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To my beloved family

“In the middle of every difficulty lies opportunity.”

,In der Mitte der Schwierigkeit liegt die Moglichkeit.*
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Abstract

Diese Arbeit befasst sich mit der Entwicklung von Kommunikationssystemen, in welchen
mittels eines einzigen Lasers Datenraten von mehr als 10 Tbit/s {ibertragen werden kénnen.
Innerhalb der letzten 20 Jahre ist das Verkehrsaufkommen in den Kernnetzen des Internets
um mehr als das 2000-fache gestiegen. Auch gehen aktuelle Prognosen fiir die ndchsten Jahre
von einem kontinuierlichen Wachstum um 32 % pro Jahr aus. Es ist daher unumgénglich,
diesen Zuwachs an Datenrate durch einen Ausbau der Kommunikationsnetze aufzufangen.
Dabei ist darauf zu achten, dass dies unter moglichst geringen Kosten und energieeffizient
erfolgt. Bisher konnten hohere Geschwindigkeiten durch Nutzung einer groBeren Bandbreite
in der Glasfaser erzielt werden. Wihrend die Glasfaser eine nutzbare Bandbreite von 60 THz
bietet, ist die Bandbreite der erbium-dotierten Glasfaserverstiarker auf ca. 11 THz begrenzt.
Diese Verstirkerbandbreite wird von heutigen Kommunikationssystemen bereits ausgenutzt.
Wihrend man fiir kurze Strecken {iber den Einsatz von optischen Halbleiterverstirkern nach-
denken kann, sind solche Verstirker fiir Kommunikationsverbindungen héherer Reichweite
aufgrund des groBeren Rauschens und oft starken Kanaliibersprechens nicht denkbar. Wenn
auf den Einsatz von weiteren oder neuen Glasfasern verzichtet werden soll, so bleibt eigent-
lich nur noch der Ansatz, moglichst bandbreiteneffizient zu arbeiten um die nutzbare Band-
breite besser auszunutzen. Dabei gibt es zwei Techniken, mir denen die spektrale Effizienz
erhoht werden kann: Die Nutzung von Modulationsformaten héherer Ordnung ermoglicht auf
einem einzelnen Kanal die Ubertragung hoherer Datenraten bei gleichbleibender Bandbreite,
wiahrend raffiniertere Multiplexverfahren die ungenutzte Bandbreite zwischen den einzelnen
Kanilen reduzieren. Im Rahmen dieser Arbeit werden nach einer theoretischen Einfithrung
zunichst die fiir den Einsatz dieser Techniken notwendigen Komponenten vorgestellt. Syste-
mexperimente zeigen, dass diese Komponenten geeignet sind um Datenraten bis zu 32,5
Tbit/s mit einem einzigen Laser zu iibertragen.

In der Einfithrung werden zunéchst die verschiedenen in dieser Arbeit eingesetzten Mo-
dulationsverfahren und die dazu benétigten Sender und Empfénger erklért. Dabei werden die
Grundlagen fiir das Verstédndnis der Quadraturamplitudenmodulation (QAM) und des opti-
schen Multiformattransmitters gelegt. In einem zweiten Teil werden die in dieser Arbeit ver-
wendeten Multiplexverfahren eingefiihrt. Im Gegensatz zu den traditionell verwendeten Mul-
tiplexverfahren der optischen Nachrichtentechnik, Zeitmultiplex und Wellenldngenmultiplex,
erreichen orthogonale Frequenzmultiplexverfahren (OFDM) und Nyquist-Wellenldngenmulti-
plexverfahren (Nyquist-WDM) die theoretische Effizienzgrenze, die durch die Nyquist-
Bandbreite der Signale vorgegeben ist. Der letzte Teil der Einfithrung behandelt einige aus-
gewihlte Komponenten, welche bei Einsatz digitaler Signalverarbeitung verwendet werden.
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Abstract

Technologien fiir Terabit/s Kommunikationssysteme

Durch eine Kombination von Phasen- und Amplitudenmodulation wird bei Modulationsfor-
mate hoherer Ordung eine Steigerung der Datenraten bei konstanter Signalbandbreite erreicht.
Um solche Modulationsformate einsetzen zu kénnen, wird ein neuartiger optischer Transmit-
ter bendtigt. Innerhalb dieser Arbeit wurde ein software-definierter, optischer Multifor-
mattransmitter entwickelt. Dieser Transmitter erzeugt abhingig von seiner Programmierung
verschiedene Modulationsformate héherer Ordnung. Diese Flexibilitit wurde durch den Ein-
satz von programmierbarer Hardware, so genannter Field-programmable-gate-arrays (FPGA),
und schneller Digital-Analog-Wandlern (DAC) erreicht. Dabei wird das erzeugte Modulati-
onsformat in Echtzeit in digitaler Signalprozessierung erzeugt. Der Transmitter generiert ver-
schiedene Modulationsformate, von einem einfachen An-Ausschalten des optischen Trigers
bei On-Off-Keying (OOK) iiber bindre Phasenmodulation (BPSK) und Quadraturphasenmo-
dulation (QPSK) bis hin zur Quadraturamplitudenmodulation mit 16 moglichen Zustidnden
(16QAM). Dabei wurden Symbolraten von bis zu 30 GBd erreicht. Bei Verwendung von
16QAM als Modulationsformat und unter Verwendung von Polarisationsmultiplex wurde
eine Datenrate von 160 Gbit/s gezeigt. Fiir die Verwendung in einem Nyquist-WDM-System
wurde der Transmitter noch um F#higkeiten zur Pulsformung erweitert. Die notwendige
Uberabtastung reduziert allerdings die maximal mogliche Datenrate. Auf Basis dieses Trans-
mitters wurden in hier nicht erorterten Arbeiten Datenraten von bis zu 336 Gbit/s erzielt und
der erste OFDM-Transmitter mit Signalverarbeitung in Echtzeit und einer Datenrate {iber
100 Gbit/s vorgestellt.

Optische Trager mit einem prézisen Frequenzabstand sind fiir den Einsatz von OFDM
und Nyquist-WDM essentiell. Fiir die Orthogonalitit von OFDM-Untertrégern ist ein fester
Frequenzabstand vorgeschrieben. Andernfalls kommt es direkt zu Ubersprechen. Da bei Ny-
quist-WDM die Bandbreite optimal ausgenutzt werden soll, bleibt kein Platz fiir spektrale
Schutzbénder, welche eine Frequenzdrift der einzelnen Trédger zueinander erlauben wiirden.
Um eine relative Frequenzdrift von vornherein ausschliefen zu konnen, werden oft Frequenz-
kammgeneratoren eingesetzt. Diese Kammquellen haben den entscheidenden Vorteil, dass der
Frequenzabstand der erzeugten Triager durch den Aufbau der Generatoren fest vorgegeben ist.
Falls nun Drifteffekte auftreten, so verschieben sich alle Triger gemeinsam, und ihr Fre-
quenzabstand bleibt konstant. In dieser Arbeit wird ein Frequenzkammgenerator vorgestellt,
der in einer spektralen Bandbreite von 4,05 THz eine Anzahl von 325 Triagern gleicher Leis-
tung erzeugen kann. Diese Triger sind qualitativ so hochwertig, dass sie fiir [6QAM Ubertra-
gung geeignet sind. Ubertragungsreichweiten von mehr als 200 km sind mdglich. Dieser Fre-
quenzkamm war voraussetzung fiir die Experimente mit den enormen Datenraten, welche am
Ende der Arbeit vorgestellt werden.

Um OFDM-Signale mit Datenraten von 10 Tbit/s oder mehr zu prozessieren, wird opti-
sche Signalverarbeitung benétigt. Dies kann mit Elektronik nicht realisiert werden. Die Kern-
komponente von OFDM-Sendern und Empfingern ist die schnelle Fourier-Transformation
(FFT). In dieser Arbeit wird ein Schema zum Aufbau der optischen FFT vorgestellt und an-
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gewendet, wobei die Komplexitit gegeniiber einer direkten Implementierung der FFT deutlich
reduziert wird. Die Anzahl der erforderlichen Elemente zum Aufbau der FFT steigt hier nur
linear mit der Anzahl der zu verarbeitenden Stiitzstellen N der FFT an, nicht mit N log, N, wie
im Fall einer direkten Implementierung des FFT-Algorithmus. In einem ersten Experiment bei
400 Gbit/s wurde die Funktionalitdt des Konzeptes nachgewiesen und damit der Grundstein
fiir die im Folgenden beschriebenen Systemexperimente gelegt.

Terabit/s-Dateniibertragungsexperimente

Nachdem mit den entwickelten Technologien und Komponenten alle Bausteine fiir den Auf-
bau der Kommunikationssysteme verfiigbar standen, wurden zwei optische OFDM-
Experimente und ein Nyquist-WDM-Experiment durchgefiihrt.

Im ersten OFDM-Experiment wurde erstmals eine Datenrate von mehr als 10 Tbit/s mit
nur einem einzigen Laser iibertragen. Dabei wurden auf 75 Trigern mit einem Abstand von
25 GHz QPSK und alternativ 16QAM bei 18 GBd iibertragen. Datenraten von 5,4 und
10,8 Tbit/s wurden erreicht. Die hochste zuvor erzielte Datenrate in einem OFDM-
Experiment war 1,5 Tbit/s. Diese Steigerung gegeniiber dem damaligen Stand der Technik
wurde durch den Einsatz von 16QAM und durch die fiir diese Arbeit entwickelte neuartige
Kammquelle ermdglicht. In diesem Experiment wurde keine Ubertragungsstrecke eingesetzt.
Am Empfinger wurden die OFDM-Untertriger mit einer optischen 8-Punkt-FFT separiert
und im Anschluss kohédrent empfangen. Der FFT basierte Empfanger war zwei weiteren un-
tersuchten Empfangerkonzepten klar iiberlegen.

Zur Untersuchung der Ubertragungseigenschaften wurde ein zweites OFDM-Experiment
bei 26 Tbit/s durchgefiihrt. Dabei wurde durch Einsatz einer verbesserten Kammquelle die
Datenrate nochmals deutlich gesteigert. Das Signal mit 325 Trdgern in einem Abstand von
12,5 GHz wurde mit einer Symbolrate von 10 GBd gesendet. Als Modulationsformat kam
erneut 16QAM zum Einsatz. Das Signal wurde iiber eine Ubertragungsstrecke bestehend aus
50 km Standard-Einmodenfaser (SMF) und einer anschlieBenden dispersionskompensieren-
den Faser tibertragen. Das Signal wurde im Anschluss mittels der optischen FFT empfangen.
Auch wurde die Toleranz eines solchen OFDM-Empfingers gegeniiber einer restlichen, nicht
kompensierten Dispersion untersucht.

In einem dritten Experiment wurde Nyquist-WDM als Alternative zu OFDM untersucht.
In diesem Experiment wurde der Aufbau des 26 Tbit/s-Experimentes angepasst, um stattdes-
sen ein 32.5 Tbit/s-Nyquist-WDM Signal zu iibertragen. Als Ubertragungsstrecke kamen in
diesem Experiment bis zu 227 km SMF zum Einsatz. Allerdings wurde im Gegensatz zu dem
OFDM-Experiment keine optische Dispersionskompensation benétigt. Dabei stellte sich her-
aus, dass Nyquist-WDM eine groBere Ubertragungsdistanz ermdglichte.

AbschlieBend ldsst sich sagen, dass sich sowohl optisches OFDM als auch Nyquist-
WDM fiir bandbreiteneffiziente Kommunikationssysteme der nédchsten Generation eignen,
wobei Nyquist-WDM bei Betrachtung der Ubertragungsdistanz das groBere Potential zu ha-
ben scheint.

Xi






Preface

Super-channels for multi-Terabit/s transmission are seen as the future in optical communica-
tion systems. In this work, single-laser multi-Terabit/s transmission systems are investigated
to cope with the traffic growth expected for the next years. From 1990 to 2010, the traffic in
optical core networks has increased by a factor of 2000. For the next years, current estimates
predict a growth in internet traffic by approximately 32 % per year. All internet traffic that is
transmitted over significant distances is transported by optical communication systems. It is
therefore vital, that these systems are able to handle the expected data rates at reasonable cost
and power consumption. Up to this date, additional traffic was transmitted through existing
fiber plants by using additional parts of the available spectrum. While optical fibers offer sev-
eral tens of THz of usable bandwidth, erbium doped fiber amplifiers (EDFA) offer only ap-
proximately 11 THz of amplification bandwidth. This bandwidth can be fully used with state-
of-the-art communication systems. While semiconductor optical amplifiers (SOA) would be
an option for short reach applications, they cannot be used for large transmission distances
due to the channel crosstalk and the large amount of noise introduced by these amplifiers. One
option would be to use a special multiplexing by using additional optical fibers. However, this
increases cost and energy consumption significantly. So there are only two options left to in-
crease the transmission capacity. The first option is to make use of advanced modulation for-
mats like quadrature amplitude modulation (QAM) to transmit more data within the same
signal bandwidth. The second option is to avoid the guard bands used in standard transmis-
sion systems based on wavelength division multiplexing (WDM) through the use of advanced
optical multiplexing schemes. Here, orthogonal frequency division multiplexing (OFDM) and
Nyquist wavelength division multiplexing (Nyquist WDM) are investigated.

This work commences with an introduction into the topic. After presenting the theoretical
background, the different subsystems or components are presented that are necessary for the
following Terabit/s system demonstrations with advanced multiplexing schemes.

Chapter 1 is an introduction into the topic. After discussing traffic increase and band-
width constraints in optical communication systems a first introduction into modulation for-
mats and multiplexing schemes follows.

Chapter 2 covers the theoretical background on modulation formats and multiplexing
schemes. The theoretical background in real-valued modulation, complex modulation, and
modulation formats applied in this work are introduced. Different transmitter and receiver
schemes for these formats are presented. The theoretical background of OFDM, Nyquist
WDM and the relation between these two formats is given. Some details on digital signal pro-
cessing are also provided.
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Technologies for Terabit/s Communication Systems

Three key technologies were developed within this work that enabled the Terabit/s transmis-
sion systems, the multi-format transmitter, an optical comb source, and an optical fast Fourier
transform.

Chapter 3 covers the flexible optical multi-format transmitter [1]. To be able to use dif-
ferent advanced modulation formats, a novel and flexible transmitter was needed. To achieve
full flexibility, this transmitter is based on programmable hardware, so-called field program-
mable gate arrays (FPGA), and high speed digital-to-analog converters. The output signal of
the transmitter is computed in real-time by the FPGA, and the programming of the FPGA de-
fines the modulation format generated. Modulation formats from on-off-keying (OOK), over
binary and quadrature phase shift keying (BPSK and QPSK), to 16-ary quadrature amplitude
modulation (16QAM) are generated by the transmitter. The maximum achieved symbol rate
of the transmitter is 30 GBd. For 16QAM, a total aggregate data rate with polarization multi-
plexing of 160 Gbit/s is presented. In follow-up work, this transmitter was extended to gener-
ate 336 Gbit/s dual-polarization 64QAM signals, 101 Gbit/s single polarization 16QAM-
OFDM, and Nyquist pulse-shaped signals with dual polarization 64QAM at up to 150 Gbit/s
in real-time. This Nyquist pulse-shaping transmitter was then also used in the Nyquist WDM
experiments.

Chapter 4 introduces the optical comb generator. High quality optical frequency combs
are crucial for advanced multiplexing schemes in next generation optical communication sys-
tems. Even though extremely broad frequency combs have been used for measurement appli-
cations, the quality requirements for high speed communications are different. It is challeng-
ing to generate extremely broad frequency combs while maintaining a high carrier quality that
is suitable for communication signals. For this work, frequency combs with highest band-
widths for communication experiments have been generated using spectral broadening in a
highly nonlinear fiber However, the achievable bandwidth in this scheme is limited due to the
minima that appear in spectra broadenend by self phase modulation [2]. To remove these min-
ima, spectral composing was used. In this process, the stable and high-power parts of one or
more broadened spectra and the original spectrum are combined to form a stable output spec-
trum. The generated frequency comb comprises 325 optical carriers with a spacing of
12.5 GHz. This corresponds to a total bandwidth of 4.05 THz. The quality of all carriers is
suitable to transmit I6QAM data over distances beyond 227 km. In transmission experiments,
aggregate data rates of up to 32.5 Tbit/s are achieved.

Chapter 0 contains a detailed technique, simulations, and an experimental verification of
the optical fast Fourier transform (FFT). The fast Fourier transform is a universal mathemati-
cal tool for almost any technical field. It is the key component for next generation signal pro-
cessing such as required for OFDM in optical communications. Here, a practical implementa-
tion of the optical FFT is introduced. Feasibility, tolerances towards further simplifications,
practical implementations, and an experimental verification of the scheme demonstrate the
potential for a next generation OFDM system. A proof-of-principle experiment supports the
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applicability to optical communication systems. Here, a single 400 Gbit/s OFDM channel is
demultiplexed by an optical FFT. The method is based on passive optical components only
and thus basically provides processing without any power consumption. The scheme is in
support of a new paradigm, where all-optical and electronic processing synergistically inter-
act, providing their respective strengths. All-optical methods allow processing at highest
speed with little power consumption, and electronic processing performs the fine granular
processing at medium to low bit rates.

Terabit/s system experiments

Chapter 6 covers three Terabit/s system experiments, two with all-optical OFDM and one
with Nyquist WDM.

In a first all-optical OFDM experiment, a total data rate of 5.4 and 10.8 Tbit/s is transmit-
ted using a single laser. This is the first experiment in which a data rate larger than 10 Tbit/s
has been encoded onto a single laser. The highest data rate reported for an OFDM signal be-
fore this experiment was 1.5 Tbit/s. The novel optical comb source and 16QAM as modula-
tion format made this significant increase in data rate possible. The OFDM signal consisted of
75 subcarriers with a spacing of 25 GHz. The symbol rate was 18 GBd. The all-optical OFDM
receiver comprised an optical eight-point FFT, a bandpass filter, and subsequent coherent de-
tection. In further tests, the performance of the FFT was compared to two other receiver
schemes. In this comparison, the FFT-based receiver exhibited superior performance.

To investigate transmission performance of such an all-optical OFDM signal, a follow-up
experiment with a 26 Tbit/s all-optical OFDM signal was performed. Here, the total data rate
was increased further through the use of an improved optical comb source. This comb source
generated 325 optical carriers with a spacing of 12.5 GHz, which were modulated with
16QAM data at 10 GBd. The signal was transmitted over a distance of 50 km of standard sin-
gle mode fiber (SSMF — SMF-28) with optical chromatic dispersion compensation. In the
receiver, an optical FFT was used to separate the subcarriers before coherent reception.

In the third experiment, single-laser 32.5 Tbit/s 16QAM Nyquist WDM transmission was
investigated. The total transmission distance was of 227 km of SMF-28 without optical dis-
persion compensation. Again, the 325-carrier optical comb source is used, which is now en-
coded with dual-polarization 16QAM data using sinc-shaped Nyquist pulses. The symbol rate
is chosen equal to the carriers spacing of 12.5 GHz. A net spectral efficiency of 6.4 bit/s/Hz is
achieved. The multi-format transmitter generates the electric drive-signals for the electro-
optic modulator in real-time.

Chapter 7 contains a summary of this work and an outlook into future research on advanced
multiplexing and modulation formats for optical communication systems.

XV






Achievements of the Present Work

In this thesis, single laser Tbit/s communication systems have been investigated and experi-
mentally demonstrated. Several key components of the Tbit/s communication systems had to
be developed to achieve the demonstrated speeds.

In the following, a brief summary of the main achievements is provided.

Technologies for Single-Laser Thit/s Communication Systems

Flexible Optical Multi-Format Transmitter: Flexible transmitters can easily adapt to
changing bandwidth demands and changing channel quality. The signals are generated
through real-time digital signal processing (DSP) in field programmable gate arrays (FPGA)
and converted to the analog domain with high speed digital-to-analog converters (DAC). The
transmitter modulates an optical carrier with on-off-keying (OOK), binary phase shift keying
(BPSK), QPSK, and 16QAM. The transmitter operates at a symbol rate of up to 30 GBd. This
transmitter was the first optical multi-format transmitter operating at these speeds [1]. The
flexible design of the transmitter allows for an easy extension in follow up work. Up to now,
several more modulation schemes like 8PSK, 32QAM and 64QAM [3], orthogonal frequency
division multiplexing (OFDM) at more than 100 Gbit/s [4], and pulse shaping [5, 6] have
been implemented.

Optical Comb Generation: Spectral broadening of a pulse train from a mode-locked laser
(MLL) in a highly nonlinear fiber (HNLF) is used to generate a large number of optical carri-
ers. In a first experiment, a number of 75 optical carriers with a spacing of 25 GHz were gen-
erated [7]. In a second experiment, this scheme was improved by combining the original MLL
spectrum and the broadened spectrum to compose a comb spectrum with 325 optical carriers
and a spacing of 12.5 GHz [8]. This corresponds to an absolute bandwidth larger than 4 THz
and is currently the only comb source that covers such a spectral width with a carrier quality
suitable for optical transmission systems.

Optical Signal Processing — The Optical Fast Fourier Transform (FFT): The FFT algo-
rithm can directly be implemented in an optical ciruit. The (inverse) fast Fourier transform
((DFFT) has a reduced complexity when compared to the (inverse) discrete Fourier transform.
The complexity of the (I)FFT grows proportional to N log,(N) . The symbol N represents the
number time or frequency samples processed by a given FFT or IFFT respectively. This is
also known as the (I)FFT size. When combining the optical FFT with a parallel to serial con-
version, it can be simplified further by a transformation of the corresponding optical circuit.
The complexity of the simplified implementation of the optical (I)FFT then grows only pro-
portional to N. In addition, instead of having a number of log,(N) cases where N optical
phases have to be controlled with respect to each other, there are now only N-1 cases, where 2



Xviii

Achievements of the Present Work

relative optical phases have to be controlled. For the case where only one output of the ()FFT
is of interest, the implementation complexity is reduced even more. When combining the op-
tical FFT with optical filters, the complexity can be reduced further.

This work was awarded with the first prize of the outstanding student paper competition at the
optical fiber communication conference 2010 [9, 10].

Terabit/s Transmission System Demonstrations

Having developed the required components, several world record experiments were per-
formed:

First Single-Laser 5.4 and 10.8 Tbit/s All-Optical OFDM Transmitter and Receiver: An
optical OFDM signal with 75 subcarriers was generated and received. The subcarriers were
encoded with QPSK or 16QAM at 18 GBd in multi-format transmitters. While the total data
rate for QPSK was 5.4 Tbit/s, 10.8 Tbit/s were transmitted in the 16QAM experiment. An
optical FFT with a size of N =8 in combination with optical filters was used to separate the
subcarriers. When compared to narrow filtering and a coherent receiver only, the optical FFT-
based receiver clearly outperformed the two other receiver schemes tested in the experiment.
Net spectral efficiencies of 2.7 bit/s/Hz for QPSK modulation and 4.6 bit/s/Hz for 16QAM
modulation were achieved. This was the first experiment to show data rates beyond 10 Tbit/s
encoded on a single laser [7].

First Single-Laser 26.0 Thit/s All-Optical OFDM Transmission Experiment: The work
on the 10.8 Tbit/s experiment was extended in a subsequent experiment. Here, 325 optical
carriers with a spacing of 12.5 GHz were generated in the improved optical comb source.
Multi-format transmitters modulated the carriers with 16QAM at 10 GBd. The signal was
transmitted over 50 km of standard single mode fiber with subsequent optical dispersion
compensation. The signal was received and analyzed in an all-optical OFDM receiver with an
optical FFT of the size N=2. The net spectral efficiency was increased to 5 bit/s/Hz. The
achieved data rate in this experiment is still the highest data rate in an OFDM experiment us-
ing a single laser [8].

First Single-Laser 32.5 Thit/s Nyquist WDM Transmission Experiment: Using Nyquist
WDM, data rate and transmission reach were increased further. As in the 26 Tbit/s experi-
ment, 325 carriers with a spacing of 12.5 GHz were used. Here however, the carriers were
encoded with sinc-shaped Nyquist pulses that carry 16QAM data at 12.5 GBd. The multi-
format transmitter generated sinc-shaped Nyquist pulses in real-time using a finite impulse
response filters. The signal with 32.5 Tbit/s was transmitted over a distance of 227 km, which
is more than 4 times longer than in the 26 Tbit/s experiment. The spectral efficiency was in-
creased to 6.4 bit/s/Hz. This experiment was the first Nyquist WDM experiment with real-
time DSP and it is the highest data rate encoded on a single laser so far [12-15].



1 Introduction

In our modern information society, we strongly depend on communication and the access to
information — may it be at work or in our private life. To communicate, we use technologies
like telephone, e-mail, instant messaging, video conferencing, and social networking plat-
forms. Also, the internet provides access to a vast amount of information like e.g. news, scien-
tific articles, books, online video and music. In the past decade it has become the most im-
portant source for knowledge.

This has led to a tremendous increase in internet traffic. While the global internet traffic in
1990 was only 1 Terabyte/month [16], it has grown by a factor of 2000 until 2010 [17]. Cur-
rently, traffic grows by approximately 32 % per year and is expected to grow from
20 Exabyte/month in 2010 to more than 80 Exabyte/month in 2015 [17]. This corresponds to
a total IP traffic of approximately 1 Zetabyte or 10*! byte in 2015. From the graph displayed
in Fig. 1.1, it is clear that the coming traffic growth is mainly caused by video services for
consumers, while the contribution from internet browsing, e-mail, and file sharing is smaller.
It is expected that new services like cloud computing, 3D high-definition TV and virtual reali-
ty applications will contribute significantly to the increase in data rates [8].

Global IP Traffic
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Fig. 1.1: Global IP traffic according to the Cisco Visual Networking Index [17] grows by approx-
imately 32 % per year. Video services are expected to contribute most to the growth of internet
traffic until 2015.

Both, the communication systems and the internet itself, rely heavily on optical communica-
tion systems for the transmission of data. Optical transmission links are now the most com-
monly used links for distances larger than hundred meters.

The reason for this is the tremendous bandwidth and the low loss of glass fibers (see
Fig. 1.2a) when compared to copper cables. While the highest quality coaxial copper cables
that are used as patch cords in laboratory applications have bandwidths of up to 110 GHz and
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losses in the range of several dB/m, optical fibers have a bandwidth of tens of THz and loss as
low as 0.17 dB/km [18].

Due to the fast growth of traffic, extreme amounts of optical fibers are deployed every year.
The length of fiber optic cable shipped in 2011 surpassed the mark of 200 million kilometers
[19]. This is more than the distance from our planet to our sun. The cost for fiber deployment
is extremely high due to the construction work involved. Thus, there is a huge interest to in-
crease the amount of data that can be transmitted on the already installed infrastructure.

This chapter will introduce the current limits when transmitting data on optical fibers and
concepts that promise increased data rates on existing optical fiber links.

1.1 Available Bandwidth in Optical Transmission Systems

While optical fibers offer an optical bandwidth of several tens of THz (Fig. 1.2a), the usable
bandwidth of optical fibers is mainly limited by the gain bandwidth of available optical ampli-
fiers. The most commonly used optical amplifiers (erbium-doped fiber amplifiers - EDFA)
provide gain within a bandwidth of up to 11 THz (see Fig. 1.2b — [20, 21]). Even though sem-
iconductor optical amplifiers provide larger bandwidths, they typically add more noise than
EDFAs and introduce additional wavelength crosstalk. Therefore, at the current state of de-
velopment, semiconductor optical amplifiers are not suited for long transmission distances
and systems with high powers and large numbers of wavelengths in wavelength division mul-
tiplexing (WDM).
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Fig. 1.2: Available bandwidth in optical networks. (a) Attenuation of optical fibers [22] and com-
munication wavelength ranges with corresponding operating bands — total available bandwidth is
larger than (b) the bandwidth of erbium doped fiber amplifiers, which spans the C and L-band.

This bandwidth limitation in state-of-the-art optical transmission leaves only two choices to
increase data rates in an existing optical transmission system:

e Increasing the amount of data within the available optical bandwidth.

e Developing new amplifiers with a larger bandwidth.

Of these choices, the most attractive one is to increase the data rates within the available
bandwidths as it requires no changes to the transmission link itself. The focus of this work is

therefore on techniques to increase the information capacity in the available bandwidth.
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A measure for the information capacity is the spectral efficiency (SE). The SE is defined as
the transmitted bitrate BR (measured in bit/s) per required transmission bandwidth B:
_BR

B

SE (1.1)
Typically, optical transmitters have a bandwidth that is significantly smaller than the available
fibre bandwidth. Therefore, wavelength division multiplexing (WDM) is employed to fill the
available bandwidth in Fig. 1.2. In radio communication systems, this technique is known as
frequency division multiplexing (FDM). Thus, there are two factors that can be optimized to
increase the SE: First, the information capacity of the optical transmitters has to be increased.
The information capacity is mainly determined by the modulation format. Second, the pack-
ing density of the channels from different transmitters has to be optimized. The packing den-
sity is determined by the multiplexing scheme chosen for the transmission system. The fol-
lowing sections will cover the state-of-the-art and advancements in modulation formats and
multiplexing schemes for optical communication systems.

1.2 Modulation and Multiplexing

Modulation and multiplexing are two important principles of communication systems. Modu-
lation is the process of encoding information for transmission over the medium. Multiplexing
is the process of distributing resources of a communication channel to transmit several data
streams at the same time. There are a number of physical dimensions that can be used for
modulation and multiplexing [23], namely time, frequency, quadrature, polarization, space,
and code. All these dimensions can be used for multiplexing and modulation. To achieve
highest SE, the right combination of multiplexing and modulation schemes has to be selected.
It is also important to consider that by modulating in a physical dimension, the signal occu-
pies a certain space in this dimension that may no longer be used for multiplexing. Otherwise,
crosstalk from one signal to the other will occur.

1.2.1 Optical Modulation Formats

In optical communication systems, advanced modulation formats have the potential to in-
crease the spectral efficiency significantly, as will be discussed in the following sections.
When modulating an optical carrier, one has the option to modulate four parameters, ampli-
tude, phase, frequency, and polarization. The polarization is used for multiplexing in the pre-
sent experiments. It will therefore not be included in the discussion of the modulation formats.

The most commonly used modulation format in optical communication systems has been
on-off-keying (OOK). In recent years, differential phase shift keying (DPSK) has emerged as
a format with large tolerances towards signal degradation by transmission effects [24]. Also, a
first step towards an increase in spectral efficiency was made by the introduction of differen-
tial quadrature phase shift keying (DQPSK) [25] and DQPSK with polarization multiplexing
[26].

3
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These modulation formats were chosen due to the fact that the optical bandwidth was readily
available and that they could be generated and received using simple hard-wired logic cir-
cuits. Until recently, the high data rates on optical channels made advanced signal processing
nearly impossible due to the required processing speeds. However, processing speed is crucial
to handle more advanced modulation formats like quadrature amplitude modulation (QAM).

