooling;
CR: Carrier recovery).

The time dependency of the change in the refractive index An_(z) is shown
in Fig. 4.4(c). The combined effects of CD (Section (i)) and TPA (Section (iv))
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reduce the gain. However, the corresponding positive (CD) and negative
changes (TPA) in the refractive index tend to balance, resulting in a time-
independent region (CD+TPA) in Fig. 4.4(c). The onset of SHB in Fig. 4.4(b)
reduces the gain further, but has no effect on the refractive index change, Fig.
4.4(c) (Section (ii)). While all nonlinear effects in Fig. 4.4 (b) are of first order
and FCA can be neglected, the index change in Fig. 4.4(c) due to FCATpa
decreases quadratically with the pump pulse power, so that TPA-induced free
carrier absorption (FCATpa) is responsible (Section (iv)) for the pronounced dip
in the refractive index curve. During the ultrafast gain recovery (CH) the
refilling of the spectral hole counteracts CD and increases the gain.
Consequently, the SOA refractive index increases (Section (iii)). Once the
pump signal leaves the SOA, the carrier distributions start resuming their
intraband equilibrium states (CC). Finally, CR through the injection current
begins and re-establishes the original carrier concentration.

Description of the analytical model

We now describe the gain and phase evolution by an analytical model in
which the probe power can be considered negligible. The pump power
PS(Z,T) influences the amplification and phase shift for both pump and
probe light. According to the discussion of Section (iv), a weak probe light
plays an important role only for TPA processes.

As a consequence, we will treat the other processes (BF, SHB and CH) as if
they occur in the absence of the probe, and therefore omit the subscript S
for all dynamical quantities except P (z,7).

The local modal gain coefficient g(z,r) comprises the small-signal gain
coefficient g, and the coefficients of the gain changes Ag,(z,7) from the
contributions of the processes labelled by “x”, i.e., x={BF,SHB,CH,TPA}.
We neglect the internal loss coefficient because we were not able to include
it in an analytical model. By integrating the gain coefficients over the SOA
length and summing up over all processes, we obtain the logarithmic power
gain, see Egs. (4.13) and (4.15). We therefore write
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9(z,7)=9,+Y.A9,(z.7). h(r)=hy+Ah(z),
’ L (4.18)
ZAh ) Ah(7)= jAgX (z,7)dz.

0

The a, -factors associated with the above processes are denoted by

ok An, (z,7)
o, =— - .
" ° Ag, (2,7)

The a,-factors do not depend on time or space, because the functional
dependencies of An,(z,7) and Ag, (z,7) are assumed to be the same. For
simplicity, we neglect the coefficient Ag.., associated with the two-photon
induced free carrier absorption in our analysis and the corresponding local
change AnFCA(Z,r) of the refractive index is derived by applying the Drude
model, see Eq. (4.51). The total change in the refractive index An(z,r) is
given by

x={BF, SHB, CH, TPA! . (4.19)

An(z,7)= ;AnX (z,7)+Anga (2,7),

(4.20)

Anx(z,r):—zakx Ag, (2.7).
0

We substitute Eq.(4.20) in the right-hand side of Eq.(4.17) in order to
determine the output phase shift of the pump field. We denote the
contribution of the various processes by

L L
Ag, ()= —kOIAnX (z,7)dz= %axjAgx (z,7)dz,
0 0 (4.21)

L

A@eca (7) = —kOIAnFCA (z,7)dz.

0

Further, taking into account that Ag, (7)=1/2a,Ah () holds, we
eventually obtain

o™ ( Za AN (7)+Ageca (7). (4.22)
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We now start with the analytical description for band filling as developed by
Agrawal and Olsson [17], and we then include the ultrafast gain saturation as
well as the TPA effect in a phenomenological fashion [48, 61]. In the
following, we calculate the individual gain changes Agx(z,r) and the
integrated coefficients Ah, (r) of Eq.(4.18) as well as the quantities
ANcea (2,7) and Ageea (7) related by Eq. (4.21).

Spatial integration techniques to account for nonlinear effects were
previously described in [62] for gain recovery in SOAs, and in [63] for
analyzing active and passive silicon waveguides. Such techniques are very
different from the traditional discretization approach used in the context of
distributed feedback semiconductor lasers [64].

Logarithmic gain

The description of the carrier dynamics in the active medium is based on rate
equations [65, 66].

Band filling
We assume a linear dependence of the band filling gain coefficient
0o +AGg: (2,7) on the carrier concentration N(z,7) and write

AGge (2,7) =T [N (z,7)-Ng |, (4.23)

where I'" denotes the field confinement factor, &, is the differential gain and
N, represents the unsaturated value of the carrier density [61]. Here we
include I'", a, and N, in the unsaturated (small-signal) gain g, =I'Q,, the
saturation power [61] P, and in the spontaneous carrier lifetime 7_, see
Eqg. (2.23). We now put down a differential equation that describes the
temporal evolution of band filling during a pump-probe experiment with a
negligible probe light power. From the differential equation for the charge

carrier concentration we find the differential equation [65] for Agg. as

%AQBF(z,T):{g(Z,,)_% Agm(z,r)} P, (2,7) Ager(2.7)

CcD CR

. (4.24)

PSﬁ[ TS TS

Band filling effects comprise carrier depletion (CD) and carrier recovery (CR).
As the unsaturated gain coefficient is always larger than the band filling gain
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coefficient, AQg:(Z,7)<0. The first term on the right-hand side of Eq. (4.24)
is negative and therefore stands for the power gain decrease which is due to
induced carrier depletion. The first term also includes TPA gain. According to
[65] the TPA contribution to the carrier density increase has a weight factor
1/2, therefore we have to subtract 1/2AgTPA(Z,z') from the total gain
g(Z,r) in Eqg. (4.18). The second term is responsible for an increase of the
gain and therefore for carrier recovery on a timescale of z_. For picosecond
pulses, CD and CR operate on two vastly different timescales (see Section (i))
and both effects can be treated separately. Over the duration of the pump
pulse, CD is instantaneous and dominates over a timescale much shorter than
7., therefore CR is negligible allowing for the CR term in Eq. (4.24) to be set
to zero. After the pump pulse has vanished, there is no more carrier
depletion and now CR dominates, the first term in Eq.(4.24) can be
neglected. We now solve Eq. (4.24) analytically for both cases separately.
When CD dominates we use the notation AQg: =Ag.,, and we use the
notation Agg: =Agc; when CR dominates. The integrated gain coefficient,
Ahg (7), will be accordingly denoted by Ahg. = Ahy, and Ahy. = Ahy, .

Carrier depletion

For the case of weak to moderate pump energies, i.e., when the effects of
CH, SHB and TPA on pump-induced changes in carrier density are neglected
and the conditions |Agx¢CD(Z'T)| < 0y +Adep (2,7) hold, the local gain
coefficient g(z,7) describes only the CD contribution g, +Ag¢, (2,7) of
the BF effect,

9(z,7)= 9y +A9ep (2,7) . (4.25)

As a consequence, in determining Agcp (Z,7) we can approximate P, (z,7)
by the solution P, (z,7) of the propagation equation

0
EPCD(Z,T)Z[QO+AQCD(Z,T):| P (z,7). (4.26)
Writing P (2,7) = Py (2,7) the first term of the right-hand side of Eq. (4.24)
simplifies to

0 (z7)

P
EAgCD(z,r):—[go+AgCD(z,r)]CD—. (4.27)

Psat TS
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We integrate both sides of Eq. (4.27) over the whole SOA length, substitute
[9o +A9ep (2,7)]Pp (z,7)  from  Eq.(4.26), employ Eq.(4.13) with
P (0,7)=P,(7), and find a differential equation for the integrated BF gain

coefficient Ah.y,

d _exp[hy+Ahy (7)]-1
aAhCD (T) - P Pa (T) : (4.28)

sat”s

With the integrated unsaturated small-signal gain as an initial condition,
Ah., (—0) =0, Eqg. (4.28) can be integrated (see Appendix B) resulting in

)=~ if )t 2o ] ()8 ()| 029

-0

For the case of Gaussian input pulses, the integral in Eq. (4.29) has a closed-
form expression in terms of the error function [17].

After hy+Ahg (7) has attained its minimum, it recovers back to the
unsaturated value h,. As the model is based on a sharp separation of CD and
CR, the temporal threshold 7 =7, needs to be introduced. A suitable time
—75 can be identified as the moment when the gain saturation begins. The
gain reduction (in dB) up to this moment can be written as
10log,, {eXpUAth (-5 )H} =(q. Eq. (4.29) allows for the determination of
the time 7 =—7; when the gain amplification starts modifying

i - exp(h,)-1
j Pin (T) dr = Psath Inl:exp(ho)—_loq/m . (4.30)

The energy content of the part up to —7 in the leading edge represents thus
the largest energy for which the saturation can be neglected in the CD
process. We can assume that the amplification ceases when the energy
content of the final part in the trailing edge attains the amount considered
negligible. For symmetric pulses, i.e., for R, (—=7)=P, (), this happens at
T =+15, due to the obvious identity _[:: P,(r)dr=["PR (r)dz. Given a
certain gain reduction ¢ at the beginning of the saturation (at time 7 =—7),
one can solve the resulting Eq. (4.30) for 7, . This procedure is particularly
useful for a Gaussian power pulse of width Ty where the ratio 7 /rp can be
expressed in closed-form through the complementary error-function
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involving ¢ (and other independent parameters). A practicable criterion for
determining z, will be presented later.

Carrier recovery
The differential equation for the gain recovery coefficient Agqg (Z,z’) is
found by setting the first term on the right-hand side of Eq. (4.24) to zero,

AQer (2,7)
—

0
EAgCR(Z’T):_ (431)

S

The CR gain dynamics for Ahg. (7) is obtained by integrating both sides of
Eqg. (4.31) over the SOA length and by solving the resulting differential
equation for Ah.; (7) with the initial condition

Aheg (75 ) = Ahgp (75) - (4.32)

The value of Ahy, (75) on the right-hand side has to be found from Eq.
(4.29).

Overall band filling

The complete gain contribution to BF is then given by

Ahg (7) <14

- 4.33
Ahgp (75 )exp{— . J T>15. (433)
T

S

Ahg (1) =

Our approximations lead to an analytical result, however, the time derivative
of Ahg(7) is no more continuous at 7 =75 .

Spectral hole burning and carrier heating

The equations describing the intraband dynamics are stated in [66]. If
intraband relaxation times are much smaller than the pulse width, the time
derivative in these equations can be adiabatically eliminated, i.e., set to zero,
and the local gain changes AQgg o1y (Z,T) can be immediately written as [61]

AQsg o (Z, 2') = —Equp cH [g (Z, T) —AQ+pp (Z, r)] P, (Z, r) , (4.34)
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with &gscy being the saturation power for the respective process.
Accordingly, it is the ratio of ultrafast gain compression Aggs . to the local
material gain, g —A0.,, that is proportional to the pulse power inside the
SOA. The material gain itself comprises g, +Agg: and the local ultrafast gain
contribution AQg,5 +Ad.,, which can be calculated from Eg. (4.34). Denoting
the total ultrafast compression coefficient by & = &g 5 + &, One can relate
J—AQa 10 0, +AQy, see the first Eq.(4.18). By making use of this
relation in Eq. (4.34), one obtains

I:go +AQge (Z’T):I P (z.7) .

1+6‘PS(Z,T) (4.35)

Alspg cn (Zv T) = ~&suBcH

Eq. (4.35) describes the ultrafast gain reduction due only to the stimulated
emission that removes the “cool” carriers from the distribution. We do not
consider here the carrier heating via TPA and FCA. The ultrafast processes
occur simultaneously with CD, however we calculate their contributions by
only considering CD, see Eq. (4.25). For strong pulses the amount of CD
would also be affected by the strength of the ultrafast gain compression, but
for moderate levels of gain compression it is sufficient to replace in Eq. (4.35)
AQg: by Agy, and Pi(z,7) by Py (z,7) as defined in Eq. (4.26). As a
consequence, AQgs i (Z,7) can be written as

& 0
AGgrgen (2,7) = _%E{In [1+&Py, (z,r)]} . (4.36)

The ultrafast compressions are obtained by integrating both sides of
Eqg. (4.36) over z from z=0 to z=L, and by taking into account the
boundary conditions

Peo (0' T) =R, (T) and Ry (L' T) =R, (T)eXp[ho +Ahg (T)] (4.37)

with the result

 Egmen |1+ &P, (v)exp[hy +Ahg, (7) ]
AhSHB,cH (T)—_ . In{ 1+ 2P (T) } (4.38)
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The above results remain valid in the presence of a weak probe light. In
contrast, as will be shown below, the probe light can sensibly influence the
TPA-process, even when its power P, is small.

Two-photon absorption

We describe the local gain reduction due to a degenerate TPA-process
(simultaneous absorption of two identical photons) by an absorption
coefficient AgTPA(Z,r) which is proportional to the power of the
propagating light P, and to the inverse of an effective TPA cross-section
Ara [60, 65], with a proportionality factor S, (s ) called the TPA coefficient
at the pump frequency ay,

b (a)s)

PA

AGon (2,7) = - P,(z,z)  (degeneratecase). (4.39)

The area Ay, is larger than the cross-section A of the active region [60],
because it always includes some adjacent layers within the cladding region.

In a nondegenerate TPA-process a VB electron can reach the CB by absorbing
one photon from the pump and another photon from the probe. The pump
having power P, and angular frequency @ is assumed to be dominantly
linear polarized in the direction of the unit vector €, which lies in the cross-
section area of the SOA waveguide. The probe light with power P and
angular frequency @, is assumed to be linearly polarized in the same plane,
but along a different direction €_, and its contribution has to be weighted by
a factor f(ws.6. @,.€.)/B, () [67, 68]. The local TPA absorption
coefficient AQrpas (Z,T) experienced by the pump in the presence of the
probe light is

Arpns (2,7) =—M{PS (z,7)+

PA

ﬂs(a’svésvwxvéx)
,32(603)

In analogy, we define the local TPA absorption coefficient Ao, (Z,7)
experienced by the probe light in the presence of the pump light as

_ﬂz (wx)l:ﬂx (ws’és’a)x’éx
Aron B (a)x)

P, (Z,z’)}. (4.40)

AQron, (2,7) = )Ps(z,r)+Px(z,r)} (4.41)
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The functions IBS,X (a)s,és,a)x,éx) depend on the relative polarization angle,
cos™ (és ~§X), are related to each other, and become equal for o5 = @, [68],
see Appendix C. In general, a TPA in pump-probe experiments consists of
three kinds of absorption processes occurring at the same time: absorption
processes of identical photon pairs from the pump and probe light, and of
different photon pairs from the pump-probe coupling. For neighboring
angular frequencies ws = @, = @, we introduce a new parameter I, by the

ratio

Bs (wmés’a’ovéx)

Frpa = (4.42)
P (a’o)
write f3, for B, (@,) and simplify Eqgs. (4.40) and (4.41) to
AQ+pas (Z T i [P z, T TPAPx(Z’T):I (4.43)
AL
and
A ﬂz
gTPAx(Z T I:rTPA z, T)+P ( ):I (4.44)

The ratio Iy, , hereafter called the TPA non-degeneracy factor, is positive and
depends on the relative polarization angle. For semiconductors with zinc
blende crystal structure I, =2 for parallel polarizations and takes on a
value 2-3 times smaller for orthogonal polarizations, depending on the probe
frequency [68, 69], see Appendix C. Moreover, for a weak probe light only the
first term on the right-hand side of Egs. (4.43) and (4.44) contributes, and we
are left with

AGrons (2,7) = AUrpa (2,7),  Arpa (2:7) = FrpaArpa (2,7). (4.45)

Under the assumptions stated above, the local absorption coefficient from
the pump in the presence of the (weak) probe light coincides with the
degenerate case, Eq. (4.39), while the local absorption coefficient from the
(weak) probe light differs from the latter by the TPA non-degeneracy factor
Ipa due to the pump-probe coupling. Proceeding in analogy to the fourth
formula in Eqg.(4.18) and substituting the subscript x by TPAS and
TPA,x, the integrated absorption coefficients Ahg,, ¢ for the degenerate
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case and Ah,,, for the nondegenerate case can be written with the help of
Eq. (4.45) as

