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Supervisor’s Foreword

Next to the invention of printing by Gutenberg, there is probably no technology that
has changed the way of life for human beings as much as the Internet. Our books
are now in the cloud; our home movies and videos are stored in the cloud; our
Brockhaus or Encyclopaedia Britannica is now called Wikepedia; and with the rise
in online dating, we often even meet our future partners first in the cloud. All that
and more is based around the Internet, which allows instantaneous communication
at the speed of light, from everybody to everywhere. In 2017, three times more
devices will be connected to the Internet than there will be people living on earth. In
addition, the consumption of electrical energy by the internet has increased rapidly:
in 2015, 6 % of the raw electricity production in the USA was used to power its
Internet. The number of fundamental changes to our social and economic life based
on the Internet seem unlikely to end in the foreseeable future. Remote health control
of individuals is just one of many such examples. To date, two Nobel Prizes have
been bestowed upon those who paved the way through their discoveries, inventions,
and developments of the so-called physical layer enabling the Internet Zh.
L. Alferov and H. Kroemer for semiconductor lasers and C. K. Kao for glass fibers.

Everything started in the second half of the last century with the development of
active optical cables spanning the continents. The invention and further develop-
ment of a few photonic devices that convert electrical pulses to optical ones or vice
versa and amplify them, paved the way for the internet, made the dreams possible.
The proposal of the double-heterostructure semiconductor laser by Alferov and
Kroemer and its room temperature realization by Alferov in 1970 was the first
step. Low-noise erbium-doped fiber amplifiers (EDFAs), and InGaAs/InP p-i-n
diodes were the other essential and already conclusive prerequisites for the
replacement of copper by glass for long distance communication and the deploy-
ment of the first continental and intercontinental cables enabling the wide area
networks (WANS), bridging thousands of kilometres. Usually semiconductor lasers
are in the limelight of the public as the enabling devices and stand in the limelight
of the public. However, each of these active cables has many more EDFAs than
emitters or receivers. The reason for the little attention that EDFAs receive might be
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due to the fact that they are not single devices that are easy to explain, but rather
they are complex modules consisting of passive and active optical elements, and are
expensive to produce.

Ultrahigh speed/bit rate access to the home at Gbit/s levels will be the next step
with the largest social and economic impact for the consumer. Quantum leaps in the
properties of the metropolitan area and access networks will be necessary; simple
improvements and extensions will not be sufficient. Novel device technologies and
materials for photonic devices are needed. Wavelength windows different from
those used for WANSs will also be exploited in the future. The O-band, spanning the
wavelength range 1260-1360 nm is of paramount importance. Again, amplifiers
that act both in the linear amplifying regimes as well as functioning as nonlinear
optical devices, such as wavelength converters, are needed at these much shorter
distances. They must be simple, low cost, reliable, low power, temperature-stable
and versatile. EDFAs do not operate in the O-band. Other rare element based
amplifiers do not cover the whole O-band and are prohibitively expensive for
large-scale deployment.

Semiconductor optical amplifiers (SOAs) are here making the race. The struc-
tural design of such a device is very close to that of a laser, except that they
definitely should not be used as such. Ultralow reflection coatings, which represent
a technological challenge cover their windows. Devices operating in the O-band
based on InP technology do not completely satisfy the demands of circuit designers:
They are neither low power nor very temperature stable.

The discovery of quantum dots (QDs) as an enabling epitaxial technology to
extend the wavelength window covered by GaAs-based photonic devices to the
O-band stood at the advent of the development of both QD-lasers and QD SOAs.
InAs/GaAs-based QD structures enable coverage of a wavelength range that was
thought to be only accessible by InP-based quantum wells (QWs), until the nineties.
Lasers based on QDs were the first photonic devices to be thoroughly investigated
for the window 1.1-1.35 pm. Larger material gain of QDs compared with that of
classical QWs overcompensates the impact of the Gaussian-like broad distribution
of emission energies on modal gain, still showing sufficient amplification. The large
gain bandwidth was in fact found to be very favorable, enabling simple generation
of fs-pulses of high peak power by mode locking of QD-lasers. The threshold
current density of QD-lasers was observed to be almost one order of magnitude
lower than that of standard QW-lasers. Thus, their conversion efficiency for elec-
trical to optical energy is larger: QD-lasers are more energy efficient.

A decade after research on QD-lasers started it was realized that the same
inherent property of large gain bandwidth together with the strong spatial local-
ization of charge carriers in the QDs, ultrafast gain recovery times from massively
populated reservoirs and the resulting decoupling of gain and index of refraction
present decisive advantages for novel types of SOAs.

The present dissertation of Holger Schmeckebier surveys the decisive advan-
tages of SOAs based on QDs. Many essential breakthroughs are presented that
could only be achieved using QDs as active media. Amongst them are:



Supervisor’s Foreword vii

— distinct excited states of QDs are used together with the ground state for
dual-band-amplification of up-and down-stream signals by the same device, thus
reducing the energy consumption by half,

— differential quadrature phase shift keying signals are successfully amplified;

— QD SOAs are demonstrated as direct phase modulators while still operating as
amplifiers;

— four-wave mixing is used for converting wavelengths within SOAs, including
phase coded signals.

Reading this thesis is a must for all scientists and engineers interested in the
impact that modern semiconductor nanotechnology has on novel device designs,
leading to breakthroughs for the physical layer of metropolitan and access net-
works, supporting higher data rates and, at the same time, energy efficiency.

Berlin, Germany Prof. Dieter Bimberg
June 2016



Abstract

The social and economic life of today’s modern society is characterized by nearly
instantaneous distribution of information, access to almost unlimited sources of
knowledge and entertainment, and globalized communication between everybody
and everything at any time. To keep up with future demands, new advanced optical
communication networks are required providing e.g. larger bandwidth and new
functionalities. These networks will require optical amplifiers to overcome losses on
the transmission line and devices for optical signal processing. Semiconductor
optical amplifiers (SOAs) are promising candidates for both, amplification and
signal processing.

This thesis considers the design, fabrication and experimental and numerical
investigation of SOA for future optical communication networks used in
metropolitan areas. It begins with a brief overview of the topic of optical com-
munication networks and the demand of optical amplifiers as well as of devices for
signal processing. The reader is thoroughly introduced to semiconductor gain media
and their interaction with light, the parameters of optical amplifiers as well as the
static and dynamic properties of SOA. The thesis focuses on SOA with quantum
dots (QDs) as the active gain material and discusses their advantages for the gen-
eration, amplification and processing of optical data signals. The reader is than
slowly introduced to various measurement methods and parameters for optical
communication experiments, in particular system experiments. Optical data signals
are generated by encoding the information in varying properties of light, commonly
its amplitude and/or phase. The different types of modulation are called modulation
formats. Multiple data signals are coded, e.g., on different wavelength channels.

The quality of the amplified optical data signal depends on the optical power
level at the input of the amplifiers. Hence, the range of power levels—the so-called
(IPDR)—in which the amplifier doesn’t decrease the signal quality significantly is
of utmost importance. The thesis presents (QD SOA) based single- and
multi-wavelength-channel amplification of amplitude- and phase-coded signals
with data rates as large as 80 Gb/s per channel using system experiments. The
appropriate power ranges and the influences of different wavelength channels and
modulation formats are discussed.

ix
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Two novel device concepts are developed and demonstrated by exploiting the
unique advantages of QD SOAs. Both concept could drastically simplify the net-
work architecture and thus reduce their investment and maintenance costs. The first
concept allows the amplification of data signals with a large spectral separation.
This enables the realization of a single amplifier device with the ability to amplify
data signals from different communication bands. The second concept enables the
generation of phase-coded data signals by direct modulation of the drive current
of the amplifier. The advantages and performance of both concepts are extensively
discussed. The concepts are proven by performing system experiments with data
rates as large as 40 Gb/s per channel.

The final part of the thesis deals with optical signal processing. All-optical
wavelength conversion as the fundamental building block for optical signal pro-
cessing is the conversion of the information from one wavelength channel to
another. The reader is introduced into nonlinear effects of semiconductor gain
media, i.e., four-wave mixing. The advantages of QD SOAs are addressed and a
guideline for the optimization of the conversion performance is given. The con-
version of phase-coded data signals with a data rate as large as 80 Gb/s is proven in
a wavelength span as large as 45 nm using system experiments.
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Chapter 1
Preamble

Today’s modern society is commonly called a digital- and knowledge/information
society in the media. Our present social and economic life is characterized by nearly
instantaneous distribution of news and information, access to almost unlimited
sources of knowledge and entertainment and globalized communication between
everybody and everything at any time. This was enabled by a rapid evolution of
communication networks and by the innovation of new services within the past few
decades.

Optical interconnects are decisive for contemporary communication networks.
Information is encoded in various physical properties of light emitted by semicon-
ductor lasers and transmitted across optical fibers [1]. The invention and improve-
ment of both, the semiconductor lasers and fibers have been honored often over
the years. The highlights are the Nobel prizes awarded (in half) to Z. I. Alferov and
H. Kroemer “for developing semiconductor heterostructures used in high-speed- and
opto-electronics” [2] in 2000, and (in half) to C. K. Kao “for groundbreaking achieve-
ments concerning the transmission of light in fibers for optical communication” [3]
in 2009. Besides semiconductor lasers and fibers, the development of erbium-doped
fiber amplifiers (EDFAs) was a crucial part for the triumph of optical communica-
tion network technologies enabling transmission across distances of up to 10,000 km
without signal regeneration [4].

The global internet protocol (IP) traffic handled by the communication network
has increased tremendously in the last two decades, e.g. by approximately 37 % from
2012 to 2014 resulting in a traffic of almost 60 exabytes per month! [5, 6]. The traffic
increase in the few past years was mainly driven by consumer video services like
video-telephony, social movie sharing and internet TV or video on demand. But also
the traffic based on business and other consumer services like data exchange, social
media and gaming increases rapidly. Cisco System Inc. forecasts in [6] a still large

One exabyte corresponds to 10 to the power of 18 byte.
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IP traffic (exabyte / month) over the years 168.0  Total

A& Consumer; video

Long-haul ZEEA % REEA Business

Fig. 1.1 Forecast of total global internet protocol (IP) traffic over the years. The ratio of long-haul
and metro-only traffic (left part of each bar) as well as the ratio of different services (right part of
each bar) on the total traffic is given. Data extracted from [6]

annual traffic increase of 23 % per year resulting in 168 exabytes per month in 2019
as depicted in Fig. 1.1. The global traffic managed per year will exceed one zetabyte
(1000 exabyte) already in the year 2016 [6]. Hence, this era is called the “Zetabyte
Era” [7].

Another very important issue is the traffic allocation across the network architec-
ture. Two main traffic allocations must be distinguished: IP traffic within a metropoli-
tan area bypassing long-haul links (connection between metropolitan areas) is called
metro-only traffic. IP traffic traversing long-haul links is called long-haul traffic.
Today, metro-only and long-haul traffic contribute each almost half-and-half to the
total traffic [6]. Metro-only traffic is forecast to grow significantly faster than long-
haul traffic resulting in a two-to-one ratio in 2019 [6].

Beside the traffic, also the number of devices connected to the IP networks
increases rapidly and is forecast to grow to nearly three times the global population in
the year 2017 [6]. To satisfy future requirements, the markets for communication and
network products require innovative solutions. Today, the global optical networking
and communications market reaches a volume of approximately USD 16 billion per
year and is forecast to reach a volume of USD 26 billion per year in 2020 [8].

Network Architecture

The state-of-the-art communication network is divided into network classes, such
as wide area network (WAN), metropolitan area network (MAN) and access net-
work (AN) which are distinguished by their span, task and structure. The following
introductions to the network architecture, the physical layer and future networks are
based on [9-14].

A simplified schematic of a network is shown in Fig.1.2. WANSs, also called
backbone or long-haul networks, span over up to thousands of kilometers and handle
the global data exchange across terrestrial or undersea systems. These networks are
organized in mesh topology to guarantee a large redundancy. The backbone network
connects MANs most commonly realized in a ring topology. A typical MAN is
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Wide Area
Network (WAN)

Metropolitan Area
Network (MAN)

¢ enterprise
o & data center

Access Network

(AN)

Fig. 1.2 Sketch of common communication network architecture. Redrawn after [14—16]. FTTC
fiber-to-the curb, FTTH fiber-to-the home

subdivided into a ring metro core network with a circumference in the order of
100km and multiple ring metro access networks with a circumference of 30-60 km.
The customer premises are connected via ANs to central offices located in the metro
access networks. A couple of different implementation of ANs are realized ranging
from a few kilometers up to more than 60 km. Traditionally, the customer premises
are connected by twisted pair copper cables to the central office. These copper-based
ANs already reached their capacity limit which is overcome by shorter reach and/or
more complexity. Instead, these connections are more and more replaced by fiber
which is called fiber-to-the x (FTTx), where x stands either for curb, building or
home. Pushing the fiber connections from curb to building to home reduces the span
of limiting copper connections from a few kilometer in the case of xDSL (digital
subscriber line) to below one hundred meters in the case of fiber-to-the home (FTTH).
Future AN designs will finally be based on FTTH due to their significantly increased
bandwidth.

Physical Layer
The physical layer of an optical point-to-point transmission link consist of a transmit-
ter, inline components, a receiver and fiber connecting all components. The transmit-
ter emits the optical data signal and is based on a directly modulated semiconductor
laser or a continuous wave laser in combination with a modulator. The receiver
detects the optical data signal using semiconductor photodiode(s). A more detailed
description is given in Chap. 4. However, the properties of the fiber are important as
it routes the information across large distances.

Exclusively single-mode fibers (SMFs) (e.g. specified in [17]) are used in global
communication networks. The characteristics of the SMF lead to the definition of
several communication bands in the near-infrared region as listed in Table 1.1[12].
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Table 1.1 List of defined single-mode fiber (SMF) communication bands

Band Description Wavelength range (nm)
O-band Original 1260-1360
E-band Extended 1360-1460
S-band Short wavelength 1460-1530
C-band Conventional 1530-1565
L-band Long wavelength 1565-1625
U-band Ultralong wavelength 1625-1675

The conventional band (C-band) is currently the most commonly used wavelength
band because the fiber provides the lowest attenuation of below 0.2 dB/km [18].2 In
comparison, the attenuation in the original band (O-band) is about 50 % larger with
0.35 dB/km. The C-band is thus of great importance for long-haul communication
across thousands of kilometers for which the fiber attenuation is the dominating
factor. The C-band fiber attenuation is compensated after transmission distances
of at the most 100km (typical about 80km) commonly using EDFAs. A second
important SMF parameter is the dispersion. The O-band is characterized by the
zero dispersion of the SMF at a wavelength around 1300 nm. Hence, the O-band is
particularly interesting for low-cost networks for medium and short distances, like
MANSs and ANSs, since costly dispersion compensating techniques can be avoided at
the expense of a slightly larger fiber attenuation. In today’s networks, the O-band is
typically used for up-streaming the data from the customer premises to the central
office [9, 14]. Some of them use the O-band also for down-stream [19] which will
be expanded in the future.

This thesis is focusing on devices for O-band communication applications but the
presented results are not restricted to these.

Networks implemented as FTTH are commonly designed in a point-to-multi-point
topology which multiplexes the fibers of multiple customer premises to a single fiber
connected with the central office. The separation of the individual user informa-
tion channels is commonly realized by time division multiplexing (TDM) or wave-
length division multiplexing (WDM). In TDM-based networks, the time domain is
divided into multiple periodic time slots, where each customer premise is assigned
to a specific time slot. Down- and up-stream,® implemented in different wavelength
bands (commonly S-band and O-band), are split and combined using a symmetric
power splitter, whereas the information is multiplexed in time. In contrast, WDM
networks are implemented by assigning individual wavelength channels to each cus-
tomer premises. The channel splitting and combining is realized by a wavelength
division multiplexer. Increasing the splitting ratio e.g. from currently 16 to 512 will

2This attenuation is reached in modern SMFs. Typical deployed links exhibit values of e.g.
0.275dB/km [17].

3Down-stream describes the transmission of information from the central office to the customer
premises and up-stream vice versa.
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increase the power splitting losses for TDM implementation by 15dB. In contrast,
the losses in WDM implementation do not scale with the number of connected cus-
tomer premises and reach values in the order of 3 dB per port[14]. The research and
development for near future access technologies tends to combine both TDM and
WDM approaches[14, 19, 20].

Future Metro & Access Networks and the Demand for Optical Amplifiers
State-of-the-art ANs and MANSs technologies use up to 40 wavelength channels each
carrying a data stream of up to 10Gb/s [14, 19, 21-23] increasing to 40 Gb/s in near
future [19-21]. The data up- and down-stream are often realized with asymmetric
transmission bandwidth, the down-stream having a significantly higher data rate [19].
In the course of web 2.0, e.g. cloud computing and video streaming, the bandwidth of
both, up- and down-stream have been increasing and could become more and more
symmetric in the future [21].

The requirements for the next-generation optical MANs and ANs are determined
by a significantly increased number of customer premises and increased transmis-
sion rates per costumer. The former can be realized by combining the TDM and
the WDM approaches [14, 19, 20]. The latter can be realized by boosting the mod-
ulation speed of the current widely used intensity modulation, i.e. on-off keying
(OOK), or by the implementation of more advanced modulation formats encoding
multiple bits per transmitted symbol [14, 16]. Advanced modulation formats code
multiple symbol levels on the same and/or different physical properties of light, i.e.
intensity, amplitude, phase or polarization, and thus multiply the transmission rate
[24]. Approaches for next-generation optical networks, such as converged MANs
and reach extended ANs, will cover long distances of up to 100km, larger splitting
ratios up to 512 and the use of advanced modulation formats [14-16, 19, 21, 22, 25].
In this respect, optical amplifiers are essential to compensate the additional losses
caused by the extended reach and larger splitting ratios. Such amplifiers have to sup-
port multiple modulation formats, particularly intensity and phase-coded formats, as
well as multi-wavelength channel amplification with low channel crosstalk. Addi-
tional specifications will be desirable, such as low energy consumption, support of
multiple communication bands and above all low investment and maintenance cost
as ANs and MANs components are mass market products.

Optical Amplifiers and Advantages of QD SOAs

Various realizations of optical amplifiers have been developed for optical commu-
nication networks, such as rare-doped fiber amplifiers, Raman amplifiers and semi-
conductor optical amplifiers (SOAs). Doped fiber amplifiers use optically pumped
doped fibers as a gain medium. Most established are erbium-doped fiber amplifiers
(EDFAs) and praseodymium-doped fiber amplifiers(PDFAs) providing gain in the
C-band and O-band, respectively [12, 26, 27]. Raman amplifiers use stimulated
Raman scattering in a fiber to provide gain [12, 26]. SOAs use electrically pumped
semiconductor diode structures to provide gain [12, 27, 28].
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EDFAs are widely used in C-band-based optical communication networks as they
offer large gain and excellent noise performance, but the spectral gain bandwidth is
typically limited and the investment and maintenance costs are large. The limited
gain bandwidth is overcome by combining EDFAs and Raman-amplifiers[12]. In
comparison to fiber amplifiers, SOAs offer low-cost mass production typical for
semiconductor devices, reduced power consumption, smaller footprint, ease of inte-
gration in photonic integrated circuits, and broad gain spectra, but at the expense of
a slightly increased noise [27]. The decisive advantages of SOAs outweigh the noise
performance in case of networks spanning medium distances that subject an intensive
cost-pressure mass-market like MANs and ANs. Thus, SOAs are a superior alterna-
tive to the costly fiber amplifiers that are used for the linear amplification in such
networks and particular for approaches for next-generation all-optical high-speed
ANs and MAN[16, 21, 25, 29-32]. In addition, increasing network integration and
modulation speed rise the demand for optical signal processing, such as switching,
add-drop multiplexing and conversion of information between individual wavelength
channels (called wavelength conversion) [33].

The performance of SOAs in terms of the requirements listed above and partic-
ularly for signal processing depend on the nature of the semiconductor gain media.
Two main classes are distinguished, the conventional bulk semiconductors and semi-
conductor nanostructures. In contrast to bulk semiconductors, semiconductor nanos-
tructures exhibit a confinement of the charge carriers in one, two or three spatial
directions and are called quantum-well (QW), quantum wire and quantum dot (QD),
respectively [34, 35]. The carrier confinement strongly influences the optical, elec-
tronic and thermal properties of the gain media. In comparison to conventional bulk
or QW SOAs, QD-based SOAs benefit from a number of unique properties [36].

QDs exhibit discrete bound states, a ground state (GS) and typically excited state
(ESs) [35, 37, 38]. A QD ensemble exhibits an inhomogeneously broadened optical
emission [35] resulting in a large spectral gain bandwidth of up to 120nm[39, 40].
The separation of the energy states into gain providing QD states and carrier reservoir
providing higher energy states results—in case of a highly populated reservoir—in a
decoupling of gain and phase dynamics [41] and a presumably low «-factor [42—44].
Therefore, very fast gain dynamics is achieved, demonstrated by a complete GS gain
recovery down to a few hundred femtoseconds found in pump-probe measurements
[45, 46] and below 10 ps under system environment-like conditions [47, 48].

State-of-the Art and Focus of this Work

When this thesis was initiated, the fast gain dynamics of QD SOAs had been uti-
lized very successfully for single and multi-channel amplification of intensity-coded
(OOK) signals with symbol rates up to 80 GBd [44, 49-53]. Also nonlinear effects,
like cross-gain modulation (XGM), cross-phase modulation (XPM) and four-wave
mixing (FWM), benefit from the fast QD gain dynamics even beyond saturation input
power levels. Subsequently, these nonlinear effects have been used successfully to
demonstrate single and multi-channel AOWC of OOK signals with symbol rates
up to 320GBd [47, 50, 51, 54-60].
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All these results have been achieved with OOK modulated signals. Beside the com-
mon OOK format, future networks will use advanced modulations formats, which
are mainly based on phase or phase and intensity modulation. Thus, not only the
gain dynamics but also the phase dynamics of QD SOAs are important. In addition,
XGM and XPM are inappropriate to convert the wavelength of phase-coded signals.
Only FWM remains for signal processing of phase-coded signals.

This thesis is focusing on the investigation of amplification and wavelength con-
version for both, conventional and advanced modulation formats in single and multi-
wavelength channel configurations. Within the last few years, error-free amplifica-
tion and wavelength conversion of phase-coded signals has been demonstrated with
symbol rates of up to 28 GBd[61-63] and 40 GBd [64-70], respectively.

The second focus of this thesis is on the development of novel concepts based
on the unique properties of QDs. One novel concept is based on the decoupling of
gain and phase dynamics in a saturated QD SOA. Taking advantage of this feature,
a directly modulated QD SOA is used for generation of phase-coded signals. This
concept has a large potential for future color-free AN.

The above listed results of both, intensity and phase-coded signals, have been
achieved utilizing the QD GS emission. A second novel concept presented in this
thesis exploits the QD GS and ES for simultaneous amplification of data signals
with a spectral separation in the order of 100nm. This ultra-broadband dual-band
amplifier concept has a large potential to replace two amplifiers commonly required
for the up- and downstream in different communication bands.

Structure of This Thesis
This thesis investigates the properties of GaAs-based QD SOAs emitting in the
O-band and is organized as follows:

Chapter 2 introduces the basics of QD SOA, starting with a brief introduction to
semiconductor gain media and their interaction with light. The basic parameters of
optical amplifiers are defined. Dynamics of SOAs are discussed and the advantages
of QD SOAs are presented.

Chapter 3 presents the design and characteristics of the devices investigated in this
thesis. First, the QD SOA design and the characterization stage are described. The
dependence of the static performance on the design parameters is shown. Finally,
results on the gain and phase dynamics of QDs are presented.

Chapter 4 describes the basics of modulated signals and system experiments,
starting with an overview of modulation formats. Subsequently, the optical test setup
and the evaluation of the signal quality are introduced.

Chapter 5 presents a novel concept based on the decoupling of gain and phase
dynamics in a saturated QD SOA. First, the concept of directly modulated phase-
coded signal generation is motivated and introduced. The proof of concept is demon-
strated by generating DPSK signals up to 25 GBd using a direct modulated QD SOA.

Chapter 6 covers single- and multi-wavelength channel amplification of intensity
and phase-coded binary as well as quadrature signals. The first part concentrates
on the single-channel amplification of OOK, and D(Q)PSK using QD SOAs with
symbol rates of up 80 GBd. The latter part investigates the cross-talk of 40 GBd OOK
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interfering wavelength channels on one 80 GBd OOK and one 40 GBd D(Q)PSK
wavelength channel.

Chapter 7 presents a novel concept for a dual-band optical amplifier. It exploits the
QD GS and ESs to amplify data signals. First, the proof of concept is demonstrated
by amplifying bidirectional 40 GBd OOK data signals with a spectral spacing of
93 nm representing the two bands. The second part presents a theoretical description
of QD SOAs and models the experimental results.

Chapter 8 is dedicated to nonlinear wavelength conversion in QD SOAs, in particu-
lar the conversion of phase-coded signals. It starts with an introduction to wavelength
conversion and four-wave mixing in QD SOAs. Optimization of the static FWM per-
formance is presented. The chapter closes with the demonstration of wavelength
conversion of 40 GBd D(Q)PSK.

Chapter 9 completes this thesis by summarizing the results and an outlook.
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Chapter 2
Introduction to Semiconductor Optical

Amplifiers (SOAs)

This chapter is dedicated to the basics and key parameters of semiconductor optical
amplifiers (SOAs). The beginning of Sect. 2.1 provides a general introduction to
semiconductor gain media and theory of interaction of light and semiconductors.
Fundamental physical concepts and properties like band structure, inversion, nanos-
tructures, gain and phase are introduced and discussed. This text-book knowledge
can be found in more detail e.g. in [1-4]. Subsequently, Sect. 2.2 defines basic para-
meters of optical amplifiers, such as gain, saturation power levels and noise figure,
characterizing the static performance of optical amplifiers. Section 2.2 addresses the
gain, phase and carrier dynamics of SOA and discusses the advantages of QD gain
media. Finally, this chapter is summarized in Sect. 2.4.

2.1 Basics of SOAs

The following paragraphs introduce the fundamentals of SOAs. The conditions to
achieve optical gain in a simplified two level energy system neglecting higher or
lower levels is given. The details of semiconductor gain media, the interaction of
light and semiconductors are explained.

Three fundamental radiative processes important for the optoelectronic devices
are sketched in Fig. 2.1. The device media is represented exemplarily as a two level
energetic system with E; < E,. An incoming photon with the energy E,;, = hw =
E, — E| can be absorbed by excitation of an electron from the energy level E; to

Parts of this chapter have been previously published in A. Zeghuzi, H. Schmeckebier, M. Stuben-
rauch, C. Meuer, C. Schubert, C.-A. Bunge, and D. Bimberg, 25 Gbit/s differential phase-
shift-keying signal generation using directly modulated quantum-dot semiconductor optical
amplifiers, Appl. Phys. Lett. 106(21), 213501 (2015).
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Fig. 2.1 Sketch of the three fundamental radiative processes in a medium

E,. This process requires an empty state £, and tthus also called induced absorption.
The quantum mec anics inverse process is the stimulated emission. In this case, the
photon field can stimulate a relaxation of an excited electron from level E, to the
empty level E| resulting in the coherent emission of a photon Aw. Instead of stimulated
emission, the excitation system can relax by spontaneous emission of an photon fuw.
The spontaneous emission appears thus without the presence of an external field.
Indeed, the spontaneous emission can by described as stimulated emission induced
by vacuum fluctuations, e.g. [5].

The amplification of an optical signal (photon field) is given by the stimulated
emission whereas absorption results in attenuation of the photon field. Spontaneous
emission on the other hand, results in noise background of the amplified signal. The
stimulated emission has to be the dominating process to achieve gain of an optical
signal.

The spontaneous emission rate depends on the life time of the state and the absolute
number of excited carriers. In contrast, the absorption depends on the number of
photons and the number of carriers in the lower energy level as well as the number
of empty states in the upper level (“missing carriers”). The stimulated emission
as the inverse process depends also on the number of photons but on the number
of carriers in the upper level and empty states in the lower level. Hence, all three
processes compete with each other. However, two main conditions have to be fulfilled
to ensure the domination of stimulated emission:

e The carrier population probability of a simple level system in thermal equilibrium
is given by the Boltzmann distribution and thus the carrier density N, is larger than
N,. Hence, the carrier population probability has to be inverted (called: population
inversion) to suppress the absorption which is realized by pushing the medium out
of thermal equilibrium.

e The electron lifetime on the upper energy level, the “missing electron” lifetime on
the lower level and the photon density have to be sufficiently long to suppress the
spontaneous emission.

The simple two level systems is sufficient to introduce the radiative processes but
indeed it cannot be inverted in steady state condition. Thus, multi-level systems are
used.

The following Sect. 2.1.1 introduces the fundamentals of semiconductor gain
mediain terms of energy structure and inversion. The subsequent Sect. 2.1.2 discusses
the fundamentals of light-semiconductor interaction. Finally, the dynamics of SOAs
are discussed in Sect. 2.3.
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2.1.1 Semiconductor Gain Media

The discrete energy levels of distinct atoms are superimposed in crystalline solids
resulting in the formation of quasi continuous energy bands [4]. In crystalline semi-
conductors, the energetically highest fully occupied band, called valence band, and
the next higher empty band, called conduction band, are separated by an energy gap
E, [6]. Charge carriers can be described by a material wave with a quasi-momentum
k [6]. The structure of the energy bands plotted in the momentum space (k-space)
usually has a complicated structure.

The most important semiconductor optoelectronic emitters base on direct semi-
conductors like GaAs, InP or GaN. These materials exhibit a direct band gap given by
the coincidence of the maximum of the valence band and minimum of the conduction
band at k = 0, called the I' point in k-space. In general, direct semiconductors ex-
hibit a larger radiative recombination probability than indirect semiconductors which
require the assistant of e.g. phonons [6].

The direct semiconductor band structure around the I" point can be approximated
by parabolic shaped bands using the effective mass approximation which describes
the charge carriers at the direct semiconductor band edges with an constant effective
mass mj, with b € {e, h} for electrons and holes, whereat holes are defect electrons
(missing electrons). The valance band in semiconductors splits at the band edge into
three bands, the heavy-hole (HH) band, light-hole (LH) band and split off (SO) band,
each described by an effective mass 2m} with o € {HH, LH, SO} (see Fig. 2.2a).
The HH and LH states are degenerated at the I point in semiconductors with a cubic
crystal structure like GaAs [4]. The low energy band edge of the conduction band
E¢ and the high energy band edge of the three valance bands Ey are given by

(a)

EV, o sol

Fig. 2.2 a Sketch of the band structure of a direct semiconductor in k-space around the I point
with conduction band and the three valance bands: HH heavy-hole, LH light-hole, SO split off.
b Density of states D(E), Fermi-Dirac distribution f(E, T') for T > 0 K, electron density diENC (E)
in the conduction band and hole density %PV (E) in the valance band. ¢ Sketch of density of states
D(E), electron density %NC(E) in the conduction band and hole density %Pv (E) in the valance
band for an inverted semiconductor p-n junction
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hk>
Ec(k) =E, + ,
2m @1
hk? ’
Ey (k) = o
mD

with A: Plank constant [6]. The respective density of states within the conduction
D¢ (E) and valance band Dy (E) are given by [4]:

(2m*)3/2
D.E) = —¢ _JE_E- for E> Eg,
2m2h3
, 2.2)
Q2mp)*
DV(E)ZW Ev—E for E<EV

The electron occupation probability of a state with the energy E follows the Fermi-
Dirac-statistics and is given by the temperature 7' dependent Fermi-Dirac-distribution

S(E,T) §
F(E,T) =(exp {E_EF (. mz/m:)} _ 1) , 2.3)
ks T

with Ep: Fermi-energy, kz: Boltzmann constant [4]. The occupation probability for
the holes is given by 1 — f(E, T'). The electron occupation probability changes from
fE,T) = 1for E < Ertof(E,T) ~ 0for E > Ef and reaches exactly 0.5 at the
Fermi-energy (see Fig. 2.2b). For intrinsic semiconductors and a temperature above
0 K, the Fermi-energy is usually localized above but close to the center of the band
gap. The charge-carrier density within the bands is than given by the multiplication
of the density of states and the occupation probability [4]. The electron density in
the conduction band %Nc and the hole density in the valance band %Pv are then
given by

iNC =DE)(E,T) for E > Ec,

dE

d 2.4)
d_EPV =D(E)(1 —f(E,T)) for E <Ey,

with N¢ (Py): electron (hole) volume concentration in the conduction (valance) band.

Semiconductor Doping and p-n Junction
The population inversion required for optical gain is preferably realized by electrical
pumping of a p-n junction.

Undoped semiconductors are called intrinsic semiconductors. Doping the semi-
conductor material by introducing impurity atoms into the crystal leads to additional
energy states in the band gap close to the band edges. For temperatures above 0 K,
n-doping leads to donator levels next to the conduction band which donate elec-
trons to the conduction band. In contrast, p-doping leads to acceptor levels close
to the valance band accepting electrons from the valance band. Consequently, the
Fermi-energy is shifted towards the corresponding band edge [4].
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Nearly all semiconductor devices are realized as p-n junctions consisting in the
simplest case of a semiconductor which is p- and n-doped on opposite sides of the
junction. The equilibrium condition of a p-n junction described by the constant Fermi-
energy across the complete junction leads to energy band bending and an intrinsic
region in the transient region of the junction [4]. Pushing the junction out of thermal
equilibrium by injecting charge carriers into the structure, e.g. via electrical pumping,
leads to a reduction of the band bending and to injection of charge carriers into the
former intrinsic region. For a constant carrier injection in time, new quasi thermal
equilibrium condition can be deduced separately for the p- and n-region as well as
separately for the conduction and valance band in the former intrinsic region [4].
Consequently, quasi-Fermi-energies are defined for holes Er ; and electrons Er .. At
sufficient carrier injection, the quasi-Fermi-levels are pushed above the band edges
when Eq. (2.5) is fulfilled, and population inversion of the charge carriers occurs
(see Fig. 2.2c). The population inversion is mandatory to achieve optical gain in
semiconductor material as will be described in the subsequent section.

EF,e — EF,h > Eg. (25)

Semiconductor Nanostructures

So far, the description given above was obtained for bulk semiconductors in which
the motion of the charge carriers is not restricted. Placing semiconductor layers or
structures with a reduced dimensionality in the active region of a semiconductor p-i-n
junction results in restriction of the carrier motion and has a huge impact on the later
device properties [6, 7]. A charge carrier is restricted in its motion (confined) if the
material dimension is on the order of the de Broglie wavelength1 Ade Brogiie Of the
carrier, given by

)\e roglie — —  ——- 2.6
de Brogl S (2.6)

The de Broglie wavelengths of typical semiconductors are on the order of
7-70 nm [9]. Reducing the material dimension in one (quantum-well (QW)), two
(quantum wire) and three dimensions (quantum dot (QD)) results in a confinement
of the carriers in one, two and finally all three space directions, see Fig. 2.3. The
restriction of the spacial dimension translates directly into a restriction of the corre-
sponding momentum and as a result the square-root shaped density of states for a
bulk semiconductor is modified as depicted in Fig. 2.3. The QW density of state can
be described by a staircase function whereas the quantum wire exhibits a density of
state proportional to the sum of inverse square roots of the energy [7, 10]. Finally, the
QD has a delta function like density of states similar to the states of a single atom.

Semiconductors with a reduced dimensionality are called semiconductor nanos-
tructures. They are usually imbedded in a bulk semiconductor exhibiting a larger

!Indeed, the more correct definition is based on the exciton Bohr radius [8].
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(c) (d)
S22 10 o oD

D(E)

E E

Fig. 2.3 Sketch of dimensionality and density of states D(E) for a bulk semiconductor, b quantum
well, ¢ quantum wire and d quantum dot. Redrawn after [11]

(a) (b)

= Bulk L
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Fig. 2.4 a Sketch of the density of states D(E) for a QD gain media with b a zoom into the inho-
mogeneously broadened QD GS resulting from the overlap of different numbers of homogeneous
linewidth of equivalent QDs (color coded). Redrawn after [17]

band gap. The gain media used in this thesis are InGaAs/GaAs QDs (In: indium,
Ga: gallium, As: arsenic) imbedded in an InGaAs QW which is surrounded by GaAs
bulk material. These QDs exhibit one bound GS and a twofold degenerated ES [12,
13]. Both, the GS and ES are twofold spin degenerated [10]. Possible further upper
QD states are neglected throughout this thesis. The optical emission of a single QD
state is given by a Lorentzian and its linewidth is called homogeneous linewidth [10,
14-16]. Variations among different QDs lead to a shift of the levels resulting in an
inhomogeneously broadened ensemble of states [10]. The resulting density of states
are sketched in Fig. 2.4. Typically, the QD GS is used for amplification whereas in
this thesis the ES will be used in addition. The upper density of states, i.e. of QW
and bulk, can serve as a carrier reservoir for the optically active QD states.

2.1.2 Theory of Semiconductor-Light Interaction

The previous section briefly introduced band structure and population inversion of
semiconductor gain media. This section gives a brief semi-classical description of
the interaction of light and semiconductor. This description is valid for macroscopic
scales of the material and for classical light description.
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Light traveling through a dielectric, non-magnetic and non-charged semiconduc-
tor can be described by its space and time dependent electric field £(r, ). For an
improved readability, the dependency of the electric field will not be written in the fol-
lowing. The response of the semiconductor is described by the Maxwell-equations,
e.g. given in [3]. The light propagation is than given by the solution of the following
wave equation

10 1 02 o 0
VE-—=—E=—_—P@r+——E&,
¢ ot €oC? 8t2P(r )+ €oc? Ot

(2.7)
with V2: Laplace operator, ¢,,: vacuum speed of light, ¢): vacuum permittivity,
P: electric polarization written in the following without the dependency, o: ma-
terial conductivity [3]. Under steady state conditions, the polarization response of
the semiconductor to electric fields can be expressed as a function of the electric field
by

P = coX, (w, E)E, (2.8)

with X (w, £): susceptibility, w: light angular frequency [3]. The frequency depen-
dence of the susceptibility carries the dispersion properties of the material. This
section assumes a linear response of the polarization to the electric field, which is
valid for small field strength. A description of the nonlinear response will be given
in Sect. 8.2.1.

Waiving the steady state condition, the polarization is obtained similar as an inte-
gral over time [18]. In general, the susceptibility is in general a tensor but becomes a
scalar x for isotropic media. Inserting Eq. (2.8) into Eq. (2.7) and assuming a mono-
chromatic wave & = Re[E (rexp(—iwt)],” Eq. (2.7) can be simplified according
to [3] to

V2E + (1+x+ l—a) “E 0.
eow ) 2 2.9)

N—
=6 (w)

The relative complex dielectric function €, can be defined, which is directly linked
to the complex refractive index 7 by €,(w) = 71(w)*. The real part of the complex
refractive index n equals the refractive index n indicating the phase velocity. The
imaginary part x describes the attenuation of the field within the semiconductor.

- . .ac .
n=n+ik=n-+i—, with
2w

n =1+ Re(x) and (2.10)
w g

a=—Im(x) + —,
cn €ow

2This equation is written in complex notation and thus Re stands for the real part whereas Im would
represent the imaginary part.
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with a: absorption coefficient [3]. Thus, the refractive index and the attenuation of
the electric field of the propagating wave is now directly connected to the real and
imaginary part of the susceptibility describing the material properties. The suscep-
tibility can be described as the sum of a background susceptibility x( describing
the medium without carrier injecting, and an additional part X,,. The latter part
scales with the number of injected carries and can result in an amplification of the
electric field. Introducing the internal or intrinsic material losses oy, the material
£ain Gareriar and the phenomenological confinement factor I' describing the overlap
of the electric field with the gain material, the absorption coefficient can be replaced
by the more convenient net gain g,., [3]. The net gain describes the effective gain
(Gner > 0) or loss (g,er < 0) when passing the material:

= = Gnet = U Gmaterial — Qloss- (2.11)

The exact description of the susceptibility in dependence of the carrier density %ﬂ/
(joined electron and hole density, see Eq. (2.2), p. 16) depends among others on the
band structure and can be very complicated [19]. Simple phenomenological models
usually assume a linear dependence on the carrier density and thus an unsaturated
media® [3, 19]. However, the amplitude of the electric field of the wave is now
connected to the material gain and losses via the imaginary part of the susceptibility
which depends on the carrier density. The phase of the field ¢ is determined by the
real part of the susceptibility and thus to the refractive index. While traveling through
the material, the field experiences a phase change described by

d 1
d_(b(Z) = __gmaterial(N)aHs (2.12)
z 2

with oy : a-factor or Henry factor or linewidth enhancement factor [19]. The a-factor
is defined by the Kramers-Kronig relation of the change of the refractive index with
the change of the carrier density as shown in Eq. (2.13) [20]. In case of large material
gain (Qpss K Gmateriar) the a-factor can be approximated by the relation of the change
of the real part of the refractive index » to the gain change according to [17].

3%” w An
ap=P -~ (2.13)
ml‘i c Agmuteriul

A time dependent gain or refractive index induced by carrier density changes
result also in a time dependent phase change. Hence, the a-factor is typically time
dependent. Under certain condition, the Kramers-Kronig relation is abrogated for
QD-based gain media [21, 22] and the time dependence of the gain and phase are de-
coupled. In selected configuration, the gain becomes even time independent whereas

3QD-based gain media are usually completely inverted at larger bias levels. Hence, more sophisti-
cated models are required for an accurate description which are beyond the scope of this thesis.
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the phase remains time dependent. These particular QD gain media characteristics
will be experimentally discussed in Sect. 3.6.1 and exploited in Sect. 5.

In summary, the resonant light (hw = E > E,) experiences amplitude and phase
changes described by complex susceptibility or the refractive index and net gain.
However, the gain and phase are frequency dependent as is the susceptibility. Taking
into account the semiconductor band structure, the frequency (hw = E) dependent
gain g(E) is described by Fermi’s golden rule [3]

+00
g(E) x / Dc(E))Dy(Ey) IM|? [fe(E) + fv (Ey) — 1] dEs, (2.14)

o]

with [M|*: squared dipole matrix element describing the quantum mechanical transi-
tion property, D¢ and Dy : density of states in conduction and valance band, f- and fy :
occupation probability of electrons in the conduction band and holes in the valance
band. An increase of the carrier density results according to Sect. 2.1.1 in an increase
of the Fermi-energy level difference of the conduction Er . and valance band Ef ;,
for electrons and holes. Due to increasing density of states within the bands starting
from the band edges (see Fig. 2.2), the peak carrier densities and shift more into
the bands. The peak gain is shifted accordingly towards larger transition energies
respectively shorter wavelengths. This blue shift of the wavelength with increasing
carrier density is called band-filling effect. This effect appears similar in QW and
QD gain media whereas the effect in QD devices is given by the inhomogeneous
broadening of the ensemble sketched in Fig. 2.4 [23].

So far, only the gain of the material has been considered. However, the material
also shows spontaneous emission experiencing gain as well. This amplified sponta-
neous emission (ASE) is the main source of noise in lasers and optical amplifiers and
will be further discussed in Sect. 2.2.5. Here for the moment, the spontaneous emit-
ted optical power in the direction of the income light is addressed by P,. According
to [24], the power of the light P at a position r is given by the following differential
equation:

d
Zp(r) = Gne:P(r) + gnetPsp- (2.15)

Assuming that the net gain g,,, and thus also the spontaneous emission are inde-
pendent of the position r, this equation is solved by

P(r) = Pme!]nerr + Ps egm'lr _ 1 ,
") Pole™ — 1) (2.16)
=:Pase

with P4sg: the power of the amplified spontaneous emission. Introducing the more
common amplification factor G = e%”, which is used as a key parameter of optical
amplifiers the total output power after a length L of material can be calculated to

Pous =P(L) = P;,G + Pysk. (217)
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The amplification factor G is usually called gain and accordingly, gain refers in
the following always to this factor.

2.2 Parameters of Optical Amplifiers

Optical amplifiers* are characterized by key parameters, such as gain, noise figure
and saturation power level. This chapter will define these parameters which will be
used as basic specifications of the different QD SOAs and commercial amplifiers
throughout this thesis.

2.2.1 Gain

In Sect. 2.1.2 the gain G was defined as the amplification factor. Solving Eq. (2.17)
for G, the gain can be calculated from the input signal power P;,, total output signal
power P,,, and amplified spontaneous emission (ASE) output power P4sg by

G = Puut_PASE. (218)
P in
The optical power and gain values throughout this thesis are usually given in loga-
rithmic units. The power is given in relation to 1 mW and the so obtained logarithmic
power unit dBm is an absolute unit. In contrast, power differences, such as gain or
losses, are given in dB, which is a relative unit.