In recent years, advanced modulation formats like quadrature amplitude modulation
(QAM) have emerged [27]. In these modulation formats, the amplitude and phase of an opti-
cal carrier are modulated simultaneously, which allows to transmit several bit per transmission
step or symbol. In case of 16QAM, 4 bit can be transmitted per symbol when using only one
polarization. Recently, we have used 512QAM modulation to transmit 54 Gbit/s in an optical
bandwidth of only 3 GHz. These advanced modulation formats have been well known in the
community of wireless communication, but were not feasible for optical communication sys-
tems due to the amount of digital signal processing required. The exponential growth in digi-
tal signal processing speed has now finally reached a point, where real-time processing of
such signals has become feasible [1, 3-6, 28-32].

1.2.2 Optical Multiplexing Schemes

This introduction in optical multiplexing schemes is based on the work presented in [8]. Here,
it has been extended by a discussion of Nyquist WDM and polarization multiplexing to cover
the schemes investigated in this work. The work on Nyquist WDM and Nyquist pulse shaping
is based in [13] and [6], respectively. Because the following material partially stems from a
Nature Photonics publication [8], both units, Tbit/s and Tbit s~ are used synonymously.

1.2.2.1 State-of-the-Art in Optical Multiplexing Schemes

A combination of up to three multiplexing techniques is used in state-of-the-art transmission
systems: Time division multiplexing (TDM), wavelength division multiplexing (WDM), and
polarization division multiplexing (PoIMUX).

Time division multiplexing is the traditional multiplexing scheme. Multiple bit streams
are multiplexed onto a single signal by assigning a recurring timeslot to each of the tributar-
ies. Due to the limited bandwidths of electronics, optical TDM (OTDM) was used to increase
the data rates on a single laser further. Using OTDM, data rates of up to 10.2 Tbits ' were
demonstrated using a single laser [33]. To achieve these data rates, TDM pulses are short and
spectrally broad, see Fig. 1.3b, which makes OTDM schemes challenging. These short pulses
(e.g. 300 fs [33]) require an extremely large receiver bandwidth that can only be achieved
using optical sampling techniques. Also, the corresponding large optical bandwidth (e.g.
30 nm [33]) makes precisely engineered dispersion compensation a necessity.

Alternatively, with wavelength division multiplexing large aggregate data rates of up to
102.3 Tbit/s are transmitted over optical fibres [34, 35]. In WDM, the data are distributed onto
several wavelengths to be transmitted in parallel. Therefore, optical pulse durations are longer
and optical bandwidths per WDM channel are moderate (Fig. 1.3a). Spectral guard bands are



Introduction

required to avoid crosstalk from one channel to its neighbors. This reduces the spectral effi-
ciency, and dedicated receivers and transmitters with stabilized lasers for each transmission
wavelength are required.

In addition to these two techniques, polarization division multiplexing can be used to

transmit two data streams on orthogonal polarizations.

Fig. 1.3: Temporal and spectral evolution of traditional multiplexing schemes. (a) For wavelength
division multiplexing (WDM), data are distributed over several carrier wavelengths (here four)
and transmitted in parallel. The different wavelength tributaries can be separated by optical band-
pass filters. (b) In time division multiplexing (TDM), data are transmitted in form of a serial
stream of pulses. The plots show an illustration of the power (P) of the different formats over fre-
quency (f) and time (t).

1.2.2.2 Advanced Multiplexing Schemes

Advanced multiplexing schemes can increase the information density within the available
spectrum. This increase can be achieved by packing the information more densely in time or
in frequency. When going to the theoretical limit, there are two distinct schemes, orthogonal
frequency division multiplexing (OFDM) and Nyquist wavelength division multiplexing
(Nyquist WDM). Both schemes are so-called super-channel approaches. Super-channels typi-
cally consist of several frequency-locked optical carriers onto which the data are encoded.

OFDM is a more recent approach in optical communications [7, 36-39], while already
well known from wireless data transmission. In contrast to WDM, the modulated OFDM sub-
carriers overlap with each other significantly, Fig. 1.4a. This way the spectral efficiency is
high, and the encoding of information on a large number of subcarriers makes OFDM more
tolerant to dispersion [38-40]. A detailed summary and discussion of advantages and disad-
vantages can be found [37]. In OFDM, the transmitted pulses are of a rectangular shape with-
in an observation time interval. This leads to sinc-shaped spectra as illustrated in Fig. 1.4a,
which are spaced such that the zero-field of all subcarriers coincides with the maximum field
of an arbitrary subcarrier. Modulated OFDM subcarriers are orthogonal as shown in Section
2.2.1.1and Appendix A.1.1 [37].

5
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Fig. 1.4: Temporal and spectral evolution of advanced multiplexing schemes. (a) In an orthogonal
frequency division multiplexing (OFDM) scheme, data are transmitted on a number of subcarriers
in parallel. However, as modulated OFDM subcarrier spectra overlap, simple bandpass filters can-
not separate the tributaries. Therefore, signal processing at the receiver with, e. g., a Fourier trans-
form processing is required. (b) In a Nyquist WDM (N-WDM) scheme, modulated sinc-pulses are
transmitted on the optical carriers. The spectrum of these sinc pulses is rectangular, which confines
the spectrum of the modulated carriers to the Nyquist bandwidth of the signal. It is now possible to
place the spectra next to each other without introducing crosstalk. The plots show an illustration of
the evolution of the amplitude (A) of the different formats over frequency (f) and time (t).

Sinc-shaped Nyquist pulses are the key to the implementation of Nyquist WDM. These
sinc-shaped pulses have a rectangular spectrum that is confined to the Nyquist bandwidth of
the signal (Fig. 1.4b [5, 6]). For Nyquist WDM, the modulated signals can be placed next to
each other without any guard band. As the Nyquist bandwidth is typically equal to the symbol
rate of the signal, the carrier spacing of Nyquist WDM is also equal to the symbol rate.
Nyquist WDM with higher order modulation formats like 16QAM has been discussed as an
option for Tbit/s super-channels [41] as it offers a high spectral efficiency. Up to the experi-
ments presented here, only a 400 Gbit/s demonstration has been shown [42]. In several other
experiments, guard bands are used [43, 44].

However, for both schemes presented here, a key factor is the frequency stability of the
subcarriers or carriers with respect to each other. The carrier generation is therefore quite
challenging and is often implemented using optical frequency comb generation [7, 40, 45-49].

1.3 Summary

Optical communication systems are omnipresent and essential in science, economy, and our
modern society. A tremendous effort is necessary to cope with the exponential growth in
worldwide data traffic. Advanced modulation formats and multiplexing schemes show great
promise for next generation communication systems, and are therefore of great research inter-
est for future communication systems.
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To increase the spectral efficiency in next generation communication systems, the following
components and concepts have been investigated:

o A flexible optical multi-format transmitter, Chapter 3.
e Optical comb generation, Chapter 4.

e All-optical signal processing for OFDM, Chapter 0.

o Single-laser Tbit/s transmission, Chapter 6.

Chapter 2 contains an introduction into the theoretical background while additional material is
provided in the Appendix.






2 Theoretical Background

This chapter covers the theoretical background on optical modulation formats and optical
multiplexing schemes.

2.1 Modulation Formats

To transmit digital data over an optical link, the data has to be encoded onto an optical carrier.
When neglecting the polarization, the electrical field of such a carrier £ (t) over time # can be
described by its amplitude A, the carrier frequency f,, and its phase §.
E()= A4 cosQm xf,x t+ 9 )
— — ——
Amplitude Frequency Phase

2.0

These three parameters can be modulated, which leads to the three fundamental modulation
schemes: amplitude modulation, frequency modulation, and phase modulation. In digital sys-
tems with discrete states, these formats are usually referred to as amplitude shift keying
(ASK), frequency shift keying (FSK), and phase shift keying (PSK). In the examples in
Fig. 2.1a—c, only one bit is transmitted per symbol. Until recently, on-off-keying (OOK) was
the most commonly used modulation format in optical communication systems, see Fig. 2.1d.

a E@ E(t

2
M%%Wr Uiliaibis

(B)ASK

(B)FSK
QPSK

M A
IRAIE

Fig. 2.1: Time functions of a carrier modulated with different modulation formats. (a) (Binary)
amplitude shift keying, (B)ASK, (b) (binary) frequency shift keying, (B)FSK, (c) (binary) phase
shift keying, (B)PSK, (d) on-off-keying, OOK, (e) quadrature phase shift keying, QPSK, and (f)
16-ary quadrature amplitude modulation, 16QAM.

(B)PSK
16QAM

Advanced modulation formats offer an increased amount of information per transmitted
symbol. This increase is obtained by introducing additional possible states in the modulation
format. The currently most popular advanced modulation format is quadrature phase shift
keying (QPSK). In QPSK, data is encoded in four possible phase states (Fig. 2.1d).



10

Theoretical Background

By modulating more than one parameter of the carrier, the number of possible states can be
increased even further. However, phase and frequency are closely related (e.g. a linear phase
change over time is an effective frequency shift of the signal). So a combination of amplitude
and phase modulation has become the most common scheme. Usually, quadrature amplitude
modulation (QAM) is used when modulating phase and amplitude of an optical carrier. In
quadrature amplitude modulation, equation (2.1) is transformed using the addition theorem:

E(1)=Acos (27 f. t+9)
= A(cos (27 f, t)cos(9)—sin(27 f, t)sin(9))

= Acos(9) cos(27 f. t)— Asin(9) sin(27 f, 1) 2.2)
I=inphase Q=quadrature

=1 cos(27 f 1)-QOsin(27 fy 1).

Here, the signal is represented by a superposition of an in-phase ( /) component encoded on
the original carrier cos(2 f, t), and a quadrature ( Q ) component encoded on a carrier with
a 7/2 phase shift cos(27z f, t+7/2)=—sin(2x f, t). The two carriers cos(27 f. ) and
—sin(27 f, t) are orthogonal as seen in the orthogonality relation

Cos(27rf t)-sin(27rf t)dt =0. 2.3)

S — [ —

Amplitude and phase of the signal E(¢) are given by

arctan (Q 120
A=I"+Q* and 9= . 2.4)
arctan (%) +7 I<0
The variables 7 and Q define a phasor
A=1+j0=4e". 2.5)

The phasor A can be plotted in the constellation diagram (Fig. 2.2 — left hand side), where
the real part is plotted on the I-axis and the imaginary part is plotted on the Q axis. A direct
implementation of equation (2.2) yields the setup shown in Fig. 2.2 (center part). The phasor
A is sometimes referred to as field vector or complex field vector, even though it is only a
complex representation of amplitude and phase of the modulated carrier. When displaying a
signal, the common choice is to display the phasors of the optimum sampling points of the
signal and overlay them in one constellation diagram. With the constellation diagram, signals
with advanced modulation formats like 16QAM (see time waveform in Fig. 2.1(f)) and
64QAM can be assessed much more easily, see Fig. 2.3.
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Fig. 2.2: Constellation diagram and IQ-modulation. The constellation diagram (left hand side)
shows the complex representation A that is defined by in-phase / and quadrature O component.
Amplitude 4 = ‘A‘ and phase 9= XA can also be seen in the constellation diagram. Equation
(2.2) directly gives the structure of the IQ-modulation scheme. The carrier cos(27r fo t) is split,
one part is modulated with the in-phase / component, the second part is shifted by 90° and modu-
lated with the quadrature component Q. The IQ modulator is often plotted as a single complex
modulator (right hand side).

The modulation of in-phase and quadrature allows transmitting complex data on a single opti-
cal carrier. The real part of the signal is encoded as in-phase component and the imaginary
part is encoded as quadrature component. Due to the orthogonality of inphase and quadrature
component as derived in eq. (2.3), the two components can be separated without crosstalk at
the receiver.

(B)ASK (B)PSK OTK QPSK 16QAM 64QAM

Fig. 2.3: Exemplary constellation diagrams are given for (B)ASK, (B)PSK, OOK, QPSK,
16QAM, and 64QAM. In these constellation diagrams, all possible field vectors (®) of the signal
at the sampling points are plotted in one diagram.

2.1.1 Modulation

To transmit data over a transmission link, it is modulated onto a carrier. This section covers
several modulation schemes for signals with real-valued and complex modulation. The actual
implementation of optical modulators is discussed in Appendix A.2.

2.1.1.1 Real-Valued Modulation

Real-valued modulation requires only a single modulator as shown in Fig. 2.4. Such a modu-
lator can only change the in-phase component of the carrier. Therefore, only the amplitude
can be modulated freely, while the resulting phase will be 0° for positive values of I and 180°
for negative values of I. Modulation is therefore limited to constellation points on the I-axis in
the constellation diagram. Typical modulation formats are on-off-keying (OOK) and binary

11
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phase shift keying (BPSK). BPSK is sometimes also referred to bipolar amplitude modula-

tion.

Q

o | :

Fig. 2.4: A single modulator generates a signal modulated only in one quadrature. Only the I-axis
of the constellation diagram can be accessed. The phase is limited to values of 0° and 180°.

Fig. 2.5 shows the generation of OOK and BPSK in the complex domain. It illustrates the

relation between in-phase signal (/ — ), time signal
( ) and the constellation diagram (e). In case of real-valued modulation, the quadrature

phase signal is always zero.

), quadrature phase signal (Q —

a-00K b - BPSK

Fig. 2.5: Generation of a signal modulated in one quadrature. The modulator of Fig. 2.4 generates
the in-phase (I, ) signal. A quadrature phase (Q, ) signal does not exist. The output sig-
nal ( ) has only an in-phase component. The projection of the sampling points on the constel-
lation plane on the left hand side generates the constellation diagram (e). The constellation points
are all placed on the I-axis. The signals are plotted over the time t. The concept is displayed for (a)
on-off-keying (OOK) and (b) binary phase shift keying (BPSK).

2.1.1.2 Quadrature Amplitude Modulation

Quadrature amplitude modulation (QAM) is one of the most common complex modulation
schemes. It is typically generated using the IQ-Modulator of Fig. 2.2 [50]. In this modulator, a
signal with an arbitrary amplitude and phase (represented by the phasor A, see eq. (2.5)) is
synthesized through superposition of two orthogonal components (eq. (2.2) and (2.3)). These
components have a 90° phase difference and can address the whole complex modulation
plane, see Fig. 2.6. This scheme can generate any kind of modulation format depending only
on the electrical drive signals.
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Fig. 2.6: The IQ-modulator generates an arbitrary field vector with the amplitude A and the phase
4 by superposition of two copies of the carrier which are multiplied with amplitudes for in-phase
(I) and quadrature phase (Q) and of which the carrier for the quadrature component is retarded
by 90° in phase. The constellation diagram illustrates this process.

Similar to Fig. 2.5, the diagram Fig. 2.7 illustrates the generation of QPSK and 16QAM by an
1Q-modulator. For QPSK, four phase states with the same amplitude are addressed with two
two-level signals. For 16QAM, two four-level signals generate 16 states with 3 amplitudes
and 12 phases.

a-QPSK b - 16QAM Q

Fig. 2.7: Generation of modulation formats in an IQ-modulator. The two modulators in the 1Q-
modulator (Fig. 2.6) generate the in-phase (I, ) and quadrature phase (Q, ) signals. The
superposition of these signals with a 90° phase shift generates the output signal ( ). The pro-
jection of the sampling points on the constellation plane on the left hand side generates the constel-
lation diagram (®). The concept is displayed for (a) quadrature phase shift keying (QPSK) and (b)
16ary quadrature amplitude modulation (16QAM).

2.1.2 Demodulation

After transmission, the format encoded on the optical carrier is demodulated in a receiver.
This section covers the implementation of different receiver schemes that were used during
the experiments presented in this thesis. The first two receiver schemes, direct and differential
detection, are still the most used schemes in optical communication systems. The third tech-
nique, the coherent detection, is widely spread in the mobile communication world and is now

13
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being established in optical communication systems, due to the progress in the speed of mod-
ern semiconductor chips for digital signal processing.

2.1.2.1 Direct detection

Direct detection is the most basic receiver principle. It is commonly used at data rates of up to
40 Gbit/s. However, direct detection is insensitive to phase and frequency modulation of the
received carrier and therefore only usable for intensity or amplitude modulated signals. Direct
detection is the standard receiver concept for OOK modulation.

Fig. 2.8: Direct detection receiver concept. The intensity of the incident light is detected in a pho-
todiode. This receiver is therefore insensitive to phase and frequency modulation.

The photodiode in the direct detection scheme generates an electrical current, which is pro-
portional to the incident optical power P,. As the power is proportional to the square of the
electrical field, this detector is called square law detector. The generated current i is given by
[51]

i=Sp , §="1%, (2.6)
hf,
with the photo detector sensitivity S, also known as responsivity, the quantum efficiency 7,
the photon energy #4f, , and the elementary charge e.

2.1.2.2 Differential detection

Differential detection has been first established as a receiver concept for commercial systems
with the demonstration of differential phase shift keying (DPSK) [24]. Among other things,
differential phase shift keying offers an increased tolerance to noise, when compared to OOK
[52, 53].

Fig. 2.9: Differential detection receiver for the detection of DPSK signals. The incoming signal is
delayed by the time 7 =1/R defined by the reciprocal symbol rate to compare the phase of two
consecutive symbols.

In the case of DPSK, the receiver comprises one delay interferometer [54, 55] and a balanced
detector, see Fig. 2.9. The delay in the interferometer is usually equal to the symbol period of
the signal 7=1/R. The delay interferometer effectively compares the phase of the signal at
the time ¢ to the phase of the signal that entered the interferometer at the time 7 —7.
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However, this receiver cannot discriminate between a positive or negative phase shift (e.g.
and —9). It is therefore not suitable for phase modulation with more than two phase states.

To discriminate between positive and negative phase changes, a second interferometer is
required, Fig. 2.10. This interferometer includes an additional phase shift of 90° to discrimi-
nate +90 and —90° phase shifts.
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Fig. 2.10: General differential detection receiver. Introducing a second delay interferometer allows
the receiver to discriminate between positive and negative phase changes.

In recent years, we extended the scheme by introducing a polarization diversity technique
together with digital signal processing, so we could implement differential detection receivers
for several modulation formats [56-58].

2.1.2.3 Coherent detection

To coherently receive a signal, it is mixed with a local oscillator (LO), see Fig. 2.11. In case
of optical communication systems, the local oscillator is a laser. This mixing process gener-
ates frequency components at the sum frequency and at the difference frequency of LO and
signal. In electronic receivers, the frequency components at the sum frequency are removed
by a low pass filter. In optical communication systems, these filters are not necessary, as pho-
to detectors only detect the difference frequency. Similar to the transmitter, the signal is
mixed with the local oscillator and with a copy of the local oscillator that has been shifted by
90° in phase.

-~
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Fig. 2.11: Concept of a coherent receiver. In reverse to the process of the IQ modulator, the incom-
ing signal is mixed with a local oscillator and a copy that is shifted by 90° in phase. A low pass fil-
ter is only required for the reception of electronic signals, as photo diodes in optical coherent re-
ceivers do not emit the sum frequency.

If phase and frequency of the local oscillator are locked to the carrier of the incoming
signal, this scheme will directly recover the original signal. This is known as homodyne de-
tection. However, in typical communication systems, the local oscillator is not locked to the
carrier of the incoming signal. When the local oscillator frequency is within the incoming
signal band, the receiver is a so-called intradyne receiver. In an intradyne receiver, digital sig-
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nal processing is used to determine phase and frequency offset and to recover the original
signal. If the local oscillator frequency is outside of the signal bandwidth, the lower arm of the
coherent receiver can be omitted. This scheme is then called heterodyne reception. The im-
plementation of a coherent receiver for optical signals is presented in Appendix A.3.

2.2 Multiplexing Schemes

Traditionally, two basic multiplexing schemes have been extremely popular in optical com-
munication systems: wavelength division multiplexing (WDM) and time division multiplex-
ing (TDM), see Fig. 1.3.

In WDM, the data are transmitted in parallel data streams. Each data stream is assigned a
wavelength channel. These wavelength channels do not overlap in frequency and are separat-
ed by guard bands. Thus, they can be treated as completely independent channels. However,
when using the typical guard bands, WDM is not that spectrally efficient.

In time division multiplexing, the data are multiplexed in a way that one high speed serial
data stream is generated. Such a scheme is limited by the maximum speed of the transmitter.
Optical time division multiplexing can be used to overcome speed limitations of electronics.
Due to the pulse shapes in optical time division multiplexing, the bandwidth of such a channel
is significantly larger than necessary.

Recently, polarization division multiplexing was introduced to increase the spectral effi-
ciency in optical communication systems [59] and it is now being deployed in commercial
systems. By transmitting two data streams on two orthogonal polarizations, the available
bandwidth can be used twice, effectively doubling the data capacity available. Fig. 2.12 shows
the resulting electrical field in the two polarizations of a dual polarization BPSK (DP-BPSK)
signal and a dual polarization QPSK (DP-QPSK) signal.

a - DP-BPSK b - DP-QPSK

Es1

Es1

Fig. 2.12: Electrical field of polarization-multiplexed signals. The electrical fields in the two or-
thogonal polarizations S1 ( ) and S2 (: ) are superimposed and generate the output field
( ). This is shown for dual polarization BPSK (DP-BPSK) and dual polarization QPSK (DP-
QPSK) signals.
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Advanced multiplexing schemes offer the possibility to enhance the spectral efficiency. This
is achieved by making full use of the available spectrum. This can be achieved using orthogo-
nal frequency division multiplexing (OFDM) or Nyquist WDM.

In case of OFDM, this is accomplished by allowing a spectral overlap of the modulated sub-
carriers. Due to this overlap, standard filters are no longer sufficient to separate the subcarri-
ers at the receiver. A special receiver has to be designed that makes use of the orthogonality

of the carriers.
2.2.1 Orthogonal Frequency Division Multiplexing (OFDM)

2.2.1.1 Principles of OFDM

The following section is based on a section in [60] and section 2.1 in [61]. A good reference
for OFDM in optical communication systems is [37]. OFDM is a special case of a multi-
carrier modulation (MCM) system where all carriers are orthogonal with respect to each oth-
er. In case of OFDM, the term subcarrier is used as a name for an OFDM carrier. The concept
of a general MCM system is shown in Fig. 2.13.
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Fig. 2.13: Generic scheme for a multi-carrier modulation (MCM) system with N carriers. The data
(¢, , with k=1,2 ..., N) are encoded on rectangular pulses and modulated on multiple carriers
e”' | The carriers are summed up to form the MCM signal. After transmission through the
channel H ( I ) , the subcarriers are downconverted and the data ¢/, are recovered through an in-
terate and dump filter.

To generate the OFDM signal, the baseband data ¢, are modulated onto the corresponding
subcarriers ¢*, with k=1,2 ..., N. The sum of all subcarriers is transmitted through a
transmission link with the spectral impulse response H(f) and split up at the receiver using
matched correlators. The summed signal may be expressed as shown below.

+00 . ) N-1
x()= 2 x(l)(t)’ x(l)(t): D caxi (1=iT,),
- = @7
t ) iaer ) ) 1
X (t)=reCt[7J€J2 W fra=fil = F, e

17



18

Theoretical Background

Here c¢; corresponds to the data in the i* symbol on the " subcarrier with x; being the subcar-
rier waveform. The subcarrier waveform is present for a given symbol length 7 and the data
have to be constant for this duration. This is a fundamental requirement that should be kept in
mind for the discussion of all-optical OFDM. The received signal which passed through an
ideal channel is equal to the signal at the transmitter. After renaming variables for conven-
ience, the signal at the receiver follows directly.

+o N-1

r(t+iT) Z ZCkxk (2.8)
i=—o0 k=0
To receive the signal on subcarrier k, a matched correlator is used. The output can be written
as the correlation of the received signal (2.8) and the complex conjugate of the carrier wave-
form (2.7) of one symbol i taken over the symbol period 7.

1

=0 |7 [ (t+iT,)x}dt (2.9)
s

0

Using equation (2.8) it can be seen that the output of the & channel is the auto-correlation
integral times the symbol ¢ plus the sum of the cross-correlations with all other subcarriers.

T,

T,
-1 I CpXpXpdt + L I Zc,-,x,x,tdt (2.10)
0

7; s 0 l#k

The cross-correlation terms will degrade the signal quality and should therefore be zero after
the correlator. Looking at two carriers k and / yields the condition of vanishing cross-
correlation terms for a particular receiver channel.

T, T.
L NS U O CX W/ ) B LW/ a3 L A !
i}[xlxkdtzz.([e/ (fi= 1) dt=e’(”(’ k) )Smc(”(fl*fk)Ts):@k @.11)

This condition is also known as the orthogonality relation for an OFDM signal. The solution
of the integral is the product of an exponential function and a sinc-function. Since the expo-
nential function will never be zero, the sinc-function must be zero in order to make (2.11)
vanish. This condition is satisfied for the differences in frequency between carrier / and carrier
k being an integer multiple of the reciprocal symbol length.

1
Si=fe=ma 2.12)

K

me

The plot in Fig. 2.14 shows four orthogonal subcarriers modulated with a symbol length of 7.
The sinc-functions in frequency originate from the rectangular windowing of the modulated
subcarriers with a width of Tj.
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Fig. 2.14: Spectrum of four modulated OFDM subcarriers x;. The zero points of the sinc-spectra
coincide with the position of the neighboring carriers.

Implementing a MCM system as described above using individual modulators and correlators
for each channel is very costly. It is only practical for extremely large signal bandwidths
where digital signal processing is not powerful enough. For signals with a smaller bandwidth,
OFDM signals are generated using digital signal processing.

2.2.1.2 Generation of OFDM with Digital Signal Processing

Low speed OFDM signals are usually generated using digital signal processing [37]. Today’s
electronics is capable of processing signals for data rates of up to 100 Gbit/s [4] in real-time.
Fig. 2.15 illustrates the most basic concept for the digital processing of an OFDM signal in
the transmitter and the receiver.

To generate an OFDM signal through digital signal processing, the data to be encoded on
the OFDM subcarriers are interpreted as complex Fourier coefficients of the signal. The in-
verse discrete Fourier transform of these Fourier coefficients yields complex time samples of
a signal that contains the data as modulation on its subcarriers. Usually, the inverse discrete
Fourier transform is implemented as an inverse fast Fourier transform (IFFT). A parallel-to-
serial conversion and a digital-to-analog conversion (DAC) generate the actual OFDM signal.

To receive an OFDM signal, the signal is converted into the digital domain in an analog-
to-digital converter (ADC). A serial-to-parallel conversion supplies the complex time samples
to the discrete Fourier transform or fast Fourier transform (FFT). The FFT recovers the com-
plex Fourier coefficients of the signal that are the data transmitted.
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OFDM Transmitter OFDM Receiver
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Fig. 2.15: Classical implementation of OFDM processing from Fig. 2 in [8]: Here, N = 4 parallel
data-streams are interpreted as complex Fourier coefficients X in the frequency domain. The
IFFT yields time-samples x, of a signal. Parallel-to-serial and digital-to-analogue conversion pro-
vides an analogue OFDM signal A(t) with spectrum A(A). After transmission, the information is
retrieved through the inverse process: An analogue-to-digital conversion (ADC) and a serial-to-
parallel conversion followed by a FFT return the Fourier coefficients representing the data
streams.

It should be mentioned that a complex signal to be transmitted has to be modulated onto
a carrier. This step has been omitted in this illustration. Also, in a real OFDM receiver, several
additional synchronization steps are required. These steps are discussed in detail in [37]. A
more detailed discussion of OFDM can be found in Chapter 0.

2.2.1.3 Cyclic prefix or Guard Interval

An OFDM signal as defined in Section 2.2.1.1 is only defined within the duration 7. No def-
inition has been made outside of this window. Also, OFDM symbol do not necessarily have to
be transmitted directly adjacent to each other. This offers the opportunity to introduce addi-
tional signal components or guard intervals in between OFDM symbols as needed in a given
transmission system. Here, two different situations are discussed, in which this is beneficial:
In case of dispersion and for an implementation with discrete modulators that have a limited
bandwidth. In both cases, the reason is that the complex data ¢, , which is transmitted on an
OFDM subcarrier has to be constant within the same interval 7, at the receiver. Otherwise,
the orthogonality relation (eq. (2.11)) is violated and the crosstalk (eq. (2.10)) is no longer
negligible.

In case of dispersion, the different subcarriers experience a different group delay as illus-
trated in Fig. 2.16. To be able to tolerate this, a cyclic prefix or cyclic postfix, abbreviated
with CP, is added to each subcarrier, which has the length of the maximum group delay differ-
ence. Different subcarriers still experience their respective group delay, however, there will
always remain a window of 7, without phase and amplitude changes on all subcarriers. The

different group delay translates into a phase shifts of the modulated data, which can be meas-

ured and compensated for.
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a) OFDM signal b) OFDM signal with maxi-
without dispersion mum tolerable dispersion
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Fig. 2.16: Mitigating dispersion by means of a cyclic prefix (CP). (a) An OFDM signal with data
and cyclic prefix. (b) Frequency dependent delay of subcarriers after transmission due to disper-
sion. The amount of dispersion that can be tolerated is limited by the length of the cyclic prefix
(CP) as all subcarrier symbols must stay constant within 7, . This figure and caption have been
published in [10].

In case of bandwidth limited modulators, rise and fall-times of these modulators can have
a significant impact on the orthogonality. Therefore, a guard interval 7 or guard time is in-
troduced in between symbols, which ensures that transitions take place outside of the integra-
tion interval Ts. This way, the orthogonality of the modulated subcarriers is maintained. This
is discussed in more detail in Section 5.1.3.2.
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Fig. 2.17: Function of an OFDM guard interval. The exemplary eye diagram of a single modulated
subcarrier is shown. In this illustration, the amplitude in arbitrary units corresponds to the modu-
lated data ¢, of the OFDM signal, which must be constant during an OFDM symbol. If no guard
interval is used, the symbol duration equals the integration interval T and the signal transitions,
described by the 10-90% rise/fall time T} (red), violate the orthogonality relation (eq. (2.11)),
which causes inter- and intra-subchannel crosstalk. Therefore, a guard interval guard interval 7g; is
introduced. The effect of this is discussed in detail in Section 5.1.3.2. This figure and caption are
based on work published in [10].