Ahrpas (T) = Ahyp, (T) A . (T) = IrpaAhps (T) . (4.46)

Similarly, proceeding in analogy to Eq. (4.21), we find the TPA-induced phase
change contributions Agy,, ¢ for the degenerate case and Ay, , for the
nondegenerate case

1 1
Aprons(7) = EaTPAAhTPA(T)’ A@ron(7) = EaTPArTPAAhTPA(T) : (4.47)

The dynamical quantities in Egs. (4.46) and (4.47), associated to the TPA-
process are all expressed in terms of the contribution Ahy,, (7). For the
calculation of this contribution according to Egs. (4.18) and (4.39), it is
necessary to integrate P (Z,T) over the SOA length. Since in Eqg. (4.25) we
assumed that ultrafast processes including TPA are negligible in comparison
with CD, we replaced Py(z,7) by the solution Py, (z,7) of Eq. (4.26). The
integration of arbitrary positive powers of PCD(Z,T) is carried out in
Appendix B, yielding the coefficients C, (T), see Eqg. (B.15). An explicit form
of Pep(z,7) is shown in Egs.(B.11) and (B.13). By introducing the
compression coefficient

L
Erpp = P, , (4.48)
ATPAhO
and by using the result, see Eq. (B.22),
Ah (7
C,(r)= 2o () , (4.49)

- eprAhCD (T)|:| -1
one finds the following TPA contribution Ahy,, (7):
Ahio (7) =—&mpn [ exp () -1]C, (7) P, (7). (4.50)

We prove in Appendix B that all coefficients C, (r), n=12,... are positive
and decrease with time.
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FCA71pa induced refractive index

In order to include the FCAtea process as described in [55], we assume that
many of the photoexcited electrons reach the X-valley of the lowest CB by
absorbing optical phonons of suitable wave vectors. Owing to the low amount
of energy carried by the phonon [56], the energy of the electron remains
nearly constant, while its momentum increases accordingly. Also, the transit
time to the X-valley expressed by the intervalley scattering time 7, is of order
of the electron-phonon scattering time. Once arrived in the new X-valley
state, the electrons can be further excited into the next higher CB by
absorption of a photon. The contribution of this free carrier absorption to the
index change can be estimated based on the classical oscillator model of
Drude and Lorentz. By assuming the electrons moving freely in the optical
field according to Newton’s second law, one finds the decrease of the
refractive index as given by the Drude formula [37]

e2

————N 7,7), 4,51
280 nO a)g mFCA e ( ) ( )

ANgea (Z, r) =—

where N, denotes the intraband density of FCA-excited electrons with
effective mass m., and the field-independent refractive index n,. Since in
general N, (Z,7) represents only a fraction K of the density N, (z,7) of
photoexcited electrons, one can write

Neca (2,7) =K N (z,7-7,), 0<K<L1. (4.52)

An instantaneous FCAtpa process in the T -valley where photoexcited
electrons are produced needs phonon assistance and is unlikely.

In the following we consider photoexcited electrons with average lifetime 7,
arising in the active region of cross-section A by TPA from the pump (power
P, , angular frequency @) and probe light (power P, angular frequency

X

®,). We describe the dynamics of these carriers by the following rate

x

equation

aNex(Z’T):_AgTPA,S(Z’T)PS(Z’T) AGrop(2,7)P(2,7) Ny (z,7) (4.53)
or 2Ah o, 2Aho, T, o

ex
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The first term on the right-hand side is positive and apart from the factor 1/2
whose origin has been already explained (see Eq.(4.24)), represents the local
density of photons absorbed per second from both, pump and probe light.
The second term is negative and accounts for the loss of photoexcited
electrons. By setting Py =P, =0 one can verify that z,, is the photoexcited
carrier lifetime. The double heterostructure confines all carriers in the active
region, i.e., one can assume that the carriers are distributed over the cross-
section A. In the stationary regime N, /0r=0 holds, and the
concentration of photoexcited electrons can be calculated from

T | Arons (z,7)Ps (z,7) . AQrpn, (2,7)P.(2,7)
2A ha hae

X

(4.54)

N, (Z,T) =—

For closely neighbored frequencies ws ~® =@, one can substitute
Egs. (4.43) and (4.44) in Eq.(4.54). The contributions proportional to
P2(z,7), P*(z,7) and 2r,,P(z,7)P.(z,7) enter with the same weight
and represent the three kinds of aforementioned TPA-processes, two
degenerate and one nondegenerate TPA-processes. For a sufficiently weak
probe light (see Appendix C), one can neglect the terms containing P, (Z,T)
such that N, (z,r) becomes independent of the TPA non-degeneracy factor

Frpa

P (z,7)

. (4.55)
2haw, A

Nex (Z’ Z') = _TexAgTPA (Z'T)

By substituting Egs. (4.52), (4.55) and (4.39) into the right-hand side of the
Drude formula (Eg. (4.51)), one gets

c Ke’r,,
AnFCA(Z’T):__gonFCAgTPAPSZ(Z7T—TO)I Meea = . (4.56)

@, Ag hem ., win A
The dependency of An.., on the power squared qualifies the FCAtpa process
as a fifth-order nonlinear optical effect (see Eq.(1.9)). According to the
assumption that TPA-induced free carrier absorption has a negligible gain
coefficient AQr.,, the nonlinear susceptibility ;((5) [67] is real and is
proportional to the product 7..,&mpa - Although both factors in this product
are measured in I/W, 7., cannot represent a compression coefficient and
will be simply termed as nonlinear (optical) coefficient. The FCAta phase
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contribution, Eq. (4.21), can be found by integration over the SOA length. As
before we use the approximation from Eq. (4.25) to replace PS(Z,Z') by
P (Z,z’), perform the integral with the methods developed in Appendix B,
and obtain

A@eca (T) = Trcatea [eXp(ho)_l:Iz C, (T _To) Pa (T _To) - (457)

The function C,(7) is related to the function C,(z) given in Eq. (4.49) by
the expression

~[exp(h,)-1]" {exp[h0 +Ahg (7) ] —1}
eXpUAhCD (r)|]—1

As the FCATpa effect is significant, most of the electrons produced by TPA in
the conduction band will have an average lifetime close to z,, i.e., one also
expects 7,, > 7,. On the other hand, the validity of the steady-state solution,
Eq. (4.55), requires 7, to be shorter than the pulse width. The large value of
Meca (see Table 4.1) leads to a strong decrease of the refractive index. Notice
that the corresponding phase shift contribution starts changing later, with a

time delay 7, after the input pulse peak.

(4.58)

C,(7)=

Summary

By definition, the power amplification of a light signal is the ratio of the
output to the input signal power For a graphical representation of

P (0,7)=PR,(r) and P;(Lz)=P(7), see Fig. 4.4(a). Inserting
Egs. (4.33), (4.38) and (4. 50) into the third formula in Eq. (4.18), one obtains

ARy () = AN(7) = ARy (7)+ Ahy g (7) + Ay, (2)+ Ahipy (7). (4.59)

In the pump-probe experiments the overall SOA power gain
r)=exp[h, (z)]=exp[h,+Ah (7)] (4.60)

is always given by the probe light amplification. It is represented in Fig. 4.4(b)
for a CW probe light. The logarithmic integrated gain Ah, (r) differs from

Ahg (7) by replacing Ah,, < (7) with Ahy,, (7) (see Eq. (4.46)),
AN (7) = Ahg. (7)+ Ahgg (7) + Al (7) + FrpaAhpa (7) - (4.61)
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According to the discussion in Section (ii), we will assume that SHB does not
contribute to the phase shifts " (7), and set the corresponding o -factor
o,z =0. By substituting Egs. (4.33), (4.38), (4.50) and (4.57) in Eq. (4.22) we

find
wgut(z_) _ q)out(r)
= %[aBFAhBF(T) tagy, AhCH(T) + a’TPAAhTPA(T)] + A(DFCA(T)-

The phase shift Ag, (r) of the probe light is related to the change in the
refractive index, An, (r), see Eq. (4.16), and is schematically depicted in Fig.
4.4(c). The quantity ¢ () is obtained in a similar way as @¢" () by taking

into account Eq. (4.47),

¢ ()= %[aBFAhBF(T)+aCHAhCH(T)_'_rTPAaTPAAhTPA(T):|+A¢FCA(T) - (4.63)

(4.62)

As an example, we calculate the gain dynamics of an SOA, driven with a
Gaussian input pump pulse having 3.8 MW peak power and a full width at
half maximum (FWHM) of 2.8 ps, i.e., with a pump input energy of 11.3J .
The parameters given in Table 4.1 are typical for an SOA being operated at a
wavelength of 1.55um corresponding to a frequency of about
fo =@, /(27)=193.4 THz . According to [48] the carrier lifetime 7, lies in
the range 100ps...1ns. By taking 7,=100ps and by choosing
P, =50mW, one obtains a saturation energy W, =P,z,=5pJ in
agreement with the typical range of 5...10pJ reported in [17]. The « -
factors are taken from [43].

We postpone the discussion of the other parameters to the end of
Subsection 4.3.4 and first calculate the optical spectra, which we then
compare to measured data.
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Table 4.1. List of parameters used to calculate SOA gain and phase shift dynamics.
* indicates typical value for the intraband process relaxation time, though not
resolved in this work.

Process BF CH SHB TPA FCATpA

Unsaturated
h, =6 — — — —
device gain

Sat. power &
nonlinearity P,=50mW &g, =05W" £,,=03W" &,, =025W" 7., =15W"

coefficient

TPA non-
degeneracy Fpa =1 — — — —

factor
o -parameter g =3.8 ag, =07 agp =0 Olrpp =—3 —

Carrier

lifetime &

intervalley 7,=100ps 7, =600fs" 74, =100fs" — 7,=1ps
scattering

time

Gain reduction
at saturation  q=0.017dB — — — _

onset

The results of the calculated gain and phase shift dynamics are plotted in Fig.
4.5. They are in agreement with the measured gain and phase dynamics from
pump-probe experiments [35, 42, 43]. Starting with the basic BF contribution,
we successively add the contributions of the other processes, and are able to
see how each process contributes individually to the overall gain. An
important feature of the plots is the delay between the gain minimum and
the refractive index maximum. This was shown experimentally and
theoretically by others [35, 42, 43] and is also confirmed by our model.
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Fig. 4.5  Calculated time dependence of SOA gain G =eXp(fL). The origin =0 of the
retarded time coincides with the maximum of the pump pulse Py (O,r) , see Fig. 4.4.
With our model we calculate In(G)=h, and the phase shift Ap, =—k,An,. (a)
Gain and phase shift as a function of retarded time. The inset shows a blow-up. (b)
Gain and (c) phase contributions of the various effects. (BF: Band filling; TPA: Two-
photon absorption; FCArma: TPA-induced free carrier absorption delayed by the
intervalley scattering time t,=1ps,; SHB:Spectral hole burning;, CH: Carrier
heating).

Since the FCAr process starts 7, =1ps later than the TPA itself, the
refractive index is stationary during this delay (Fig. 4.5(c)). Notice that due to
the fast and ultrafast saturation effects the refractive index minimum is
reached somewhat earlier than 1ps. Neglecting Agg., can only be
compatible with moderately high TPA effects in bulk SOAs. In such cases there
are fewer free carriers arising during the FCArea process than removed by
carrier depletion. However, the absorption cross-sections calculated in [55]
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are in the order of the BF differential gain. This fact can satisfactorily explain
the dramatic FCAtea phase shift shown in Fig. 4.5(c) by simultaneously
keeping the negligible free carrier absorption stipulated in Fig. 4.5(b). The
topic is thoroughly discussed in Appendix A.

The advantage of using this approach is the ability to analytically model the
temporal gain dynamics with the few parameters of Table 4.1. Most of these
parameters can be derived by fitting the calculated spectrum to the
measured one. The model does not require details on the geometry and on
the other SOA parameters which typically are inaccessible.

4.3.4 Pump and probe light spectra at SOA output: comparison
of model and measurements with experiment

The closed form expressions for the gain and phase dynamics, in which only a
few constant parameters are chosen independently, allows us to derive the
spectral shapes and to compare them with the experiment. Moreover, one
can determine the remaining constant parameters by fitting the spectral
traces and hence get a better understanding of the dynamic behavior of an
SOA at the respective operation point. The model parameters discussed at
the end of this section are found to be within a £10% spread of their
absolute extracted values.

In the following we assume that the condition P, > P, is met, and P,

denotes the peak power of the pump pulse P, (7), i.e, By = max[Pin(rﬁ
and P_is the CW probe light power. We also assume — as before — that the
pump and CW frequencies are not too far apart. According to Egs. (4.61) and
(4.63), one needs an additional parameter, the TPA non-degeneracy factor
Ipn , fOr describing the amplification and the phase shift of the probe light.
Only if rp, =1 holds, the propagation of a weak probe light does not
influence the active medium. Since the SOA material is assumed to have a
negligible dispersion, we can use the same values of the constant parameters

other than ry,, , for both signals.

For a comparison with the experiment, we calculate the one-sided power
spectra ®g, for the real optical pump (subscript S) and probe (subscript x)
fields at the SOA output. Starting with the output normalized RMS electric
fields E;";"x t) as given by Eq. (4.4), we perform the Fourier transform of the
real part R{EJg, (t)} . We then shift it from the carrier angular frequencies
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s, to the baseband, observe a factor of 1/2 for the one-sided transform,
take the modulus square and express the resulting power spectrum versus
the frequency shift f :(a)—a)s,x )/(27r),

2

= %T«/ P (t)exp jore, (t) Jexp[ —i(knoL + 27 ft) ] dt| . (4.64)

The powers and phase shifts of the output signals are obtained in terms of
Ahg, (7) (Egs.(4.59) and (4.61)) and g (7) (Egs.(4.62) and (4.63)).
Writing

P (r) =exp[ hy +Ahy ()P, () and P (z)=exp[h, +Ah (7)]P.,(4.65)

the retarded time dependencies from Egs. (4.9) and (4.10) allow to express
the optical spectra as

f,jP;’it exp J(pg’“; exp( j2rfr)de| . (4.66)

The calculated and measured spectra of the pulse and probe light at the SOA
output are shown in Fig. 4.6(a) and Fig. 4.6(b). Mode-locked pulses with a
2.8ps FWHM are generated at the repetition rate of 10 GHz in order to
allow the complete CR between two successive pulses. Pump and probe light
are injected in co-propagating direction into the SOA, utilizing a 3 dB coupler.
The spectra were recorded by an optical spectrum analyzer with a resolution
bandwidth of 0.1nm, and correspond to the envelope of the oscillatory
structure related to the pulse repetition rate.

Pulse spectra help investigating the dynamics of the gain and refractive index.
Due to the short pulse duration of a few picoseconds, only nonlinear effects
that occur while the pump is present show up in the output spectrum of the
pump. Whereas, the probe senses both the ultrafast effects that occur when
the pump is present and also the slower effects like CR that do not influence
the pump. Hence, the temporal limitation of the injected optical power acts
as a gating mechanism which allows to get insight of the dynamics at the
beginning, while suppressing later effects. The full dynamics of the SOA gain
and refractive index can be concluded from the probe light spectra. Although
possibly significant effects such as spectral artifacts [48] and amplified
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spontaneous emission (ASE) were not included in the analytical model, the
calculated spectra (solid black lines) resemble the measured ones (light grey
lines). For instance, one observes the pronounced sidelobes in the blue-
shifted spectral domain of calculated and measured pump and probe spectra.
The origin of this spectral region can be traced back to the FCAtra nonlinear
effect — as described by the parameters 7., and 7, (see Fig. 4.6(c) and Fig.
4.6(d)).
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Fig. 4.6  Calculated spectra (log scale) using the parameters from Table 4.1 and comparison
with measured ones. (a) Measured (light gray lines) and calculated (solid black lines)
spectra after the SOA of the pump pulse and (b) measured (light gray lines) and
calculated (solid black lines) spectra after the SOA of the probe light. The
decomposition of the spectra is shown in (c) for the pump pulse and in (d) for the
CW pulse light. (BF: Band filling; TPA: Two-photon absorption; FCAra: Free carrier
absorption induced by TPA; SHB: Spectral hole burning; CH: Carrier heating).