P[mW]
1 [mW]

P[dBm] = 10 log)o ( ) and G [dB] = 10 log;oG. (2.19)

To characterize the amplifier, the gain is typically measured as a function of the
signal input or output power, which are extracted from optical spectra as standardized
in e.g. [26]. The amplifier’s continuous wave input signal is given by a polarized
narrow bandwidth source® with a wavelength \g whereas an attenuator (Att) is used to
vary the input power into the amplifier. The amplified signal is spectrally resolved and
detected, e.g. using an optical spectrum analyzer (OSA). The resolution of the OSA is
typically set to 0.1 nm which is significantly larger than the source signal bandwidth.
The output power (P,,;) can then be taken from the peak power level of the measured
spectra, as depicted in Fig. 2.5a. The ASE power P4gg at the signal wavelength Ag
is interpolated either by line approximation (in linear units) between the wavelength
A1 and \,. Alternatively, the ASE background floor can be approximated e.g. by a

“The review given in this Sect. 2.2 follows closely the description given e.g. in [17, 25].
3 A calculation for broad bandwidth sources is given in Appendix A.
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Ghnear'

M Ag Ay A Pin, Pin P, Pin

Fig. 2.5 Sketch of a optical power P versus wavelength A of an amplifier input and output signal
as well as marked quantities to obtain gain and noise figure. Sketch of b optical output power P,
and ¢ gain G versus optical input power P;, of an amplifier displaying characteristic quantities of
gain, saturation power levels and highlighting the linear and nonlinear gain region

polynomial function excluding the signal part between the wavelength A\; and ;.
Both methods lead usually to comparable results for narrow bandwidth sources.®
Similar measurements are performed for the input signal bypassing the amplifier.
Thus, the input power (P;,) can be extracted if the total background power of the
source signal is sufficiently small and can be neglected, which is usually the case.
The internal losses of the OSA are taking into account by comparing the input
power measured with a power meter (PWM) with the integrated OSA input power
deconvoluted by the resolution bandwidth.

For fiber-coupled devices, the calculated gain is commonly called fiber-to-fiber
gain Gy, as it is calculated from the in-fiber input and in-fiber output power. These
gain values are practically accessible for applications. However, taking into account
coupling losses from the fiber to the gain element and vice versa, the input power
reaching the gain element is reduced by the coupling losses with respect to the in-fiber
input power. Accordingly, the in-fiber output power is reduced by the coupling losses
with respect to the output power of the gain element. Thus, the gain of the medium
excluding the coupling losses is usually called chip gain G ;. Comparing different
gain media offering different coupling losses only due to technological different
fabrication schemes being independent of the gain media itself, the chip gain G, is
usually used. Knowing the coupling losses for the input cv.pupiing, in and output signal
Qloupling, in 0 logarithmic units, the chip gain is derived from the fiber-to-fiber gain by

Gchip[dB] = Gﬁber [dB] + Qcoupling, in [dB] + Qcoupling, our[dB]. (2.20)

If not stated differently, all gain and power levels given in this thesis are in-fiber
values. From the device physics point of view, the gain as well as other measured
parameters are usually plotted versus the input power because the characteristics are
determined by the input power levels and the gain media. Contrary, the parameters
are often plotted versus the output power from the optical communication application

6Saturated SOAs can exhibit a coherent noise spectral hole, which modifies the ASE spectrum in a
narrow bandwidth. Hence, gain values calculated in deep saturation properly suffer from this small
modification [25, 27].
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point of view because the achieved output power is essential for the performance of
the network. The measured parameters in this thesis are often plotted versus both,
input power and output power.

2.2.2 Gain Saturation—Saturation Power

For given operating condition, i.e. current for electrical pumped SOAs, the gain is
found to be independent of the optical input power for small input power levels. In
this configuration, the output power scales linearly with increasing input power, see
Fig. 2.5b. For a sufficient large input power, the gain starts to depend on the input
signal due to a decrease of the inversion level. This is called gain saturation or gain
compression and is inherent to all amplifiers for sufficient large input power levels
and results in a maximal extractable output power.

Characterizing the gain saturation, the 3-dB saturation input power (P ) is defined
as the input power at which the interpolated linear output power (P,,,) is reduced by
3 dB (see Fig. 2.5b), i.e. halved. Thus, the gain is reduced by 3 dB with respect to the
constant so called linear gain or unsaturated gain (see Fig. 2.5¢). Correspondingly,
the 3-dB saturation output power (P%) is defined as the output power level, at which
the linear gain is reduced by 3 dB.

The gain saturation divides the amplifier operation condition into two regimes.
The linear or small-signal regime is usually used for amplification of signals because
the gain does not depend on the input power levels of the signal(s). Consequently,
single and multi-channel amplification are feasible with low signal degradation and
cross-talk between the channels. In contrast, cross-talk between the channels appears
in the nonlinear regime which can be utilize for processing of the signals. Typically,
linear amplification is achieved up to input power levels around the 3-dB saturation
input power whereas efficient signal processing is usually obtained for input power
levels much larger than the 3-dB saturation input power.

2.2.3 Gain Bandwidth

The linear spectral gain peak and gain bandwidth characterize the accessible wave-
length range for amplification of signals. The gain bandwidth is typically defined
as the spectral range in which the gain reduction is less than 3 dB with respect to
the peak gain. As the ASE represents the small-signal amplification of an internally
generated signal, both the spectral gain peak and gain bandwidth can be estimated
from the ASE spectra. Figure 2.6 shows an ASE spectra and wavelength dependent
gain measured exemplary for a QD SOA. Both curves are normalized to their peaks
for easier comparison. The 3-dB ASE bandwidth is here about 15 % smaller than
the 3-dB gain bandwidth. Similar results are measured for QW SOAs and PDFAs.
Thus, the 3-dB ASE slightly underestimates the 3-dB gain bandwidth.
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Fig. 2.6 ASE spectra and wavelength dependent gain for a QD SOA. Both curves are normalized
to their peaks

2.2.4 Polarization Dependent Gain

The polarization state of an electromagnetic wave can be described by the superpo-
sition of two perpendicularly polarized electromagnetic waves. For SOAs the two
perpendicular axes are called transverse electric (TE) and transverse magnetic (TM).
For TE and TM polarized light the electric and magnetic field, respectively, are
polarized along the growth direction of the structure. Two properties define the po-
larization dependent gain of a SOA. First, the typically asymmetric and tilted SOA
waveguide structure’ prefers TE polarized light [28, 29]. Secondly, the gain media
itself can exhibit a polarization dependent gain [29].

SOAs usually have a polarization dependence due to their waveguide design which
can be compensated by an opposed polarization dependence of the gain material. The
QD SOAs used in this thesis exhibit a predominant TE polarized gain which will be
discussed in detail in Sect. 3.5.2. Bulk, QW and QD gain material can be designed
in their polarization dependence as briefly discussed in Sect. 3.4.

2.2.5 Noise Figure

In communication systems, the optical signal-to-noise ratio (OSNR) of a data signal
is a figure of merit for the quality of the signal. The OSNR is defined as the ratio
of the time-averaged signal power to the averaged noise background power [30].
Section 2.1.1 deduced the output power of the amplifier as the sum of the amplified
input power and the ASE power described by Eq. (2.17) (p. 21). In consequence, ASE
represents a noise floor which degrades the amplified signal quality with respect to the
input signal, i.e. lowering the optical signal-to-noise ratio (OSNR). The ratio of the
optical signal-to-noise ratio of the input signal OSNR;, to the output signal OSNR,,,,;
is called noise factor F, respectively noise figure NF in logarithmic units [31].

"Details of the ridge waveguide structure of the device used throughout this thesis are given in
Sects. 3.1.2 and 3.1.3.
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_ OSNR;,

=——" and NF[dB] = 10l F). 2.21
OSNR,.. an [dB] 0g10(F) (2.21)

Detecting the amplified optical signal with a photodetector, the noise factor of
the resulting photocurrent is given by the sum of noise factors due to different
processes [32]:

Shot noise of the amplified signal.

Beating of the signal and the ASE co-polarized to the signal.
Shot noise of the ASE.

Beating of the ASE with itself.

Noise due to multi-path interference.

The last three contributions are neglected in the following because on the one
hand multi-path interferences are usually sufficiently suppressed. On the other hand,
the ASE shot noise and ASE-ASE beating scale with 1/G? whereas the shot noise
and the signal-ASE beating scale with 1/G [32]. The ASE power level at the signal
wavelength is usually significantly lower than the signal output power and hence, the
noise factor contributions depend only on the ASE. The noise factor can be calculated
by [17, 25, 32]

1 2P 1 G—-1
PR G G = G e o
C —
0, A/ AS C \% (2‘22)
inversion
factor

with Pysg, - power level of ASE co-polarized to the signal, A: Planck constant,
c: vacuum speed of light, By »: 3-dB filter bandwidth used to determine the ASE
at the signal wavelength A, fc/v: occupation probability of conduction and valance
band. In case of an input signal exhibiting a significant ASE background P, 5, (see
Fig. 2.5, p. 23), the ASE power added by the amplifier has to be reduced by these
values.

The minimum noise factor is achieved in case of large gain (G > 1) and total
inversion (fc >> fy) and is F' = 2 corresponding to a noise figure of NF = 3 dB.
However, this is valid only as long as nonlinear interaction between the ASE and
signal can be neglected. If this is not the case, noise figure values below 3 dB are
found, e.g. [33].

The ASE power level co-polarized to the linear polarized input signal can be
measured using a co-polarized polarization filter in front of the spectrometer. Alter-
natively, the co-polarized ASE power level can be calculated from the measured total
ASE power level P4z within the linear gain regime if the ratio of the co-polarized
(]]) and rectangular (]—) ASE is known [17, 25]:

1
Pase, | = PASEHTM- (2.23)

Pase. ||
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Similar to the gain, the chip noise figure can be calculated from the in-fiber noise
figure by
NFchip [dB] = NFﬁber [dB] — Qcoupling, in [dB] (224)

If not stated differently, all noise-figure values given in this thesis are in-fiber values.

2.3 Dynamics of Conventional and QD SOAs

The previous sections introduced the gain of an externally pumped optical amplifier
as a function of the carrier density. If the carrier density becomes time dependent
e.g. by modulation of the electrical pump current or by a strong modulated optical
input signal, the gain becomes time dependent as well. This section® focus on the
strength of the modulated optical input signal.

2.3.1 About Slow and Fast Amplifiers

The gainis divided into a linear and a nonlinear gain regime as discussed in Sect. 2.2.2.
In the linear regime the output power is mainly limited by the number of the input
photons (constant gain) whereas it is mainly limited by the number of charge carriers
in the nonlinear regime. Thus, the carrier dynamics in the nonlinear gain regime
determine the amplification performance for modulated signals.

Slow Amplifiers

Assuming the carrier dynamics to be orders of magnitudes slower than the temporal
amplitude changes of the optical input signal, the gain material cannot respond to
the time dependence of the modulated signal. Simply spoken, the amplifier cannot
distinguish between an unmodulated and a modulated optical input signal. From the
amplifier’s point of view, the modulated signal appears like an unmodulated signal
with an averaged input power. Consequently, the gain remains time independent but
is reduced to a steady state condition determined by a temporal average over the
carrier depletion (amplification) and injection (pumping). This assumption is valid
e.g. for doped fiber amplifiers like EDFAs which are widely used in today’s optical
communication networks.

Fiber amplifiers exhibit fluorescence lifetimes in the millisecond regime [35]
whereas the modulated signal is in the range of 25-100 ps (10-40 GBd). The ad-
vantage are input power independent pattern-effect-free amplification” and multi-
wavelength channel amplification without a cross-gain modulation (XGM) induced
crosstalk between the channels. But of course, the averaged gain of each channel is

8The review given in this Sect. 2.3 follows closely the description given e.g. in [17, 25, 34].
9Patterning of optical amplifiers is explained in Sect. 4.3.2.
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influenced by the others and nonlinear effects like e.g. the Kerr effect can still cause
crosstalk. Among others, the important disadvantage of fiber amplifiers is usually
the unsuitability for processing of optical data signals due to the slow response.

Fast Amplifiers

Amplifiers exhibiting a much fast dynamics in the order of the signal changes
can respond to the signal changes and processing of the signals becomes feasible.
Patterning-free amplification and multi-wavelength channel amplification are usually
feasible as long as the amplifiers is operated in the linear gain regime. Commonly,
SOAs belong to this amplifier type as they show carrier dynamics in the picosecond
regime, e.g. characterized for bulk, QW and QD gain material in [36—49]. For this
type of amplifiers the gain remains time independent in the linear gain regime, but
commonly is time dependent in the nonlinear gain regime. Hence, the carrier dynam-
ics will be discussed in the next section for both, QD SOA and conventional SOAs
exemplary for bulk material.

2.3.2 Semiconductor Optical Amplifiers

Phenomenologically, inter-band processes as well as intra-band processes contribute
to the carrier dynamics. Inter-band processes describe the generation and recombina-
tion of charge carriers, i.e. electrons and holes, between the valance and conduction
band, and hence a change of the carrier density of the bands. Intra-band processes de-
scribe the change of the charge-carrier distribution within the valance and conduction
band.

In an electrical pumped semiconductor gain media inter-band effects account to
[3, 6, 17, 25]:

e Carrier injection (CI) via the applied forward bias increasing the charge-carrier
density.

e Radiative recombination, i.e. absorption, stimulated and spontaneous emission,
which have been introduced in the beginning of Sect. 2.1. Stimulated and sponta-
neous emission decrease the carrier density whereas absorption resultin an increase
of the carrier density.

e Non-radiative processes like leakage current, defect recombination (via phonon
emission), Shockley-Read-Hall recombination (recombination via forbidden lev-
els in the band gap) and inter-band Auger recombination (excitation of a second
carrier) decrease the charge-carrier density.

Intra-band effects account to [3, 17, 25]:

e Auger scattering describe the relaxation of an excited charge carrier into a lower
empty energy state while energy and momentum is transferred to a second carrier
in the identical band. Thus, the second carrier is excited.
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e Phonon processes describe the relaxation and excitation of carriers due to phonon
emission (carrier relaxation) and phonon absorption (carrier excitation) joined to
carrier-phonon scattering.

The temporal gain dynamics are strongly determined by the lifetimes of the indi-
vidual intra-band and inter-band processes. According to [17], the effective carrier
lifetime 7 can be described as a sum of the lifetime of the individual processes
Tprocess by

1 !
-= 2 : (2.25)

Toroe
processes process

The different processes are experimentally accessible by various techniques, as
exemplarily addressed in Sect. 3.6. The most common technique is the pump-probe
configuration which will be discussed in more detail in Sect. 3.6. A sufficiently short
(usually a few hundred femtoseconds) and intense (nonlinear gain regime) optical
pump pulse depletes a specific part of the density of states. Hence, the pulse pushes
the gain media out of the steady state condition. The appearing gain and phase
change as well as the recovery of the system back to the steady state condition are
probed using a sufficiently short and weak (linear gain regime) probe pulse. This
pulse is temporally delayed with respect to the perturbing pump pulse. For a detailed
introduction to pump-probe spectroscopy, please consider e.g. [50].

Typical pump-probe traces and the involved processes will be discussed phe-
nomenologically in the following paragraphs based on [17, 25, 34]. A sketch of a
pump-probe curve is shown in Fig. 2.7a, ¢ for conventional and QD SOAs, respec-
tively. The corresponding change of the carrier density is depicted in Fig. 2.7b, d.
For the sake of simplicity, only a joined electron-hole density for conduction and
valance band is discussed.

Conventional SOAs

We start with the dynamics of conventional gain media sketched in Fig. 2.7a, b. The
amplification of the pump pulse injected at time ¢t = 0 causes a reduction of the gain
G called gain compression. The carrier density is depleted in a narrow energy interval
determined by the spectrum of optical pulse. This carrier depletion is called spectral
hole burning (SHB). The gain recovers partly in a time scale of about 100 fs by
intra-band Auger scattering resulting in closing of the spectral hole [34, 40, 51]. The
resulting carrier distribution equals a Fermi-distribution with a temperature larger
than the lattice temperature. Thus, this effect is called carrier heating (CH). The carrier
distribution relaxes by intra-band phonon scattering within a few picoseconds, called
carrier cool down (CCD) [22, 34, 36, 37, 51]. Finally, inter-band carrier injection
(CI) refills the carrier density to its origin within a nanosecond time scale [34]. In
consequence, the gain recovery is divided into three main time constants and requires
for conventional gain media up to 1 ns. But the time can be drastically reduced to the
tens picosecond range by an increased carrier injection and other techniques [34].
According to Sect. 2.1.2 the time dependent gain and carrier density results in a
change of the refractive index and accordingly into phase changes in a comparable
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Fig. 2.7 Sketch of the pump-probe curve for a conventional and ¢ QD gain media. The corre-
sponding change of the carrier density d /dEN (E) is sketched in (b) and (d). For the sake of sim-
plicity, only a joined electron-hole density for conduction and valance band is plotted. SHB spectral
hole burning, CH carrier heating, CCD carrier cool down, CI carrier injection. Redrawn after
[17, 25, 34]

time scale. In case of a repeating optical signal, carrier depletion and CI are repeated
resulting in a dynamic equilibrium called carrier density pulsation (CDP).

Quantum-Dot SOAs

QD gain media show superior advantages of the gain recovery dynamics if the struc-
ture exhibits a large carrier density as discussed in the following. As mentioned before
in Sect. 2.1.1, the carriers in the QW and bulk serve as a carrier reservoir refilling the
QD states. For the QD GS, also the ESs serve as a reservoir. The QD density of states
are smaller than conventional gain material. Hence, the above claimed large carrier
density is achieved when the carrier density in the reservoir is at least a factor of 10*
larger than in the QDs [25]. This situation is reached for the QD GS at moderate
currents but appears for the QD ES at a much larger current due to the twofold car-
rier density and the smaller energy separation to the carrier reservoir. The lower QD
carrier density as well as their position well below the quasi Fermi-energy results in
a maximum carrier population inversion even at moderate drive currents. Hence, the
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linear gain is saturated under these conditions and is independent of the total carrier
density [52]. The focus is here on the GS dynamics but also applies for the ES [41].

Similar to the conventional gain media, SHB occurs in the inhomogeneously
broadened QD GS carrier density due to amplification of the pump pulse. The refilling
of the QD GS starts predominantly by Auger scattering from the reservoir into the
GS in a time range down to 100 fs [40]. This results similar to the conventional
gain material into CH of the reservoir and partially the ES carrier distribution [22,
40, 41]. Subsequently, Auger scattering into the QD levels, both GS and ES as well
as the CCD of the reservoir carrier distribution takes place on time scale of a few
picoseconds [22, 40, 41, 53]. At this stage, the QD GS gain recovery is completed
whereas the CI refills the reservoir on a longer time scale. As long as the carrier
reservoir is and remains highly populated after QD state replenishment (see above
request), the QD gain recovery is only limited by the closure of the SHB as well as by
the intra-dot relaxation time for larger depletion and/or durations [52]. Additionally,
the gain of QDs with a different homogenous center wavelength as the perturbed
QDs could be expected to be uninfluenced. Indeed, the perturbation can be mediated
between the QDs via the carrier reservoir as will be further discussed in the framework
of a macroscopic rate-equation model in the Sects. 3.6.2, 3.6.3 and 7.3 or in more
detail in [54, 55].

In case the carrier reservoir is not highly populated as requested above, the QD
refilling is limited by carrier density of the reservoir and thus follows the reservoir
dynamics. In particular, the QD gain recovery is then limited by CDP similar to the
conventional gain media [25].

Therefore, the QD gain dynamics are independent of the total carrier density if
the reservoir carrier density is sufficient large. At this point of operation, the QD gain
media demonstrate one of its superior advantages.

The phase dynamics are determined according to Sect. 2.1.2 by the carrier density
change within the complete structure (Kramers-Kronig relation). Precisely, each
group of states, i.e. QD GS, ES and the reservoir, exhibit carrier density changes and
thus contribute to the phase dynamics. But due to the much larger number of carriers
in the reservoir and the fast gain recovery of the QDs states, the mid- and long-term
phase dynamics are dominated by the reservoir carrier dynamics. The phase recovery
times of conventional and QD gain media are therefore comparable. In consequence,
the gain and phase dynamics are decoupled assuming ideal QD gain media [21, 56].
Indeed, this behavior is another unique feature of QD gain media and will be exploit
in Chap. 5.

2.4 Summary

This chapter gave an introduction to the physics, dynamics and parameters of semi-
conductor optical amplifiers (SOAs). The amplification of these devices base upon
stimulated emission of an inverted semiconductor gain medium. Hence, semicon-
ductor p-n junctions and their inversion via electrical pumping, and subsequently
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the interaction of inverted semiconductor gain media and light as well as the origin
of gain have been introduced. In addition, the carrier density change induced phase
change of the light has been addressed.

Important parameters of optical amplifiers have been defined, e.g. gain, gain sat-
uration and noise figure.

Nanostructured gain materials, in particular QDs have been introduced. In com-
parison to bulk or QW, QDs exhibit a discrete energy spectrum with delta function
like density of states [10, 57]. The optical emission of a QD ensemble shows an
inhomogeneously broadened emission due to variations between the QDs [10]. The
population inversion is achieved for QD devices at much lower currents demon-
strated by very low laser threshold [10, 58—-60]. The separation of gain providing
QD states and the bulk or QW-based carrier reservoir results in record fast gain re-
covery dynamics and a separation of phase and gain dynamics [21, 22, 4044, 47].
Particularly, QD SOAs exhibit a fast gain recovery in the linear and nonlinear gain
regime as long as the reservoir remains highly populated. Hence, QD-based SOAs
enable plenty of applications which will be addressed in this thesis.
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Chapter 3
Samples and Characterization

The previous chapter has introduced the theoretical background of semiconductor
gain media and has addressed the advantages of QD-based gain material. In the first
part, this chapter focuses on the realization of SOAs, particularly the realization of
p-n junctions, and the guiding of light. The second part presents the series of samples
used for experiments throughout this thesis and subsequently discusses various static
and dynamic properties of the samples series. In detail, this chapter is organized as
follows:!

First, the epitaxial structure as well as the device design and fabrication is
described in Sect.3.1. The waveguide design, processing and facet anti-reflection
coating will be discussed in terms of confinement, direct modulation properties and
cavity suppression. Section 3.2 is devoted to the standard setup stage used to charac-
terize the QD SOA chips. An overview of the static parameters of all QD SOAs, such
as light-intensity-voltage (LIV) curve, ASE spectra, gain and noise figure, are given
in Sect.3.3. The static parameters of the QD SOAs will be compared to commer-
cially available O-band amplifiers in Sect. 3.4. Further details on the static properties
of the QD SOAs are addressed in Sect.3.5. In detail, the dependence of gain and
gain bandwidth with increasing device length as well as the wavelength dependence
of the polarized emission are discussed. Section 3.6 presents the characterization of
gain and phase dynamics of QD SOAs focused on the intra-dot and dot-reservoir
coupling. Finally, Sect.3.7 summarizes the obtained results.

IParts of this chapter have been previously published in [2-16]. 2: Fiol 2009; 3: Bimberg 2009a;
4: Bimberg 2009c; 5: Meuer 2011a; 6: Meuer 2011b; 7: Meuer 2011c; 8: Schmeckebier 2011;
9: Schmeckebier 2012; 10: Kaptan 2014a; 11: Kaptan 2014b; 12: Schmeckebier 2014a;
13: Rohm 2015a; 14: Zeghuzi 2015a; 15: Zeghuzi 2015b; 16: Schmeckebier 2015a.
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Fig. 3.1 a Epitaxial structure of the QD wafer with a zoom of the active region (loosely based on
[5D. b A simplified schematic of the refractive index profile and the energy diagram is sketched
including the electron Ef . and hole Er ; Fermi-levels under current injection neglecting effects
like band bending. The dimensions are not in size

3.1 Epitaxial Structure, Processing and Post-processing

This section introduces and discusses the epitaxial structure, the waveguide design,
and the processing and post-processing steps for the fabrication of QD SOAs.

3.1.1 Epitaxial Structure

The epitaxial structure of the QD SOAs is sketched in Fig.3.1 and was grown on
an’ type GaAs substrate using molecular beam epitaxy (MBE). The structure will
be introduced in this section without going into the details of growth conditions and
parameters. For further information please refer to the following literature [1-4].

The p-i-n-diode structure contains a separate-confinement double heterostructure
in which the charge carriers and the optical mode are confined by different epitaxial
layers. The optical mode is vertically guided by a waveguide, which is formed by
sandwiching a GaAs core region between cladding layers with a lower refractive
index. The carriers are confined within the active material located in the GaAs core
region.

The waveguide is symmetrically designed with 1.5 pm thick n-doped and p-doped
Alp35Gag ¢5As bottom and top cladding. Both cladding layers exhibit a stepwise
reduction of the doping from about 3 x 10'® to about 5 x 107 cm™3 towards the
intrinsic waveguide core. A 200 nm thick highly p-doped (10*° cm~%) GaAs electrical
contact layer is grown on top of the top cladding. GaAs/AlGaAs superlattices are
used at all layer boundaries to avoid defects and to lower the series resistance.
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The 420-440nm thick active region consist of an intrinsic GaAs matrix with a
stack of five or ten QD layers centered within the waveguide. The QDs are grown
in self-organized Stranski-Krastanov growth mode with an areal density of typi-
cally 3 x 10'°-5 x 10'° dots/cm?. Each QD layer is overgrown with a 5nm thick
Ing.15GapgsAs QW in order to red-shift the emission wavelength to 1.3 um (dot-
in-a-well structure). The QDs have a truncated pyramidal shape with a base length
of 15-30nm and a height of 3-7 nm [4, 6-9]. The QD layers are separated by a
33-35nm thick GaAs spacer layers providing strain relaxation and avoiding an elec-
tronic coupling of the QD layers.

Forward biasing the electrical p-i-n diode structure injects carriers into the active
region. The carriers are predominantly concentrated within the In(Ga)As QDs and the
surrounding InGaAs QW which both exhibit a lower band gap than the surrounding
GaAs spacer. A carrier population inversion occurs in the active medium if the quasi-
Fermi level difference of electrons and holes exceeds the bandgap enabling stimulated
emission, as introduced in Sect.2.1.1.

3.1.2 Processing

SOAs are fabricated by processing of the wafer with the epitaxial grown structure
on top with the aim to apply electrical metal contacts to the p-i-n diode as well as
to realize a lateral guiding of the optical mode, i.e. perpendicular to the epitaxial
growth direction. The lateral confinement of the light as well as a current guiding is
realized by tailoring the SOA structure using a ridge-waveguide structure.

Deeply-etched ridge waveguide structures are formed by removing the contact
layer, the upper cladding layer, and the active region keeping only a few um thick
ridge (see Fig. 3.2). Contrary, for shallow-etched ridge waveguide structures only the
contact and partly the upper cladding layer are etched off. The optical wave is thus
gain guided and experiences a weak index guiding as well, caused by the charge
carrier induced refractive index reduction in combination with the index step at the
ridge edges above the active region. In contrast, the optical mode is laterally con-
fined by the large refractive index step in deeply-etched ridge waveguides. This ridge
offers therefore a stronger confinement of the optical mode but exhibits increased
waveguide losses in comparison to the shallow-etched ridge. However, larger pho-
ton densities are achievable due to the stronger confinement privileging the deeply
etched structures for nonlinear applications due to reduced saturation power lev-
els (see Sect.2.2.2). Comparing shallow and deeply-edged ridge waveguides with
similar width, the former shows current spreading and thus a slight larger effective
electrically pumped ridge width. The processing is briefly explained in the following.
For a more detailed description please refer to the following literature [5, 11].

The 4 um wide ridge waveguides are processed by dry etching using silicon nitride
(Si3Ny) or the metal top contact as an etch mask. For shallow-edged ridges, the etch-
ing was stopped about 170nm above the active region. The complete structure was
covered on top with a 100-300nm thick SizNy layer for electrical isolation. For
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Fig. 3.2 Sketch of deeply- and shallow-etched ridge waveguide QD SOAs. The dimensions are
not in size. Further description are given in the text

the deeply-etched ridges the etching was stopped about 800nm below the active
region. Depositing Benzocyclobutene (BCB, CgHg) on top of this structure enables
an electrical isolation and planarizes the structure. The isolation of both structures
was opened by selective etching on top of the ridges. The subsequent top-side p-
contact metallization was applied by depositing 550-800 nm Ti/Pt/Au+Cr/Au (Ti:
titan, Pt: platinum, Au: gold, Cr: chromium). In case of a shallow-etched electri-
cally separated multi-section QD SOA, a 20 um broad gap of the ridge was not
metallized. This gap was dry etched through the highly doped upper cladding layer
ensuring an electric resistance between the sections large than 10 k2. The deeply-
etched ridge received a top-side n-contact by selective etching down to the highly
doped lower cladding and the subsequent deposition of about 300 nm Ni/Au:Ge/Au
(Ni: nickle, Ge: germanium). Thus, the deeply-etched structures can be electrically
contacted with a high-frequency (HF) probe head. Together with the planarized struc-
ture reducing the diode parasitic capacitances, the current of the deeply etched QD
SOA can be directly modulated. After thinning the wafer substrate down to a thick-
ness of about 120 um, a 300 nm thick Ni/Au:Ge/Au backside n-contact was applied
to both structures.

3.1.3 Design and Post-processing

The QD SOAs are designed as a traveling-wave amplifier with a single pass of the
input signal through the waveguide in the ideal case. For GaAs-based waveguides, the
as-cleaved facet reflectivity of the waveguide is about 32-33 %. The reflection leads
to standing waves within the Fabry-Pérot cavity resulting in wavelength dependent
gain oscillations, the so called longitudinal modes or gain ripples. For sufficient large
gain values, the amplifier usually switches into the lasing mode. To avoid the onset
of lasing and to suppress the gain ripples, the facet reflection of the waveguide has to
be reduced. This can be realized by tilting the waveguide by an angle 6 with respect
to the facet normal (see Fig.3.3 inset) as well as by implementing an (AR) coating
on the facets. Both in combination are typically used for SOAs.
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The QD SOAs predominantly emit TE polarized light as will be discussed in
Sect.3.5.2. TE polarized light has the polarization along the growth plan respec-
tively vertical to the growth direction. The polarization orthogonal to the TE axis is
called transverse magnetic (TM). According to [10, 11], the reflection R of a tilted
waveguide at the as-cleaved facet can be estimated for TE polarized light by Eq. 3.1
assuming a Gaussian optical mode profile.

2
cos® —ny,/1 —nisin?0 2
: : exp |:— (Wni\wé') :| , 3.1)
cosf + ny,/1 — n?sin?0

with 0: waveguide tilt, n: effective waveguide refractive index, n,: lateral cladding
refractive index, \: longitudinal wavelength, w: lateral 1/e-width of the electrical
mode field. The refractive index for the deeply-etched waveguide are assumed to be
ny =3.65 [11] and ny_ geepry = 1.54 (BCB) [11]. The effective waveguide refractive
index n; for the shallow-etched ridge is similar to the deeply-etched ridge whereas
N2, shallow 1S @ bit trickier. On the one hand, the refractive index of GaAs is changed
by less than 0.1 under a free carrier concentration up to 10'* cm=3 [12]. On the other
hand, the optical mode experiences a weak influence of the SizNy-ridge isolation
exhibiting a refractive index of 2.5 [13]. Thus, an effective n; ;41101 0f 2.5 is assumed
allowing an worst-case approximation since a smaller refractive index difference
would lead to an even lower reflectivity. Without detailed simulations, the mode
width w within the 4 um wide waveguide has to by roughly estimated and was thus
varied: Wyeepry = 1.7-2.3 pm and wypgii0w = 2.0-3.0 pm. The reflectivity of both ridge
types are shown in Fig. 3.4a for a wavelength \ of 1300 and 1220 nm.

R(O) =

Fig. 3.3 Top view of a QD SOA chip glued on a copper mount. The chip comprises in total 6
operating QD SOAs, among others QD SOA No. 5 (see page 48) which is marked. Visible are the
input and output facet as well as the top-side p-contact gold stripe with contacted gold pads. The
ridge waveguide lays below the gold stripe. The inset depicts a general sketch for the angles and
beam paths of a tilted waveguide
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Fig. 3.4 aReflectivity R and b output angle 6,,; in dependence of the tilt § of the 4 um wide ridge
waveguide. The reflectivity of the shallow-etched ridge is calculated using Eq. 3.1 with nj = 3.65,
ny = 2.5, A = 1300 nm (dashed 1220 nm) and w = 2/2.5/3 pum (increasing in arrow direction).
The deeply-etched ridge reflectivity is calculated with n; = 3.65, np = 1.54, A = 1300 nm (dashed
1220 nm) and w = 1.7/2.5 /2.3 um (increasing in arrow direction). The shallow- and deeply-edged
waveguide tilt of 8° and 6.8° used for the QD SOAs in this thesis are marked green

The angle 6,,, of the output-coupled light with respect to the facet normal can be
estimated from Snell’s law by:

0, = arcsin[nisin(0)]. (3.2)

The optimum waveguide tilt is a trade of between a low reflectivity and low
coupling losses. As shown in Fig. 3.4a, the reflectivity can be reduced for a given
ridge structure by increasing the waveguide tilt as well as enlarging the lateral mode
dimension. Because SOAs for present optical communication application networks
require a transverse single-mode emission, the upper mode dimension is restricted.
All tilted QD SOAs in this thesis have a 4 pm ridge width ensuring a single-mode
operation under almost all operating conditions. Increasing the waveguide tilt results
in an increased output angle hampering the light coupling into a fiber and typically
increasing the coupling losses. Comparing the typical QD GS peak wavelength of
1300 nm with a QD ES peak wavelength of 1220 nm, the wavelength has a compar-
atively low influence on the reflectivity (see Fig. 3.4a).

The deeply-edged QD SOAs characterized in this thesis were fabricated in the
framework of the thesis of M. Laemmlin [10]. They exhibit a waveguide tilt of
6.8° resulting in a simulated reflectivity of about 1 % without taking the AR coat-
ing into account. The shallow-edged QD SOAs characterized in this thesis exhibit a
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waveguide tilt of 8°. The larger lateral optical mode dimension and the lower refrac-
tive index step of the shallow-edged ridge leads to an improved theoretical reflectivity
below 1075,

In addition to the waveguide tilt, all QD SOAs are AR coated. A periodic dielectric
layer system is deposited on the facet exhibiting alternating high and low refractive
index material. The reflectivity of such a system can be calculated using a transfer-
matrix method described e.g.in [14]. An AR coating has a much stronger wavelength
dependence than the waveguide tilt. Thus, the fabrication of the layer system requires
a very precise control of the composition and thickness of the deposited layers to
match the target wavelength and to achieve a low reflection.

The AR coating of the QD SOAs was calculated and realized by the Fraunhofer
Institute for Telecommunications Heinrich-Hertz Institute (HHI) taking into account
the waveguide tilt and the dominating TE polarization. A two layer system was
deposited. The first layer was titanium dioxide (TiO,) and the second was silicon
dioxide (SiO,) with a refractive index difference of approximately 1 [15, 16]. More
details about the layer composition and thickness are confidential and will not be
given here. Simulations of such an AR coating indicate a reflection of below 1073 in
arange of 70 nm [17].

The processed wafer is cleaved into bars of different waveguide length. Each bar
contains 630 waveguides. All bars are AR coated and glued on a Cu-mount (Cu:
copper) using a thin film silver-filled two-component epoxy. The glue provides a high
thermal conductivity and a good electrical contact. The Cu-mounts are designed with
an reference angle tilting the glued chip at the waveguide output angle with respect to
the fiber taper axes. Thus, SOAs with different output angles can be measured using
the same setup stage without change of the fiber taper angle. Figure 3.3 (page 39)
exemplary shows a glued 5 mm long bar.

3.2 SOA Coupling Stage

The setup used in this thesis is a modified version of the setup developed in [11, 17].
It allows current supply, fiber coupling and temperature control. Figure 3.5 shows a
picture of the setup stage. The block “device under test (DUT)” in all setup sketches in
the subsequent chapters refer to the setup sketched in Fig. 3.5 if not stated differently.
The Cu-mount with the QD SOA chip glued on top is installed on the copper-based
heat sink using two screws. This allows a fast and reproducible installation of the Cu-
mount, on the one hand. On the other hand, it prevents a vertical lift of the Cu-mount
with respect to the heat sink which could cause decreased thermal conductivity. The
heat sink is thermo-electric temperature controlled at a constant heat sink temperature
of 20°C if not stated differently.

In direct current (DC) operation, the backside n-contact and top-side p-contact
of the chip are used. The backside contact is fixed to the heat sink. For the top-side
contact, one and two needle probers or a multi-tip DC probe head are used for shorter
and longer devices, respectively. In case of a modulated current, an high-frequency



42 3 Samples and Characterization

puT Feedback controller |
: Current source]
: 99:1 Currentsource 99:1
: —

Piezo Piezo
positioner positioner

Backside contact AChlp Inputitaper

Coutput tapen ; .
4

. A B .
Deyice l : = T&fiperature
. JJstabilizedlheat{sinkie

Fig. 3.5 Sketch and picture of the QD SOA characterization stage used throughout this thesis

(HF) probe head in ground-signal configuration is used (not shown in the picture)
instead of the DC probes.

The ASE output of both facets are coupled using an anti-reflection coated tapered
single-mode fiber (SMF) on each side. 1 % of the coupled light is taken as input of
a feedback controller maximizing the coupled power by feedback-controlled read-
justment of the tapered fiber. Coupling losses of about 4.5 dB per facet are obtained.
The signal output path contains an isolator to prevent disturbance by reflections and
other signals of subsequent components. Instead of coupling to the ASE output, the
system can also couple to the optimal transmission of an input signal by aligning
both tapers to the maximal output of the input signal. This option is used for all
measurements with an input signal because ASE emission and the injected signal
can have a different optimal coupling as shown in [11]. This system allows long-term
stable measurements and simultaneously provides a high flexibility to test a large
number of chips.

Reassembling of the device mount on the heat sink as well as the rough move-
ment of the tapered fiber holder on the feedback positioning system can cause a slight
change of the fiber angle with respect to the device output. Figure 3.6 shows the nor-
malized coupling losses in dependence of the angle of the tapered fiber with respect
to the optimal angle for an exemplary shallow-edged 8°-tilted ridge waveguide. An
asymmetric behavior is observed for positive (towards facet plane) and negative
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Fig. 3.6 a Sketch for and b measurement of relative coupling losses in dependence of the angle
of the tapered fiber with respect to the optimal angle. The coupling losses are normalized to the
lowest. The shallow-edged ridge waveguide is tilted by 8°

Table 3.1 Specifications of the sample series. AR: anti reflection

Wafer Number of Lateral Ridge tilt Facet coating | QD SOA No.
QD layers waveguide

Do 520 10 Deeply 6.8° AR, both 1

Do 957 10 Shallow 8.0° AR, both 2

Do 1111 10 Shallow 8.0° AR, both 3,4,5

Do 1202 10 Shallow 8.0° AR, both 6

(towards facet normal) angle. The additional coupling losses are found to be below
0.2 dB for a fiber angle misalignment below 5°.

3.3 QD SOA Sample Series

This section gives an overview of the QD SOAs used for experiments throughout
this thesis. Each device received a specific number for easier identification within the
framework of this thesis. The devices are based on four different wafers. Table 3.1
gives a brief overview of the samples series. All devices are processed as SOAs
including a waveguide tilt and anAR coating on both facets.

3.3.1 Overview

A summary of all important parameters of the different QD SOAs is given in Table 3.2.
Table 3.3 gives an overview of the experiments performed with the devices. Subse-
quently, all devices are presented in detail. All given gain, noise figures and saturation
power levels are fiber-to-fiber respectively in-fiber values. The losses of the feedback
fiber coupling setup in order of 1-1.5 dB are excluded from this value to allow a com-
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Table 3.2 List of characteristics of QD SOA used for experiments in this thesis

QD SOA ASE Amplification
No. Length | Apeax | FWHM | Ag G (dB) |NF Pir, pPout ]
(mm) | (nm) (nm) (dB) (dBm) |(dBm) | (kA/cm?)

1 2 1296 33.0 1296 8.4 11.8 4.1 9.5 1.9

2 3 1284 34.0 1290 14.6 9.4 33 14.9 34

3 3 1299 | 28.0 1305 13.5 8.6 1.0 11.5 33

4 4 1304 [23.2 1310 | 22.1 9.5 —6.3 12.8 3.1

5 5 1307 | 21.0 1310 | 255 10.5 —11.5 |11.0 2.9

6 4 1311 24.6 1310 | 255 10.2 —144 | 8.0 4.4

J is current density at which the maximal gain is obtained for an input wavelength Ag. J is calculated
with the ridge width of 4 um neglecting current spreading in the shallow edged active region. All

gain G, noise figure N F, 3-dB saturation input power Ps’gt and output power P2 values are fiber-

to-fiber and in-fiber values, respectively. The given linear gain and noise figure values are averaged
over all measured values within the linear gain regime

parison with packaged devices like the commercial QW SOAs presented in Sect. 3.4.
The power levels presented and discussed in the subsequent chapters usually include
these losses if the feedback fiber coupling setup is used. The fiber coupling losses
vary from device to device and with the current between 4 and 4.5 dB per facet. The
chip gain, the chip noise figure and the chip saturation power levels can be obtained
by increasing the given in-fiber values by 8-9,4-4.5, and 4-4.5 dB, respectively (see
Sect.2.2).

Table 3.3 Overview of experiments performed throughout this thesis with the samples

QD SOA no Experiment (chapter number)
1 Phase-coded signal generation (5)
2 Self-phase modulation (3)
Static FWM (8)
3 Gain dependence on SOA length (3)

Static FWM (8)
Dual-band amplification (7)

4 Gain dependence on SOA length (3)
Static FWM (8)
5 Gain dependence on SOA length (3)

OOK and D(Q)PSK amplification (6)

Static FWM (8)

D(Q)PSK FWM (8)

6 OOK single and multi-channel amplification (6)



http://dx.doi.org/10.1007/978-3-319-44275-4_2
http://dx.doi.org/10.1007/978-3-319-44275-4_5
http://dx.doi.org/10.1007/978-3-319-44275-4_3
http://dx.doi.org/10.1007/978-3-319-44275-4_8
http://dx.doi.org/10.1007/978-3-319-44275-4_3
http://dx.doi.org/10.1007/978-3-319-44275-4_8
http://dx.doi.org/10.1007/978-3-319-44275-4_7
http://dx.doi.org/10.1007/978-3-319-44275-4_3
http://dx.doi.org/10.1007/978-3-319-44275-4_8
http://dx.doi.org/10.1007/978-3-319-44275-4_3
http://dx.doi.org/10.1007/978-3-319-44275-4_6
http://dx.doi.org/10.1007/978-3-319-44275-4_8
http://dx.doi.org/10.1007/978-3-319-44275-4_8
http://dx.doi.org/10.1007/978-3-319-44275-4_6

3.3 QD SOA Sample Series 45

(a)
1.0 3 a (b) 50‘ Y T
e | - % mA steps
= 08 | S E‘E o o p
E‘Ue Ry=3420 —12 &€ Y \_“\'
g |'® 15N
@ 0.4[ PR 23 5ot/ .
£ i 1% QD SOA 3 5 | 50 mA
T o No. 1 w T 60
_— W ek n H n i i i |
2mm < 1150 1200 1250 1300 1350
Wavelength (nm)
d), (e)
. & 1
9 gt 2
I a———— = ks, o |
° s T ™ 3
- 6 i = 6 " =S 4
£ £ = —=— 100 mA {
] o (1] -
3 3 6 150 mA i
S b 2 200 mA {
0 i i i 0 i i i z i i i i
20 15 10 5 0 5 0 5 0 5 10 15 0 5 0 5 10 15
Input power (dBm) Output power (dBm) Output power (dBm)

Fig. 3.7 Characteristics of QD SOA No. 1. a Single-facet in-fiber ASE power as well as voltage
as a function of the current (LIV). b Spectrally resolved in-fiber ASE for different currents. The
absolute power levels are not corrected by setup losses. c—e Fiber-to-fiber gain and noise figure
as a function of the fiber ¢ input power and d, e output power, both measured at a wavelength of
1296 nm and for different currents. The diagrams c—e share the same legend

3.3.2 Sample Series

This subsection presents details of the sample series, i.e. LIV curves, ASE spectra,
gain and noise figure curves.

QD SOA No. 1-2 mm Long-Do 520

QD SOA No. 1 is a2mm long and 4 um wide deeply etched ridge waveguide. The
ridge is tilted with respect to the facet normal by 6.8°. The tilt and the facet AR coating
suppress the onset of lasing resulting in negligible gain ripple in the ASE emission
shown in Fig.3.7b. The QD GS and ES emission are observed between 1240-1350
and 1150-1270 nm, respectively. The QD GS ASE emission saturates at a current of
about 150 mA. The ASE peak wavelength is about 1296 nm. Increasing the current
from 100 to 200 mA results in a device heating induced peak ASE wavelength shift
of 7.9nm whereas the ASE peak power is changed by less than 0.5 dBm/0.1 nm.