2.2.1.4 OFDM Schemes in Optical Communication Systems

Several different OFDM schemes are discussed for optical communication systems. To illus-
trate the different concepts, only the most fundamental parts of the transmitters are shown, see
Fig. 2.18 and Fig. 2.19. Two different types of OFDM transmitters are covered here: four
schemes with electronic generation of OFDM and two schemes for the all-optical generation
of OFDM.
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The four electronics based OFDM transmitters are shown in Fig. 2.18. The most basic
scheme is an analog implementation of an OFDM transmitter, where the OFDM subcarriers
are each encoded separately (Fig. 2.18a). However, DSP-based OFDM schemes as discussed
in 2.2.1.2 are much more common (Fig. 2.18b-d). In general, the IFFT output data is complex
valued. It is therefore not possible to transmit it directly. One option and the simplest scheme
to generate a real-valued OFDM signal is through Hermitian symmetric extension of the data
(Fig. 2.18b), which will ensure that the IFFT output is real-valued. This real-valued baseband
OFDM signal is then encoded on an optical carrier. While the use of electronic mixers or 1Q-
modulators is avoided, the required amount of digital signal processing is increased signifi-
cantly. The other option is to use [Q-modulation on an electrical or optical carrier to transmit
the complex output of the IFFT. When using an electrical carrier, the scheme is often referred
to as “electrical” OFDM (Fig. 2.18c). After encoding the signal on the electrical carrier, it is
being modulated on the optical carrier. In case of IQ-modulation on an optical carrier for so-
called “optical” OFDM (Fig. 2.18d), the in-phase and quadrature data are encoded directly on
the optical carrier.
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Fig. 2.18: OFDM transmitter schemes for optical communication systems. (a) Analog electrical
OFDM. After serial-to-parallel conversion (S/P conversion), the parallel data are encoded @ on
electrical carriers. An addition @ of the modulated carriers generates the OFDM signal to be en-
coded on an optical carrier. (b) DSP-based real-valued OFDM. After S/P conversion, a Herimitian
symmetric extension ensures that the signal after the IFFT has only real values. This way, a single
digital-to-analog converter can generate the analog signal. The signal is then modulated on an op-
tical carrier (c) DSP-based electrical OFDM. The OFDM signal is generated through S/P conver-
sion, IFFT, parallel-to-serial conversion (PS), and digital-to-analog conversion for in-phase and
quadrature (I-DAC and Q-DAC). It is modulated on an electrical carrier to generate a real valued
signal and subsequently modulated onto an optical carrier. (d) DSP-based optical OFDM. The sig-
nal is generated as in (c), however, it is directly encoded on an optical carrier in an optical 1Q-
modulator.

For the signals in Fig. 2.18a-c, simple intensity or amplitude modulation suffices for
transmission of the signal and the quality requirements for the laser source are not extremely
high. Even directly modulated lasers can be used, which makes this system extremely inter-
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esting for low cost applications. In case of intensity or amplitude modulation, a direct detec-
tion receiver is sufficient for reception of the signal. However, one could also choose to
modulate the phase of the optical carrier with such a signal. The scheme in Fig. 2.18d increas-
es the spectral efficiency significantly at the price of increased quality requirements for the
optical carrier and an increased receiver complexity, as a phase and amplitude sensitive re-
ceiver is now mandatory. It is therefore most suited for applications, where the cost is not that
significant and the increased performance and spectral efficiency are desired.
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Fig. 2.19: All-optical OFDM transmitter schemes. (a) IFFT-based implementation of all-optical
OFDM transmitter. The data are parallelized and modulated onto a pulsed laser source. An optical
IFFT and parallel-to-serial conversion generate the OFDM signal. (b) Analog implementation of
all-optical OFDM. The data are parallelized and modulated on the desired number of subcarriers.
Here, these subcarriers are generated in an optical comb source. Subsequently, the modulated sub-
carriers are combined to form the OFDM signal. The symbol & represents IQ-modulators. Electri-
cal connections are shown as dashed lines, while optical connections are solid lines.

Two schemes for the optical generation of OFDM are presented (Fig. 2.19a, b). The first
scheme uses the optical IFFT, while the second scheme is an analog implementation of an
OFDM transmitter. In the IFFT-based scheme (Fig. 2.19a), the data parallelized and encoded
on optical pulses from an optical pulse source. Subsequently, the Optical IFFT and parallel-to-
serial conversion generate the OFDM signal. The difficulty here lies in the insertion of a cy-
clic prefix. To this end, one would have to copy a certain part of the generated OFDM signal
and insert it at another time. The difficulty here lies in the optical phase relation between the
copy and the original part that has to be maintained. This scheme is discussed in more detail
in Section 5.1.3.1. The second scheme is the analog implementation of the OFDM transmitter
(Fig. 2.19b). Here, the data are parallelized and encoded on the respective subcarrier frequen-
cies. These subcarrier frequencies are usually derived from a common source in a comb gen-
erator, which inherently generates equidistant carriers. After modulation, the modulated carri-
ers are combined to form the OFDM signal. This scheme offers full flexibility when inserting
a cyclic prefix by simply reducing the symbol rate of the data, effectively introducing a guard
interval. The same effect can be achieved by an increase of the carrier spacing. It should be
mentioned that in contrast to the other scheme, this scheme required a guard interval to ac-
commodate the rise- and fall-times of the modulators. Additional information on this scheme
can be found in Section 5.1.3.2.
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2.2.2 Nyquist-Wavelength Division Multiplexing
The following section on Nyquist pulse shaping is an excerpt of [6].

Real-time Nyquist pulse generation beyond 100 Gbit/s and its
relation to OFDM

R. Schmogrow, M. Winter, M. Meyer,  A. Ludwig, D. Hillerkuss,
B. Nebendahl, S. Ben-Ezra, J. Meyer, M. Dreschmann, M. Huebner, J. Becker,
C. Koos, W. Freude, and J. Leuthold

Optics Express 20(1), 317-337 (2012). [6]

Abstract: Nyquist sinc-pulse shaping provides spectral efficiencies close to the
theoretical limit. In this paper we discuss the analogy to optical orthogonal fre-
quency division multiplexing and compare both techniques with respect to
spectral efficiency and peak to average power ratio. We then show that using
appropriate algorithms, Nyquist pulse shaped modulation formats can be en-
coded on a single wavelength at speeds beyond 100 Gbit/s in real-time. Finally
we discuss the proper reception of Nyquist pulses.

2.2.2.1 Introduction

Sinc-shaped Nyquist pulses spread into adjacent time slots, but their rectangularly shaped
spectra require only the minimum Nyquist channel bandwidth. They are well known from
communication theory but are relatively new in optical communications. The Nyquist modu-
lation format is very similar to optical orthogonal frequency division multiplexing (OFDM),
where sinc-shaped sub-spectra extend into adjacent frequency slots, and symbols in time are
rectangularly shaped. In the course of this paper all Nyquist pulses are sinc-shaped.

Here, we first discuss the close relation of Nyquist pulse modulation with OFDM [8, 61, 62].
Both Nyquist pulse shaping and OFDM are described with a similar formalism. This way it
will become clear that Nyquist modulation is nothing but an orthogonal time division multi-
plexing technique, much the same as OFDM is an orthogonal frequency multiplexing tech-
nique. Furthermore, we compare the two multiplexing methods with respect to their character-
istics like spectral efficiency (SE) and peak-to-average power ratio (PAPR). We then demon-
strate real-time Nyquist pulse generation for signals beyond 100 Gbit/s. This has become pos-
sible even with the limited speed of state-of-the art electronics [32]. In more detail, we gener-
ate quadrature phase shift keying (QPSK) at 56 Gbit/s and quadrature amplitude modulation
with 16 states (16QAM) at 112 Gbit/s in combination with polarization division multiplexing
(PDM). This results in an overall spectral efficiency of 7.5 bit/s/Hz for PDM-16QAM. Finally
the reception of Nyquist shaped pulses is discussed comparing it with the reception of stand-
ard non-return-to-zero (NRZ) QAM signals.
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2.2.2.2 Advanced filtering in optical WDM networks

Modern optical networks rely on multi-wavelength and multi-carrier transmission systems in
order to fully exploit the bandwidth offered by optical fibers. The ultimate target is to maxim-
ize the spectral efficiency, i. e., the amount of transmitted data within a given bandwidth [63].
In general, the maximum capacity of a channel is only limited by Shannon’s law. For optical
communications non-linear distortions limit the ultimate channel capacity at high launch
powers. Thus increasing the signal to noise ratio (SNR) by increasing the signal power is only
possible within certain limits [64, 65]. For high capacity networks, coming close to this so-
called non-linear Shannon limit is of special interest.

For conventional M-ary QAM signals, the spectral occupancy does not alter significantly
when changing the number of bits b transmitted per symbol. Thus increasing the number of
constellation points M =2° leads directly to an increase in spectral efficiency. However,
transmitting an additional bit per symbol implies doubling the number of constellation points,
so that for a constant average power the required SNR increases significantly. This is also true
if the spectral efficiency is increased by polarization division multiplexing (PDM) or polariza-
tion switching [66].

(a) € (b)
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Fig. 2.20: Reducing the required channel spacing in WDM systems by removing spectral portions
outside the Nyquist bandwidth F, through filtering. Minimum channel spacing for crosstalk free
systems is fixed by F. (a) Unfiltered M-ary QAM channels with theoretically infinitely wide spec-
trum. (b) Nyquist channel center frequencies can be spaced apart by the Nyquist bandwidth F;. Ba-
sically, no guard bands are required.

power spectrum
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Bandwidth can be saved, however, when applying advanced filtering. From signal theory
we know that the minimum bandwidth needed to fully encode a bandwidth-limited signal is
the Nyquist bandwidth F; [67]. If the optimization of spectral efficiency is the ultimate target,
all frequency components outside the Nyquist band must be removed by filters. As a conse-
quence, the time domain signal changes from pulses that are clearly separated in time (e. g.,
non-return-to-zero format, NRZ) to pulses that overlap their neighbors.

As an example, Fig. 2.20(a) displays the spectrum of an M-ary QAM NRZ signal for
three different WDM channels centered at optical frequencies fy, fi, and f,. The spectra are
significantly wider than Fj, but can be reduced to the Nyquist bandwidth without losing any
signal information. However, appropriate filtering is required to achieve the best possible
transmission quality. The sinc-shaped spectrum of an NRZ signal should be filtered such that
the resulting spectrum is of rectangular shape under the assumption that the frequency re-
sponse of the channel is flat in the region of interest. Therefore the side lobes must be re-
moved, and the spectrum within F must be flattened. If there are slopes in the channel’s fre-
quency response, or the noise accumulated in the system is not constant over frequency, a pre-
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and de-emphasis filtering scheme should be applied. In a properly filtered WDM spectrum
comprising the same three carrier wavelengths as in Fig. 2.20(a), the channels can now be
placed next to each other located on a frequency grid the minimum spacing of which is dictat-
ed by the symbol rate F (Fig. 2.20(b), Nyquist WDM 1[13, 417]).

In general, the previously described filters can be implemented optically, electrically, or
digitally. Possible implementations are shown for a software-defined transmitter, Fig. 2.21.
Optical filters with a transfer function $>1(f) as in Fig. 2.21(a) could be used. The difficulty is
to build optical filters with frequency responses that drop significantly inside just a few MHz.
Optical filters based on liquid crystals may offer an opportunity to perform such filtering [68].
Nevertheless, these filters are quite elaborate and show some penalties due to the limited
slopes in their frequency response. Electrical filters as shown in Fig. 2.21(b) are another op-
tion. They can provide very steep slopes. A complex transmitter, however, requires two filters
with a specific frequency transfer function depicted in Fig. 2.21(b). As before, these analog
electrical filters are not easily available. Conversely, designing digital filters to be included in
the digital signal processing (DSP) part of the transmitter [69] seems to be a suitable option to
solve the problem. State-of-the-art software-defined optical transmitters [3] utilize DSP func-
tionality which only has to be extended. Naturally, digital filtering calls for additional analog
anti-aliasing filters to remove image spectra. These filters can be standard low-pass filters as
any negative influence can be pre-compensated by digital filtering. Furthermore, only DSP
offers the flexibility to vary filter coefficients during runtime and therefore the capability to
adapt to changes in the channel response. Additionally, changing the symbol rate Fi of the
digital filter based transmitter is achieved without changing the hardware. Analog filters are
generally fixed with respect to their frequency responses and cannot easily be altered.

anti-alias

Fig. 2.21: Pre-filtering of optical M-QAM signals for generating sinc-shaped Nyquist pulses.
(a) An optical filter can be applied to carve an ideal rectangle out of an NRZ spectrum. Such an
optical filter requires a frequency response Sy(f) that would be difficult — if not impossible — to
realize. (b) Alternatively, two analog electrical filters can be used to form an appropriate output
signal with an ideal rectangularly shaped spectrum. These filters would also need a non-standard
transfer function S,,(f). (c) By digital filtering as a part of the digital signal processing (DSP)
block in the transmitter one can efficiently remove redundant parts of the spectrum. Resulting sig-
nals show almost ideal rectangular spectra, and additional off-the-shelf analog electrical or optical
filters can easily remove spurious spectra.
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2.2.3 Nyquist pulse modulation and OFDM: A comparison

The following section shows the relation of Nyquist pulse shaping and OFDM. This discus-

sion is an extract of [6].

Real-time Nyquist pulse generation beyond 100 Gbit/s and its
relation to OFDM

R. Schmogrow, M. Winter, M. Meyer,  A. Ludwig, D. Hillerkuss,
B. Nebendahl, S. Ben-Ezra, J. Meyer, M. Dreschmann, M. Huebner, J. Becker,
C. Koos, W. Freude, and J. Leuthold

Optics Express 20(1), 317-337 (2012). [6]

Nyquist pulse modulation can be derived from the well-known optical orthogonal frequency
division multiplexing (OFDM) technique [61]. This is done by simply interchanging time and
frequency domain when describing the signal.

In general, an OFDM signal x(f) is an infinite sequence of femporal symbols x”(¢) super-
scripted with i. Each temporal symbol consists of a superposition of N temporal sinusoidals
with equidistant carrier frequencies f; inside a temporally rectangular window defining the
temporal symbol length 7. Frequency spacing F;=fir1 —fr=1/ T, and temporal symbol
length 7y are interrelated to establish orthogonality, Eq. (8.2) in the Appendix. To simplify the
discussion, we let aside a possible cyclic prefix that would reduce the symbol rate below F,
and would therefore increase the temporal symbol spacing to a value larger than 7. The
OFDM carriers are encoded with complex coefficients c;. We find for the OFDM signal

i N-1
x(l):Zx(l)(t), x([)(t)zzcikxk(t_iZ)a
= k=0

AR 1
X, (t)=rect[T]eJZ’ o ‘fhl _fk‘ = =F'

s

(2.13)

The rectangular function rect(z) is 1 for |z| < 1/2 and zero otherwise, see Eq. (8.1) in the Ap-
pendix. By Fourier transforming Eq. (2.13) we obtain the frequency domain representation of
the i-th temporal OFDM symbol, i. e., a set of N spectral sinc-functions centered at frequen-

cies fr,
X(f)= ji X(')(f), x0 (f)zz_‘/kX (f)e—jznffr‘

(2.14)
X (j) =T, sinc(f_f‘)

k K N
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In contrast to OFDM, the spectrum Y(f) of a Nyquist signal is a finite sequence of N spectral
symbols superscripted with i. Each spectral symbol consists of a superposition of infinitely
many spectral sinusoidals with equidistant Nyquist pulse position times # (“carrier” posi-
tions) inside a spectrally rectangular window defining the spectral symbol length Fy. Tem-
poral spacing T = ;11 — ty = 1 / F and spectral symbol length F; are interrelated to establish
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orthogonality, Eq. (8.3) in the Appendix. The Nyquist “carriers” are again encoded with com-
plex coefficients cj. In analogy to Eq. (2.13) we find

V(=210 1) e (s i)

f

2.15)
N(f)-T {F] fraif=1 =L

s s

By Fourier transforming Eq. (2.15) we obtain the time domain representation of the ith spec-
tral Nyquist symbol, i. e., a set of infinitely many temporal sinc-functions centered at times #,

N-1

(2.16)

The relations Eq. (2.13) — (2.16) are visualized in Fig. 2.22. The left column, Fig. 2.22(a) and
(c), describes the time-frequency correspondence for OFDM, while the right column,
Fig. 2.22(b) and (d), relates to Nyquist pulses. The upper rows of each section in Fig. 2.22
show the time dependency of the signals, while the lower rows refer to the corresponding
spectra.

In Fig. 2.22(a), three temporally sinusoidal subcarriers modulated with ¢;; =cp=c3=1
form a specific OFDM symbol with width 7 and positioned at = 0. The OFDM spectrum is
a superposition of three spectral sinc-functions located at frequencies f.1, fi, and f+1, which
are separated by Fj. In Fig. 2.22(b), the superposition of three temporal sinc-functions is seen
which are located at times #.1, %, and #; and separated by 7. These Nyquist pulses are modu-
lated with ¢;1= cp=c;3 = 1 and form a specific spectral Nyquist symbol with width F and po-
sition at /= 0. It consists of three spectrally sinusoidal Nyquist “subcarriers”. The graphs in
Fig. 2.22(a) and (b) represent Eq. (2.13)—(2.16) for i =0, i. e., for an OFDM and a Nyquist
symbol positioned at £ = 0 and /= 0, respectively.

If we set k = 0, then each of the three OFDM or Nyquist symbols shown here consists of
only one temporal zero-frequency (fy = 0) or spectral zero-time (f) = 0) “sinusoidal”, respec-
tively. For OFDM, the three temporal symbols are positioned at times (i—1)7y, i7; and (i+1)T5,
Fig. 2.22(c). The resulting spectrum is located within a sinc-shaped envelope having its first
zeros at —F and +F. Due to the different positions of the temporal symbols we see three spec-
tral sinusoidals within the (green) spectral envelope. For Nyquist pulses, the three temporal
sinusoidals inside the (green) sinc-shaped pulse envelope with zeros at —7; and +7 corre-
spond to three spectral symbols positioned at frequencies (i—1)Fy, iFy, (i+1)F;, Fig. 2.22(d).

A schematic of OFDM signal and Nyquist pulse generation is given in Fig. 2.23. The left
column, Fig. 2.23(a) and (c), refers to OFDM, whereas the right column, Fig. 2.23(b) and (d),
describes Nyquist pulse generation. For a better understanding we set one of the summation
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variables & or i of Eq. (2.13)—(2.16) to zero while varying the other one, and we present the
signal generation in both frequency and time domain.

For OFDM signal generation in the frequency domain, Fig. 2.23(a), a real sinc-shaped
spectrum X;—(f) centered at /=0 is shifted by a finite number of equidistant frequency steps
kFs, k=0...N—1. The resulting sub-spectra are modulated by complex coefficients c;. The
total OFDM spectrum X°() for i = 0 is formed by superimposing all N subcarrier spectra (2
stands for summation), resulting in an OFDM symbol located at = 0 only.

For Nyquist pulse generation in the time domain, Fig. 2.23(b), a real sinc-shaped impulse
Vio(f) centered at =0 is shifted by an infinite number of equidistant time steps k7,
k= —oo...+00. The impulses are modulated by complex coefficients c;. The total Nyquist pulse
Y9(#) for i = 0 is formed by superimposing all “subcarrier” pulses, resulting in a Nyquist pulse
sequence at one carrier “frequency” f'= 0 only.

For OFDM pulse generation in the time domain, Fig. 2.23(c), a real rect-shaped pulse
Xi=0(f) comprising only one carrier “frequency” f= 0 is shifted by an infinite number of equi-
distant time steps i7s, i = —o0...+00. These sub-pulses are modulated by complex coefficients
cit. The total OFDM time signal x(f) for /=0 is formed by superimposing infinitely many
temporal sub-pulses.

For Nyquist signal generation in the frequency domain, Fig. 2.23(d), a real rect-shaped
spectrum Yj—o(f) comprising only one Nyquist pulse (“carrier”) at # =0 is shifted by a finite
number of equidistant frequency steps iF, i = 0...N—1. The resulting sub-spectra are modulat-
ed by complex coefficients c;. The total Nyquist symbol Y(f) at =0 is formed by superim-
posing all N sub-spectra.

OFDM and Nyquist receivers can be built similar to the transmitter scheme depicted in
Fig. 2.23. To this end, the received signal would enter from the right, the symbol ¥ would
represent a splitter, and local oscillators with complex conjugate time dependency (OFDM
signal) or complex conjugate Nyquist pulses (Nyquist signal) mix with the incoming signals
to recover the modulation coefficients c; having integrated over the symbol period 7 (for
OFDM signal) or over all times (for Nyquist signals). Forming the complex conjugate means
reverting the signs of frequency steps F; and time steps Ty, respectively.
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Fig. 2.22: Comparison between OFDM (left column) and Nyquist sinc-pulses (right column) in
time and frequency domain. (a) The upper graph shows the real parts of three on-off keyed sinus-
oidal subcarriers x(7), the sum of which represents one specific time-domain OFDM symbol cen-
tered at ¢ = 0. The lower graph shows the corresponding spectra X;(f) of the subcarriers centered at
frequencies fi.1, fi, and fi+;. (b) The upper graph shows three Nyquist pulses y(f) (“temporal sub-
carriers”) centered at times #.y, #, and #;. The lower graph shows the corresponding real parts of
the spectra Y;(f) with three spectral sinusoidals, the sum of which represents one specific frequen-
cy-domain Nyquist symbol centered at /= 0. (c) The upper graph shows the envelopes (green rec-
tangles as in Fig. 2.22(a) of three temporal OFDM symbols located at times (i—1)T, iT,, and
(i+1)T;. For simplicity, each temporal OFDM symbol is composed of the same single zero-
frequency subcarrier f; =0 for k=0, The lower graph shows the corresponding real parts of the
spectra within a sinc-shaped envelope (green). The three spectral sinusoidals within correspond to
three temporal positions of the temporal OFDM symbol. (d) The upper graph shows the real parts
of three Nyquist pulses within a sinc-shaped envelope (green). The three temporal sinusoidals
within correspond to three spectral positions of the spectral Nyquist symbols. The lower graph
shows the envelopes (green rectangles as in Fig. 2.22(b) of the three spectral Nyquist symbols lo-
cated at frequencies (i—1)F,, iFy, and (i+1)F. For simplicity, each spectral Nyquist symbol is com-
posed of the same single zero-time Nyquist “subcarrier” £, = 0 for k= 0.

An in-depth mathematical comparison between OFDM and Nyquist pulse shaping is given in
the Appendix. Due to the close relation to OFDM, Nyquist pulse generation could be also
referred to as an orthogonal time division multiplexing technique.
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Fig. 2.23: Schematic of OFDM signal and Nyquist pulse generation, both in frequency domain and
time domain. For a better understanding we keep either & or i of Eq. (2.13)—(2.16) constant at zero
while varying the other quantity. (a) OFDM spectrum, OFDM symbol at ¢, = 0 (i = 0) only: N sinc-
shaped sub-spectra for a finite number of k= 0...N — 1 keyed subcarriers are frequency shifted by
kF and modulated with complex coefficients c;. The superposition of all modulated sub-spectra
results in the total OFDM spectrum X(1) = X\(f). (b) Nyquist pulse, Nyquist symbol with f; =0
(i=0) only: Infinitely many sinc-shaped pulses (Nyquist “subcarriers”, k = —co...+o0) time shifted
from ¢ = 0 by increments 47 and modulated with complex coefficients c¢;. The superposition of all
modulated pulses results in the total Nyquist time signal y(z) = »((¢). (c) OFDM symbol, OFDM
spectrum with fo = 0 (k = 0) only: Infinitely many rect-shaped temporal pulses (i = —o...+0) time
shifted from 7= 0 by increments /7, and modulated with complex coefficients c;. The superposi-
tion of all modulated pulses results in the total OFDM time signal x(¢). (d) Nyquist symbol,
Nyquist pulse at , =0 (k= 0) only: N rect-shaped sub-spectra for a finite number of i =0...N — 1
keyed spectral symbols are frequency shifted by iF and modulated with coefficients c;. The su-
perposition of all modulated spectra results in the total Nyquist spectrum Y (f).
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2.3 Digital Signal Processing

This section introduces some building blocks for digital signal processing (DSP) that are used
throughout this thesis.

2.3.1 Pseudo Random Bit Sequences (PRBS)

Pseudo random bit sequences (PRBS) are digital test sequences specified by the International
Telecommunication Union (ITU) in [70]. Such test sequences are required for bit error testing
of communication systems as they emulate the random properties of real traffic as closely as
possible. Well defined test sequences are required to perform true bit error ratio (BER) meas-
urements.

Pseudo random bit sequences are the most commonly used test sequences. A PRBS has a
length of 2" —1 and contains a maximum number of n-1 consecutive zeros and n consecutive
ones, with n being a natural number. A PRBS is generated using a linear feedback shift regis-
ter. A linear feedback shift register for the generation of a PRBS 27 —1 is shown in Fig. 2.24.

X
A
L{6|5|4|3|2|1 0

2’1 PRBS

Fig. 2.24: Linear feedback shift register that generates a pseudo random bit sequence with a length
of 27 1 [60]. In this shift register, values for certain positions in the shift register are combined
with an XOR (@) and fed back to the input of the shift register.

A detailed description of the generation of a PRBS at highest bit rates can be found in Section
A.6.6.

2.3.2 Fast Fourier Transform

This section on the fast Fourier transform has been published in [10] and is also included in
Section 5.1.1. The figure has been adapted to comply with the definition of symbols in this
work. The implementation and application of an optical FFT is discussed in detail in Chapter
5.1.

The fast Fourier transform (FFT) is an efficient method to calculate the discrete Fourier
transform (DFT) for a number of time samples N, where N = 2 with p being an integer. The
N-point DFT is given as

N-1
X,,,:Zexp[—jznﬂJx,, , m=0,.,N-1 (2.17)
n=0 N
transforming the N inputs x, into N outputs X,,. If the x, represent a time-series of equidistant
signal samples of signal x(7) over a time period 7, as shown in Fig. 2.25(a), then the X,, will be
the unique complex spectral components of signal x repeated with period 7 [71]. The FFT
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typically “decimates” a DFT of size N into two interleaved DFTs of size N/2 in a number of
recursive stages [72] so that

E, +exp —]Z—Em 0, ifm<ﬁ
N 2
X, = (2.18)

" o N . N
E, xn—exp [_JW(’” - ?j:| O, np ifm= 5

The quantities E,, and O,, are the even and odd DFT of size N/2 for even and odd inputs xy;
and xy41 (/=0,1,2,...N/2-1), respectively. Fig. 2.25(b) shows the direct implementation of the
FFT for N = 4 using time electrical sampling and signal processing.
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Fig. 2.25. Four point example of the traditional fast Fourier transform. (a) Exemplary signal in
time sampled at N=4 points; (b) the structure consists of a serial-to-parallel (S/P) conversion that
generates parallel samples of the signal x() that are delayed by an integer multiple of 7, /4, a
sampling stage to generate the time samples x, and a conventional FFT stage that calculates the

fast Fourier transform of the sampled signal. The right-hand side of (b) shows typical output sig-
nals for input signal (a).

2.3.3 Digital-to-Analog Converter Basics

Digital-to-analog converters (DAC) are needed to generate the analog waveforms of signals
generated in digital signal processing. DACs are therefore an essential part of our multi-
format transmitter.

Digital Signal Analog Signal with Aliasing Filtered Analog Signal
[oac] (]
DAC X
AL NM
t t t
R,

Fig. 2.26: Digital-to-analog converter and anti-aliasing filter. The digital signal with a sample
spacing of 7, =1/ f,, is converted to the analog domain in the DAC. A DAC typically has a rec-

tangular impulse response which leads to the illustrated analog signal. To generate a signal without
aliasing, a low pass filter removes all frequencies higher than f;

max *

Key figures of a DAC are the resolution N, in bit and the sampling rate /,, in Samples/s
(Sa/s). The resolution is the number of bit per sample, which defines the number of different
levels 2"+ a DAC can generate. Digital signals are only defined at discrete points in time that
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are separated by T, =1/ f, , (Fig. 2.26 left inset). The maximum frequency f,  that can be

max

present in the digital input signal is given by the sampling theorem [73]:
Joan =102 (2.19)

The rectangular impulse response of the DAC leads to the signal illustrated in Fig. 2.26. If
desired, alias frequencies can be removed in an anti-aliasing filter. However, it depends
strongly on the application if such filters are desired. In case of the all-optical OFDM concept,
these filters have to be omitted, as fast rise- and fall-times are desired (see Section 2.2.1.4).
When employing pulse shaping for Nyquist WDM, such filters are needed to avoid any alias-
ing frequencies that would fall into neighboring frequency bands.



3 Flexible Optical Multi-Format Transmitter

Flexible optical multi-format transmitters are prerequisite for next generation adaptive com-
munication links that can adapt to changing data rate demands and channel quality.

Additionally, in contrast to today’s standards, where a different kind of transmitter is built
for each kind of modulation format, such a flexible optical multi-format transmitter promises
a significant reduction in manufacturing and maintenance costs as only one type of transmitter
can be used to replace all transmitters.

This chapter was published in part on the conference on signal processing in photonic
communications [1] and in [60]. This multi-format transmitter offers online signal generation
with data rates up to 168 Gbit/s. The transmitter generates a number of modulation formats
ranging from on-off-keying (OOK) to 16 quadrature amplitude modulation (16QAM) at up to
30 GBd. The choice of modulation formats is limited only by the physical limits of the hard-
ware and the programming of the field programmable gate arrays (FPGA).

3.1 Introduction

Software-defined multi-format transmitter with real-time signal
processing for up to 160 Gbit/s

D. Hillerkuss, R. Schmogrow, M. Huebner, M. Winter, B. Nebendahl, J. Beck-
er, W. Freude, and J. Leuthold

in Signal Processing in Photonic Communications (Optical Society of Ameri-
ca, 2010), paper SPTuC4. [1]

Advanced optical transmitters are required to implement advanced modulation formats like
phase shift keying (PSK) [74] and quadrature amplitude modulation (QAM) [50] that are of
growing interest for optical communication systems [75]. Additionally, advanced multiplex-
ing schemes like orthogonal frequency division multiplexing (OFDM) [37, 76] promise in-
creased data rates at improved spectral efficiencies for next generation optical transmission
systems. However, the commonly used transmitter structures for the various advanced modu-
lation formats and multiplexing schemes differ significantly [33, 63, 77, 78], so that each
newly implemented modulation format needs different transmitters and receivers. In contrast,
software-defined transmitters (and receivers) are much more flexible because the modulation
format is defined by the programming of the transmitter. In addition to the multitude in modu-
lation formats that can be generated with such a transmitter it will also allow for signal pre-
distortion [77, 79] to compensate transmitter imperfections and mitigate transmission impair-
ments. The price for this flexibility is the requirement for high-speed digital-to-analog con-
verters (DAC).
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DAC-based transmitters have been used previously for a successful implementation of
higher-order modulation formats [63]. However, those setups either achieved only a low sym-
bol rate like 4 GBd [63], suffered from a low DAC resolution and high complexity due to the
use of discrete components for the implementation of the DAC [80], or require special optical
modulators [77]. Recently, high-speed DACs have emerged that allow for symbol rates be-
yond 25 GBd. A predistorting transmitter at 10.7 Gbit/s has been already demonstrated [81].

In this chapter, we demonstrate the first software-defined transmitter, which is capable of
generating on-off keying (OOK), binary and quadrature phase shift keying (BPSK, QPSK),
and 16QAM signals at symbol rates up to 30 GBd.

3.2 Optical Multi-Format Transmitter Concepts

The concept chosen for the implementation of an optical transmitter has major impact on its
versatility and performance. A summary of different schemes possible is displayed in Fig. 3.1.