Both measured and simulated probe light spectra have broad and
pronounced red-shifted spectral components extending beyond —200 GHz
with respect to the center frequency, see Fig. 4.6(b). They mainly originate
from CD and CH effects. Towards higher frequencies with respect to the
center frequency one can notice two blue-shifted spectral regions. First,
there is a blue-shifted spectral range starting closely to the carrier frequency.
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This can be attributed to the slow carrier recovery process. We attribute the
small blue-shifted shoulder with a peak around 100 GHz to the presence of
both TPA and FCArra nonlinear effects, Fig. 4.6(d).

Other researchers have found similar spectral characteristics, particularly
when experiments have been performed with short pulses of 1ps [50] and
2 ps [51]. The discussion here has shown that the presence or absence of
spectral components gives an indication for the occurrence and strength of a
particular nonlinear effect. Specifically, one expects a distinct blue-shifted
sidelobe far off from the center frequency in the presence of TPA and FCATpa,
and a red-shifted spectral component due to CD and CH as well as a blue-
shifted spectral component nearby the center frequency due to CR.

In Fig. 4.11 we present pump and probe spectra for different pulse input
powers which allow to verify the differences in order of nonlinearity. Note the
characteristics behavior of the blue sideband intensity associated with FCAtpa.

The method outlined here allows to easily recognize when TPA and FCATtra
play a role by just looking at the spectrum and by observing that the ultrafast
decrease of the refractive index occurs during the trailing edge of the pump
pulse. In addition, the method allows for an estimation of the nonlinear
coefficients in a particular SOA at a certain operating point (see, e.g., Table
4.1). For instance, in our experiment we have employed an SOA with the
structural parameters from [43]: L=26mm, A=0.225pm*, field
confinement factor I'=0.351 and v, =8.4x10’ m/s . Following [48], we
take the TPA effective cross-section to be of the same size as the modal cross-
section, A, =A/T. By using Eq. (4.48), we estimate the nonlinear TPA
coefficient B, from &, which is given in Table 4.1, and find a value of
37cm/GW which is close to the value of 35¢cm/GW reported in [48] for
InGaAsP-SOAs. We also express the ultrafast compression coefficients in m?
facilitating the comparison with the values given in literature:
Eop =3.5x107'm? and &gy =2.1x107%'m°.

We now look for the remaining parameters 0, 7ca, 7, and Ip,. A
reduction of the gain by q=0.01dB compared to the unsaturated gain
marks the beginning of saturation and corresponds to a time 7, =3.3 ps for
a transition from CD to CR and to a ratio of the output pulse power at 7,
P (zg ), to the peak output power, poutpea
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t t,peak
Xg =P (z5)/ P9 = 4% . (4.67)

We could not see any spectral change for q<0.03dB or, equivalently, for
Xr <9.5%, i.e., for transition times from CD to CR larger then 2.9 ps. The
value q=0.017 dB reported in Table 4.1 corresponds to 7, =3.1ps and a
ratio Xz =6%.

In order to assign values to the remaining fit-parameters, a sensitivity analysis
has been performed. For this purpose, we consider the relative error

|®S,x measured ( f )_®S,x calculated ( f )|
®S,x measured ( f )

and denote its averaged value over the whole measured spectrum with
<FS_X>A We determine by calculation the changes of a single parameter
leading, or corresponding to a minimum of <FS,X> . We then look for physical
or model dependent reasons impeding the realization of this minimum. As a
plausibility check, the parameter q is a useful indicator for the onset of
carrier saturation. It also stands for a time 7, which has to be longer than
the pulse duration (FWHM of the pump pulse). Approximate values for 7,
and I, result from their physical meanings and can be used as a first guess
in the optimization algorithm. The value 7., =15 W™ in Table 4.1 can be
subsequently determined from the agreement of the calculated and
measured spectra. The relative error averaged over the whole measured
probe light spectrum (F,) has a minimum for ¢ =0.017 dB.. By keeping this
value for g constant, a sensitivity analysis has been performed for the
parameters 7., , 7, and I, . The following ranges have been established in
this way: 14.5...155 W™ for 7..,, 0.9...1.1ps for the I'— X intervalley
scattering time 7, and 0.9...1.1 for the TPA non-degeneracy factor Iy, .
Recalling that I, =1 describes the TPA-process for the pump alone, we
conclude that in our measurements, the probe light has no measurable effect
on the active medium.

=

s,x(f):

) (4.68)

4.4 Selecting spectral regions to perform optical filter based
wavelength conversion
The previous subsection has shown that nonlinear effects in an SOA lead to

unique spectral traces. With our model, we can estimate their qualitative and
guantitative relevance. This information is useful to judge if a particular effect
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is present at all, and if it is sufficiently large to be exploited in a nonlinear
experiment.

There are three distinct spectral ranges which feature strong nonlinear
effects. We now discuss the SOA with respect to its capability to perform all-
optical signal processing by exploiting the nonlinear cross-gain modulation
(XGM) and cross-phase modulation (XPM) effect.

@) o(t)y (b) P [log]

t fow f

Fig. 4.7  (a) Phase shift dynamics and (b) corresponding induced spectral components in a
measured probe light spectrum.

The basic features within the phase dynamics and the spectral components
as seen by a probe light are schematically depicted in Fig. 4.7. Both figures
are derived from the plots in Fig. 4.5(c) and Fig. 4.6(b). The colors indicate
three temporal regions associated with three distinct nonlinear effects as
discussed in Fig. 4.4(c). In the previous section we have shown that the
dominant nonlinear effects in the three different temporal regions yield clear
spectral traces in different spectral regions. So, for instance, the blue-shifted
(BS) shoulder away from the central frequency (shown in dark blue) is due to
the ultrafast sharp decrease of the refractive index due to TPA and FCAfpa in
the first time segment. Next, the strong red-shifted (RS) spectral component
(shown in red color) is mainly induced by the carrier depletion in the SOA.
Finally, the spectral component close to the CW (in light blue color) results
from the carrier recovery in the active medium. Note that a fast CR process
causes a broad component.
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Thus, SOA nonlinear effects create new spectral components, first in the far
blue, then in the red and again in the near blue spectral domain [70]. By
combining an SOA with properly adjusted optical filters one can build simple
and efficient all-optical wavelength converters.

. W

SOA = a\é—’

}"D_>_

MA

Fig. 4.8  Scheme of an optical filter based all-optical wavelength conversion system.

A wavelength converter generating non-inverted signals is schematically
depicted in Fig. 4.8. Using suitable red-shifted optical filters (RSOF) after an
SOA, a wavelength converter can be realized. In [71], a 10 Gbit/s and a
40 Gbit/s all-optical regeneration experiment has been performed with a
red-shifted optical filter offset by about 50 GHz from the center frequency.
In another demonstration, the blue spectral range close to the CW carrier has
been exploited for performing all-optical wavelength conversion, using blue-
shifted optical filtering (BSOF). In [72], a BSOF experiment where the filter is
offset by approximately 60 GHz has been demonstrated at 40 Gbit/s .

Finally, the ultra-fast nonlinear TPA and FCArea effects can be used. While the
power in the spectral component is lowest, this spectral component is
created by the fastest nonlinear effect. Since this effect does not depend on
the carrier density, there is no contribution from the carrier dynamics that
suffer from patterning effects. The spectral contribution due to FCAtpa is very
distinctive in the output probe spectrum and its presence in the spectrum is
clearly recognizable. One would immediately know of the presence of the
ultrafast FCArra effects in their SOA and be able to optimize the experimental
conditions in order to maximize this FCAtpa contribution for their optical
signal processing needs. Indeed, successful patterning free all-optical
wavelength conversion at 320 Gbit/s has been demonstrated [73]. In that
experiment, the filter was offset by more than 150 GHz from the center
frequency, where we previously identified the dominant nonlinear TPA and
FCATpa spectral component. By combining both filter types, RSOF and BSOF, a
pulse reformatting optical filter (PROF) has been realized and tested with
signals up to 40 Gbit/s [74, 75].
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The PROF works as follows: The signal after the SOA is split into two copies.
One signal copy is routed through an RSOF, delayed and attenuated with
respect to the second copy which passes a BSOF. The introduced delay
compensates for the group delay difference between RS and BS components.
Both modified signal copies, which contain only parts of the BS and RS
components, are superimposed after being equalized in power and group
delay such that a return-to-zero (RZ) signal at the novel wavelength will
result. All-optical wavelength conversion supported by RSOF, BSOF or PROF
leads to a signal consisting of Fourier transform limited pulses.

By properly offsetting the filter, each of the three spectral regions in Fig.
4.7(b) can be used to induce a progressive phase shift between subsequent
pulses. This way RZ, vestigial sideband (VSB) and carrier-suppressed return-
to-zero (CSRZ) signals can be generated [76-78]. In this work we have
concentrated on the characterization and interpretation of the nonlinear
responses of the active medium to Gaussian pulses.

End of paper [54], Section 2.1 to 4.

4.5 Influence of operating parameters on the spectra

Measured output spectra of pump pulse and probe light for different pump
powers, probe powers and bias currents are shown in this section. The
presented spectra allow to deduce the optimum conditions for the filter-
supported wavelength conversion.

An optical pulse entering an SOA perturbs the carrier density and carrier
energies in the conduction and valence bands. The perturbation is not
constant over the whole gain spectrum, it is strongest at the peak pulse
wavelength A4,;. At A/1=|/10—/1CW| above the peak pump wavelength (see
Fig. 4.9(a)) the perturbation is weaker than at the same AA below the peak
pump wavelength (see Fig. 4.9(b)). The perturbation is even weaker for a
larger AL below the peak pump wavelength (see Fig. 4.9(c)).
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Fig. 4.9  Output probe light spectra for different wavelengths (a) Ay, =1560nm,
(b) Acw =1540nm, and (c) A, =1535nm. The spectra are centered on the
respective CW frequencies. The SOA was biased at 1 =400 mA . The pump pulses
of 2.8ps FWHM were emitted at a repetition rate of f,,, =10GHz . The pump
power was P, =10dBm at a center wavelength of A, =1550nm . The CW probe
light power is P, =2 dBm .
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Fig. 4.10 Optical spectra of (a) probe light and (b) pump pulse train behind an SOA. The pump
pulses of 2.8ps FWHM were emitted at a repetition rate of frep =10GHz . The
pump power was P, =10dBm at a center wavelength of A, =1550nm. The CW
probe light power was P, =2dBm at a wavelength of A, =1540 nm . The SOA
was biased at 1 =400 mA . The spectra are centered on the CW or input pulse
carrier frequencies, respectively.

Fig. 4.10 shows probe and pump light spectra for a high degree of saturation.

The probe and pump spectra for different input pulse powers P, , probe light
powers P, , and bias currents | are shown in Fig. 4.11, Fig. 4.12 and Fig.
4.13. In all the experiments, the pump pulse of 2.8 ps FWHM is centered on
the wavelength 1550 nm, while the CW probe light is centered on 1540 nm.
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Fig. 4.11. Optical spectra of (a) probe light and (b) pump pulse train behind an SOA for
different pump powers B, =0, 3,7dBm. The pump pulses of 2.8 ps FWHM were
emitted at a repetition rate of f,, =10GHz . The pump center wavelength was
A, =1550 nm . The CW probe light power was P, =2dBm at a wavelength of
Acw =1540 nm . The SOA was biased at | =400 mA . The spectra are centered on
the CW or input pulse carrier frequencies, respectively.

The pump pulse spectra in Fig. 4.11 show an increasing red shift of the center
frequency, i.e., a shift towards lower frequencies. In the probe light spectra,
the red shift also affects the blue spectral components but not the center
frequency.
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For a strong spectral component related to CR, P, > P,

200 0 200 400 800 600 -400 -200 0 200 400 60C
Frequency [GHz] Frequency [GHz]

Optical spectra of (a) probe light and (b) pump pulse train behind an SOA for
different probe powers P, =3,7,10dBm. The pump pulses of 2.8ps FWHM
were emitted at a repetition rate of f,ep=lOGHZ. The pump power was
P,=5dBm at the center wavelength of A,=1550nm. The probe light
wavelength was A, =1540 nm . The SOA was biased at | =400 mA . The spectra
are centered on the CW or input pulse carrier frequencies, respectively.

is required.
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Fig. 4.13. Optical spectra of (a) probe light and (b) pump pulse train behind an SOA for
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different SOA bias currents | =150, 300,600 mA . The pump pulses of 2.8ps
FWHM were emitted at a repetition rate of frep =10GHz . The pump power was
P, =5dBm at the center wavelength of A, =1550 nm . The probe light power was
P.w =2dBm at a wavelength of A, =1540 nm . The spectra are centered on the
CW or input pulse carrier frequencies, respectively.
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The main outcome of the evaluation of the measured spectra:

By increasing P, or |, the ultrafast spectral components
become stronger and the spectra of the output pulse becomes
more red-shifted.
In our measurements the 100 ps time interval between two
pulses is longer than the duration of the pulse-SOA interaction
and CR. For this reason, the measured probe light spectra
contain spectral components for the modulated parts and for the
unmodulated part. Only the spectral components associated
with the modulated parts — consisting of red, blue and ultrafast
blue components — are red-shifted, whereas the center
frequency f., is not shifted.
The observed red-shift for the pump and probe spectra is due to
the spectral artifact and to the spatial decrease of carrier density
along the SOA. The spectral artifact [48] is defined as the
wavelength dependence of the SOA gain profile. The spatial
decrease of carrier density along the SOA explains why the
spectral shift increases with the input pulse power P, [49] and
bias current | .
The increasing depletion along the length of the SOA reduces the
carrier concentration and translates both, the gain maximum and
the transparency point towards longer wavelengths.
A spectral shift changes the central angular frequency @, by an
amount determined by the part of the output phase shift (p(t)
which is linear in time. This linear part can be separated with
help of a Taylor expansion of ¢(t) around t=0,
do

go(t)zalzot—i-(pchim (1), (4.69)
where the dot superscript means the time derivation, @y, (t)
gathers together all terms nonlinear in time, and go(O) has been
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omitted since it plays no role in the spectrum. By using Eq. (4.69)
the formula for the optical spectrum (see Eq.(4.64)) gets

]Jt_¢chirp (t):|} dt ’ (470)

showing that the central angular frequency @, has been shifted

modified into

by the amount (dgo/dt)L:O. Thus, a spectral red-shift occurs
whenever the slope is negative, i.e., for (dgo/dt)L:0 <0.

According to Eq. (4.69), the change of the refractive index has
also a part linear in time. If we first neglect the position
dependency, we can write an expansion similar to Eq. (4.69) for
the change in the refractive index averaged over the SOA length

(see Eq. (4.16))

An(t):H t+An,. (1), (4.71)

t=0
with (dAn/dt)L:0 >0. The figures Fig. 4.11(a), Fig. 4.12(a) and
Fig. 4.13(a) show a red-shift of all three components (RS, BS and
ultrafast). In particular this means that the first term in Eq. (4.71)
is valid during the whole period of time when the refractive
index has been modulated.
Eq. (4.71) implies that a part AN(t) of the total carrier density
dynamics suffers a linear decrease in time, (dAN/dt)L:Ot, with
(dAN/dt)|_ <O0.
The optical inhomogeneity of the carrier density (and of the
refractive index) can be taken into account by splitting the SOA
into homogenous sections, as described in Section 3.2.4. While
the linear decrease of the carrier density in each section will be
different, e.g., will have the form (dAN, /dt)| ,Uin the i-th

t=
section, we do not expect large differences in the values of
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(dANi/d'[)L:0 at least for adjacent sections. The temporal
distortions of the carrier density can be related to the spatial
ones by replacing the time t by Zi/vg , where z; denotes the
average position of the i -th section and v, the group velocity in
the SOA. Since |(dANi/dt)|t:0 Zi/vg| grows with z;, the total
density N, (t) becomes more reduced in the section i that is
closer to the output facet, i.e.,, z=L.

e Byincreasing P, the ultrafast blue spectral components of the
probe light and the output pulse spectra are both blue-shifted,
an effect which is opposite to the increase of the input pulse
power and the bias current. In this case the probe light plays the
role of a holding beam in the gain region. It weakens the pump
pulse effects by diminishing the modulation of the carrier
density.