The device exhibit top-side n-contacts allowing to use a high-frequency probe
head for electrical contacting. The SOA’s LIV characteristic is depicted in Fig.3.7a.
A quite large series resistance of 3.1 €2 is observed in comparison to other samples
presented in this thesis.

The device exhibits a peak linear fiber-to-fiber gain of 8.5 dB and a saturation
input power P! of 4.1 dBm at a current of 150 mA (see Fig.3.7¢, d). Changing the
current to 100 mA or 200 mA results in only minor linear gain changes but the P!,
is reduced to 1.7 dBm for a current of 100 mA whereas it is comparable for 200 mA.
In the linear gain regime, a large fiber-to-fiber noise figure of about 11.8 dB is found



46 3 Samples and Characterization
(a) (b)
3 &1 =3 g 112.5 mA st
_— ik e .2 MA steps
i B G- amailll W 3T !
£ 21 S 2 2 c
L P 1 o 5 30}
[ o S -
2 |7 . B 22 4
215 "o QD SOA 5 E
s | > o 50
gl - : No. 2 we /
&= 0 e ) 3 mm (7] - -60 —
0 100 200 300 400 500 600 < 1150 1200 1250 1300 1350
Current (mA) Wavelength (nm)
(e)
() . (d) 15
L] T L] T O ‘ T
o H““‘“ ._...-.‘\.T'T-&\ ) o G—— 912- .
L - | e~ = e U,
2 19j \ S 10 \\ g, Ni
= 5f c 5 = 1290 nm
® 7f s S 6 ——1875mA 4125 mA
Qo | o s ——300.0 mA 637.5 mA
0. i " ' L - 0 i k. ' z 3 d. n i n J
20 15 10 5 0 5 0 5 0 5 10 15 0 5 0 5 10 15
Input power (dBm) Output power (dBm) Output power (dBm)

Fig. 3.8 Characteristics of QD SOA No. 2. a The single-facet in-fiber ASE power as well as voltage
as a function of the current (LIV). b Spectrally resolved in-fiber ASE for different currents. The
absolute ASE power levels are not corrected by setup losses. c—e Fiber-to-fiber gain and noise figure
as a function of the fiber ¢ input power and d, e output power, both measured at a wavelength of
1290 nm and for different currents. The diagrams c—e share the same legend

mainly caused by the limited gain and the side wall roughness of the deeply etched
ridge waveguide.’

QD SOA No. 2-3 mm Long-Do 957

A 3mm long QD SOA with a 4 um wide shallow edged ridge waveguide was fabri-
cated (QD SOA No. 2). The waveguide is tilted at 8° with respect the facet normal
and the facets are AR coated. The series resistance is about 2.1 € as shown in
Fig.3.8a. The QD GS ASE emission saturates between a current of 190 and 300 mA
(Fig.3.8b). For currents above 450 mA the ES ASE emission saturates resulting in
a saturation of the total emitted ASE intensity. For currents above 300 mA, the QD
GS ASE emission suffers from device heating resulting in a continuous decrease of
the emission with increasing current. In consequence, the GS ASE peak is reduced
by 3.7 dB and the wavelength of the peak of 1284 nm at 300 mA is red shifted by
8.3nm at 637 mA.

The GS peak fiber-to-fiber gain is 14.6 dB at a current of 412.5 mA. The corre-
sponding 3-dB saturation input and output power are 3.3 and 14.9 dBm. Both power
levels are further increased with increasing currents. The fiber-to-fiber noise figure
is 9.4 dB at the maximum gain.’

QD SOA No. 3-3 mm Long-Do 1111

2Following Sect. 2.2.5, the chip noise figure is 7.3 dB, taking into account the 4.5 dB coupling
losses. Further 3 dB can be attributed to the total inversion. Hence, a noise figure in the order of
4.3 dB can be assigned to the waveguide and the structure.

3In comparison to the deeply-edged QD SOA No. 1, a noise figure in the order of 1.9 dB can be
assigned to the waveguide and structure of the shallow edged QD SOA No. 2.
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Fig. 3.9 Characteristics of QD SOA No. 3. a Single-facet in-fiber ASE power as well as voltage
as a function of the current (LIV). b Spectrally resolved in-fiber ASE for different currents. The
absolute ASE power levels are not corrected by setup losses. c—e Fiber-to-fiber gain and noise figure
as a function of the fiber ¢ input power and d, e output power, both measured at a wavelength of
1305 nm and for different currents. The diagrams c—e share the same legend

The QD SOA No. 3 is a 3mm long and 4 pym wide shallow-etched ridge waveguide.
The waveguide is tilted at 8° with respect the facet normal and the facets are AR
coated. The improved mask design and processing result in a series resistance of
1.4 @ which is lower than for QD SOA No. 2. As a result, a larger in-fiber ASE
power as well as a reduced device heating caused ASE saturation is observed,
see Fig.3.9b. The in-fiber ASE emission is linearly increasing dominated by the
QD GS emission up to a current of about 250 mA. For currents above 250 mA, the
QD ES ASE emission overcomes the GS emission and dominates the integrated ASE
emission. Therefore, the ASE emission increases linearly with a large slope due to
the higher QD ES density of states with respect to the QD GS.

The GS ASE peak power saturates between 200 and 300 mA with a power variation
below 0.2 dB (see Fig.3.9b). The ASE saturation wavelength is around 1300 nm.
The ASE peak power is reduced with respect to the saturation ASE peak power by
about 0.9, 3.7 and 7.5 dB at a current of 400, 700 and 1000 mA, respectively. On
average, the peak wavelength is red shifted by 1.8 nm per 50 mA current change.

The ES ASE peak power saturates about 15 dB above the GS ASE saturation
power level at a current of 750-800 mA with a power variation around 0.3 dB. The
ES ASE peak power is reduced with respect to the saturation ASE peak power by
about 1.8 dB at a current of 1000 mA. The wavelength of the peak is blue shifted
until a current of around 350 mA and afterwards red shifted with about 1.2nm per
50 mA current change on average.

Ata current of 400 mA and a wavelength of 1305 nm, the peak linear fiber-to-fiber
gain is 13.5 dB. The corresponding fiber-to-fiber noise figure is 8.6 dB.
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Fig. 3.10 Characteristics of QD SOA No. 4. a Single-facet in-fiber ASE power as well as voltage
as a function of the current (LIV). b Spectrally resolved in-fiber ASE for different currents. The
absolute ASE power levels are not corrected by setup losses. c—e Fiber-to-fiber gain and noise figure
as a function of the fiber ¢ input power and d—e output power, both measured at a wavelength of
1310nm and for different currents. The diagrams c—e share the same legend

QD SOA No. 4; 4 mm Long; Do 1111

The 4mm long, 4 um shallow-etched ride waveguide QD SOA No. 4 is tilted at
8° and an AR coating on both facets was applied. A very low series resistance of
0.64 2 was measured using a multi-tip DC probe head (Fig. 3.10). The in-fiber ASE
output power exceeds 8 mW. The QD GS ASE emission saturates at a current of
about 300 mA and peak wavelength appears at 1305 nm. The linear fiber-to-fiber
gain was determined to 22 dB at currents of 300-500 mA. The corresponding in-
fiber 3-dB saturation input (output) power are —8.7 dBm (10.3 dBm) and —6.3 dBm
(12.8 dBm), respectively. The saturation output power can be increased to 15.2 dBm
increasing the current to 700 mA but at the expense of a gain reduction to 19.4 dB.
The noise figure is found to be about 9.5 dB within the linear gain regime.

QD SOA No. 5; 5 mm Long; Do 1111

The QD SOA No. 5 comprises a5 mm long, 4 um wide shallow edged ridge waveguide
with an 8° tilt. Both facets are AR coated. The LIV characteristics were measured
twice, both shown in Fig.3.11a. Once the top-side p-contact is realized with two
needle probes contacting pads with a distance of about 2.5 mm symmetrical to both
sides of the SOA’s center. In the other case, a multi-tip DC probe head was used con-
tacting each of the ten p-pads independently. In both cases, the backside n-contract
was used. Using the probe head halves the series resistance to a value of only 0.53 Q
and doubles the in fiber ASE emission to almost 12 mW. The GS ASE saturation
power is almost comparable for both contacting methods whereas the ES ASE satu-
ration power is improved by about 4 dB using the multi-tip DC probe head. This is
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Fig. 3.11 Characteristics of QD SOA No. 5. a Single-facet in-fiber ASE power as well as voltage
as a function of the current (LIV). b Spectrally resolved in-fiber ASE for different currents. The
absolute ASE power levels are not corrected by setup losses. c—e Fiber-to-fiber gain and noise figure
as a function of the fiber ¢ input power and d, e output power, both measured at a wavelength of
1310nm and for different currents. The diagrams a, b and ¢, e share the same legend

caused by the homogeneously pumped ridge resulting in a saturation at higher cur-
rents as well as an improved distribution of the heating over the entire device length.
Consequently, QD SOA No. 4 and No. 5 are always contacted with the multi-tip
head.

The QD GS ASE emission saturates at a current of around 350 mA. The peak
wavelength is about 1306 nm. Increasing the current to 500 mA reduces the peak by
about 0.7 dB and shifts the wavelength to 1310 nm. For currents up to 1000 mA, the
QD GS ASE emission suffers from device heating resulting in a reduction of up to
5 dB and a wavelength red-shift to 1320 nm.

Linear fiber-to-fiber gain and 3-dB saturation input (output) power values as large
as 25.5dB and —11.5 dBm (11 dBm), respectively, are found at a current of 400 mA
and a wavelength of 1310 nm. The corresponding fiber-to-fiber noise figure is about
10.5 dB.

QD SOA No. 6-4 mm Long-Do 1202

The 4 mm long QD SOA No. 6 has a 4 pm wide shallow-edged ridge waveguide with
a tilt of 8°. The facets are AR coated. The series resistance is 1.5 2. The total in-fiber
ASE intensity reaches 6 mW at a current of 800 mA and is still not saturating (see
Fig.3.12a).

The QD GS ASE emission saturates at a very large current of 640—730 mA whereas
the ES ASE emission is still unsaturated at a current of 1000 mA. The GS ASE peak
wavelength is red shifted by only 5nm from a current of 460 to 1000 mA. These
values indicate a mounting with a very good thermal conduction.
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Fig. 3.12 Characteristics of QD SOA No. 6. a Single-facet in-fiber ASE power as well as voltage
as a function of the current (LIV). b Spectrally resolved in-fiber ASE for different currents. The
absolute ASE power levels are not corrected by setup losses. c—e Fiber-to-fiber gain and noise figure
as a function of the fiber ¢ input power and d, e output power, both measured at a wavelength of
1310nm and for different currents. The diagrams c—e share the same legend

The maximal linear fiber-to-fiber gain is found to be as large as 25.5 dB at a current
of 700 mA and a wavelength of 1310 nm corresponding to a chip gain of 35 dB. The
fiber-to-fiber noise figure is about 10.2 dB. At this current, the in-fiber 3-dB saturation
input and output power are —14.4 and 8.0 dBm, respectively. Increasing the current
to 1000 mA reduces the gain by 3.6 dB but increases the 3-dB saturation output
power to 11.2 dBm.

3.4 Comparison to Commercial O-Band Amplifiers

Three different commercial available O-band amplifiers are addressed and compared
to the QD SOAs used in this thesis (called in this chapter TUB SOAs).

Commercial QD SOA

Commercial QD SOAs are offered by Innolume GmbH. All presented data in this
thesis are extracted from the data sheet “Innolume GmbH, SOA-1250-110-yy-27dB,
08. August 2014” available on the company’s homepage “www.innolume.com”. The
ASE and gain characteristics are depicted in Fig.3.13. The QD GS ASE emission
saturates at a current of approximately below 800 mA and no significant device
heating induced wavelength red-shift is observed. The GS peak ASE emission is
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Fig. 3.13 Characteristics of a commercial QD SOA. All data are taken from the data sheet “Innol-
ume GmbH, SOA-1250-110-yy-27dB, 08. August 2014”. a Spectrally resolved in-fiber ASE for
different currents. b Fiber-to-fiber gain as a function of the in-fiber output power determined at a
wavelength of 1275 nm and a current of 900 mA

observed at a wavelength of 1277 nm. The dip between the GS and ES ASE emission
is less pronounced than for the TUB SOAs. These devices exhibit either an increased
inhomogeneously broadened QD ensemble in each QD layer or most likely different
QD layers are grown with a slightly different center wavelength (called chirped
gain layers) [18-20]. However, the device shows a broad QD GS ASE emission
indicating a spectral 3-dB gain bandwidth of close to 50 nm. Additionally, the data
sheet promises a 6-dB gain bandwidth of more than 110nm taking into account the
QD GS and ES gain. A fiber-to-fiber gain of up to 27.7 dB is observed. The 3-dB
saturation input and output power can be roughly estimated to —8.8 and 15.7 dB,
respectively. The noise figure is given to be 7.5 dB.

Commercial QW SOA

A commercial butterfly packaged InP (In: indium, P: phosphorus) QW-SOA was
characterized, see Fig.3.14. The peak ASE emission shows a band-filling effect
induced blue-shift with increasing currents without a significant heating induced
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Fig. 3.14 Characteristics of a commercial available QW-SOA. a Spectrally resolved single-facet
in-fiber ASE for different currents. The absolute ASE power levels are not corrected by setup losses.
b Fiber-to-fiber gain and ¢ fiber-to-fiber noise figure as a function of the in-fiber output power, both
measured at a wavelength of 1300 nm and for different currents. The diagrams b, ¢ share the same
legend
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red-shift (explanation see Sect. 2.1.2). The ASE peak emission is determined at a
wavelength of 1296 nm for a current of 500 mA. The 3-dB and 6-dB ASE bandwidth
are about 79 and 105 nm, respectively. Most likely a chirped multi-QW-layer active
region is used, demonstrated e.g. in [21]. At a wavelength of 1300 nm, the linear
fiber-to-fiber gain, 3-dB saturation output power and noise figure are measured to be
33.9, 17.2 and 6.4 dB, respectively. Increasing the current towards 700 mA slightly
decreases the gain but increases the saturation output power by 1.9 dB similar to
QD SOAs. The device has a polarization dependent gain which ratio cannot been
measured due to the usage of polarization maintain fiber within the SOA’s package.
Preceding models of this QW-SOA without polarization maintaining fiber exhibited
a polarization depended gain of 8—10 dB [17].

Commercial PDFA

A commercial praseodymium-doped fiber (PDFA) was characterized. The amplifier
consists of two stages, each consist of a praseodymium-doped fiber optically pumped
with two laser diodes in counter propagating configuration. The PDFA’s currents
refers to the sum of the four diode currents. The amplifier is polarization independent.
The ASE spectra in Fig.3.15 show an increasing peak emission with increasing
currents but at the expense of the 3-dB ASE bandwidth. This bandwidth is reduced
to 16.7 at the largest current of 3600 mA. At a wavelength of 1305 nm, the fiber-
to-fiber gain is found to be as large as 42.4 dB with a 3-dB saturation output power
of 17.3 dB. The fiber-to-fiber noise figure is found to be 6.8 dB. This noise figure is
surprisingly large for a fiber amplifier usually offering noise figures in the order of
4-5dB, e.g. [17, 22].
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Fig. 3.15 Characteristics of a commercial available PDFA. a Spectrally resolved in-fiber ASE for
different currents. The absolute ASE power levels depend on the resolution and are not corrected
by setup losses. b Fiber-to-fiber gain and ¢ fiber-to-fiber noise figure as a function of the in-fiber
output power, both measured at a current of 3600 mA and for different wavelength. The diagrams
b, ¢ share the same legend
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Comparison

Table 3.4 gives an overview of the most important parameters for the three commer-
cial amplifiers and two exemplary TUB QD SOAs. The PDFA offers the largest gain
and lowest 3-dB saturation input power but its 3-dB gain bandwidth is strongly lim-
ited. The QW-SOA exhibits the largest 3-dB gain bandwidth whereas the commercial
QD SOA exhibits the largest 6-dB gain bandwidth. Implementing and improving the
chirped layer technique to QD SOAs, also the 3-dB bandwidth can be tuned to 120 nm
[23, 24].

The saturation output power levels of all three commercial amplifiers are on
the same order of magnitude. The PDFA is the only tested polarization insensitive
amplifier. But QW-SOAs and QD SOAs can be designed with low or no polarization
sensitivity as well [25-29].

The lowest noise figure was expected for the PDFA but it is comparable to the QW-
SOA. The gain and noise figure values of the TUB QD SOA suffer from the coupling
losses of about 4—4.5 dB per facet. Based on the obtained noise figure values, the
coupling losses of the commercial SOAs are expected to be about 1.5-3 dB per facet.
The TUB QD SOA chip performance (in brackets in Table 3.4) is comparable with
the values of the commercial SOAs corrected by the estimated coupling losses.

In consequence, the QD SOAs characterized in this thesis provide promising chip
characteristics but have to be enhanced by technologies listed below to achieve or
overcome the in-fiber performance of the commercial SOAs. Beside this, some of the
improvements will also lead to a lower energy consumption. Each of the technologies

Table 3.4 Comparison of optical amplifiers fabricated at Technische Universitit Berlin (TUB) and
commercially available optical amplifiers

TUB Lab Commercial
QD SOA QD SOA QD SOA | QW-SOA | PDFA
(No. 3) (No. 5)

Linear gain (dB) 13.5 25.5 27.7 339 424
(22.5) (34.5)

3-dB ASE bandwidth (nm) 28.0 20.7 49.0 78.5 16.7

3-dB P!", (dB) 1.0 —115 -838 137 —-22.1
(=3.5) (—16.0)

3-dB P2 (dB) 11.5 11.0 15.7 17.2 17.3
(16.0) (15.5)

Linear noise figure (dB) 8.6 10.5 7.5 6.4 6.6
“.1 (6.0)

Current (mA) 400 500 900 500 3600

Polarization sensitive Yes Yes Yes Yes No

The values for all QD SOAs are determined for the QD GS wavelength range. Numbers in brackets
are chip values taking into account coupling losses of 4.5 dB per facet. The values for the commercial
QD SOA are extracted from the data sheet (see text). Saturation input power (P.,), Saturation output

: sat
ou
power (P
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have been demonstrated independently for QD-based devices or are in general well
known technologies for laser and gain chips.

e The mounting technologies needed to be enhanced to improve the thermal con-
ductivity which is the gain limiting factor at larger currents. The currently used
technologies is in principle sufficient as demonstrated with QD SOA No. 6 but not
reproducible as visible from the other QD SOAs. The thermal conductivity can be
further improved by use of more efficient gluing and heat spreader technology and
could be finally improved by implementing p-side down mounting. Both, the more
efficient mounting technology as well as p-side down mounting are well known
from high-power lasers, e.g. [30-34].

e The reduction of the coupling losses would increase the fiber-to-fiber gain and
saturation power levels as well as lower the fiber-to-fiber noise figure. Especially
an improvement of the last is mandatory for cascaded amplifiers [35]. The coupling
losses of the current structure suffer mainly from the asymmetric out-coupled far-
field caused by the rectangular waveguide cross section with an aspect ratio of about
1:10. A monolithic integrated spot-size converter on both facets is commonly used
to symmetrize the far-field and to reduce the divergence. This can be realized either
by vertical extension of the optical mode using a rib waveguide design [36] or a
vertical taper structure [37-39], or by lateral contraction of the optical mode using
lateral taper structures [40]. All methods are proved to reduce the coupling losses
down to 1 dB per facet.

e The rop-side p-contact has to be either connected on each pad (e.g. by bonding) or
has to be realized with a broader and/or thicker metal contact layer. This will halve
the series resistance, ensures a homogeneously pumped waveguide and reduces
the device heating as demonstrated for QD SOA No. 5.

e The polarization dependence on the wavelength of the QD SOA and its origin
are discussed in Sect.3.5.2. A polarization insensitive QD SOA can be realized
by growth of columnar QDs even with large gain as demonstrated in the 1.55 um
wavelength range [26, 28, 29].

3.5 Static Properties

This section addresses selected static properties of QD SOAs. First, Sect.3.5.1 dis-
cusses the gain and gain bandwidth in dependence of the device length and presents
a concept of a sectioned SOA. Subsequent, Sect.3.5.2 discusses the polarization
dependence of the gain for QD GS and ES.
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Fig.3.16 a Peak fiber-to-fiber gain and b 3-dB ASE bandwidth versus SOA length for two different
current densities. Closed symbols are measured with standard SOAs and open symbols for sectioned
SOAs. The input wavelength was set for each SOA and current density to the QD GS ASE peak
(see corresponding ASE spectra in Sect. 3.3.2)

3.5.1 Gain Saturation and Sectioned SOAs

The requirements to the gain and spectral bandwidth differ between the application.
A linear fiber-to-fiber gain (per wavelength channel) larger than 10 dB (20 dB) is
sufficient to extend the network reach by 29km (57 km)* or to increase the power
splitting ratio e.g. from 1:16 to 1:128 (1:1024). On the other hand, a larger gain
bandwidth enables either an increasing of the number of wavelength channels or
the channel spacing. Both allow a larger total network capacity. Various standards
are defined within the O-band, e.g. [41], with bandwidths from 20 up to 100 nm.
The following paragraphs discuss the gain and gain bandwidth in dependence of the
device length.

The peak fiber-to-fiber gain was measured for QD SOAs with various lengths
from 3 to 7mm and is shown in Fig. 3.16a. The QD GS ASE peaks are obtained for
a current density of around 1.67 kA/cm? whereas usually large current densities are
used for the amplification of OOK signals to avoid pattern-effects [42]. Thus, also a
larger current density of 2.92 kA/cm? was applied. At very large currents, the onset
of lasing on the ES ASE was observed for the 5mm long device, see Fig.3.11. For
the 7mm long QD SOA,> a strong gain ripple larger than 0.5 dB and lasing appears
on the GS ASE even at low current densities of 1.4 kA/cm? (400 mA). Hence, the
gain is not evaluated.

The gain increases with the device length but runs into saturation due to the ASE
self-saturation. The disadvantage of the increased gain is a narrowing of the spectral
bandwidth, depicted in Fig.3.16b. The gain is reduced at the larger current density
due to device heating.® In contrast, the ASE bandwidth is increased. In comparison to

4Taking into account the O-band SMF loss of 0.35 dB/km discussed in Chap. 1.

5The design of this device is similar to QD SOA No. 3-5: Do 1111, shallow etched 4 um ridge
waveguide, 8° tilted, AR-coated facets.

6The stronger gain reduction observed for the 5 mm long device is caused by the onset of lasing on the
ES ASE emission probably to a reflection from the setup. In contrast, the large-signal experiments
in the subsequent chapters are all performed with the identical device without the onset of ES lasing.
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Fig. 3.17 Top-view sketch of the multi-section7 mm long QD SOA chip design comprising two
3 mm long standard gain sections and in-between four 0.25 mm long sections which can be switched
to different operating conditions. The used color code is identical to Fig.3.2

the requirements listed above, the results of the 3—5 mm long QD SOAs are sufficient.
However, other applications may require less bandwidth but more gain. Increasing
the device length to 7mm results in ASE self-saturation and lasing. Other options
like cascading two fiber-coupled QD SOAs suffer from the coupling losses twice. A
sectioned QD SOA concept is presented in the following to overcome both, the ASE
self-saturation and lasing.

Sectioned SOA

The concept is based on the experiences obtained with saturable absorbers mono-
lithically integrated in QD mode-locked lasers (MLLs) [5, 43—47]. The main idea
is to place an absorbing section within the center of a long SOA chip to prevent the
self-saturation and the onset of lasing. But, this section saturates in presence of an
optical input signal and therefore allows larger gain values.

The sectioned QD SOA is sketched in Fig. 3.17. The device was fabricated similar
to the QD SOAs No. 3-57 but comprises six electrically separated sections with a
total waveguide length of 7 mm. The two outer sections are 3 mm long with a contact
pad each 0.5 mm. The four mid sections are electrically separated from each other
and the outer sections by 20 um broad etch gaps (details see Sect.3.1.2). The gap
results in an resistance of 11 k€2 between the top-side p-contacts of the separated
sections.

The device is contacted using the DC multi-tip probe shown in Fig.3.5
(page 42). Both outer sections are driven with the same current source at the same
current density as an standard SOA. The mid sections can be electrically connected
independently either to the same source as the outer sections or to a second source
which can apply a forward or reverse bias. Switching all mid sections to the outer
sections the device is driven similar to a 7mm long standard QD SOA.

Investigations of the ASE emission of the device are conducted in dependence
of the current and different voltages applied to various numbers of the mid sec-
tions. Figure3.18a exemplary shows such a measurement for a current density of
2.92 kA/cm? (700 mA) applied to the outer sections while the bias applied to all
mid-sections is scanned. The largest applied bias of 1.3V is close to the bias of 1.5V
on the outer sections. In consequence, this ASE spectrum is comparable to spectrum
if all six sections are electrically connected to the same source and are thus driven

"This means: Wafer Do 1111, shallow etched 4 um ridge waveguide, 8° tilted, AR-coated facets.
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Fig. 3.18 a Spectrally resolved in-fiber ASE of a 7mm long sectioned QD SOA for different bias
levels of the central sections and for a current density of 2.92 kA/cm? (700 mA) for the outer
sections corresponding to a bias level of 1.5 V. b Fiber-to-fiber gain measured for different current
densities of the outer sections and a mid-section bias of 0.9 V. The input wavelength are aligned to
the QD GS ASE peak and are 1303 and 1306 nm

with a current density of 2.5 kA/cm? (700 mA). Under these conditions a strong GS
lasing is observed. Reducing the mid-section bias down to 1V leads to only minor
changes. But if the voltage is set below 1 V, the GS lasing is suppressed and the ES
ASE increases and broadens. At a bias of 0.9 V, only a small gain ripple less than
0.4 dB remains. Further decreasing the bias reduces the ASE peak emission of both,
the GS and ES. Increasing the currents towards 1000 mA while still scanning the
bias leads partly to a switching of the lasing from the GS to the ES and in most cases
to a lasing on both states. However, the GS lasing always disappears for bias levels
close to 0.9 V.

The cavity for the gain ripple could be caused by a remaining reflectivity of the
facets and would exhibit a mode separation of about 5.8 GHz.® The mode separa-
tion is characterized by analyzing an amplified signal (SOA in-fiber input power of
—21 dBm) with a coherent detector.” The obtained radio frequency (RF) spectra are
depicted in Fig. 3.19. In comparison to the exemplary input RF spectra, the peaks are
visible in the spectra of the amplified signals. Applying an outer-section current den-
sity of 2.92 kA/cm? (700 mA) and a mid-section bias of 0.9 V, the peaks exceed the
background by more than 10 dB. Reducing the mid-section bias continuously down to
—3.0 V switches the mid-section finally into the absorption regime which attenuates
the reflected signal while running through the waveguide but also lowers the gain.
As a result, the peaks in the modulation spectra are strongly suppressed (compare
Fig.3.19b—d. But, the gain is reduced to values comparable or even below the 5 mm

8 A QD mode-locked laser (MLL) with a cavity length of 1.012 # 0.012 mm processed out of a
comparable wafer like the sectioned QD SOA exhibits a pulse repetition rate of 39.85 £ 0.06 GHz
[48, 49]. Hence, the repetition rate for a comparable 7 mm long laser would be 5.76 + 0.06 GHz.
9 A 40 GBd differential phase-shift keying (DPSK) modulated input signal is detected with an optical
modulation analyzer (OMA). The DPSK modulation schema as well as the coherent detection are
introduced in Chap. 4. A detailed setup description is given in Sect.6.2.
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Fig. 3.19 RF modulation spectra of a exemplary input signal and b—d amplified signals using a
7mm long sectioned QD SOA with an outer-section current density of 2.92 kA/cm? (700 mA) and
a mid-section bias of b 0.9 V, ¢ —1.0 V and d —3.0 V. The optical QD SOA in-fiber input power
was —21 dBm

long QD SOAs. The peaks have an averaged frequency spacing of 5.9 £ 0.5 GHz
and thus could be assigned to the facet-taper-cavity.

However, the fiber-to-fiber gain is shown in Fig. 3.18b. Fiber-to-fiber gain values
up to 30.5 dB are achieved without the onset of lasing corresponding to an excellent
chip gain of 39.5 dB. The in-fiber linear noise figure is about 11 dB. In comparison
to the standard QD SOAs, the gain is increased by more than 4 dB with respect
to the largest gain obtained for a Smm long device (see Fig.3.16). The 3-dB ASE
bandwidth is reduced to only 10.7 nm. This chip gain of the 7mm long sectioned
QD SOA exceeds the commercial QW gain and is close to the commercial PDFA
gain of 42.5 dB.

In conclusion, the concept of long sectioned QD SOA with electrically separated
mid-sections sufficiently prevents the onset of lasing in the ASE. Very large chip gain
values up to 39.5 dB have been achieved but at the expense of a spectral bandwidth
narrowing. The remaining gain ripple can be prevented by improving the AR coating
of the SOAs and the fiber taper as well as by increasing the QD SOA waveguide tilt
if necessary.

3.5.2 Wavelength Dependence of the Polarized Emission

The QD SOAs investigated in this thesis emit predominantly TE polarized light. The
asymmetric and tilted waveguide privilege the TE polarized mode [11]. Additionally,
the QD gain media itself predominantly emit TE polarized light. Multi-wavelength-
channel amplification, dual-band amplification and wide-range wavelength conver-
sion raise the question about the wavelength dependence of the polarization ratio.
Thus, the polarization dependence of the QD SOA ASE is measured and discussed.

The setup stage described in Sect. 3.2 was modified by replacing the SMF com-
ponents with polarization-maintaining fiber (PMF) components and adding a PMF
polarization splitter. The PMF slow axis was aligned to the QD SOA TE axis. The
obtained polarization dependent ASE emission is depicted in Fig. 3.20 measured for
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Fig. 3.20 a Polarization dependent ASE emission of QD SOA No. 3 at a current of about 350 mA.
The visible ripples are caused by the PMF components. Smoothed versions of both curves are
plotted in addition for easier comparison. b TM-TE ASE ratio calculated from (a)

QD SOA No. 3. At the GS ASE peak, the TM polarized emission is about 17.7 dB
lower than the TE polarized emission. The largest difference of 18.8 dB is observed
for larger wavelength corresponding to large QDs. In contrast, the TM-TE ratio is
reduced by one order of magnitude to —7.5 dB for the ES ASE peak emission.

The difference in the polarization ratio of QD GS and ES can be explained by
different contributions of the LH and HH to the QD hole ground and excited states as
shown by k- p theory-based calculation [50]. The reduction of the TM-TE polarization
ratio obtained on the red-wavelength part of the GS ASE emission could be attributed
to aslightly increasing of the LH fraction for larger QDs. The polarization dependence
can be designed by stacking several QD layers which was calculated e.g. in [51] and
experimentally realized e.g. in [26, 29].

3.6 Gain and Phase Dynamics

The charge-carrier dynamics of SOAs have been discussed phenomenologically in
Sect.2.3. The charge-carrier dynamics for bulk, QW and QD-based gain materials
have been investigated by many different groups during the past decades whereas the
fastest carrier dynamics are found for QDs, e.g. [52—-64]. The QD GS and ES carrier
dynamics are investigated under various conditions as well. However, some condi-
tions are not yet fully understood or investigated. But, an unambiguous knowledge
of the relaxation path of the coupled QD-QW system is mandatory to understand and
improve the performance of QD SOAs for system applications. The charge-carrier-
dynamics-based gain and phase dynamics of the QDs will be discussed in this section
under various conditions and by different measurement techniques.
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Fig. 3.21 Pump-probe trace of a 2mm long QD SOA at a current of 550 mA. The wavelength,
averaged in-fiber input power, temporal FWHM and pulse distance of the pump (probe) input pulses
were 1310 nm (1300 nm), 5 mW (0.1 mW), about 1.6 ps (1.6 ps) and about 100 ps (100 ps). The data
are kindly provided by Carsten Schmidt-Langhorst, Fraunhofer Institute for Telecommunications
Heinrich-Hertz Institute (HHI)

3.6.1 QD GS Dynamics Under GS Perturbation

First, the QD GS gain and phase recovery is investigated in this section via single-
color pump-probe measurements. Subsequently, the amplification of optical pulsed
signals are investigated in terms of self-gain and self-phase modulation for conditions
appearing in optical time-division multiplexing (OTDM)-based networks.

Pump-Probe Measurements

In a typical heterodyne pump-probe experiment, a strong pump pulse drives the QD
SOA into the nonlinear gain regime and a weak pulse probes the nonlinear gain and
phase change at different temporal delays with respect to the perturbing pump pulse.
The probe can be used to scan the recovery of the energy state perturbed by the pump
(single-color pump-probe) or a different energy state (two-color pump-probe).

The device under test is a 2mm long QD SOA ' exhibiting a linear fiber-to-fiber
gain 5.1 dB for a current of 500 mA and a wavelength of 1310 nm. A pump-probe
trace of the QD GS was measured at the Fraunhofer Institute for Telecommunications
Heinrich-Hertz Institute (HHI) and is depicted in Fig. 3.21 for a temporal perturbation
delay of 100 ps corresponding to 10 GHz pulse repetition rate. This duty cycle is on
the order of typical optical communication symbol distances. A QD typical fast gain
recovery is observed, indicated by a 90:10 % gain recovery time'! below 10 ps. This
fast gain recovery is enabled by the ultra-fast refilling of the QD GS from the carrier
reservoir as long as the reservoir is sufficiently populated.

A peak phase change of 0.45rad is found slightly time delayed with respect to
the peak gain change which is caused by the temporal pulse width and the faster
QD GS gain recovery. The phase does not recover between two subsequent pertur-
bations. Typical, total 90:10 % phase recovery times much larger than 100 ps are
observed. Usually, two different phase recovery times are observed [61, 62, 65].

10The design of this device is similar to QD SOA No. 6 (page 50): Do 1202, shallow etched 4 pm
ridge waveguide, 8° tilted, AR-coated facets.

""The 90:10 % gain recovery time is the time required to recover from 90 to 10 % of the difference
between original gain and peak gain change.
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The dominating slow recovery time is caused by carrier density pilsation (CDP) in
the carrier reservoir whereas the fast recovery time is correlated to the reservoir-QD
carrier transitions [62, 66]. The slow phase recovery time is found to be rather inde-
pendent of the current whereas the gain recovery gets faster with increasing currents
[62]. In consequence, the QD SOA-based amplification of data signal is expected to
cause minor or no amplitude patterning as long as the reservoir is highly populated
but phase patterning occurs which strength is directly correlated to the signal input
power via the nonlinear gain change.

Pulse Amplification and Self-phase Modulation

The amplification of ps-pulsed optical signals as used in optical time-division mul-
tiplexing (OTDM) systems is well known to change the pulse properties, such as
spectral and frequency-chirp shifts as well as distortions of spectral and tempo-
ral pulse intensity profiles [67-69]. These are caused among others by nonlinear
intensity-dependent phase changes during the pulse duration. For large input pulse
energy the time dependent nonlinear reduction of the carrier density results in gain
saturation and leads according to Eq.2.12 (page 20) to a modulation of the temporal
pulse phase. The temporal gain saturation depends on the relation of the pulse dura-
tion and the carrier-relaxation dynamics. Generally spoken, the pulse modulates its
own amplitude and phase due to the gain saturation and consequently these effects
are called self-gain modulation (SGM) and self-phase modulation (SPM) [67]. The
value of the a-factor plays an important role for SPM. Due to the reduced a-factor
of QD gain material in comparison to conventional gain material, SPM is expected
to be low for QD SOAs, e.g. [70-74].

The appearance of SPM in the 3 mm long QD SOAs No. 2 (see page 46) is investi-
gated using frequency-resolved second-harmonic generation (SHG) autocorrelation,
called SHG Frequency resolved optical gating (FROG). This measurement technique
allows to retrieving the complete pulse intensity and phase profile in the temporal
and spectral domain. An introduction to this technique including a description of
the retrieval algorithm used here are given in [75]. A description of the setup can
be found in [46, 76]. All measurements were retrieved using a 256 x 256 grid size.
root-mean square (rms) retrieval errors far below 0.01 are obtained proving that the
results are very reliable.'?

The pulse comb is emitted by a QD hybrid mode-locked laser (HMLL), amplified
with a commercial QW-SOA and subsequently wavelength filtered to supress the
SOA’s ASE. The resulting pulse comb serves as the input of the QD SOA. The
pulses are characterized without and with the QD SOA whereas the input power and
current are scanned. Averaged input power levels from —10 to 5 dBm are tested
corresponding to an energy of 2.5-79 fJ per pulse.

Figure 3.22 shows exemplary the retrieved pulse properties of the input and ampli-
fied pulse for a current of 500 mA and various averaged input power levels from —10
to 5 dBm. Only minor changes are observed for the pulse intensity profile and chirp
which are within the retrieval error margin. The temporal chirp equals the nega-

12Details on the meaning of both values, please consider [75].
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tive derivation of the temporal phase. However, the retrieved spectra show a slight
wavelength red shift and a spectral narrowing with increasing input power levels.

The evaluation of the temporal and spectral FWHM as well as the linear part of
the chirp (here the commonly used spectral chirp) is shown in Fig.3.23 for various
currents and input power levels. The input signal was characterized six times during
the measurement period. Small variations occur due to either weak changes of the
emitted pulse comb or the error margin of the retrieval algorithm. These fluctuations
represent a minimal error margin for the obtained results and are depicted with the
shaded area in Fig. 3.23.

The obtained values for the temporal FWHM and linear chirp are partly slightly
increased with respect to the input values but no general trend for current or input
power changes can be identified. A separate evaluation of the temporal e ~2-width (not
shown here) shows a broadening below 30 % which could be caused by the fast QD
gain recovery leading to a recovering during the trailing pulse parts (see Fig.3.22).
However, again, no trend can be identified within the error margin. Nevertheless,
a slight spectral narrowing occurs with increasing input power due to the shape of
the SOA gain spectra, two photon absorption or gain competition of the different
spectral parts of the pulse like in lasers.
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Fig. 3.22 Normalized a temporal and ¢ spectral pulse intensity as well as b temporal chirp of the
input pulse as well as the amplified output pulses for a current of 500 mA and various averaged
input power levels. The pulse leading part is on the negative relative time axis. All three graph share
the same legend
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Fig. 3.23 a Temporal and ¢ spectral FWHM of the normalized pulse profiles and b the linear part
of the spectral chirp versus the QD SOA averaged input power level for various currents. Missing
points are due to a failed retrieving of the measurements. The shaded area represents the error
margin of the input signal. All three graph share the same legend
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In conclusion, the QD SOA shows minor or no SPM for 40 GHz ps pulse combs for
input power levels up to 5 dBm. Typical input power levels for optical communication
systems are much below 5 dBm and QD SOAs are thus suitable for amplification of
pulsed signals. For the sake of completeness, using very larger input power levels
increases the SPM also in QD SOAs, which can be used for signal processing,
e.g. [77].

3.6.2 QD GS Dynamics Under ES Perturbation

A QD laser-SOA hybrid was used to investigate the QD GS gain recovery under
strong ES perturbation. The device is designed as an ES laser while preventing the
onset of lasing on the GS. The original motivation for the development of this device
was to identify relaxation pathways of the multi-state QD gain media as preparation
for the multi-state amplification demonstrated in Chap. 7. The device was processed
out of wafer Do 1791 featuring 5 QD layers and exhibits a 1.33 mm long and 6 um
wide shallow-etched ridge waveguide. In contrast to QD SOAs No. 1-6, this device
was realized without a tilt of the ridge waveguide and one facet received a dichroic
mirror coating whereas the other facet is as cleaved.

The device characterization as well as single-color pump-probe measurements
have been performed by Yiicel Kaptan and Bastian Herzog in the framework of their
dissertation and Master thesis on a free-space optics stage at the Institute of Optics
and Atomic Physics at the Technische Universitit Berlin. The LIV characteristics
and optical spectra are shown Fig.3.24. The GS peak ASE emission is found at a
wavelength of 1251 nm at a current of 80 mA. A gain ripple on the order of 0.5 dB
is observed. Increasing the current up to 290 mA, the GS peak ASE is red-shifted
by 11 nm. The onset of ES lasing at a current of about 195 mA represents a large
perturbation which limits the number of charge carriers in the QD ES and reservoir
refilling the QD GS. The center ES lasing wavelength is red shifted from 1177 to
1181 nm with increasing the current from 200 to 290 mA.

Pump-Probe Measurements

A detailed description of the pump-probe setup can be found in [78, 79]. A QD
sub-ensemble with a GS emission wavelength of 1270nm has been identified to
be resonant to the ES lasing emission [78]. A control ensemble with a center GS
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Fig. 3.24 Characteristics of the QD laser-SOA hybrid. a The optical power as well as voltage
as a function of the current (LIV). b Spectrally resolved device emission for different currents.
The power levels in both graphs are given in arb. units because the coupling and setup losses are
unknown. The data are kindly provided by Yiicel Kaptan, Technische Universitit Berlin
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Fig. 3.25 a Exemplary measured single-color pump-probe traces (symbols) and fits (straight line)
for time ranges from O to 30 ps for different DUT current. Please note the x-axis scale change after
30 ps. b time constant 7, extracted from fits of the single-color pump probe traces for QDs sub-
ensemble being resonant with the ES lasing (1270 nm) and a QD control sub-ensemble (1255 nm).
The data are kindly provided by Yiicel Kaptan, Technische Universitit Berlin

wavelength of 1255nm was chosen for comparing the dynamics. The input energy
per pulse, temporal FWHM and pulse distance of the pump (probe) input pulses were
6.6 pJ per pulse (0.66 pJ per pulse), 0.25 ps (0.35 ps) and about 13.3 ns (13.1 ns)
corresponding to a pulse repetition rate of 75.4 MHz (76.1 MHz). The free-space to
DUT coupling efficiency was below 10 %. Exemplary recorded single-color pump-
probe measurements are shown in Fig.3.25a. The recovery from the pump induced
normalized gain dip can be described by the sum of three exponential functions

3
AGlrecovery = AGO + Z AG; : et/Ti . (33)

i=I

The first time constant 7y is in the sub-picosecond regime and is determined by
coherent effects of the pump and probe pulse with the gain media. Hence, is fixed
to the experimental time resolution. The second time constant 7, is in the order
of picoseconds and accounts for the carrier capture into the QDs. The third time
constant 73 is a few hundred picoseconds and determines the recovery of the carrier
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reservoir via current injection and thus attributes to CDP (see also Sect. 2.3.2). Fitting
the pump-probe traces in the first 30 ps after the pump pulse, the third exponential
function contributes approximately only a constant term to A G and is thus neglected.
Using the remaining free parameters AG; with i € {0, 1, 2} and 7, all measured
traces can be fitted with high accuracy.

The time constants 7, extracted from the fits is plotted in Fig. 3.25b in dependence
of the current. The recovery time is decreased with increasing current starting at about
6 ps and saturates finally at about 2 ps at a current of about 100 mA consistent with
previous measurements of similar QD SOAs [80]. The onset of ES lasing at a current
of around 195 mA neither influences the recovery time of the control sub-ensemble
(1255 nm) nor the resonant sub-ensemble (1270 nm).

Simulations
For a deeper understanding of the carrier dynamics, the device has been modeled by
André Rohm in the framework of his Master’s thesis at the Institute for Theoretical
Physics at the Technische Universitéit Berlin. Detailed descriptions can be found in
[81]. His microscopically based multi-rate equation model will be briefly introduced
and subsequently the obtained results will be discussed. A detailed description of the
model can be found in [81, 82].

Mlustrations for the following theoretical description are given in Fig.3.26a, b.
The charge-carrier density of the two-dimensional carrier reservoir is given by wy
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Fig. 3.26 a Sketch of energy band structure of a QD with a dot-in-a-well structure with QD state
occupation probabilities pp n, wp QW carrier reservoir density as well as scattering processes with
scattering rates S ,, and optical transitions. b Sketch of the Gaussian probability mass function f
of an inhomogeneously broadened QD ensemble distributed into jj,4x subgroups. The subgroups
are separated into groups of optical active f.s; and inactive fonres QDs. ¢ Modeled time constant
T with respect to the device current given in units of the ES laser threshold current for different
dominating carrier capture paths. a and b are redrawn after [81, 83]. The data in ¢ are kindly
provided by André Rohm, Technische Universitit Berlin and are redrawn after [81]
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with b € {e, h} for electrons and holes. The occupation probability of the QD states is
described by pp, ,, withm € {G S, E S} denoting the QD GS and ES. The model takes
into account direct capture from the carrier reservoir into the QD states as well as
carrier relaxation between the QD states. The corresponding scattering rates S, and
S gel are microscopically calculated taking into account Auger-scattering processes
and a detailed balanced condition. In this microscopic approach, the relaxation rates
scale dynamically with the reservoir carrier density. The GS relaxation rate of the
electrons (holes) is about 5-40 (25-200) times faster than the direct capture rate at
reasonable operating currents for applications [83].