Physical Implementation
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Fig. 3.1: Possible concepts for the implementation of an optical multi-format transmitter. It is nec-
essary to choose between discrete and integrated implementations and between optical and electri-
cal digital to analog conversion.

A decision to be made is if a discrete or an integrated solution is more feasible and if the digi-
tal to analog conversion should be implemented in the optical or in the electrical domain.

Typically one would prefer an optical digital to analog conversion, as the nonlinearity of
the Mach-Zehnder interferometer can be exploited to reduce noise present on the electrical
drive signals of the modulators. This way, the requirements for electrical signal to noise ratio
(SNR) can be relaxed, or the signal quality can be improved for a constant SNR. However, a
discrete optical implementation is not feasible due to the required phase stabilization in our
example (Fig. 3.1 upper left), and integrated modulators are currently only exist as prototypes
[77].
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As an optical digital to analog conversion is not feasible, the only choice is between dis-
crete and integrated digital to analog conversion. While highest sampling rates are currently
achieved with discrete implementations [82], the resolution of discrete implementations is
currently limited to a few bit [83]. The resolution is critical for advanced modulation formats
as it defines the achievable SNR due to quantization noise. Due to these reasons, an integrated
DAC was chosen for our implementation of the multi-format transmitter.

3.3 Transmitter Design

Section 3.3 on the transmitter design is based on work presented in [60]. Details on the Im-
plementation of the Transmitter can be found in Appendix A.6.

Implementation of an OFDM Capable Optical Multi-Format
Transmitter

R. Schmogrow, Master Thesis No. 803, Institute of Photonics and Quantum
Electronics (Karlsruhe Institute of Technology, Karlsruhe, 2009). [60]

3.3.1 Setup

The transmitter setup shown in Fig. 3.2 consists of several components including digital-to-
analog-converters (DAC), field programmable gate arrays (FPGA), an optical I/Q modulator
as described in A.2.2, and a computer to control and supervise the involved devices. Fig. 3.2
illustrates the setup as well as data and control flow. The sampling clock is provided by a ra-
dio frequency synthesizer (RF-synthesizer) and split to supply the two DACs. The clock
phase of the DACs is adjusted using an RF phase shifter.

DAC Register Access

l 2 1/128 Clock l

FPGA 1 >
24 x Data

i

PC

!

FPGA 2

t 2 1/128 Clock j

DAC Register Access

24 x Data

Fig. 3.2: Multi-format transmitter implementation. The signal is generated in real-time on two field
programmable gate arrays (FPGA). The FPGAs supply the data to high speed digital to analog
converters (DAC). The analog output of the DACs is amplified and drives an optical IQ-modulator
in which the signal is modulated onto an optical carrier. A computer provides control functionali-
ties for the different components of the transmitter.

The PC transmits waveforms and control information directed to the FPGAs. The FPGAs are
used to drive two DACs that can operate at up to 34 GSa/s. For prototyping, waveforms of
advanced complex modulation schemes such as OFDM can be created offline on the PC and
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loaded into the memory located on the FPGA boards. The stored sequences are run repeatedly
and modulated onto an optical carrier in the transmitter. Once tested, these formats can be
implemented in real-time on the FPGAs. On off keying (OOK), phase shift keying (PSK) and
quadrature amplitude modulation (QAM) are demonstrated here.

3.3.2 Field Programmable Gate Array Architecture

The FPGA architecture is chosen carefully in order to create a highly flexible system that can
be extended easily. Each of the components should be replaceable without changing the
whole structure of the FPGA. A processor is used for all control and synchronization tasks
that do not require highest speeds, whereas other parts that require high speed operations are
implemented in hardware using the very high speed integrated circuit (VHSIC) hardware de-
scription language (VHDL). Fig. 3.3 shows the architecture implemented on the FPGAs.

PC DAC
DAC
NG UARTO Reg
'} \ 'y
A4 Y v
Processor Local BUS >
X \ '}
Y r Y
PRBS Modulation T el _p
Module
DAC
¥ . I
DATA_CLK USR_CLK REF_CLK

Fig. 3.3: FPGA architecture. The FPGA contains high speed modules for the generation of a pseu-
do random bit sequence (PRBS generation),

All components are connected to a common bus, which is referred to as the processor local
bus (PLB). Through this bus the processor has access to all different components taking over
general control tasks and supervision. The communication between PC and FPGA is imple-
mented through a serial interface (universal asynchronous receiver transmitter — UART)
whereas the DAC is connected through a simple register interface. The Tx-Module comprises
all functionalities related to the high speed interfaces (multi gigabit transceivers — MGT) that
are used to connect the FPGAs to the DACs. This includes data mapping and bit synchroniza-
tion. To synchronize the high speed modules, each module provides a clock (e.g. USR_CLK,
DATA CLK in Fig. 3.3) to its preceding module. This is necessary, as the master clock for
the transmitter is provided by the DACs. Since this transmitter can support multiple modula-
tion formats, different modulation modules are available. All those modules have a standard-
ized interface towards neighboring components to guarantee that they are easily interchangea-
ble. The modulation module can also contain a pattern that was generated offline. A pseudo
random bit stream generation (PRBS generation) according to [70] is implemented to supply
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the raw data for modulation modules, and this architecture is also ready for expansions like
frame generation, forward error correction (FEC), or other encoding techniques. Details on
the implementation can be found in Appendix A.6.

3.4 Experimental Results

3.4.1 Electrical Characterization of the DAC output

To characterize the functionalities of the FPGA design and the synchronization with the DAC,
the electrical output signal of the DAC is measured.

3.4.1.1 Eye Diagram of a Two Level Signal

Here, measurements after synchronization of one FPGA with a DAC are displayed. An
onboard PRBS generator has been used to compute a PRBS with a length of 2'31in real-
time. The electrical eye diagram at the output of the DAC at 28 Gbit/s is displayed in Fig. 3.4.

i Ao Limit Test) Waveforms: 100

Fig. 3.4: Two level eye diagram at the output of the DAC at 28 GSa/s. The PRBS at 28 Gbit/s has
a length of 2'°~1 and is generated in real-time on the FPGA chip. The voltage is displayed with
150 mV/div.

All 6 bits of the DAC are set to the same PRBS resulting in an eye diagram with two levels.

3.4.1.2 Eye Diagram of a Four Level Signal

To generate a four level signal, a PRBS at 56 Gbit/s is generated (length 2'°—1). After genera-
tion in real-time, the PRBS is encoded in a 4 level signal as describe in A.6.4 — also referred
to as pulse amplitude modulated (PAM4). In addition, the signal is modified to compensate
for the nonlinear modulator transfer function (see Fig. A.23). After the modulation module,
the signal is converted to the analog domain in the DAC. The output eye diagram is shown in.
Fig. 3.5.
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Arg Limit Test) waveforms: 100

Fig. 3.5: Eye diagram of a PAM4 signal (four level) at the output of the DAC at 28 GSa/s with a
PRBS at 56 Gbit/s and a PRBS length of 2'°~1. The PRBS is generated in real-time on the FPGA
chip. The voltage is displayed with 150 mV/div.

One can see that the pre-compensation is not as strong as illustrated in Fig. A.25. This is due
to the fact that the amplitude of the drive signal is reduced compared to the theoretical maxi-
mum. This is necessary to reduce the loss of effective resolution as described in A.6.5.

3.4.2 Optical Characterization of the Transmitter

In the following section, the experimental results of the optical characterization of the trans-
mitter are presented. This work has been published in 2010 on the conference on Signal Pro-

cessing in Photonic Communications [1].

Software-defined multi-format transmitter with real-time signal
processing for up to 160 Gbit/s

D. Hillerkuss, R. Schmogrow, M. Huebner, M. Winter, B. Nebendahl, J. Beck-
er, W. Freude, and J. Leuthold

in Signal Processing in Photonic Communications (Optical Society of Ameri-
ca, 2010), paper SPTuC4. [1]

3.4.2.1 Experimental Setup

The transmitter implementation and the setup for the experimental characterization is shown
in Fig. 3.6. Two Xilinx Virtex 5 (XC5VFX200T) FPGAs running at a clock frequency of up
to 234.38 MHz generate two PRBS (2'°-1) bit streams at up to 60 Gbit/s to allow testing
without an external data source. The two bit streams are encoded onto 6 bit encoded multi-
level signals for I and Q-channel, respectively. The 6 bit data stream is transmitted to the
DACs using 24 high-speed interconnects operating at up to 7.5 Gbit/s each. The DACs gener-
ate the corresponding analog waveforms at up to 30 GSa/s. The levels of the analog waveform
are optimized to compensate for the nonlinearity of the Mach-Zehnder structure in order to
achieve an optimized signal constellation. The amplified analog waveforms drive the nested
Mach-Zehnder IQ modulator. To generate OOK or BPSK, the output of the second DAC is
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switched off. For OOK, the bias voltage has to be adjusted. The optical local oscillator of the
optical modulation analyzer serves as an optical carrier input for the modulator. The optical
output signal of the modulator is split, delayed by 5.3 ns (106 Symbols @ 20 GBd) for decor-
relating both signal paths, and afterwards multiplexed to two orthogonal polarizations for
generating the polarization multiplexed (dual polarization — DP) signal. Single polarization
signals are generated by disconnecting one path of the polarization multiplexing setup. The
amplified output signal is received using an optical modulation analyzer Agilent N4391A as
well as a 70 GHz photodiode connected to a digital communications analyzer with 70 GHz
electrical bandwidth. The real-time oscilloscope (bandwidth 13 GHz) allowed us to perform
experiments up to a symbol rate of 20 GBd for BPSK, QPSK and 16QAM. The optical modu-
lation analyzer employs a raised cosine filter for pre-filtering the signal, and a subsequent
finite impulse response (FIR) equalization filter with 21 taps.

DAC Register Access

Agilent
N4391A
Optical

Modulation

OUT| Analyzer

DAC Register Access

Fig. 3.6: Transmitter implementation and experimental setup. Two PRBS sequences (length 2'°-1)
are generated by PRBS generators (PRBS Gen.) on the field programmable gate arrays FPGA1,2.
The bit streams are encoded in the modulation format encoder (Modul. Encoder) generating the
desired signal constellation. The GTX module uses 24 GTX-transmitters on each FPGA to feed
the digital-to-analog converters DAC1,2 that generate the analog drive signal. The clock for the
DAC:s is provided by an external synthesizer and distributed to the DACs that provide a divided
clock for the FPGAs. Each FPGAs communicates with one DAC using the DAC register access.
The amplified DAC output X drives the IQ modulator. The optical modulation analyzer N4391A
provides a local oscillator output (LO OUT) as optical carrier to be modulated. The output Y of the
modulator is split, decorrelated and polarization multiplexed, then amplified and split: The two
outputs are fed to the N4391A Z and to a 70 GHz photodiode connected to a digital communica-
tions analyzer (DCA) with an electrical bandwidth of 70 GHz.

3.4.2.2 Results

Fig. 3.7 shows measured eye diagrams and constellations. A signal quality of Q>=26.8 dB
and Q*=25.9 dB is recorded for SP-OOK at 20 Gbit/s and 30 Gbit/s, respectively. An error
vector magnitude (EVM) of 5.6 % is achieved for BPSK, while the EVM for QPSK and
16QAM with polarization multiplexing is below 10 % and 7.8 %, respectively. Bit error ratio
(BER) measurements were error-free for 2x10°symbols of DP-QPSK and a BER of
3.90x10 for 16 QAM. The power consumption of FPGAs, DACs and driver amplifiers is
below 75 W.
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Fig. 3.7: Eye and constellation diagrams of single polarization on-off keying (SP-OOK) (A,B),
single polarization binary phase-shift keying (SP-BPSK) (C,D), dual polarization quadrature
phase-shift keying (DP-QPSK) (E,F) and dual polarization 16 quadrature amplitude modulation
(DP-16QAM) (G,H) at 20 GBd (A, C, D, E, F, G, H,) and 30 GBd (B). Single polarization meas-
urements are done by disconnecting one arm of the polarization multiplexing setup. The transmit-
ter output spectra (1) are measured using a resolution bandwidth of 0.01 nm.

3.5 Summary

An optical multi-format transmitter has been developed. To this end, a feasible architecture
for the implementation of an optical multi-format transmitter has been chosen consisting of
field programmable gate arrays (FPGA) and digital to analog converters (DAC). The FPGA
chips feature high-speed digital ports that are able to provide the required amount of data for
the DAC chips running at up to 30 GSa/s. For online data generation on the FPGA a multi
gigabit pseudo random bit stream generator has been implemented. The transmitter has been
demonstrated to be capable of generating OOK, BPSK, QPSK and 16QAM at symbol rates up
to 30 GBd. All modulation formats showed a BER well below the FEC threshold.

3.6 Outlook

To this date, the transmitter has been used for several experiments of which only a fraction
has been published [3, 5-8, 13, 31, 32, 84, 85] and the developed architecture has proven to be
extremely versatile as the transmitter now supports modulation formats up to 64QAM at
28 GBd [3], OFDM up to 101.5 Gbit/s [4, 31], and advanced pulse shaping methods at up to
150 Gbit/s [5, 6, 32]. The transmitter programming is still under active development and has
become a standard tool in our experiments.



4 Optical Comb Generation

Advanced optical multiplexing schemes offer increased spectral efficiencies compared to
standard wavelength division multiplexing (WDM) at the price of optical carriers that are sta-
bilized with respect to each other in frequency. Examples for this are all-optical orthogonal
frequency division multiplexing (OFDM) [8], no guard interval OFDM [86], coherent wave-
length division multiplexing (Co-WDM) [45] and Nyquist WDM [5, 6, 13, 87]. In addition to
the precise control of carrier frequencies for most formats [6, 8, 45, 86, 87], the carrier phases
with respect to the symbol slot in case of coherent WDM have to be controlled [45]. Even
though this could be achieved with an active stabilization of laser sources, optical frequency
comb sources are ideally suited for this task as they are able to generate a large number of
optical carriers with stable frequencies and a fixed carrier spacing. Several schemes have been
proposed and implemented that generate these carriers using optical modulators [45, 46], re-
circulating frequency shifters [40, 47, 48], and mode-locked lasers (MLL) with spectral
broadening in highly nonlinear fibers (HNLF) [7, 49]. In this work, optical modulators are
used as a standard solution to generate a small number of optical carriers for proof of princi-
ple demonstration. The implementation of this comb generator is straight forward and can be
found in literature [45]. Here, a novel scheme using a MLL and a HNLF is demonstrated that
allows for the generation of a large number of optical carriers. This scheme was first intro-
duced within the research towards this thesis [7]. It is the first scheme to generate a frequency
comb with sufficient quality for communications that spans most of the central communica-
tion band. This chapter has been accepted for publication in the IEEE Photonics Journal in
August 2013 [88].

High-Quality Optical Frequency Comb by Spectral Slicing of
Spectra Broadened by SPM

D. Hillerkuss, T. Schellinger, M. Jordan, C. Weimann, F. Parmigiani,
B. Besan, K. Weingarten, S.Ben-Ezra, B. Nebendahl, C.Koos, W. Freude,
J. Leuthold

Accepted for publication in IEEE Photonics Journal, August 2013 [88].

This paper introduces a spectral slicing technique that extends the useful spectral range of
frequency combs generated through self-phase modulation (SPM) of mode-locked laser puls-
es. When generating frequency combs by SPM, the spectral range with high-quality carriers is
usually limited due to spectral minima carrying too little power. To overcome these limita-
tions, we combine suitable slices of broadened and nonbroadened spectra. The concept was
experimentally verified: A total number of 325 consecutive equidistant subcarriers span a
bandwidth of 4 THz. All subcarriers have an optical carrier-power-to-noise-power-density
ratio (OCNR) larger than 25.8 dB (0.1 nm) and were derived from one mode-locked laser
with a mode linewidth of approximately 1 kHz. The signal quality of the comb and in particu-

lar of each subcarrier was ultimately tested in a terabit-per-second communication experi-
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ment. The comb quality allowed us to transmit 32.5 Tb/s over 225 km with 100 Gb/s dual
polarization 16-ary quadrature amplitude modulation (16QAM) signals on each of the subcar-
riers.

4.1 Introduction

Optical frequency combs that offer hundreds of carriers of highest quality across a large spec-
tral band have drawn a tremendous amount of attention within recent years. Research on fre-
quency combs culminated in the Nobel Price that was awarded to John Hall and Theodor
Hénsch in 2005 for their work in laser-based precision spectroscopy [89, 90]. Optical fre-
quency combs were recognized as a useful tool not only for spectroscopy but also for various
other applications such as optical and microwave waveform generation [91, 92], optical signal
processing [93, 94], fiber-optic communication [7, 8, 12, 40, 45-49, 95, 96], optical coherence
tomography [97] and precision ranging [98]. Depending on the application, the individual
linewidth, the line spacing or the total number of lines (e. g., spanning an octave for self-
referencing) are important and ultimately influence the design.

Optical frequency combs are most attractive for the latest generation of optical multi-
carrier communication systems, where information is encoded in so called superchannels. To
generate Tbit/s superchannels, data is encoded on multiple closely spaced, equidistant optical
carriers and subsequently multiplexed. Such systems require a precisely controlled carrier
spacing, which is inherently provided by optical comb sources. Here, a single comb source
could replace hundreds of lasers, which would otherwise have to be controlled precisely in
their relative and absolute frequencies. Prominent examples of such superchannel communi-
cation systems are based on all-optical orthogonal frequency division multiplexing (OFDM)
[8], no guard interval OFDM [86], coherent wavelength division multiplexing (Co-WDM)
[45], and Nyquist WDM [5, 6, 12, 87]. However, such schemes require a precise control of
carrier frequencies [6, 8, 45, 86, 87], and in rare cases even of the carrier phases with respect
to the symbol time slot [45]. Fortunately, in optical frequency comb sources, the carrier spac-
ing is extremely precise, and strictly linear time dependencies of the phases between carriers
are maintained, making them ideally suited for this application.

However, in order to use the carriers of an optical frequency comb for communications
they must have a sufficiently narrow spacing (e.g. 12.5 or 25 GHz) and offer sufficient quali-
ty. This actually means that

e All the optical carriers should be of equal power (or follow a defined spectral distribu-
tion). This is needed to achieve a similar performance of the data encoded on the carriers
and to avoid one modulated carrier limiting the performance of all neighbors through
crosstalk. Equal power in all carriers typically can be achieved through equalization of a
generated frequency comb [8, 49].
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e The carriers must have a minimum carrier-power to noise-power-density ratio (CNR).
The CNR ultimately limits the amount of information that can be encoded on a single
subcarrier. The CNR directly defines the maximum achievable signal-to-noise ratio
(SNR), for which minimum values can be found in tables.

e The linewidth of all carriers has to be narrow. A narrow linewidth (low phase noise) is
fundamentally needed - particularly for transmission systems making use of phase encod-
ed signals. Coherent transmission systems typically need a laser linewidth that is signifi-
cantly smaller than 100 kHz.

Quite a few schemes have been experimentally investigated for use in optical communi-
cation systems that can fulfill these requirements to a smaller or larger extent. Among these
are comb generators based on optical modulators [45, 46, 99], also in the form of recirculating
frequency shifters [40, 47, 48], micro resonators [95, 100, 101], and mode-locked lasers
(MLL) with spectral broadening in highly nonlinear fibers (HNLF) [7, 49]. All these schemes
have different advantages and drawbacks: Schemes using modulators typically have a suffi-
cient carrier quality but only offer a few lines and the operation points of the modulators have
to be controlled precisely. Schemes that exploit self-phase modulation (SPM) typically pro-
vide a sufficient number of subcarriers, but the CNR is low at the spectral minima and at the
outer edges of the spectrum.

In this paper, we present a comb generator scheme based on slicing of spectra broadened
in highly nonlinear fibers. The scheme extends the usable bandwidth of frequency combs
generated through SPM by removing the minima [2] in broadened spectra. The scheme prom-
ises a large number of carriers with ample power and CNR for optical transmission systems
by spectrally composing suitable subspectra [8]. In our demonstration, we generate a total
number of 325 carriers, which we derived from a single MLL. The MLL was measured to
provide a linewidth of approximately 1 kHz. The CNR of all carriers of the frequency comb
was larger than 25.8 dB and the quality was proven in a transmission experiment.
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4.2 Spectral Minima in Self-Phase Modulation

Spectral broadening through self-phase modulation (SPM) can generate extremely broad fre-
quency combs. However, as already observed by Stolen et al. in 1978 [2], spectral minima
occur for phase shifts significantly larger than n. Typically, these minima are explained as
destructive interference of spectral components that have experienced a relative phase shift of
n [102].

In a simplified picture, the generation of the spectral minima in SPM can be illustrated as
shown in Fig. 4.1. The intensity of an optical impulse is displayed in a moving time frame
z—v,t (group velocityv, ) along the propagation direction z, Fig. 4.1 (a). Due to the Kerr
nonlinearity, the optical phase shift ¢ oc [ is in proportion to the local intensity / . The slopes
of the impulse lead to a frequency offset Af', Fig. 4.1 (b). If the maximum phase shift ¢, is
larger than &, then above (and also below) Af =0 there will be pairs of points with the same
Af but a relative phase shift Ap=7. In this simple picture, this will lead to destructive inter-
ference of these spectral components, and therefore to minima in the spectrum. In our exam-
ple, these frequencies are labeled Af; and Af; .
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Fig. 4.1: Schematic phase and frequency shift in self-phase modulation of a single impulse with in-
tensity / in a moving time frame z—v, ¢ (propagation coordinate z, time ¢, group velocity v, ).
(a) Nonlinear phase shift ¢ oc /. The phase shift has a maximum ¢,_, at the peak of the pulse
and translates to a frequency shift Af" as seen in (b). In a simplified picture, each frequency shift
occurs twice within one pulse (see example in this figure), but with a different phase. If the maxi-
mum phase shift ¢, is larger than 77, there will be at least two pairs of points (Af; and Af),
one with a positive Af; and one with a negative frequency shift Af,, which have a phase differ-
ence of A@ = 7 . This phase shift then leads to spectral destructive interference at these frequency
shifts Af; and Af, . In our example these frequency shifts are symmetric around Af =0, which is
not necessarily the case for asymmetric impulses or in the presence of dispersion.
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Fig. 4.2 presents simulated and measured power spectra that exhibit these minima. The
simulated example spectra Fig. 4.2 (a) are computed for a single spectrally broadened pulse.
If Ap>r, spectral minima develop. As seen in the figure, the number of minima m allows for

an estimation of the maximum phase shift ¢, according to

_2m+l -
¢max 2

4.1)

This equation is related to the equation (4.1.14) in [102], which gives a similar relation for the
number of spectral maxima resulting from a certain maximum phase shift.

The measurement in Fig. 4.2 (b) relates to the mode locked laser (MLL) with a repetition
rate R=12.5GHz, which was used for all experiments in this paper. Its comb line spectrum
was amplified to the specified average powers and broadened by SPM. The minima are
marked with white symbols “v”. Because interference is involved, any instability in the opti-
cal MLL power leads to a frequency shift of these minima, and therefore to a pronounced in-
stability of the neighboring comb lines.

(a) Simulated Power Spectra of Spectrally Broadened Pulse
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Fig. 4.2: Simulated and measured spectra for spectral broadening through self-phase modulation in
a highly nonlinear fiber. (a) Single pulse with its spectrum labeled “input”. After spectral broaden-
ing in a highly nonlinear fiber (HNLF), the maximum nonlinear phase shift is ¢,,, . It increases
proportional to the input power, which increases from left to right and from upper to lower row.
The spectra exhibit minima for maximum nonlinear phase shifts significantly larger than 7z [2].
(b) Non-broadened line spectrum of the mode locked laser (MLL), and line spectra broadened by
SPM in the HNLF. The average input power to the HNLF is given in dBm. Spectral minima are
marked with a white “v”. For higher powers, not all minima are within the displayed bandwidth of
30 nm. The spectra were measured at the output of the HNLF in the setup seen in Fig. 4.4.
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4.3 Comb Generation by Spectral Slicing

The following scheme generates a frequency comb with a large bandwidth and a high carrier
quality for all carriers. We propose to compose this high quality frequency comb from a seed
spectrum and one or more broadened spectra [8]. We replace carriers at spectral minima of
broadened spectra with a low carrier power and CNR by carriers from differently broadened
spectra with a high carrier quality. This process has the four steps shown in Fig. 4.3. First, we
generate the seed spectrum using an optical pulse source, such as a MLL. From this seed
spectrum, we then generate N optical spectra via spectral broadening elements (NLE), such as
a highly nonlinear fiber (HNLF). Next, we use spectral slicing and composing in a reconfigu-
rable optical multiplexer (e.g. waveshaper). Here, the usable parts of the seed spectrum and
the N additional spectra are sliced and combined to form a continuous broad output spectrum.
This effectively replaces all unstable and low-power parts of the optical spectra. Finally, the
spectrum is equalized. The bottom inset in Fig. 4.3 illustrates this process for N= 1.

Generation of Spectra

Spectral Composing

e
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| I
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| I
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|
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| Step 1: Step 2: : : Step 3: Step 4: |
: MLL Pulse Spectral 11 Spectral Slicing Equalization |
\___Generaion ______Broadening __ 'l|_ andCombining _____________ y

Example for N=1
MLL Seed Spectrum Broadened Spectrum Combined Spectrum Equalized Spectrum
P

Fig. 4.3: Concept of the optical comb generator by spectral slicing. First, N optical spectra are gen-
erated; a mode locked laser (MLL) generates the initial seed spectrum (as shown in green) that is
spectrally broadened in a nonlinear element (NLE) to generate N broadened spectra with a large
number of carriers (as shown in red). Second, the output spectrum is generated from the N spectra
using spectral slicing and composing; for this, the generated spectra are sliced and combined to
form a wide spectrum. This wide spectrum is subsequently equalized to obtain the output spectrum
of the comb generator. The lower part in this figure shows exemplary spectra for two combined
optical spectra.

For current implementations of this scheme with discrete components, the following
points have to be kept in mind as they could limit the overall performance and/or usability for
different applications:

e A poor filter-stop band could limit the performance in several ways.

o As aresult of a poor filter-stop band multipath interference between carriers from dif-
ferent paths 0, 1, ... N in Fig. 4.3 could lead to low frequency fluctuations in the kHz
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range due to thermal path length changes. This could result in phase and amplitude
fluctuations of the comb lines. This did not pose an issue in our experiments as the 40
dB filter extinction ratio of the waveshaper was sufficient as outlined in section 4.

o The filter’s extinction ratio often is not sufficient at the edge of the filters when going
from stop-band to pass band. In our experiment we indeed noticed some small cross-
talk in the two lines where spectral slices are merged. However, this multipath inter-
ference should not be mistaken for coherent crosstalk in communication systems
[103], as the interfering laser lines do not carry any data at that point. And indeed, in
our case it did not lead to any signal degradation.

o A poor filter-stop band could also degrade the overall CNR as a result of summing up
noise floors from different paths. This however is quite unlikely, as the noise floor of
the interfering spectrum would have to be much higher than the noise floor in the de-
sired spectrum as it is attenuated by the filter extinction. In our experiment this was
most definitely not an issue as we started with a very good CNR that was further sup-
pressed in the filters.

e As the different paths in the comb generator consist of different lengths of fiber, a decor-
relation of the different segments of the comb could occur if the lengths are equal to or
larger than the coherence length. This could lead to very small frequency shifts between
spectral comb slices if the center frequency of the source laser drifts. Due to the short fi-
ber length of 100 m and a coherence length in the order of 100 km, this was no issue in
our experiments.

Of course, in an ultimate integrated solution, the best stability could be by achieved by minia-
turization that includes on chip nonlinear elements instead of HNLFs.

4.4 Experimental Setup of the Broadband Spectrally Sliced

Comb Source

Fig. 4.4 shows our experimental setup. A passively mode locked laser (MLL — Ergo XG) with
a repetition rate of 12.5 GHz and a pulse width below 2 ps generates the initial seed spectrum
(Fig. 4.4a). The spacing of the spectral lines equals the repetition rate, while the pulse width
and shape determine the spectral envelope. The chirp of the MLL is adjusted by 5.4 m of
standard dispersion compensating fiber (DCF). Different fiber lengths were tested, and the
length generating the largest amount of SPM at the output of the HNLF was chosen for the
experiment. The spectrum is amplified, and a 5 nm bandpass filter suppresses the amplifier
noise. The laser signal is now split in two parts. One part is spectrally broadened by SPM (see
Fig. 4.4b) in a highly nonlinear photonic crystal fiber (HNLF). The HNLF is a photonic crys-
tal fiber with the following parameters: length 100 m, dispersion 1.25 ps/nm/km, mode field
diameter 2.8 + 0.5 um, attenuation <9 dB/km, nonlinear coefficient 19 W' km™. The other
part is not broadened; instead, it is just passed through. Finally, the waveshaper slices, com-
bines, and equalizes the broadened and the original MLL spectrum, thus producing the final
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output spectrum, Fig. 4.4 (c). To show the suppression and estimate possible fluctuations of
the power in individual lines, we have performed the measurement shown in Fig. 4.4 (d). The
most critical carriers are the carriers at the edges, where we only achieve a suppression of
> 16 dB. All other carriers have a suppression > 30 dB and typically 40 dB. This corresponds
to a power fluctuation of <3 dB for the carriers at the edges and a fluctuation of <0.6 and
typically <0.2 dB for the central carriers. The speed of these fluctuations only depends on
linewidth and frequency stability of the MLL and the stability of the interferometer. In our
experiment, these fluctuations were extremely slow due to the high stability of the MLL.
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Fig. 4.4: Experimental setup of the ultra-broad spectrally sliced comb. The output spectrum of the
mode locked laser (MLL — Ergo-XG, repetition rate 12.5 GHz) is displayed in the first inset (a —
shown in green). The MLL pulses are amplified and filtered in a 5 nm bandpass filter. The ampli-
fied pulses are split, and one path is passed through and the other path is spectrally broadened in a
highly nonlinear photonic crystal fiber (b — shown in red — HNLF). A waveshaper (WS) performs
the spectral slicing and composing to generate the output spectrum (¢ — shown in green and red).
The suppression of the neighboring spectra at one of the edges is shown (d). The suppression at the
carriers next to the edges is > 16 dB. For all other carriers, a suppression >30 dB, typically 40 dB
is achieved.

The resulting flat frequency comb shown in Fig. 4.4(c) has 325 high-quality carriers that
have been used for multiple Terabit/s transmission experiments [8, 12] with aggregate data
rates of up to 32.5 Tbit/s [12]. In these experiments, we carefully measured data transmission
on each and every spectral line of the generated frequency comb. We observed a similar per-
formance for all subcarriers and did not see any impact of multipath interference [8, 12].
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4.5 Characterization

4.5.1 Linewidth Characterization of the Mode Locked Laser

The linewidth of the individual modes of the MLL fundamentally limits the linewidth of the
carriers in the broadened comb. We therefore measured the linewidths of five modes of the
MLL, which we found to be approximately 1 kHz. We were limited to these five modes
around 1550 nm due to the fixed wavelength of the narrow linewidth reference laser.