4.6 Filter based all-optical logic functions — a suggestion

The selection of parts of the probe light spectrum after an SOA, does not only
allow for wavelength conversion (see 5), but it also allows to realize logic
gates. As reported in [79], logic gate functions were implemented based on
experimentally determining the SOA operating parameters and the filter
properties.

In this section we suggest a method to implement the logic functions AND,
OR and XOR based on probe light spectra which are pump power dependent,
see Fig. 4.11. It is possible to realize an all-optical gate by proper filtering the
spectral components from the probe light.

Two modulated optical return-to-zero (RZ) control signals, D1 and D2, enter
an SOA together with a CW probe light. To realize an OR gate at least one
control pulse (mark) enters the SOA, whereas for an AND gate it is necessary
that control pulses from both signals enter the SOA simultaneously, and for
an XOR gate only one out of the two control pulses has to enter the SOA, see
Fig. 4.14.
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D2—
DI—» SOA = Probe
Probe — 1
OR AND XOR

D1 D2 Probe D1 D2 Probe D1 D2 Probe
0 0 0 0 0 0 0 0 0
1 0 1 1 0 0 1 0 1
0 1 1 0 1 0 0 1 1
1 1 1 1 1 1 1 1 0

Fig. 4.14. Logic gate scheme and Boolean logic.

Having D1 and D2 at the same wavelength 4, and at the same control pulse

power levels Py =PR,, =P, , but orthogonally polarized (to allow the power

summation), a comparison of the spectra helps to identify spectral regions for
logic functions.

For the analysis, we measured probe light spectra (see Fig. 4.15) at a pulse
repetition rate of 10 GHz, which corresponds to a control pulse bit rate of 10
Gbit/s.

In the probe light spectra of Fig. 4.15, the spectral components differ for
control pulse powers of By =3dBm, 6 dBm and 12 dBm . By selecting the
power levels for the control pulses D1 and D2 as P, =3dBm we obtain the
spectra of Fig. 4.15(a), whereas with the selection of B, =6 dBm we obtain
the spectra of Fig. 4.15(b).

The following analysis is based on the comparison of the probe light spectra
for P, and 2P,:

e An OR gate is realized when having optical power both spectral
regions of the probe light spectra for P, and 2P,. Here, the
summed power of control pulse D1 and D2 corresponds to P, or
2R, .

e An XOR gate is realized when having optical power only in the spectral
region of the probe light spectrum for P, . Here the summed power
of control pulse D1 and D2 corresponds only to P, .
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e An AND gate is realized when having optical power only in the spectral
region of the probe light spectrum for 2PB,. Here the summed
power of control pulse D1 and D2 corresponds only to 2P, .
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Fig. 4.15. Optical spectra of probe light A, =1550nm, A, =1540nm, P, =2dBm and
|1 =400mA at a pulse repetition rate for the pump of f , =10GHz .

(a) P,=3dBm and P, =6dBm, (b) P, =6dBm and P, =12dBm ..
The order and positions of the spectral regions, corresponding to the
different logic gates, depend on the power of the control pulses. With
increasing frequency, the order is OR, XOR and AND for P, =3dBm, and
XOR, AND and OR for B, =6dBm.

Performing the same analysis for control pulses at a bit rate of 40 Gbit/s, the
spectra do not show the same pronounced spectral regions as before.
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Fig. 4.16. (a) Spectra of the probe light at a pulse repetition rate of 40 GHz and (b) results of
the logic gates.

4.7 Summary

The spectra of output pulse and probe light give information about physical
effects occurring in the SOA. The knowledge of the refractive index dynamics
in the SOA and of the spectral components of the pump and probe light,
allows a filter-supported all-optical wavelength conversion also for other
applications like logic gates.

As will be seen in chapter 6, the spectra also provide information on phase
patterning effects due to slow carrier recovery.

102



5 All-optical wavelength conversion and regeneration
based on SOAs

5.1 Introduction

The transmission at highest data rates in optical communication networks
requires high-speed processing of optical data pulses at various wavelengths.
All-optical wavelength converters (AOWCs) are promising candidates for this
task as they transfer optical information from one wavelength to another
without a conversion to the electrical domain.

The required properties of AOWCs are

e large bandwidth for high bit rate transmission,

e no extinction ratio degradation of the signal,

e good optical signal-to-noise ratio (OSNR) of the output
signal,

e moderate input power levels of the signal and the new
wavelength,

e wide wavelength range for input and output signals,

e low chirp of the output signal, and

e insensitivity to the polarization of the input signal.

A possible implementation of AOWCs are SOAs, which directly impress the
information from a data signal on a probe light. Due to the SOA
nonlinearities, the probe light gets modulated in amplitude and phase.

The exploited SOA nonlinearities concern

e gain (cross gain modulation (XGM)),

e phase (cross phase modulation (XPM)),

e both gain and phase (XGM+XPM), and

e polarization (cross polarization modulation; XPolM) by
induced birefringence.

The saturation power level Ps;': represents the maximum input power for the

operation in the small-signal regime of the SOA. With input powers P, up to

P",ie., P, <PM, the signal has negligible influence on the gain coefficient,
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and the amplifier works as a linear amplifier. An operation in the large signal
regime of the SOA, B, = P., is achieved with input powers P, above the
threshold P2

sat *

The semiconductor devices show bandwidth limitations due to an incomplete
refilling of the band by carrier recovery. Long signal sequences of mark bits as
well as an insufficient number of subsequent space bits avoid a full carrier
recovery. The incomplete band refilling acts as a memory effect for the
carrier density inside the SOA, influencing the pump pulse amplification and
the wavelength conversion results. The memory effect, expressed as a
patterning effect, is the main drawback because it limits the signal quality and
operation speed. To counteract these limitations, several solutions will be
discussed in this chapter.

For specifying the pattern dependency of the output signal quantitatively, a
quotient P, =P, /P, can be defined where P, (P, ) are the minimum
(maximum) powers in a pulse sequence of a pseudo-random bit sequence
(PRBS). Having no pattern dependency resultsin P, =1.

The output signal quality is quantified using the Q*-factor defined in dB as

Q). =1010910( L J : (5.1

0, + 0,

where U, and U, are the mean optical power for marks and spaces, and o,
and o, the standard deviation of the noise for the respective optical power
levels. The extinction ratio is the ratio between peak pulse power and the
maximum power of the background between pulses.

A further benefit of semiconductor optical amplifiers is the possible use of
the devices in signal regeneration [80] schemes. Signal regeneration is
essential for ultra long-haul transmission since a signal distortion accumulates
with the transmission distance and with the number of signal processing
steps.

The different degenerative effects and their impact on the signal are listed in
Table 5.1.
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Table 5.1. Degenerative effects and their impact on the signal

Degenerative effect

Impact on the signal

Attenuation on the fiber

Weaker pulses

Chromatic dispersion

Broader pulses

Noise from erbium-
doped fiber amplifiers

Decrease of the signal-to-noise ratio

Filtering effects

Extinction ratio decrease

Polarization mode
dispersion (PMD)

Broader pulses

Nonlinear effects

Signal outside of the channel of interest

Regeneration types can be categorized with respect to their ability to improve
the signal. In Fig. 5.1, the three types of regeneration are depicted

schematically.

(a) 1R regeneration

(b) 2R regeneration

Extinction ratio AP
degradation

A

>t -t

(c) 3R regeneration
AP

AP OSNR P
degradation

>t »f f

Fig. 5.1.  Schematic representation of the regeneration types 1R, 2R and 3R.

The simplest type of regenerator compensates only for the amplitude loss of
signals, i.e., it reamplifies (1R regenerator) the signals. An example of an 1R
regenerator is the erbium-doped fiber amplifier (EDFA).

Signals with reduced extinction ratio or with low optical signal-to-noise ratio
can be improved by reamplification and reshaping (2R regenerator) of the
signal. 2R regenerators without wavelength conversion, e.g. the Mamyshev
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2R regenerator [81], are based on the self-phase modulation (SPM) of the
data signal in a nonlinear medium with subsequent optical filtering.
Fluctuations in the peak power of input pulses lead in the nonlinear medium
to fluctuations of the spectral shift and of the spectral broadening of the
pulses in the output signal. By subsequent optical filtering the amplitudes of
the pulses get equalized. An SOA-based 2R regenerator [82] impresses a data
signal on a CW probe light by XPM. The phase modulated probe light signal is
subsequently converted back to an amplitude modulated signal by a delay
interferometer and improved in extinction ratio by passing an optical
bandpass filter.

The ideal transfer function of a 2R regenerator is shown in Fig. 5.2.

APy Mark Jevel

Suppression of
noise

Space

N

_

>

Fig. 5.2.  The nonlinear transfer function for ideal 2R and 3R regeneration.
The task of a 2R regenerator is reducing the impact of noise during spaces
while leveling the marks of a signal. An improvement of the bit error
probability (BER) can never be realized, since existing errors cannot be
corrected.

3R regenerators perform reamplification, reshaping and retiming of a signal
and are employed to reduce the effect of timing jitter in signals [80, 83]. For a
3R regeneration based on SOAs, a clock signal is employed as probe light in
the aforementioned 2R regenerator.

All-optical regeneration schemes with SOAs are based on the use of their
nonlinearities, see Fig. 5.3.
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Fig. 5.3.  Schematic representation of (a) a 2R and (b) a 3R regenerative wavelength
converter consisting of an SOA and a filter.

In SOA based all-optical regenerators the signal regeneration is accompanied
by a wavelength conversion [80, 83].

5.2 Patterning effect

The bandwidth limitation in all-optical signal processing based on SOAs is
attributed to the patterning effect in the output pulse sequence, namely the
decay of amplitudes for subsequent mark bits. Patterning-free operation
requires a full recovery of the carriers between subsequent pulses, i.e., the
delay between two consecutive pulses has to be larger than the carrier
recovery time of the SOA.

Fig. 5.4 shows in an overview the changes in the SOA properties, if the carrier
density does not recover between consecutive pulses in a pump probe
experiment. The input bit pattern 0111 (Fig. 5.4(a)) enters the SOA. Fig. 5.4(b)
shows carrier density depending on the BF interband effects, i.e., carrier
depletion and carrier recovery. As depicted, the carrier density decreases
with each pulse, and it recovers incompletely during its absence. Accordingly,
the carrier density modulation (AN, > AN, > AN, in Fig. 5.4(b)) diminishes.
As a consequence, all material characteristics depending on the carrier
density N, i.e., the SOA gain G, the change of refractive index Ang., and
the polarization-rotation are influenced. The gain decrease gets smaller with
every mark in the series, see Fig. 5.4(c). This effect can also be seen in the
dynamics of the refractive index Ang. for the band filling process (Fig. 5.4(d))
and also in the phase shift Ag,,, (Fig. 5.4(e)) of the probe light [75].
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Fig. 5.4.  Schematic description of (a) the input bit pattern 0111, (b) the evolution of the

carrier density, (c) the gain, (d) the refractive index change, (e) the phase shift, (f)
the chirp of the probe light, and (g) the induced birefringence.
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The instantaneous frequency shift Afg, is proportional to the gain
modulation

&d(mG) .

2 dt 5.2)

Afy =

With a decreasing carrier density modulation in a sequence of marks the
induced red chirp becomes smaller. The blue chirp does not change
considerably due to an approximately constant carrier recovery rate.

The average carrier density N decreases with increasing bit order in the
pattern and leads thus to a red-shift of all spectral components of the probe
light. Consequently, in a mark sequence the absolute value of the red chirp
gets larger, while the blue chirp becomes smaller.

The value of the red shift depends on the relation between P, and P, see
Fig. 4.11 and Fig. 4.12. For R, > P, the red-shift becomes smaller (see Fig.
4.12) and can be neglected.

As the refractive index change is not the same for all polarizations,
birefringence changes, leading to a polarization-rotation of the outcoming
field (Fig. 5.4(g)). Therefore, stronger output pulses from the SOA are more
polarization-rotated than weaker ones [45].

Since the ultrafast effect TPA is independent from carrier density fluctuations,
its effect in SOAs [73] is also patterning independent.

A lot of concepts for pattern effect mitigation at highest bit rates have been
proposed. In Section 5.3 a discussion about the performance limits of each
method will be given.

5.3 All-optical wavelength conversion and regeneration

5.3.1 All-optical wavelength conversion and regeneration
based on cross-gain modulation (XGM)

An intensity modulated optical data signal launched into an SOA modulates
the saturated gain and subsequently the probe signal power at the output
wavelength. The resulting probe signal is inverted with respect to the input
signal, see Fig. 5.5. By operating long SOAs at a high current and at a bit rate

109



All-optical wavelength conversion and regeneration based on SOAs

of only 10 Gbit/s, a good performance for the inverted converted signal was
achieved [84].

}\’CW_>— W-V
—
o —>—{  ON oS

MA

Fig. 5.5.  AOWC based on Cross-Gain Modulation (XGM). The optical filter suppresses the
data signal.

A technique for improving the signal quality is the use of an additional
holding beam (either CW or clock) in the SOA [85]. Patterning effects are not
eliminated, but their limiting effect on the modulation bandwidth is reduced.

A holding beam at the transparency wavelength limits the variation of the
gain and probe phase by reducing the carrier density fluctuations. During a
long series of spaces in the data signal, the carrier density inside of the SOA
increases. The gain spectrum Qg (A) extends towards smaller wavelengths,
and the holding beam wavelength is found in the extended gain domain. In
this case the stimulated emission produced by the holding beam reduces the
gain. During a long series of marks in the data signal, the carrier density
decreases successively, the transparency point shifts towards longer
wavelengths, and the holding beam becomes an optical pump due to its
position in the absorption region. Patterning effect mitigation for signal data
rates up to 40 Gbit/s has been successfully achieved [29] using a holding
beam near the SOA transparency point.

Another technique to increase the response of SOAs, consists of two
cascaded SOAs with a filter in-between to discard the data wavelength. Only
the converted inverted signal after a first SOA, SOA4, is launched into a
second SOA, SOAz. As long as the converted signal amplitude after SOA: is
low, the gain of SOA: increases. In contrast, the gain reduces while the
converted signal amplitude is large. This way SOA; improves the rising signal
slope which is affected by the slow recovery of the first SOA. Error-free
wavelength conversion at 170 Gbit/s has been demonstrated with this
“turbo-switch” scheme [86].
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A cross gain compression technique [87] for AOWC and 2R regeneration,
based on cross saturation effects, has been demonstrated for bit rates up to
40 Gbhit/s. Two complementary signals, i.e., an input signal and its inverted
copy at another wavelength, propagate simultaneously in a highly saturated
SOA sharing the same gain compression effects. The saturated gain acts as
power equalizer on the marks and as gain compressor on the spaces of the
output signal, improving thus the signal-to-noise ratio.

5.3.2 All-optical wavelength conversion and regeneration
based on cross-phase modulation (XPM)

When performing a pump-probe experiment in the small-signal regime of an
SOA, the gain remains constant while the refractive index changes. The data
signal impresses the bit information on the phase of the probe signal by XPM.
The phase modulation of the probe light is converted into amplitude
modulation using an interferometric device, see Fig. 5.6. By splitting the input
signal in two copies and delaying one copy versus the other by a delay time
7, (corresponding to the difference in optical path) and by fine adjusting the
phase of one arm towards the other by a phase shifter @, the signals on
both arms get a phase difference of Ag,, . By combining both signals, the
interference leads to an amplitude modulated signal.

PI/\ t-j—t j—/¥t

t > t
Fig. 5.6.  Schematic AOWC with DI, phase evolution, switching window t,, phase shifter ®
and converted pulse. The optical filter blocks the input signal.

The interferometer introduces a temporal window between the phase
modulated beams, allowing to switch a pulse. This switching time window is
effectively shorter than the recovery time of the SOA. To ensure a good
destructive interference, the phase difference during the pulse absence has
to be as close as possible to 7. The signal quality increases with increasing
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CW power P, [51] and a bandpass filter (BPF) following the DI additionally
reduces the noise.

Operating of the SOA in the small-signal regime makes a patterning-free
AOWC possible, even though the carrier recovery remains incomplete within
the time interval between pulses. This effect is known as linear patterning
[88]. The phase difference Ag,, in the signal is constant for marks (Fig. 5.7).

-pcw(t) -

[

- Phase [rad]
n

1
0 25 50 75 100 125 150 175 200
Time [ps]
Fig. 5.7.  Temporal evolution of the probe light phase ¢, (t) in the case of linear patterning

[88].