The inhomogeneous QD ensemble broadening is accounted by distributing the
QDs into j,,, subgroups. A Gaussian probability mass function f(j) describes the
ratio of QDs within the j** subgroup in relation to the total number of QDs. The
subgroups are divided into fractions f, with x € {res, nonres} of QDs optically
resonant f,.; and non-resonant f,,ues = 1 — fres to the ES lasing. A ratio of 50 %
was found to fit experimentally obtained data of QD lasers [84]. The set of material
rate equations are then given by

d J :
D cap
Ewb = 5 — Ripsswewp —-N¢ szmfxsb,m,x’
— S——
x,m
7‘7 QW losses scattering
) | o (3.4)
~ Pb =-W, P Ph + Scap :t_SrEl -
m,x — m Me,m,x s, x
dt , b.m,x U, b.x GS=+ ot st ’
0D losses ES=
B R stimulated
scattering recombination

with J: pump current density per layer, €p: vacuum permittivity, R;,: effective
reservoir loss rate, N2P: QD density per layer, v,,: QD degeneracy excluding spin
(vgs = 1, vgs = 2), W,,: spontaneous recombination rate. The stimulated emission
term is given here by

apzx _ zgm,x

8t - 20 f NQD (pe,m,x + ph,m,x - 1)N,5hs (35)

st

with g,,, x: gain coefficient, N": photon density per QD layer. The QW charge-
carrier density is thus increased by carrier injection (CI) and decreased by scattering
into the QD states and general losses. The occupation probability of the QD states is
decreased by general QD losses and stimulated recombination as well as increased
by scattering from the carrier reservoir into the QD states. In addition, the occupation
probability of the QD GS is increased by scatting from the QD ES and the occupation
probability of the ES is reduced correspondingly. The photon density per QD layer
of the GS N, 5 gl is modeled by a Gaussian pulse whereas the photon density per QD
layer of the ES N} g’ is given by a dynamic equation:
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Né)g — A0674log(2)("/TFWHM)Z’

—Ng;l = (ZQES,res(pE,ES,res + PhES,res — 1) — \Z/j_/)Ngg

dt
stimulated optical (36)
recombination losses

+4NP BWES pe.E5.res P ES.ress

spontaneous emission

with Tpw gy pulse FWHM equal 180 fs, Ay: pulse amplitude, «: cavity loss rate,
(3: spontaneous emission factor.

A simulation of the above described experiment was performed for the resonant
QDs for three different carrier relaxation paths. First, the direct scattering from the
carrier reservoir into the QD GS was neglected resulting in a cascaded refilling of the
GS only. Second, the cascaded GS refilling was suppressed by drastically slowing
the corresponding scattering rates resulting in a predominantly direct-capture-based
refilling of the GS. Third, a mix of both paths was realized by using the microscopi-
cally calculated scattering rates. The modeled GS gain recovery time constant 7 is
plotted in Fig. 3.26¢ in dependence of the current. The evolution of the experimental
and modeled curves are in good agreement whereas the magnitude of the modeled
curves could be adapted by changing all scattering channels with a constant factor
without changing the relation between the different paths. However, the simulated
recovery time constants show no change at the ES lasing threshold similar to the
experiment. Thus, the relaxation path cannot been identified by this experiment.

The results of the GS gain dynamics under a strong ES perturbation allow infer-
ences about the dual state amplification of data signals. The amplification of an opti-
cal data signal on the ES wavelength is therefore expected to introduce minor or nor
signal degradations of a simultaneously amplified data signal on the GS wavelength.

3.6.3 0D ES Dynamics Under GS Perturbation

The identical device described in the previous Sect.3.6.2 was used to get excess
to the QD ES gain dynamics under a perturbation on the GS. The measurements
have been performed by Yiicel Kaptan, Bastian Herzog in the framework of their
dissertation and Master thesis at the Institute of Optics and Atomic Physics at the
Technische Universitit Berlin. The corresponding simulation have been performed
by André R6hm in the framework of his Master thesis at the Institute for Theoretical
Physics at the Technische Universitéit Berlin. Detailed descriptions can be found in
[79, 81, 85].

Time-resolved measurements of the ES emission have been conducted with a
streak camera exhibiting a temporal resolution of 30 ps whereas a pump pulse was
used to abruptly decrease the occupation of the GS. The pump pulse exhibited a
temporal FWHM of 180 fs, spectral FWHM of 17 nm, a repetition rate of 75.4 MHz
and an energy per pulse of about 40 fJ.
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Fig. 3.27 a Experimentally (symbols) and simulated (straight lines) normalized intensity of the
ES emission versus relative time with respect to the GS perturbation for different currents. The
curves are shifted by 0.2 on the y-axis for an improved readability. b Experimentally (symbols) and
simulated (straight lines) reduction of the ES emission and its appearance in time versus the current
normalized to the threshold current. The data of both graphs are kindly provided by Yiicel Kaptan
and André Rohm, both Technische Universitit Berlin

The measured and simulated time-resolved emission spectra are depicted in
Fig.3.27 for currents below, close to and above the ES laser threshold for a GS
perturbation on resonant QDs. The GS perturbation leads for all driving conditions
to a drop of the ES emission due to relaxation oscillations [85]. The depth and tem-
poral position of the peak of this drop is strongly current dependent. Both, the drop
depth and temporal position are determined by the relaxation oscillation frequency
and damping factors [81]. Thus, the largest drop and temporal delay with respect to
the GS perturbation are observed around the threshold current. Additional measure-
ments and simulations performed for GS perturbations on non-resonant QDs show
still a drop which is halved in its depth but the temporal position is nearly unchanged
[85]. For these constellations, the relaxation oscillations have to be caused via the
carrier reservoir. Indeed, the modeled carrier dynamics show that the picosecond
refilling of the depleted non-resonant QD states reduces the carrier density in the
reservoir. The new equilibrium condition results in an effective carrier escape from
the resonant QD states into the reservoir again on a picosecond time scale. Thus,
the system effectively redistributes the carriers from resonate to non-resonant QDs
across the QW barrier in a picosecond time scale which leads to the experimentally
observable relaxation oscillations.

The conclusions out of these results for the realization of QD-based dual-state
amplifiers are restricted. On the one hand, the slow relaxation oscillations do not
appear in amplifiers and the peak of the spectral-resolved photon density in the
waveguide is usually smaller than in laser cavities. Additionally, amplifiers are usu-
ally driven in deeper saturation than lasers, which improves the ES dynamics. The
obtained relatively slow ES dynamics is therefore limited by the special device design
and cannot be transferred to amplifier dynamics.

On the other hand, the results also demonstrate a significant coupling of resonant
and non-resonant QDs via the carrier reservoir which is of course a non-negligible
factor for multi-channel and/or multi-state amplification. Pump-probe experiments
in non-lasing devices obtained for all combinations of GS and ES gain recoveries and
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perturbations published in [61] showed a slow ES gain recovery of up to 100 ps for
unsaturated ES gain bias conditions. But a slow GS gain recovery can be observed
for the unsaturated GS ASE emission as well, e.g. see Fig.3.25. In contrast, a much
faster ES gain recovery is observed for bias conditions pushing the ES emission close
to saturation [57]. Indeed, the simulations also show a very fast gain recovery for the
ES [81].

In conclusion, a fast gain recovery of both QD states and a decoupling of different
QD sub-ensembles can be predicted for QD amplifiers if both states are saturated
and the carrier reservoir is highly populated.

3.7 Summary

This chapter gave an overview of the fabrication as well as basic and dynamic char-
acteristics of QD SOAs. First, the QD SOA design was introduced, in particular the
p-i-n-diode structure, the realization of light guiding structures and the suppression
of the cavity. Subsequently, the QD SOAs used throughout for characterization in
the following chapters have been introduced.

QD SOAs exhibit excellent fiber-to-fiber gain values of up to 25.5 dB correspond-
ing to chip gain values as large as 34.5 dB. A 3-dB ASE bandwidth of more than
20 dB is found for all SOAs with the largest bandwidth of 34 nm. A concept of a
sectioned QD SOA was realized preventing the onset of ASE lasing. In contrast to
standard single-section QD SOAs, the sectioned SOA offers a gain increase of 4 dB
corresponding to a very large chip gain of 39.5 dB, but at the expense of a reduced
gain bandwidth down to 10.7 nm. The gain is limited at larger currents for most of the
QD SOAs chips by the thermal conductivity to the sub-mount. Hence, the QD SOAs
characterized in this thesis provide promising chip characteristics, but the mounting
technology has to be improved to access their full performance. Fiber-to-fiber noise
figures down to 8.6 dB are found corresponding to excellent chip noise figures of
4.1 dB.

A comparison with commercially available QD and QW SOAs yields comparable
chip gain values but lower fiber-to-fiber gain values due to the relatively high coupling
losses. Additionally, the 3-dB ASE bandwidth was found to be smaller due to the
gain dip between the QD GS and ES wavelengths. However, both states can be
used for amplification of signals with a spectral separation of 100 nm which will be
demonstrated in Chap. 7.

The last part of the chapter presented the emission and amplification of the
two QD states in terms of polarization dependence and carrier dynamics. The GS
ASE emission exhibits a TM-TE polarization ratio in the order of 18 dB whereas
the ES ASE emission offers a reduced ratio of about 7.5 dB. QD SOAs exhibit
very fast gain recovery of both QD states, and low self-phase modulation. Further-
more, the inhomogeneously broadened QD ensemble provides decoupled dynamics
for currents saturating the QD emission and highly populating the carrier reser-
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voir. Hence, QD SOAs are predestined for ultra-fast signal processing as well as
single-, multi-channel and multi-state amplification of both, amplitude and phase-
coded signals.
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Chapter 4
Introduction to System Experiments

The subsequent chapters in this thesis will demonstrate the suitability of QD-SOAs
for generation, amplification and wavelength conversion of digital data signals coded
in different physical properties of an optical wave. System experiments are widely
used to test optoelectronic devices for optical communication applications under
system-like operation. That means, that a defined digital test pattern is first converted
from the electronic domain to the optical domain and transmitted (called: signal gen-
eration); secondly transmitted across a fiber span, amplified and/or processed and
thirdly reconverted to the electronic domain and evaluated (called: detection). This
chapter gives an introduction to the fundamentals of system experiments addressing
in detail all three processes. Section 4.1 starts with an overview of the test patterns
and modulation formats being relevant for this thesis. Subsequently, Sect. 4.2 dis-
cusses various configurations of test setups for the amplifier characterization and
defines important terms and parameters. In addition, different transmitter and re-
ceiver types are introduced for various modulation formats. Section 4.3 discusses
different methods and parameters used for evaluation of the signal quality. Finally,
Sect. 4.4 addresses the input power dynamic range (IPDR) which is one important
key parameter for optical amplifiers.

4.1 Test Pattern and Modulation Formats

This section first introduces the electrical test pattern used in this thesis and discusses
its characteristics. Subsequently, optical modulation formats are introduced.
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4.1.1 Pseudo-Random Bit Sequences

Particular well-defined bit sequences are used under laboratory conditions as they
provide comparability and repeatability. Commonly a pseudo-random binary se-
quence (PRBS) (partially also called pseudo-random bit sequence) is used for test
setups of two level modulation formats, such as OOK or binary phase-shift keying
(PSK). The PRBS is a deterministic sequence and is specified by its degree x. A
PRBS-x! has a length of 2* — 1 bits. Such a sequence can be generated for example
with a shift register [1, 2]. A PRBS-x has the following characteristics [2, 3]:

e The PRBS-x contains all possible x-bit long words precisely once, except the
word formed either only by zeros or ones.> The 2* different words are given by
permutations of zeros and ones.

e The PRBS-x contains 2*~! ones and 2*~! — 1 zeros or vice versa.

e The frequency spectrum has a sin’(y)/y shape — with zero points at multiples
of the bit rate — formed by discrete frequencies. The frequency density increases
with increasing degree and the lowest frequency is given by bit rate - (2° — 1)~}
and decreases with increasing degree.

e The derivation of a PRBS is again a PRBS. This is important for differential
detection as no special pre-coding is required for the test setups.

e Interleaving two equal PRBS shifted by [(2¥ — 1)/27 bits to each other results
in the identical PRBS with the doubled bit rate. This can be used to simulated
multiplexing data streams.

Typically, a PRBS-31 is used for system experiments as it is close to the character-
istics of real traffic which is usually coded to restrict the maximum number of zeros
and ones [3]. However, due to memory limitations of the measurements devices® or
due to AC-coupling of electronic components, often PRBSs with a reduced degree
are used. Most common are PRBS with the length of 2! — 1 (PRBS-15).

4.1.2 Modulation Formats

In digital optical communication, the logical channel (bit stream) is coded in the
physical properties of an optical carrier wave, such as amplitude, phase, frequency
and momentum, according to the used modulation format. This is called modulation
channel. Multiple modulation channels can be interleaved in time (time division mul-
tiplexing, TDM), frequency (wavelength division multiplexing, WDM, orthogonal
frequency-division multiplexing, OFDM) and/or polarization [4-8].

I'This notation is used throughout this thesis instead of PRBS 2* — 1.
2The standard is typically, that the word formed only by zeros is missing.

3Recording a complete PRBS-31 requires a very fast 2 GB memory whereas a PRBS-23 requires
only 8 MB memory [3].
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A long time, simple two-level amplitude (or intensity) modulation, so called on-
off keying (OOK) or sometimes two-level pulse amplitude modulation (PAM-2),
was the dominating modulation format in optical communication systems [9]. Up to
certain bit rates, this format is easy and cheap to generate via direct modulated lasers
and to detect via simple direct detection. The increasing number of users, network
capacity, transmission rate and required network flexibility first lead to a partial
replacement of direct modulated devices by e.g. Mach-Zehnder modulator (MZM),
due to bandwidth and performance limitation of the directly modulated lasers. In the
next step, more advanced modulation arouse the interest, as they offer on the one hand
performance and multiplexing improvements [9-11]. More important, they offer the
capability to increasing data rates while keeping or even lower the required electrical
bandwidth of the components which is an important cost factor.

Amongst others, advanced modulation formats include multi-level-amplitude
modulation (PAM), x-phase-shift keying (PSK) modulation and m-ary amplitude-
phase modulation (quadrature amplitude modulation, QAM). This thesis is focused
on the generation and amplification of clear amplitude and phase-coded signals.
Thus, only this formats are introduced in the following paragraphs whereas an intro-
duction to the complete zoo of modulation formats can be found e.g. in [5, 6, 8, 9]
or on Wikipedia.com [12].

In general, the modulated signal can be described as a complex carrier wave with
a time dependent modulated amplitude and phase. Plotting the wave field in the
complex plane with the real and imaginary field axes whereas neglecting the fast
carrier amplitude oscillation results in the commonly used constellation diagram
or IQ diagram. The real and imaginary axes are commonly called the in-phase (I)
axis and the quadrature (Q) axis, respectively. Figure 4.1 sketches the constellation
diagram of two and four-level amplitude and phase-coded signals. The signal vector
is described by the vector magnitude and angle corresponding to the amplitude and
phase. The information is presented by the scatter points (symbols) whereas the
transition between the symbols are described by a change of the magnitude and/or
angle of the field vector in the complex scatter diagram.

(a) OOK (b) PAM-4 (c) 2-PSK (d) QPSK
Q Q Q IQ

- - - — - - - - _— - — — —

Fig. 4.1 Constellation diagram for various modulation formats. The symbols in the constellation
diagram are represented by the circles whereas each symbol codes one or two bits. The transition
between the symbols is sketched by the arrow except for the PAM-4 in which the transitions are
omitted for the sake of clarity
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For OOK modulated signals, the data are coded in low and high amplitude level
often called space and mark level representing a logical zero and one, respectively.
In contrast, the bits are coded in two different phase states e.g. 0 and 7 for 2-PSK
modulated signals. Coding two instead of one bits per symbol doubles the number
of required symbols. As a result, the bit rate is doubled while keeping the required
symbol rate. The corresponding amplitude and phase-shift keying formats are called
PAM-4 and quadrature phase-shift keying (QPSK).

Two types of OOK modulated signals are used within this thesis, i.e. non-return-to
zero (NRZ) and return-to zero (RZ) signals. The amplitude returns always to the space
level between the symbol slots for RZ patterns whereas it returns for NRZ signals
only to the space level if the subsequent symbol lies on the space level as sketched in
Fig. 4.2. Thus, RZ symbols are shorter than NRZ symbols for comparable symbols
rates. If the uncoded temporal space between the RZ symbols is smaller than halve
the symbol distance, two symbol streams can be place into each other as sketched in
Fig. 4.2c. This OTDM is one advantage of RZ signals whereas NRZ signals require
half the spectral bandwidth and are thus preferable for WDM [9].

4.2 Principles of Optical Test Setups

Setups for system experiments resemble parts of a transmission link. A typical optical
test setup comprises a transmitter, inline components and a receiver as sketched in
Fig. 4.3. The transmitter (Tx) converts the electrical data signal into the optical
domain and transmits it to the line. The receiver (Rx) reconverts the signal back into
the electrical domain and analyzes the signal quality. All components in-between the
transmitter and receiver are summarized here as inline components, namely: power
splitter, wavelength multiplexer and demultiplexer, fiber span, amplifier, etc.

In this thesis, three different inline scenarios are distinguished. Firstly, the back-
to-back (BtB) configuration is used to characterize the transmitter-receiver setup in
terms of signal quality and can be used as a reference. Secondly, inline amplification
is required to compensate losses caused by other components, such as fiber spans
and power splitters. Thirdly, wavelength converters are used to convert the informa-
tion from the input wavelength to another wavelength provided by a new source.
Altogether, inline components usually reduce the signal quality e.g. by adding noise,
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dispersion, channel crosstalk and nonlinear effects.* Hence, the signal quality avail-
able at the receiver inputis reduced in comparison to the BtB reference for comparable
receiver input power levels. The different setup parts will be discussed in more detail
in the following.

4.2.1 Transmitter

The transmitter converts the electrical data signal into the optical domain either by
directly modulating an optical source, or by external modulation of the emission
of a continuous wave source. Depending on the modulation format the external
modulation is realized by phase modulators, Mach-Zehnder modulators (MZMs),
IQ-modulators (see Fig. 4.4) or directly modulated semiconductor devices, such
as electro-absorption modulators (EAMSs) or SOAs. Within this thesis, the unique
properties of QD-SOAs are used to demonstrate the directly modulated generation
of phase-coded signals in Chap. 5. All tested amplification and wavelength conversion
scenarios in Chaps. 6, 7 and 8 are based on the signal generation using modulators.
Therefore, this introductory section will concentrate on the modulator-based signal
generation.

Modulators commonly comprise a material whose refractive index depends on
a local electric field, such as lithium niobate. Using this concept, the phase of an
optical wave passing the material can be controlled by an external voltage applied
to the material. This represents a phase modulator. Imbedding the material in a
Mach-Zehnder interferometer structure, the output power of the MZM can be con-
trolled by changing the voltage and thus the phase in one or both paths of the inter-
ferometer. A detailed review of common lithium niobate modulators can be found
in [13]. A typical MZM transfer function is sketched in Fig. 4.4.

“4Indeed, components regenerating the signal quality are available too, but will not be considered
here.
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Fig. 4.4 a Sketch of different modulator types. b Transfer function of a single drive and dual-drive
MZM with marked modulation ways for different modulation formats. Open circles mark the DC
voltage whereas closed circles mark the final bit levels

Amplitude modulated signals are usually generated by aligning the DC voltage
in one of the arms to half the maximal transmission output power and modulating
both interferometer paths with the inverse voltage, whereas the modulation swing is
adjusted to modulate between the maximum and minimum possible output power.
2-PSK modulated signals can be generated either with a phase modulator or MZM,
whereas the latter usually offers a better performance. For PSK signals, the MZM
DC voltage is aligned to the minimal output power and both interferometer paths
are modulated with the doubled voltage in comparison to the OOK modulation. The
resulting optical output has two possible states with equal power but with a phase
difference of 7, whereas the transition between the states runs through the minimal
output power (see Fig. 4.1c). Using a phase modulator instead, the transition takes
place on a circle without an amplitude change (not sketched in Fig. 4.1c). QPSK
modulated signals could be generated using a phase modulator, but are commonly
generated using an IQ-modulator, which is realized by two MZMs imbedded in super
MZM structure. A more detailed description of all modulators and their modes of
operation can be found e.g. in [14]. The modulated signal is finally often booster
amplified.

4.2.2 Applications of Amplifiers

Optical amplifiers are divided into linear and nonlinear amplifiers. The former is
characterized by large gain and large saturation output power levels and is typically
used for signal amplification.

Linear amplifiers are subdivided into booster, inline and pre-amplifiers, depending
on their position within the transmission link (see Fig. 4.3). Booster amplifiers are as-
signed to the transmitters and are designed for large output power levels at moderate
input power levels. Inline amplifiers shall compensate inline losses caused by other
components and are often cascaded in networks with a longer reach. Hence, these am-
plifiers are commonly designed with large gain and low noise. Finally, pre-amplifiers
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are placed in-front of the detection and have to provide sufficient large output power
for the subsequent photodiodes, even for very low input power levels.

System experiments for characterization of linear optical amplifiers typically use
a variable optical attenuator (VOA) in front of the amplifier to investigate the signal
quality in dependence of the input power levels. This allows to specify the input
power dynamic range (IPDR), which is the key parameter of optical amplifiers for
amplification of data signals amongst other static parameters like gain and gain
bandwidth or noise figure. Hence, the IPDR is introduced separately in Sect. 4.4 and is
characterized for various modulation formats and wavelength channel configurations
in Chaps. 6 and 7.

In contrast to linear amplifiers, nonlinear amplifiers are optimized for low satu-
ration output power levels. Hence, even moderate input power levels are sufficient
to drive the amplifier in the gain saturation regime to benefit from nonlinear effects
like four-wave mixing (FWM) or crossgain modulation (XGM). This is exploited
for example for all-optical wavelength conversion (AOWC) further introduced in
Chap. 8.

4.2.3 Receivers

The receiver processes (e.g. amplifies) and converts the optical signal into the electri-
cal domain, processes the electrical signal and finally evaluates the signal quality in
dependence of the receiver input power P, or optical signal-to-noise ratio (OSNR).
Different receiver types are used within this thesis depending on the modulations
format, see Fig. 4.5. All three receivers feature an optical pre-amplifier stage which
allows a shot-noise limited detection of the photodiodes, which is achieved by keep-
ing the optical power at the photodiodes constant on the optimal values independent
of the receiver input power (P,..). A detailed description of shot-noise limited de-
tection and receivers can be found for example in [15-17].
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Fig. 4.5 Sketch of three different receiver types used to detect different modulation formats. BER
biterror ratio, EVM error-vector magnitude, FSR free-spectral range, A/x A/x-plate, LO local os-
cillator, PB polarization beam splitter
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OOK signals are converted using a pre-amplified direct detection. These receivers
are the simplest and cheapest receivers as they usually consist of a fast photodiode
and possibly a subsequent electrical amplifier.

Phase-coded signals require an optical processing before detection because the
square law direct detection is insensitive to the optical phase. The optical signal
processing converts the phase modulation into an amplitude modulation. Two re-
ceiver types are used in this thesis, i.e. differential and coherent detection receiver.

Differential Detection

The differential detection receiver is based on a delay interferometer (DI) in which
one arm delays the optical signal with respect to the other branch [18]. This delay
is characterized by the free-spectral range (FSR). The FSR equals the symbol rate
and thus one beam is time delayed by one symbol duration with respect to the other.
The two beams interfere. The DI processes both, the amplitude and phase whereas
the phase difference is transformed to an amplitude modulation. The differential
detection receiver evaluates the phase of the current symbol whereas the phase of the
previous symbol is used as the reference. Thus, the data have to be coded as a symbol
difference and the formats are than called differential phase-shift keying (DPSK) and
differential quadrature phase-shift keying (DQPSK). The two output ports of the DI
are normally detected with a balanced detector suppressing the DC component of
the signal. For 2-PSK signals, the balanced detection offers a doubled level distance
with respect to a single-ended detection of only one of the ports and an improved
receiver sensitivity [19].

In contrast, a balanced detection is mandatory for QPSK signals. A detailed the-
oretical description of the DI can be found e.g. in [18]. The DI operation can be
illustrated graphically by a projection line pinned to the point of origin in the 1Q-
diagram. All symbols and transitions are projected onto this line. The angle of the
projection line is aligned by fine tuning of the delay, i.e. phase, between the DI arms
on the order of the carrier wavelength. For 2-PSK signals, the processed output can
be obtained at angles of 0° or 180° at which the projection line is parallel to the
[-axis. QPSK signals show in addition a processed signal at angles of 90° or 270°
(compare Fig. 4.1). QPSK signals are fully characterized by measuring two angles
with a 90° difference. These two measurements are called tributaries in this thesis.

Coherent Detection

In contrast to the differential detection receiver, the coherent detection receiver uses
a stable narrow linewidth continuous wave local oscillator (LO) as a reference to
recover the full electric field of the signal [20]. A 90° optical hybrid is used to mix
the signal twice with the LO whereas the LO is shifted in one case by 90° [21, 22]. As
aresult, the 90° optical hybrid provides four optical output ports with two respectively
are balanced detected as sketched in Fig. 4.5. The resulting photo currents /;(¢) and
I (t) along the I and Q-axis, respectively, can be described as

I1(t) o</ |As* |ALol cos [05(t) — 0o (D],
Io(t) o</ 1A |ALo*sin [0s(t) — 0L0(D)],

4.1)
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with O and 0 o: phase of signal and LO, Ag and A} o: amplitude of signal and LO
[22]. If both photo currents are known, the complex amplitude of the signal /. can
be retrieved according to [22] by:

I.(t) = I; (1) +i Ip(2). 4.2)

Thus, the amplitude and phase modulation of the signal can be retrieved using digital
signal processing (DSP). The coherent detection receiver is a very complex receiver as
it requires e.g. DSP or phase-locked loops [20, 22]. However, the coherent detection
receiver offers the largest flexibility since it can be used to detect various modulation
formats and it offers in addition the best receiver sensitivity [15].

All receivers perform a signal quality evaluation which will be discussed in the
next section. The coherent detection receiver including the signal quality evaluation
is called optical modulation analyzer (OMA).

4.3 Signal Quality Evaluation

The previous section introduced modulation formats and the basics of setups used
for system experiments, in particular receiver setups. In this section, three methods
for evaluation of the signal quality are discussed based on different receivers.

4.3.1 Bit-Error Ratio

Various parameters have been developed as a figure of merit of the signal quality in
optical test setups. The fundamental and finally only precise method is the bit-wise
comparison of the electrical data input of the transmitter and the electrical data output
of the receiver. The electrical receiver usually interprets the data stream by setting a
decision level (or multiple e.g. for PAM-4) between the symbol levels and into the
center of the symbol duration. The decision level is then used to decide for every
received symbol whether it is above or below the decision level. The data stream is
thus digitized. In case of a multi-level modulation format, the symbols are decoded
into respective bits. The errors of the received bit stream are obtained by comparison
with the known transmitted bit sequence. As a figure of merit, the bit-error ratio
(BER) is defined as the number of wrong received bits divided by the total number
of received bits.

BER = M

(4.3)

total

The BER is measured as a function of the receiver input power (P,.) and/or the
optical signal-to-noise ratio (OSNR) (see Fig. 4.3). At very low P, the receiver is
not able to detect the signal. Increasing the P,.. decreases the BER as long as the



©
=

4 Introduction to System Experiments

(a) (c)

o = penalty =

E P Y % OSNR receiver
@3 [

2 7

g o]

9
Prec (dBm) OSNR (dB) Prec (dBm)

Fig. 4.6 Tllustration of the bit-error ratio (BER) in a double logarithmic scale over the logarithmic.
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OSNR s increased,” and hence improves the signal quality. At very large P, the
BER increases with increasing P, due to overload effects [23]. A range of acceptable
system performance can be defined in-between the two regimes in dependence of
the required BER values [16].

Depending on the application scenario, different maximal acceptable BER levels
are defined. For optical communication transmission experiments BERs of 10712
and 1077 are typically defined as “error-free” for short (up to a few hundred meters)
and long (hundreds of km) transmission links, respectively. A statistically reliable
estimation of the BER requires at least 100 counted bit errors [17]. Assuming a data
rate of 10 Gb/s it would require a measurement time of 107 / 10 / 10* s to prove a
BER of 1073 /1072 /1072,

Applications using error correction codes, such as soft- or hard-decision forward-
error correction (FEC), accept even larger BERs around 103 because the algorithm
corrects the received BER to values below 1012 [17, 20, 24-27]. However, only the
low P, side will be discussed in the following.

Figure 4.6a illustrates a typical BER measurement in dependence of the P,.., the
so called BER curve. Assuming an optimized transmitter and a shot-noise limited
receiver, the reduction of the P, results in a lower input power of the optical pre-
amplifier sketched in Fig. 4.3. Assuming a linear gain, the amplified signal output is
thus linearly reduced whereas the ASE remains constant or even increases. Accord-
ingly, the optical signal-to-noise ratio (OSNR) is decreased with decreasing P as
sketched in Fig. 4.6¢. Increasing the P, increases the OSNR until it saturates to the
receiver input OSNR. According to [29] the OSNR is defined similar to the noise
figure sketched in Fig. 2.5 (page 23) in logarithmic units as

4.4)

Pi 7 W
OSNR [dB] = 10 logg ( signal [MW] ) '

ASE, 0.1 nm, at signal wavelength [I’l’lW]

S5This is only valid for optically pre-amplified receivers as the optical amplifier changes the OSNR
in front of the detection.
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The BER depends linearly on the P, in the double-log over log plot if a reduc-
tion of the P, reduces only the received optical signal-to-noise ratio (OSNR) [28].
Introducing components in-between the transmitter and receiver can cause losses
and degrades the signal quality e.g. due to noise adding, chirp, nonlinear effects,
dispersion and patterning.

If the components cause only losses, the OSNR in front of the receiver remains
constant whereas the receiver input power is reduced. Hence the BER curve with and
without the component lay on each other but the maximal available P, and OSNR
are reduced. In contrast, the BER curve will be shifted in case of degradation and
larger receiver input power levels values are required to achieve a comparable BER
level. The change of required receiver input power or OSNR is called penalty and
is marked in Fig. 4.6a, b exemplary at a BER of 10~ and 1073, A positive penalty
represent a larger required receiver input power or OSNR and thus represents a
decrease of the signal quality.

When the OSNR starts to saturate, the BER curve as a function of the receiver input
power changes to a nonlinear slope. A further increase of the P, has diminishing
returns on the BER due to the limited OSNR and finally an error-floor appears
within the measured BER range. Taking into account that the OSNR is limited and
not infinity, an error-floor can always be observed as long as the measured BER is
low enough [17]. Several signal degradation, such as patterning, can also lead to a
nonlinear slope of the BER curve in dependence of the OSNR whereas the adding of
noise results in a penalty but still a linear slope. For the sake of completeness, it should
be mentioned that the BER curve can be also shifted towards lower required P, or
OSNR in particular cases, if the signal is regenerated which can be implemented by
various configurations [30-33].

A BER measurement results in a number representing a clear statement whether
the transmission is acceptable or not. The penalty between BER curves allow an
interpretation of the signal degradation but the origin of the signal degradation has
to be determined by other means. Performing eye diagram measurements and/or
recording constellation diagrams give another access to the signal characteristics.
Both will be discussed in the following.

4.3.2 Eye Diagram and Q-Factor

Eye diagrams represent a visualization of the signal waveform. They are generated
by sampling the received data stream and overlaying different symbol slots in a single
diagram [34]. An exemplary eye diagram is shown in Fig. 4.7. The above mentioned
decision level for the BER measurements will be set in the center of the eye opening.

Signal degradations are directly visible in the eye diagram. Usually, two main
OOK signal degradation are caused by optical amplifiers, both sketched in Fig. 4.8.
On the one hand, the amplifier adds ASE to the signal and thus noise. On the other
hand, a gain recovery slower than but still on the order of the symbol period results in
the nonlinear gain regime into a gain of a given symbol in dependence of preceding
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Fig. 4.8 The optical amplification of an a ideal input pattern will cause two main signal degrada-
tions. b A fast and/or linear amplifier adds noise to the signal due to the ASE and causes a broadening
of the space and mark level distribution. ¢ In addition, a slow amplifier driven in the nonlinear gain
regime provides gain in dependence of the preceding bit(s) resulting in a broadening of the mark
level

symbol(s). This effect is called patterning and describes a memory effect of the gain.
An increase of the signal noise results in an increased broadening of both levels and
the transitions between the levels. In contrast, pattern effects result in a reduced eye
opening due to a broadening of the mark level. For purely phase-coded signals® no
pattern effects can be observed as the signal magnitude remains constant. However,
similar phase disturbing effects can be observed if the amplifier shows a time and
symbol depended slow phase recovery as discussed in detail in Sects. 2.1 and 3.6.

Various characteristics, such as jitter, extinction ratio and Q-factor, can be ex-
tracted from an eye diagram characterizing the signal quality. However, in this thesis
only the Q-factor will be used and is thus introduced. A definition of all other para-
meters can be found in e.g. [16, 34]. The Q-factor’ describes the ratio of the eye size
to the noise [34-36] and is defined as

Mmark — Mspace
= Hmark = Hspace (4.5)
Omark + O space

6Please remember, the phase-coded signal can also exhibit amplitude changes in the symbol tran-
sitions as explained before.
7Q stands for quality.
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with figace and fiuq: mean value of the space and mark level, oy and opq:
standard deviation of the space and mark level. This definition assumes a Gaussian
distribution of the noise and neglects other level broadening effects. A rough esti-
mation of the BER can be calculated from the Q-factor [34, 36] by

_ Ll (L

The calculated BERs become less accurate for increasing level broadening effects
beside a Gaussian noise distribution, such as patterning. Consequently, calculated
BER from Q-factors have to be taken with care, since they are just a rough estimation.

4.3.3 Error-Vector Magnitude

Using the coherent detection receiver, the constellation diagram can be obtained. The
constellation diagram contains the scatter points (symbols in the 1Q-plane) and all
transitions between the symbols and thus represents another type of visualization of
the signal. Figure 4.9 sketches various constellation diagrams with different signal
degradations exemplary for a QPSK signal. An ideal signal provides tiny scatter
points representing well defined symbols. Adding noise to the signal results in an
symmetric increase of the measured distribution of the scatter points. In contrast,
signal degradation only influencing the phase and amplitude results in a broadening
of the measured distribution of the scatter points along the circle and radius, respec-
tively. Thus, the constellation diagram enables to distinct between signal degrada-
tions occurring from phase or amplitude distortions whereas BER measurements for
example obtained by the differential detection receiver cannot distinguish between
them.

The deviation of the current measured symbol from the expected ideal symbol
position yields the error vector as sketched in Fig. 4.10. The error vector is determined
by contributions of the IQ phase error and the IQ magnitude error. As a figure of merit,
the error-vector magnitude (EVM) is introduced describing the effective distance of

i Ph Magnitud
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Fig.4.9 Sketch of constellation diagrams of a ideal configuration as well as degraded signal quality
due to b noise, ¢ phase degradation and d magnitude degradation
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Fig. 4.10 Sketch of the complex signal field in the 1Q diagram for the definition of the EVM
describing the effective distance of the received from the ideal symbol

the received from the ideal symbol [37]. The EVM of N transmitted symbols is given
by the square root of the averaged EVMs of each received symbol normalized to the
largest ideal constellation vector magnitude | Eijear, ,,,ax| [37, 38]:

VI/N 3L EVM;
|Eideal, max| 4.7
with EVMl - |EErmr Vector, i|2 - \/(I error)2 + (Q 61’1"0}")2.

Similar to the Q-factor, the BER can be estimated from the EVM if additive white
Gaussian noise dominates the EVM value [37].

4.4 Input Power Dynamic Range for Optical Amplifiers

Section 4.2.2 gave an overview of applications of optical amplifiers in optical com-
munication systems. Section 4.3 introduced the evaluation of the signal quality. This
section introduces a parameter that characterizes the performance of optical ampli-
fiers with respect to the signal quality.

The optical input power into an amplifier varies with the application and the final
network design. The amplifier has to amplify the signals within a specified range of
input power levels with a specified performance. This ensures a large applicability
of the amplifier. Hence, the quality of the amplified signal has to be characterized
in dependence of the optical input power into the amplifier and the results have
to be classified. The according figure of merit is the input power dynamic range
(IPDR) [39]. It is defined as the range of input power in which the obtained BER is
below a specific BER level:
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Fig. 4.11 Sketch of a BER or EVM and b P, penalty in dependence of the amplifier input power
level P;,. The signal a quality and b degradation is better and smaller, respectively, than a specific
value x within the IPDR

IPDR [dB] = Pyg [dB] — Py, [dB]. (4.8)

Commonly the “error-free” BER level of 10~ and the FEC BER limit of around
1073 are used as threshold levels. As the measured BER depends on the receiver
input power, the receiver input power has to remain constant for all measurements.
Typically, the receiver is operated 10 dB above the system sensitivity threshold [39],
i.e. 10 dB above the receiver input power (called here P!°%®) at which the BtB

rec

measurement achieved the BER threshold. The obtained BtB BER at the P0dB
represents the best achievable signal quality, i.e. lowest BER, for this system as long
as no signal regenerate occurs. An exemplary IPDR measurement is sketched in
Fig. 4.11a. The IPDR is limited towards low power levels by the low OSNR, i.e.
noise. At high power levels, the IPDR is limited by nonlinear signal degradation,
such as patterning or phase distortions. A theoretical discussion of the IPDR for
amplitude and phase modulated signals can be found for example in [40].

BER characterizations require typically costly equipment and require a long time
to be performed, particular at low BERs. Hence, Q-factor and EVM measurements are
often preferred as they require significantly low measurement time but at the expense
of accuracy as the attributed BER is based on statistical assumption. However, the
decisive Q-factor or EVM thresholds are chosen according to the BER levels.

The above described IPDR is based on a constant receiver input power. Taking into
account that a network usually contains several cascaded amplifiers over a complete
transmission distance it could be more interesting to investigate the signal degradation
directly in dependence of the input power, i.e. by the P, or OSNR penalty with
respect to the BtB configuration. In this case, the IPDR is defined as the power level
range in which the penalty at a specific BER is lower than a defined penalty value.
The upper limit of the acceptable penalty per amplifier dependence on the application
and the network and determines the power budget of the network. Penalties of 0.5,
1 or 2 dB could be defined.

Commonly, Q-factor and EVM-based IPDR are characterized using the first
discussed method whereas BER-based IPDRs are characterized using the second
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method. The results obtained for both IPDR definitions are usually not directly com-
parable. Hence, both definitions will be comprehensively investigated and compared
in Sect. 6.2.
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Chapter 5
Concept of Direct Phase Modulation

This chapter! presents a concept of low-cost generation of phase-coded signals using
a directly modulated QD-SOA. The concept exploits the unique decoupling of phase
and gain dynamics of QD-SOAs. The basic idea and possible applications will be
discussed in Sect. 5.1. The setup and the device under test are introduced in Sect. 5.2.
Subsequently, Sect.5.3 presents the experimental results. Finally, Sect. 5.4 summa-
rizes and classifies the results.

5.1 Introduction and Concept

Directly modulated emitters are extensively used in optical communication networks
as they simplify the network architecture, reduce the overall investment and main-
tenance costs. In long-haul transmission systems, directly modulated emitters are
gradually replaced by a combination of continuous wave emitter and modulator due
to the limited performance of directly modulated devices at ultra-high and speed
high dense optical communications systems. However, in low cost optical commu-
nications systems like access networks (ANs) directly modulated devices are pre-
dominantly used. As the number of users and nodes and consequently wavelength
channels are increasing especially in fiber-to-the home (FTTH) systems, a flexible
network design is preferable as this could reduce the maintenance costs.

One possibility to enhance the flexibility of a network architecture is to realize a
color-less or color-free up- and down-stream operation in passive optical networks
[1-4]. In such networks, the up-stream wavelength of each optical network termi-
nation (ONT) is not defined by the ONT emitter but by the central office. Different
approaches based on lasers, amplifiers and modulators have been demonstrated, e.g.

IParts of this chapter have been previously published in [1, 2]. 1: Zeghuzi 2015a; 2: Zeghuzi 2015b.
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Fig.5.1 Sketch of a color-free up-stream based on directly modulated SOAs in the ONT transmitter.
ONT 1 is based on a standard SOA imbedded in a loop whereas ONT 2 is based on a reflective
SOA (R-SOA). A-splitter: arrayed waveguide grating

in [1-3, 5, 6]. A very simple approach is the use of a directly modulated SOA
as sketched in Fig.5.1. This can be realized either by a reflective SOAs (R-SOA)
exhibiting one highly reflecting facet or by a standard SOA imbedded in a loop [4].
These operation was demonstrated for OOK signals e.g. in [7-9]. Howeyver, in com-
parison to OOK signals phase-coded signals, such as DPSK, offer a reduced OSNR
requirement and are more robust to fiber nonlinearities [10, 11].

The separation of charge-carrier energy levels into optically active QD transitions
and higher energy levels forming a carrier reservoir leads to a unique decoupling of
phase and gain dynamics in QD-SOAs as discussed in Sects.2.3 and 3.6. Indeed,
larger QD-SOA drive currents lead to a saturated QD emission and a highly popu-
lated reservoir which results in a decoupling of the real and imaginary parts of the
susceptibility as introduced in Sect. 2.1.2. A modulation of the current results in a
change of the reservoir carrier density but has no or negligible influence on the occu-
pation of the QD state(s) as long as the modulation does not underrun the saturation
current. The change of the carrier density results in a refractive index change which
can be probed by an optical wave. Hence, the phase of an optical input signal can be
manipulated at the QD-SOA output by changing the carrier density via direct modu-
lation. Within the linear gain regime, the optical wave is amplified with a negligible
amplitude modulation but experiences a phase modulation.

5.2 Setup and Device Under Test

The setup is depicted in Fig. 5.2. The transmitter source is given by an external cavity
laser (ECL) emitting at a wavelength of 1296 nm. The continuous wave optical signal
is injected into the device under test (DUT) with its polarization being aligned to the
TE axis. A variable optical attenuator (VOA) in front of the QD-SOA allows to adjust
the optical input power level. The QD-SOA is contacted with a high-frequency probe
head in signal-ground configuration. A DC current of 125 mA is superimposed with
an electrical NRZ PRBS-7 signal generated by a 56 Gb/s bit-pattern generator (BPG)
and applied to the DUT. The amplified and modulated QD-SOA optical output signal
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Fig.5.2 Sketch for the setup for direct DPSK modulation. BPG: bit-pattern generator, ECL external
cavity laser, EA error analyzer, MZM Mach-Zehnder modulator, PC polarization controller, PD
photodiode, OD-SOA quantum-dot semiconductor optical amplifier, PDFA praseodymium-doped
fiber amplifier, Sa Osci sampling oscilloscope, SMF single-mode fiber, TF wavelength tunable filter,
VOA variable optical attenuator

is wavelength filtered using a wavelength tunable filter (TF) with a FWHM of 2nm
to prevent ASE loading of the receiver amplifiers.

The performance of the signal generation is tested in BtB configuration. The
receiver input power is varied using a VOA in front of the receiver. The multi-
format receiver contains an optical pre-amplifier stage and subsequently two dif-
ferent receiver types. The first PDFA is driven in constant gain mode whereas the
second PDFA is operating in a constant output power mode, which ensures a con-
stant averaged optical power on the photodetectors. A TF with a FWHM of 2nm is
used in-between the two amplifiers to suppress the ASE input into the second PDFA.
An optical switch is used to detect the signal with one of the two receivers. The
direct detection receiver is used to characterize the remaining amplitude modulation
whereas the differential receiver is used to demodulate the phase-modulated signal.

The direct detection receiver comprises a 50 GHz photodiode (PD) and the sig-
nal quality is evaluated with eye-pattern measurements using an 80 GSa/s real-time
oscilloscope exhibiting an analog bandwidth of 32 GHz.

The differential receiver comprises a delay interferometer (DI) and a subsequent
50GHz photodiode (PD). The DI’s free-spectral range (FSR) equals the symbol
rate. A balanced detection as described in Sect.4.2.3 would increase the receiver
sensitivity by about 3dB. The signal quality is evaluated with BER measurements
using a 53.5 Gb/s error analyzer (EA) as well as eye-pattern measurements using the
same real-time oscilloscope as for the direct detection receiver.