The linewidth of lasers is often measured using a delayed self-heterodyne technique
[104, 105], in which the laser is split and one copy is decorrelated in a fiber delay line before
being mixed with the original laser line. However, from our transmission experiments with
this comb source [12], we expect an extremely low linewidth. This would results in an exces-
sively long fiber length required for decorrelation [104]. Such a long fiber delay renders self-
heterodyne measurements extremely susceptible to acoustic noise and other environmental
influences. As such types of noise have significant frequency components in the same order of
magnitude as the linewidth of interest, self-heterodyne measurements were not practical.

We therefore chose to measure the linewidth through a heterodyne measurement [105].
Normally, one would perform the measurement by combining the laser line under test with a
narrow linewidth laser (NLWL) and then detecting the signal in a photodiode. The photocur-
rent is then analyzed in an RF-spectrum analyzer. However, due to the low measurement
speed of these analyzers, this scheme requires wavelength tracking to compensate for slow
drifts of the laser wavelengths [105]. Therefore, we decided for a new technique. To measure
the linewidth of the laser without the drift of the laser wavelengths we chose to perform the
measurement using real-time acquisition and subsequent spectral analysis of the recorded sig-
nal, see Fig. 4.5(c). In this scheme we used a coherent receiver (Agilent optical modulation
analyzer) with a narrow linewidth laser (NLWL) as external local oscillator (LO). The receiv-
er has an electrical bandwidth of 32 GHz per inphase and per quadrature channel and a sam-
pling rate of 80 GSa/s per channel. The NLWL had a linewidth of approximately 1 kHz, and
the down-converted optical pulse train of the MLL was recorded for a time span of 12.5 ms.
The advantage of this new technique is that we can restrict the data acquisition to a time in-
terval within which the relative laser frequency drift is significantly smaller than the lin-
ewidth. This way there is no need for performing active wavelength tracking even though the
frequency might drift over several kHz within a few seconds. This slow frequency drift, how-
ever, is not critical for optical communication systems, as the frequency offset compensation
in coherent receivers can easily compensate for it.

First, we analyze a subset of 2°* samples (3.35 ms). Within this short time window, the
influence of frequency drift of the two lasers is marginal. After performing a fast Fourier
transform (FFT) on the temporal data, we analyze each of the 5 MLL lines within the receiver
bandwidth of 64 GHz centered on 1550 nm. To this end, we process spectra with a width of
2'% samples (~9.8 MHz) centered at each MLL line. All spectral lines look alike, so that we
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only picture one line in Fig. 4.5. The full-width half-maximum (FWHM) of the power spectra
of all five analyzed lines is found to be 1.9 kHz. The FWHM of a Lorentzian fit, red lines in
Fig. 4.5(a,b,d), is 2.2 kHz. Because the side lobes at + 590 kHz were included in the fitting
process and because of the limitation in the sampling duration and the 1 kHz linewidth of the
reference laser, the inferred line width is a worst-case estimate of the actual 3 dB bandwidth.

(a) Record Length 3.35 ms

(b) Record Length 3.35 ms
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Fig. 4.5: Linewidth characterization of the mode locked laser (MLL). As shown in the bottom left
subfigure (c), the mode locked laser (MLL) is recorded for 12.5 ms in a coherent receiver. The lo-
cal oscillator is a narrow linewidth laser (NLWL) with a linewidth of approximately 1 kHz. The
upper two subfigures (a,b) display the power spectral density (shown in black) of one of the MLL
lines mixed with the NLWL in an observation interval of 3.35 ms. The full width half maximum
(FWHM) of the measured spectrum is less than 2 kHz, while the FWHM of the Lorentzian fit
(shown in red) is 2.2 kHz. Side peaks at + 590 kHz are visible in addition to the Lorentzian line
shape. The frequency drift dominates the spectrum for a longer record length of 12.5 ms (d). As
reference, we also display the Lorentzian fit obtained from the shorter record length.

Next, we process the full dataset. In this case, the spectra are distorted by the drift of the
two lasers, Fig. 4.5(d). For the recorded 5 MLL lines we observe linewidths between 260 Hz
and 1.33 kHz. From these measurements, we conclude that the characterized modes of the
MLL have a linewidth of approximately 1 kHz. The side lobes to be seen in Fig. 4.5 were also
observed when investigating the MLL spectra with self-heterodyne measurements. However,
due to environmental fluctuations, this measurement was not suitable for determining the lin-
ewidth.
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4.6 CNR and OCNR Characterization of the Comb Source
The signal-to-noise ratio (SNR) and therefore the minimum carrier-power to noise-power-
density ratio (CNR) have to be as as large as possible in order to allow for reliable transmis-
sion of information.

We first implemented the comb source to study advanced multiplexing schemes at aggre-
gate data rates beyond 10 Tbit/s [8, 12]. When investigating the noise characteristics in these
experiments, we observed circular noise “clouds” around all constellation points. A statistical
analysis of the error vector pointing from a nominal constellation point to the momentarily
received signal yields the distribution of the noise in the system. From our statistical analysis
in [12], we inferred a Gaussian distribution of the corresponding noise [12]. We conclude
from these observations that the limiting factor for the signal quality is additive Gaussian
noise due to amplified spontaneous emission in the optical amplifiers in the system, and not
the phase noise of the optical carriers themselves. In the presence of significant phase noise
the distribution of the received constellation points would have been distorted in an angular
direction.

Next, we measured the CNR of the optical comb source. The CNR is defined as the ratio
of the carrier-power P and the noise-power-density N, at the position of the carrier,

CNR [dBHz] =101log;, [NLCAf ] . 4.2)
0

Here, the noise power density N, is normalized to a bandwidth of Af =1 Hz.

Characterization setup, measurement principle, and results of the CNR measurement are
shown in Fig.4.6. To measure the noise floor between the carriers with a spacing of
12.5 GHz, we used a high resolution optical spectrum analyzer (Apex AP2050A). The comb
generated by spectral slicing has been implemented as described in Section 4.4 and Fig. 4.4.
The waveshaper (WS) now serves a different purpose. It is programmed to realize a bandpass
filter function with a 3 dB bandwidth of 60 GHz. The center of the bandpass coincides with
the carrier of interest. The filtered spectrum is then amplified in a low noise EDFA (not de-
picted in Fig. 4.4, noise figure NF = 3.7 dB) to increase the power of the measured noise to a
value significantly larger than the receiver noise of the spectrum analyzer. To ensure that the
measurement is not limited by the electronic noise of the spectrum analyzer, the spectra are
measured with three different resolution bandwidths of 50 pm, 20 pm, and 10 pm. The noise
level at the carrier frequency is determined by linear interpolation between the noise levels on
both sides of the carrier, see illustration in Fig. 4.6(b). All noise density measurements are
normalized to a reference bandwidth of 1 Hz. Noise density measurements with different
resolution bandwidths deviated by less than 0.6 dB, therefore electronic noise had only mini-
mal influence on the measurement. Both, the amplified seed and the broadened spectrum,
were present at the waveshaper inputs simultaneously during the CNR measurements.
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Fig. 4.6: Carrier-power to noise-power-density ratio (CNR) characterization of the comb source.
(a) For the characterization of the CNR, the generation of spectra is implemented as illustrated in
Fig. 4.4. Instead of equalization and spectral slicing, the waveshaper (WS) extracts 60 GHz out of
the generated spectra (see top right) around the carrier to be characterized. A low noise EDFA am-
plifies the excerpt for characterization in the Apex AP2050A high resolution spectrum analyzer.
The CNR is measured as illustrated in (b). The peak of the carrier is measured and the noise is de-
termined by pseudo linear interpolation between the minima between the measured carrier and its
neighbors. The obtained CNR values are shown in the plot (bottom right).

In optical communication systems, a commonly used measure for communication signals
is the optical signal-to-noise ratio (OSNR), which is given as the signal power in relation to
the noise power density normalized to a bandwidth of 0.1 nm. This measure was established
for historic reasons as 0.1 nm used to be the minimum resolution of optical spectrum analyz-
ers. We therefore also provide the OCNR

2
OCNR [dB(0.1nm)]=101log, fe A , 4.3)
No € A
with the speed of light ¢. Here, the noise-power density is normalized to a bandwidth of
As = 0.1 nm at a reference wavelength 4, = 1550 nm.

The CNR (and OCNR values) of the amplified seed spectrum, see green range in
Fig. 4.6(d), is larger than 133.5 dBHz — reference bandwidth 1 Hz (32.5 dB(0.1nm) — refer-
ence bandwidth 0.1 nm) in the center region of the flattened comb — the green part in Fig. 4.4
(d). It varies between 114 dBHz (13 dB(0.1nm)) and 140.6 dBHz (39.6 dB(0.1nm)) over the
measured bandwidth of 9.5 nm — here, we measured the CNR also measured across the spec-
tral lines that were removed by the filter. The CNR of the broadened spectrum — the red part
that was used to generate the spectrum in Fig. 4.4 (d) and without the central green part — var-
ies between 126.8 dBHz (25.8 dB(0.1nm)) and 136 dBHz (35 dB(0.1nm)). The CNR of the
broadened spectrum that was replaced by the amplified seed spectrum was measured as well.

OCNR [dB(0.1nm)]
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We found that the CNR in this region was heavily fluctuating as one would expect from our
discussion in Section 2. As a result we found scattered red dots as seen in Fig. 4.6d. It should
be mentioned that we sliced the spectrum at the points, where the carriers of the amplified
seed and the broadened spectrum had a similar CNR and also a similar power. The plots in
Figure 6¢ and Figure 6d also show that there was a strong correlation between the CNR and
the power of the individual lines.

One might argue that this measurement scheme might underestimate the CNR for real
operating condition, as the central part of the comb is attenuated by up to 25 dB and noise
crosstalk from the inner part of the broadened spectrum might occur. This is not the case. The
input spectrum to the HNLF has the same power as the input to the waveshaper for the center
part of the spectrum. Therefore, the noise levels in between the lines for both spectra are simi-
lar. This crosstalk noise is at least 20 dB below the noise of the attenuated original spectrum
due to the additional insertion loss of the HNLF (>5 dB) and the extinction of the waveshaper
(>40 dB).

To put these numbers in relation, we provide the required SNR for transmission of two of
the most common modulation formats for current and next generation communication sys-
tems. The SNR needed to transmit a polarization multiplexed 12.5 GBd QPSK or 16QAM
signal with a bit error ratio of 2x107 is 10 or 16 dB, respectively [64]. The maximum symbol
rate for our frequency comb with a spacing of 12.5 GHz is 12.5 GBd at Nyquist channel spac-
ing [12]. For this symbol rate, the SNR is approximately equal to the OCNR. Thus, our fre-
quency comb provides a carrier quality that is sufficient for an SNR larger than 25.8 dB for all

carriers.

4.7 Conclusion

We present a scheme for the generation of broad frequency combs via self-phase modulation.
Differently broadened spectra are sliced and combined to a compound spectrum. Unstable,
low-power spectral portions with a low CNR are removed and replaced with stable parts of
the differently broadened spectra. A mode locked laser with a mode-linewidth of approxi-
mately 1 kHz serves as a seed spectrum. The generated frequency comb has 325 optical carri-
ers and covers a bandwidth larger than 4 THz. We measured carrier-power to noise-power-
density ratios (CNR) between 118.6 dBHz and 104.6 dBHz with 1 Hz reference bandwidth
(39.6 dB(0.1nm) and 25.9 dB(0.1nm) with 0.1 nm reference bandwidth) for the regions of
interest. The carrier quality suffices for transmission of multiple terabit/s using 16QAM [8,
12] with aggregate data rates of up to 32.5 Tbit/s [12].
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5 Advanced Optical Multiplexing
OFDM and All-Optical OFDM

This chapter has been published in optics express [10]. Small corrections in Fig. 5.3, where a
phaseshifter had been placed wrongly and in section 5.1.2.4, where X had to be replaced by
X4 have been included in this reprint. In addition, most of the symbols have been modified to
be in line with the rest of this thesis. However, the symbol X, for the data encoded on the m-
th subcarrier of an OFDM symbol and the m-th frequency sample of a signal in the frequency
domain is used instead of ¢, , which is used in the rest of the thesis.

Simple all-optical FFT scheme enabling Tbit/s real-time signal
processing

D. Hillerkuss, M. Winter, M. Teschke, A. Marculescu, J. Li, G. Sigurdsson, K.
Worms, S. Ben Ezra, N. Narkiss, W. Freude, and J. Leuthold

Optics Express 18(9), 9324-9340 (2010) [10].

5.1 The Optical Fast Fourier Transform

In [9, 10], a practical scheme to perform the fast Fourier transform in the optical domain is
introduced. Optical real-time FFT signal processing at speeds far beyond the limits of elec-
tronic digital processing and with negligible energy consumption is demonstrated. To validate
the method we demonstrate an optical 400 Gbit/s OFDM receiver. It performs an optical FFT
in real-time on the consolidated OFDM data stream, thereby demultiplexing the signal into
lower bit rate subcarrier tributaries, which can then be processed electronically.

5.1.1 Introduction

The fast Fourier transform (FFT) is a universal mathematical tool for almost any technical
field. In practice it either relates space and spatial frequencies (spatial FFT) or time and tem-
poral frequency (temporal FFT). While the former can most easily be implemented in the op-
tical domain by means of a lens, the time-to-frequency conversion in the optical domain is
more intricate. Yet, it is exactly this conversion that is needed for next generation signal pro-
cessing such as required for OFDM in optical communications. The importance of the optical
FFT for the implementation of next generation processors has been recognized in the past,
and direct implementations of the FFT in integrated optics technology have been suggested by
Marhic [106] and others. However, to this point these schemes are difficult to implement and
stabilize, and they do not scale well with increasing FFT order.

In this paper, we introduce a new and practical implementation of the optical FFT. We
discuss the feasibility, tolerances towards further simplifications, practical implementations,
and we demonstrate the potential of the method by an exemplary implementation for a next
generation OFDM system. We show that a single 400 Gbit/s OFDM channel can be demulti-
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plexed into its constituting subchannels by optical means. The method is based on passive
optical components only and thus basically provides processing without any power consump-
tion. The scheme therefore is in support of a new paradigm, where all-optical and electronic
processing synergistically interact providing their respective strengths. All-optical methods
allow processing at highest speed with little — if no power consumption, and electronic pro-
cessing performs the fine granular processing at medium to low bit rates.

In Section 2 we introduce the new optical FFT. In Section 3 we show how the optical
FFT and IFFT can be applied to OFDM transmission systems in order to enable processing of
OFDM-channels at very high bit rates without the limitations of the electronic circuits. In
Section 4, we will present the results of an experimental implementation of the optical FFT
for demultiplexing a consolidated OFDM signal into its OFDM subchannels.

5.1.2 The optical FFT/IFFT

In this section we introduce the new optical FFT method. We first recapitulate conventional
means for performing the optical FFT and differentiate it from the commonplace FFT as done
with a computer. We then show how subtle re-ordering of the various FFT circuit elements
leads to a significant reduction of the complexity. It also leads to a simple and practical opti-
cal circuit with an equivalent output. Afterwards we show how this circuit can be further sim-
plified at the cost of a small interchannel crosstalk penalty by replacing one or more stages of
the FFT circuit by standard optical (tunable) filters.

5.1.2.1 Background

The fast Fourier transform (FFT) is an efficient method to calculate the discrete Fourier trans-
form (DFT) for a number of time samples N, where N = 2° with p being an integer. The N-
point DFT is given as

N-1 mn
szz:exp[—jbr—:‘x,1 , m=0,.,N-1 (5.1)
P N
transforming the N inputs x, into N outputs X,,. If the x, represent a time-series of equidistant
signal samples of signal x(f) over a time period Ty, as shown in Fig. 5.1(a), then the X;, will be
the unique complex spectral components of signal x repeated with period 7 [71]. The FFT
typically “decimates” a DFT of size N into two interleaved DFTs of size N/2 in a number of
recursive stages [72] so that

E, +exp —]z—ﬂm 0, ifm<ﬁ
N 2
X, = (5.2)

" 2 N . N
E, xn _exp[_JW(’” —?j:|0mw/2 ifmz 5

The quantities E,, and O,, are the even and odd DFT of size N/2 for even and odd inputs x;
and x+1 (/ =0,1,2,...N/2—1), respectively. Fig. 5.1(b) shows the direct implementation of the
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FFT for N = 4 using time electrical sampling and signal processing. Marhic [106] and Sieg-
man [107, 108] have shown independently a possible implementation of an optical circuit
which performs an FFT. Such an implementation for N = 4 is shown in Fig. 5.1(c). When us-
ing an optical circuit to calculate the FFT the outputs X, appear instantaneously for any given
input combination x,. Thus, in order to obtain the spectral components of a time series, the N
time samples in interval 7, must be fed simultaneously into the circuit. This can be achieved
using optical time delays as a serial-to-parallel (S/P) converter, as shown in Fig. 5.1(c).

R[x()] ‘ T, :

(@)

L—{37./4 delay }
S/P Conversion

— 1
___ SIP Conversion __ J8amplingi_______Optical FFT __ _ __ y

(@A) — phase shift —F — 2x2 coupler

Fig. 5.1. Four point example of the traditional fast Fourier transform and its optical equivalent. (a)
Exemplary signal in time sampled at N=4 points; (b) the structure consists of a serial-to-parallel
(S/P) conversion that generates parallel samples of the signal, a sampling stage to generate the
time samples x, and a conventional FFT stage that calculates the fast Fourier transform of the
sampled signal; (c) the optical equivalent of the circuit uses passive splitters and optical time de-
lays for serial-to-parallel conversion; optical gates perform the sampling of the optical waveform;
afterwards the optical FFT is computed using optical 2X2 couplers and phase shifts as described in
[106]. Right-hand sides of (b) and (c) show typical output signals for input signal (a).

The optical FFT (OFFT) differs from its electronic counterpart by its continuous mode of
operation. In an electronic implementation optimized for highest throughput, the optical sig-
nal is sampled and the FFT is computed from all samples x,. Afterwards, the next N samples
are taken. In the optical domain, the FFT is computed continuously. Yet, the calculation is
correct only when feeder lines 1 to N contain the time samples from within their respective
interval. Sampling must therefore be performed in synchronization with the symbol over a
duration of 7,/N. These samples subsequently can be processed in the optical FFT stage.
However, it must be emphasized that proper calculation is only possible if all samples are
forwarded from one stage to the next stage in synchronism. Care must therefore be taken, that
not only all waveguides interconnecting the couplers have equal delay but also maintain prop-
er phase relations, as indicated in optical FFT stage of Fig. 5.1(c).
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The optical FFT has several advantages over its electronic counterpart. First, the all-optical
FFT may be used at highest speeds where electronics cannot be used. This is due to the fact
that the optical sampling window sizes (e. g., with electro-absorption modulators, EAM) can
be significantly shorter than electronic sampling windows of analog-to-digital converters
(ADC) [109]. Additionally, since all components used in the OFFT are passive (except for
tuning circuitry and time gating), the power consumption is inherently low and barely in-
creases with complexity or sampling rate. For an exemplary 8-point FFT of a 28 GBd OFDM
signal, we estimate the power consumption for the optical and the electrical sampling as fol-
lows. The power requirement for the optical sampling of 8 tributaries is dominated by the
EAM driver amplifiers and would be about 14 W. In addition, several watts will be required
to compensate for insertion and modulation loss of the optical gates using optical amplifiers.
In comparison to this, the power consumption for electrical sampling at the required sampling
rate of 224 GSa/s for I and Q is estimated to be in excess of 160 W. This power value is cal-
culated by interpolation from state-of-the-art analog-to-digital converters (ADC). A state-of-
the-art ADC at 28 GSa/s consumes at least 10 W of electrical power. If higher sampling rates
are implemented using parallelization, the power consumption increases linearly. If no guard
interval is used, a sampling rate of 224 GSa/s on two ADCs is required leading to the estimat-
ed total power of 160 W. Introducing a guard interval at the same overall bitrate would in-
crease the power consumption of the electronic implementation as digitizing of the guard in-
terval is also needed. In comparison to this, the power consumption of the optical implemen-
tation will not increase, as the number of required optical gates does not change with the in-
troduction of a guard interval. It has to be pointed out, that the power consumption for the
electronic sampling also includes the analog-to-digital conversion.

A disadvantage of this approach is the unfortunate scaling with size. The number of cou-
plers is the complexity C,, = N—1+(N/2)log, N, and the optical phases in all Nlog,(N)
arms of the FFT structure must be stabilized with respect to each other, thereby limiting N to a
small number for practical cases. This renders the optical approach according to Fig. 5.1(c)
impractical for large N. Electronic signal processing that could be used instead is, however
strongly limited due to its power consumption and its limited speed. However, it is possible to
significantly simplify the circuit of Fig. 5.1(c) without affecting its operation.

It has to be mentioned that another possible scheme uses waveguide grating routers
(WGR) to implement the DFT [110, 111]. This approach, however, suffers from the need to
control the relative phases of all N paths of the structure simultaneously, requiring N-1 Phase
shifters.

5.1.2.2 A new optical FFT scheme

Here we show that by re-ordering the delays and by re-labeling the outputs accordingly an
equivalent but simpler implementation can be found, since a direct implementation of the cir-
cuit in Fig. 5.1(c) would be difficult to make due to its frequent waveguide crossings, and due
to the large number of waveguide phases that need to be accurately controlled.
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Fig. 5.2. Exemplary four-point optical FFT for symbol period 7; (a) traditional implementation as
in Fig. 5.1; (b) leading to a structure consisting of two DIs with the same differential delay; the ad-
ditional 7/4 delay is moved out of the second DI (c), which leads to two identical DIs that can be
replaced by a single DI followed by signal splitters; (d) low-complexity scheme with combined
S/P conversion and FFT.

The simplifying steps for an example with N = 4 are shown in Fig. 5.2. In a first step we relo-
cate the sampling gates to the end of the circuit. This will not change the overall operation.
Next we re-order the delays in the S/P conversion stage as indicated in Fig. 5.2(a) and re-label
the outputs accordingly. This way the OFFT input stage consists of two parallel delay inter-
ferometers (DI) with the same free spectral range (FSR) but different absolute delays (cf.
Fig. 5.2(b)). By moving the common delay of 7,/4 in both arms of the lower DI to its outputs,
one obtains two identical DIs with the same input signal, see Fig. 5.2(c). This redundancy can
be eliminated by replacing the two DIs with one DI and by splitting the output. The process is
illustrated in Fig. 5.2(d). These simplification rules can be iterated to apply to FFTs of any
size N. The new optical FFT processor consists only of N —1 cascaded DIs with a small com-
plexity of only C =2(N-1) couplers, where C,; <C,, VN . Also, in this implementation
only the phase of N —1 DIs needs stabilization, and no inter-DI phase adjustment is required.

In the Appendix it is shown mathematically that the DFT of order N = 2” as described by
Eq. (5.1) can always be replaced by an arrangement of p DI stages as indicated in Fig. 5.2(d).
The DI delay in each stage and the location of the necessary phase shifters are derived as well.
For illustration we show the structure for N = 8 in Fig. 5.3(a) as derived with the optical FFT
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approach according to [106] and in Fig. 5.3(b) the new structure presented in this contribu-

tion.

An inherent advantage of this approach is that a single frequency component of the sam-
pled signal can be easily extracted without the implementation of the complete structure. In
this case all DIs that are not part of the optical path to the corresponding output port can be
removed, leaving only one DI per stage and thus a total of log>N DIs that require stabilization.
By tuning the phases in each DI, any arbitrary FFT coefficient of the signal can be selected
without changing the structure of the setup, as illustrated in Fig. 5.4. Such a reduction in com-
plexity is not possible with the structures that have been shown previously (see Section 2.1).
The ability to shape the spectral (Fourier) components of an optical signal with a structure
similar to that in Fig. 5.4 makes it a member of the family of Fourier filters [112]. However,
in order to obtain the block-wise DFT of an optical signal, a Fourier filter is not sufficient.
Instead, the complete structure according to Fig. 5.3 is required, including the time-domain
optical sampling which is an essential part of the DFT or short-time Fourier Transform
(STFT), as we will show.

2-FFT 4-FFT 8-FFT Sampling
(a) 1 H X,
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X
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X
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x
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Fig. 5.3. (a) Direct FFT implementation versus (b) simplified all-optical FFT circuit for N = 8
showing the arrangement of delays and phase shifts as derived in Appendix A. The order of the
outputs is different from that of the conventional FFT scheme. The sub-circuits for the FFT of or-
der 2 and 4 are also marked, respectively. It should be mentioned, that a small misprint for one of
the phase elements has been corrected from the published version [10].
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Fig. 5.4. Optical FFT circuit based on Fig. 5.3 for the extraction of Fourier component X,. By tun-
ing the phases ¢, ¢, and ¢, any required Fourier component may be extracted without physically
changing the setup.

The frequency response of the DI cascade can be easily visualized, cf. Fig. 5.5. As a matter of
fact, the DFT of order N is able to discriminate N individual frequency components of the
input signal, spaced Aw = 27/Ts apart, as theoretically shown in the Appendix. Thus, by cas-
cading a sufficient number of DIs with correct delay and phase, any arbitrary frequency com-
ponent can be isolated. Fig. 5.5 shows that switching between outputs Xy and Xy can be
achieved by simply tuning @3 = 0 to @3 = =, thus shifting the green curve, equivalent to using
the second (lower) output of the DI.
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Fig. 5.5. Exemplary illustration of the intensity transfer functions of each stage (blue, red, and
green) in the cascade of Fig. 5.3 and the total transfer function of the FFT circuit (black) for out-
puts X, (left side) and X; (right side).

The cascade of DIs has previously been proposed as a demultiplexer for FDM channels that
do not overlap, functioning as a filter bank [110, 113-116]. Its adaptation to OFDM, which is
based on the STFT/FFT property of the structure, however, is only possible in combination
with optical sampling to delineate the OFDM symbol boundaries.

The traditional optical FFT according to Marhic [106] supplemented by optical sampling
has also been implemented as OFDM demultiplexer by Takiguchi et al. [117] for N=4 and
recently even for N=8 [118]. However, due to the complexity of the approach it does not

scale well for larger N.

5.1.2.3 Mathematical Proof of the Scheme

Here we show that the DFT / FFT is equivalent to a cascade of DI. We show that the FFT has
exactly the frequency response of the DIs.

The DFT in eq. (5.1) can be rewritten for continuous input and output signals x(z) and X,,(¢)

Xm(t)—— i:lexp( J27rn—j §(t—n%]*x(t) (5.3)

n=0
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where d(°) is the Dirac delta function used to sample the input signal x(7) at N equidistant
points within the interval 7, by means of the convolution operation (*). Due to the numerous
convolutions occurring when calculating the impulse response of cascaded elements, it is
more appropriate, and equally valid, to do the comparison in the frequency domain. The trans-
fer function H,,(w) for the DFT can be obtained by a Fourier transform of (5.3),

1 & .. nm
=— Z —j2m— |exp| —
N & N

H, (o)

”; jqe(w) (5.4)

In which the caret (*) denotes the Fourier transform. It can be split into two sums corres-
ponding to even and odd n,

N

H, (o) =iN~ZZ{exp( j27[2n] N)exp[ ja)[Zn]%)

n=0

+ exp(*j 2z[2n+ 1]%) eXp(ij of2n+ 1]%)}

(5.5)

which can be simplified to

N

Hm(w)—ﬁ Zexp[ J—[Zﬂm+wT]j |:1+exp[ J[a);—o—z?\-’m}ﬂ (5.6)

FFT of order N/2

H 1 (@)

Here, H,,,1 is the n-independent transfer function for the upper input of a delay interferometer

with delay
T. T,
I,=—== 5.7
T (57)
and additional phase shift
m
Py =2n'ﬁ—7r (5.8)

obtained from the cascade of directional couplers and a delay line in the lower arm,

(@)= 1[1 le 0 1{1 j](l oj 5o
H,, (@ 2\ 1) 1o exp[ _](C()TM+(pm):| V2l 1)lo o (59)

output coupler input coupler  upper input
isolation

The remainder of expression (5.6) is the transfer function of the DFT of order N/2. Hence, a
DFT of order N, with N =2”, can be implemented optically by cascading a DFT of order N/2

and a delay interferometer with delay 7, /N and output-specific phase shift ¢,,. It can be
easily verified that the DFT transfer function for N =2 is equal to both outputs of a single DI.
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The DI phase ¢,,, for an upper arm output X,, is the same as that for the lower arm output
JXmin2. The term describing the N/2-order FFT in (5.6) is also the same for X,, and j.X,,+n/2 due
to its periodicity. Thus both outputs of a single DI can be used to obtain different coefficients
of the DFT, resulting directly in the optical FFT scheme of Fig. 5.3.

5.1.2.4 A further simplification of the optical FFT

Fig. 5.5 has shown that the DFT acts as a periodic filter in the frequency domain with a FSR
of NAw, and each DI of the cascade is also a periodic filter with FSR NAw/2” where p is the
index of the FFT stage and N is the order of the FFT. In order to further simplify the optical
FFT circuit, one might be tempted to replace one or more stages of the DI cascade by standard
(non-DI) optical filters. Since the stages with a higher subscript (those being traversed last)
have the largest FSR, it would be sensible to replace these first, because the requirements on
these filters are most relaxed. In Fig. 5.6 we have reduced the number of DI stages of an N =8
FFT from top to bottom and replaced them by a single Gaussian filter (for illustration purpos-
es).

Fig. 5.6(a) shows the original optical FFT with N = 8 together with the impulse response
of output Xy. With the derivation given in Eq. (5.3) of the Appendix the impulse response at
output Xy is

h (t)_{ZJ[t—@ ] 25(1——Tﬂ (5.10)

n=0

and the corresponding frequency transfer function is

e

If the third OFFT stage is replaced by a Gaussian filter (bank) as in Fig. 5.6(b), the FFT order
is reduced to N = 4, which reduces the OFFT to two DI stages only. The impulse response
then is described by the convolution of the response of the first two stages, which consists of
4 impulses according to Eq. (5.3) given in the Appendix, with the impulse response of a Ist-
order Gaussian filter centered at wp,

1 ’ . . vIn2
h(_‘vauss(t)z\/mexp[ zgzjexp( JwFt) with &= o7

where wp is the 3 dB bandwidth of the filter. As can be seen in the frequency response in

(5.12)

Fig. 5.6(b), this replacement causes crosstalk from frequency component X, (red arrow). Fur-
thermore, due to the significantly longer impulse response of the Gaussian filter, the total fil-
ter impulse response is increased (marked red) and causes inter-symbol interference (ISI). If
more DI stages are replaced by optical filters, the filter passband in the frequency domain
must become narrower. By the Fourier uncertainty principle [71] this results in an even longer
impulse response and thus larger ISI, as shown in Fig. 5.6(c) and (d).
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Fig. 5.6. Inter-symbol interference and frequency crosstalk occurring when replacing (parts of) the
DI filters by 1st-order Gaussian filters with appropriate passbands in order to extract frequency
component Xy. The left column shows the setup schematic, the middle column shows the real part
of the impulse response and the right column shows the logarithmic intensity transfer functions of
the involved DI stages (blue, red, and green), the optical filter (purple) and their cascade (black).
In case of the approximations, the transfer function is not nulled for all outputs except X;, leading
to frequency crosstalk (red arrows). Also with decreasing filter bandwidth, the impulse response
exceeds the DFT summation interval 7, (marked red), leading to crosstalk/interference from
neighboring time slots.