The delayed interference signal converter (DISC) has been used for
wavelength conversion at bit rates of up to 168 Gbit/s [89] with only a minor
signal degradation.

An AOWC at 40 Gbit/s with 2R regenerative properties and simultaneous
format conversion was realized [78] using a bulk SOA and two consecutive
delay interferometers, see Fig. 5.8. This experiment will in-depth be
described in chapter 6.

RZ-Daa
j SOA @ D -

Cw

Fig. 5.8.  Schematic all-optical wavelength converter with regenerative properties.

A 3R regenerator at 40 Gbit/s is realized using a 40 GHz optical clock instead
of a CW signal in a scheme shown in [90] using a delay interferometer and a
band pass filter. The clock pulse duration is set to be smaller than the length
of the switching window.
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Based on the same technique [91] a high speed 160 Gbit/s all-optical
regenerator with retiming and reshaping potential has been reported.

An interferometer where signals travel in counter-propagating directions is
called a Sagnac loop mirror. By placing a nonlinear medium like an SOA inside
this loop a wavelength converter scheme can be realized. The SOA is offset
from the loop center by a small distance which corresponds to a time delay
At. As two CW light beams at the wavelength A, and a data signal at the
wavelength A, enter the SOA simultaneously, the data signal modulates the
gain and refractive index of the SOA which in turn influences the amplitude
and phase of both CW light beams. The co- and counter-propagating beams
pass the SOA and travel different distances until they are combined. The
propagation path difference corresponds to a time difference of 2At. This
time delay 7, = 2At represents the switching window for optical signals. The
converted signal at A, is optimal if the phase difference of the interfering
beams in the absence of the data signalis 7.

Such a conversion method has been demonstrated at 10 Gbit/s for non-
return-to-zero (NRZ) [92] and return-to-zero (RZ) [93] modulated data
formats. The amplitude and phase modulation experienced by the two
counter-propagating beams must be identical. This can be only realized using
a short SOA (0.5 mm to 0.6 mm) and for long pulses, i.e., low bit rates. Having
pulses of long duration, slow interband effects dominate the nonlinearities in
the SOA, leading to smooth amplitude and phase dynamics [94] for both
beams.

Other AOWC methods are based on the nonlinear polarization-rotation. By
injecting a strong data signal with a polarization of 45 degrees with respect to
the SOA layers and a CW light, into an SOA, two perpendicular signals at A,
are generated due to the induced birefringence (N #ng,). The
birefringence is also responsible for shifting the signals in time towards each
other. By placing a polarization beam splitter after the SOA and aligning the
CW correctly, one can combine the beams. This scheme has the same
functionality as the delay interferometer. Since the polarization-rotation
increases with gain saturation, a high degree of saturation is needed to
achieve the necessary birefringence. Stronger pulses are therefore more
rotated in polarization than weak ones. Using a polarimetric filter [95] a
patterning-free wavelength conversion has been demonstrated for bit rates
up to 10 Gbit/s.

113



All-optical wavelength conversion and regeneration based on SOAs

5.3.3 SOA-based wavelength conversion using optical filtering

A converted signal obtained by cross-gain and cross-phase modulation
(XGM+XPM) in the large signal regime is chirped. The spectra of such signals
have two sidebands whose origin is described in chapter 4.
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Fig. 5.9.  Wavelength conversion scheme and optical spectrum of the converted clock signal
(CLK) before the filter.

An input signal modulates the gain and the refractive index of the SOA. The
probe beam senses both, gain and refractive index change. The converted
signal at A, is inverted, but at higher or lower wavelengths, the polarity is
preserved [96]. The time development of the probe light frequency, i.e. the
chirp, is illustrated in Fig. 5.10.
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Fig. 5.10. Schematic representation of frequency chirp of the output probe light.

Optical filtering of the chirped output probe light can be used to get a
converted non-inverted signal. The filter after the SOA has to perform two
tasks, the re-inversion of the converted signal and the mitigation of the
patterning effect of the signal.

The scheme shown in Fig. 5.9 can be generalized such that the SOA is
followed by a single optical filter or by cascading different filter types. With
P.w > P, and with the CW probe light after the SOA being sufficiently
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suppressed, the converted signal is non-inverted. The SOA is employed for a
wavelength conversion while keeping or simultaneously changing the
modulation format. Our results concerning all-optical wavelength and
modulation format conversion are presented in chapter 6.

AOWC based on SOA and a blue-shifted optical filter (BSOF)

An error-free wavelength conversion at a bit rate of 100 Gbit/s using a long
SOA and a fiber Bragg filter has been demonstrated in [97]. A polarity
preserving all-optical wavelength conversion at 40 Gbit/s has been realized by
using a blue-shifted filter and a CW probe light with a power higher than the
signal power (P, >P,) [72]. SOA-based AOWC assisted by narrow blue-
shifted optical filters at 40 Gbit/s [98], 80 Gbit/s [99, 100], 160 Gbhit/s [101]
and 320 Gbit/s [73] have been reported. The conversion schemes mentioned
in these works are based on selecting a blue spectral component from the
probe light spectrum (Fig. 5.11).

In accordance with our results (chapter 4), the weak ultrafast blue-shifted
spectral component is due to TPA and FCATea. Its intensity is independent on
the carrier density and therefore the signal is not patterning affected.
However, the signal is very weak, limiting the applicability of this method.

The blue-shifted (BS) spectral component corresponding to the carrier
recovery, is one of the two beams used in the AOWC by means of a pulse
reformatting optical filter (PROF) [74].
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Fig. 5.11. (a) Schematic representation of the blue-shifted ultrafast spectral component
filtered by a BSOF and (b) the temporal evolution of the output pulse after the filter.

AOWC based on an SOA and a red-shifted optical filter (RSOF)

The red-shifted (RS) spectral component can be separated with a RSOF [71]
from the probe light spectrum. The converted non-inverted signal has a
narrow spectral width (Fig. 5.12) and suffers a small dispersion in single mode
fibers. This has been demonstrated in a transmission experiment of
16,800 km at a bit rate of 40 Gbit/s. We employed the RSOF for wavelength
and modulation format conversion, see 6.
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Fig. 5.12. (a) Schematic representation of the red-shifted spectral component filtered by an
RSOF and (b) the temporal evolution of the output pulse after the filter.

AOWC based on an SOA and a pulse reformatting optical filter
(PROF)

The separation of the red- and blue-shifted signal components as well as
their combination has been realized within a filter structure named pulse
reformatting optical filter (PROF) [74].

A technique for mitigating the patterning effect has been proposed in [75]:

Pattern effect removal technique for
semiconductor-optical-amplifier-based wavelength
conversion,

J. Wang, A. Marculescu, J. Li, P. Vorreau, S. Tzadok, S. Ben-Ezra, S.
Tsadka, W. Freude and J. Leuthold
IEEE Photonics Technology Letters 19, 1955-1957 (2007)

The method is based on optical filtering of the converted RZ signal after the
SOA. The filter suppresses the central frequency of the converted inverted

signal at A, while passing red- and blue-shifted spectral components with
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complementary pattern effects. The superposition of the spectral
components leads to an RZ signal of improved quality.

k:_»_ SOA —> ,&L;_’

N\ /\ PROF

Fig. 5.13. Scheme of an all-optical wavelength conversion with a PROF.

By taking P, > P, and by suppressing the carrier at A, , the converted
signal will become non-inverted. Using a PROF, the data of an RZ signal are
transferred towards another wavelength while keeping the shape of the
pulse, Fig. 5.13. The input signal is split equally in two branches, one leading
to a BSOF and the other one to a RSOF followed by an optical delay line (ODL)
and a variable optical attenuator (VOA), see Fig. 5.14.

RSOF ODL VOA

X
S F
Y BPF

BSOF
Fig. 5.14. Setup of the PROF. It consists of a RSOF, a BSOF, an optical delay line (ODL), a
variable attenuator (VOA) and a bandpass filter (BPF).

The RS spectral component develops during the carrier depletion, the BS
spectral component occurs later during the process of carrier recovery, see
Fig. 5.10. As formations of these two signals occurs at different times and
with differently resulting power levels, the superposition of the red- and blue-
shifted signal components requires to have both equalized in amplitude and
aligned such as to have no temporal delay towards each other. In our
experiment the red-shifted component has been attenuated by 5 dB and
delayed by 10 ps with respect to the blue-shifted spectral component. The
PROF is followed by a band pass filter which helps suppressing the data signal
after the SOA.
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A 33% RZ input data signal is encoded with a PRBS of 2’ —1 at a data rate of
42.7 Gbit/s was employed in the PROF experiment. The optimum operation
point was found to be at the data wavelength of A, =1530 nm, data power
of P, =12.7dBm, CW probe wavelength of A, =1536.1nm and CW probe
power of B, =14.7dBm. The 2.6 mm long SOA was biased at | =750 mA..
The degree of saturation of an SOA grows in a long series of marks. The
evolution of the SOA gain and chirp of the probe light after a sequence of 4
pulses is depicted in Fig. 5.15.
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0 Time [ps] 100 0 Time [ps] 100 0 Time [ps] 100

Fig. 5.15. Gain and chirp evolution depending on the mark bit order in a sequence of four RZ
marks. For sake of clarity, we leave out here the temporal advance of the pulse peak
compound with SOA gain dip.

By suitably exploiting the frequency-to-amplitude conversion of the RSOF and
BSOF at the filter slope, both signals can develop opposite patterning effects
for subsequent pulses (Fig. 5.15). The superposition of both signals results in
a signal with even better quality (see Fig. 5.16).
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Fig. 5.16. (a) Description of BSOF and RSOF transmission, BS and RS combined signal after the

PROF.

(b)The measured bit pattern of each spectral component and their combination.

The performance of the wavelength conversion with a PROF leads to a good
Q?-factor exceeding 15.6 dB for an output signal within a wavelength
tolerance of 0.3nm around the CW wavelength. The PROF scheme shown in
Fig. 5.14, has been improved using a 1nm BPF located after the PROF
structure, see Fig. 5.17.

Pulse reformating optical filter (PROF)
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Fig. 5.17. Wavelength conversion setup consisting of an SOA, a PROF and a BPF of 1 nm.

The alignment tolerance has been determined by detuning the CW
wavelength in the range of 1533.95nm and 1536.4 nm, while keeping the
complete filter structure unchanged. The 1 nm wide BPF (Fig. 5.18) was
chosen to equalize the amplitudes for RS and BS components.
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Fig. 5.18. (1) Schematic description of the induced frequency ch/rp in the wavelength
converted inverted signal, (2) transmission spectra of RSOF, BSOF and BPF and (3)
the measured bit pattern of RS and BS components and their
combination for (a) A, =1536.0nm, (b) A, =1535.1nm and
(c) Acw =1536.3nm .

At the optimum wavelength the mean power of both spectral components is
the same. By shifting the CW from this position, the amplitude equalization is
disturbed. If the CW is shifted towards longer wavelengths, the contribution
of the red-shifted component gets stronger and the blue-shifted component
gets simultaneously more attenuated. For A, =1536.3nm, the BS
component does no longer play any role as its intensity becomes negligible.
Fig. 5.18(c) shows a very small contribution of the BS component, while the
RS component is patterning-free due to the combined slope of RSOF and BPF.
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Fig. 5.19. Quality  factors of converted signals at different  wavelengths of
RS (a,RSOF+BPF), BS (¢,BSOF+BPF) spectral component and for the combined
signal (=,PROF+BPF). CW and input signal powers into the SOA are
P =147dBm, B, =12.8dBm.

We can distinguish two regions in the spectral domain. A converted signal of
good quality can be achieved by either employing the superposition of the RS
and BS components within the region of 1536.0 nm to 1536.2 nm, or by
employing only the RS component in the region up to 1536.2 nm .

At the wavelength A, =1536.3nm the PROF filter structure operates in the
RSOF-only regime. A simplified scheme of the converter is shown in Fig. 5.20.

Dat RSOF  BPF 1nm
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50:50 SOA LR H R | Probe,
W | |

Fig. 5.20. Scheme of an all-optical wavelength converter utilizing a RSOF and BPF at
A =1536.3nm, 4, =1530.0 nm .

The patterning effect mitigation in this filtering scheme is based on the
dynamics of the red chirp as shown in Fig. 5.21. For the first mark in the pulse
train, a large gain reduction gives a strong converted pulse and a large red
chirp. For subsequent marks, the chirp and the intensities of the converted
pulses are smaller. The transmission spectrum of the RSOF allows to suppress
the spectral domain near the CW carrier in order to obtain a non-inverted
pulse and to equalize the power of all marks in the signal.

122



All-optical wavelength conversion and regeneration based on SOAs
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Fig. 5.21. Visualization of patterning mitigation technique of the AOWC signal utilizing the
RSOF and BPF.

End of paper [75].

AOWC and 2R regeneration based on an SOA and two cascaded
delay interferometers

This topic was addressed in [78]:

RZ to CSRZ format and wavelength conversion with
regenerative properties

A. Marculescu, S. Sygletos, J. Li, D. Karki, D. Hillerkuss, S. Ben-Ezra,
S. Tsadka, W. Freude and J. Leuthold

Optical Fiber Communication Conference, OSA Technical Digest
Series (Optical Society of America, 2009), OThS1

By cascading two delay interferometers (Dls) of 8 ps delay each, and a band
pass filter (BPF) of 3 nm bandwidth, another filtering scheme for a
wavelength converter is realized.

The role of each filter component is shown in Fig. 5.22(b). The first delay
interferometer (green curve) suppresses the CW carrier and re-inverts the
signal. A part of the blue spectral component close to the CW corresponds to
the slow recovery process that would lead to a patterning effect. This spectral
domain gets also suppressed.

A second delay interferometer (blue curve) attenuates the red-shifted
spectral component and mitigates the patterning effect by frequency-
amplitude conversion on the filter slope.
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In this experiment, the bulk SOA of 2.6 mm length was biased at a current of
1A. The power levels for data and CW signals are B, =—6dBm and
P =0dBm.
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Fig. 5.22. (a) Scheme of AOWC, (b) Transmission functions for each component within the
filter scheme and the spectrum of the signal after the SOA. The carrier frequency is
taken as reference.

The output signal is converted, non-inverted and its quality is improved with
respect to the input signal, i.e.,, the SOA and the filter system work as a
AOWC with 2R regenerative properties. The signal quality improvement as
well as a schematically depicted nonlinear transfer function P** = f (P, ) is
depicted in Fig. 5.23.
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Fig. 5.23. Nonlinear transfer function of a 2R regenerator. The eye diagrams depict the
improvement of the output signal quality.
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It is known [83] that delay interferometers provide an S-shaped (sin?)
transfer function. The length of each pulse in the signal is determined by the
length of the delay within the DI. The bandpass-filter of 3 nm bandwidth
suppresses the data signal and improves the extinction ratio.

A Q2-factor improvement of more than 2 dB has been measured, see Fig.
5.24.
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Fig. 5.24. Measurement of Q*factor improvement for extinction ratio degraded signals as
results from eye diagrams, shown in the inset pictures.

Besides wavelength conversion and regeneration, this setup also performs a
format conversion, see 6.

5.4 Summary

SOA-based wavelength conversion at high bit rates can be realized by utilizing
two different methods to avoid patterning effects in the signal.

One method is to exploit the ultrafast refractive index decrease due to FCAtpa
where the carrier density inside the SOA does not play any role. This ultrafast
effect generates a blue-shifted spectral component within the blue region. By
selecting this spectral component using a narrow band pass filter, a
patterning-free wavelength converted non-inverted signal is achieved. The
disadvantage of this method is that the signal has only little power after being
filtered.

Alternatively, it is possible to employ “artifices” to improve the output signal
quality. Artifices could be: the use of a holding beam, the “turbo-switch”
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technigue (which makes use of two SOAs) and filtering schemes based on
thin film filters and differential interferometry. These methods do not
eliminate the patterning effect but increase threshold of the signal
bandwidth.

Optical filtering techniques have been applied in detail in this work on all-
optical wavelength conversions and regeneration at bit rates of 40 Gbit/s. 2R
regeneration was realized using wavelength converter with a step-like or S-
like transfer function, e.g., using delay interferometers.