Device Under Test (DUT)

The DUT for the generation of phase-coded signals is the 2 mm long QD-SOA No. 1
(see page 39). The ASE peak is observed at a DC current of close to 150 mA at a
wavelength of 1296 nm. At this wavelength, the ASE emission varies by only 0.6 dB
when changing the current to 100 or 200 mA. This reduction is predominantly caused
by device heating induced shift of the ASE peak wavelength. This power variation is
expected to be even smaller for a modulated current because the modulation speed
in optical communication systems is much faster than thermal effects in semicon-
ductors. At a current of 150mA, the device offers a small-signal fiber-to-fiber gain
of 8.5dB as well as a 3-dB saturation input power of 4.1 dBm.
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5.3 [Experimental Results

The optimal modulation point for the generation of directly modulated phase-coded
signals, i.e. DC current and modulation amplitude, is given as a trade-off between
different effects. On the one hand, a low DC current results in an unsaturated GS
emission and consequently in a significant amplitude modulation. However, a large
DC current causes device heating induced gain reduction and hence a lower signal
quality at the receiver. On the other hand, a small modulation amplitude causes
only a small variation of the carrier density and thus a small phase shift. Large
modulations amplitudes increase the phase shift but can push the device out of the
saturated regime resulting into amplitude modulation of the optical output signal. A
suppressed amplitude modulation but significant phase modulation is expected from
the DC characterization within a current range of about 100-200 mA.

For a DC current significantly below 100mA and a modulation speed of 6 GBd,
a disturbed OOK eye diagram was measured using the direct detection receiver. For
currents above 100mA no eye could be observed but still an amplitude modulation
is observed as exemplary depicted in Fig.5.3c for a modulation speed of 10 GBd.
However, the generation of a 10 GBd phase-coded signal via directly modulating a
QD-SOA is proved by measuring an open eye diagram at the delay interferometer
(DI) output port 1, depicted in Fig. 5.3a. But no eye could be observed simultaneously
at the DI port 2 as depicted in Fig. 5.3b. Changing the phase setting of the DI by 180°
inverts the observed behavior of the DI ports, i.e. port 2 shows an open eye and
port 1 not. This behavior was observed for all tested combinations of DC current,
modulation amplitude and modulation speed.
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Fig. 5.3 Eye diagrams of the 10 GBd directly modulated phase-coded signal generation recorded
ata DI port 1, b DI port 2 and ¢ the direct detection pass. The P, was set to the BER threshold of
1077
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Fig. 5.4 Simulated detection of a DPSK signal using direct detection receiver and differential
detection receiver. The differential receiver is simulated in single-ended detection independent for
DI port 1 and port 2. The DPSK signal is simulated with a 120° and 180° phase change, both (left)
without and (right) with a simulations amplitude modulation. The FSR of the DI equals the symbol

rate. In presence of an amplitude modulation, DI port 1 exhibit two mark bit levels whereas port 2
shows only one mark level. All figures share the same legend

Influence of Amplitude Modulation on the DI Output

A simple simulation of the DI was performed to analyze the origin of the above
described effect. The simulation takes a carrier wave field and modulates the phase
and amplitude with a data signal without any bandwidth limitation. The modulated
signal is either directly detected using a square-law detector or interferes with its
one symbol delayed copy and both DI output ports are detected using square-law
detectors. The bandwidth of real detectors is simulated by stepwise integration over
a temporal interval (corresponding to the symbol rate), which simply filters out the
fast carrier oscillation. The simulated results are shown in Fig.5.4.

Starting with no amplitude modulation, the directly detected signal shows of
course no modulation whereas both DI output ports exhibit clear space and mark
levels. The extinction ratio is given by the phase change and reaches its maximum
at 180°. A balanced detection is possible in this configuration and would result in
an increased eye opening. Taking into account an additional amplitude modulation,
different behaviors of the DI output ports are observed. Port 2 experiences only
a reduction of the extinction ratio between mark and space level whereas port 1
experiences in addition a splitting of the mark level. A balanced detection would
result in a decreased eye opening in comparison to a single ended detection of port 2.

Comparing directly detected eye diagrams for a symbol rate of 10 and 25 GBd
depicted in Figs. 5.3c and 5.5c¢, the remaining amplitude modulation is damped with
increasing symbol rate as indicated by the reduced amplitude swing. In consequence,
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Fig. 5.5 Eye diagrams of the 25 GBd directly modulated phase-coded signal generation recorded
ata DI port 1, b DI port 2 and ¢ the direct detection pass. The P, was set to the BER threshold of
1077

the demodulated DI output shows a significantly improved eye diagram, i.e. demon-
strated by the reduced space level variation (compare Figs. 5.3a, 5.5a).

In consequence, the experimentally observed behavior presumably results from a
residual amplitude modulation of the QD-SOA. This could be reduced by decreas-
ing the modulation amplitude which would also reduce the phase change and thus
decrease the extinction ratio.

The differential detection processes only phase changes occurring between two
subsequent symbols. According to Sects.2.3 and 3.6, the effective time constant of
the reservoir includes all carrier relaxation processes. This effective time constant
is slower than the time constant of the current RF-signal transition induced adia-
batic chirp in the reservoir. Consequently, the differential detection processes only
those fast contributions to the total phase change within the reservoir. The remaining
amplitude modulation especially at lower symbol rates could result into problems
even for larger symbol rates like 25 GBd when using larger PRBS length.

Experimental Results

The optimal DC current and modulation amplitude for the direct phase modulation
were adjusted by optimizing the eye diagram as well as the BER. A DC current of
125mA and a modulation peak-to-peak voltage of 3V were identified. BER mea-
surements were performed for a fixed QD-SOA optical input power of —5dBm
and for increasing symbol rates from 10 to 25 GBd. All BER curves are shown in
Appendix C. The BER curves are evaluated in terms of receiver input power P
penalty at a BER of 10~ (error-free) and 10~ with respect to the lowest symbol rate
of 10GBd. Doubling the symbol rate for an ideal transmitter-receiver setup would
result in a 3-dB receiver input power P,.. penalty as the ideal receiver requires a
constant received energy per symbol for comparable BERs. The penalty for a real
non-ideal transmitter-receiver system is usually larger due to bandwidth limitations
of the transmitter and/or receiver. The penalties are plotted in Fig. 5.6a.

The error-free generation of a phase-coded signal is achieved up to a symbol rate
of 25 GBd. The receiver input power penalty is about 6.6 and 2.7 dB larger than the
reference for a BER of 107 and 1073, respectively. The penalty follows the reference
up to a symbol rate between 15 and 20 GBd which presumable corresponds to the
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Fig. 5.6 Receiver input power Py.. penalty versus a the symbol rate and b the QD-SOA optical
input power level. The optical input power was fixed to —5 dBm while scanning the symbol rate and
the symbol rate was fixed to 20 GBd while scanning the optical input power level. The QD-SOA
was driven in all case with a DC current of 125 mA. The penalty was determined at a BER of 107
and 1073 with respect to the curve marked with “Reference”

small-signal modulation bandwidth of the QD-SOA. Nevertheless, despite the not
optimized RF design, 25 GBd phase-coded signal generation is demonstrated for the
first time.

At a given symbol rate of 20 GBd, the dependence on the input power level is
investigated by changing the input power levels within a range of —11 to 3dBm. The
recorded BER curves (see Appendix C) and are evaluated in terms of receiver input
power penalty with respect to the optimal input power of —2dBm. The penalties
are plotted in Fig.5.6b. A penalty below 1dB can be observed for QD-SOA input
power levels from —8 to 3 dBm for both evaluated BER levels of 10~ and 1073. A
further reduction of the input power to —11dBm leads only to a slight increase of
the penalty at a BER of 10~ whereas the penalty is larger than 5dB for a BER of
10~? caused by an error-floor. Hence, an error-free phase-coded signal generation is
demonstrated within an input power range of more than 14 dB.

5.4 Summary

This chapter presented a QD-SOA-based concept for color-free low-cost generation
of phase-coded signals. This concept has the potential to simplify the network archi-
tecture, improve the reliability, reduce the costs and possibly the energy consumption
in comparison to alternative color-free configurations like OOK-based directly mod-
ulated SOAs or combinations of standard MZM or phase modulators with amplifiers
required to overcome the modulator losses.

An error-free directly modulated QD-SOA has been demonstrated for the first time
for phase-coded signal generation up to a symbol rate of 25 GBd. So far, DFB laser
have been used to demonstrate up to 16 GBd directly modulated DPSK generation
[12, 13], whereas SOAs have demonstrated only directly modulated OOK generation
up to 10GBd [7-9, 14]. Furthermore, error-free 20 GBd generation has been shown
for input power levels within a range of more than 14dB (—11 to 3dBm) whereas



100 5 Concept of Direct Phase Modulation

the QD-SOA has offered a fiber-to-fiber gain of up to 8 dB. A minor receiver input
power penalty of 1dB has been found within an input power range of at least 12 dB.

Hence, the proof of concept is given up to excellent symbol rates of 25GBd
demonstrating the suitability of directly modulated QD-SOAs for low-cost color-
free networks realized with phase-modulated signal.
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Chapter 6
Signal Amplification

According to the introduction to future all-optical networks in Chap. 1, the individual
customer premises are bidirectionally connected via access networks (ANs) to a
central office, which are part of metropolitan area networks (MANs). Due to the
desired increase of devices and longer reach, future all-optical ANs and/or converged
MANSs require SOA-based linear signal amplification [1-7]. In addition, a higher
data rate is requested leading to the demand for either an increased symbol rate
of OOK modulated signals or for the use of advanced modulation formats keeping
the symbol rate but encoding multiple bits per transmitted symbol [5, 8]. Indeed,
multiple modulation formats could be used in the same network to address individual
requirements of the users. Hence, SOAs have to deal with various modulation formats
and various symbol rates in multi-channel configurations to ensure flexible network
architectures.

The gain bandwidth of the amplifier determines the number of supported wave-
length channels and/or the channel spacing and thus the total network capacity. Within
the O-band, the standards are defined with bandwidths from 20 up to 100 nm, e.g. [9].
A gain per wavelength channel larger than 10 dB (20 dB) is sufficient to extend the
network reach by 29 km (57 km)' or to increase the power splitting ratio e.g. from
1:16 to 1:128 (1:1024). But, gain and gain bandwidth are connected as discussed
in Sect.3.5.1. Hence, the amplifier is designed as a trade-off between both proper-
ties, taking into account the requirements of the network. Furthermore, the optical
amplifiers have to cope with data streams with various input amplitudes given by
the specific topography of each network. For example, miscellaneous channels pro-
vided by the individual customer premises exhibit different amplitude levels due to
individual reaches or losses of the respective transmission line.

ITaking into account the O-band SMF loss of 0.35 dB/km discussed in Chap. 1.
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The range of input power levels in which the amplification allows an error-free
transmission is called input power dynamic range (IPDR) and was introduced in
Sect.4.4. A larger IPDR allows a higher flexibility of the network architecture. The
error-free definition depends on the modulation format and network implementation.
Throughout this thesis, a BER of 10~ and 10~ (using forward-error correction
(FEC)) will be used. The IPDR is thus the key parameter of the SOA for amplification
of data signals with different amplitude levels amongst other static parameters like
gain and bandwidth or noise figure. The IPDR is limited for low power levels by
the amplifiers noise and for large input power levels by nonlinear effects. The IPDR
is studied within this chapter for amplitude and phase-coded signals in single and
multi-channel configurations.

The main issue for multi-channel transmission is the crosstalk between the chan-
nels at high input power levels describing the influence of other channel(s) on the
signal performance of one channel. The crosstalk is particularly important for optical
amplifiers as gain and phase dynamics of the gain media are determined by all wave-
length channels. Within the linear gain regime, the crosstalk is expected to be low.
But large SOA channel input power differences can still cause significant crosstalk
on channels exhibiting a low input power. In addition, the crosstalk becomes strong
in the nonlinear gain regime for a total input power — summed over all channels —
significantly exceeding the 3-dB saturation input power. Indeed, the crosstalk within
the slight nonlinear gain regime depends on the gain and phase dynamics of the gain
material. QD SOAs have been demonstrated to show only small crosstalk even in the
nonlinear gain regime, e.g. [§, 10—13].

Hence, this chapter’ is focused on the IPDR for QD-SOA-based amplification
of amplitude and phase-modulated signals in single and multi-channel configuration
with per channel symbol rates of up to 80 GBd per wavelength channel. In detail, this
chapter is organized as follows: Sect. 6.1 presents the amplification of multi-channel
high symbol rate OOK signals, in particular the IPDR in single and multi-channel
configuration. Section6.2 first addresses the amplification of DPSK and DQPSK
modulated signals in single-channel configuration, in particular the IPDR. In this
context, the influence of the receiver type as well as the corresponding definition of
the IPDR are discussed. Subsequently, the results of DQPSK amplification in the
presence of a neighboring OOK channel are presented and discussed.

6.1 On-Off Keying (OOK) Signals

OOK modulated AN and MAN exhibit the most simple optical transmitter and
receiver architecture and are thus preferred from the investment cost point of view
up to per channel symbol rates of 20-40 GBd. However, even per channel symbol

Zparts of this chapter have been previously published in [1-4]. 1: Schmidt-Langhorst 2010;
2: Schmeckebier 2011; 3: Meuer 2011; 4: Zeghuzi 2015b.
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rates up to 100 GBd, generated and demultiplexed via OTDM, can be interesting in
particular cases.

IPDR investigations of SOAs with different gain media have been published e.g.
in [8, 13-16] for OOK signals with various data rates. Typically, a significantly
enlarged IPDR for QD-based SOAs has been observed mainly due to the strongly
reduced pattern effects at larger input power levels. Hence, this section is focused
on the amplification of OOK modulated signals with a high symbol rate of 80 GBd.
The signal quality of the 80 GBd OOK signal is studied in absence and presence
of three neighboring 40 GBd OOK channels in dependence of the QD SOA input
power levels whereas the signal quality in case of bypassing the QD SOA serves as
a reference. Thus, the IPDR in single and multi-channel configuration is compared.
The collaborative measurements have been performed at the Fraunhofer Institute for
Telecommunications Heinrich-Hertz Institute (HHI).

Setup
Figure 6.1 depicts the setup used to investigate the QD-SOA-based four-channel
OOK amplification.

The 80 GBd RZ OOK data signal is based on a hybrid mode-locked laser (HMLL)
emitting optical 1.5 ps broad pulses with a repetition rate of 10 GHz and a spectral
center wavelength of 1310 nm. The HMLL output is amplified twice using two
QW SOAs and in-between the pulse comb is two times multiplexed. The resulting
40 GHz pulse comb is modulated using a MZM which is driven by a 40 Gb/s NRZ
OOK PRBS-31 generated by a BPG. The modulated 40 GBd RZ output is optical
time-division multiplexed (OTDM) to an 80 GBd (80 Gb/s) RZ-OOK signal. This
signal is finally booster amplified using a PDFA to ensure a large range of possible
optical input power levels at the QD SOA.
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Fig. 6.1 Setup sketch for the multi-channel 80 GBd OOK amplification measurements. BPG bit-
pattern generator, EA error analyzer, ECL external cavity laser, ETD DEMUX electrical time-domain
demultiplexer, HMLL hybrid mode-locked laser, M UX multiplexer, MZM Mach-Zehnder modulator,
OSA optical spectrum analyzer, OTDM optical time-division multiplexing, QW SOA quantum-well
semiconductor optical amplifier, PC polarization controller, PD photodiode, PDFA praseodymium-
doped fiber amplifier, PWM power meter, Sa Osci sampling oscilloscope, TF wavelength tunable
filter, VDL variable delay line, VOA variable optical attenuator
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The three 40 GBd NRZ OOK data signals are based on the output of three indi-
vidual ECL emitting at a wavelength of 1300, 1305 and 1315 nm, respectively. The
laser emissions are combined and their polarization is aligned equally. The combined
signals are amplified using a commercial QW-SOA and afterwards modulated by a
MZM which is driven by an inverted 40 Gb/s NRZ OOK PRBS-31 generated by
the equivalent BPG. The three modulated 40 GBd (40 Gb/s) NRZ OOK signals are
booster amplified using a PDFA to enable a large range of the QD SOA input power
levels.

The 80 GBd RZ and the three interfering 40 GBd NRZ channels are combined and
injected into the QD SOA under test with their polarization aligned to the TE axis.
Two VOAs in front of the QD SOA enable various combinations of the per-channel
input power of the 80 GBd signal and the interfering 40 GBd signals. The 40 GBd
channels are intentionally NRZ modulated as well as are not time-delayed to each
other. This represents a worst-case scenario for the device under test (DUT) with an
enhanced crosstalk configuration on the 80 GBd channel.

The amplified QD SOA output signal to be analyzed by the receiver is chosen by
two cascaded TF exhibiting a FWHM of 3 nm. Filtering out the 80 GBd channel, the
three 40 GBd interfering channels are suppressed by more than 24 dB (see Fig. 6.2¢).
The receiver contains an optical pre-amplifier stage and a subsequent 3-dB splitter
whose output ports are connected to PDs. 10% of the first PDFA’s output power
is used to evaluate the OSNR using an OSA. A TF with a FWHM of 3nm is used
in-between the two amplifiers to suppress the ASE input into the second PDFA. The
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Fig. 6.2 Gain of the 80 GBd OOK signal in the absence (“single-channel”) and in the presence
(“multi-channel”) of the three 40 GBd OOK interfering signals versus the a total output, ¢ total
input power, b per-channel output and d per-channel input power. The SOA current was 900 mA.
The diagrams a—d share the same legend. e shows input and QD SOA output spectra before and
after filtering exemplary for a total input power of 0 dBm. The spectra are normalized to the 80 GBd
signal peak power
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second PDFA is operating in a constant output power mode, which enables a constant
averaged optical power on the 50 GHz PDs. The non-zero dispersion of the PDFAs
results in a pulse broadening with finally a FWHM of 2.7 ps.

The signal quality is evaluated for the 40 and 80 GBd signals with eye-pattern
measurements using a 70 GHz sampling oscilloscope. In addition, the 80 GBd signal
quality is evaluated by BER measurements using a 1:2 electrical time-domain demul-
tiplexer (ETD DEMUX) and a subsequent EA. The BER of the two demultiplexed
40 GBd (40 Gb/s) tributaries are measured timing the variable delay line (VDL) in
front of the receiver. The 80 GBd BER is obtained by averaging both 40 GBd BER
for equal OSNR values. The receiver input power and thus the OSNR is varied using
a VOA in front of the receiver.

Device Under Test (DUT)

The DUT is the 4 mm long QD SOA No. 6 (see page 43). The QD SOA drive current
has to be chosen as a trade of between the maximal available gain and a fast gain
recovery due to device heating induced gain reduction at larger currents [11, 17].
Therefore, a current of 900 mA was chosen here. At this current the ASE peak
emission is red-shifted to 1324 nm and decreased by 4 dB with respect to a current
of 600 mA.

Figure 6.2a—d depicts the QD SOA fiber-to-fiber gain of the 80 GBd signal in the
absence and in the presence of the three interfering 40 GBd channels. For a more
detailed discussion, the gain is plotted versus the per-channel and total (sum over
all channels) input and output power. Of course, in absence of the three interfering
channels, the total and per-channel power levels are equal.

The 80 GBd signal gain plotted versus the total power is comparable for single- and
multi-channel configuration (Fig.6.2a, c). Plotting the gain versus the per-channel
power, the gain saturation is shifted towards lower per-channel power levels in the
multi-channel case. The linear gain, total 3-dB saturation input P/*, and output power

sat
P24 for the 80 GBd signal are independent of the interfering channels and are
measured to be 15.5 dB, 0.1 dBm and 12.6 dBm, respectively. In contrast to that,
the per-channel 3-dB saturation input P!" and output power P2 are reduced by
6 dB to —5.8 dBm and 6.8 dBm, respectively, in the multi-channel case. This 6-dB
reduction corresponds to the reduction of the per-channel input power P;, to /4 of

the total input power.

Experimental Results

The 80 GBd as well as an exemplary 40 GBd OOK QD SOA input eye diagrams
(BtB configuration) are depicted in Fig.6.3a, b for the maximal available OSNR.
The eye diagrams of the other two 40 GBd channels are identical to that shown in the
figure and are thus not shown. All input eyes are clearly open and show thin mark
and space levels.
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Fig.6.3 Eyediagrams of a one exemplary 40 GBd OOK signal at a wavelength of 1300 nm and b the
80 GBd OOK signal, both in BtB configuration. The other two 40 GBd channels at a wavelength of
1305 and 1315 nm exhibit identical eye diagrams. Eye diagrams of the QD SOA amplified 80 GBd
signal for a comparable per-channel input power level of —6 dBm in the ¢ absence (“1 channel”’) and

d presence (“4 channels”) of the three interfering 40 GBd channels. All eye diagrams are measured
at the maximal available receiver OSNR. The QD SOA drive current was 900 mA

Two exemplary eye diagrams of the amplified 80 GBd signal are shown in
Fig.6.3c, d in single and multi-channel configuration for the same per-channel
QD SOA input power level of —6 dBm. The total input power is increased by 6 dB in
the multi-channel case. In single-channel configuration, the amplified eye diagram is
comparable to the input eye diagram. In comparison to the single-channel case, the
eye diagram in the presence of the three interfering 40 GBd signals exhibit a slight
broadening of the transitions and the mark level. This is caused on the one hand by
the reduced gain and consequently the reduced maximal available receiver OSNR.
On the other hand, a small pattern induced crosstalk appears because the total input
power of 0 dBm reaches the 3-dB saturation input power and, thus, the mark level
exceeds it by 3 dB.

The 80 GBd OOK BER measurements are listed in the Appendix C. The signal
quality of the three 40 GBd signals have been verified but will be not discussed here
in detail because the crosstalk on the 80 GBd channel is the strongest. The BER
curves of the QD SOA amplified 80 GBd signal are evaluated in terms of OSNR
penalty with respect to the BtB BER curve at a BER of 10~ and 10~*. The penalties
are plotted in Fig. 6.4 with respect to the total and per-channel QD SOA input power
levels.

A maximum OSNR penalty of 1.3 dB can be observed for the single-channel
amplification for input power levels from —12 to 6 dBm. The penalty variation
within this input power variation is small and nearly flat. Especially on the large-
power side, the penalty is still small even for power levels far beyond the QD SOA
3-dB saturation input power of 0.1 dBm. Even for these very large QD SOA input
power levels no significant patterning appears. Taking 2 dB penalty as a reference,
the IPDR of the single-channel 80 GBd signal amplification is larger than 18 dB.

The 80 GBd multi-channel penalties show a large dependence on the QD SOA
input power at a BER of 10~°. The penalty for the lowest total input power of —6 dBm
(per-channel —12 dBm) is only slightly larger than for the single-channel configura-
tion. But the penalty significantly increases above 2 dB for the next measured larger
total input power of 0 dBm (per-channel —6 dBm) which is equivalent to the total
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Fig. 6.4 OSNR penalty of the amplified 80 GBd OOK signal at a BER of a, b 107 as well as
¢,d 10~ in the absence (“single-channel”) and in the presence (“multi-channel”) of three interfering
40 GBd channels. The OSNR penalty is plotted versus the a, ¢ total QD SOA input power as well
as the b, d per-channel input power. BER limits that have not been reached due to an error-floor
are plotted at penalties labeled with “>7”, and the connection to the measured penalties are dashed
and the color is brighter. The characteristic of this connecting line is not valid and they are plotted
to improve the readability as well as to symbolize the limit

3-dB saturation input power. For even larger input an error-floor appears and finally,
the BER limit of 10~ is exceeded for the largest tested per-channel input power of
0 dBm (total power 6 dBm).

Taking into account the broad homogenous linewidth (FWHM) of the QDs at room
temperature of around 10 meV (14.0 nm at a wavelength of 1.32 um) [18, 19] almost
all three interfering signals used for this experiment lay within the homogenous
linewidth of the QD providing the largest gain to the 80 GBd signal amplification.
Hence, the observed signal degradation is presumable dominated by XGM on the
QD GS levels. Addressing with each signal a QD subensemble which is not overlap-
ping with the other subensembles could reduce the crosstalk. However, the crosstalk
is weaker resulting in a large IPDR than for QW and bulk SOAs [8, 15, 20].

In contrast to the error-free threshold, the penalties for a BER limit of 10~* are
much less effected and are below 2 dB except for the largest total input power of
6 dBm (per-channel 0 dBm). Even for this large total input power the penalty remains
moderate with a value of 2.3 dB. Hence, the signal quality at a BER limit of 10~
suffers from cross-gain induced crosstalk which starts to appear at around the 3-
saturation input power. The signal quality at a BER limit of 10~* is more robust to
the crosstalk effects.

Conclusion

In conclusion, the results demonstrate that the fast QD SOAs gain dynamics enable
error-free 80 GBd RZ OOK single-channel amplification without pattern effects
with a linear fiber-to-fiber gain of up to 15.5 dB and a QD SOA input power of
6 dBm far beyond the 3-dB saturation input power. The IPDR is found to be larger
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than 18 dB limited by the measurement span. In addition, the crosstalk of three
interfering 40 GBd NRZ OOK channels neighboring the 80 GBd channel in a Snm
grid is found to be minuscule for input power levels within the linear gain regime.
For larger input power levels around and even above the 3-dB saturation input power
of 0.1 dBm, the crosstalk is increased, but still an error-free performance is proved
for per-channel input power levels up to —3 dBm. Hence, QD SOAs are expected
to be key components for future multi-wavelength-channel-based 400 Gb/s systems
with a per-channel data rate of up to 100 Gb/s using OOK.

6.2 Differential (Quadrature) Phase-Shift Keying
(D(Q)PSK) Signals

The previous sections covered the QD SOA amplification performance of amplitude
modulated signals. This section treats the amplification of phase-modulated signals.
In contrast to amplitude modulated signals, phase-coded signals cannot be detected
directly. Instead, an optical and/or electrical processing is required to recover the
phase of the optical signal. Phase sensitive receivers are thus more complex and
consequently more expensive than direct detection receivers. The larger investment
costs will be compensated by the improved performance and especially in case of a
coherent detection receiver by a larger flexibility of the network in terms of scalability
of the modulation format.

Phase-coded signals make lower demands on the performance of optical amplifiers
than amplitude coded signals. Patterning can be neglected as the signal amplitude
changes at least only for symbol transitions. However, this short amplitude changes
can lead to a small variation of the carrier density and thus to a phase distortion
as described by the « factor. Section6.2.1 presents the basic setup and the device
under test used for all D(Q)PSK measurements shown in this thesis. Subsequently,
Sect. 6.2.2 presents QD SOA input power dynamic range (IPDR) results for DPSK
and DQPSK modulated signals. Section 6.2.3 discusses the influence of an interfering
OOK channel on a DQPSK in dependence of the input power of both signals.

6.2.1 Basic D(Q)PSK Setup and Device Under Test

The basic setup for all D(Q)PSK measurements in this thesis is sketched in Fig. 6.5.
It is built of a 40 GBd D(Q)PSK transmitter, the DUT and a multi-format receiver.
The precise setups of “inline 1” and “inline 2” vary depending on the measurement
focus and are explained individually in the corresponding chapters.

The 40 GBd D(Q)PSK transmitter is based on an ECL emitting at a wavelength
of 1308.5 nm (amplification) or 1311 nm (wavelength conversion in Sect. 8.4). Both
wavelengths are chosen according to the QD SOA ASE GS peak emission, whereas
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Fig. 6.5 Basic setup sketch for the D(Q)PSK signal amplification and wavelength conversion.
Depending on the measurement the gray colored boxes “inline 1” and “inline 2” vary and are
explained individually in the corresponding sections. The EA and RT-Osci were used only in one of
the receivers at the time. BD balanced photo detector, BPG bit-pattern generator, DD MZM dual-drive
Mach-Zehnder modulator, DI delay interferometer, EA error analyzer, ECL external cavity laser,
MZM Mach-Zehnder modulator, OSA optical spectrum analyzer, OMA optical modulation analyzer,
0D SOA quantum-dot semiconductor optical amplifier, QW SOA quantum-well semiconductor
optical amplifier, PC polarization controller, PD photodiode, PDFA praseodymium-doped fiber
amplifier, Sa Osci sampling oscilloscope, TF wavelength tunable filter, VDL variable delay line,
VOA variable optical attenuator

the slight wavelength change for different applications is attributed to the available
wavelength filters. The transmitter consist of a modulator cascade instead of an 1Q-
modulator, due to lack of commercially available O-band IQ-modulators. The output
of the ECL is modulated using a dual-drive Mach-Zehnder modulator (DD MZM)?
and a subsequent phase modulator. The electrical PRBS-7 data signals are generated
by a 56 Gb/s BPG and are boosted, reshaped and retimed using two 56 Gb/s digital
flip flops. The two outputs of flip flop 1 which are inverted to each other are used
to drive the DD-MZM. The variable delay lines (VDLs) in front of the DD-MZM
enable a fine tuning of the zero delay between the two DD-MZM input ports on
the order of a few hundred femtoseconds. The optical output of the DD-MZM is a
40 GBd DPSK signal.

For generation of DQPSK signals, one output of flip flop 2 is used to drive the
phase modulator. The VDL in front of the phase modulator is used to tune the delay
between the optical and electrical input signals. The delay is chosen to be 108 bits
for one of the DQPSK tributaries. This ensures that all transitions of the DQPSK
signal are included. For DPSK signal generation, flip flop 2 is switched off. In case
of multi-channel amplification, the 40 GBd OOK interfering channel is generated by
modulating the amplified output of an ECL emitting at a wavelength of 1303.5 nm.
The MZM is driven by the amplified second output of flip flop 2. This transmitter
is only used in Sect.6.2.3 and is switched off otherwise. Further components of

3This modulator is designed for the C-band but also operates in the O-band. But the device shows
an increased wavelength dependent performance within the O-band in terms of e.g. extinction ratio.
Due to a lack of commercial O-band DD-MZMs, this device is used.
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the transmitter(s) like booster amplifiers, filters and signal combiners are part of
“inline 1" and will be explained in detail in the corresponding sections.

The signal(s) are injected into the QD SOA with their polarization being aligned
to the TE axis. Further components of the DUT like ASE suppressing filters for the
amplification case or signal selecting filters for wavelength converters are part of
“inline 2”. Additionally, inline 2 can also contain inline components following the
QD SOA, like wavelength channel selection filters for the receiver.

The receiver input power and thus the received OSNR is varied using a VOA in
front of the receiver. The multi-format receiver contains an optical pre-amplifier stage
and subsequently three different receiver types. The first PDFA is driven in constant
gain mode whereas the second PDFA is operating with a constant averaged output
power, which enables a constant averaged optical power into the three receivers. A
TF with a FWHM of 2 nm is used in-between the two amplifiers to suppress the ASE
input into the second PDFA. 10 % of the output power of the first PDFA is used to
evaluate the OSNR using an OSA. Depending on the signal modulation format one
of the three following receivers is used to evaluate the signal quality.

The direct detection receiver is used to detect OOK modulated signals (used only
for multi-channel amplification presented in Sect. 6.2.3). It comprises a 50 GHz PD.
The signal quality is evaluated with BER measurements using a 53.5 Gb/s EA as
well as eye-pattern measurements using an 70 GHz Sa Osci.

The differential detection receiver comprises a delay interferometer (DI) and a sub-
sequent 50 GHz balanced photo detector (BD). The signal quality is evaluated with
BER measurements and eye measurements similar to the direct detection receiver.
The differential detection receiver is used to measure BERs down to values of 10~'2
and eyes of D(Q)PSK signals without offline processing.

In contrast, the optical modulation analyzer (OMA)*-based coherent detection
receiver is used to measure constellation diagrams, EVMs and BERs down to 1077
of D(Q)PSK signals with offline processing algorithms. If not explicitly stated dif-
ferently, the coherent detection receiver is used throughout this thesis always with
a software equalizer (EQ) to overcome bandwidth limitations of the transmitter and
receiver. The settings of the EQ are chosen by an algorithm included in the OMA
software,” that minimizes the EVM for the D(Q)PSK signals in BtB configuration
over 99 symbols. The EQ settings are fixed after the algorithm has converged. All
measurements with amplifiers are performed with the identical EQ settings like for
the corresponding BtB configuration to display the influences. For each change of
the BtB configuration, like wavelength or modulation format (DPSK to DQPSK),
the algorithm is restarted.

4Due to lack of commercial available OMAs operating in the O-band, the world’s first O-band
OMA was developed and assembled at the Technische Universitit Berlin by Dejan Arsenijevi¢ and
Holger Schmeckebier and the support of Kylia and Keysight Technologies.

S«Keysight N4391A Software Optical Modulation Analyzer” version 4.1.11.17934 ©Keysight
Technologies.
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Fig. 6.6 Modification of the basic D(Q)PSK setup shown in Fig. 6.5 to investigate the QD SOA
IPDR for a D(Q)PSK modulated signals. FBG fiber-Bragg grating, PDFA praseodymium-doped
fiber amplifier, TF wavelength tunable filter, VOA variable optical attenuator

This section comprehensively uses both, the differential and coherent detection
receivers as the use of both allow in-depth investigation of phase and amplitude
effects, which are induced by the amplifier.

Device Under Test (DUT)

The DUT is the 5Smm long QD SOA No. 5 (see page 42). At a current of 500 mA,
the SOA offers a peak small-signal fiber-to-fiber gain of 24.0 dB as well as a 3-dB
saturation input and output power of —8.3 and 12.8 dBm, respectively.

6.2.2 Single-Channel (D(Q)PSK) Amplification—IPRD

This section presents first the modification of the basic D(Q)PSK setup followed
by an introduction to the different methods for the IPDR evaluation based on the
differential and coherent detection receiver. Subsequently, the sensitivity of both
receivers are discussed by comparing the different IPDR methods obtained with an
QD SOA. Finally, the IPDRs of D(Q)PSK signal amplification using the QD SOA
are discussed.

Basic D(Q)PSK Setup Modification

In this section, the basic D(Q)PSK setup is modified as sketched in Fig.6.6. The
40 GBd OOK transmitter is switched off. The generated D(Q)PSK signal is booster
amplified in “inline 1” and subsequently wavelength filtered using a 1.6nm broad
FBG in combination with a circulator.® The QD SOA input power can be adjusted
using the VOA in “inline 1”. The QD SOA output is wavelength filtered to suppress
the ASE using a TF with a FWHM of 2nm in “inline 2”.

Measurement Method for the IPDR
The 40 GBd DPSK and DQPSK signals are detected using both, the differential and
the coherent detection receiver.

The differential detection receiver was used to perform BER measurements in
dependence of the receiver input power P,.. without (back-to-back (BtB)) and with
the QD SOA. The BER curves are fitted and the DQPSK BER curves of tributary 1

Detailed information on this setup part can be found in the Appendix B.
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and tributary 2 are averaged (more details see Appendix C). All measurements and fits
are listed in Appendix C. The fitted BER curves are analyzed in terms of P, penalty
at BERs of 10~ and 1073 with respect to the corresponding BtB measurement.

The coherent detection receiver was used to measure the EVM for a given P, or
vice versa. For the DPSK modulation, the receiver input power levels was measured
at an EVM of 23.4 and 30.0 % indicating a BER limit of 10~ and 107, respectively
[21, 22]. Similar, EVMs of 16.4 and 20.0 % were chosen for the DQPSK modulation
indicating a BER limit of 10~ and 2 x 1077, respectively. Please notice, that the
given indication of EVM and BER are only reliable for non-distorted signals.

As introduced in Sect. 4.4, the IPDR is determined for both receivers differently.
In case of the differential detection receiver, the BER value is kept by changing the
receiver input power (P,..). In case of the coherent detection receiver, the P, is kept
while measuring the EVM. The obtain IPDR values differ for both receivers due to the
different definitions but also due to the different detection schema. This section uses
both IPDR methods and, in addition, mixes both methods to enable a comparison and
discussion of both receivers and methods. The following combinations are evaluated:

e P,.. penalty is evaluated at (shown in Fig.6.7):

— Constant BER thresholds using the differential detection receiver (labeled: “dif-
ferential Rx at BER of 107*”).

— At constant EVM thresholds using the coherent detection receiver (labeled:
“coherent Rx at EVM of x %”).

e The EVM is measured for (shown in Fig. 6.8):

— A variable P,.. at which the differential detection receiver achieves a BER of
10~? (labeled: “P,,. variable, set to BER of 107" or short “VP-curves”).

— A fixed P,.. value of 10 dB above the P,.. at which the differential detection
receiver detects a BER of 10~ in BtB configuration (labeled: “fixed P,.. to
differential Rx™).

@ >7ftan DPSK ™ | Differential Rx at @ >7(b) ?' DQPSK ™ Differential Rx at
= .1 1| J——BERof10° | 2 7 : * —e—BERof 10°
2 \ + BERof10° & ! +— BER of 107
2 4 \ Coherent Rx at 2 4 : Coherent Rx at
g sl EVMoi234% & oL T o EVM of 16.4 %
o 2 Y ~ EVMof300% o =y EVM of 20.0 %
[ gy} & -4 ATINe e
R . it Lo . e )
3 20 -0 0 10 30 20 -0 0 10 open symboles =
= - interpolated
SOA input power (dBm) SOA input power (dBm)

Fig. 6.7 Receiver input power P,.. penalty versus the QD SOA input power level for a the DPSK
and b the DQPSK modulated signal. The P,.. penalty is evaluated at different BERs using the
differential detection receiver as well as at different EVMs using the coherent detection receiver.
The DQPSK BER curve recorded at a SOA input power of —15 dBm suffered from error burst
on tributary 2 whereas tributary 1 showed a normal behavior (see Fig.9.7, page 161). BER curves
missing the BER limit of 10~? by about or less than one order of magnitude are interpolated (marked
with open symbols)
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Fig. 6.8 EVM versus the QD SOA input power level for a the DPSK and b the DQPSK modulated
signal. The P, is set differently for the three measured curves. The P, for the curves “Pr,c
variable. . .” were set individually for each QD SOA input power to the value at which a BER of
1072 was achieved using the differential detection receiver (curves called “VP-curve” in text). These
curves illustrates the difference between the two different receiver types. For DQPSK modulated
signal, the point at —15 dBm has been performed at an interpolated Py, (more details see text.). In
contrast, the P,,. for “differential Rx” and “coherent Rx” was fixed to 10 dB above the BtB P,
obtained at a BER of 10~ and at an EVM of a 23.4% and b 16.4 %, respectively. Exemplary ¢
DPSK and d DQPSK constellation diagrams for the BtB configuration and for various QD SOA
P;,,, all measured at a fixed P,,. of ¢ —26.5 dBm and d —20.9 dBm

— A fixed P,,. value of 10 dB above the P,,. at which the coherent detection
receiver detects an EVM of 23.4 % (16.4 %) in BtB configuration for a D(Q)PSK
signal (labeled: “fixed P,.. to coherent Rx”).

The determined BtB Precs and the measured EVMs for the different receiver types
and methods are listed in Table 6.1. The corresponding BtB constellation diagrams for
the DPSK and DQPSK signals are depicted in Fig. 6.8c, d, respectively. Comparing
the BtB DPSK and DQPSK Precs required for a BER of 102 and 1073, the difference
is much larger than the ideal 3 dB. In addition, tributary 2 shows a 2 dB larger P,
at a BER of 10~° than tributary 1 and thus tributary 2 dominates the DQPSK P,
(see Fig.9.7, page 161). This asymmetry is caused either by misalignment of the
DD-MZM drive signals or by the DD-MZM characteristics (not optimized for the
O-band).

IPDR-Based Receiver Comparison

The P,.. penalties of the QD SOA amplified signals are plotted versus the QD SOA
input power (P;,) in Fig. 6.7 for a BER of 10~ and 103 as well as for two different
EVM values. These curves are used to evaluate the QD SOA IPDR based on the
differential detection receiver (measured BER) and based on the coherent detection
receiver (measured EVM).

In the opposite to the P,..-penalty-based IPDR in Figs.6.7 and 6.8 shows the
EVM-based IPDR measurements. The “VP-curve” represents a combination of the
two receivers and two parameters as the BER-based differential detection receiver
forces the P,.. at each individual point set to measure the EVM with the coherent
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Table 6.1 List of modulation format dependent BtB receiver input power P,... and measured EVM
for different receiver types and methods

| Prec (dBm) 'EVM (%)

DPSK

Differential Rx at BER 107° | —30.8 13.8
Differential Rx at BER 1073 -36.9 24.3
Coherent Rx at EVM of 23.4%| —35.5 23.4
Coherent Rx at EVM of 30.0 % | —39.0 30.0
Fixed P,.. to differential Rx —-20.5 7.2
Fixed P, to coherent Rx —-26.5 9.5
DOPSK

Differential Rx at BER 107° | —24.0 11.9
Differential Rx at BER 1073 | =32.0 17.8
Coherent Rx at EVM of 16.4%| —30.9 16.4
Coherent Rx at EVM of 20.0 % | —33.3 20.0
Fixed P,.. to differential Rx —14.0 10.5
Fixed P, to coherent Rx —-20.9 11.1

detection receiver. If both receivers would show a similar dependence on noise and
distortion, these “VP-curves” are expected to be flat.

For DPSK modulation, both receivers show a comparable P,.. penalty of less
than 1 dB with respect to the BtB configuration for moderate QD SOA input power
levels (P;,) of around —9 dBm (see Fig. 6.7a). Similarly, the “VP-curve” in Fig. 6.8a
shows a flat behavior in this region of QD SOA input power levels (P;,). Increasing
the QD SOA P;,, the differential detection receiver shows no P,.. penalty increase
for both BER limits whereas the coherent detection receiver shows a slight increase
(Fig. 6.7a). This behavior can be observed similar but more pronounced for the “VP-
curve” (Fig.6.8a). As a consequence, the performance of the differential detection
receiver seems to be less sensitive to signal distortions which appear at large SOA
input [8].

The coherent detection receiver exhibits a slow increase of the penalty with
decreasing QD SOA input power. The differential detection receiver shows a sim-
ilar behavior for a BER of 10~ whereas it shows a strong increase for a BER of
10~°. Therefore, the EVM-based coherent detection receiver performance seems to
be less sensitive to noisy input signals than the BER-based differential detection
receiver. The “VP-curve” reproduces this behavior by a flat non-increasing EVM. A
proper explanation for the different sensitivities are the different receiver schemes.
The coherent detection receiver on the one hand mixes the input signal with a low
noise optical local oscillator (LO) whereas the differential detection receiver mixes
the input signal with its one symbol delayed copy. The coherent detection receiver
therefore acts more resilient to noisy input signals. On the other hand, the differential
detection receiver compares only one symbol with the next and therefore is less sen-
sitive to phase distortions on a larger time scale than the symbol rate. In contrast, the
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coherent detection receiver experiences the full QD SOA phase recovery dynamics
discussed in the Sects.2.3.2 and 3.6.

The receiver dependent evolution of the P,.. penalty slopes for the DQPSK mod-
ulated signals are comparable to the DPSK modulated signals (see Fig.6.7) with
some restrictions at this point:

e The differential detection receiver power penalty increases nearly abruptly to val-
ues larger than 7 dB for a BER of 1072 at the lowest SOA P;,, of —15 dBm. This
is cause by error burst of the BER reproducible observed only for tributary 2 at a
SOA P;, of —15 dBm but not on tributary 1 (see Fig.9.7, page 161). The origin
for this is still under discussion. However, even without the error bursts, the strong
increase is expected to appear at only slightly lower QD SOA input power levels.

e The minimal penalty measured at an EVM of 16.4 % indicating a BER of 1077
(assuming no signal distortions) is increased and marginally below 2 dB.

However, the general comparability is confirmed by the “VP-curves” showing a
complete similar behavior for both modulation formats (see Fig. 6.8).

In conclusion, the OMA-based coherent detection receiver in this thesis offers in-
depth investigation of phase and amplitude effects of the amplifier. In contrast, the
differential detection receiver can confirm directly an error-free operation without
assumption about the signal, e.g. used to indicate a BER from the measured EVM.”

IPDR Evaluation and Discussion
After discussing the receiver differences, the QD SOA IPDR will be discussed in
detail in the following.