5.1.2.5 Implementation

The all-optical (I)FFT structure presented in the previous section can be implemented
straightforwardly using free-space optics or integrated optical circuits. Previously, implemen-
tations of DI cascades for up to N = 16 have been shown using the silica-on-silicon approach
[113-116]. Integration in material systems of more recent interest such as silicon-on-insulator
or InP is expected to yield much more compact structures, but has to our knowledge not yet
been published. Benefits of optical integration are the small footprint and ease of stabilization.
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5.1.3 Application to orthogonal frequency-division multiplexing
(OFDM)

OFDM is a multi-carrier signaling technique that has emerged as a promising technology for
ultra-high bit rate transmission. The reason lies in its potentially high spectral efficiency,
which can be significantly higher than wavelength-division multiplexing (WDM), and its tol-
erance to transmission impairments like dispersion [119, 120]. A detailed overview of the
state-of-the-art concerning OFDM transmission is available in [37].

In OFDM, the tributaries or subcarriers are spaced so tightly that their spectra overlap,
whereas in WDM they are separated by guard bands which enable channel extraction by
means of conventional optical filters, as shown in Fig. 5.7. The whole of the subcarriers in an
OFDM channel form a signal in time — the OFDM signal, which can no longer be demodulat-
ed by a simple filter due to the spectral overlap of its tributaries. Its shape in time is an analog
signal as was illustrated in Fig. 5.1. Yet if the subcarrier frequency spacing Aw is related to the
duration 7, by

Ao="2= (5.13)

then two subcarriers & and / are orthogonal with respect to integration over an interval 7,

1 nT, nT, 1 ifk=1
—>e jkAw—= e jIN—=|=6,, 0, = . 5.14
NnZ:(; XP[J N} XP[J N} e M {0 else ( )

As a consequence, an appropriate receiver will be able to distinguish them. Such receivers
exist. They almost exclusively perform the FFT/STET on the time-sampled signal in the elec-
tronic domain [121]. Such electronic real-time implementations are currently restricted to
OFDM symbol rates of a few MBd due to speed limitations of the digital signal processor
[122, 123]. These symbol rates correspond to total bitrates of several Gbit/s as a large number
of subcarriers and higher order modulation formats are used. Higher bit rate OFDM signals
usually have to be processed offline, which may be practicable for laboratory experiments but
not for data transmission [83].

In this section we propose our low-complexity scheme based on the optical FFT, in
which the demultiplexing of the OFDM subchannel is performed in the optical domain, and
only the subchannel signal processing is done in the electronic domain. This way it is only the
subchannel symbol rate that is limited by the capabilities of the electronic receiver.
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Fig. 5.7. Optical spectra of (a) an OFDM signal with 4 subchannels and (b) a DWDM signal with
4 channels. Due to the overlap, the OFDM subchannels cannot be extracted by simple optical fil-
tering and the whole of the spectrum has to be processed simultaneously.

Two possible implementations exploiting the OFFT are depicted in Fig.5.8. In
Fig. 5.8(a), the optical inverse FFT (IFFT) is used to generate the OFDM signal and the opti-
cal FFT is used for demultiplexing. Here, the pulse train at rate 7' from the mode-locked la-
ser (MLL) is split and modulated independently with an arbitrary subcarrier modulation for-
mat for each subcarrier. The modulated pulse trains are subsequently fed into the optical IFFT
circuit, which transforms them into an OFDM signal that consists of individual pulses of a
length of ~Ti,, not unlike an OTDM signal [33, 124]. Each of the output pulses of the optical
FFT is a superposition of copies of the different input pulses with different phase coefficients.
The spectrum of the generated signal is significantly wider than expected for an OFDM sig-
nal. To obtain the same waveform and spectrum as in the second approach, it is necessary to
limit the bandwidth of the signal using bandpass filtering of the output signal or pulse shaping
of the MLL. The main difference to an OTDM signal, which consists of a series of pulses of
(ideally) equal amplitude, is that each pulse is a superposition of N subchannel samples with a
corresponding variation in pulse amplitude, and the combination of N such pulses forms a
single OFDM symbol. This transmitter is described in detail in Section 5.1.3.1. In Fig. 5.8(b),
a frequency comb, here provided by a MLL is split into its (non-overlapping) Fourier compo-
nents by a waveguide grating router (WGR). The Fourier components of the input signals are
directly modulated at a symbol rate chosen such that condition (5.14) is fulfilled. The tributar-
ies, or subchannels, are then recombined to obtain the OFDM signal. This transmitter is de-
scribed in detail in Section 5.1.3.2.

In both cases, the receiver part consists of the optical FFT to demultiplex the OFDM sig-
nal into its tributaries and a subcarrier receiver “subchannel Rx”. The exact details of the sub-
carrier Rx in Fig. 5.8 varies with the modulation format used within the subchannels. It could
be a direct detection receiver, a balanced DI receiver such as needed for DPSK signals, a
DQPSK receiver, or a coherent receiver for QPSK or any other QAM signal.

Comparing OFDM and OTDM at similar bitrates, one can observe some similarities, but
also significant differences. Probably the most important ones can be found in the resilience
with respect to chromatic dispersion. In OFDM systems, the dispersion tolerance can be tuned
by a proper choice of subchannel bandwidth, and by the insertion of a cyclic prefix. As we
have shown in Section 5.1.2.4, the extraction of an OFDM subband before demultiplexing can
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further increase the dispersion tolerance. On the other hand, OTDM requires that narrow
symbols remain narrow, and thus requires higher-order dispersion compensation in order to be
properly demultiplexed [33, 124]. Also, it is not possible to access a fraction of the OTDM
signal using optical filtering, as it can be done for the in the subband access in OFDM signals.
Lastly, OFDM requires the various lines of the comb source spectrum to be locked relative to
each other only in frequency, whereas for OTDM (and the IOFFT transmitter of Section
5.1.3.1) the spectral lines need to obey strict phase relations in order to obtain sufficiently

short pulses.
OIFFT OFFT
oF | sub- [ !
((O £ C—>{channel
f g = Rx =0
g E
Subchannel /’/ ‘
Modulation 9
)
Nap A Ml I - !
WA el R
(b) J
Subchannel -
Modulation AN OFFT
L] Sk suw- !
£ channel
gr Rx (= Q
©
»E

Fig. 5.8. Two examples for the implementation of an all-optical OFDM transmitter-receiver pair.
(a) The output of a pulse source (e.g. a mode-locked laser) is split onto N copies and each copy of
the pulse train is encoded individually with an arbitrary subcarrier modulation format before being
combined in the optical IFFT circuit. (b) The output of a pulse or frequency comb source is split
into its spectral components, each of which satisfies eq. (5.14). Those spectral components are
separately encoded with an arbitrary subcarrier modulation format and combined to form the
OFDM signal. At the receiver, the subchannels are separated using the optical FFT circuit. The re-
ceiver is identical to the one above. Green insets show exemplary waveforms before WDM filter-
ing at the transmitter with OTDM-like pulses after the optical IFFT. Blue insets show exemplary
eye diagrams at various locations within the receiver.

5.1.3.1 OFDM using the optical IFFT

The optical FFT can be used for both, the implementation of the transmitter and of the receiv-
er, Fig. 5.8(b). At the transmitter, the IFFT creates the OFDM symbols with the configuration
of Fig. 5.3, whereas the signals would traverse the structure in the inverse direction, coming
from the right. A short pulse launched into any of the IFFT circuit inputs will result in a series
of pulses with equal shapes but correspondingly lower pulse energy to appear at the output of
the circuit. In order for these pulses not to interfere with one another or with pulses from
neighboring OFDM symbols, the duration of these input pulses must be sufficiently short (on
the order of 7/N). The input pulses can then be encoded with an arbitrary modulation format
(e.g. QPSK or QAM) prior to injection into the optical IFFT circuit to obtain a sequence of
OFDM symbols. At the receiver, the optical FFT circuit demultiplexes the OFDM symbols
continuously. Correct outputs are obtained only when the FFT window is synchronized with
the OFDM symbols. Otherwise intersymbol interference (ISI) will occur. This reduces the

usable width of the received signal (the open “eye”) at the receiver by a factor of approxi-
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mately N. To extract the usable ISI-free time slot of the received signal, an optical gate must
be part of the FFT circuit, such that bandwidth-limited receiver electronics may be used [110].

In OFDM transmission, accumulated group-velocity dispersion (GVD) will introduce
crosstalk by shifting the OFDM symbol boundaries in each subchannel, which causes blurring
[120, 121]. However, since subchannel rates and spacing can be high in our scheme, the sensi-
tivity to GVD is non-negligible. The addition of a cyclic prefix could alleviate the problem,
but is difficult to realize within the optical IFFT circuit, as a part of the optical signal would
need to be duplicated and delayed increasing the complexity of the scheme.

5.1.3.2 OFDM using a frequency comb

At the transmitter, the subchannel rate limitations imposed by electronics may be overcome
by using a DWDM-like approach, where the possibility to optically generate precisely tuned
spectral components in frequency space is exploited to directly generate OFDM subcarriers at
the correct frequency separation Aw as required by the OFDM condition (5.13). A bank of
frequency offset-locked laser diodes or an optical comb generator provide subchannel carriers
which can be modulated individually [125]. Also the concept of a recirculating frequency
shifter (RFS) has been successfully applied to generation of frequency offset-locked subcarri-
ers [48]. A similar approach is used by coherent WDM systems, which forego the OFFT at
the receiver in favor of standard optical filters, but require a phase-synchronized transmitter
laser bank [45].

In the approach shown in Fig. 5.8(a), the frequency comb of a pulse source is spectrally
separated into subchannel carriers. Each subcarrier, frequency-locked but not phase-
synchronized, is then individually modulated and combined to form OFDM symbols. Hence,
a corresponding optical FFT receiver can be used to decode the subchannels. The major dif-
ference to the IFFT transmitter is that the output corresponding to any one input is not a series
of pulses with discrete phases, but a continuous signal with a corresponding optical frequency.
This transmitter can be considered as the continuous Fourier transform equivalent of the dis-
crete transform performed by the IFFT.

In such a transmitter, bandwidth limitations of the modulator will cause subchannel crosstalk
because the orthogonality condition (5.14) cannot be fulfilled in the presence of residual am-
plitude modulation of the subchannels near the symbol boundaries. The orthogonality condi-
tion actually forbids residual modulation of the subcarriers within the FFT window — the
phase and amplitude of the complex signal to be encoded must be maintained throughout the
symbol time 7. This would require the transition from one OFDM symbol to the next to be
instantaneous, requiring modulators of infinite bandwidth. Any transition region between ad-
jacent symbols therefore would lead to a violation of the orthogonality condition. If the sub-
channels are not orthogonal, crosstalk will be generated when performing the FFT in the re-
ceiver. As a result, the portion of the symbol duration usable for detection at the receiver —
and thus the width of the gating window is shortened. This is illustrated in Fig. 5.9(a). Similar
to traditional OFDM [37], a remedy is the insertion of a guard interval (corresponding to the
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cyclic prefix) between symbols so that the FFT window duration at the receiver will not be
changed. By making the guard interval just long enough to contain the intersymbol transition,
the remaining part of the OFDM symbol fulfils the orthogonality condition and receiver
crosstalk will only be generated within the guard interval. The width of the open “eye” at the
receiver increases, albeit at the cost of a slightly reduced symbol rate. This is illustrated in
Fig. 5.9(b) and (c).
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Fig. 5.9. Function of an OFDM guard interval using the setup of Fig. 5.8(b) and an 8-FFT. On the
left-hand side, the exemplary eye diagram of a single modulated subchannel is shown, as is, on the
right side, the received signal before optical gating. If the symbol duration equals the integration
interval Ty, the signal transitions, described by the 10-90% rise/fall time Ty (red), cause inter- and
intra-subchannel crosstalk and the received eye is almost fully closed within the observation win-
dow of length Ty, = Ty/N. With increasing length of the guard interval 7g, interference vanishes
during 7. Further increasing the guard interval increases the duration in which the orthogonality
condition is fulfilled and thus increases the duration of the open “eye.”

An additional increase of the guard interval increases resilience towards accumulated
GVD. For an increase of the guard interval length z¢; (beyond that necessary to achieve the
required degree of orthogonality) one can keep up with a maximum accumulated GVD B,,

L
B,= [ pdz=—"2 (5.15)
z=0 OFDM

where L is the system length, f, is the local GVD coefficient and B, is the bandwidth of
the OFDM (super-)channel. By using optical filters to extract a slice of the OFDM channel
before performing an FFT of correspondingly lower order, as shown in Fig. 5.6, the band-
width Aw over which GVD may introduce crosstalk is reduced. Thus the resilience towards
accumulated GVD increases (see Fig. 5.10).
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Fig. 5.10: Mitigating dispersion by means of a cyclic prefix (CP). (a) An OFDM signal with data
and cyclic prefix. (b) Frequency dependent delay of subcarriers after transmission due to disper-
sion. The amount of dispersion that can be tolerated is limited by the length of the cyclic prefix
(CP) as all subcarrier symbols must stay within the FFT window. (c) By means of optical filtering,
an OFDM subband has been extracted, as discussed in Fig. 5.6. This way, only the extracted sym-
bols must stay within the FFT window, and thus a larger amount of dispersion can be tolerated.

However, as discussed earlier, it comes at a price. Conventional optical bandpass filters
introduce inter-subchannel crosstalk and inter-symbol interference and thus reduce the quality
of the received signal. Nevertheless, such a scheme has been successfully used in [45] to ex-
tract a single subchannel of an optically generated OFDM signal. The combination of a cas-
cade of DIs and simple optical filters to perform OFDM demultiplexing has also been exploit-
ed in the electrical domain. In [48], cascaded delay-and-add elements were used instead of an
FFT in order to extract single subchannels out of an optically filtered section of the OFDM
channel spectrum. This method reduces cost in terms of time and complexity, but is still lim-
ited by the speed of electronics. Another approach to reduce the required electronics speed is
multi-band OFDM [40, 61], which sacrifices some spectral efficiency for the ability to extract
OFDM subbands by tuning the LO laser within the receiver.

Exemplary, Fig. 5.11 shows the dependence of the back-to-back received signal quality, de-

termined in terms of O,

0, =00 (5.16)

averaged over the in-phase and quadrature components of the central subchannel, versus the
bandwidth of a 4th-order Gaussian filter for various simplifying implementations of the opti-
cal FFT and for a guard interval of 25 % of the OFDM Symbol duration 7. In eq. (5.16), the
quantities / denote the mean signal values and the symbols o mean the standard deviations
of the received symbol levels (in this case the in-phase and quadrature values of QPSK sub-
channel signals). The transmitter setup shown in Fig. 5.8(c) was used with a modulator rise
time Trise = 7/8 and an optical 200 GHz bandpass filter following the modulator. Clearly, the
signal quality deteriorates with the number of DI stages that have been replaced by conven-
tional filters. However, the improvement in residual GVD tolerance may well offset the pen-

alty in systems with a large number of subchannels.
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Fig. 5.11. Achievable quality of the received signal for various FFT filter schemes performed on
an 8-channel OFDM signal with 20 GBd on a 25 GHz subcarrier spacing. The solid red plot shows
the signal quality if the FFT is performed with a Gaussian filter as a function of the Gaussian filter
bandwidth. The blue and green curves show the signal qualities if one and two DI cascades are
used. The black curve shows how a perfect FFT can be performed if the FFT is performed with
DIs only.

5.1.4 Summary

In [10] a practical scheme for optical FFT processing has been introduced. The implemented
OFDM receiver shows no penalty compared to single channel back-to-back performance. As
the scheme is not subject to any electronic speed limitations it will allow Tbit/s FFT pro-
cessing. Also, since the scheme relies on passive optical filters it performs processing with
virtually no power consumption and this way may help to overcome the ever increasing ener-
gy demand that normally comes with higher speed.

5.2 Proof-of-Concept Demonstration

To verify the feasibility of the all-optical OFDM generation, including a guard interval, and
OFDM demultiplexing by means of the OFFT, a back-to-back experiment was performed,
which will be briefly described in this section [9].

5.2.1 Experimental setup

The OFDM receiver and transmitter are shown in Fig. 5.12. The transmitter is based on the
principles presented in Section 5.1.3.2. The frequency-locked subcarriers are generated by a
50 GHz comb generator providing 9 sufficiently strong OFDM subcarriers. The optical comb
source is based on two cascaded dual drive Mach-Zehnder modulators that are driven by an
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electrical clock signal as demonstrated in [45]. These are separated into odd and even chan-
nels by a disinterleaver. The odd channels are encoded with PRBS 2'~1 DPSK data at
28 GBd while the even channels are encoded with 28 GBd DQPSK data, using decorrelated
PRBS 2’1 sequences for the in-phase and quadrature components. After combination within
an optical coupler, the channel spectra overlap significantly and thus can no longer be demul-
tiplexed by standard optical filters. This was verified with the help of simulations and experi-
ments. We end up with a 392 Gbit/s OFDM signal.

28 Gbit/s

DQPSK Tx
| Q

Comb l IL
Generator
28 GBd L

o Ttaps ] [+ T1aps | [+ T14ps—]

BERT

BERT

Fig. 5.12: Setup of OFDM transmission system with (a) transmitter and (b) receiver. Two cascad-
ed Mach-Zehnder modulators generate an optical frequency comb, which is split by a dis-
interleaver into 4 odd and 5 even channels. Spectrally adjacent subcarriers are modulated alternate-
ly using DBPSK or DQPSK modulation. All subcarriers are combined in a coupler and transmit-
ted. The received OFDM signal is processed using the low-complexity OFFT circuit of Section
5.1.2.4 with 2 DIs and one standard optical filter. The resulting signals are sampled by electro-
absorption modulators (EAM) and detected using DBPSK and DQPSK receivers. Bit error rates
were measured with a BERT. The receiver comprises the all-optical FET scheme followed by a
preamplified receiver with differential direct detection. The optical FFT circuit consists of a cas-
cade of two DlIs, followed by passive splitters and a bank of bandpass filters. We thus adopt the
low-complexity FFT circuit of Section 5.1.2.4, partially compensating for the associated perfor-
mance loss by the increased guard interval. The final elements of the OFFT are the EAM sampling
gates. After OFDM demultiplexing, the signals are detected using standard DBPSK and DQPSK
receivers. Either eye diagrams A, B, C or bit error probabilities BER (Fig. 5.13) were measured
with a 50 GHz photodiode and a 70 GHz electrical sampling oscilloscope or a bit error tester
(BERT), respectively. Spectra are plotted with 20 dB/div (vertically) and 2 nm/div (horizontally)
in a resolution bandwidth of 0.01 nm, center of plotted spectra located at 1550 nm.

The guard interval length was set to 15.7 ps due to the significant rise and fall times of
the optical modulator used, and to increase the sampling window size at the receiver. Had we
been able to use components with a larger bandwidth and therefore shorter rise and falltimes,
the guard interval could have been reduced significantly without affecting the operation of the
optical FFT at the receiver, and thus bring the OFDM symbol rate closer to the subchannel
separation frequency Aw.
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The receiver comprises the new all-optical FFT scheme followed by a preamplified re-
ceiver with differential direct-detection. The FFT processor comprises a cascade of two DI,
followed by passive splitters and bandpass filters (explained in the previous section), and the
EAM sampling gates. As gate, an electro absorption modulator (EAM — CIP 40G-PS-EAM-
1550) is chosen.

Intercarrier and intersymbol interference (see eye diagram A) are suppressed by the opti-
cal gate, which also sets the FFT window. Bit error probabilities (BER) for each subcarrier
have been measured on the output signals (B, C).

To evaluate the OFFT performance, we compared subcarrier signals after multiplex-
ing/demultiplexing with back-to-back (B2B) signals delivered by the DBPSK and DQPSK
transmitters, respectively, in terms of bit error ratio (BER) versus receiver input power.
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DBPSK CH -1
DQPSKCH 0
<« DBPSKCH 1
» > DQPSKCH 2
DBPSKCH 3
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x  DBPSK Back-to-Back

Rx Input Power [dBm]

Fig. 5.13: BER performance of different subcarriers. No penalty is observed compared to back-to-
back performance for DBPSK carriers (-3, —1, 1, 3) and no significant penalty for the central
DQPSK carriers (-2, 0, 2). A 5 dB penalty or error floor occurs for the two outer DQPSK subcar-
riers (—4, 4), which are launched with 11 dB less power in the optical comb.

To measure a comparable B2B signal performance, the outputs of the transmitters were gated
using the same EAM as it was used in the OFDM receiver. The results depicted in Fig. 5.13
show no penalty compared to the B2B performance for DBPSK and only a small penalty for
the DQPSK channels, owing in part to the large guard interval. The outer channels (labelled
“—4” and “4”) perform comparatively worse, because these subcarriers are generated with
11 dB less optical power compared to the center channel. The capacity limit for an OFDM
channel using this approach is therefore mainly determined by the performance of the fre-
quency comb generator — the number of subcarriers which are generated and the signal-to-
noise ratio with which this is done.

5.3 Conclusion

This is the first experimental demonstration of an all-optical FFT based on cascaded DI. The
capabilities are demonstrated through the implementation of an OFDM receiver that is show-
ing no penalty compared to single-channel B2B performance. The scheme enables ultra-fast
OFDM transmission with state-of-the-art electronics.






6 Single-Laser Terabit/s Experiments

In this chapter is a summary of record experiments with the highest data rates on a single la-
ser. Section 0 has been published in Nature Photonics [8] and section 6.2 has been published
in [13].

6.1 All-Optical OFDM record experiment

26 Tbit s-! line-rate super-channel transmission utilizing all-
optical fast Fourier transform processing

D. Hillerkuss, R. Schmogrow, T. Schellinger, M. Jordan, M. Winter, G. Huber,
T. Vallaitis, R. Bonk, P. Kleinow, F. Frey, M. Roeger, S. Koenig, A. Ludwig,
A. Marculescu, J. Li, M. Hoh, M. Dreschmann, J. Meyer, S. Ben-Ezra,
N. Narkiss, B. Nebendahl, F. Parmigiani, P. Petropoulos, B. Resan, A. Oehler,
K. Weingarten, T. Ellermeyer, J. Lutz, M. Moeller, M. Huebner, J. Becker,
C. Koos, W. Freude, and J. Leuthold

Nature Photonics 5(6), 364-371 (2011). [8]

Optical transmission systems with Terabit/s single channel line rates no longer seem to be too
far-fetched [126]. New services such as cloud computing, 3D high-definition TV and virtual
reality applications require unprecedented optical channel bandwidths. These high-capacity
optical channels, however, are fed from lower-bitrate signals. The question then is if the low-
er-bitrate tributary information can viably, energy-efficiently and effortlessly be encoded to
and extracted from Terabit/s (Tbit sfl) data streams. Here we demonstrate an optical fast Fou-
rier transform (FFT) scheme that provides the necessary computing power to encode lower-
bitrate tributaries into a 10.8 Tbits ' and 26.0 Tbit s' line-rate orthogonal frequency division
multiplexing (OFDM) data stream and to decode them from the fibre-transmitted OFDM
stream. Experiments show the feasibility and the ease in handling Tbit s~ data with low ener-
gy consumption. To the best of our knowledge, this is the largest line-rate ever encoded onto a
single light source.

Traditionally, time division multiplexing (TDM), in which multiple bit streams are multi-
plexed onto a single signal by assigning a recurrent timeslot to each of the tributaries, has in-
creased the amount of information encoded on a single laser wavelength. Recently, data
streams of 10.2 Tbit s™ have been encoded on a single laser by applying a TDM scheme[33].
Yet, TDM pulses are short and spectrally broad, see Fig. 6.1a. This makes TDM schemes
challenging. The short pulses (e.g. [33], 300 fs) require a narrow receiver time window, and
the large optical bandwidth (e.g.[33]. 30 nm) makes precisely engineered dispersion compen-
sation a necessity. Alternatively, with wavelength division multiplexing (WDM) large aggre-
gated bitrates are transmitted over optical fibres [35]. In WDM, several wavelengths transport
several data streams in parallel. Pulse durations are longer, and optical bandwidths
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I3

Fig. 6.1: Comparison of multiplexing schemes. a In time division multiplexing (TDM), data are
transmitted in form of a serial stream of pulses. b For wavelength division multiplexing (WDM),
data are distributed over several carrier wavelengths and transmitted in parallel. The different
wavelength tributaries can be separated by optical bandpass filters. ¢ In an orthogonal frequency
division multiplexed (OFDM) modulation scheme, data are — like in WDM — transmitted on a
number of subcarriers in parallel. However, as modulated OFDM subcarrier spectra overlap, sim-
ple bandpass filters cannot separate the tributaries. Therefore, signal processing at the receiver
with e.g. a Fourier transform processing is required.

are moderate (Fig. 6.1b). Spectral guard bands are required to avoid crosstalk from one chan-
nel to the others. This reduces the spectral efficiency, and the dedicated receivers and trans-
mitters with stabilized lasers for each transmission wavelength makes the systems expensive.
OFDM is a more recent approach in optical communications [7, 36-40], while already well
known from wireless data transmission. In contrast to WDM, modulated OFDM subcarriers
overlap each other significantly, Fig. 6.1c. This way spectral efficiency is high, and the en-
coding of information on a large number of subcarriers makes OFDM tolerant towards disper-
sion [38-40]. A detailed summary and discussion of advantages and disadvantages can be
found [37].

The classical method to generate an OFDM signal is shown in Fig. 6.2a. Inside a symbol
time slot 7; we position for instance N =4 independent data symbols. Each symbol X, is
interpreted as a complex Fourier coefficient in the frequency domain. Upon performing the
inverse fast Fourier transform (IFFT) on these spectral data, one obtains complex time-
domain samples x,, which, after parallel-to-serial and digital-to-analogue conversion (DAC),
make up a complex analogue OFDM signal x(f). This analogue OFDM signal is subsequently
modulated on an optical carrier and finally transmitted over an optical fibre. Unlike an ordi-
nary signal, the spectrum of the OFDM signal comprises many subcarriers numbered by m
which transmit the associated complex data X, . Neighbouring subcarriers are separated by an
angular frequency interval Aw=27/T. In contrast to WDM transmission, the spectrally
overlapping subcarrier information can no longer be retrieved with standard bandpass filters.
Instead, the process inverse to the one on the transmitter side, namely an analogue-to-digital
conversion (ADC) followed by an FFT, yields the complex Fourier coefficients representing
the transmitted data. Both the IFFT and FFT are typically performed in the electronic domain
and are therefore limited in bitrate. Until now real-time electronic IFFT and FFT signal pro-
cessing for OFDM signals up to 101.5 Gbit s~ [31, 122, 123] has been demonstrated. This is
far off from what would be desirable for the generation or reception of Tbits' OFDM sig-
nals. An all-optical solution that could work beyond the speed limitations of electronics would
therefore be of interest.
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Fig. 6.2: OFDM processing. a Classical implementation: Here, N = 4 parallel data-streams are in-
terpreted as complex Fourier coefficients in the frequency domain. The IFFT yields time-samples
xn of a signal. Parallel-to-serial and digital-to-analogue conversion provides an analogue OFDM
signal A(t) with spectrum A(A). After transmission, the information is retrieved through the inverse
process: An analogue-to-digital conversion (ADC) and a serial-to-parallel conversion followed by
a FFT return the Fourier coefficients representing the data streams. b All-optical implementation:
Data-streams are IQ-modulated ® on equidistant, frequency-locked subcarriers. After summation,
an OFDM signal is obtained as with the classical method. The all-optical OFDM-receiver is dis-
cussed elsewhere [10].

A straightforward implementation of the IFFT to generate an OFDM signal has recently been
suggested, see the left-hand side of Fig. 6.2b. Individual laser sources at equidistant frequen-
cies serve as subcarriers onto which IQ modulators encode the information to be transmitted.
The modulated subcarriers are then combined with an optical coupler to form the OFDM sig-
nal [45, 127]. This will result in excess losses compared to the usual WDM technology.

Conversely, at the receiver side an optical FFT can be used to separate the subcarriers ef-
ficiently. Recently, we introduced an all-optical configuration [10], which performs both seri-
al-to-parallel (S/P) conversion and the FFT in the optical domain using a cascade of delay
interferometers (DI) with subsequent time gates (Fig. 6.3b). We obtained this configuration by
combining and rearranging the elements of a direct optical FFT implementation previously
suggested by Marhic [106]. A mathematical derivation showing that the new configuration
represents indeed an FFT was given [10]. A generic derivation can be found [128]. The ad-
vantage of this configuration over other suggestions [106, 110, 111, 118, 129, 130] is that it
requires only N —1 passive DIs and simple gating to perform an N-point FFT. It therefore
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scales well with the bitrate, and requires only a very small amount of energy for phase ad-
justments and gating. If only a single subcarrier needs detection the number of necessary DI
stages further reduces to log, N as only one branch of the DI cascade is needed. It should be
clarified, that for N =2 our new implementation and the one by Marhic [106, 129] are identi-
cal. However, for N> 2 we obtain a significantly simpler setup. In addition, because the first
few DI stages have the largest impact on the overall performance, only these stages are need-
ed, and a number of DI at the end of the cascade can be replaced by bandpass filters, thereby
simplifying the FFT processing even further [10]. This is because only closely neighbouring
channels overlap to a significant amount. The optical time gates at the end of the FFT circuit
(one per OFDM subcarrier) are operated in synchronism with the symbol rate. Its purpose is
to select the window in time in which only samples from within one OFDM symbol contrib-
ute to the output of the optical FFT [10]. By adding a cyclic prefix to the symbol this time
window widens accordingly. This way the time-width of the gate is not required to be as nar-
row as for an equivalent OTDM symbol duration 7 / N . The power consumption of the dis-
crete optical gate actually is quite low (in our case 1.75 Watt per gate). This corresponds to a
total power consumption of only 131.25 W for a setup built from discrete components that
can process 10.8 Tbit/s in real-time. With electro-optic integrated circuits, the power could be
greatly reduced.

In practice, the optical approach serves two purposes. First, it allows signal processing at
a record aggregated bitrate with little energy consumption, and second, it rescales the bitrate
BR of an incoming high-speed optical signal to its lower-speed tributary channels having bi-
trate BR/N. This is important for OFDM processing where analogue-digital converters at a
line bitrate BR are prohibitive or unavailable, while being affordable and available at bitrates
BR/N.