End of paper [78].
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6 All-optical wavelength and modulation format
conversion

6.1 Introduction

The electric field of an optical signal can be described by

E(t) = A(t)cos[ o(t)t+o(t)]€(t) (6.1)
where A(t) is the amplitude, @(t) the angular frequency, ¢(t) the phase
shiftand €(t) the (real) polarization unit vector.

The various modulation formats can be classified into the following four
categories, depending on which of the four parameters A, @, @, € are
modulated specifying the electrical field of the optical carrier belongs:

Parameter Modulation format

A(t) Amplitude shift keying (ASK)
o(t) Phase shift keying (PSK)

o(t) Frequency shift keying (FSK)

€ t) Polarization shift keying (PolSK)

Two of the most important unipolar intensity modulated formats are NRZ
and RZ. In the NRZ format, each sequence of consecutive marks or spaces, is
reflected by no signal level change. In the RZ format the marks occupy only
33% or 50% of the bit slot [102].

The optical signals with RZ and NRZ modulation formats show symmetrical
spectra consisting of a central carrier and usually two tones mirroring each
other at the distance of the modulation frequency away from the carrier (Fig.
6.1). The sidebands between the carrier and the tones carry the whole
information. Each sideband between two tones carries the same redundant
information. Therefore, it is possible to slice the spectrum and to utilize only
a single sideband (SSB) without losing any information.

The spectral bandwidth of the signal is decisive for the channel spacing. The
unwanted frequency domains are filtered to reduce the signal bandwidth and
prevent thereby the spectral crosstalk between the adjacent channels.
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Fig. 6.1.  The measured optical spectrum of an RZ signal at a bit rate of 40 Gbit/s.

In practice it is difficult to completely suppress a sideband, while not
perturbing the other. The vestigial sideband (VSB) format uses only one
complete sideband and the vestige of the other. The VSB format can be
obtained from an RZ or NRZ signal by optical filtering. Its spectrum is
asymmetric and depends on the filter shape and the wavelength detuning
with respect to the carrier frequency of the initial signal [102].

VSB modulation formats have a non-vanishing progressive phase shift (PPS).
In particular, a PPS of & is characteristic for a CSRZ format [78]. The CSRZ
signal is an intensity-modulated RZ signal with an alternating phase of =.
This bipolar format beneficially supports the transmission by reducing the
influence of dispersion. Since two subsequent mark bits have alternating
phases, their overlap due to pulse broadening at dispersion, leads to a
destructive interference. Therefore, the inter-symbol-interference (ISI) can be
minimized. A phase inversion between adjacent bits means that, on average
half of the marks have a positive optical field, while the other half has a
negative sign resulting in a zero mean-field envelope. As a consequence, the
carrier at the optical center frequency is suppressed, giving the format its
name carrier-suppressed RZ. The simplest CSRZ spectrum exhibits two tone
frequencies differing by the modulation frequency [103].

Standard optoelectronic techniques are applied to obtain signals with a
desired modulation format. Their optical spectra show characteristic shapes,
reflecting the relationship to the autocorrelation function of the signal via
Fourier transform.
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6.2 All-optical format conversion

All-optical format conversion from CSRZ to NRZ at 40 Gbit/s [103] has been
realized with a Dl and a narrow band pass filter.

More modulation formats are obtained by detuning an optical filter with
respect to the carrier frequency [76, 77, 104]. The format conversion from RZ
to VSB and CSRZ was demonstrated on a Gaussian pulse and a Gaussian filter
at the bit rate of 40 Gbit/s [76]. If the signal carrier frequency is the same as
the filter central frequency, an RZ signal will result. By detuning the filter
various VSB formats are obtained such that the phase relation between
consecutive bits is proportional to the filter detuning. The PPS is O for an RZ
modulation format, and 7 or —z for a CSRZ modulation format. Other
values between 0 and +27 correspond to the VSB modulation format. For
practical applications PPS=+7/2 and +37z/2 are most interesting. A
unique identification of the modulation format from optical spectra is
possible only for signals consisting of Fourier limited pulses. The modulation
format can be determined by measuring the PPS as well as by characterizing
the pulse using the FREAG technique [77, 105, 106].

6.3 All-optical wavelength and format conversion based on
SOAs

The carrier density modulation in SOAs depends on the input pulse power
and frequency, but not on the phase and polarization. For this reason, a
wavelength and format conversion with SOAs is possible when the input data
is modulated in amplitude. The probe light spectrum includes contributions
of both cross-phase and amplitude modulations as can be seen in Fig. 6.2.
The information carried in each sideband is influenced by SOA gain and
refractive index dynamics. However, the carrier depletion is responsible for
the phase modulation contributing to the red sideband, while the phase
modulation contributing to the blue sideband close to the CW carrier
frequency is caused by carrier recovery.
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Fig. 6.2.  Probe light spectra after the SOA using an 33% RZ data signal a bit rate of 40 Gbit/s.

A suitable filter after the SOA must mitigate the patterning effect, preserve
the signal polarity and generate the desired modulation format.

The RZ signal has been converted into an NRZ signal at 100 Gbit/s by using an
SOA and a DI with a switching window equal to the bit period [104]. Later, the
conversion of an RZ into an inverted NRZ [71] signal at 40 Gbit/s has been
realized.

Besides the amplitude modulation format changes, the SOA was employed in
all-optical differential phase-shift keying wavelength converters [107].

6.3.1 All-optical wavelength conversion and RZ to VSB format
change

The VSB-RZ signal generation behind the SOA has been demonstrated by
means of a red-shifted optical filter (RSOF), see Fig. 6.3.

This topic was addressed in [77]:

All-optical vestigial-sideband signal generation and
pattern effect mitigation with an SOA based red-
shift optical filter wavelength converter

J. Wang, A. Marculescu, J. Li, Z. Zhang, W. Freude and J. Leuthold
34th European Conference on Optical Communication (ECOC),
(IEEE, 2008), We.2C6.

VSB signals have three benefits in optical communications: short spectral
domain allowing a dense wavelength division multiplex DWDM, improved
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tolerance to dispersion and reduced inter-symbol interference (ISI) for
PPS =+7/2 between bits.

Red-shift optical filter (RSOF)
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Fig. 6.3.  AOWC setup for VSB signal generation.

The setup comprises an 2.6 mm long SOA, the applied bias current was
I =750 mA. The operation point for the data signal and CW light has been
taken at B, =127dBm, A,=1530nm and PR,, =14.7dBm,
Aow =1536.1nm. The conditions to obtain a converted non-inverted pulse
are P, > P, and a strong suppression of the CW carrier.
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Fig. 6.4.  The filter transmission for each bandpass filter (BPF:: black curve; BPF2: green curve)

and the measured signal spectra after the first filter BPF1 (blue curve) and after
both filters BPF1+BPF; (red line).

The patterning effect mitigation is achieved by a frequency-amplitude
conversion on the filter slope, see section 5.3.3. The filter and signal
characteristics are shown in Fig. 6.4.
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The Q*-factor is above 15.6 dB within an operation range of about 0.2 nm
for Ay in the range of 1536.1nm to 1536.3nm. If A, lies outside this
domain, the filter does not compensate the patterning effect any more.

By detuning the CW wavelength, VSB signals with different PPS are obtained.
At A, =1536.3nm a PPS of —7/2 has been found. The advantage of the
PPS of +/2 is having no ISI between the first and the third bit in a signal.
The spectral bandwidth is reduced improving thereby the dispersion
tolerance and spectral efficiency.

18} Aew = 1536.40 nm
S 16}
“(‘3, 14
212t
S 10
10t
| T T IS B \
1536.0 1536.2 1536.4
iWavelength A, [nm] 3
L |
Aew = 1536.05 nm Aew = 1536.30 nm

50ps/div

Fig. 6.5.  Signal qualities for the wavelength converted signal within the wavelength range of

1536.0 nm to 1536.4 nm..

To determine the temporal pulse profile, chirp and the phase profile of the
signal, the FREAG technique was employed, which extracts both amplitude
and phase from temporarily sampled spectrograms [77, 105, 106]. A
progressive phase shift of —z/2 has been measured at a wavelength of
Aew =1536.30 nm, see Fig. 6.6.
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Fig. 6.6.  Measured amplitude and phase dynamics of a VSB signal with bit patterns (a) 1111
and (b) 1010 at the CW wavelength A, =1536.30 nm .

End of paper [77].
6.3.2 All-optical wavelength conversion and RZ to CSRZ format
change

A simple scheme to perform an RZ-to-CSRZ format conversion relays on a
single SOA followed by a filter.

This topic was addressed in [78]:

RZ to CSRZ format and wavelength conversion with
regenerative properties

A. Marculescu, S. Sygletos, J. Li, D. Karki, D. Hillerkuss, S. Ben-Ezra,
S. Tsadka, W. Freude and J. Leuthold

Optical Fiber Communication Conference, OSA Technical Digest
Series (Optical Society of America, 2009), OThS1

The filter system consisting of two cascaded delay interferometers and a
band pass filter (Fig. 6.7) has been described in section 5.3.3.

@ =8 psS

PCW

SOA )] Lﬁ
Po
Fig. 6.7.  RZ-to-CSRZ format transformation setup.

The filter system approximates the theoretical optimum filter with the RZ-to-
CSRZ filter transfer function (Fig. 5.22).
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Fig. 6.8.  Spectra of (a) the input RZ signal, (b) the CW signal after the SOA and
(c) an ideal CSRZ signal

The Dls are adjusted to the same differential time delay 7, =8ps between
both arms. The generated signal is a 2* —1 PRBS encoded R A, =1545nm?Z
33% signal at a bit rate of 42.7 Gbit/s. The data signal at the wavelength of is
launched together with a CW signal at the wavelength A, =1555nm into
an SOA, which is biased at | =1A.

Shifted frequency offset [GHz]
-100 0 100

Power [dBm]

-100 0 100
Frequency [GHz]
Fig. 6.9.  Comparison of the probe light spectrum after the filter (red curve) with an ideal
CSRZ signal (blue curve).

The power levels for the data and the CW signals are set to B, =—6dBm
and P, =0dBm, respectively. Since the carrier tone at the modulated CW
signal gets suppressed, the converted pulse gets non-inverted. Both Dls and
the band pass filter support the pattern effect mitigated wavelength

conversion (see Section 5.3.3) and format conversion towards the CSRZ
format.

The center frequency of the output pulse spectrum is shifted with about
21 GHz towards the blue side with respect to the carrier frequency. To verify
whether the output signal shows a progressive phase shift of 7 between
consecutive bits, the amplitude and phase characteristics of the signal have
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been determined using the FREAG with the two repetitive pattern sequences
1111 and 1010. The results of these measurements are depicted in Fig. 6.10.

— Signal output — Phase output
1 1 1 1 1 0 1 0

1.0 — 1.0}
— - >S5
s, 3 S =
205 @ '3 05 =
g g g %
g [ E &
£ - o

0.0f

o
0 o

50 25 0 25 50 0 25 0 25 50
Time [ps] Time [ps]

Fig. 6.10. Intensity —and phase evolution of the repetitive pulse sequences

1111 and 1010.

The signal after the filter carries a PPS of 7 and shows a characteristic CSRZ
spectrum (Fig. 6.9).

A high Q?-factor of 20.6 dB has been achieved at the output of the filter for
the wavelength conversion. The regenerative properties of the scheme have
also been assessed and a significant improvement in terms of Q2-factor has
been demonstrated, see Section 5.3.3.

The CSRZ signal has a reduced bandwidth and the advantage of the PPS of 7,
i.e., there is no ISl between consecutive marks in the signal.

End of paper [78].

6.4 Evidence of phase patterning effects in the spectrum

The conversion of data signals at data rates of 40 Gbit/s does not allow a
complete carrier recovery within a single bit slot. As carrier recovery between
subsequent marks remains incomplete, a decreasing progressive phase shift
gets induced on the output signal. The phase change reveals in characteristic
features of the optical spectrum, which are a proof for a phase patterning.

We depict this observation in following section, which is transferred from
Section 5 of the Optics Express paper [54]. The text has been altered with
respect to variables, figures and figure positions to match the thesis.
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Begin of paper [54], Section 5.

Spectral signature of nonlinear effects in
semiconductor optical amplifiers

A. Marculescu, S. O’Duill, C. Koos, W. Freude, and J. Leuthold
Opt. Express 25(24), (2017)

The spectra of the modulated probe light for a long sequence after the SOA
alone, or followed by a filter have a characteristic shape in the region
between consecutive tones. The continuous domains are less smooth than
those of the standard formats; they show crevasses and shoulders, see Fig.
6.11. We will show below that they usually arise as a consequence of phase
patterning.

(a) 0 (b) 0 ()0
&-20 520 &-20
b 3 e
240 240 £-40
o o o
[N a o
60 60 60

-100 00 -100 00 -100 0 100

0 1 0 1
Frequency [GHz] Frequency [GHz] Frequency [GHz]
Fig. 6.11. Measured spectra after the SOA of a signal in an (a) RZ, (b) VSB and (c) CSRZ
format at 40 Gbit/s modulation frequency.

We explain such a shape as a consequence of the incomplete restoration
from bit to bit of the refractive index in an SOA. The power spectral density is
the modulus squared of the Fourier transform of the signal carrying binary
information. NRZ and RZ formats are only amplitude modulated signals, VSB
and CSRZ signals are additionally phase modulated.

To demonstrate that phase patterning leads to inverted spikes and to
contiguous S-shaped shoulders, we propose the following model: Every mark
bit entering the SOA induces a decrease of carrier density and thus an
increase of refractive index. As a consequence, the phase of each mark bit
increases with a certain value ¢ >0, while a space bit allows for a weak

phase recovery ¢, <d,. Each pulse entering the SOA experiences a phase
accumulated from prior pulses.
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Table 6.1. Total signal phase change for a bit sequence of a 110100 sequence with a filter set
to generate a RZ signal and a filter offset to generate a progressive phase shifted.

Sequence 1 1 0 1 0 0

Total induced 4 +24, 24 —¢, +34-¢, +34-24, +3¢4—34,

phase change

Total signal phase  ppg 2PPS  3PPS 4PPS  5PPS  6PPS
with linear phase 124, +24—d, +34—4, +34-24, +34-34,
shift PPS

(@) Amplitude“

Phase

RZ
(PPS=0)

(b)  Amplitudek
Phase

CSRz
(PPS=x)

Fig. 6.12. Amplitude (green line) and phase (red line) evolution of (a) an RZ signal
(PPS=0) and (b) a CSRZ signal ( PPS = ) after a filter supported wavelength
conversion. A mark bit increases the phase by ¢ and a space bit decreases the
phase by ¢, .

For simplicity, we assume constant phase shifts ¢ and ¢,. They might indeed
be realized for weak signals where patterning effect might add up linearly
[88]. The analysis can be extended to format and wavelength converted
signals. In this case a progressive phase shift is added to the total phase.Table
6.1 shows the signal phase assignment for an exemplary bit sequence
110100. The time evolution of the amplitude and phase shift for the bit
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sequence is shown in Fig. 6.12 for (a) RZ and (b) a signal where the filter is
offset such that a CSRZ signal is generated [78].

Fig. 6.13 shows the calculated spectra of the RZ and the CSRZ signals for
¢ =¢,=0 andfor ¢ =1.8757, ¢, =¢ /8.

@ . PPS=0 (RZ), $1=4,=0 (b) 6 PPS=r (CSRZ), $1=¢,=0

=-20¢ 1 =
m om
= =
5 5
E E
o o -
a [a

-60
-50 0 50 100 - -50 0 50
Frequency [GHz] Frequency [GHz]
() PPS=0 (RZ), $:=8¢,=1.875% (d) PPS=r (CSRZ), ¢,=8¢,=1.875x
0 T T T 0 T T T

Power [dBm]
Power [dBm]

-60 . .
0 50 100 -100 0 50 100
Frequency [GHz] Frequency [GHz]

-50

Fig. 6.13. Calculated spectra for standard (a) RZ and (b) CSRZ signals and for phase patterning
affect (c)RZ and (d) CSRZ signals after wavelength conversion, respectively
wavelength and format conversion.

The position of the tones does not change with ¢, ¢, but the spectral region
in between tones shows the characteristic structure similar to the one
observed in the experiment. The presence of the phase patterning effect thus
leaves spectral traces in the signal spectrum.