The lowest EVM of the amplified signals is achieved for a QD SOA input power
of around —9 dBm which is close to the 3-dB saturation input power, see Fig. 6.8. To
study the IPDR limitations for decreasing and increasing SOA P;, from this optimal
point, the change of the EVM, phase error and magnitude error are plotted in Fig. 6.9
with respect to the BtB measurement. The EVM increase for increasing SOA input
power is dominated by the phase error (see also constellation diagrams in Fig. 6.8c, d).
The EVM increase for low SOA P;, is driven by both, the phase and magnitude error.
Hence, the amplified signal suffers with at large QD SOA input power from phase
distortions. These are caused by the nonlinear gain and carrier dynamics at this very
large input way above the 3-dB saturation input power of —8.3 dB. Nevertheless,
measurements of the phase error performed for conventional SOAs (high «-factor)
and QD SOAs (low «-factor) in [23] demonstrated a significantly improved perfor-
mance of the QD SOAs at large SOA input power levels. The amplified signals with
alow P;, run into the OSNR limitations resulting in more noisy signals visible with
larger constellation points. The EVM-based IPDR evaluation is listed in Table 6.2.
Unfortunately, the EVM value indicating a BER of 10~ has not been reached. Hence,
only a lower limit for the IPDR can be given.

7The OMA allows a direct BER evaluation down to about 10~ limited by the length of the recorded
traces of the OMA software. Lower BER values can be only estimated from the EVM.
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Fig. 6.9 Change of EVM, magnitude error and phase error versus QD SOA input power with

respect to the BtB measurement for a DPSK and b DQPSK modulated signal

Table 6.2 List of modulation type dependent QD SOA IPDRs evaluated based on (left) 1, 2 and
3 dB receiver input power Py, penalties as well as (right) different EVM for different receiver

configurations
IPDR based on P, penalty IPDR based on EVM
| @B) | @B) | @B | @B) | (dB)

DPSK

1dB 2dB 3dB 234% | 30.0%
BER 10~° >23.1 >28.8 | >30.3
BER 1073 >31.6 | >33.7 | >33.7
EVM 23.4% 22.7 >34.0 >36.4 Differential Rx | >36.7 >36.7
EVM 30.0% >32.7 >36.7 >36.7 Coherent Rx >36.7 >36.7
DQOPSK

1dB 2dB 3dB 164% | 20.0%
BER 107° >18.0 | >184 | >18.8
BER 1073 >22.7 | >23.7 | >23.7
EVM 16.4% | — 4.2 15.2 Differential Rx | >29.7 | >29.7
EVM 20.0 % 13.7 ~26.3 >29.7 Coherent Rx >29.7 >29.7

The labels used in this table stand for following labels used in the text: “BER 107" = “differential
Rx at BER 107*”; “EVM x %” = “coherent Rx at EVM of x %”; “differential Rx” = “fixed Py, to
differential Rx”; “coherent Rx” = “fixed Py, to coherent Rx”

Similar to the EVM, the optimal QD SOA P;, for the P, penalty is found around
—9 dBm using the coherent detection receiver, see Fig.6.8. Strongly decreasing or
increasing the P;, leads to an increased penalty consistent to the EVM evolution. In
contrast, the differential detection receiver shows no penalty increase even at very
large input up to 8.7 dBm. However, the penalty increase for very low QD SOA input
is comparable for a BER of 10~ but much stronger for a BER of 10~ as already
described above.
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Depending on the field of operation different acceptable P,.. penalty requirements
have to be fulfilled by the amplifier. Therefore, the P,.. dependent IPDR has been
evaluated for penalty thresholds of 1, 2 and 3 dB. The resulting D(Q)PSK IPDRs are
listed in Table 6.2.

The EVM-based IPDRs are found to be larger than 36.7 dB (29.7 dB) for the
D(Q)PSK signals. These obtained EVM-based IPDR values are larger or comparable
to other published QD SOA values at 1.55 um [23] despite the 42 % increased symbol
rate from 28 to 40 GBd and simultaneously the drastically increased linear fiber-to-
fiber gain from 13.5 dB to more than 24 dB. These results are very promising as the
1.3 ym QD SOA amplification is proven to be more robust despite the large gain
induced reduction of the 3-dB saturation input power from 2 dBm [23] to —8.3 dBm.

For DPSK modulated signals, the penalty-based IPDR obtained with the differ-
ential detection receiver is a bit smaller than with the coherent detection receiver at
a BER of 10~ mainly caused by the different OSNR sensitivities discussed above.
In contrast, the coherent detection receiver penalty IPDR is limited by a total offset
penalty of close to 2 dB at a BER of 10~ for DQPSK modulated signals. This offset
is most likely caused by long-term phase changes resulting in an inter-symbol phase
distortion. Taking into account the inter-symbol amplitude changes of the DQPSK
signal (compare Fig.4.1d, page 77), the reason for long-term phase changes could be
an amplitude to phase conversion caused by the slow phase dynamics of the QD SOA
reservoir. Hence, larger IPDRs are obtained with the differential detection receiver
at this BER. However, the DPSK IPDR is, as expected, in all cases much larger than
for the DQPSK signal but transmits also only half the information.

Comparing the different IPDR evaluations, the P,.. penalty-based IPDRs are
at the most equivalent but smaller than the EVM-based IPDRs. This is related to
the different P,.. at which the evaluation takes place. The penalty-based IPDR is
performed at significantly lower receiver input power and is thus more sensitive to
small signal changes.

In conclusion, the fast QD SOA gain dynamics and particular the decoupling of
gain and phase dynamics result in predictable low «-factors and thus to an improved
IPDR in comparison to conventional SOAs, as demonstrated in [8, 12, 23]. In com-
parison to the results in these publications, the QD SOA investigated in this chapter
offers a larger IPDR despite the increased symbol rate and strongly improved gain.
Combining the IPDR performance obtained for OOK and DQPSK signals, the QD
SOAs are expected to support also modulations formats using amplitude and phase,
e.g. QAM. First results published e.g. in [8, 23, 24] obtained for 1.55 pm QD SOA
confirm this prediction. However, the large gain and large IPDR are very promis-
ing results and demonstrate the suitability of QD SOAs for future reach extended
converged metro-access ring network scenarios base upon advanced modulation for-
mats.
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Fig. 6.10 Modification of the basic DQPSK setup shown in Fig. 6.5 to investigation the QD SOA
40 GBd DQPSK amplification in presence of a 40 GBd OOK signal. FBG fiber-Bragg grating, PDFA
praseodymiumdoped fiber amplifier, PC polarization controller, TF wavelength tunable filter, VOA
variable optical attenuator

6.2.3 DQPSK Amplification with One OOK Neighboring
Channel

The previous subsection presented excellent IPDR results of D(Q)PSK signal ampli-
fication in single-channel configuration. However, under network conditions, the
amplifier has to handle not only one but multiple wavelength channels simultane-
ously. The multi-channel OOK amplification was demonstrated in Sect. 6.1 for total
input power levels even above the 3-dB Psat. Instead of investigating the multi-
channel amplification of phase-coded signals, this chapter is focused on the mixed
modulation format multi-channel amplification, in particular the amplification of a
40 GBd DQPSK signal in presence of a 40 GBd OOK interfering channel. This con-
figuration is even more challenging than the presence of another DQPSK amplifica-
tion, because the cross-gain modulation (XGM) and cross-phase modulation (XPM)
induced crosstalk should be significantly stronger for OOK modulated signals.

Basic D(Q)PSK Setup Modification

The basic D(Q)PSK setup sketched in Fig. 6.5 (page 109) is modified by the compo-
nents shown in Fig. 6.10. The 40 GBd OOK transmitter is switched on. The generated
DQPSK signal is booster amplified in “inline 1”” and subsequently wavelength filtered
using a 1.6nm broad FBG in combination with a circulator.® The same circulator-
FBG combination is used to combine the OOK signal with the DQPSK signal. Both
signals are injected into the QD SOA with their polarization being aligned to the
TE axis. Using a VOA in each signal path allows a variation of the QD SOA input
power (P;,) independent for each signal. A TF with a FWHM of 2.5nm in front of
the receiver (“inline 2”) separates the channel to be characterized and suppresses the
other channel by more than 30 dB.

Experimental Results

The crosstalk of the DQPSK signal on the OOK signal is expected to be much smaller
than the crosstalk induced by OOK neighboring channels. Hence, the OOK channel
signal performance is only validated by eye measurements. Exemplary amplified

8Detailed information on this setup part can be found in the Appendix B.
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OOK eye diagrams are shown in Fig.6.11 exhibiting a Q>-factor between 15.5 and
16.3 dB indicating an error-free (BER < 10~?) detection.

The 40 GBd DQPSK signal has been detected using both, the differential and
the coherent detection receiver. The measurements have been performed in BtB
configuration and different combination of the signal input. All BER measurements
and fits are listed in Appendix C. The P,.. penalties are evaluated with respect to the
BtB measurement and are plotted in Fig. 6.12 versus the interfering OOK signal input
power. Figure6.13 depicts the measured constellation diagrams and EVM values
obtained at the P,.. at which the differential detection receiver has achieved a BER
of 107°.

For a DQPSK QD SOA input power (P;,) of —9 dBm, the penalty increases
above 3 dB at a BER of 10~ for interfering OOK input up to —10 dBm. In this
configuration, the total QD SOA input power of —6.5 dBm s already 1.8 dB above the
3-dB saturation input power. In contrast, the single-channel DQPSK penalty remains
below 1 dB with up to an input power level of 10 dBm (see Fig. 6.7, page 112). Hence,
the OOK signal causes XGM and XPM induce distortion of the DQPSK signal. The
corresponding constellation diagrams shown in Fig.6.13 exhibit significant phase
distortions. Hence, these distortions also lead to a strong increase of the EVM at the
DQPSK input power of —9 dBm. Finally, at an OOK P;, of —5 dBm the penalty is

(a) OOK: -15dBm |

(b) OOK: -15dBm | (c) ‘O0K: -10dBm’ |
DQPSK: off

DQPSK: -9dBm | DQPSK: -9dBm

Voltage (SOmWDiv.)

Time (10ps/Div.)

Fig. 6.11 Exemplary eye diagrams of the interfering 40 GBd OOK signal a in the absence as well
as b, ¢ in the presence of the 40 GBd DQPSK signal. The QD SOA input power levels are given in

the figure. The Q?-factor of the eye diagrams are between 15.5 and 16.3 dB indicating an error-free
(BER < 107) detection
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Fig. 6.12 Receiver input power (Pr..) penalty of the amplified 40 GBd DQPSK signal versus the
interfering 40 GBd OOK signal input power (P;,) at a BER of 10~ and 103 for a tributary 1,
b tributary 2 and c¢ the average of both. The DQPSK QD SOA P;, was set to —9 and 0 dBm
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Fig. 6.13 Constellation diagrams and determined EVM values for the amplified 40 GBd DQPSK
signal with a QD SOA input power of (top row) —9 dBm and (bottom row) 0 dBm, respectively. The
interfering 40 GBd OOK signal input power increases from left to right. Constellation diagrams
that could not been measured are crossed out

larger than 7 dB and the coherent detection receiver was not able to track the signal.
Increasing the DQPSK P;, to 0 dBm the OOK induced penalty is below 1 dB up to
an interfering OOK signal input power of —5 dBm. This configuration represents a
total QD SOA input power of 1.2 dBm being nearly 10 dB above the 3-dB saturation
input power. Similar to the penalty, the EVM increase is strongly reduced. But both,
the penalty and the EVM slowly starts to rise when increasing the OOK P;,, up to
—5dBm.

From the constellation diagram it can be deduces that interfering OOK input
significantly lower than the DQPSK induce mainly phase distortions whereas com-
parable input also induce magnitude errors. The OOK signal amplification causes
carrier density pulsation (CDP) resulting in a cross-phase modulation (XPM) and
cross-gain modulation (XGM) of the DQPSK signal (see Sects.2.3.2 and 3.6). The
XGM and XPM intensity are determined by the carrier density within the reservoir,
which is determined by the QD SOA drive current as well as the optical input. Oper-
ating the QD SOA below the total 3-dB saturation input power, XGM is negligible
due to the ultra-fast QD gain recovery. In contrast, the CDP and carrier heating (CH)
within the reservoir can cause phase changes resulting in a non-negligible XPM
below the total 3-dB saturation input power.

In conclusion, the fast QD SOA gain dynamics enable the amplification of 40 GBd
DQPSK in multi-channel configuration with 40 GBd OOK signals even in deep
saturation as long as the OOK SOA input power level is significantly lower, e.g.
by 3 dB, than the DQPSK input power level. Based on the experiences with multi-
channel OOK amplification (e.g. [11]), this restriction could be cushioned by larger
QD SOA drive currents leading to a reduced XGM caused crosstalk. This could
enable DQPSK-OOK mixed multi-channel amplification with a QD SOA typical
large input power dynamic range (IPDR). However, QD SOAs are very promising
for multi-channel multi-format amplification up to the 3-dB saturation input power
and even above.


http://dx.doi.org/10.1007/978-3-319-44275-4_2
http://dx.doi.org/10.1007/978-3-319-44275-4_3

6.3 Summary 121

6.3 Summary

This chapter evaluated the amplification of QD SOAs in terms of IPDR for amplitude
and phase-coded modulation formats in single-channel and multi-channel configu-
rations. For multi-channel configuration, the signal quality and particular the signal
crosstalk in dependence of the QD SOA input power levels were discussed.

QD SOAs enabled error-free single-channel amplification of RZ OOK signals
with a symbol rate of 80 GBd and a linear fiber-to-fiber gain up to 15.5 dB. The
fast QD SOA gain dynamics enabled pattern-effect free amplification within a
2-dB penalty IPDR much larger than 18 dB, whereas the limits on both power sides
were not reached and the largest tested QD SOA input power was already 6 dB
above the 3-dB saturation input power of 0.1 dBm. The crosstalk of three interfering
40 GBd (40 Gb/s) NRZ OOK channels surrounding the 80 GBd (80 Gb/s) channel
in a Snm grid was found to be minuscule for input power levels within the linear
gain regime. For larger input power levels around and even above the 3-dB saturation
input power, the crosstalk was increased but still an error-free performance is proved
for per-channel input power levels up to —3 dBm (total power 3 dBm).

The fast QD SOA gain dynamics and particular the decoupling of gain and phase
dynamics led to an excellent amplification of phase-coded signals, i.e. DPSK and
DQPSK. The differential detection receiver and coherent detection receiver as well
as different IPDR definitions were comprehensively discussed. Using both receiver
types for characterization of the QD SOA IPDR enabled in-depth investigations of
phase and amplitude effects as well as confirmed an error-free performance. For very
small QD SOA input the signal quality is determined by the noise added by the QD
SOA. In contrast, for QD SOA input significantly larger than the 3-dB saturation
input power of —8.3 dB, the signal quality is determined by phase changes on a time
scale longer than the symbol rate. However, single-channel error-free 2 dB receiver
input power penalty and error-free EVM-based IPDRs are found to be larger than
28.8 dB (18.4 dB) and 36.7 dB (29.7 dB) for 40 GBd D(Q)PSK modulated signals,
respectively. These values are significantly larger than previously published values
for other QD or conventional SOAs [8, 12, 23] despite the significantly larger symbol
rate of 40 GBd and linear fiber-to-fiber gain of 24 dB. The large IPDR is realized
due to the low signal distortions even in very deep saturation represented by input of
up to 17 dB above the saturation input power.

The fast QD SOA gain dynamics enables the amplification of a 40 GBd DQPSK
signal even in the presence of a 40 GBd OOK neighboring channel. The error-free
amplification of the DQPSK signal was demonstrated even in deep saturation as
long as the OOK SOA input power level is lower, e.g. by 3 dB, than the DQPSK
input power level. The crosstalk from the OOK channel on the DQPSK channel
is caused by XGM and XPM. The power level restriction for both channels could
be cushioned by larger QD SOA drive currents leading to a reduced XGM caused
crosstalk. This could enable DQPSK-OOK mixed multi-channel amplification with
a QD SOA typical large IPDR. Error-free amplification of the DQPSK signal was
demonstrated for input power levels close to and above the total 3-dB saturation input
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power in the presence of a 40 GBd OOK neighboring channel. Hence, QD SOAs are
very promising for multi-channel multi-format amplification even in deep saturation.

In conclusion, QD SOAs enable the amplification of amplitude and phase-coded
signals up to symbol rates of at least 80 GBd in single-channel and multi-channel
configuration. The presented QD SOAs are well suitable for booster amplification
due to their low-signal degradation at input power levels much larger than the 3-dB
saturation input power. Due to their large gain, the investigated QD SOAs can be
used as inline amplifiers or as pre-amplifiers used in low-cost receivers exhibiting a
moderate sensitivity. Hence, QD SOAs are expected to be key components for future
multi-wavelength channel multi-format-based all-optical reach-extended ANs and
converged MANS.
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Chapter 7
Concept of Dual-Band Amplifiers

The data up and down stream in current MANs and ANs are typically realized in two
different optical communication bands to improve the network capacity and/or cush-
ion the requirements, such as channel spacing. Approaches of future reach extended
ANs and/or converged MANs are based on two communication bands. Hence, these
approaches will require one conventional SOA per band. A reach extender could be
implemented by wavelength splitter separating and combining the two bands with
the amplifiers in-between as sketched in Fig.7.1a.

Using a dual-band amplifier instead will considerably simplify the network archi-
tectures as sketched in Fig. 7.1b. Furthermore, the power budget will be increased as
the losses of the network link are reduced, due to the lower number of required inline
components. In addition, such amplifiers could allow a reduction of the energy con-
sumption, because only one thermoelectric cooler (TEC) is required and the power
consumption of a single device is presumable lower than pumping two individ-
ual devices. In total, such innovative dual-band amplifiers would reduce the overall
investment and maintenance costs. Dual-band amplifiers have to provide the capabil-
ity of simultaneously amplifying counter-propagating up-stream and down-stream
data signals from different wavelength bands whereas each band carries multiple
wavelength channels. As a proof of concept, this chapter will demonstrate the simul-
taneous amplification of two bidirectional amplitude-modulated signals with a spec-
tral separation in the order of 100 nm.

In detail, this chapter is organized as follows:! First, Sect.7.1 will introduce the
concept for an ultra-broadband bidirectional dual-band QD SOA. The results pre-
sented in Chap. 6 as well as the fundamental device dynamics presented in Sect.3.6
will be reviewed regarding the requirements for a dual-band QD SOA. Section7.2
presents a first experimental proof of concept in 40 GBd OOK single-channel dual-
band configuration. The IPDR of the bidirectional simultaneous signal amplification

IParts of this chapter have been previously published in [1]. 1: Schmeckebier 2015.
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Fig. 7.1 Simplified sketch of a reach extender for up and down stream based on a conventional
optical amplifiers and b a dual-band amplifier

is determined and discussed in dependence of the operating parameters. Finally,
simulations of the experimentally obtained results are given in Sect.7.3 based on a
rate equation and traveling wave approach. The model allows to gain inside into the
physical properties of the underlying complex carrier dynamics. In addition, the sim-
ulations allow a detailed scan of the operating parameters and hence an identification
of the optimal operation conditions.

7.1 Concept of a Dual-Band QD SOA

The inhomogeneously broadened GS gain was used in Chap. 6 to prove the amplifica-
tion performance in single- and multi-wavelength channel configurations for various
modulation formats with symbol rates of up to 80 GBd. This represents amplification
of signals within one band. In contrast, the dual-band QD SOA will use both, the QD
GS and ES gain to amplify data signals representing now the up and down stream
and thus the two bands. The results represent a conceptual study for a dual-band
QD SOA. In a final device, the GS-ES energy distance matches two communica-
tion bands whereas the inhomogeneously broadened GS and ES gain will allow a
multi-wavelength-channel amplification within both bands.

Similar to the multi-channel single-band amplification, the signals of one band
act as interfering signals for the others. In worst case, crosstalk between intra- and
inter-band channels will lead to signal degradation. The crosstalk between intra-
band channels have been investigated in Chap. 6. The proof of concept of an ultra-
broadband, bidirectional dual-band QD SOA will be performed exemplary for OOK
modulated signals. This modulation format is expected to cause the largest possible
inter-band crosstalk as demonstrated in Chap. 6. Two 40 GBd OOK signals with a
wavelength spacing close to 100 nm represent the two bands.

Using both QD states simultaneously, the inter-state cross-gain modulation
(XGM) and cross-phase modulation (XPM) will be the key issue for the dual-band
QD SOAs concept. Fulfilling the demands of such a concept requires a deep under-
standing of the complex charge-carrier dynamics of the QD gain media in particular
the coupling between the different classes of energy states. Parts of the interac-
tion and dynamics have been addressed and investigated with various measurement
techniques on time scales being relevant for optical communication as well as much
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shorter ones in Sects.2.3, 3.6 and Chap. 6. These explanations and results will be
summed up in the following paragraphs and the remaining issues will be identified.

The dynamics of the QD gain media are determined by the charge-carrier dynam-
ics of the different energy states and the external optical field. The amplitude- and/or
phase-modulated optical field induces a dynamic change of the charge-carrier occu-
pation of the different energy levels. The refilling of the states is determined by the
carrier transitions between non-QD energy states and the QD states as well as by the
transitions between the individual QD states, i.e. GS and ES. In this context, the term
carrier reservoir defines commonly all higher energy states above the considered
states. The energy states of the bulk matrix material and/or the QW surrounding the
QDs as well as possible QD upper states serve as the reservoir for the QD ES. This
reservoir serves similar together with the QD ES as an extended reservoir for the
corresponding QD GS. In particular cases, the GS can also serve as a reservoir for
the ES. However, this is commonly not the case under optical communication like
conditions.

Single and multi-channel amplification experiments performed on the QD GS
demonstrate a fast carrier refilling of the GS and thus a low channel crosstalk even
in the nonlinear gain regime as long as the extended carrier reservoir is highly pop-
ulated [1-4]. The XGM between wavelength channels addressing different groups
of homogeneous broadened QD GS groups is mediated via the extended reservoir
and can be negligible under these conditions. Based on pump-probe experiments and
simulations [5, 6], similar results can be expected for multi-channel ES amplifica-
tion. But to be correct, the XGM between different homogeneously broadened QD
ES groups mediated via the reservoir could be increased as the ES-reservoir cou-
pling is larger due to the lower energy separation. However, as long as the reservoir
remains highly populated, XGM is negligible as well.

According to Sects. 2.3 and 3.6 the XPM in QD SOAs is dominated by the carrier
reservoir but not by the QDs states. Hence, the XPM between the QD states is
mediated via the reservoir and are thus comparable to XPM in single- and multi-
channel single-band configuration like investigated in Sect. 3.6.

The remaining issue is the XGM between the states of the individual QDs. Inves-
tigations of the gain dynamics of the GS and ES under perturbation of the counter
state discussed in Sects.3.6.2 and 3.6.3 and e.g. [5, 7-9] suggest a low XGM for
highly populated reservoirs. However, the experiments performed in the subsequent
sections will deal with this remaining question using optical data signals.

7.2 Measurements

This section will presents the first experimental proof of concept of a bidirec-
tional dual-band QD SOA using 40 GBd OOK signals in counter-propagating
single-channel dual-band configuration. First, Sect.7.2.1 introduces the experiential
setup. Subsequently, Sects.7.2.2 and 7.2.3 present the static gain and signal quality
evaluation, respectively, in dependence of the operating conditions, i.e. QD SOA
input power and drive current.
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7.2.1 Setup

The setup used to demonstrate the dual-band amplification is built by five main units
(see Fig.7.2), the GS and ES transmitters and receivers as well as the dual-band
amplifier.

The 40 GBd NRZ OOK GS data signal is generated by modulating the output of
an ECL using a MZM. The ECL is emitting at a wavelength of 1305 nm. The MZM
is driven by a 40 GBd OOK PRBS-7 generated by a 56 Gb/s BPG. The modulated
GS signal is booster amplified using a PDFA to enable a large variation of the optical
QD-SOA input power. Subsequently, a TF with a FWHM of 2 nm is used to suppress
the ASE of the PDFA.

A QD Fabry-Pérot laser diode was used as the key component for the ES signal due
to a lack of narrow linewidth laser sources for the ES wavelength of around 1210 nm.
The QD laser emits at a wavelength of 1213.5nm and has a spectral 3, 10 and 20dB
bandwidth of 5.5, 14.2 and 18.0 nm, respectively. The QD laser output is modulated
with a second MZM driven by a 40 Gb/s OOK PRBS-7, which is generated by the
identical BPG like for the GS signal.

Spectra of both signals are depicted in Fig. 7.3a. The spectral separation between
the two signals is 91.5nm representing the two different bands. The GS and ES
signal are injected via CWDM filters in a counter propagating schema into the QD
SOA whereas the polarization of both signals is aligned to the TE axis. The SOA
input power can be adjusted using the VOAs before the CWDM filters. The path
difference between the two signals was about 10m in fiber from the modulator to
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Dual-band - L 2

amplifier

X
F LT URTOsci

]
]
i ]
: ]
]
1

PO §

1
1
! H
I EA i
L )
1
1
1

PD

____________ i Tmoiialpath. 40 Gb/s C_)OK
ES receiver T= clecioal ampifier ES transmitter

Fig. 7.2 Setup sketch for the dual-band amplification measurements. For the purpose of clarity,
the BPG, EA and RT Osci are plotted twice in the sketch but they are actually identical. The
BPG was used to modulate both transmitters simultaneously whereas the EA and RT Osci were
used only in one of the receivers at a time. BPG bit-pattern generator, CWDM coarse-wavelength
division multiplexing, EA error analyzer, ECL external cavity laser, ISO isolator, LD laser diode,
MZM Mach-Zehnder modulator, OSA optical spectrum analyzer, PC polarization controller, PD
photodiode, PDFA praseodymium-doped fiber amplifier, PWM power meter, RT Osci real-time
oscilloscope, TF wavelength tunable filter, VOA variable optical attenuator
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the input of the QD SOA. Thus, the two signals are decorrelated by several PRBS-7
lengths. The GS and ES output signals are separated by the CWDM filters from the
counter propagating ES and GS input signals, respectively, and are detected by the
corresponding receivers in dependence of the P,,. which can be varied by the VOAs
in front of the receivers.

The GS receiver is set up in shot-noise-limited configuration and contains an opti-
cal pre-amplifier stage and a subsequent 50 GHz PD. The second PDFA is operating
in a constant output power mode enabling a constant averaged optical power on the
PD. 10% of the first PDFA’s output power is used to evaluate the OSNR using an
OSA. A TF with a FWHM of 2nm is used in-between the two amplifiers to suppress
the ASE input into the second PDFA.

Due to a lack of appropriate optical amplifiers, the ES receiver is set-up in a
direct detection configuration without optical pre-amplification. A 50 GHz PD and
a subsequent electrical amplification is used.

In both receivers, the signal quality is evaluated with BER measurements using
a 53.5 Gb/s EA as well as eye-diagram measurements using an 80 GSa/s RT Osci
with an analog bandwidth of 32 GHz.

7.2.2 Device Under Test, ASE and Gain

The device under test is the 3mm long QD SOA No. 3 (see p. 41). For further
investigations of the bidirectional amplification three different operating regimes
are identified by the ASE spectra (Fig.7.3b). The ES ASE is unsaturated, close to
saturation and saturated for a current of 400, 700 and 1000 mA, respectively. In
contrast, the GS ASE is saturated for all three different currents. Due to device
heating, the GS ASE peak power decreases and is red shifted by 0.035 nm/mA on
average within this current range. In contrast, the ES ASE peak power first increased
with increasing current from 400 to 700 mA and afterwards decreases similar to the
GS ASE peak. On average, the ES peak is red shifted by about 0.026 nm/mA.

Figure 7.4 shows the GS gain characteristics for three different currents and for
different interfering ES signal input power levels. The averaged linear GS fiber-to-
fiber gain in the absence of the ES signal is given in Table7.1. In the presence of
the interfering ES signal the linear GS gain change for all currents is below 1.2 dB
on average. For a low current of 400 mA the ES signal slightly decreases the GS
gain whereas it increases the gain for the two larger currents (see Table7.1). This
behavior is identical for the interpolated ASE power level below the amplified GS
signal (not shown here). Assuming an optical pumping of the QD ES for unsaturated
currents would lead to the opposite behavior, meaning an increase of the GS gain
with increasing interfering ES input power. In consequence, this effect is still under
discussion. However, the GS gain experiences only a small influence of the interfering
signal which is one requirement for the independent simultaneous amplification of
the GS and ES signals.
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Fig. 7.4 Gain of the GS signal versus output power (top row) and input power (bottom row) for
three different QD SOA currents. The gain is shown for different QD SOA input power levels of
the interfering ES signal listed by the legend. The arrow in each graph shows the change of power
according to the arrow in the legend. According to Sect. 3.3, the feedback fiber coupling setup losses
are excluded

In opposite to the GS gain, the ES gain cannot be calculated using the definition
introduced in Sect. 2.2, because the spectral bandwidth is too large. In consequence,
the ES gain has to be calculated in a different way, which was developed for broadband
signals. The details are discussed in “Appendix C”. Figure7.5 shows the ES gain
characteristics ascertained for the three different currents and for different interfering
GS signal input power levels. The averaged linear ES fiber-to-fiber gain in the absence
of the GS signal is given in Table7.1.

The influence of the GS signal on the gain behavior of the ES is more complex
than vice versa. For a current of 400 mA the gain reduction caused by the interfering
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Table 7.1 List of ASE, linear gain and saturation output power for the two different signals labeled
with GS (1305 nm) and ES (1213.5 nm) for three different QD SOA drive currents

Current (mA)

400 [ 700 1000
ASE peak power level
GS (dBm/0.1 nm) —42.2 —453 —49.3
ES (dBm/0.1 nm) -32.5 -27.0 —28.5
Difference (dB) 9.7 18.4 20.7
Averaged linear noise figure w/o interfering signal
GS (dB) 8.6 9.1 10.4
ES (dB) 104 10.2 10.1
Saturation input (output) power w/o interfering signal
GS (dBm) 0.7 (11.4) Not reached Not reached
ES (dBm) —7.4(8.9) —10.5 (12.3) —5.7 (14.9)
Linear gain change under —10 to 0 dBm interfering input power
GS (dB) -0.3 +0.4 +1.2
ES (dB) -9.6 -1.5 —-1.2

The absolute ASE power levels depend on the resolution and are not corrected by setup losses.
According to Sect. 3.3, the feedback fiber coupling setup losses are excluded for all values except
the ASE related values. w/o without
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Fig. 7.5 Gain of the ES signal versus output power (fop row) and input power (bottom row) for
three different QD SOA currents. The gain is shown for different SOA input power levels of the
interfering GS signal listed by the legend. The arrow in each graph shows the change of power
according to the arrow in the legend. According to Sect. 3.3, the feedback fiber coupling setup losses
are excluded. A failure of the QD SOA feedback fiber-coupling appeared for a current of 400 mA
and an interfering GS input power of 5 dBm at low ES input power levels. The corresponding gain
curve is therefore cut at ES input and output power levels below —10 and —5 dBm, respectively
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GS signal exceeds 10 dB for the largest interfering input power level. Taking into
account that:

— the ES ASE is unsaturated,
— the ES gain is influenced by the GS signal but not vice versa,
— the GS gain values are larger under perturbation of the ES than vice versa,

the effective GS carrier refilling from the carrier reservoir could expected to be more
efficient than for the ES.

The ES gain performance is strongly improved for larger currents where the ES
ASE emission is saturating as well. For a current of 700 mA the averaged linear gain
reduction is small with values below 1.5 dB for interfering GS input power levels
up to 0 dBm. Only at a very large interfering input power level of 5 dBm, again a
gain drop of up to 7.5 dB is observed. Finally, at a current of 1000 mA, the ES gain
is nearly independent of the interfering input signal demonstrated by a linear gain
reduction of less than 1 dB for all GS input power levels. At these larger currents,
especially at 1000 mA, the carrier reservoir is highly populated. This results in a very
efficient simultaneous refilling of both states and is independent of the optical input
power levels, which is also supported by the reduced GS gain.

However, taking into account XGM, saturation input and output power as well as
the gain values (see Table7.1), a current of about 700 mA is expected to be the most
preferable drive current for the dual-band QD SOA.

7.2.3 40 GBd OOK Signal Amplification

The gain and cross-gain characteristics for continuous wave optical input signals
have been presented and discussed in the previous paragraphs. Based on these results,
different parameter combinations have been identified for the amplification of data
signals in order to account for the dynamics of data signals. Figure7.6 gives an
overview of all combination of current, GS and ES input power levels tested for
evaluating the quality of the amplified GS and ES 40 GBd OOK signals.

The GS signal is tested for all three currents (400, 700 and 1000 mA) and various
GS input power levels from —15 up to O dBm in the absence of the interfering
ES signal. No significant GS signal degradation is expected for low and moderate
interfering ES input power levels, due to the small cross-gain effects of the interfering
ES signal on the GS signal (see Table 7.1). Hence, only the largest available interfering
ES input power of 0 dBm was used.

In contrast, a larger influence on the ES signal amplification is expected. Hence,
a wider range of ES and GS input power levels are tested for the three currents,
particularly for the unsaturated current of 400 mA. Tested parameter combinations
resulting in closed eye diagrams are shown in addition in Fig.7.6 to illustrate the
limitations.

BER measurements have been performed in dependence of the P,.. without (BtB)
and with the QD SOA. All measurements are listed in “Appendix C”. The BER curves
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Fig. 7.6 Overview of 40 GBd OOK signal quality evaluation for the a GS signal and b ES signal,
both with respect to the GS and ES signal input power levels

are analyzed in terms of P, penalty at a BER of 10~ and 10~ with respect to the
corresponding BtB measurement. The BtB GS receiver input power required for a
BER of 107 and 1073 is found to be —26.7 and —33.8 dBm, respectively. The
BtB ES receiver input power required for the same BERs are found to be —5.8 and
—10.0 dBm, respectively.

40 GBd OOK GS Signal Quality Evaluation

The P, penalties for the GS signal are depicted in Fig.7.7 with respect to the GS
SOA P;, in the absence of an interfering signal. The penalty is nearly independent
of the applied QD SOA current within the tested power range. A negligibly small
P,.. penalty below 1 dB is found for both BER thresholds for all tested input power
levels, except for the lowest input power of —15 dBm. Here, the penalty is slightly
increased to about 1.5 dB at a BER of 10~°. Exemplary eye diagrams are depicted
in Fig. 7.8a, b showing minor pattern-effects for the largest tested GS input power of
0 dBm. However, for all characterized combinations of QD SOA input power levels
and currents the penalty is well below 2 dB.

Figure 7.9 shows the penalties of the GS signal with respect to the QD SOA input
power levels of the interfering ES signal. The results in the absence of the interfering
signal are plotted at a x-axis value labeled with “off”. The presence of the interfering

o >7 (a]l 8 {h]l i 4 QD SOA current
T 7 7T T —o— 400 mA
o 6 1 1 700 mA
S 4t BER 10 1t BER 107 1 |——1000 mA
c

g 2|

8 of 5___:“::&::__: = Fr—— f———=p
o 45 10 -5 0 45 10 5 0

GS input power (dBm)

Fig. 7.7 Receiver input power Py penalty of the 40 GBd OOK GS signal at a BER of a 10~ and
b 1073 in the absence of an interfering signal, both versus QD SOA input power levels of the GS
signal and three different QD SOA currents
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Fig. 7.8 Eye diagrams for the GS signal measured at a BER of 10~ a, b in the absence and ¢, d
in the presence of an interfering ES signal. The GS input power is a, ¢ —15 dBm and b, d 0 dBm,
respectively. The QD SOA current is set to 400 mA in all cases

>7={a) ,[b} ,(c) 1 GS input power
6l [ 1 —a—-15dBm
9 .9 9 —+—-10dBm
af BER 10 - BER 10 ] BER 10 | M-
& 2 et A |-+ odem
I VYT oL g —————————t
4 - o ) IV §
% - : 400 mA | : : 700mA | 1000 mA
§- >7l(d) 11ie) 1 HEY
o B
2 3 3 3
o 4t BER 10 F BER 10 BER 10
2' EE— ]
i ]

of 45 40 5 0 off 45 40 5 0 of 45 -0 5 0
ES interfering input power (dBm)

Fig. 7.9 Receiver input power Py, penalty of the GS signal at a BER of a—c 10~ and d—f 1073,
all versus the QD SOA interfering ES input power. The QD SOA currents are a, d 400 mA, b, e
700 mA and ¢, f 1000 mA. The results in the absence of the interfering ES signal are plotted at a
x-axis value labeled with “oft”

ES signal leads at the most to a minor increase of the penalty by 0.7 dB at both
BERs thresholds, despite the very large interfering input power of 0 dBm. Please
note, that this power level is more than 5 dB above the ES 3-dB saturation input
power (compare Table7.1). Still, the GS penalty increase is small even for a small
GS input power level of —15 dBm. Comparing the exemplary eye diagrams in the
absence and presence of the interfering ES signal shown in Fig. 7.8, no additional
signal degradation or patterning can be observed.

Hence, the GS penalty change in the presence of the ES signal is small and is in
comparison to the BtB configuration below 2 dB for all tested configurations. This
demonstrates a QD-SOA-based distortion-free amplification of the 40 GBd OOK
GS signal nearly independent of the interfering ES signal, the investigated currents
and the investigated GS input power levels.

40 GBd OOK ES Signal Quality Evaluation

The P, penalties for the ES signal are shown in Fig. 7.10 with respect to the ES SOA
input power in the absence of an interfering GS signal. The penalties are negligible at



7.2 Measurements 135

m >7(a) 1 (b}l ! "] 'ap soA current
T I T F | —e— 400 mA
= 9 I 400 mA, closed eye
T 4f BER 10 1t BER 107 1| = 700 mA
3 —as— 1000 mA
2 2| it
g ot . !_.—_—:’:_:_____-—-5 1t A-—'—'_‘/‘; ——*
o A5 0 5 0 5 0 50

ES input power (dBm)

Fig. 7.10 Receiver input power Py, penalty of the ES signal at a BER of a 10~ and b 1073 in the
absence of an interfering signal, both versus the QD SOA input power of the ES signal and three
different QD SOA currents. Measurements that could not been performed (closed eye diagram) are
plotted at penalties labeled with “>7”, and the connection to the measured penalties are dashed and
the color is brighter. The characteristic of this connecting line is not valid and they are plotted to
improve the readability as well as to symbolize the limit

a current of 400 mA and ES P;, from 0 down to —10 dBm. For an even smaller ES P;,
of —15 dBm no BER measurements could been performed as mentioned above. This
is probably caused by gain and noise limitations of the QD SOA at this unsaturated
current in combination with the lack of an optical preamplifier for this wavelength
resulting in a low ES receiver sensitivity. The QD SOA limitation is overcome at
larger currents of e.g. 1000 mA where the penalties are minuscule for an input power
of —15 dBm as well. The penalties are slightly lower for a BER of 10~° than for a
BER of 1073, But the differences are small and are within the error margin of the
measurement method. The ES P, of —5 and 0 dBm are much larger than the 3-dB
saturation input power (see Table7.1; Fig.7.5) resulting in strong pattern effects at
all currents exemplary shown by eye diagrams in Fig.7.11c, d.

Figure 7.12 shows the penalties of the ES signal with respect to the QD SOA P;,
of the interfering GS signal. Again, the penalties in the absence of the interfering
signal are plotted at a x-axis value labeled with “off”.

Atacurrent of 400 mA, the ES P, penalty is strongly depending on the interfering
GS P, (see Fig.7.12a, d). The penalty for low interfering input power levels of —15
and —10 dBm is comparable to the absence of the interfering signal. In contrast, the
penalty is strongly increased for input power levels of —5 and —2 dBm. Furthermore,

(a) (b) (©) (d)

ES: -15dBm 1L ES: -10 dBm ES: -5 dBm

SOSES:

Interfering GS: off || | Interfering GS: off || | Interfering GS: off [ |Interfering GS: off
Time (10ps/Div.)

Voltage (20mV/Div.)

Fig. 7.11 Eye diagrams for the ES signal measured at a BER of 10~° with an increasing input
power from a —15 to 0 dBm in the absence of an interfering GS signal. The QD SOA current is set
to 1000 mA in all cases
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the penalties are strongly depending on the ES P,;,. An increasing ES P;, reduces
the penalty increase. The interfering GS signal induced penalty increase is larger at
a BER of 10~ than at a BER of 10~3. However, no BER measurement could be
conducted for an interfering GS input power of 0 dBm due to the large XGM visible
by the strong patterning in the eye diagrams, see Fig.7.13d. Hence, at 400 mA a
simultaneous amplification of both signals is only feasible for low interfering input
power levels up to —10 dBm.

This limitation is overcome with increasing current. At a current of 700 mA, the
ES P, penalty is nearly independent of the interfering GS input power and a large ES
input power of 0 dBm (Fig. 7.12b, e). This behavior is verified at a current of 1000 mA
even for different ES input power levels from —15 up to 0 dBm (Fig.7.12c, f). The
largest observed penalty change is found at a BER of 10~° and the combination of
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Fig. 7.13 Eye diagrams for the ES signal measured at a BER of 10~° with an input power of
—5 dBm. The QD SOA current is set to 400 mA. The interfering GS input power is increasing
from (a) to (d). For an interfering input power of (d) 0 dBm no BER measurements could been
conducted. Therefore, this eye diagram was at the largest available Py
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lowest ES P;, of —15 dBm and largest interfering GS P;, of 0 dBm. This combination
is the worst case scenario for the amplification, because the XGM probed by the ES
is the possible strongest. But, still for this combination the P, penalty is below
1.4 dB.

The ES eye diagrams in the presence of an interfering GS input power of 0 dBm are
comparable to the eye diagrams in the absence of the interfering signal at 1000 mA,
shown in Fig.7.11. Therefore, the 40 GBd OOK ES signal amplification is indepen-
dent of the presence of an interfering GS signal as long as the QD SOA is driven with
a current saturating the ES. The distortion-free amplification of the 40 GBd OOK
ES signal is ensured up to ES input power levels of —5 dBm which is already larger
than the 3-dB saturation input power.

Conclusion of Experimental Results

In summary, taking into account the current dependent gain performance as well
as the large-signal quality evaluation of both signals, a QD SOA current of around
700 mA should be the optimum point of operation. For this current, the fiber-to-fiber
gain of the GS and ES signal are about 10 and 26 dB, respectively. Especially the
GS gain could be increased by a longer device and by an improved thermal electric
cooling as discussed in Sect. 3.4. The signal quality evaluation demonstrates for both
signals a P, penalty well below 2 dB independent of the respective interfering signal.
In conclusion, the properties of the QD SOAs enable the distortion-free amplification
of 40 GBd OOK signals with a spectral difference of more than 91 nm. This greatly
proves the concept of a dual-band amplifier based on a QD SOA.

7.3 Simulation

The experimental results presented in the previous section are very promising. How-
ever, a detailed understanding of the underlying physics is mandatory to understand
the origin of possible limitations. Hence, a numerical model was developed and
implemented by Benjamin Lingnau in the framework of his dissertation at the Insti-
tute for Theoretical Physics at the Technische Universitdt Berlin [10]. His model
reproduces the experimentally obtained results and allows excess to the complex
carrier dynamics. In addition, the model allows a variation of the operating parame-
ters in more detail and in a wide range which would be very time consuming for the
experimental case.

First, the model will be briefly introduced in the Sect.7.3.1, which closely follows
the description in [10]. Subsequently, the Sects. 7.3.2 and 7.3.3 presents and discusses
the modeled results.
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7.3.1 Model Description

The QD SOA is described using a delay-differential-equation approach. The device
with the length [ is spatially discretized along the propagation axis into Z+1, Z = 30
points with a distance of Az := L/Z. At the discretized point z € {0, ..., Z} the
slowly varying forward 4 and backward — propagating electric field amplitudes are
E. (z,t) with #: time. The propagating electric field amplitude for the QD GS and
ES E7 (z,t) withm € {GS, ES} are described by

EY(z.1) = EX(zF Az, t — Ane™ "D 4 (2, 1), (7.1)

with At = Az/v,: propagation time between two points with the group velocity vy,
G™ (z, t): amplitude gain, 0} (z, t): spontaneous emission source term. The ampli-
tude gain and the spontaneous emission rate are determined from the active medium
material equations introduced in Sect.3.6.2. Thus, the charge-carrier dynamics is
described by the microscopically calculated scattering rates whereas the field propa-
gation is described by the delay-differential-equation. Taking into account the large
current variation, the effective QW carrier reservoir losses r;; - are modeled here with
a more sophisticated description by adding linear loss rates A’ to the bimolecular
loss rates BS.

ribs = ASJwewy, + BSwowy, (7.2)

with w, and w,: electron and hole density in the reservoir. The active medium material
equations are evaluated at each space discretization point. The total gain g” (z, t) for
the GS and ES at a point z is then given by

hv 2N2D

t)=T——
9" eBethW

Zf(;)gm (pem(z 1)+ O (2 1) — ) (7.3)

with I': optical confinement factor which attributes to the number of QD layers,
h: Planck constant, v,,: optical wave frequency, €p, or €g: background or vacuum
permittivity, N¢?: QD density per layer, h¢": QW layer thickness, v,,: degree of
QD-state degeneracy, f(j): contribution probability of the j-th QD subgroup, s
stimulated emission coefficient, ,Oﬁ,m and ,0/,7,,,: QD electron and hole occupation
probability.