In the following, we use our FFT scheme to encode a 10.8 Tbit s line rate OFDM signal
onto a single laser beam and demonstrate real-time processing of the signal to recover its 75
tributaries [7]. To further prove the scalability and viability of the scheme, we also demon-
strate the generation of a 26 Tbit s~ signal with 325 modulated subcarriers. This OFDM sig-
nal is transmitted over a distance of 50 km and decoded by the all-optical FFT processor in
the receiver.
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Fig. 6.3: All-optical OFDM transmitter and receiver. a All-optical OFDM transmitter: A comb
generator (mode-locked laser (MLL) with highly nonlinear fibre) generates a frequency comb. A
wavelength selective switch provides dis-interleaving into even and odd channels and equalization.
All 75 equidistant subcarriers are individually modulated with 16QAM, recombined and polariza-
tion multiplexed to generate the OFDM signal. It should be mentioned that two insets were
switched due to a misprint in [8]. This has been corrected in this figure b All-optical OFDM re-
ceiver: The optical FFT consists of a 3-stage delay interferometer (DI) cascade, one branch of
which was actually implemented, two cascaded single-cavity 1 nm filters, and an EAM gate, after
which the signal is received by an optical modulation analyser
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6.1.1 Demonstration of the concept at a line rate of 10.8 Thit s™

The OFDM transmitter and receiver setup are shown in Fig. 6.3. In the transmitter, an optical
comb generator comprising a single mode-locked laser (MLL) directly generates OFDM sub-
carriers with frequency separation Af'=25 GHz. After a booster amplifier, a highly nonlinear
fibre broadens the original MLL comb. A programmable optical filter equalizes the power of
all optical subcarriers and separates them into even and odd subcarriers. Both sets of subcarri-
ers are then individually modulated with independent 16QAM pseudo-random bit sequences
(PRBS 2"-1), and subsequently combined to form the OFDM signal [1, 3]. The OFDM or-
thogonality condition would require a symbol duration of Ty, =1/Af =40ps [37], which
would allow us to encode a symbol rate of up to 25 GBd. However, the bandwidth limitations
of the modulator and the resulting rise and fall times inside 7; would cause the symbol not to
be constant in amplitude and phase over the whole duration of the OFDM symbol. This would
lead to inter-subcarrier crosstalk, which can be mitigated by inserting a cyclic prefix of
7, =15.6 ps [10] to shift the rise and fall times of transmitter and receiver out of the symbol
duration window. This corresponds to a cyclic prefix of CP =7, /(T, +7,)=28% [131],1i.e.,
28 % of the resulting reciprocal symbol rate. The cyclic prefix is inserted by modulating the
subcarriers with a reduced symbol rate of 18 GBd (=25 GBd x 0.72; the symbol duration T,
however, remains constant). To emulate a polarization-multiplexed signal, the transmitter
output is split, one of the paths is delayed by 5.3 ns with respect to the other to decorrelate the
data, and both paths are then united by a polarization beam combiner.

The receiver comprises the all-optical OFDM-FFT circuit [10] and a commercially avail-
able coherent receiver (Agilent optical modulation analyser - OMA) for down conversion,
sampling and signal analysis. It utilizes a real-time oscilloscope with 13 GHz electrical band-
width. One branch of an eight-point FFT is implemented using a cascade of DIs, followed by
a cascade of two 1 nm bandpass filters to select one of the subcarriers extracted by the FFT.
The final element of the OFFT is an electro-absorption modulator gate (EAM — CIP 40G-PS-
EAM) that is operated at 18 GHz with 3 V,,, modulation voltage, thereby generating a gating
window of 15 ps FWHM (measured with a 70 GHz photodiode and 70 GHz electrical sam-
pling heads). In this demonstration, the EAM was driven with the transmitter clock. For se-
lecting the N samples for each symbol uniquely, the gating window cannot be larger than the
symbol duration divided by the number of samples, here 40 ps/ 8 =5 ps, otherwise neigh-
bouring symbols would interfere. The introduction of a cyclic prefix (15.6 ps in our case),
however, increases the acceptable gate width to 20.6 ps. With regard to finite rise and fall
times, we eventually choose a window width of 15 ps. A tunable polarization filter is inserted
before the optical FFT circuit to perform polarization demultiplexing.

We then measured the error vector magnitude (EVM) [132] for both polarizations and all
75 subcarriers using the all-optical-FFT-based all-optical OFDM receiver with the help of the
OMA (Fig. 6.4d). The signal quality measure EVM has been common for OFDM in mobile
communications for a long time. The relation between EVM and BER can be found in the
methods section. Each measurement comprises 2'° received symbols. A typical 16QAM con-
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stellation diagram and typical spectra at different points in the receiver are depicted in
Fig. 6.3b. The symbols have a clear and distinct shape.

To quantify the quality of the received signals, we performed BER estimations [133]. The
EVM measurements were found to be between 9 % and 15.8 %. Estimations [133] and the
results (Fig. 6.4b) discussed in the methods section indicate that the BER of all 75 subcarriers
are below the 1.9x107 third generation forward error correction (FEC) limit [134] with less
than 25 % overhead, but partially exceeding the 2.3x10 FEC limit with 7 % overhead. This
is slightly within limits considered to allow error-free transmission according to third genera-
tion FEC standards [134]. The achieved line rate of 10.8 Tbit s~ thus corresponds to a net
error-free data rate of 8.64 Tbit s™'. The quality of the 16QAM transmitter and receiver are
limited by the currently available electronic bandwidths — and not by the optical concept [10].
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Fig. 6.4: All-optical OFDM results. a Measured error-vector magnitude (EVM) for both polariza-
tions (m, @) and for all subcarriers of the OFDM signal decoded with the all-optical FFT. The es-
timated BER for all subcarriers is below the third-generation FEC limit of 1.9x10-2. The optical
spectrum (- , right-hand side vertical axis) is drawn beneath. b Relation between BER and
EVM. Measured points (dots) and calculated curves [132] (lines) of BER as a function of EVM for
QPSK and 16QAM. ¢ Tolerance towards residual chromatic dispersion of the implemented system
decoded with the 8-point FFT for a cyclic prefix CP =7, /(T, +7,) of 20 %, 28 % and 33 %.
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6.1.2 Transmission Performance of All-Optical OFDM Signals

The large bandwidth of the OFDM signal has implications for the transmission. On the one
hand, there will be dispersion within each subcarrier and on the other hand, there will be
walk-off between subcarriers. Due to the subcarrier spacing of several GHz it makes sense to
transmit the signal over a dispersion compensated link. However, in contrast to OTDM, our
OFDM signal can tolerate quite high amounts of residual dispersion, and higher order disper-
sion compensation is not necessary. The achievable transmission distance of such an OFDM
signal is only limited by the accumulated dispersion within the optical bandwidth of the sub-
carrier receiver. It can therefore tolerate quite some residual dispersion. To support this we
include some comprehensive computer simulations (Fig. 6.4¢) as outlined in the methods sec-
tion. For instance, for a transmission link within a standard single mode fibre (SMF) with a
dispersion of 17 ps/(nmxkm) and standard dispersion compensation modules, typical residual
dispersion as low as 0.01 ps/(kmxnm) can be achieved [135]. After transmitting the signal e.g.
over 50 km the residual dispersion therefore would be in the order of 0.5 ps, which would not
distort the signal significantly (Fig. 6.4c).

6.1.3 Receiver Concept Comparison

To judge the effectiveness of our FFT receiver, we also implemented three alternative receiv-
er concepts and tested them for a QPSK signal. A QPSK signal was chosen as it was not pos-
sible to receive a 16QAM signal with the alternate receivers due to their inferior performance.
First, we extracted a subcarrier with a narrow bandpass filter (XTRACT, Anritsu) that was
adjusted in bandwidth for best performance of the received signal, Fig. 6.5a. The selected
filter bandwidth was approximately 25 GHz. The constellation diagram showed significant
distortions. When using narrow optical filtering, one has to accept a compromise between
crosstalk from neighbouring channels as modulated OFDM subcarriers necessarily overlap,
and intersymbol interference due to the increasing length of the impulse response when nar-
row filters are used. Narrow filters can be used, though, if the ringing from intersymbol inter-
ference is mitigated by an additional time gating, see Fig. 6.5b. We then tested reception of a
subcarrier using a coherent receiver only, Fig. 6.5c. In the coherent receiver, the signal is
down-converted in a 90°-hybrid and detected using balanced detectors and a real-time oscillo-
scope. Using a combination of electrical low-pass filtering due to the limited electrical band-
width of the oscilloscope and digital signal processing, the subcarrier is then extracted from
the received signal. This receiver performs better than the filtering approach, but a larger elec-
trical bandwidth and sampling rate of the analogue-to-digital converters and additional digital
signal processing would be needed to get rid of crosstalk from other subcarriers and to
achieve a performance similar to the optical FFT [38]. Finally, we compared the receivers
from Fig. 6.5a, b and ¢ with results from the implementation of our all-optical 8-point FFT
receiver in Fig. 6.5d. From the constellation diagrams in Fig. 6.5a-d it can be seen that the all-
optical FFT clearly outperforms the other solutions.
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Fig. 6.5: Experimental comparison of receiver concepts. a Detection using spectrally narrow filter-
ing with an optical bandpass filter (XTRACT Anritsu). The filter bandwidth is adjusted for opti-
mum performance, b detection using the narrow filter with an additional gate, ¢ coherent detec-
tion, where the signal is directly down-converted in an optical 90°-hybrid and afterwards filtered
electronically, and d detection with the all-optical FFT.

6.1.4 System Demonstration at a line rate of 26 Thit s™'

Finally, we demonstrate the scalability and viability of the all-optical processing concept for a
26 Tbit s' OFDM signal (Fig. 6.6), where we additionally transmit the signal derived from a
single source over a distance of 50 km. In contrast to the 10.8 Tbit s experiment we improve
the comb generator by employing a spectral slicing technique to enhance the comb quality. In
the comb generator, the output of a 12.5 GHz MLL (Ergo-XG) is amplified, filtered
(Fig. 6.6a, spectrum 1) and split into two paths. One path is spectrally broadened in a highly
nonlinear photonic crystal fibre (Fig. 6.6a, spectrum 2). The broadened spectrum is then
equalized, and the low-power, unstable part in the centre is replaced by the original spectrum
from the second path (Fig. 6.6 spectrum 3). This results in a flat and stable comb spectrum
with 336 subcarriers. The spectrum is then split into odd and even subcarriers using an optical
dis-interleaver (DIL) with a neighbour channel suppression of more than 35 dB. Odd and
even subcarriers are modulated independently employing two 16QAM transmitters at
10 GBd. With the carrier spacing of 12.5 GHz and a symbol duration of 80 ps this results in a
cyclic prefix length of 20 ps (CP =20 %). After recombining the subcarriers, polarisation
multiplexing is emulated in analogy to the 10.8 Tbit s™ experiment.

The OFDM signal with an average power of 9.5 dBm is then launched into a single span
of single-mode fibre SMF-28 having a length of 50 km and a span loss of 10.17 dB. After
transmission, the signal is amplified and the dispersion of the link is compensated in a disper-
sion compensation module with a total insertion loss of 4.8 dB. The residual dispersion of the
link is 17 ps/nm.
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Fig. 6.6: All-optical 26 Tbit s—1 OFDM transmission experiment. a All-optical OFDM transmitter
with advanced comb generator employing spectral slicing to generate 325 carriers. b Transmission
link with 50 km of standard single mode fiber (SMF-28) and C (DCF). ¢ All-optical OFDM re-
ceiver. d Error vector magnitudes for both polarizations (m, @) and for all 325 OFDM subcarriers
after transmission over 50 km of dispersion compensated SMF.

The receiver comprises an all-optical FFT circuit and an optical modulation analyser as with
the 10.8 Thit s~ experiment to perform coherent detection and EVM analysis. Here we im-
plement the optical FFT using a single delay interferometer realizing a two-point optical FFT
[10]. This was preferred over the 8-point FFT used in the 10.8 Gbit s™' demonstration due its
simplicity. The penalty for this simplification has been shown to be within limits [10]. A
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wavelength-selective switch (Finisar Waveshaper) isolated the desired frequency band. The
time gating was performed by an electro absorption modulator (EAM — CIP 40G-PS-EAM-
1550) at 10 GHz. In this demonstration, the phase between data signal and electrical clock is
adjusted manually, which can be avoided using an electronic clock recovery to extract the
clock phase of the incoming OFDM signal [136]. The subcarriers are received and demodu-
lated by an OMA (Agilent N4391A) with an electrical bandwidth of 16 GHz (Agilent In-
finiium DSOX93204A). The signal is equalized with a 21 tap equalizer. For each polarization,
the error vector magnitude is calculated and averaged over 10 received sequences of 1,024
symbols. This measurement was carried out for 325 subcarriers of the OFDM signal — the 11
subcarriers with the shortest wavelength were not measured as the subcarrier quality was se-
verely degraded due to their inferior optical signal-to-noise ratio.

The comb generator produced a stable frequency comb from 1533 nm to 1565 nm with a
flatness of < 0.5 dB. The evaluated EVM is shown in Fig. 6.6d for all measured 325 subcarri-
ers. Typical constellation diagrams are depicted in Fig. 6.6c. Similar to the 10.8 Tbits™" ex-
periment we performed a BER estimation [133] — see methods section. It can be seen that the
EVM for all subcarriers after transmission are between 11 % and 16 % with an average EVM
of 14.2 %. The estimations indicate that all 325 subcarriers are below the BER = 1.9x107>
third generation FEC limit with 25 % overhead. The demonstrated line rate of 26 Tbits '
therefore corresponds to a net error-free data rate of 20.8 Tbit s™'. Degradation of the EVM
due to transmission is negligible as predicted in the previous section. The achieved spectral
efficiency for the modulated subcarriers is 6.3 bit/s/Hz.

6.1.4.1 Tolerance to Residual Dispersion

To determine the tolerance of such an OFDM signal to residual dispersion we performed
comprehensive computer simulations. The general setup is that of Fig. 6.3, except that we did
not use polarization multiplexing in the simulations. In the simulation we use 64 subcarriers
with a spacing Af of 25 GHz. This corresponds to an OFDM symbol length T of 40 ps with-
out cyclic prefix. We do simulations for a number of 512 OFDM symbols and cyclic prefix
durations Tcp of 10, 15.5 and 20 ps. The electrical bandwidth of the transmitter is 25 GHz and
the receiver uses an 8-point-FFT, an optical receiver filter (2™ order Gaussian,
8 x Af'=200 GHz bandwidth) and an EAM gate with a FWHM of 4 ps. The electrical band-
width of the receiver is 0.7 X Af=17.5 GHz. In the transmitter, the subcarriers are separately
but synchronously QPSK modulated and combined into one OFDM channel. A residual dis-
persion between —60 ps/nm and +60 ps/nm is added to the signal to test its tolerance to resid-
ual dispersion, as this determines how well the dispersion of the link must be compensated. At
the receiver, a 200 GHz OFDM subband is extracted using an optical filter with a 2"%-order
Gaussian transfer function. The optical FFT is performed on this subband, and the subcarrier
located at the centre of the filter passband is analysed in terms of the EVM. To show the im-
pact of a cyclic prefix we did the simulation with a cyclic prefix CP =7, /(7, +7,) of 20 %,
28% and 33 % which corresponds to symbol rates of 20 GBd, 18 GBd and 16.6 GBd, respec-
tively. The percentage of the cyclic prefix is calculated with respect to the associated recipro-
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cal symbol rates 50 ps, 55.5 ps and 60.2 ps. The bandwidth limitations of the system were
included to obtain realistic results as shown in Fig. 6.4c. Additional noise was not taken into
account. First, it can be seen that a certain cyclic prefix is required due to the bandwidth limi-
tations of the system. Second, in our system with a symbol rate of 18 GBd and CP =28 %, a
residual dispersion of C

res,max

=+5ps/nm can be tolerated with an EVM penalty lower than
1 %. It should be noted, that a state-of-the art combination of normal and dispersion compen-
sating fibres allows for a residual dispersion variation of less than C, =0.01ps/(kmnm)
within a bandwidth of 20 nm [135]. This corresponds to an achievable transmission distance
ofd.. =|C /C,, =500 km with an EVM penalty of less than 1 %.

res,max

6.1.5 Summary

In summary, we demonstrated for the first time the real-time generation and real-time FFT-
processing of 10.8 Tbits™' and 26 Tbits™' line-rate OFDM signals employing an all-optical
FFT scheme based on cascaded delay interferometers and a time gate. We extracted the
OFDM subcarriers sequentially. Additionally, we demonstrate transmission of a 26 Tbit s ™'
line-rate OFDM signal over 50 km of dispersion-compensated fibre. For the first time we re-
alized signal reception at 26 Tbit s~ using the optical FFT. This technology enables reception
of ultra-fast OFDM signals with state-of-the-art electronics at speeds far beyond the limits of
electronics, avoiding the electronic bottleneck.
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6.2 Nyquist WDM record experiment

Single-laser 32.5 Tbit/s Nyquist WDM transmission

D. Hillerkuss, R. Schmogrow, M. Meyer, S. Wolf, M. Jordan, P. Kleinow, N.
Lindenmann, P. Schindler, A. Melikyan, X. Yang, S. Ben-Ezra, B. Nebendahl,
M. Dreschmann, J. Meyer, F. Parmigiani, P. Petropoulos, B. Resan, A. Ochler,
K. Weingarten, L. Altenhain, T. Ellermeyer, M. Moeller, M. Huebner, J. Beck-
er, C. Koos, W. Freude, and J. Leuthold.

This paper has been published as [12]. First draft published in ArXiv e-prints
[13], also published in [14] and [15].

We demonstrate single laser 32.5 Tbit/s 16QAM Nyquist WDM transmission over a total
length of 227 km of SMF-28 without optical dispersion compensation. A number of 325 opti-
cal carriers are derived from a single laser and encoded with dual-polarization 16QAM data
using sinc-shaped Nyquist pulses. As we use no guard bands, the carriers have a spacing of
12.5 GHz equal to the symbol rate or Nyquist bandwidth of the data. We achieve a net spec-
tral efficiency of 6.4 bit/s/Hz using a software-defined transmitter, which generates the elec-
tric drive-signals for the electro-optic modulator in real-time.

6.2.1 Introduction

Super-channels for multi-Tbit/s transmission are envisioned to play an important role in future
optical networks [137]. Such channels typically consist of one carrier or several frequency-
locked carriers onto which data are encoded [8, 33, 43, 124]. As cost and power consumption
are important issues [138-140], a reduced component count is desirable. Therefore, single-
laser Tbit/s transmission systems are of special interest.

Up to the year 2009, single-laser Tbit/s systems were mostly implemented using optical
time division multiplexing (OTDM) [33, 124]. With OTDM, data rates of up to 10.2 Tbit/s
were obtained within an optical bandwidth of roughly 30 nm or 3.75 THz. This corresponds to
a net spectral efficiency of 2.6 bit/s/Hz [33]. With TDM, transmission at 10.2 Tbit/s over
29 km of dispersion-managed fiber has been demonstrated.

Since 2005, multicarrier transmission has attracted increasing interest as it offers highest
spectral efficiency. In particular, coherent wavelength division multiplexing (CO-WDM) [45]
and orthogonal frequency division multiplexing (OFDM) [31, 37, 127] have been proposed.
The first demonstration of an OFDM-signal beyond 1.0 Tbit/s in 2009 showed a transmission
distance of 600 km using standard single mode fiber [40]. The spectral efficiency was
3.3 bit/s/Hz. In 2010, using an optical FFT scheme [10], we were able to encode and detect a
10.8 Tbit/s super-channel [7]. Subsequently, we generated and transmitted an OFDM super-
channel with a line rate of 26 Tbit/s over a distance of 50 km of standard single mode fiber
with standard dispersion compensating modules [8]. The net spectral efficiency could be in-
creased to 5.0 bit/s/Hz.
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Nyquist pulse shaping [67] is an alternate method to improve the transmission perfor-
mance. Such a pulse shaping can increase the nonlinear impairment tolerance [69, 141, 142],
reduce the spectral footprint of single-channel signals [67], and therefore reduce both receiver
complexity [143] and the required channel spacing in WDM systems [41, 144]. Of particular
interest are sinc-shaped Nyquist pulses, which have a rectangular spectrum [5, 6, 67] and con-
fine the signal to its Nyquist bandwidth [67]. This enables highest intra-channel spectral effi-
ciencies, and has recently enabled transmission with a net spectral efficiency of 15 bit/s/Hz
[145]. Combining a number of adjacent spectra, we end up with Nyquist WDM, where the
carrier spacing is equal to the symbol rate (assuming identical symbol rates in all bands,
which is not necessarily required). In contrast to CO-WDM where the phase of neighboring
subcarriers is adjusted to minimize crosstalk [45], phase control of the carriers is not neces-
sary for Nyquist WDM and OFDM [8]. Recently, this has been discussed as an option for
Tbit/s super-channels [41], and favorable transmission properties have been predicted based
on the fact that a train of modulated sinc-shaped Nyquist pulses has a relatively low peak-to-
average power ratio [6]. Subsequently, several successful experiments demonstrated WDM
with Nyquist pulse shaping and small guard bands [43, 44]. Also, a first demonstration of
Nyquist WDM at 400 Gbit/s with a net spectral efficiency of 3.7 bit/s/Hz has been shown
[42]. An arbitrary waveform generator (AWG) was used to create a Nyquist signal that was
computed offline using a 601-tap finite impulse response (FIR) filter.

Nyquist WDM transmission with real-time sinc-pulse shaping and 16QAM has not yet
been shown. The problem lies in the limited-length representation of acausal sinc-pulses in
systems with real-time signal processing, where a practicable number of FIR filter taps has to
be used. So far it had not been clear if a real-time computation will support Nyquist WDM
transmission over significant distances.

In this paper, we report single-laser Nyquist WDM super-channel transmission at a rec-
ord high aggregate line rate of 32.5 Tbit/s. This is the largest aggregate line rate ever encoded
onto a single laser. In contrast to other experiments [42-44], we use neither offline processing
at the transmitter nor guard bands. The electrical Nyquist signals are computed in real-time
using a 64-tap FIR filter. The net spectral efficiency is 6.4 bit/s/Hz. We show transmission
over 227 km. The achieved transmission distance is more than four times longer than what
was reported for the most recent OFDM super-channel experiment [8]. The present experi-
ment further shows how frequency comb generation is maturing. Here, 325 frequency locked
carriers are generated from one source. This enables Tbit/s Nyquist WDM transmission with
sufficient OSNR to reach distances of several hundred kilometers.

6.2.2 Benefits and challenges of Nyquist WDM transmission sys—

tems

There are significant advantages and challenges in the implementation of Nyquist WDM as
compared to other schemes like standard WDM, OFDM and all-optical OFDM transmission
systems. True Nyquist WDM builds on immediately neighbored partial spectra that do not
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overlap due to their rectangular shape. The bandwidth (By) of the partial spectra of channel N
is given by the Nyquist bandwidth of the encoded data, and it is equal to the symbol rate Ry.
To achieve the rectangular partial spectrum, sinc-shaped Nyquist pulses are needed.

Due to the minimized bandwidth, Nyquist pulse transmitters have substantial benefits
compared to standard non-return-to-zero transmitters (NRZ), because the available electrical
bandwidth of components like digital-to-analog converters (DAC), driver amplifiers and
modulators is optimally used. This, however, comes at the price of an increased amount of
digital signal processing. Also, some oversampling is needed to accommodate anti-aliasing
filters after the digital to analog converters [6].

A challenge when generating true Nyquist WDM is that the distance of the neighboring
optical carriers has to be controlled precisely. For a true Nyquist WDM signal, the following
condition has to be met: If two neighboring channels, namely channel N and channel N+1,
operate at symbol rates Ry and Ry:j, respectively, the spacing Af has to be
Af = (Ry+ Ry+1)/2. If the spacing is larger, optical bandwidth is wasted. If the spacing is
smaller, linear crosstalk from neighboring Nyquist channels will increase significantly. In our
experiment we investigate the case, where all carriers have the same symbol rate R. In this
case, the carrier spacing A/ is equal to the symbol rate R.

Nyquist WDM transmission, when compared to all-optical OFDM [8], has the distinct
advantage that only the dispersion within the bandwidth (By) of one Nyquist channel has to be
compensated. Usually this is not done with dispersion compensating fibers, but rather by digi-
tal signal processing in the coherent receiver as it is the case for the present experiments.
Electronic dispersion compensation can also be implemented for individual or small groups of
subcarriers of an OFDM signal. Because the smallest optical filter bandwidth is limited by
technical constraints, the all-optical OFDM symbol rate is in the same order of magnitude as
the symbol rate of the Nyquist WDM channels. As the bandwidth of each modulated OFDM
subcarrier is significantly larger than the OFDM symbol rate Ry, a larger amount of digital
signal processing for dispersion compensation is required when compared to Nyquist WDM.
Additionally, simulations in [6] indicate that Nyquist pulse shaped signals exhibit a lower
peak to average power ratio (PAPR) compared to OFDM.

In Nyquist WDM receivers, the WDM channels are coarsely selected with optical filters.
The final selection of a channel is done in the electrical domain by digital signal processing
whereby sharp-edged filters can be realized. An additional challenge arises when implement-
ing a clock recovery for Nyquist signals. As they will not have noticeable spectral compo-
nents at the frequency of the sampling clock, most standard clock recovery algorithms will
not work. Our solution for a clock recovery has been presented in [6].

6.2.3 Nyquist WDM System Concept

The envisioned Nyquist WDM super-channel concept with transmitter and receiver is illus-
trated in Fig. 6.7. The transmitter can be separated into two main parts: the carrier generation
and the carrier modulation.
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The carrier generation is a key part of this scheme as a small frequency drift of the opti-
cal carriers will immediately lead to an increased crosstalk from and to neighboring Nyquist
WDM channels. It therefore makes sense to use an optical comb source where the generated
optical carriers are inherently equidistant in frequency. This comb source could be replaced by
325 precisely-stabilized narrow line-width lasers. However, as the comb source only requires
a single mode-locked laser, two EDFAs, a highly nonlinear fiber (HNLF) and a waveshaper
(WS), it is doubtful that 325 lasers with additional frequency stabilization circuits could be
operated with similar energy efficiency. To separate these carriers, we propose to use a cas-
cade of an optical interleaver (IL) and two optical wavelength demultiplexers (DMX).

For carrier modulation, we propose the use of Nyquist transmitters with digital signal
processing (DSP), as these transmitters can generate signal spectra with an extremely steep
roll off [5, 6]. To maintain the rectangular shape of the Nyquist spectra, special care has to be
taken when combining different Nyquist channels. To this end, we select a combination of
two optical multiplexers and an optical coupler. The two optical multiplexers combine odd or
even channels, respectively, without limiting the Nyquist spectra. The optical coupler com-
bines odd and even channels for transmission over the optical fiber link. The transmitter
scheme is depicted on the left hand side of Fig. 6.7.

In the Nyquist WDM receiver, the signal is split by a coupler, and two optical demulti-
plexers separate odd or even optical carriers in front of the Nyquist receivers. Even though it
would be possible to simply split the signal and receive it using multiple coherent Nyquist
receivers, we suggest including optical demultiplexers for two reasons: First, this reduces the
insertion loss of the receiver structure significantly. Second, as the total optical power of the
signal in a coherent receiver is restricted by physical limitations of the photodiodes, the power
of the received signal can be increased significantly, and unnecessary power loading of the
balanced detectors with a large number of unwanted carriers is avoided. After filtering, resid-
ual components of neighboring Nyquist channels remain (see bottom right inset in Fig. 6.7).
These residual spectra have to be removed by digital brick wall filtering in the Nyquist re-
ceivers.
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Fig. 6.7: Concept for a Nyquist WDM transmission system. In the transmitter, an optical comb
source generates the optical carriers. Filters, namely an interleaver (IL) and an optical demulti-
plexer (DMX), separate the optical carriers. Nyquist transmitters (Nyquist TX1, 2, ... N) encode
the data. Multiplexers (MUX) and a standard optical coupler (C) combine the transmitter outputs.
After transmission, a coupler (C) and optical demultiplexers (DMX) split the carriers for the
Nyquist receivers (Nyquist RX1,2, ... N). The schematic spectra illustrate the Nyquist WDM
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6.2.4 Implementation of a Nyquist pulse transmitter

Pulse shaping is crucial for the implementation of Nyquist WDM transmission systems. Sinc-
shaped Nyquist pulses extend infinitely in time and generate a rectangular spectrum (insets in
Fig. 6.8). The Nyquist pulses repeat with the impulse spacing 7, are modulated with complex
data, and have a total bandwidth B =1/ T, which equals the symbol rate R. For our experi-
ment, two real-time Nyquist pulse transmitters are implemented (one is shown in Fig. 6.8) to
modulate odd and even carriers. The transmitter setup is based on the setup in [5, 6], which
was developed from our multiformat transmitter [3]. For an efficient pulse shaping, we use

Nyquist

Fig. 6.8: Implementation of real-time transmitter for sinc-shaped Nyquist pulses. Two FPGAs are
programmed to generate the PRBS (2°°-1), to perform symbol mapping, and to provide pulse shap-
ing with an FIR-filter. The in-phase (I) and quadrature (Q) signals are converted into the analog
domain using two high speed VEGA-DACs. Image spectra are removed with additional anti-
aliasing filters, and the resulting signals are amplified for driving the optical IQ-modulator. Insets:
Simulated eye diagrams for I and Q drive signals, sinc-pulse and corresponding spectrum at the
output of the transmitter. The simulated eye diagrams illustrate that there is only a small tolerance
in clock phase when receiving such a signal, which makes a proper clock phase recovery proce-
dure extremely important [23].
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oversampling with two samples per symbol. In a first step, a pseudo-random bit sequence
(PRBS, length 2'°-1) is generated in real-time by the two FPGAs (Xilinx XCV5FX200T).
The 16QAM symbols enter a FIR filter with 64 taps, thereby generating sinc-shaped Nyquist
pulses modulated with the data. The number of taps directly impacts the processing delay of
the transmitter and is limited by the available space for logic on the FPGA. The resulting digi-
tal signal is then converted to the analog domain using either two VEGA DAC25 (TxI1 in
Fig. 6.9 (a)), or two VEGA DAC-II (Tx2 inFig. 6.9 (a)). We use different DACs for the
transmitters due to their availability in our laboratory. We did not observe a significant per-
formance difference of the two transmitters. Simulated eye diagrams are displayed as insets in
Fig. 6.8. The DACs operate at 25 GSa/s, generating 12.5 GBd signals with an electrical
bandwidth of 6.25 GHz. In contrast to [5, 6], we use electrical lowpass filters with a 3 dB
bandwidth of 12 GHz and a suppression of > 30 dB at 13 GHz to remove the image spectra.
After amplification, the signals are fed to an optical IQ-modulator which in turn modulates
the optical carrier [6].

6.2.5 Nyquist WDM Experiment

Our Nyquist WDM system Fig. 6.9 (a)—(c) consists of four main components: the optical
comb source, two Nyquist WDM transmitters as in Fig. 6.8, a polarization multiplexing emu-
lator, and a coherent optical Nyquist WDM receiver.