Higher order pseudo-random bit sequences (e.g., 2** —1) will show a slightly
different output spectrum due to saturation and recovery effects.
Nevertheless, since longer mark-and-space sequences contribute only to the
spectral components at rather low frequencies, it will be difficult to observe
the difference in the output spectrum.
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End of paper [54], Section 5.

6.5 Summary

By taking suitable values for the injected CW power, data powers and bias
current of the SOA, it is possible to realize an all-optical wavelength
conversion with simultaneous format change if the filter behind the SOA is
properly chosen. Analyzing different optical spectra after the filter, one can
unambiguously identify the modulation format of the output signal.

A spectral method can also provide information on whether significant
patterning due to slow carrier recovery effects is present.
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Appendix A
Correlation between refractive index and gain dynamics
of the SOA and output pulse shape and phase

A.1 Correlation between refractive index dynamics of the SOA

and output pulse shape
The power dynamics and phase dynamics of the pulse leaving an SOA have
been simultaneously measured as described in chapter 3. To our knowledge,
such measurements have not been repeated in literature.

The time relation between the output pulse shape and the dynamics of the
refractive index of the active medium (as reflected in the change of the phase
shift) is necessary for the calculation of the pulse optical spectrum.

The output pulse after the SOA has been analyzed with the two-dimensional
technique utilizing the frequency resolved electro-absorption gating (FREAG)
technique [106]. The time-resolved phase takes an almost constant value
until about 1 ps after the pulse peak before it starts decreasing (Fig. A.1).

Thus the refractive index remains constant for a while indicating that the
increase produced by depletion has to be compensated by refractive index
decrease mainly due to TPA [61]. The strong decrease of the refractive index
starts at 1 ps after the pulse maximum because of the delayed occurrence of
the FCATpa effect.
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Fig. A.1. Measured pulse shape (black curve) and phase dynamics (red curve) using the
FREAG

A.2  FCA1pa process

This section is transferred from Appendix A of the Optics Express paper [54].
The text has been altered with respect to variables, figures and figure
positions to match the thesis.

Begin of paper [54], Appendix A.

Spectral signature of nonlinear effects in
semiconductor optical amplifiers

A. Marculescu, S. O’Duill, C. Koos, W. Freude, and J. Leuthold
Opt. Express 25(24), 29526-29559 (2017)

The generation of a TPA-induced free carrier can occur either instantaneously
(instantaneous FCAtea) by the absorption of a photon and a phonon, or via a
two-stage process (delayed FCAtea), which we now describe. In the first stage,
electrons are excited to the I -valley of the lowest conduction band (CB:) at
energies above the X-valley minima by the absorption of two photons. These
photoexcited electrons are then scattered to the X-valley by short-wavelength
phonons. The transfer to the X-valley (intervalley scattering T'— X)) is
favored by the large density of states in the X-valley as compared to the T -
valley.
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Appendix A

Energy A
CB"]

-
LH/HH Wave vector
SO -
(spin orbit)

FCA by holes

Schematic of energy band diagram with TPA, intervalley scattering, FCA induced by
TPA and FCA by holes. Two photons promote an electron from the light or heavy
hole (LH/HH) valence band to the T - valley of the lowest conduction band (CB:) at
an energy above the X-valley minimum. The photoexcited electron can either remain
in the T - valley by simultaneous absorption of one photon and one short wave
vector phonon, or it can be first scattered by a long wave vector optical phonon into
the X-valley and then be lifted to the next higher conduction band (CBz) by absorbing
a photon. In the FCA process by holes, an electron from spin orbit (SO) valence band
absorbs a photon (without phonon assistance) and occupies a free hole in the
LH/HH valence bands. The one- and two-photon absorptions are shown by red
vertical arrows, the phonon absorption by a green arrow and the intervalley
scattering by a green dashed arrow.

Both steps of this two-stage process do not occur simultaneously as there is a
short delay of a few picoseconds between these two processes. Due to the
specific band structure of the semiconductor material, once in the X-valley,
those electrons can absorb a photon, without a phonon, to reach the next
higher conduction band (CB2) [56-58]. Due to this last absorption process, the
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refractive index strongly decreases, leading to the observed blue sideband,
see Fig. A.1.

Previous work may have encountered an FCAtpa process delayed by the
intervalley scattering I' — X, because the carrier density rate equation in
[43] (Eq. (13)) needed a correction term for carrier leakage at high carrier
energies. Let W, and W, , be the energy separations between X-valley of
CB1 and the top of the valence bands for the quaternary compound InGaAsP
(see Fig. A.2) and for the cladding, respectively; W, <W, . If by absorbing a
photon of energy, the condition W, +ha, =W, is fulfilled, FCA-excited

electrons can drift into the cladding, accounting thus for the carrier leakage.

We have tried to describe the change in the refractive index due to FCAtpa by
employing a minimum number of parameters, so we have neglected the FCA-
coefficient |AgFCA (Z,z')| compared to the change |AQg (2,7)| in the BF gain,

|AQeca (2.7)| <|AGge (2. 7)) - (A1)

By introducing the FCA cross-section oy, one can express the
proportionality of AQe.,(2,7) to the concentration Ng.,(2z,7) of FCA-
excited electrons as

AgFCA(Z’T):_O-FCANFCA (Z'T)- (A2)

A similar proportionality in terms of the concentration of depleted carriers
IN(z,7)—N,| is found for the change in the BF gain coefficient, see
Eq. (4.23). Here N (Z,z’) is the total carrier density and N, its unsaturated
value. By substituting Egs. (4.23) and (A.2) in the inequality Eq. (A.1), one can
obtain an upper bound for the ratio Ny, to [N =Ng| (T is the confinement
factor and a, the BF differential gain),

Neca (2,7) PR
|N(Z’T)_Nst Okca

(A.3)

When the FCA cross-section and the BF differential gain are of the same
order of magnitude, 10°°m?, the right-hand side of Eq. (A.3) is of order one
and the number of free carriers produced by TPA cannot by far exceed the
number of carriers removed by CD. As an example, let us assume for oy,
the value 10?°m? calculated in [55] (Fig. 8) for GaAs at A, =1.55um. The
product T'a, can be determined from the structural parameters of the
employed SOA as well as from the data in Table 4.1, with help of the formula
Ta, = 27heA/(W,, 4, ). Substituting the numerical values for the area of the
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active region A=0.225um?, saturation energy W., =P 7. =5pJ and

sat sat“s

Orca =10"m? on the right-hand side of Eq. (A.3), one finds

NFCA(Z'T)
IN(z,7)— N,

Our SOA model is based upon the unique spectral component observed in
the pump spectra and attributed to the FCAra effect. This implies that during
the pulse-SOA interaction the phase shift Ag@.., (7) associated to FCArea
becomes much stronger than the BF phase shift Agg, (T) We will clarify
now how such a large effect can come about with a relatively small number
of FCArra-excited carriers, see e.g., Eq. (A.4). We introduce the « -factors
Orcn and oage associated to FCAra and BF, respectively, and write the
corresponding index-change, An.., and Ang, as

<« 0.58.

Apep (2,7) = =22 NG, (2,7); ANg (2,7) = —28 Ay (2,7) . (A5)
2k, 2k,
By making use of the requirement Eq. (A.1) in Eq. (A.5), one can derive the
inequality

|Angc, (2,7)| < M|AnBF (z.7). (A.6)

BF

We take into account that An.., <0 and Ang. >0 hold, multiply both sides
of the inequality in Eq. (A.6) with (—ko), integrate over the SOA length, use
the definitions of the partial phase shifts, Eq. (4.21), and obtain

A@eca (T) < M|A¢BF (T)| . (A7)
BF

Both phase shifts A@.c, () and Agg: (7) are known in our model, and we
can thus establish the retarded time 7=7, at which the ratio
Agrca (7)/|Agee (7)) reaches its highest value. The large effect in the FCA
phase shift illustrated in Fig. 4.4(c) requires the following upper bound for the
(negative) o -factor associated to FCAtpa,

AQrca (Tdip)

Opcp K — |A¢BF (Tdip )|

g - (A.8)
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Substituting A@eca (Tdip )/|A¢BF (rdip |: 2 from Fig. 4.4(c) and g =3.8
from Table 4.1 in Eq. (A.8), one finds aFCA| >76.

We close this appendix with the following remark: When the change in gain
due to FCArta compared with the change in the BF gain coefficient can be
neglected, less than 50% free carriers are produced by TPA than removed by

BF (see Eq. (A.4)), while the FCA phase shift can become twice as large as the
BF phase shift.

End of paper [54], Appendix A.
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Calculation of integrals relevant to the analytical model
from Section 4.3.3

This section is transferred from Appendix B of the Optics Express paper [54].
The text has been altered with respect to variables, figures and figure
positions to match the thesis.

Begin of paper [54], Appendix B.

Spectral signature of nonlinear effects in
semiconductor optical amplifiers

A. Marculescu, S. O’Duill, C. Koos, W. Freude, and J. Leuthold
Opt. Express 25(24), 29526-29559 (2017)

In this appendix we review the integration of the propagation equation for
the pulse power PCD(Z,T) when CR and all ultrafast processes (including
TPA) are neglected. Subsequently, we develop a method for integrating
arbitrary positive powers of P, (z,7) over z.

We assume a given input pulse shape P, (r) . Then the differential equation

%pw(z,f):gCD(z,f)pCD(z,f) (8.1)

together with the initial condition
Py (0,7)=P,(7) (B.2)

is equivalent to the integral equation

147



Appendix B

P (27) =R, (r)expﬁgw(zwdz'] 3

The decrease of the local gain coefficient g, (z,7) from its small-signal
value g,, being due to CD, is described by the rate equation (the product

P, 7, denotes the saturation energy)

0 P.(z,7
agwﬁ’f)}gco(z,ﬁ%’ o
with the initial condition
gco(zv_oo):go- (B.5)

In view of Eqg. (B.3) we integrate both side of Egs. (B.4) and (B.5) over z,
consider instead of g, (Z,7) the dimensionless integral

oo (2.7) = [ 0ep (2,7 82 (©.6)

and derive the differential equation

ihCD(z,r):—Pi” (r){exp[hCD(z,r)]—l}l 67

oz Paa s

with the initial condition
heo (2,—%0) = gyz. (B.8)

One can integrate the differential equation Eq.(B.7) by separating the
variables and by noting that

1o
exp[hCD (Z,T)]—l or

By taking into account Eq. (B.8), the solution can be read off from

In{l—exp[—hco(z,r)]}:_ 1 jR () e 810

1-exp(-g,2)

heo (2,7) = %In {1-exp[-he (z.7) ]} (B9
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Eq. (B.10) makes apparent a gain compression depending on the energy of
the pulse integrated over a time interval that is much longer than the pulse
width. Introducing the abbreviation

P(r)zexp{

b Pin (r)dr] (B.11)

sat

one can write the solution of Eq. (B.7) as

heo (2,7) =—In{1-[1-exp(-9,2) | 7 (7)} - (B.12)

By substituting Eq. (B.12) in the right-hand side of Eq. (B.3), one obtains the
following explicit solution of the propagation equation Eq. (B.1):

P

n (7)
1-[1-exp(-g,2) |7 (z) (6.13)

P (2,7) =

In order to compute integrals of arbitrary positive power of P, we
introduce the time dependent, dimensionless coefficients

7)= % f| F(2) n z :
&) [exp(hy)-1] ![ P. (7) } . (844

for n=123... For further convenience we set G,=exp(h)),

hy +Ahy, (7) =hep (L,7), and Gy, (7) =exp[ he, (L, 7) | Then with help of
Eq. (B.13) the coefficient C (r) takes the form

j dz . (B.15)
no{ ~[1-exp(-9,2)]7(r }

We provisorily suppress the time dependency and change the integration
variable in Eq. (B.15) according to

C.(

n

u=1-[1-exp(-g,2)]7. (B.16)
We note that u|z=0 =1 and

ul, , =1-[1-exp(-h,) |7 =Gg, (B.17)

where the last equality in Eq. (B.17) immediately follows from Eq. (B.12) with
z=L.Using
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g,dz = _ud—u (B.18)

-(1-7)
and getting back the time dependency, one finds

C,(1)=(G,-1)" [

Such integrals can be calculated by partial fraction expansion. For n=1 the
integral in Eq. (B.19) gives

d 1 1 a1
-[u(ulib) bj(u . u]du:Eln(l bu ) (B.20)

with b=1—72. By using the integration limits u=1 and u :Ggé in
Eq. (B.20), the equality on the right-hand side of Eq. (B.17) and the identity

G

b(G, -1)=—--1, (B.21)

CcD

one obtains C,(7) in the form announced by Eq. (4.49)

ol o

For higher n one can derive a recurrence relation by noting the identity

J~ du =J' u-b+b du
u"(u-b) Ju"™(u-b)

(B.23)

1 du
=— b )
nu" N Ju"”(u—b)

One finds that the coefficients Cm( ) and C, (z’) are related by

G, B Gl (r)-1
Coi(7)= { NG 1} {Cn() —n(GO—l)”]' (B.24)

Eqg. (B.24) shows that all C ( ) can be expressed in terms of the gain
contribution Ah., (7) given by Eq. (4.29). In particular, for n=2, one finds
Eq. (4.58)
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c,(7) :[ & ___ } {cl(f)_w} | (8.25)

Gep (7) G, -1

Some properties of the functions C, (r) are useful for recognizing their role
in the gain and phase shift dynamics. From the definition Eq. (B.14) it follows
immediately that all C, () are positive

C.(r)>0. (B.26)

By differentiating both sides of Eq. (B.15) with respect to 7 and by taking into
account the definition of P(z’), Eg. (B.11), one obtains

[1-exp(-g,z)|dz
{1—[1—«=3xp(—goz)77(r)]}n+1

Obviously, the right-hand side of Eq. (B.27) is negative implying that C, (r) is
a decreasing monotonic function of time with its largest value reached at
T =—o0. Substituting Z(—w)=1 and G, (—©)=G, into Eq.(B.19), one
can readily perform the integral over u with the result

L, ()-8 B0 o]

- . (B.27)
dr (Gy-1)" P

C, (o) = G, -1

= (B.28)
n(Go _1)

In particular, C,(—0)=1 and C,(-=)=(G, +l)/[2(G0 ~1)]. For an
unsaturated SOA gain G, >20dB, the right-hand side of Eq. (B.28) can be
approximated by 1/n .

End of paper [54], Appendix B.
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Appendix C
Degenerate and nondegenerate TPA-processes

C.1 Absorption coefficient

In this appendix we give a detailed description of the degenerate and
nondegenerate TPA process in terms of positive absorption coefficients, in
contrast with the form in the main text, where the absorption coefficients are
considered as negative gain coefficients.

A light beam of power P(Z,z’) propagating through an SOA along the z -axis
undergoes an absorption process [65, 67-69, 108]. The waveguide structure
of the SOA provides for each specific absorption process a well-defined area
Ay , which is usually larger than the area A of the active region, because it
always includes some adjacent layers within the cladding region. Let us
consider a light beam of central angular frequency @, polarization unit-
vector € and intensity 1(z,7),

(C1)

ff

By definition, the absorption coefficient a(z,r) is the fractional decrease of
the light intensity per unit beam path,

a(z,f):_l(zlyr)a_azu(z,f). (c2)

With help of Eq. (C.1), one can express Eq. (C.2) in the form
1
e P(z,7)=a(z,7)I(z,7). (C.3)
Ay Oz
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The left-hand side of Eq. (C.3) represents the power loss per unit volume. If
this power is divided by the photon energy hw, one finds the density
N (Z, z') of photons absorbed per second,

N(z,r)z%;)(z’f). (c.4)

Conversely, if the density of photons absorbed per second is known, the
absorption coefficient can be found from

hoN (z,7)
I(z,7) '

Example: Linear absorption. The absorption coefficient does not depend on
the light intensity. Eq. (C.2) can be integrated and gives the Beer-Lambert law

(z,7)=1 (O,T)exp{—ja(z',r) dz} | ()

0

a(z,7)= (C.5)

C.2 Degenerate two-photon absorption (TPA)

In a degenerate TPA process, the absorption coefficient is proportional to the
light intensity with a proportionality factor ﬂ(a)) called the TPA coefficient
at angular frequency o,

aron (2,7) = B(0) 1 (2.7). (c7)

The density of photons Nz(z,r) absorbed per second is found by
substituting Eq. (C.7) in Eq. (C.4),

plzo)I*(z7)

ho (c8)

N,(z,7)=
Since now photons are absorbed in pairs, the absorption rate per unit volume
is given by /2N, (z,7).