The resulting electric field amplitudes at point z therefore depend on the fields
on the neighboring points on both sides and the spontaneous emission added at this
point. The pure ASE output can be calculated by setting the device input electric
field amplitudes to zero:

E™©0,/)=0 and E"™(L,1)=0. (7.4)

The measured ASE spectra (Fig. 7.3, p. 130) were fitted using the parameters A5,
BS, w,, wy, and the current dependent g;, to adjust the modeled device with the mea-
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sured QD SOA. The experimentally observed wavelength red shift with increasing
currents are attributed to Varshni-shift and energy band-gap renormalization. These
are considered in the model by a current dependent lattice temperature. Addition-
ally, a current dependence of the gain had to be implemented to address the ASE
peak reduction correctly. Thus, the current dependent modeled gain is continuously
rescaled from 100 % to finally 71 % at the largest applied current. No further mea-
sured characteristics like gain or signal quality evaluation have been used for adapting
the model to the device.

The gain is calculated by replacing the input electric field condition in Eq. (7.4) by
one or both following input signals assuming that the GS signal is injected at z = 0
and the ES signal is bidirectional injected at z = L.

ESS(0,1) = Apgs()e /% and EFS(0,1) =0,

s (7.5)

EES(, 1) = Apps()e™™ /7 and E%5(0,1) =0,
with A;, gs(t) and A, gs(¢): amplitude of the GS and ES input electric field. The
amplitude A, ,(¢) scales with the P, into the device. In case of the data signal
amplification, the amplitude is modulated with a 40 GBd NRZ OOK PRBS-7. The
gain G™ is then calculated by

|E_(0, 1)
and GES (Plgs) = m (76)

_IELL, 0P

G = 0 or

in

In case of a data signal, the amplified GS and ES output signal quality is evaluate
in terms of the optical Q-factor calculated by

_ P mark — P space
APmai’k + APspace '

0: (7.7)

with Pug and Pgyac.: optical power level of the mark and space level, A Pyq«
and A Py,.: variance of the optical power level and the mark or space level. The
Q-factor calculation is performed directly on the QD SOA output signals and hence
the experimental occurring receiver characteristics like noise and bandwidth are
neglected. The calculated Q-factor equals the experimental Q-factor in front of the
receiver which is related to the P, for a given BER. Therefore, the modeled Q-factor
is linked to the experimentally determined P, penalty. A reduction of the Q-factor
due to a change of the QD SOA operating parameter corresponds to an increase of
the P, penalty. The numerical algorithm slightly underestimates the Q-factor if the
amplified data signal suffers from pattern effects.

A more detailed description and discussion of the model and its fitting to the
measured device is given in [10].
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7.3.2 ASE and Gain

The calculated current dependent ASE spectra are in excellent agreement with the
measured ASE spectra for currents larger than 200 mA. The calculated GS and
ES ASE peak follows the measured heating induced wavelength red shift with an
accuracy well below 5 nm. The ASE peak power levels are reproduced with an
accuracy better than 3 dB. Only the uninteresting measured shoulder at wavelengths
below 1175 nm (see Fig. 7.3, p. 130) is not reproduced by the model as these optical
transitions are not considered. This emission corresponds presumably to an QD upper
state transition.

In opposite to the experiment, the modeled ES signal is a narrow bandwidth signal
similar to the GS signal. Therefore, possible effects caused by the experimentally used
broad bandwidth signal in comparison to a narrow bandwidth signal are neglected
in the simulation. The data signal amplification is modeled by injecting the two
counter propagating 40 GBd OOK signals into the model QD SOA, similar to the
experiment. The calculated GS and ES fiber-to-fiber gain is plotted with respect
to the input power levels of both signals in Figs.7.14 and 7.15, respectively. The
comparable measurements are shown in Figs. 7.4 and 7.5 (pp. 130, 131).

The modeled GS and ES gain are qualitatively in agreement with the measured
gain values but a few deviation are observed, mainly for very large input power
levels. The modeled GS and ES gain saturation occurs at lower input power levels.
Increasing interfering ES input power levels reduce the modeled GS gain for all
currents whereas the measured device shows a small increase at larger currents.
At smaller currents, the modeled gain experiences a stronger reduction than the
measured gain with increasing interfering input power levels, whereas both, the
modeled and the measured gain, are nearly unaffected by the interfering input power
at a current of 1000 mA. Hence, the gain behavior of both QD states is sufficiently
reproduced by the model.

GS input power (dBm)
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Interfering ES input power (dBm)

T T T T
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Fig.7.14 Color coded gain of the GS signal versus GS and interfering ES input power for currents
of a 400 mA, b 700 mA and ¢ 1000 mA. Gain values smaller than O dB (effective loss due to
coupling losses) have the same color code like O dB. The data are kindly provided by Benjamin
Lingnau, Technische Universitit Berlin
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Fig. 7.15 Color coded gain of the ES signal versus ES and interfering GS input power for currents
of a 400 mA, b 700 mA and ¢ 1000 mA. Gain values smaller than O dB (effective loss due to
coupling losses) have the same color code like O dB. The data are kindly provided by Benjamin
Lingnau, Technische Universitét Berlin

The strong influence of the interfering GS signal on the ES signal gain in contrast
to the converse case can be explained by the intra-dot carrier scattering as well as
the interaction of the QD states with the carrier reservoir as discussed in detail in
the Sects.3.6.2 and 3.6.3. According to [10], the ES signal amplification induced
reduction of the QD ES occupation results only in a minor change of the quasi-
equilibrium occupation of the QD GS. In contrast, an occupation reduction of the
QD GS induces a considerable perturbation on the QD ES due to an increased intra-
dot carrier scattering from the ES into the empty GS at a current of 400 mA. The
reduced and finally abrogated perturbation with increasing current is caused by two
effects. On the one hand, the reduced GS gain goes along with a decrease of the
stimulated GS recombination resulting in a smaller intra-dot scattering rate. On the
other hand, the reservoir carrier density is increased leading to more efficient refilling
of the QD ES.

7.3.3 40 GBd OOK Signal Amplification

The modeled GS and ES Q-factors are depicted in Figs. 7.16 and 7.17, respectively, in
dependence of the QD SOA operating conditions. As discussed above, the modeled
Q-factors are linked to the experimentally determined P,.. penalties. A reduction of
the Q-factor corresponds to an increase of the P, penalty. Therefore, the evolution
of the modeled Q-factor and the experimentally determined penalty can be compared
qualitatively.

The GS signal Q-factor is rather insensitive to variations of the GS input power,
interfering ES input power and current demonstrated by a large area of Q-factor
values larger than 10. GS input power levels beyond the experimental available
0 dBm lead to a slight reduction of the Q-factor at currents of 400 mA. Additionally,
the combination of large interfering ES input power levels beyond —5 dBm—which
is much larger than the 3-dB saturation input power (see Fig.7.15)—and low GS
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Fig. 7.16 Color coded Q-factor of the GS signal versus GS and interfering ES input power for
currents of a 400 mA, b 700 mA and ¢ 1000 mA. Q-factors larger than 10 have the same color
code like 10. Experimentally investigated combinations of operating parameters are marked width
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Fig. 7.17 Color coded Q-factor of the ES signal versus ES and interfering GS input power for
currents of a 400 mA, b 700 mA and ¢ 1000 mA. Q-factors larger than 10 have the same color
code like 10. Experimentally investigated combinations of operating parameters are marked width
with squares within the color plots. The data are kindly provided by Benjamin Lingnau, Technische
Universitit Berlin

signal input power levels leads to a Q-factor reduction below 10 at all currents.
However, the modeled Q-factor is nearly completely independent of the operating
parameter within the experimentally investigated area which matches very well to
the experimental results of the P, penalty (see Figs.7.7 and 7.9, pp. 133, 134).

The ES signal Q-factor depends strongly on the operating parameters. In contrast
to the experimental results, the ES Q-factors are the largest for low ES input power
levels (P;,) at a current of 400 mA (compare Figs.7.10 and 7.17, pp. 135, 142).
The measured P,.. penalty evaluation could not been performed for an ES input
power level of —15 dBm because of an closed eye diagram even at the maximal
available P,... The deviation between the calculated and measured results are caused
by the neglected receiver characteristics in the calculation mentioned above. From
the theoretical point of view a shot-noise limited detection like it was used in the GS
receiver should allow the measurement for the low ES input power of —15 dBm and
a current of 400 mA.
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Beside this, the ES Q-factors show only small changes depending on the ES input
power level for interfering GS input power levels up to —10 dBm. This performance
is very similar to the experimental results, shown in Fig.7.12a, d (p. 136). For even
larger interfering GS input power levels, the Q-factor experiences a drop similar to the
experimental P, penalty increase. Even the slight improvement with increasing ES
input power for a given strong interfering GS input power is reproduced by the theory
demonstrated by the slight improved Q-factor in vertical direction in Fig.7.17. At
larger currents of 700 and 1000 mA the modeled Q-factors show alower performance
with respect to increasing ES input power levels than for the unsaturated current of
400 mA. The reason for this is still under discussion. However, the modeled Q-
factors show only a small dependence on the interfering GS input power similar to
the experimental results.

In summary, the model qualitatively reproduces the measured gain values in terms
of the dependence on the current and input power levels. The modeled Q-factors
reproduce in most of the investigated cases the behavior of the experimentally investi-
gated P, penalty. The model gave access to the complex carrier scattering processes
within the device. Additionally, a much larger and more detailed range of GS and ES
input power levels and currents were accessible by the models. As a result, the exper-
imentally chosen current of 700 mA could be verified by the model has the optimum
operating current taking into account the GS and ES gain and signal quality as well
as the heating of the device. In addition, the model predicts input power levels of
up to —7 and —13 dBm for the GS and ES signal as the optimum, respectively.

7.4 Summary

This chapter presented the concept of an ultra-broadband bidirectional dual-band
amplifier using simultaneously the QD GS and ES for amplification. A large variation
of the operating parameters, i.e. current and signal input power levels, have been
tested experimentally and theoretically. The theoretical model allowed an analysis
of the underlying carrier dynamics and thus the cross-gain effects. Additionally, a
wider and more detailed scan of the parameters was assessable. An optimal current
of 700 mA was identified at which both QD states are saturated exhibiting a linear
fiber-to-fiber gain of the GS and ES signal of about 10 and 26 dB, respectively. As a
the proof of concept, the distortion-free amplification of 40 GBd OOK signals with
a spectral difference of more than 91 nm was demonstrated with a receiver input
power penalty well below 2 dB for per-channel input power levels up to 0 dBm.
Such an amplifier has the potential to drastically simplify the network architecture
and reduce the power consumption resulting in reduced investment and maintenance
costs of future reach extended ANs and converged MANS.
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Chapter 8
Signal Processing—Wavelength Conversion

A key functionality in future all-optical networks will be the processing of optical
data signals, such as fast switching and wavelength conversion. The requirements for
such nonlinear application components, particularly in future reach extended ANs
and converged MAN:S, are cost efficiency, low power consumption and low footprint
[1]. Performing signal processing in the optical domain rather than in the electrical
domain has numerous advantages which are discussed in the following.

First, the optical signal has not to be converted into the electrical domain using a
suitable receiver to allow electrical signal processing. This can be a large advantage
particularly for inline-signal processing, because the processed signal has not to be
reconverted again to the optical domain using a suitable transmitter. The electrical
components are usually limited in terms of bandwidth and particular for advanced
modulation formats the receiver and transmitter architecture is complicated and
requires highly integrated components. In contrast, optical signal processing offers
a significantly increased bandwidth, transparency to modulation formats and simple
setups [2].

All-optical wavelength conversion (AOWC) in general describes the conversion
of information from one wavelength to another wavelength. AOWC as the funda-
mental building block for optical signal processing, such as optical demultiplexing
[3-5] and logical operations [6, 7], attracted great interest in the past decades. Beside
these more advanced signal processing applications, AOWC can play an important
role especially in large capacity, highly branched future reach extended ANs and con-
verged MANSs to avoid signal blocking issues as sketched in Fig. 8.1 [8—12]. The large
density of multi-wavelength channel transmission in such networks in combination
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Fig. 8.1 Sketch of network node a without and b with all-optical wavelength conversion (AOWC)
functionality for the case of two identical input wavelength channels (left and rop signal). Signal
blocking occurs at the node output without signal processing, because the two input signals with the
same wavelength would overlap. In contrast, a node with AOWC functionality has the capability to
convert the information of one of the interfering wavelength channels, e.g. the fop signal, to a new
wavelength channel. Redrawn after [2]

with the large number of users and network nodes could require reconfigurable opti-
cal networks nodes to increase the flexibility and capacity. In such configurations, the
implementation of AOWC functionality into network nodes would allow a flexible
conversion of the information between the wavelength channels.

Various schemes of AOWC have been developed and realized in the past decades
[8, 13—17]. The vast majority of these schemes are based on the interaction of
two or more signals in a nonlinear device, such as highly nonlinear fibers [15, 18—
23], periodically poled lithium niobate [23-26], silicon waveguides [27-30], lasers
[23, 31-34] and SOAs [13, 14, 16, 33, 35-38]. SOAs combine the properties of
a small footprint, moderate to low optical input power requirements and positive
conversion efficiencies due to the availability of gain as well as the capability of
integration with other components.

This chapter' presents the performance of QD SOAs as wavelength converters
based on the nonlinear four-wave mixing (FWM) in the gain material. Section 8.1
gives a brief overview of nonlinear effects in SOAs and discusses the advantages
of FWM in comparison to other nonlinear effects. Subsequently, Sect. 8.2 gives an
introduction to FWM in semiconductor gain material and defines the basic parameters
and FWM schemes used in this chapter. Additionally, the advantages of QD gain
materials will be addressed. Section 8.3 presents static FWM properties and their
optimization for QD SOAs emitting within the O-band. QD-SOA-based large-signal
wavelength conversion is presented and discussed for phase-coded signals, such as
DPSK and DQPSK in Sect. 8.4. Finally, Sect. 8.5 summarizes the results.

IParts of this chapter have been previously published in [1-8].
1: Bimberg 2010; 2: Meuer 201 1a; 3: Meuer 2011b; 4: Meuer 2011d; 5: Bimberg 2011; 6: Schmecke-
bier 2011; 7: Schmeckebier 2012; 8: Zeghuzi 2015b.



8.1 Wavelength Conversion in SOAs 147

8.1 Wavelength Conversion in SOAs

Three different nonlinear effects in semiconductor gain materials are commonly used
for wavelength conversion, i.e. cross-gain modulation (XGM), cross-phase modula-
tion (XPM) and FWM.

XGM is based on the gain saturation of the semiconductor gain material by an
amplitude modulated pump signal and the resulting gain compression. The amplitude
modulation of the data pump signal causes a modulation of the gain within a frequency
bandwidth given by the carrier relaxation time constants of the gain media. The gain
modulation can be probed by a weak continuous wave probe signal whose wavelength
differs from the pump wavelength. The amplitude modulation of the pump signal is
thus converted to the probe signal with an inverted bit logic.

As a change of the carrier density also changes the refractive index, XPM occurs
simultaneously to XGM and vice versa [39]. Hence, XPM in SOAs can be used to
transfer information from the amplitude modulated pump signals to the probe signal
using a phase sensitive setup [8, 13, 14, 35, 38, 40].

XGM and XPM transfer the information from one SOA optical input signal to
a second optical input signal. In contrast, FWM-based wavelength conversion gen-
erates new frequency components. The beating of two optical input signals in the
semiconductor gain media generates a gain and index grating which is modulated
with the frequency difference of the two input signals [41]. This beating induces the
generation of new frequency components with a frequency shifted by the frequency
difference with respect to the input signals as sketched in Fig.8.2. The amplitude
and/or phase modulation of the input signals is transferred to this new frequency
components via modulation of the gain and index grating.

XGM, XPM and FWM have been investigated and compared in detail for various
types of SOA gain material e.g. in [2, 8]. In devices with polarization independent
gain, XGM and XPM offer the advantage of polarization insensitivity, large con-
version range, and especially for XGM simple configurations. XGM-based wave-
length conversion has been demonstrated in SOAs for OOK modulated signals up to
320 GBd [42-48]. However, the inability to convert phase-coded signals and the
limited extinction ratio are drawbacks limiting the flexible use of this effect.

Input Output
Power Power
w
=]
Ni FdWM1
* * Idler
FWM
i Idler 2
i
Ti - QD SOA Ti
me Wavelength me

Wavelength

Fig. 8.2 Sketch of FWM-based wavelength conversion. New frequency components FWM idler 1
and 2 are generated due to the nonlinear interaction of the input pump and probe signal in the QD
gain media. The modulation of the probe signal is transferred to both FWM idlers
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FWM-based wavelength conversion offers a very large bandwidth, high extinction
ratio, amplitude and phase sensitivity as well as a large conversion range if a multiple-
pump configuration is used [2, 8, 49]. In addition, the spectrum and the spectral phase
are inverted. FWM is a polarization sensitive process but this can be overcame by
use of more sophisticated configurations demonstrated e.g. in [49-56]. The conver-
sion efficiency and optical signal-to-noise ratio (OSNR) are often limited but can
be also improved to positive conversion efficiencies and OSNR larger than 25 dB
[49, 57-60]. FWM in bulk, QW and QD SOAs has been demonstrated with various
modulation formats for data rates of up to 320 GBd [61-69]. FWM in semiconduc-
tor gain media can be used for applications, such as switching and demulitplexing
[3-5, 13, 14], optical sampling [70], multi-channel wavelength conversion [71] as
well as dispersion compensation via mid-span spectral inversion [54, 72].

In total, FWM-based AOWC offers the capability to convert amplitude- and phase-
coded signals and is therefore of great importance for future flexible network designs.

This chapter concentrates on the FWM-based wavelength conversion in QD SOAs
for phase-coded signals, i.e. DPSK and DQPSK. An investigation of similar samples
with OOK modulated signals has been performed in [2, 73, 74].

8.2 Introduction to Four-Wave Mixing (FWM)

This section introduces the physics of FWM in semiconductor gain media and dis-
cusses the advantages of QD gain media. Subsequently, the basic parameters of FWM
and two different FWM schemes are introduced.

8.2.1 Fundamentals of FWM in Semiconductors

FWM-based AOWC transfers the information from the probe signal to the target
idler with a different wavelength. The idler results from the nonlinear interaction
of the probe signal with an additionally injected pump signal in the semiconductor
media. A brief semi-classical phenomenological description of the semiconductor-
light interaction was given in Sect.2.1.2. This section will follow up directly on
Sect.2.1.2 for a dielectric, non-magnetic, non-charged and isotropic semiconductor.
For an improved readability, the dependency of the electric field and polarization
field in terms of time ¢ and space r will not be written in the following similar to
Sect. 2.1.2. For the sake of simplicity, the fields are written in the following in scalar
quantities. A complete description with field notation can be found e.g. in [75].

Injecting a pump and probe signal into the semiconductor, the superimposed
electric field £ is given by

E = Epump + Eprove With & = E exp(—iw,1) + c.c, (8.1)


http://dx.doi.org/10.1007/978-3-319-44275-4_2
http://dx.doi.org/10.1007/978-3-319-44275-4_2
http://dx.doi.org/10.1007/978-3-319-44275-4_2
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with w: light angular frequency, i: imaginary unit, c.c.: complex conjugate; [2, 75].
The response of the semiconductor to the electric field can be expressed by Eq.2.8
(page 19). Assuming that the polarization only depends on the instantaneous value
of the electric field amplitude and thus neglecting gain, loss and dispersion, the
polarization can be Taylor expressed [75]:

P =¢xw,EE

_.p) (m) . Dim) __ (m) m
=PV + ZZP s with P = €0X (W)g y (82)
=PL m=
=PnL

with x: susceptibility. In this notation, the polarization is often separated into the
sum of a linear P, and nonlinear Py, contribution called m-th-order polarization
[75, 76]. Accordingly, the susceptibility is separated into the linear susceptibility
x" as well as m-th-order (m > 1) nonlinear susceptibilities x ™ whereas all orders
do not depend on the electric field strength in this simplified contemplation. The
second-order polarization P is responsible amongst others for SHG [75, 76] and
is not considered here.

Inserting Eq. 8.1 into Eq.8.2, the third-order polarization P® can be expressed
as the sum of polarization parts addressing different frequency components [75]:

D3
7)( ) = P(Wpump) + P(wprabe) + P(3wpump) + P(?’Wprobe) +
original frequencies frequency triplication

7)(zwpump + wprobe) + P(prrobe + wpump) +

sum-frequency

P(zwpump - wprobe) + P(zwprabe - wpump) . (83)

difference-frequency

Inserting this polarization term into the wave equation Eq.2.7 (page 19), the com-
plex solution for the electric field includes among the original frequency components
various new frequency components. Frequency triplication and the sum-frequency
components are not of interest here as the susceptibility x(3) (w) strongly dependence
on the frequency and thus the conversion efficiencies to these frequency components
are low [2]. In contrast, the difference-frequency components are close to the pump
and probe frequencies if the difference between these input frequencies is small.
These components will represent the wavelength converted signals and are called
here FWM? idlers. The output electric fields of these FWM components are given
by [2, 75]:

2EWM in general is based on the interaction of three field generating a fourth frequency component.
In case of a full degenerated FWM, all three frequency components are identical and thus the fourth
frequency is. For a partly degenerated FWM used here for AOWC, two frequencies (usually the
pump signal) are identical.


http://dx.doi.org/10.1007/978-3-319-44275-4_2
http://dx.doi.org/10.1007/978-3-319-44275-4_2

150 8 Signal Processing—Wavelength Conversion

2 % .
5‘idler 1 X EpumpEpmbeexp(_l (prump - wprubet))a

5id[er 2 X EimhgE:umpexp(_i(zwprobe - Wpump[))v (84)
with E}‘ complex conjugation of E,. The electric field amplitude of the wavelength
converted signal idler 1 thus depends linearly on the probe but quadratically on the
pump amplitude. In contrast, amplitude of idler 2 depends linearly on the pump but
quadratically on the probe amplitude. In most common configuration the probe signal
carries the information and exhibit a smaller amplitude than the pump signal. Idler 1
is thus more intense than idler 2. Consequently, idler 1 is typically considered as the
wavelength converted signal if not stated differently.

FWM in Semiconductors

So far, the above description is general and valid for all nonlinear media within the
limitations listed above. However, in semiconductor gain media the carrier dynamics
and the underlying processes determine the response of the gain media as described
by the susceptibility. As introduced in Sect. 2.3, the carrier dynamics in semiconduc-
tor gain media are mainly determined by spectral hole burning (SHB), carrier density
pulsation (CDP) and carrier heating (CH). FWM is thus mediated mainly by these
processes for detuning up to a few THz [39]. For even larger detuning other processes
like two photon absorption and the Kerr effect have to be taken into account [39].
However, the three dominating processes are typically considered to contribute inde-
pendently to the partly degenerated FWM. Thus the third-order susceptibility x
can be expressed as a sum of the contribution of the individual processes [77-80]:

3 3 3
X = X(Sl)iB + X(C)DP + X(CI)‘I (8.5)

Based on Eq. 8.5, the optical output power of the partly degenerated FWM idler 1
can be derived with a simple model, which is valid within the following assumptions
[78, 811

Inverted gain media.

Satisfied phase-matching.

Single pass and co-propagating signals.

Flat gain spectrum, i.e. the gain is constant across the entire spectral range con-

sidered by the pump, probe and FWM idlers.

Short SOA, i.e. the SOA length does not influence the parameters.

e Unsaturated gain, i.e. input power levels are small with respect to the saturation
input power levels.

e Weak idler intensities, i.e. the power level of the FWM idlers is weak with respect

to the pump and probe power levels and thus doesn’t change the properties of the

gain media.

As aresult, idler 1 is given by [81]:
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2 p2
Pidlerl =Z Gprobe(Gpump - 1) P,',L pumpPin, probe *

1—1 m =~
> R (Awm)| | (8.6)

m Psal, m
me{SHB, CDP, CH}

with Pjg., 1: optical output power of FWM idler 1, G,: unsaturated gain, P;,, ,:
optical input power of pump and probe signal, P4, ,: saturation power level,
i: complex unit, vy, a-factor or Henry factor or linewidth enhancement factor,
R,,: frequency response function, Aw = Wpyump — Wprope: frequency detuning, and
Tm: time constant of the process as introduced in Sect. 2.1.2.

According to Eq.8.6, the idler 1 output power goes cubically with the gain,
quadratically with the pump input power and linearly with the probe input power but
decreases with the frequency detuning of pump and probe signal. Additionally, the
sign of the a-factor of the individual processes determine whether the corresponding
third-order susceptibilities contributions are summed constructive or destructive.

The individual susceptibility components exhibit a different dependence on the
frequency detuning. This dependence equals in the simplest case a low-pass charac-
teristic like plotted e.g. in [82, 83]. Plotting the optical power of the FWM idler 1
with respect to the detuning allows an estimation of the time constants 7,, of the
different processes, if the processes constructively interfere and if the time constant
of the processes are significantly differ. This gives an independent access to the time
constants in contrast to pump-probe-measurement-based evaluation e.g. discussed
in Sect.3.6. This was successfully demonstrated e.g. for the QD GS in [2, 84, 85]
under various conditions.

Physically, the beating of the pump and probe signal within the gain media causes
amodulation of the carrier density with the beating frequency Aw [86]. This modula-
tion generates a dynamic gain and index grating being responsible for the generation
of new frequency components [41]. If the probe and/or pump signal carrier an ampli-
tude or phase modulation, the grating is modulated similar and thus the generated
FWM idlers.

Common experimental settings are beyond this simple model, i.e. the unsaturated
gain condition. More sophisticated models including gain saturation and gain dis-
persion have been developed for more accurate FWM description [79, 81-83, 87].
These detailed models are beyond the scope of this thesis. However, the results of the
simple model used here are sufficient to phenomenological describe the dependence
of the FWM product.

FWM in Dependence of the Gain Material

Experimental and theoretical investigations demonstrated that conventional gain
materials, such as bulk and QW, exhibit a strongly asymmetric FWM character-
istic with respect to the sign of the frequency detuning Aw, e.g. [33, 58, 61, 77,
80, 82, 88-91]. At positive detuning Aw > 0 all three components of the third-order
susceptibilities have the same sign and are summed constructively. At negative detun-
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ing Aw < 0, the third-order susceptibilities of CDP and CH X(c% p+ X(g,)q interfere

destructively with the third-order susceptibilities of SHB X(s31)1 g Within the bandwidth
of the SHB effect. Consequently, the FWM products are weaker in power for negative
than for positive detuning, e.g. demonstrated in [77]. The large FWM asymmetry of
QW gain materials can be reduced and the overall FWM efficiency can be improved
by using strained QW as the active material [80]. However, the asymmetry remains
large.

Gain materials with low or zero a-factor would allow a more symmetric FWM
conversion with respect to the sign of the detuning. The lower a-factor of QD-based
gain material with respect to bulk or QW gain material results in a more symmetric
FWM conversion [59, 92-95]. Hence, the existence of a carrier reservoir enables the
fast carrier dynamics and therefore a reduction of the influence of CDP. Additionally,
the QD gain material exhibit a spectrally broader and improved conversion efficiency
due to the fast time constants and broader gain spectra [59, 92, 94, 96-98].

For the sake of completeness, QD-based gain material emitting in the C-band
has also found to exhibit large asymmetric FWM behavior e.g. [99]. The authors
assumed a strong coupling between QD GS and the carrier reservoir, i.e. due to
a tiny energy difference between the levels. Simulations in [93] showed a strong
dependence of the FWM efficiency on the energy separation and number of states of
the QD ES and reservoir. A small energy separation was identified by the authors to
cause an increased carrier escape from the QD GS and thus reduces the conversion
efficiency. Thus, not only the a-factor but also the inter-QD-state and QD-state-
reservoir coupling plays an important role. However, the QD gain material used in
[99] (C-band emission) differs from the QD gain material used in this thesis (O-band
emission). The later exhibits a significant energy separation and thus a sufficient
FWM conversion performance can be expected.

The FWM conversion for detuning larger than the homogenous linewidth of the
QD states® has to be mediated via the carrier reservoir as tunneling between the QDs
can be neglected [2]. The gain depletion of a specific QD sub-ensemble caused by
the input pump and probe signal recovers via Auger scattering from the reservoir
into the QD states. The reservoir carrier heating (CH) is modulated with the detuning
frequency Aw and thus the carrier capture into all QD sub-ensembles is modulated.

8.2.2 FWM Parameter Definition

The generation of FWM in active materials is characterized by two main parameters,
i.e. the FWM conversion efficiency 7 and the signal-to-background ratio (SBR) [39].
Both depend on the input signal detuning. Figure 8.3 shows exemplary input and
output spectrum measured for FWM generation in a QD SOA and sketches the
parameters defined in the following. For the given detuning, the output spectrum

3The homogenous linewidth (FWHM) of the QDs at room temperature is around 10 meV corre-
sponding to 14.0nm at a wavelength of 1.32 um [100, 101].
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Fig. 8.3 Exemplary input and output spectra measured for FWM down-conversion in a QD SOA.
The different signal peaks are labeled and the main parameters of FWM are sketched, i.e. detuning
A\, conversion efficiency 7 and signal-to-background ratio (SBR). Detailed information are given
in the text

shows four different FWM idlers. Idler 1 and idler 2 are generated by the mixing of
pump and probe signal as described above. Idler 3 respectively idler 4 are generated
by mixing pump and probe in addition with idler 1 respectively idler 2. Idler 1 is the
strongest converted signal as already described above and will be solely considered
in the following.

The frequency detuning is defined as the difference between the frequency of the
pump signal and the probe signal Aw = wWpymp — Wprobe [39]. The idler 1 is than
generated at a frequency wjgier 1 = Wpump + Af. A positive and negative frequency
detuning refers to a frequency up-conversion (towards larger frequency) and down-
conversion (towards smaller frequency), respectively. Accordingly, the wavelength
detuning can be defined as AX = A,pope — A pum,,.4 The idler 1 is than generated at
a wavelength:

)\pump )\probe

Nidier 1 = :
idler 1 )\pmbe ~|—AA

(8.7)

which can be approximated by Aigier 1 & Apump — AX for very small detuning
(AN < Apump)-

The FWM conversion efficiency 7 is defined as the ratio of the FWM-converted
output power to the probe input power [39]:

(8.8)

Pou idler \\
7 [dB] = 10 logyo (Lﬁn]) '

Pin, probe [mW]

4Please note, that the difference for the wavelength detuning is the opposite of the frequency
detuning. Hence, a positive (negative) wavelength detuning refers similar to the positive (negative)
frequency detuning to a frequency up-conversion (down-conversion) representing a wavelength
down-conversion (up-conversion).
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Please note that the probe input power and not output power is taken into account.’
The noise performance of the converted idler is described by the signal-to-background
ratio (SBR), which is given by [39]:

(8.9)

Pnu idler w
SBR[dB]:lOlogw( . idter [MW] )

Pout, background [mW]

Similar to the OSNR definition in Sect.4.3, the power of the background noise
Pout, backgrouna has to be measured at the wavelength of the converted idler within a
certain optical bandwidth [39]. The background noise power is interpolated similar
to the ASE interpolation for the gain calculation described in Sect.2.2.2, Fig.2.5
(page 23).5

8.2.3 Wide-Range FWM Via Second Pump Signal

The spectral detuning range in which the single-pump FWM-based wavelength con-
version exhibits a sufficient conversion efficiency is limited as will be presented in
detail in the subsequent section. Typical, the FWM efficiency is reduced at least
by 5-15 dB per 5nm increase of the detuning. An improvement of the conversion
range was demonstrated already in the past with the help of a second pump signal, e.g.
[49, 64, 67, 103—107]. “Wide-range FWM?” refers to the dual-pump scheme through-
out this thesis.

The beating of the first pump and probe signal generates a gain and index grating
modulated with Aw via the modulation of the carrier distribution in the active material
as described above. The additional injected second pump signal probes the phase and
gain grating. Hence, additional FWM idlers are generated around the second pump
with a frequency spacing of Aw in the first order with respect to this second pump.
Figure 8.4 shows exemplary input and output spectra measured for dual-pump FWM
generation in a QD SOA. The FWM idler 1-4 are generated by pump 1 and probe
(compare Fig. 8.3) whereas idler 2.1-2.4 are generated around pump 2. Similar to the
single-pump scheme idler 2.1 is the strongest and will be considered in the following.

Please note, that the single-pump configuration (conversion of probe to idler 1)
in Fig. 8.4 is set to down-conversion whereas the dual-pump configuration is up-
converting (conversion of probe to idler 2.1). The spectral position of pump 2 can
be changed independent of the single-pump configuration as long as idler 2.1 is not

5The output signal can experience positive or negative fiber-to-fiber gain strongly depending on the
saturation degree of the gain media and the fiber-coupling losses. Using the probe output power
instead of the input power could lead to an increase of the conversion efficiency by a large negative
probe fiber-to-fiber gain (usually via increase of the pump and probe input power), whereas the idler
output power remains constant or decreases more gently than the probe output power. This is often
observed for FWM in DFB laser or Fabry-Pérot laser.

6 According to [39, 102], the SBR does not equal the OSNR in general but for ASE dominated noise
OSNR and SBR have a fixed relation.
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Fig. 8.4 Exemplary input and output spectra measured for dual-pump FWM up-conversion in a
QD SOA. In additional to the FWM idler generated similar to the single-pump FWM configuration
shown in Fig. 8.3 various new FWM idlers are generated around the second pump (pump 2). The
weak group of peaks visible at both edges of the spectrum are generated by direct mixing of pump 2
and pump 1 as well as the probe

overlapping with one of the single-pump idlers. The dual pump-down conversion is
realized here by placing pump 2 to a wavelength smaller than pump 1. The spectral
position of idler 2.1 relative to pump 2 depends on the single-pump configuration. It
will remain on the smaller wavelength side of pump 2 for down-conversion configu-
ration of the single-pump configuration independent of the down- or up-conversion
configuration of pump 2. The minimal conversion span in the dual-pump scheme
is therefore typically slightly asymmetric per default for a given single-pump con-
figuration. Opposite configurations of single- and dual-pump conversion’ offer a
slightly smaller minimal conversion distance than vice versa. However, at this small
conversion distance, the single-pump conversion without the second pump would be
preferable.

Finally, the output spectrum exhibits additional new peaks at both edges. These
are generated by FWM of pump 2 and pump 1 as well as the probe signal. These
components are weak as they represent a FWM in single-pump configuration with a
large detuning. Therefore, these components will not be considered.

In summary, the dual-pump FWM scheme enables a wavelength tuning of the
converted signal across a significantly larger span. In addition, the dual-pump
FWM scheme allows also other applications like all-optical wavelength multicas-
ting [23, 108]. A wavelength multicasting capable network node allows to transfer
information from a single input wavelength channel to multiple output wavelength
channels simultaneously. This signal processing functionality is realized by dual-
pump FWM as multiple idlers a generated with a comparable output power, e.g.
idler 2.1 and 2.2.

TThis is for example the case if the single-pump configuration is set to down-conversion whereas
the dual-pump configuration is set to up conversion like shown in Fig. 8.4. In this example, probe
and pump 2 are on the same spectral side relative to pump 1.
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8.3 Optimization of Static FWM

This section discusses the fiber-to-fiber FWM efficiency and SBR in QD SOAs in
dependence of various parameters, such as detuning, spectral position relative to ASE
peak, optical input power, gain via current and SOA length. In addition, the dual-
pump efficiency and SBR are presented. The obtained results allow an optimization
of the parameters for large-signal wavelength conversion presented in the subsequent
section.

The polarization of the optical QD SOA input signals are adjusted to the TE axis
in all subsequently presented configurations to ensure the maximal available gain.

8.3.1 Detuning Dependence

The FWM performance is characterized in single-pump configuration for 3 mm long
QD SOA No. 2 (see page 40). The continuous wave pump wavelength is set to
1291 nm, which is close to the ASE peak emission for the tested current range
whereas the continuous wave probe wavelength is scanned. The pump and probe
input power level are set to 11 and 2 dBm, respectively. Figure 8.5 depicts the fiber-
to-fiber FWM efficiency and the SBR in dependence of the pump-probe detuning for
different QD SOA currents.

The converted idler 1 exceeds the noise floor within an detuning range of more than
50nm for a current of 650 mA. The wavelength up-conversion (positive detuning)
is less than 5 dB more efficient, i.e. very symmetric. Increasing the current towards
and beyond the SOA gain saturating abrogates the asymmetry completely at large
detuning. In addition, the larger current also increases the conversion efficiency in
general. The maximum fiber-to-fiber efficiency is found to be —9 dB for a detuning
of +0.5 nm and a current of 650 mA. This corresponds to a chip conversion efficiency
of 0 dB chip considering coupling losses of 4.5 dB per taper.
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1) - |
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30 20 10 0 10 20 30 30 -20 10 0 10 20 30 -
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Fig. 8.5 FWM a fiber-to-fiber efficiency and b signal-to-background ratio (SBR) of FWM idler 1
as a function of the detuning for different QD SOA currents. The wavelength and in-fiber input
power of pump and probe signal are given in the figure. Both figures share the same legend. The
arrow shows the change of current according to the arrow in the legend
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The SBR shows a slight asymmetric behavior similar to the efficiency. At a large
operating current, the asymmetry also disappears at large detuning. A maximum SBR
of 32 dB is found for a detuning of +0.5 nm and an operating current of 650 mA.
For this current, the SBR exceeds 20 dB within an detuning range of 13.5nm from
—4.5 to +9 nm. The conversion efficiency is larger than —26 dB within this range.

Hence, the conversion efficiency and SBR in QD SOAs show a more symmetric
performance for up and down-conversion consistence with e.g. [2, 49, 59, 92, 94,
109].

8.3.2 Input Power Level Dependence

The FWM conversion efficiency and SBR are shown in Fig. 8.6 in dependence of the
in-fiber pump at different probe input power levels for a detuning of +1 nm and a
QD SOA operating current of 650 mA.

Both, the efficiency and the SBR, follow the power increase first linearly and start
to saturate at a power level of around 1 dBm. The efficiency is close to saturation
and reaches a value of about —8.5 dB at a pump power of 11 dBm. Increasing the
probe power by 10 dB results in an efficiency change of less than 1.5 dB whereas
comparable saturation efficiencies are obtained. The probe power has thus only a
small influence on the conversion efficiency. In contrast, the SBR is significantly
increased by an averaged value of 4.8 and 4.4 dB if increasing the probe power in
two steps by 5 dB.

In general, larger input power levels improve both, the conversion efficiency and
SBR. For moderate and large input probe power levels of —3 and 2 dBm, the SBR
exceeds 20 dB for pump input power levels larger than 3 and 0 dBm, respectively.
Under these conditions, the conversion efficiency is larger than —15 and —21 dB,
respectively.
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Fig. 8.6 FWM down-conversion a conversion efficiency and signal-to-background ratio (SBR) as
a function of the in-fiber optical pump input power for three different in-fiber probe power levels.
The pump and probe wavelength as well as SOA current are given in the figure. Both figures share
the same legend. The arrows show the change of probe power according to the arrow in the legend
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Fig. 8.7 Sketch of wavelength down-conversion for increasing detuning (arrow direction) with
fixing a the pump wavelength and b the FWM idler 1 wavelength to the ASE peak wavelength. ¢
FWM efficiency difference of both configurations

8.3.3 Dependence of Spectral Position Relative to ASE Peak

The FWM efficiency is characterized in Sect.8.3.1 by centering the pump signal at
the wavelength of the ASE peak and scanning the probe wavelength. With increasing
detuning, FWM idler 1 is shifted towards spectral regions exhibiting lower gain as
exemplary sketched in Fig. 8.7a for wavelength down-conversion. Instead of fixing
the pump wavelength, the FWM idler could be fixed in wavelength to the ASE peak
wavelength by scanning pump and probe wavelength as sketched in Fig.8.7b. In
this configuration, the FWM idler experiences a significantly larger gain but at the
expense of shifting the probe wavelength forwards to spectral regions with even
lower gain values (visible by the lower ASE in Fig. 8.7b).

The 3mm long QD SOA No. 3 (see page 41) has been used to evaluate the
FWM efficiency for both configuration. The SOA is driven with a current of 300 mA
providing approximately the largest gain. The pump and probe in-fiber input power
are 10 and 0 dBm, respectively. The FWM efficiency difference of both methods is
presented in Fig. 8.7c.

Both methods show comparable performance for small detuning from —5 to 5 nm.
The ASE and thus the gain are flat in this wavelength range, Hence, there is no dif-
ference between both methods. Increasing the detuning towards —10 nm indicates at
least a slightly improved performance in case of the fixed pump configuration. In con-
trast, the fixed idler configuration exhibits an improvement of the down-conversion
efficiency by 2.5 dB for a detuning of 10 nm. Hence, fixing the idler to the gain peak
wavelength slightly improves the down-conversion efficiency at larger detuning.
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Fig. 8.8 FWM a efficiency and b signal-to-background ratio (SBR) improvement for increasing
SOA length in dependence of the detuning. The wavelength and in-fiber input power of pump and
probe signal as well as the SOA current density are given in the figure. Both figures share the same
legend

8.3.4 QD SOA Length Dependence

The FWM conversion efficiency and SBR strongly depend on the QD SOA gain
and thus the length of the SOA. The gain was discussed in dependence of the QD
SOA length in Sect.3.5.1 (page 55). Linear fiber-to-fiber gain values of 15.6, 23.3
and 26.6 dB were obtained for the 3, 4 and Smm long QD SOA No. 3, 4 and 5,
respectively, all driven with a current density of 1.67 kA/cm?. The improvement of
the FWM efficiency and SBR with increasing SOA length are plotted in Fig. 8.8
in dependence of the detuning. The pump wavelength is positioned for each SOA
to its ASE peak. The in-fiber pump and probe power levels are 2 and —8 dBm in
all configurations. Hence, the SOAs with longer length are driven in deeper gain
saturation due to the reduced saturation input power levels (compare Table 3.2, page
44).

The efficiency is increased at least by 2.2 and 3.5 dB within a 20nm detuning
range comparing the 3 mm long SOA with the 4 and 5 mm long SOA, respectively.
The asymmetry of the up and down-conversion efficiency increases with increasing
SOA length. A peak efficiency improvement of 10.5 dB is obtained with the 5 mm
long SOA for a wavelength down-conversion of 2 nm (detuning +1 nm).

A slight increase of the SBR is obtained for large detuning probably due to the
gain bandwidth narrowing caused by ASE self saturation of longer devices. However,
the 5 mm long SOA offers an SBR improvement of more than 3 dB within a detuning
range of 16.9nm from —6.9 to +10 nm.

The FWM conversion efficiency and SBR significantly benefit from both, the
larger gain and deeper saturation with increasing SOA length and for given input
power levels. Hence, the 5 mm long SOA is most suitable for wavelength conversion
with high efficiency and SBR.
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8.3.5 Detuning Dependence for Dual-Pump Configuration

The detuning range in which the SBR exceeds 20 dB using the single-pump scheme
is limited to about 15 nm (e.g. from —5 to +10 nm) depending on the QD SOA
length and operating condition. Hence, the static wavelength conversion from probe
to idler 1 is limited to less than —10 to +20 nm.® The conversion of modulated
signals is often practical across an even smaller range due to additional required
linear amplifiers and thus an further decrease of the SBR. The dual-pump scheme
provides an extension of this range.

The FWM efficiency, SBR and peak power of the wide-range wavelength con-
verted idler 2.1 (label see Fig. 8.4, page 155) is investigated for the 5mm long QD
SOA No. 5 (see page 42). The device under test is driven with a current of 900 mA.
The pump 1 and probe wavelengths are set to 1311 and 1313 nm which are on the
short wavelength side of the ASE peak obtained at 1319 nm. Positioning both signals
at the ASE peak wavelength was prevented by the setup namely the number of suit-
able wavelength filters. The wavelength of pump 2 is scanned. The pump 1, pump 2
and probe input power levels are 15, 13 and 10 dBm, respectively.

Idler 2.1 is generated with a 2nm detuning on the short wavelength side of
pump 2 and follows its wavelength scan. Meanwhile, idler 1 remains at a 4nm
down-converted wavelength of 1309 nm since the wavelengths of pump 1 and probe
are fixed. The FWM efficiency, SBR and peak power of idler 2.1 and idler 1 in depen-
dence of the wavelength of idler 2.1 are depicted in Fig. 8.9. Additionally, the figure
exhibits also a detuning equivalent A, which is defined based on the definition of
the single-pump detuning A\ (Eq. 8.7, page 158) as follows:

A -\

~ “\probe idler 1
AN = )\probe - )\pump 1~ f»
/\probe - /\idler 2.1

2

AN = (8.10)

The efficiency and SBR of idler 1 are nearly unaffected by the position of pump 2.
Only at very small positive detuning, both values show a slight decrease possibly
due to some cross-talk. This could be induced by direct interaction among the two
pumps or the large number of additional FWM products and hence the reduced gain.

The idler 2.1 up and down-conversion efficiency is comparable for the smallest
tested detuning equivalent of 5 nm. Both, the up and down-conversion efficiency,
are reduced with increasing detuning equivalent but the up-conversion remains first
more efficient than the down-conversion. This could be explained by the larger gain
on the up-conversion side at smaller detuning indicated by the ASE peak wavelength
at about 1319 nm. Both conversion efficiencies show only a difference of 2.5 dB
for the largest tested detuning equivalent of +15 nm. The idler 2.1 up and down
conversion is thus much more symmetric than for idler 1 (compare e.g. Fig. 8.5) but

8Please note, that the conversion distance from probe to idler 1 is two times the detuning because
the last is defined as the difference of probe to pump wavelength.
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Fig. 8.9 FWM a peak power, b efficiency and c signal-to-background ratio (SBR) of idler 1 and
idler 2.1 in dependence of the wavelength of idler 2.1. The fixed wavelength position of pump 1,
probe and idler 1 are marked with the vertical lines (dash-dot) in the center of each graph. A
detuning equivalent given by half the probe-idler 2.1 wavelength difference is plotted as the top
x-axis in all three graphs to simplify the comparison to the single-pump detuning dependence e.g.
shown in Fig. 8.5 (note the axis direction is inverted). All figures share the same legend

is not significantly improved for the down-conversion. In contrast, the idler 2.1 SBR is
significantly improved for both, the up and down-conversion, and is in addition more
symmetric than for idler 1. The SBR of idler 2.1 exceeds 20 dB in the entire detuning
equivalent range of 30 nm (from — 15 to +15 nm). The conversion efficiency exceeds
—30 dB in nearly the entire detuning equivalent range. The converted idler 2.1 peak
power exceed —30 dB (—24 dB) required for an error-free detection of D(Q)PSK
using the differential detection receiver (see Table 6.1, page 114). Hence, the dual-
pump scheme could enable a conversion in a wavelength range of up to 60 nm.

8.3.6 Conclusion

The conversion efficiency and SBR are optimized by large pump and probe input
power levels, increase of gain and decrease of saturation input power levels e.g.
by using longer QD SOAs as well as operating the QD SOAs at large currents.
The single-pump wavelength conversion is preferable for short-range wavelength
conversion within a detuning range of about 10nm allowing a conversion within a
range of 20nm around the pump 1 wavelength. For even larger conversion distances
across the entire spectral gain bandwidth, a dual-pump wavelength conversion is
preferable. This enables an increased detuning range of about 30 nm corresponding
to a conversion within a range of about 60 nm around the pump 1 wavelength.

8.4 Wavelength Conversion of Phase-Coded Signals

The static FWM was optimized in the previous section. Large-signal measurements
have to be performed to demonstrate the suitability of QD SOAs as key component in
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Fig.8.10 Modification of the basic D(Q)PSK setup in Fig. 6.5 to investigation the QD SOA 40 GBd
D(Q)PSK all-optical wavelength conversion. ECL external cavity laser, DFB laser distributed feed-
back laser, FBG fiber-Bragg grating, PDFA praseodymium-doped fiber amplifier, PC polarization
controller, QW SOA quantum-well semiconductor optical amplifier, 7F wavelength tunable filter,
VOA variable optical attenuator

wavelength converters for all-optical networks. Using FWM in QD SOAs, sufficient
wavelength conversion of high symbol rate OOK signals has been achieved in the
past in amongst others also for devices comparable to the devices presented in this
thesis e.g. in [2, 66, 73, 74]. However, future optical networks require modulation
format transparent wavelength converters as these networks will use both, amplitude
and phase-coded signals. The FWM-based wavelength conversion of phase-coded
signals will require the generation of a sufficient fast phase grating similar to the
fast gain grating used for OOK modulated signals. Up to now, the literature reports
the conversion of up 40 GBd RZ-DPSK [110] and up to 25 GBd QPSK or DQPSK
modulated signals using QD SOAs [68, 71, 111]. Hence, this chapter concentrates
on the conversion of high symbol rate phase-coded signals, i.e. 40 GBd DPSK and
DQPSK modulated signals.

Setup

The basic D(Q)PSK setup sketched in Fig. 6.5 (page 109) is modified by the compo-
nents shown in Fig. 8.10. The D(Q)PSK transmitter generates a 40 GBd D(Q)PSK
signal with a wavelength of 1311 nm.

The pump 1 signal is generated in “inline 1” by a QD DFB laser emitting at a
wavelength of 1313 nm. The modulated signal and the pump 1 signal are combined
with a 3-dB splitter and subsequently booster amplified using a praseodymium-doped
fiber amplifier (PDFA). The output of the amplifier is wavelength filtered to suppress
the ASE using a circulator and two cascaded reflective FBG,” one for each of the
signals.

In case of wide-range wavelength conversion, the pump 2 signal is generated
with an ECL, amplified using a QW SOA, and subsequently wavelength filtered to
suppress the ASE of the amplifier. The pump 2 signal is combined with the pump 1
and probe signal using the circulator FBG cascade.

9See Appendix B for more details.
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The device under test (DUT) follows “inline 1”. All signals are injected into the
device under test (DUT) with their polarization aligned to the TE axis. The QD SOA
input power (P;,) can be adjusted for each signal using the VOA and the current of
the PDFA and QW SOA. A TF following the DUT is used to separate the signal to be
measured from the amplified input signals and the other generated FWM products.
The blocked signals are suppressed by more than 30 dB with respect to the signal
to be measured. The combination of “inline 17, DUT and “inline 2” represents the
wavelength converted.

The 40 GBd D(Q)PSK signal is detected using the differential detection receiver
only. A detection with the coherent detection receiver is not possible without changing
the software EQ in case of the wavelength converted signal. Changing the EQ could
mask signal changes caused by the QD SOA wavelength conversion. This is unwanted
as the influence of the DUT is under investigation.'® In addition, the performance
of the available coherent detection receiver exhibits a stronger dependence on the
wavelength than the differential detection receiver.

Device Under Test (DUT)

The DUT is the 5 mm long QD SOA No. 5 (see page 42). The SOA is driven with a
current of 900 mA at the ASE peak appears at a wavelength of around 1319 nm. As
described above, the pump 1 and probe signal are shifted to the smaller wavelength
side of the ASE peak due to limitations of the setup. At a wavelength of 1310 nm,
the linear fiber-to-fiber gain as well as a 3-dB saturation input and output power
are approximately 21.5 dB and —3.6 dBm (14.9 dBm), respectively. The converted
peak power, the conversion efficiency and the SBR were presented and discussed in
Sect.8.3.5.

8.4.1 Short-Range FWM

The 4 nm wavelength down-conversion of a 40 GBd D(Q)PSK signal is considered in
the following in single-pump configuration, and thus in absence of the pump 2 signal.
BER measurements are conducted in dependence of the receiver input power levels
(Pyc) for the BtB configuration on the probe signal at a wavelength of 1313 nm and
for the converted idler 1 at a wavelength of 1309 nm. The BtB configuration is given
by bypassing the DUT whereas all other setup parts of the wavelength converter
remain unchanged. The measured BER curves and fits are shown in Figs.8.11 and
8.12 for DPSK and DQPSK modulated signals, respectively. The fitting procedure
as well as the calculation of the averaged (AVG) DQPSK BER are explained in
Appendix C.

The P,.. required for a BER of 10~ are —30.4 dBm for the DPSK modulated sig-
nal. The wavelength converted signal shows a minuscule improved P,.. by —0.2 dB
presumably caused by a marginal change of the receiver sensitivity at the 4 nm shifted

10See the description of the basic setup given in Sect. 6.2.1 for details about the software EQ.
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Fig. 8.11 40 GBd DPSK BER measurements versus receiver input power without (BtB) and with
the QD-SOA-based wavelength converter operated in single-pump configuration. All BER curves
are linearly fitted
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Fig.8.12 40 GBd DQPSK BER measurements versus receiver input power without (BtB) and with
the QD-SOA-based wavelength converter operated in single-pump configuration for a tributary 1
and b tributary 2. All BER curves are linearly fitted. ¢ Averaged BER over both tributary

wavelength. Hence, the QD SOA enables a 4 nm wavelength down-conversion of a
40 GBd DPSK signal without any signal degradation.

The receiver requires a Py, of —21.6 dBm to detect the DQPSK modulated signal
with a BER of 10~°. The wavelength converted signal shows a P, penalty of below
1.6 dB. This increase of the required P, is driven by tributary 2, whereas tributary 1
shows only a very small change. In addition, tributary 2 also exhibits an upcoming
error-floor for a BER below 1070, However, the 40 GBd DQPSK signal can be
converted by 4nm from a wavelength of 1313-1309 nm with a P,.. penalty well
below 2 dB.

8.4.2 Wide-Range FWM

The previous subsection presented wavelength conversion with a short distance of
4 nm. This section addresses the conversion across larger distances using the dual-
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Table 8.1 List of modulation format dependent receiver input power P, of the differential detec-
tion receiver measured in BtB configuration for different wavelengths

Prec at 1288 nm Pjec at 1313 nm BtB Pjec at 1323 nm
BtB (dBm) B(B (dBm)

DPSK

BER 10~° -31.6 -30.4 —28.8

BER 1073 —37.7 —36.6 —34.8

DQPSK

BER 10~° —23.6 -21.6 —212

BER 1073 -323 —30.4 —29.4

pump scheme. BER measurements of the 40 GBd D(Q)PSK are conducted in depen-
dence of the receiver input power levels for the BtB configuration on the probe signal
at a wavelength of 1313 nm and for the converted idler 2.1 at various wavelengths.
The BtB configuration is given by bypassing the DUT, whereas all other setup parts
of the wavelength converter remain unchanged.

System Characterization
In contrast to short-range FWM presented in the previous section, the wide-range
wavelength conversion is accessible in a large spectral range of up to 60 nm using
dual-pump FWM scheme. Hence, the strong wavelength dependence of the setup,
i.e. the transmitter and receiver, has to be taken into account. BtB measurements
show only the wavelength dependence of the coupled transmitter-receiver system
but not the dependence of the individual parts. The latter would be required because
the wavelength converter naturally leads to different wavelength of receiver and
transmitter. Hence, one cannot distinguish between penalty changes caused by the
wavelength converter and the system.

Typically, the receiver, in particular the optical amplifiers of the receiver, has
a significantly stronger wavelength dependence than the transmitter. However, the
transmitter used in this thesis is based on a DD MZM which was designed for the
C-band and thus shows a larger dependence on the wavelength in the O-band, i.e. the
extinction ratio. A valid discussion of phase distortion of the signal possibly caused
by the wavelength converter is thus perhaps not feasible. However, to get an idea of
the wavelength dependence of the system, two other BtB configurations are recorded
by changing the probe wavelength to 1288 and 1323 nm, respectively. In this case,
the circulator in the wavelength converter is bypassed'' and a TF is used instead.

All BER measurements and fits are listed in Appendix C. The determined BtB P,
required for a BER threshold of 10~° and 10~ are listed in Table 8.1 for the different
BtB wavelength configurations. The fitted wavelength converted BER curves are
analyzed in terms of P,,. penalty at a BERs of 1072 and 103 with respect to the

1I'The bypassing is required because the FBGs would not reflect the signal. Hence, the probe signal
would not reach the receiver.
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Fig. 8.13 Receiver input power P,.. penalty versus the wavelength of the converted idler 2.1 for
a the DPSK and b the 40 GBd DQPSK modulated signal. The P,.. penalty is evaluated with
the probe BtB measurement (wavelength at 1313 nm) as a reference across the entire converted
wavelength span at BERs of 10~ and 1073 (closed symbols). In addition, the Py, penalty is also
evaluated for the short and long wavelength region using the 1288 and 1313 nm BtB measurement
as a reference, respectively (open symbols). The fixed wavelength position of pump 1, probe and
idler 1 as well as the alternative BtB signals are marked with the vertical lines (dash-dot)

BtB measurement. Figure 8.13 depicts the obtained penalties for 40 GBd D(Q)PSK
wavelength conversion in dependence of the wavelength of idler 2.1.

40 GBd DPSK Modulated Signal

An error-free 40 GBd DPSK wavelength conversion is obtained within a wavelength
range of 45nm ranging from 1283 to 1328 nm. A conversion up to a wavelength
of 1343 nm as demonstrated for the static wavelength conversion (see Fig. 8.9, page
160) is limited by the wavelength dependent receiver sensitivity due to the gain
bandwidth of the optical amplifiers.'?

The penalties for the wavelength down-converted signal obtained at a BER of
10~ range from —0.6 to +1.8 dB if using the 1313 nm BtB measurement as the
reference. In contrast, the penalties for the wavelength up-converted signal ranges
from +0.8 to +6.1 dB. Using the references localized within the corresponding wave-
length range, the penalties are increased by 1.2 dB and decreased by 1.6 dB for the
down and up-conversion, respectively. Hence, the strong wavelength dependence of
the transmitter-receiver system, particular the sensitivity of the receiver are large
wavelength, presumably limit the conversion range and performance.

However, the 40 GBd DPSK wavelength conversion is achieved within a range
of 40 nm (1283-1323 nm) with a penalty below 3 dB for both evaluated BER lev-
els of 1072 and of 1073, This range is extended to 45nm with a lower restriction
to the penalty requirements. The receiver sensitivity limits this range on the large
wavelength side representing the wavelength up-conversion.

Using the 3-mm long QD SOA No. 2, the 40 GBd DPSK wide-range wavelength
conversion was reported in [67, 112] within a range of 45 nm. The conversion of
QD SOA No. 2 benefits from the use of a broadband receiver amplifier. Compar-
ing the performance of QD SOA No. 2 and 5, both allow a conversion within a
range of 45nm whereas QD SOA No. 5 offers an improved idler 2.1 peak power

12The PDFA used within the receiver exhibit a gain reduction of 8 dB if increasing the wavelength
from 1310 to 1320 nm (see Fig. 3.15). The shape of the ASE predicts an even larger gain reduction
for changing the wavelength from 1320nm towards 1340 nm.
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(compare Fig.8.9 on page 160 with [67, 112]). Based on the static FWM perfor-
mance, in particular the peak power and SBR shown in Fig. 8.9a, ¢ (page 160), and
the down-conversion performance of the modulated signal (see Fig. 8.13 wavelength
range 1280-1305 nm), an error-free conversion performance within the entire static
conversion range of 60nm seems to be feasible using a receiver with an improved
spectral bandwidth. Especially, the wide-range conversion could be symmetric for
up-and down conversion allowing to up or down-convert DPSK signals by 30nm
and more.

40 GBd DQPSK Modulated Signal

The detection of the converted 40 GBd DQPSK signal suffers from the similar
receiver sensitivity problem as described above for the DPSK signal. But the con-
sequence for the DQPSK signal is even worse as the receiver input power budget
is significantly smaller than for the DPSK signal. However, an error-free BER of
107 can be reached for wavelength up and down-conversion to 1319 and 1303 nm,
respectively, only limited by the available receiver input power. The penalties are
below 3 dB.

The 40 GBd DQPSK signal can be converted within a range of 35nm using a
BER of 1073, This range is again limited on the large wavelength side by the receiver
sensitivity. The observed penalties vary within in a range of —1.2to 3.3 dB and —0.4
to 2.2 dB using the 1313 nm BtB and the localized BtB measurement as the reference,
respectively. The penalties of the converted DPSK and DQPSK show a comparable
performance at a BER of 103, The full spectral range addressed by the DPSK signal
is limited in case of the DQPSK by both, the receiver and the reduction of the output
peak power of idler 2.1 with increasing conversion distance (see Fig. 8.9a).

However, the 40 GBd DQPSK wavelength conversion is achieved within a range of
16 nm (1319-1303 nm) and 35 nm (1288 nm to about 1323 nm) with a receiver input
power penalty below 3 dB for a BER level of 10~ and 10~2 (required approximately
for forward-error correction (FEC)'3). An improved receiver sensitivity could enable
a DQPSK wavelength conversion across a wavelength range as large as obtained for
the DPSK signal as the static SBR should be sufficient.

8.5 Summary

The symmetry of the FWM up and down-conversion efficiency in QD SOAs benefits
from the low a-factor and thus the reduced influence of CDP. The asymmetry is
less than 5 dB in agreement with e.g. [2, 49, 59, 92, 94, 109]. The static conversion
efficiency and SBR in QD SOAs is optimized in well agreement with e.g. [2, 49, 59]
by following the guidelines:

e Large pump and probe input power levels.

13See Sect. 4.3 for details.
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e Increase of gain and decrease of saturation input power levels e.g. by longer QD
SOAs and/or large currents.

e Single-pump wavelength conversion preferable for short-range wavelength con-
version up to =10 nm.

e Dual-pump wavelength conversion preferable for wide-range wavelength conver-
sion of up to +30 nm, only limited by gain-bandwidth of SOA.

The fast gain dynamics of QD SOAs even in deep saturation ensures a sufficiently
fast modulation of the gain and refractive index grating. Thus, wavelength conversion
of high symbol rate OOK signals is feasible [2, 66, 73, 74]. In addition, this chapter
demonstrated that the phase grating is modulated sufficiently fast to convert high
symbol rate phase-coded signals, i.e. 40 GBd (40 Gb/s) DPSK and 40 GBd (80 Gb/s)
DQPSK modulated signals.

The error-free (BER < 107%) 4 nm wavelength down-conversion from 1313 to
1309 nm of a 40 GBd D(Q)PSK based on single-pump FWM in a QD SOA is demon-
strated with a minuscule (low) receiver input power penalty of —0.2 dB (1.6 dB),
respectively.

In dual-pump configuration, error-free 40 GBd DPSK wavelength conversion
is demonstrate with a receiver input power penalty below 3 dB within a range of
40 nm (1283-1328 nm) covering 40 % of the entire O-band. Wide-range wavelength
conversion of 40 GBd DQPSK signals is demonstrated within a range of 35 nm
(1288-1323 nm) with a receiver input power penalty of about or less than 3 dB at
a BER threshold 10~ (approximately FEC limit). Error-free conversion is achieved
within a reduced range of 16 nm (1319-1303 nm) with a penalty below 3 dB limited
by the receiver sensitivity. These ranges are limited by the wavelength dependent
receiver sensitivity and could be increased to at least 60 nm (35 nm) for D(Q)PSK
modulated signals taking into account the static conversion properties.

In conclusion, QD SOAs enable short-range as well as wide-range wavelength
conversion of at least 40 GBd phase-coded signals. This is the first time, that a 40 GBd
DQPSK signal is converted using single and dual-pump FWM in a QD SOA. The
results demonstrate that QD SOAs are very promising devices for AOWC, required
for signal processing in modulation format transparent future ANs and MANSs.
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Chapter 9
Summary and Outlook

The present thesis investigated and demonstrated the suitability of GaAs-based QD
SOAs for future metropolitan area networks (MANs) and access networks (ANs),
featuring high symbol rate transmission in multi-wavelength channel configurations,
using advanced modulation formats. These networks require optical amplifiers to
compensate losses caused by the extended reach, larger splitting ratios and larger
amount of in-line components. In addition, signal processing is imperative to enable
all-optical wavelength conversion (AOWC) and all-optical switching.

Semiconductor optical amplifiers (SOAs) are particularly promising candidates
for both, amplification as well as nonlinear optical signal processing, as they offer a
small footprint, low power consumption, ease of integration in photonic integrated
circuits, and broad gain spectra. Quantum dot (QD)-based SOAs exhibit unique
properties in comparison to conventional bulk and/or QW base SOAs. QD gain
material offer the separation of the energy states into gain providing QD states,
i.e. ground state (GS) and excited state (ES), and carrier reservoir providing higher
energy states. In case of a highly populated reservoir, this results in a decoupling
of gain and phase dynamics as well as a presumably low «a-factor. Hence, very
fast gain dynamics is achievable even for strong gain depletion demonstrated by
complete GS gain recovery on a picosecond time scale or even below. Furthermore,
the inhomogeneously broadened QD ensemble leads to a broad gain bandwidth of
both, GS and ES.

The ultra-fast gain recovery and broad gain bandwidth as well as the low
a-factor predestine QD SOAs for multi-wavelength channel amplification and non-
linear wavelength conversion of both, high symbol rate amplitude and phase-coded
signals. These have been demonstrated for symbol rates up to 80 GBd. In addition,
based on the decoupling of phase and gain dynamics as well as the broad spectral
separation of QD GS and ES in the order of 100nm, two novel QD SOA-based
concepts have been developed and demonstrated.
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In detail, the present thesis has investigated:

Basic Characterization

QD SOAs with different designs and lengths have been presented. The deeply-edged
ridge waveguide design provides a high-frequency capable contact design but at
the expense of a high chip noise figure of 7.3dB caused by the ridge roughness.
Shallow-edged ridges offer significantly improved values down to 4.1 dB despite an
increased length. 4-5 mm long single-section QD SOAs exhibit excellent chip gain
values as large as 34.5dB. Both, the chip noise figure and chip gain are comparable
to commercially available SOAs. But, the fiber-to-fiber values suffer from the 4.5 dB
coupling losses per facet and could be reduced by waveguide engineering. The gain
values especially at larger currents are limited by thermal conductivity. Hence, an
improvement of the mounting technology similar to commercial SOAs is desirable.
Both, the QD SOAs and the commercial SOAs exhibit a polarization dependent
gain. This can be overcome for both, e.g. shown for QD SOAs by using columnar
QDs. However, the achieved fiber-to-fiber gain values of 13-26 dB and spectral 3-dB
bandwidth of 34-21 nm are sufficient for applications in future all-optical ANs and
MAN:S. Larger gain values for specialized applications can be realized at the expense
of gain bandwidth narrowing. A concept of a sectioned QD SOA has been presented
offering a very large chip gain up to 39.5dB.

The gain dynamics have been investigated for both QD states. For the amplification
of ps-pulses with communication typical symbol rates and power levels, neither
self-phase modulation nor self-gain modulation have been found. The complete GS
gain recovery has been confirmed to be faster than 10 ps even under a perturbation
frequency on the order of typical optical communication symbol rates. In addition, a
strong carrier depletion on the QD ES showed no influence on the GS gain recovery.
Further measurements, simulations and discussions lead to a predicted fast gain
recovery of both QD states and a decoupling of different QD sub-ensembles if both
states are saturated and the carrier reservoir is highly populated.

Concept of Signal Generation

A novel concept exploits the unique decoupling of gain and phase dynamics of QD
SOAs for directly modulated DPSK signal generation with the allocation of gain.
Modulating the current of a QD SOA driven beyond the saturation bias results in a
modulation of the carrier density of the reservoir and thus the refractive index. But,
the gain of the QD GS remains constant. Hence, a QD SOA amplified optical signal
experiences a time independent gain but a modulation of its phase.

Error-free direct DPSK modulation has been demonstrated up to symbol rates
of 25GBd using a QD SOA which offers a linear fiber-to-fiber gain of §dB. In
addition, the error-free generation has been demonstrated within a 2dB receiver
input power penalty-based input power dynamic range (IPDR) larger than 12dB at
a symbol rate of 20 GBd. Differential detection has been used to benefit from the
fast phase effects of the QD SOAs. These results excellently prove the concept.
This is the fastest reported directly modulated DPSK generation for semiconductor
edge emitters for optical communication applications. Hence, the obtained results



9 Summary and Outlook 177

demonstrate the suitability of QD SOAs for a direct phase-modulated-based low-cost
color-free networks like future ANs.

Amplification

Future reach extended ANs and converged MANSs require multi-channel modulation-
format-transparent optical amplifiers. In such networks, individual customer premises
have individual paths to the central office with individual losses and thus the input
power into the amplifier varies across the channels. The amplifier has to amplify all
signals within a specific range of input power levels with low crosstalk. The accord-
ing figure of merit is the IPDR. Beside gain, gain bandwidth and noise figure, the
IPDR is a crucial amplifier parameter. Hence, the IPDR has been comprehensively
investigated in this thesis for high symbol rate amplitude and phase-coded signal,
i.e. OOK, DPSK and DQPSK modulated signals.

The fast gain dynamics of QD SOAs even in deep saturation enable pattern-
effect free amplification of high symbol rate OOK signals as shown in the past. This
has been confirmed in this thesis excellently by 15.5-dB amplification of a single-
channel 80 GBd (80 Gb/s) RZ OOK signal within a 2-dB penalty IPDR much larger
than 18dB. The limits on both power sides have not been reached despite a large
input power of already 6dB beyond the 3-dB saturation input power of 0.1 dBm.
Even in the presence of three neighboring 40 GBd (40 Gb/s) NRZ OOK channels, an
error-free amplification is achieved up to a total input power of 3 dB above the 3-dB
saturation input power. A negligible crosstalk on the 80 GBd channel has been found
for smaller input power levels corresponding to the linear gain regime.

However, for the amplification of phase-coded signals, particularly with OOK
neighboring channels, not only the fast gain dynamics have to be considered but also
the phase dynamics. Hence, in the framework of this thesis, the IPDR for DPSK and
DQPSK modulated signals as well as the influence of an OOK neighboring channel
have been comprehensively investigated. The use of differential and coherent detec-
tion receivers allowed a comprehensive discussion of different IPDR definitions and
enabled in-depth investigation of phase and amplitude effects as well as confirmed
an error-free performance.

The fast QD SOA gain dynamics and particular the decoupling of gain and phase
dynamics lead to an outstanding amplification performance of 40 GBd (40 Gb/s)
DPSK and 40 GBd (80 Gb/s) DQPSK modulated signals with a gain of up to 24 dB.
Error-free single-channel DPSK amplification has been demonstrated within an
IPDR larger than 28.8 and 36.7 dB with a receiver input power penalty below 2 dB
and an EVM below 23.4 %, respectively. In addition, the error-free single-channel
DQPSK amplification has been demonstrated within an IPDR larger than 18.4 and
29.9dB with a receiver input power penalty below 2dB and an EVM below 16.4 %,
respectively. The signal quality is determined by phase changes on a time scale longer
than the symbol rate for large input power levels, whereas it is deteriorated by the
amplifier noise for very small QD SOA input power levels. The phase distortion
starts to increase for input power levels beyond the 3-dB saturation input power of
—8.3dB, but the error-free detection is demonstrated even for input power levels of
17dB beyond the saturation input power. Hence, the phase dynamics of QD SOAs
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are sufficiently fast or the phase effects are sufficiently suppressed to enable these
IPDR results, which are significantly larger than previously published results.

The ultra-fast QD refilling and the suppressed phase effects enable the error-
free 40 GBd DQPSK signal amplification even in the presence of a 40 GBd OOK
neighboring channel as long as the DQPSK signal input power level is larger than
for the OOK signal. And even this performance is achieved for input power levels
far beyond the 3-dB saturation input power. The power distribution restriction can
be cushioned by larger QD SOA currents leading to a reduced crosstalk as already
demonstrated for OOK multi-channel amplification.

QD SOAs show an excellent amplification performance for high symbol rate
OOK, DPSK and DQPSK signals even in multi-channel configuration. Hence, QD
SOAs are suitable for modulation format transparent multi-channel amplification as
required for future all-optical reach extended ANs and converged MAN:S.

Concept of Dual-Band Amplifier

Another novel concept, developed during the course of this thesis, exploits the inho-
mogeneously broadened QD GS and ES to amplify signals in dual-band configura-
tion, i.e. with a large spectral separation. This concept requires a decoupling of GS
and ES gain dynamics, which is achieved for saturating bias levels of both states as
shown by simulations. Limited by the thermal conductivity, the bias has been chosen
to saturate both QD states and to provide a sufficient linear fiber-to-fiber gain of
close to 10dB or more. The proof of concept has been demonstrated by distortion-
free amplification of bidirectional 40 GBd (40 Gb/s) OOK signals with a spectral
difference of more than 91 nm. The receiver input power penalty was found to be
well below 2 dB for accessible per-channel input power levels up to 0dBm. An IPDR
larger than 15dB has been presented for both signals, in which the receiver input
power penalty is well below 2 dB.

This concept of a dual-band amplifier has the potential to drastically simplify the
network architecture and thus reduce the power consumption or increase the power
budget of the network. Both result in reduced investment and maintaining costs of
future reach extended ANs and converged MAN:S.

Four-Wave-Mixing-Based Wavelength Conversion

AOWC as the fundamental building block for optical signal processing, such as opti-
cal demultiplexing and logical operations, is a key functionality for reach extended
ANs and converged MANSs. The fast gain dynamics even in the nonlinear gain regime
predestine QD SOAs for AOWC. The most important nonlinear effects occurring in
QD SOAs are cross-gain modulation (XGM), cross-phase modulation (XPM) and
four-wave mixing (FWM). This thesis has focused on FWM as this is the only effect
which is transparent to both, intensity- and phase-modulated signals. In comparison
to conventional SOAs, FWM in QD SOAs allows a more symmetric wavelength up-
and down-conversion efficiency due to the low «-factor and hence the suppressed
influence of carrier density pulsation.
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The static FWM performance has been optimized in terms of conversion effi-
ciency and SBR for up- and down-conversion in single- and dual-pump configura-
tion. Increasing saturation power levels, current and gain (via device length) lead to
an improved performance. Conversion efficiencies as large as —9 dB have been found
for a detuning of +0.5 nm. For the dual-pump configuration, the conversion efficiency
and signal-to-background ratio (SBR) exceed —30 and 20 dB, respectively, in almost
the entire detuning equivalent range of 30 nm (from —15 to +15nm). This represents
a wavelength up- or down-conversion by 30 nm. This conversion span exceeds the
homogenous linewidth of the QDs. Hence, the conversion has to be mediated via the
reservoir, presumable via carrier heating.

However, FWM in QD SOAs was comprehensively used to wavelength convert
high speed OOK signals which lead to impressive results. But, the conversion of
phase-coded signals was only touched. Hence, this thesis has focused on the con-
version of high symbol rate phase-coded signals, i.e. 40 GBd (40 Gb/s) DPSK and
40 GBd (80Gb/s) DQPSK signals. In single-pump configuration, an error-free 4 nm
DPSK wavelength down-conversion from 1313 to 1309 nm has been demonstrated
with a marginal receiver input power penalty of —0.2dB. The penalty for DQPSK
was only 1.6dB. This is the first time that a 40 GBd DQPSK is converted using a QD
SOA.

In dual-pump configuration, the error-free 40 GBd (40 Gb/s) DPSK wavelength
conversion has been demonstrated within a range of 45nm (1283-1328 nm) cover-
ing 45 % of the entire O-band. Within a slightly smaller range of 40 nm, the receiver
input power penalty has been found to be below 3dB. Both ranges are limited by
the receiver and could be increased to at least 60 nm taking into account the static
conversion properties. The forward-error correction (FEC)-limit 40 GBd (80 Gb/s)
DQPSK wavelength conversion has been demonstrated within a range of 35nm
(1288-1323 nm) with a receiver input power penalty below 3 dB. An error-free con-
version has been achieved within a reduced range of 16 nm (1319-1303 nm) with a
penalty below 3dB, which was limited by the receiver sensitivity. Overcoming this
limitation could enable an error-free conversion over the entire 35 nm range.

Hence, QD SOAs enable a short-range as well as wide-range wavelength con-
version of at least 40 GBd phase-coded signals. Hence, QD SOAs are suitable for
AOWC-based signal processing of both, intensity- and phase-coded signals.

Outlook
The QD SOAs can be improved in terms of growth and (post)-processing to decrease
the noise figure, coupling losses and device heating. Polarization independent gain
could be realized by applying the concept of columnar QDs GaAs-based QD devices.
Furthermore, the larger gain of the QD ES can be exploited. Both, technological
improvements as well as the use of the ES will enable to shorten the QD SOA length
whereas keeping the fiber-to-fiber gain. This allows a reduction of the fabrication
costs per device as well as reduce the remaining phase effects.

Besides the multi-level phase-coded modulation format addressed in this thesis,
also multi-level amplitude modulated signals, i.e. pulse amplitude modulation with
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four levels (PAM-4) are very interesting for future ANs and MANSs. They allow
low-cost direct detection receivers. Beside low patterning, these formats require
very linear amplifiers. The fast gain dynamics as well as the large IPDRs obtained
in this thesis predestine QD SOAs for this modulation format. Preliminary tests,
performed with QD SOAs presented in this thesis, yield very promising results for
the amplification of PAM-4 signals with symbol rates of up to 30 GBd (60 Gb/s).

The novel concept of directly modulated QD SOAs will be improved by larger
gain values and/or shorter device lengths and an optimized HF design, allowing even
larger modulation speeds than 25 GBd. Furthermore, this concept could be modified
towards a gain providing all-optical demultiplexer for O-band optical time-division
multiplexing (OTDM) signals. Upon imbedding the QD SOA in one arm of an
interferometer structure, e.g. on chip integrated Mach-Zehnder modulator (MZM),
current modulation changes the phase, whereas the interferometer structure analyze
the induced phase change. Assuming that the phase change of the SOA is controllable
on time scales on the order of the symbol rate of the OTDM signal, the OTDM signal
could be demultiplexed at the output ports of the interferometer structure.

The present thesis demonstrated the amplification of multiple wavelength chan-
nels of intensity and phase-coded signals with QD SOAs with impressive per-
formance. This low-crosstalk, low-penalty, large IPDR, multi-wavelength channel
amplification can be combined with the novel dual-band amplifier concept. This will
demonstrate an ultra-broadband, multi-channel, multi-format, dual-band amplifier
utilizing the superior advantages of QD-based SOAs.

Another novel concept based on QD gain media can be realized by exploiting the
QD GS and ES: AOWC between two bands. This can be realized on the one hand
by XGM, assigning pump and probe signal to the different QD states. On the other
hand, dual-pump FWM can be used by assigning pump and probe to one state and
the second pump to the other state. The investigation of the nonlinear cross-state
interactions, particularly across different QD subensembles will be subject of future
work.



Appendix A
Gain Calculation of Broadband Signals

The gain for a narrow bandwidth signal (e.g. ECL) is defined as described in
Sect.2.2.1. In this case, the resolution of the OSA is set larger than the bandwidth
of the signal. Thus, output power P,,, and input power P;, can be derived directly
from the measured peak power levels and ASE power level P4gg can be determined
by interpolating the ASE background below the signal. Unfortunately, this method
is failing for a broad bandwidth source like a Fabry—Pérot laser diode because the
spectral width is much larger than the resolution of the OSA. To calculate the gain
for such an input signal, the method was adapted.

Equation2.18 (p. 22) is still used to calculate the gain identical to the narrow
bandwidth signals, but the determination of output power P,,, input power P;, and
ASE power level P4gg is modified. Input power is calculated by integrating the
spectral power measured with the OSA taking into account the deconvolution of the
internal OSA filter. The integrated input power P;, is calculated to be as close as 0.5 dB
to the value measured directly with a power meter demonstrating that the integration
method operates well. Output power is calculated similar to input power P;,, but the
power integration is reduced to a spectral width called following “spectral limits”.
The reason for the introduction of the “spectral limits” is the determination of the
ASE power level P,gg. Measuring the ASE power level P,sg in absence of an input
signal and assuming that it remains constant is valid only for small input power levels.
Thus, the ASE outside of the “spectral limits” is fitted with a polynomial of degree
5 and interpolated inside the “spectral limits” using the obtained fit. The ASE power
level P4sr below the output signal is determined by integration of the interpolated
ASE within the “spectral limits” similar to output power P,,, integration. As a result,
the calculated broad-bandwidth signal gain is principally slightly underestimated
because of the different integration limits of the input and output signal. Tests of the
adapted method on narrow bandwidth signals and the comparison to results obtained
with the conventional method were very promising. However, two different methods
of setting the “spectral limits” have been tested and are discussed in the following.

In method “A”, the “spectral limits” are fixed for all operating parameters and are
set via the broadest measured output spectrum, which of course, correspond to the
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Appendix A: Gain Calculation of Broadband Signals
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Fig. A.1 Optical spectra of QD SOA input, output, fitted and interpolated ASE as well as “spectral
limits” for method “A” with a/c high/low input power levels and method “B” with b/d high/low
input power levels. Method “A” uses fixed “spectral limits” whereas the “spectral limits” are set
individually for each output spectrum to the outer visible laser modes for method “B”. Comparing the
fitted and interpolated ASE curve with the output signal demonstrates for example in a wavelength
range from 1195 to 1205 nm, a slightly more accurate fit for method “B”

largest input power level. Hence, the center of the “spectral limits” was setto 1211 nm
and the span was set to 25 nm. Figure A.1a, b shows exemplary two measurements
with different QD SOA input power levels but fixed “spectral limits”. In contrast to
that, in method “B” the “spectral limits” are set individually for each output spectrum
to the outer visible laser modes. An example for this method is shown in Fig. A.1c, d.
Comparing the fitted and interpolated ASE curve with the output signal indicates for
instance in a wavelength range from 1195 to 1205 nm a slightly more accurate fit for
method “B”.

A comparison of calculated gain for the two methods is shown in Fig. A.2. Except
for very small input power levels, the gain value for both methods are comparable.
Method “A” seems to fail at very low input power levels due to the large integration
range of 25 nm with respect to the much narrower output signal resulting in a worse
ASE interpolation. Thus, method “B” turns out to be more reliable and consequently,
this method is used in this thesis.
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Appendix B
Device Setups

B.1 Low Loss Wavelength Filter and Signal Combiner

A circulator is a three port device which guides incoming light from port 1 to port
2 and incoming light from port 2 to port 3. All other transmissions like port 1 to
port 3 or vice versa experience high losses (typically more than 60dB) and thus the
circulator acts like an isolator for these transitions.

The fiber-Bragg grating (FBG) is a distributed Bragg reflector realized by a peri-
odic or aperiodic perturbation of the effective refractive index of the core of an optical
fiber, e.g. a single-mode fiber (SMF). The perturbation leads to the reflection of the
incoming light within the full-width at half maximum (FWHM) of the FBG satis-
fying the Bragg condition, whereas all other wavelengths are nearly unaffected and
transmitted through the FBG.

Combining a circulator and a FBG enables the combination of (see also Fig.B.1):

e low loss filtering (typical less than 2.5 dB losses).
e sharp filter boundaries (typical 20 dB suppression reached at 1.8-times the FWHM).
e combining of signals (one reflected, the other transmitted).

which are superior advantages in comparison to e.g. a combination of a TF and a
3-dB splitter. The disadvantage is the low flexibility in terms of wavelength and
bandwidth tunability.

Fig. B.1 Setup sketch —— optical path

mp optical signal

@ circulator

© Springer International Publishing Switzerland 2017 183
H. Schmeckebier, Quantum-Dot-Based Semiconductor Optical Amplifiers

for O-Band Optical Communication, Springer Theses,

DOI 10.1007/978-3-319-44275-4



Appendix C
Measured Bit-Error
Ratio (BER) Curves

This chapter lists all BER measurements performed in Chaps. 5, 6 and 8 as long as
they are not listed directly in these chapters. All BER curves have been fitted linearly
with Eq.C.1. In case the BER curve is not linear, it was fitted stepwise linearly. The
number of stepwise fits is given independently in each figure caption.

log(—log(BER)) = ap + ai Prec,

(C.1)
log(—log(BER)) = ap + ajOSNR.

The 80 Gb/s optical time-division multiplexing (OTDM) and 40 GBd (80 Gb/s)
RZ- and DQPSK modulated signals are characterized according to Sects.6.1 and
4.2.3, respectively, with two tributaries. The measured BER for both tributaries mea-
sured at an identical OSNR or P,,. are summed representing the BER of the total
received signal. For the DQPSK measurements, tributary 1 and tributary 2 have not
been obtained at identical P,... Additionally, their BER difference at comparable
P,.. are large and thus a direct average would be wrong. As a consequence, the
BER of both tributaries have been fitted independently. Using the fit parameters of
both curves, an averaged (AVG) BER has been calculated for all measured P,.. of
tributary 1 and tributary 2 using Eq.C.2.

1040.r1+AL1r1 Prec

I
BER(P.e0) = 3 (10— £ 10 (C.2)

104060241172 Prec )

C.1 DPSK Signal Generation

Figure C.1 depicts all BER measurements performed for the direct modulated DPSK
signal generation.
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Fig. C.1 QD SOA direct modulated DPSK BER measurements versus receiver input power with a
various data rates and fixed optical input power level of —5dBm and b various optical input power
levels and a fixed data rate of 20 Gb/s. The QD SOA DC current was in all cases 125 mA. All BER
curves are linearly fitted, whereat the —11dBm curve in b is stepwise fitted with 2 linear curves
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Fig. C.2 80Gb/s BER measurements versus receiver input OSNR without (BtB) and with the QD
SOA for various QD SOA input power levels a in the absence (“single-channel”) and b in the
presence (“multi-channel”) of three interfering 40 Gb/s channels. The curves in (a) and (b) have
equal symbols for equal per-channel input power levels and equal colors for equal total input power
levels. The QD SOA drive current was 900 mA in both cases. The —6, —3 and 0dBm BER curves
in (b) are stepwise fitted with 2, 3 and 3 linear curves, respectively

C.2 OOK Amplification

Figure C.2 depicts all BER measurement performed for the multi-channel 80 Gb/s
RZ OOK and 3-times 40 Gb/s NRZ OOK signal amplification.

C.3 D(Q)PSK Single-Channel Amplification

Figures C.3 and C.4 depict all BER measurements performed for the 40 GBd DPSK
and DQPSK IPDR evaluation, respectively.
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Fig. C.3 40GBd DPSK BER measurements versus receiver input power without (BtB) and with
the QD SOA for various QD SOA (P;,). All BER curves are linearly fitted
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Fig. C.4 40GBd DQPSK BER measurements versus receiver input power without (BtB) and with
the QD SOA for various QD SOA input power (P;,) for a tributary 1 and b tributary 2. The
—15.0dBm curve for tributary 2 suffered from error-bursts which source could not been identified.
All BER curves are linearly fitted. ¢ Averaged BER over both tributary

C4 D(Q)PSK Multi-Channel Amplification

Figures C.5 and C.6 depict all BER measurement performed for the multichannel
40GBd DQPSK and 40 Gb/sOOK signal amplification.
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Fig. C.5 40GBd DQPSK BER measurements versus receiver input power without (BtB) and with
the QD SOA for a QD SOA input power (P;;) of —9dBm and various interfering 40 Gb/s OOK
QD SOA P;, for a tributary 1 and b tributary 2. All BER curves are linearly fitted. ¢ Averaged BER
over both tributary fits
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Fig. C.6 40GBd DQPSK BER measurements versus receiver input power without (BtB) and with
the QD SOA for a QD SOA input power (P;,) of 0dBm and various interfering 40 Gb/s OOK QD
SOA P;, for a tributary 1 and b tributary 2. All BER curves are linearly fitted. ¢ Averaged BER
over both tributary fits

C.5 Dual-Band Amplification

Figure C.7 depicts all BER measurements performed for the 40 Gb/s OOK GS sig-
nal evaluation with different combinations of current, GS input power levels and
interfering ES input power levels.

Figure C.8 depicts all BER measurements performed for the 40 Gb/s OOK ES
signal evaluation with different combinations of current, ES input power levels and
interfering GS input power levels.
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Fig. C.7 40Gb/s OOK BER measurement versus receiver input power without (BtB) and with the
QD SOA for currents of a and d 400mA, b and e 700mA and ¢ and f 1000 mA, all with different
GS input power levels “P;, GS”. The top row (a—c) is measured in absence of the interfering ES
signal. The bottom row (d—f) is measured for interfering ES input power levels “P;, ES” of 0 dBm
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Fig. C.8 40Gb/s OOK BER measurement versus receiver input power without (BtB) and with the
QD SOA for currents of a and d 400mA, b and e 700mA and ¢ and f 1000 mA, all with different
ES input power levels “P;,, ES”. The fop row (a—c) is measured in absence of the interfering GS
signal. The bottom row (d—f) is measured for various interfering GS input power levels “P;, GS”

C.6 FWM-Based Wavelength Conversion

Figures C.9 and C.10 depict all BER measurements performed for the 40 GBd DPSK
and DQPSK wavelength conversion in dual-pump configuration, respectively.
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Fig. C.9 40GBd DPSK BER measurements versus receiver input power without (BtB) and with
the QD-SOA-based wavelength converter operated in dual-pump configuration. All BER curves are
linearly fitted. The FWM converted curve 1328 nm is stepwise fitted with 3 linear curves
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Fig. C.10 40 GBd DQPSK BER measurements versus receiver input power without (BtB) and with
the QD-SOA-based wavelength converter operated in dual-pump configuration for a tributary 1 and
b tributary 2. All BER curves are linearly fitted. ¢ Averaged BER over both tributary
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