We consider now two light beams propagating through the SOA, a pump
(labeled by S ) and a probe light (labeled by x ). The i -th beam (i =S,x) has
a central angular frequency @,, a polarization unit-vector € and an intensity
l, (Z,Z‘). Each beam undergoes separately a degenerate TPA process.
Denoting with B = (@) the TPA coefficient at angular frequencies a;,
one can express the degenerate absorption coefficient arp,; (Z,T) and the
density of photons absorbed per second N, (z,7) as
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anpa; (2,7)=B1(2,7) (C.9)
and
N, (2,7) - Arpp (zi;;)li (z,7) _ ﬁilihi)z,r) , (€.10)

respectively.

C.3 Nondegenerate TPA process

In the pump-probe experiment above, nondegenerate photon pairs
consisting of one photon from the pump and another photon from the probe
light, can simultaneously be absorbed. In order to have a nondegenerate TPA
process the densities of photons absorbed per second from the pump and
probe light, N;s (z,7) and Ny (z,7), must be equal

Ny (z,7) =N, (z,7). (C.11)

In contrast with the degenerate case, the photons are now absorbed one-by-
one, i.e., through a single-photon absorption process from each beam. The
quantity N, (Z,r) represents the absorption rate per unit volume
experienced in a nondegenerate TPA-process by the i-th beam, while the
absorption rate is N, /2 for a degenerate process. The total number of
photons absorbed from the i -th beam per second and unit volume is

N (z,7)=N, (z,7)+ Ny (z,7). (C.12)

According to Eq. (C.4), Ni(Z,r) determines the absorption coefficient
a (z,7) experienced by the i -th beam as

Ni(z,r):w. (C.13)

ha

We now combine Egs.(C.10), (C.12) and (C.13) to find Ny (z,7) and
N, (z,7), and substitute these results in Eq. (C.11),

[a(z.7)-Bls (z.7) |15 (2.7) _ [a (z.7)-B1 (z.7)]1.(z7) |

ha hao,

(C.14)

The only way to satisfy Eq. (C.14) is to assume
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as (2,7)=Bsls (2,7)+ B, ). (2.7),
a (z,7)=p1.(z,7)+Bsls(2,7).

The coefficients S, and B depend on both angular frequencies o, @,
and on the relative polarization angle cos™ (és -éx) and are related by

B _Bs (C.16)

w;

X

(C.15)

From Eq. (C.14) and Eq. (C.15) we obtain the following explicit expressions for
N, and N

Ix 7

Bs. s (z,7)1,(z,7).

Ny (z,7) = Py, ;
> (C.17)
N, (Z,z’) _ Bsls (Z};;) I (Z,T).

The previous relations simplify when the beams have neighboring angular
frequencies s =@, = @, [69]. Then B, and B as well as S, and S,
become respectively equal. A convenient parametrization can be obtained
with the help of the TPA coefficient S, =/(@,) and the TPA non-
degeneracy factor I, ,

Bs =P =B B = Ps = Tpals- (C.18)

C.4 Sufficiently weak probe light
By definition, a sufficiently weak probe light satisfies the following three
conditions:

I.(z,7)~ 5 (z,7); (C.19)
%st(z,r)» Ny (2,7); (€.20)
1
ENZX(Z,T)>> N, (z,7). (C.21)

Since the meaning of Eq. (C.19) is obvious, we consider only the other two
requirements in the light of the discussion following Eq. (C.11). Eq. (C.20) tells
us that the absorption rate experienced by the pump in a degenerate TPA
process exceeds by far the absorption rate in the nondegenerate process.
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Supposing that the probe photons absorbed per second and unit volume in
the nondegenerate process (N, ) would actually be absorbed in a
degenerate process, while the probe photons occurring in the degenerate
TPA process (N,, ) would be absorbed one-by-one as in a nondegenerate
process. According to Eq.(C.21) the absorption rate in the former case,
N,./2, would remain larger than the absorption rate in the latter case, N,, .

By making use of Eq.(C.17), one can express Egs.(C.19) and (C.20) as
requirements involving the beam intensities,

2 2

oy (o)<l (20); DL (o)< (2r).  (€22)

S xS

These inequalities trivially follow from Eq. (C.18), except when the nonlinear
TPA coefficients were restricted by

B 2 B,
For neighboring angular frequencies s ~®, #@,, one can use the

parametrization in Eq. (C.18) and restrict the values of the non-degeneracy
factor I, to the range (see also [69, 108])

%s Fron <2. (C.24)

In the case of a sufficiently weak probe light the absorption coefficients
a(z,7) and a (z,7) depend only on the pump intensity and the non-
degeneracy factor. From Eq. (C.15), it follows

as(2,7)= Bl (2,7); a(z.7)=Bolpals(2.7). (C.25)

C.5 Kerr nonlinearity

The changes of the refractive index due to TPA in a pump-probe experiment,
Angp, (Z,T), with i=S§,x, can be described along the same pattern as the
absorption coefficients g (Z,T). For neighboring angular frequencies and a
sufficiently weak probe light these changes take a form similar to Eq. (C.25),

Anioas (2,7) =06 (2,7); Anpa, (2,7) =Epan, s (2,7)  (C.26)
Here n, is known as the Kerr nonlinearity. As thoroughly discussed in Ref.

[67], Kramers-Kronig dispersion relations can be used to connect nonlinear
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absorption and refraction. Although not always correct as absorption spectra

cover a large frequency range, sometimes it is possible and convenient to use

a TPA « -factor at angular frequency @, = @, = @,, defined as
n, Dy

Orpp = Urpp (@) =2k =2, ky=—

5 . (C.27)

For bulk SOAs based on InGaAsP which are operated near the wavelength
Jo =27/K, =1550 nm, one can take S, =35cm/GW and ap, =-3.
Eq. (C.27) gives then n, =-1.295x107"° mz/W.
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Special symbols

P

Cauchy principal value Eq. (3.9)

Calligraphic symbols

&

¥

Z(W)

Slowly-varying complex-valued electric field envelope, unit W
Eqg. (4.5)

Lorentzian lineshape function, unit J™ Eq. (2.10)

Greek symbols

ay

int

b,
B,

YN

Pe

Alpha factor associated with the process “Xx”, x=BFCH,TPA
Eq. (3.20)

Loss coefficient, unit m™ Eq. (2.13)
TPA coefficient, unit cm/GW Eq. (4.39)
TPA coefficient, unit m? Eq. (3.1)
Confinement factor, unit m™ Eq. (2.13)

Electric permittivity of the vacuum,
& =8.85419x10 As/Vm Eq. (1.1)

Ultrafast compression coefficient, unit W*, m®
Eq. (2.27), Eq. (3.3)

u ”

Compression coefficient associated with the process “Xx”,

unit W' x=CH,SHB Eq. (4.34) x=TPA Eq. (4.48)

Nonlinear optical parameter associated with the change in the
refractive index due to FCAre, unit W Eq. (4.56)

Power spectrum, unit Js Eq. (4.64)
Wavelength, unit m
Density of energy states for electrons, unit J™m?® Eq. (2.3)

Density of energy states for holes, unit J™m® Eq. (2.4)
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Op

Cross-section for FCAgr in the band g, S =CB,VB,
unit m? Eq. (2.19)

Retarded time, unit §

Spontaneous carrier lifetime, unit s Eq. (2.19)
Intervalley scattering time, unit s Table 4.1
Critical pulse length, unit s

Time constant for carrier recovery, unit s Eq. (3.5)

Time interval between the arrival of the pulse and the onset of
ultrafast recovery, unit s Eq. (3.5)

Burning time constant for an intraband spectral hole,
unit s Eq. (3.5)

Relaxation or characteristic time constant for the process “Xx”,
unit s x=CD,CH,CI,FCA,SHB,TPA Fig.3.4

Average lifetime of photoexcited electrons, unit s Eq. (4.53)
Complete phase Eq. (3.25)

Constant phase shift for each mark bit Fig. 6.12

Constant phase shift for each space bit Fig. 6.12

Phase shift Eq. (3.25)

Tensor commnent of the N-th order influence function,
unit (m/V)™ Eq.(1.1)

Linear susceptibility, Eq. (1.4)

Angular frequency, unit rad/s

Central angular frequency, unit rad/s

Angular frequency of the pump signal, unit rad/s

Angular frequency of the probe signal, unit rad/s

Latin symbols

A
A
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Cross-section area, unit m?

Effective cross-section, unit m? Eq. (2.17)
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Aa TPA cross-section, unit m* Eq. (4.39)

Absorption coefficient, unit m* Eq. (1.8)
0 Differential gain, unit m® Eq. (2.16)
C, (z’) Coefficient function associated with TPA Eq. (4.49)
C,(r)  Coefficient function associated with FCAre Eq. (4.58)
c Vacuum speed of light, ¢ =299792458 m/s Eq. (1.8)
E Electric vector field, unit V/m Eq. (1.1)

Normalized root-mean-squared electric field,

unit YW Eq. (4.2)

E;” Normalized root-mean-squared electric field at SOA input,
unit YW Eq. (4.3)

E;’“‘ Normalized root-mean-squared electric field at SOA output,
unit VW Eq. (4.4)

e Elementary charge, e =1.6x10™"° As Eq. (2.30)

€, Unit vector along the Yy -axis, Eq. (3.24)

FLS Fermi-level separation, unit J Fig. 2.3

f Instantaneous frequency, unit Hz

frep Pulse repetition frequency, unit Hz Fig. 3.3

f, Fermi-Dirac distribution for electrons Eq. (2.1)

f, Fermi-Dirac distribution for holes Eq. (2.2)

G SOA power gain Eq. (2.12)

G, SOA small-signal gain Eq. (2.15)

g,(z,t) Modal gain coefficient, unit m* Eq. (4.6)

0, Small-signal gain coefficient, unit m™ Eg. (2.11)

Jo Small-signal gain coefficient including the field confinement factor,
unit m* Eq. (2.11)

O Material power gain coefficient, unit m* Eq. (2.13)

Ogr BF gain contribution, unit m* Eq. (2.27)
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Ag, Change in the modal gain due to the process “x”
x=BF,CH,SHB,TPA, unit m™ Eq. (4.18)

h Logarithmic power gain Eq. (4.13)

h, Unsaturated device gain Eq. (4.15)

Ah, Change in the integrated gain coefficient due to the process “ x”
x=BF,CH,SHB,TPA, unit m™ Eq. (4.18)

h Reduced Planck constant, 7 =1.05457x10* Js Eq. (2.3)

| Bias current, unit A Eq. (2.17)

i Imaginary unit, j7 =—-1

K Electron wave vector, unit m™ Fig. 2.3

kO Free-space wave vector, unit m™

Kg Boltzmann constant, kg =1.38065x107 J/K Eq. (2.1)

L SOA length, unit m
M (W)  Dipole matrix element, unit Asm Eq. (2.9)

m Effective mass of electron,
unit free electron mass m, =9.109x10* kg Eq. (2.3)

m, Effective mass of hole,
unit free electron mass m, Eqg. (2.4)

Meca Effective mass of FCArea excited electron,
unit free electron mass m, Eq. (4.51)

Carrier concentration, unit m? Eq. (2.16)

Electron concentration, unit m® Eq. (2.5)

N

N

N, Hole concentration, unit m® Eq. (2.6)

N Density of photoexcited, unit m?® Eg. (4.52)

Neca Density of FCAma excited electrons, unit m* Eq. (4.51)
N, Carrier density at transparency, unit m? Eq. (2.16)

n Refractive index Eq. (1.8)

(=]

Complex-valued refractive index Eq. (1.7)
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List of abbreviations

n, Imaginary part of the complex refractive index Eq. (3.7)

Ny Effective refractive index at central angular frequency Eq. (2.11)

n, Kerr nonlinear index coefficient, unit m*>/W Eq. (3.21)

An Change in the refractive index, Eg.(2.29)

ANgea Change in the refractive index due to the FCAtea process,
Eq. (4.51)

P Electric polarization vector, unit As/m2 Eg. (1.1)

ﬁL Linear electric polarization vector, unit As/m2 Eq. (1.2)

P Power, unit W Eq. (2.13)

P, Input power, unit W Eq. (2.12)

po Output power, unit W Eq. (2.12)

Pew CW probe light power, unit W Fig. 3.8

P, Power of the control signal, unit W Fig. 4.15

P Saturation power, unit W Eq. (2.23)

Pt 3 dB saturation power, unit W Eq. (2.25)

Q? Quality factor

q Gain reduction at saturation onset Eq. (4.30)

o TPA non-degeneracy factor Eq. (4.42)

S Photon density, unit m® Eq. (2.28)

T Absolute temperature, unit K

t Time, unit s

2 Group velocity, unit m/s Eq. (2.28)

X,Y,Z Spatial coordinates, unit m

Vv Active volume, unit m®

w Carrier energy, unit J Fig. 2.3

W, ,W,  Kinetic energy of charged carriers, unit J Fig. 2.3

W, W, Quasi-Fermi level energy of charged carriers, unit J Fig. 2.3
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List of abbreviations

W, Bandgap energy, unit J Fig. 2.3
Acronyms

1R Re-amplification

2R 1R + Re-shaping

3R 2R + Re-timing

AOWC  All-optical wavelength conversion
AND Logic AND function

ASE Amplified spontaneous emission
BER Bit error-rate

BF Band filling

BPF Bandpass filter

BS Blue-shifted

BSOF Blue-shifted optical filter

CB Conduction band

cC Carrier cooling

CD Carrier depletion

CH Carrier heating

Cl Carrier injection

CR Carrier recovery

CSRZ Carrier-suppressed return-to-zero
cwW Continuous wave

DI Delay interferometer

DWDM  Dense wavelength division multiplex
EDFA Erbium-doped fiber amplifier
FCAgr Free carrier absorption

FCATea TPA-induced free carrier absorption
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FCI
FREAG
FWHM
ISI

NRZ
ODL
OR
OSA
OSNR

PMD
PPS
PRBS
PROF
RS
RSOF
RZ
SHB
SOA
SPM
SSB
TOAD
TPA
TE
™
VB
VOA

List of abbreviations

Free carrier index change
Frequency resolved electro-absorption gating
Full width at half maximum
Inter-symbol-interference
Non-return-to-zero

Optical delay line

Logic OR function

Optical spectrum analyzer
Optical signal-to-noise-ratio
Power meter

Polarization mode dispersion
Progressive phase shift
Pseudo-random bit sequence
Pulse reformatting optical filter
Red-shifted

Red-shifted optical filter
Return-to-zero

Spectral hole burning
Semiconductor optical amplifier
Self-phase modulation

Single side band

Terahertz optical asymmetric demultiplexer
Two-photon absorption
Transverse electric (mode)
Transverse magnetic (mode)
Valence band

Variable optical attenuator
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List of abbreviations

VSB Vestigial sideband

WDM Wavelength division multiplexing

XGM Cross-gain modulation
XOR Exclusive OR logic gate
XPM Cross-phase modulation
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Semiconductor optical amplifiers (SOAs) have found widespread use in
optical communications covering the important telecommunications window
with optical carrier wavelengths from 1.1 pm up to 1.6 pm. While amplifiers
are usually operated in their linear region, the inherent nonlinearities of
SOAs can be exploited for all-optical signal processing like signal
regeneration, wavelength conversion, and modulation format conversion. For
both, linear and nonlinear applications, the onset and the amount of the
nonlinear response is important for choosing the proper operating point.

In this book a nonlinear SOA model is developed. Measuring the spectra
resulting from a pump-probe experiment, the strength of the various
nonlinear contributions can be assigned to inter- and intraband carrier
dynamics in the semiconductor. The experiments reveal for the first time the
importance and the role of two-photon induced free carrier absorption
FCApa — an effect that so far was not properly taken care of. The resulting
blue-shifted sideband makes it possible to design a patterning-free all-optical

wavelength converter. More generally, this model helps in finding optimal
optical filter schemes for wavelength converters, resulting in patterning-free
output signals at high bit rates.
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