The optical comb source is actually one of the key components in this experiment. It did
not only provide a cost-effective and energy-efficient way to generate a large number of opti-
cal carriers, it also generated them with a highly stable frequency spacing, which is useful for
the case of equal symbol rates in all channels having a carrier spacing equal to the symbol
rate. This comb source uses a pulse train from an ERGO-XG mode-locked laser (MLL) which
is amplified and filtered to remove amplified spontaneous emission. The MLL output is split
in two parts, one of which is spectrally broadened in a highly nonlinear photonic crystal fiber
[8]. In the waveshaper (WS), the original MLL comb is bandpass-filtered and fills the void in
the notch-filtered broadened comb such that unstable sections in the center of the broadened
spectrum are replaced by the original MLL spectrum. This spectral composing process is also
exploited for equalizing the frequency comb to form a flat output spectrum. For Nyquist
WDM transmission there is no requirement for a stabilization scheme to guarantee a fixed
initial phase of all carriers relative to the beginning of a symbol time slot (as is the case for
coherent WDM [45]). A number of 325 optical carriers are generated between 1533.47 and
1566.22 nm with a spacing of 12.5 GHz. Our measurements indicate that the line width of the
carriers is significantly lower than the line width of our local oscillator in the receiver (Ag-
ilent 81682A — external cavity laser — ECL — line width typ. 100 kHz). The MLL is adjusted
such that the carriers fall on the ITU grid. This allows us to use off-the-shelf optical compo-
nents.

For modulation, the spectral lines are decomposed into odd and even carriers using a
standard optical interleaver. Odd and even carriers are modulated with Nyquist transmitters
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Tx1 and Tx2, respectively, see Fig. 6.9. To generate a Nyquist WDM signal, the symbol rate
of 12.5 GBd is chosen to equal the carrier spacing of 12.5 GHz. Both transmitters operate
with separate sampling clock sources as no symbol synchronization is required. After modula-
tion, odd and even carriers are combined in an optical coupler to form the Nyquist WDM sig-
nal. The two outputs of this coupler are then delayed relative to each other for data de-
correlation (delay 5.3 ns) and combined in a polarization beam combiner to emulate polariza-
tion multiplexing.

The signal is then amplified, and transmitted over distances of 75.78 km and 227.34 km
using a Corning SMF-28 with EDFA-only amplification. The optimum launch power was
found to be 18 dBm for the complete Nyquist WDM signal. This corresponds to a power of
—7 dBm per carrier. This launch power was optimized for the carrier at 1550.015 nm.

After transmission, the carrier of interest is selected in a WS, amplified, and finally re-
ceived in an optical modulation analyzer (OMA — Agilent N4391A). Four signal processing
steps were performed before the 16QAM demodulation. First, the chromatic dispersion is
compensated. Second, a digital brick wall filter selects one channel and removes all remain-
ders of neighboring channels. Third, the standard polarization tracking algorithm [146] sepa-
rates the two polarizations, and fourth, the clock phase is recovered as described in [6]. Only
the digital brick wall filtering and the clock phase estimation algorithm had to be implement-
ed in addition to the standard algorithms included in the OMA software. No modification of
the 16QAM receiver algorithms of the OMA software was required. Using the built-in fre-
quency offset estimation algorithm, we were able to precisely determine the frequency offset
up to 500 MHz. This allows for frequency tracking without requiring pilot symbols, which
would lead to additional overhead. A least mean square adapted linear FIR filter with 51 taps
was used as equalizer to compensate for the frequency dependence of the overall transmission
system. PMD was not compensated for.

To characterize the signal quality, we measured the error vector magnitude (EVM). We
derived a bit error ratio (BER) estimate from the EVM data [133]. We verified this estimate
for selected points to support the applicability of this estimation technique. The BER was
measured with the OMA for carriers in the back-to-back case and for the transmission over
227.34 km. We chose carriers that exhibited higher EVM values, which enabled us to provide
an upper limit of the BER. The accuracy of the BER estimation method from [133] has been
demonstrated experimentally in [85, 147] and was again confirmed in these experiments.
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Fig. 6.9. Nyquist WDM setup. (a) A mode-locked laser (MLL) produces a frequency comb (see
inset above (a)) which is broadened in a highly nonlinear fiber (HNLF). A waveshaper (WS)
equalizes the resulting comb of 325 lines and replaces the unstable central part by a copy of the
original MLL comb. An optical interleaver (IL) separates odd and even carriers (power spectra in
the inset above (a)). On these carriers the transmitters Tx1 and Tx2 (see schematic in Fig. 6.8) en-
code 16QAM data in form of sinc-shaped Nyquist pulses. Polarization multiplexing is emulated.
The arrow points to the resulting optical power spectrum (inset below (a)). (b) The optical signal is
then transmitted over one or up to three spans of Corning SMF-28 with EDFA-only amplification.
(c) In a coherent Nyquist WDM receiver a WS selects a 60 GHz wide group of Nyquist channels
fitting to the bandwidth of the optical modulation analyzer (OMA). An external cavity laser (ECL
— Agilent 81682A) provides the local oscillator for the coherent receiver. (d) Two-sided RF power
spectrum after down conversion from an optical carrier at 1563.6 nm ( ) and from the adjacent
carriers ( ). The rectangular shape of the spectra proves the effectiveness of the Nyquist pulse
shaping.

6.2.6 Experimental Results

Back-to-back measurements serve as a reference for the overall system performance,
Fig. 6.10 (a). The EVM for almost all carriers was below the threshold for second generation
FEC (BER =2.3x107). The total EVM (defined as the root mean square of the EVM of all
carriers) was EVM;y = 10.3 %. In Fig. 6.10 (b, c) we show the results after transmission.
EVM,, degrades by 1.0 percentage points for a distance of 75.78 km and by 1.7 percentage
points for a distance of 227.34 km. The EVM for all carriers and distances is well below the
limiting EVM for a BER of 1.8x107 using next generation soft decision FEC [134]. The
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EVM differences between the two polarizations, especially in the outer wavelength range, are
due to the wavelength dependence of the 3 dB coupler in the polarization multiplexing
scheme. An additional degradation can be traced back to the non-ideally gain-flattened ED-
FAs that were available for the experiment. These EDFAs lead to the uneven received spectra
after transmission. If EDFAs with better gain flattening were used in such an experiment, we
would expect a significant increase in achievable transmission distance.

When approaching the Nyquist spacing of the channels, a certain amount of linear cross-
talk is to be expected due to the finite filter slopes. The finite impulse response (FIR) filters
are implemented by digital real-time signal processing [5, 6]. In the present experiment, the
crosstalk is very small as shown in the RF spectra in Fig. 6.9 (d). Here we show the measured

RF spectra when only transmitter 1 (: ) or transmitter 2 ( ) are turned on. A small
amount of sampling clock leakage in the DAC can be observed at 12.5 GHz. The tones
around +10 GHz originate from the sampling oscilloscope in the receiver. The EVM degrada-
tion due to residual crosstalk is measured to be 1.5 to 2 percentage points. To quantify the
influence of linear crosstalk from neighboring Nyquist channels, we measured the BER for
the wavelengths 1563.66 nm and 1564.58 nm with and without neighboring channels. For
1563.66 nm, the BER increased from 6.3 x 10~ without neighboring channels to 1.2 x 10~
with neighboring channels. For 1564.58 nm the BER increased from 1.4 x 107 to 2.1 x 107>
This shows that the back-to-back performance is mainly limited by linear crosstalk due to the
limited number of taps. This crosstalk could be reduced by increasing the carrier spacing from
the Nyquist case to a larger spacing. This could increase the achievable transmission distance
or reduce the required amount of FEC overhead — however, such a system would no longer
be a Nyquist WDM system. The line rate of 32.5 Tbit/s corresponds to a net data rate of

26 Thit/s for the transmitted signals (taking into account the 25 % FEC overhead [134]).

To verify the relationship between EVM and BER, we chose to measure BER and EVM
for some selected carriers. Due to time constraints, we measured the BER only for the carriers
presented in Tab. 6.1. We chose these carriers such that the worst-case EVM for the back-to-
back and 227 km transmission was included. In Tab. 6.1 we show the measured EVM values
and the measured BER. In addition, we calculated a BER corresponding to the measured
EVM values using Eq. (5.17), which was derived in reference [133]::

1
BER ~——M° erf{ 3/2 2} ) (5.17)
%logzM (M —-1)(k EVM)

For our 16QAM signal the number of all possible constellation points is M = 16, the
number of bits encoded in one QAM symbol is logoM =4, and the modulation format de-
pendent factor is k* = 9/5. It has to be mentioned that a misprint [147] happened in equation
(4) in reference [85], where \2 has to be replaced by 1. However, the corresponding plots in
Fig. 3b of reference [85] were calculated correctly [147]. The calculated BER differs only
slightly from the measured BER, supporting the applicability of the BER-EVM relationship,
which is based on a Gaussian hypothesis.
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The distribution of the noise on the constellation points is a critical factor for the applica-

bility of the BER-EVM relationship, and for predicting error-free operation when using soft-
decision FEC [134]. To support the claim that our constellation field vectors are perturbed by
additive Gaussian noise, we plotted in Fig. 6.11 the constellation diagrams for the carriers

listed in Tab. 6.1. Additionally, we performed a statistical analysis of the distribution of in-
phase (I) and quadrature-phase (Q) error vectors in the constellation diagram. The results are
displayed in Fig. 6.11 and support the claim of a Gaussian distribution of the added noise.
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Fig. 6.10: Experimental results for the transmission experiment. The measured error vector magni-
tudes for all subcarriers (m — polarization 1, ® — polarization 2) and the received optical spectra

(

) are plotted for (a) back-to-back characterization, (b) transmission over 75.78 km, and (c)

transmission over 227.34 km. For selected EVM values in the area around the highest EVM values
(A), the BER was measured and the results are displayed in Tab. 6.1 to verify the applicability of
BER estimation from EVM measurements. Corresponding constellation diagrams for the carrier at

1550.015 nm are shown for the various transmission distances.
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Fig. 6.11: Statistical analysis of selected carriers. We show constellation diagrams of the carriers
used for checking the validity of the assumptions for the BER-EVM relationship presented in
Eq. (5.17). We performed a statistical analysis of the in-phase (I ) and quadrature-phase (Q
) error vectors. The respective Gaussian fits (for I and Q ) indicate a Gaussian
probability density function of the added noise as required for the reported BER estimations.

In summary, our results show that a FIR filter with 64 taps suffices for implementing a
Nyquist WDM transmission system when using twofold oversampling. However, we expect
an additional performance improvement when longer filter lengths are used. The quality of
reception could not be compared to 16QAM WDM experiments as linear crosstalk from
neighboring carriers limited the EVM. Also, as all carriers in this experiment were derived
from a single laser, the experiment should not be compared to experiments using a large num-
ber of separate lasers. Here, we were able to increase the data rate by 20 % and the transmis-
sion distance by a factor of 4.5 compared to our previous experiment [8] with record-high
data rates transmitted on a single laser.
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Tab. 6.1: Comparison of estimated and measured BER. We measured BER and EVM for the carri-
ers presented below and calculated an equivalent BER to verify the EVM — BER relationship.

Distance Wavelength [nm] EVM [%] Calculated BER Measured BER

B2B 1563.66 11.0 12x107 12x107
1564.58 11.9 1.9x 107 2.1x107
1564.68 12.0 20x107 23x107
227km  1534.15 13.8 59x107 5.7x107
1534.25 14.8 9.1x107 9.4x107

6.2.7 Conclusion

In this paper we show that Nyquist WDM is a promising candidate for next generation com-
munication systems. Nyquist WDM improves spectral efficiency and transmission distance
when compared to previously investigated all-optical OFDM systems. We demonstrate for the
first time 16QAM Nyquist WDM transmission with a symbol rate equal to the carrier spacing.
The sinc-pulse shaping is done by real-time digital signal processing. A total aggregate data
rate of 32.5 Tbit/s and a net spectral efficiency of 6.4 bit/s/Hz are achieved. As all carriers are
generated from a single laser, this is a new data rate record when using a single laser source.



7 Summary and Outlook

Technologies for Single-Laser Tbit/s
Communication Systems

For the investigation of Tbit/s communication systems, three key components were devel-
oped: An optical multi-format transmitter, an optical frequency comb generator, and an opti-
cal FFT.

The Optical Multi-Format Transmitter

An optical multi-format transmitter has been developed. As this transmitter is based on field
programmable gate arrays (FPGA) and digital to analog converters (DAC), the transmitted
modulation format is defined by the programming of the FPGAs and the format is only lim-
ited by the resolution of the DACs. The FPGAs generate the data to be transmitted in real-
time and allow operation of the DAC at sampling rates of up to 30 GSa/s. The FPGA features
a multi-gigabit pseudo random bit stream generator and a modulation mapper module to gen-
erate QAM data in real-time. In this work, the transmitter has been demonstrated to generate
OOK, BPSK, QPSK and 16QAM at symbol rates up to 30 GBd in real-time.

To this date, the transmitter has been used for several experiments, of which only a frac-
tion has been published [3, 5-8, 13, 31, 32, 84, 85, 147-149]. The large number of different
modulation formats has proven the transmitter to be extremely versatile. In follow up work,
the transmitter has been extended and it now supports modulation formats up to 64QAM at
28 GBd [3], OFDM up to 101.5 Gbit/s [4, 31], and advanced pulse shaping methods at up to
150 Gbit/s [5, 6, 32]. In addition to the real-time generation of signals, the transmitter can also
be configured to send a preprocessed pattern. Due to the FPGA-based signal processing, even
more modulation formats will be implemented in future work.

Optical Comb Generation

A novel scheme has been presented and implemented that is capable of generating 325 optical
carriers from a single laser. The scheme generates extremely broad frequency combs with
sufficient quality to transmit several tens of Terabit/s. The generated frequency comb covers
most of the central communication band. This was made possible by spectral composing of
the generated comb to remove the minima in broadened optical spectra generated by self
phase modulation [2]. The optical carrier to noise ratio within a resolution bandwidth of
0.1 nm has been found to be between 39.6 dB / 0.1 nm and 25.9 dB / 0.1 nm. In the following,
the quality of the carriers has been sufficient to transmit 32.5 Tbit/s over distances up to
227 km.
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For future work, implementation of the extension of this scheme as it has been proposed
in Fig. 4.3. This extension promises an even larger number of carriers. Second, a more de-
tailed characterization of the generated frequency comb should be performed. As the line-
width of the seed MLL is significantly lower than the line-width of standard lasers for optical
communication systems, the linewidth of the overall comb could be low as well.

Optical Signal Processing - The Optical Fast Fourier Transform

An optical FFT has been presented that significantly reduced the complexity of the circuit
when compared to a direct implementation of the FFT. This FFT has enabled OFDM trans-
mission experiments at data rates of up to 26 Tbit/s. The optical FFT enables real-time pro-
cessing of signals far beyond the speed of electronics and demonstrates the potential of optical
signal processing for future optical communication systems.

Even though the optical FFT has only been applied to OFDM-receivers in this work, it is
not limited to this application. A concept for an OFDM transmitter has been presented in Sec-
tion 5.1.3.1. In addition, one can imagine building flexible add-drop multiplexers similar to
what has been done for optical time division multiplexing [150-156]. As the FFT is a very
general signal processing block, it could be applied in other areas than optical communication
systems. In our experiments, the optical FFT has been implemented using discrete compo-
nents. To fully exploit the benefits of optical signal processing, integrated optical solution are
preferred. Of great interest is silicon photonics, where such an FFT could be integrated with
an array of optical modulators, a comb source, and nonlinear optical elements. [129, 157-
164].

Terabit/s Transmission System Demonstrations

The components developed during this thesis were pivotal for the implementation of the fol-
lowing transmission experiments:

All-Optical OFDM

An all-optical OFDM transmitter and receiver were designed, implemented and experimental-
ly verified. In these experiments, OFDM signals with data rates of 5.4, 10.8, and 26 Tbit/s
were generated in real-time. The 26 Tbit/s signal was transmitted over a distance of 50 km. At
the receiver, these signals were demultiplexed using the optical FFT and demodulated in a
coherent receiver. Subsequent signal processing was performed offline. For comparison, the
signal is also received using narrow filtering with a coherent receiver and a coherent receiver
without additional signal processing. The optical FFT clearly outperformed the two other
schemes tested in the experiment. In the experiment, an optical FFT with a size of N=8 was
used in combination with optical filters. Net spectral efficiencies of 2.7 bit/s/Hz for the
5.4 Thit/s signal, 4.6 bit/s/Hz for the 10.8 Tbit/s signal and 5.3 bit/s/Hz for the 26.0 Tbit/s
signal were achieved. These were the first experiments to show data rates beyond 10 Tbit/s
encoded on a single laser [7].
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Nyquist WDM

Using Nyquist WDM instead of all-optical OFDM, the data rate and transmission reach were
increased further. The experiment was similar to the 26 Tbit/s experiment. However, in con-
trast to the OFDM approach, the carriers were encoded with sinc-shaped Nyquist pulses that
carry 16QAM data at 12.5 GBd. In this experiment, the multi-format transmitter generated
sinc-shaped Nyquist pulses in real-time using a finite impulse response filter. The filter length
was limited to 32 symbols, which slightly increased the spectral width of the modulated sig-
nals. This led to a realistic residual crosstalk that would also be expected in a real implemen-
tation of such a system. The signal with 32.5 Tbit/s was transmitted over a distance of
227 km, which is more than 4 times longer than in the 26 Tbit/s experiment. The spectral effi-
ciency was increased to 6.4 bit/s/Hz. This experiment was the first Nyquist WDM experiment
with real-time DSP and it demonstrated the highest data rate encoded on a single laser so far
[13,14].
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Appendix A: Methods

This methods section contains additional details and derivations for different sections

throughout this work. The following topics are covered:

A.l

The derivation of the orthogonality for OFDM and Nyquist pulse shaping first pub-
lished in [6],

the optoelectronic modulator types used in this work,

key optical components and the optical implementation of the coherent receiver,
quality metrics for optical signals [85, 147, 165],

some key details on Nyquist pulse shaping [6],

implementation details of the multi-format transmitter [60], and

the working principles of the waveshaper [166].

Derivations of the Orthogonality for OFDM and
Nyquist-Pulse Shaping

The following derivations have been published as appendix in [6].

Real-time Nyquist pulse generation beyond 100 Gbit/s and its
relation to OFDM

R. Schmogrow, M. Winter, M. Meyer, A. Ludwig, D. Hillerkuss, B. Ne-
bendahl, S. Ben-Ezra, J. Meyer, M. Dreschmann, M. Huebner, J. Becker, C.
Koos, W. Freude, and J. Leuthold

Optics Express 20(1), 317-337 (2012). [6]

At this point we want to describe in mathematical detail the properties of Nyquist signals and

illustrate their close relation to OFDM. For a better understanding, Tab. A.1 presents an over-

view of frequently used symbols contrasting OFDM-specific to Nyquist-specific parameters.

As usual, the symbols ¢ and f'stand for time and frequency.
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Tab. A.1 Commonly used terms for OFDM and Nyquist signal description.

OFDM Nyquist
T, temporal width of symbol F, spectral width of symbol
F; spectral subcarrier spacing | 7, temporal subcarrier spacing
i spectral subcarrier position | f, temporal subcarrier position
index for spectral position index for temporal position
k=0...N—1 of subcarrier (sinusoidal in | £k =—c...—00 of subcarrier (sinusoidal in
time) frequency)
index for temporal position index for spectral position of
i=-o0...+00 of symbol (rectangular in| i=0...N—1 symbol (rectangular in fre-
time) quency)

For general usage within this section we introduce a new set of variables z, Z, m, and Q since
the equations can be related either to OFDM or Nyquist signals in frequency or time domain,
whichever is of interest. First we define a rectangular window and a sinc-function by

1 =0
t(zj 1 forlz]<z/2 (zj / : &)
rect| — |= , sinc| = |=1si . .
zZ 0 else zZ M z#0
nzlZ

In the following we summarize the mathematical relations that hold in general:

A.1.1 Orthogonality relations

+Z/2

% [ ermizermatgz =g, for  mm'eZ 8.2)
s

% ) sinc(%— m)sinc(%—m’jdz =5, for mmel (8.3)

A.1.2 Series expansions

We expand functions ¢(z) in a series of orthogonal complex harmonics with the help of the
orthogonality relation Eq. (8.2), and functions w(z) in a series of orthogonal sinc-functions
observing the orthogonality relation Eq. (8.3),

Q(Z) — i @m ejZmnz/Z, (84)
1 +Z/2 .
=7 j p(z)e ™% dz (8.5)

-Z/2



Methods 107

w(z)= i v, sinc(é—mj (8.6)
177 . z
v, _E;[CW(Z)SIHC(E_mde 8.7)

A.1.3 Power relations

+Z/2 4o

7 Lo az= S ol (8:8)
-Z/2 m=—o0

%f v (z)[ dz = Z v (8.9)

A.1.4 Peak power of a sum of sinc-functions

Nyquist signals and OFDM spectra are both described by a sum s(z) of equidistantly shifted
sinc-functions, Eq. (8.6). We are interested in a worst-case estimation of the maximum power
Ismax|>. To this end we assume a constant height of all sinc-functions by choosing coefficients
|| = 1 with equal magnitude. The signs of the coefficients y;, are then selected such that a
Maximum Smax(Zmax) 1s found at some position zp,x. We start by expanding the special function
s"(z)=1 in a series of sinc-functions, Eq. (8.6). The expansion coefficients y,, are calculat-
ed to be v, =1Vm by evaluating Eq. (8.7) and observing that ([167], Vol. 1, p. 454, formula
3.7211)

%Ijsinc[%—m)dzzl. (8.10)
From Eqg. (8.6) it follows that
sz)=Y sinc(%—mj=l. (8.11)

Eq. (8.11) shows that performing a summation of equally spaced sinc-functions with identical
weight leads to a value of 1 at any position z. This value can be exceeded by choosing the
expansion coefficients y/, appropriately. For this it should be noted that the sinc-function flips
sign between adjacent intervals bounded by zeros. The maximum value of the sum s(z) is ob-
tained when all sinc-functions have the same sign in the z-interval under consideration. This is
true for

()= S v, sinc(%—m}

m=—on

Sy sinc[%—mj+ 3 (1) sinc(%—m] :

(8.12)

m=0 m=—own
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where the coefficients y, have been chosen such that pairs of sinc-functions m = (0, +1); (-1,
+2); (=2, +3); ... have all a positive sign in the interval 0 <z <Z. The resulting function s(z) is
monotonic in 0 <z<Z and symmetrical with respect to z=Z/2, so that the superposition of
each pair has its maximum at this point, as will be explained in the following.

Consider a function f{u) which is monotonic in an interval —U <u <+U (U > 0). In this
interval the sum sq{(u) = f(u) + f(—u) has an extremum if s,(u) =f"(u) — f"(—u) =0, i. e., for
u = 0. This result as applied to Eq. (8.12) means that the maximum is found at the symmetry
point zm,x = Z /2 of the sum s(z),

S (£2) = [sinc (4 —m)| (8.13)
Note that the sum does not converge. However, Eq. (8.13) also applies to a finite sum with a

maximum of Q sinc-functions, from which the maximum power s> __ (Z/2) can be computed,

Q. max

Q/2
Somm (3Z)= ‘smc m)

m=-0/2+1

(8.14)

A.1.5 Average power of an oversampled sinc-function

For deriving the average power of a sum of oversampled shifted sinc-functions sinc(gz/Z—m)
(oversampling factor ¢), we expand w(z) = sinc(z/Z) Eq. (8.6), but this time in terms of over-
sampled sinc-functions sinc(gz/Z—m). We find the expansion coefficients y,, = sinc(m/q) ac-
cording to Eq. (8.7) and write

v(z —smc[ ) ZSIHC[ jsinc(q%—m]. (8.15)

By substituting y(z) in the power relation Eq. (8.9) and by applying the orthogonality relation
Eq. (8.3) we find the average power

7:%7‘ ‘dz— ZSIHC[ j (8.16)

q m=—

In real life, oversampling the base functions by a factor ¢ (preferably g = 2) is needed to sim-
plify the filtering of a Nyquist channel. The sinc(z/Z)-function is then represented not by a
number of O base functions as in Eq. (8.14), but by ¢ Q base-functions, and again orthogonal-
ity is lost in the strict sense. Nevertheless we approximate Eq. (8.15) by

. (z e (m) z j
z)=sinc| — |~ sinc| — [sinc| g——m |. 8.17
V/( ) (Zj m:7qu:/2+l [‘IJ (qZ ( )

If ¢ O is large enough, the average power should be still close to 1,

+q0/2
pleo -1 > sinc {ﬂ] ~1. (8.18)
q m=—q0i2+1 q
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In reality we not only have a finite number g O of base functions, but the so far assumed equal
modulus for all expansion coefficients must be modified if QAM modulated signals come into
play. In this case, the approximated average power Eq. (8.18) needs to be divided by a format
dependent factor &” [85, 147], which relates the maximum power of the constellation points to
the mean power for all constellation points. Therefore we write approximately

_ (4.0) 4012
P~ ploh) :Pi,:% > sinc’ [ﬂjzl. (8.19)
k* kG w="ggr2n1 q

A.1.6 PAPR for a Nyquist signal

The average power in Eq. (8.19) serves as reference for the PAPR whereas the maximum
power is determined by Eq. (8.14). We obtain

7). [ S sinc(;m)}z

50, max m=-0/2+1
PAPRNyquist— 5 T A (8.20)
— z sincz[—j
q m=-g0/2+1 q

This equation corresponds to Eq. (8.48) in the main body of this paper.

A.1.7 Peak power of an OFDM symbol

An OFDM symbol with Q sinusoidal carriers constant within a window of width Z be given
by

s(z):iﬁcos(Zﬂm§+am} 8.21)

If the phases a,, of the Q carriers are chosen accordingly and all symbols have maximum val-
ues, then all amplitudes add up leading to:

S =y2 O. (8.22)

A.1.8 Average power of an OFDM symbol

The average power can be determined with the power relation Eq. (8.8),

+Z/2 0 +Z/2
po_1 I ‘S(Z)Zdz=2E I cosz(zﬂmi+am]dz
Z 5, mZ g, z

(8.23)

Strictly speaking, orthogonality is lost if the OFDM spectrum is truncated as is always the
case in reality. Nevertheless, Eq. (8.23) represents a good approximation for the average pow-
er of an OFDM signal comprising a sufficient number of Q subcarriers. Similar to the argu-
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ments leading to Eq. (8.19), the average power in a symbol needs to be divided by a format
dependent factor k* [85, 147] such that the average power in a symbol is

plos) o/k (8.24)

A.1.9 PAPR of an OFDM symbol
The PAPR follows by relating Eq. (8.22) to Eq. (8.24). We find

2

S
PAPR omx _2k*Q (8.25)

OFDM,k=1 — 13<Q'k) =

For Eq. (8.25) the same number of elementary functions was adopted as for Eq. (8.20).

A.1.10 Spectrum of a Nyquist signal

The spectrum YF(I(;{) ( f, R) of a Nyquist signal having a finite extent in time results from con-
volving a rectangular spectrum Y(f) of Eq. (2.15) (representing the spectrum symmetrical to
/=0 of an infinitely extended baseband Nyquist sinc-impulse) with a sinc-shaped spectrum
W(f,R) (representing the spectrum of a rectangular time window w(f) =rect[t/ (RT;/ q)]
which depends on the number of filter taps R and the oversampling factor g),

YO (fR) =Y (/)W (f,R)=T, rec{f}kRz sinc(RfJ. (8.26)
’ £) q qF,
On evaluation we find in terms of the sine integral [168] Si(z) = _[:(sin v/v)dv
YR (f5R) T[Si[nRﬂF‘/zjs{nkf‘ﬁ/zﬂ. (8.27)
‘ 7 | qF,

A.2 Optoelectronic Modulators

A.2.1 The Mach-Zehnder Modulator

The Mach-Zehnder modulator (MZM) [169] is the most commonly used modulator in optical
communication systems. It allows for amplitude and phase modulation of the optical field.
Such a modulator is based on a Mach-Zehnder interferometer [170, 171], in which the phase
of one or both arms is modulated (see Fig. A.l1a).
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P
Power Phase P, Power
Splitter Modulator Combiner

Fig. A.1. In the Mach-Zehnder modulator the incoming carrier or signal is split into two arms, the
two arms are modulated in phase and recombined afterwards to interfere, which enables phase and
amplitude modulation.

The light is split, the two paths are modulated in phase (¢,, @,) and the signal is afterwards
recombined. The interference of these two paths then defines the resulting amplitude and
phase. The output can then be calculated according to eq. (8.28).

— 1 1 j(@1) i(92)
o z[ﬁ (/™) E, (5.28)

From eq. (8.28), one can now calculate the transfer function:

H = EOL“
E[n
:%(ejw +ej(¢z)) (8.29)

PPy

jare -
= ¢ 2 xcos| 2%

- 2

Phase Modul;

Amplitude Modulation

From this transfer function, one can see that the output amplitude depends on the phase dif-
ference of the two arms, while the phase is the average phase of the two arms. With this, all
phase and amplitude states can be achieved. One can now define two specific operating
modes of the modulator. In push-push mode, the two phases are equal ((pl =@, ) resulting ina
pure phase modulation, while the two phases are inverted (¢, =—¢,) in push-pull mode, lead-
ing to a pure amplitude modulation.

A.2.1.1 Transfer Function of the Mach-Zehnder-Modulator

When operating the Mach-Zehnder Modulator in push-pull configuration, the modulator
transfer function (8.29) can be simplified. The phase modulation term vanishes and the equa-
tion may be rewritten:

s P
H= ¢ ? xcos(% P=0 =0,

Phase Modulation

(8.30)

- - 7
Amplitude Modulation

= cos(qo)
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This transfer functions for field and intensity are plotted in Fig. A.2 to illustrate the depend-
ence of the optical signal at output of the Mach-Zehnder modulator to the introduced differen-
tial phase shift.
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Fig. A.2: Normalized field and intensity transfer functions of a Mach-Zehnder modulator. The
field transfer function (: ) is of the form cos(¢), while the intensity transfer function ( ) is
of the form cosz(q)). Where the field transfer function is negative, a phase shift of 180° is intro-
duced. The output amplitude is given by the absolute value of the field transfer function.

A.2.2 The optical IQ modulator

Even though one can achieve any phase and amplitude with a dual drive Mach-Zehnder mod-
ulator, an optical 1Q modulator is often chosen instead [172].

A.2.2.1 Design and Functionality

An optical 1/Q-Modulator consists of two Mach Zehnder Modulators (MZM — see A.2.1) and
a 90° phase shifting element. Both MZM are aligned parallel in an in-phase (I) and a quadra-
ture phase (Q) arm as depicted in Fig. A.3. The 90° phase shift is introduced in the Q arm of
the modulator.

The optical carrier at the input of the modulator is split into two arms. Each arm contains
a separate Mach-Zehnder modulator (MZM 1 and MZM 2). These modulators are operated as
amplitude modulators in push-pull configuration (¢, =—¢,, and ¢@,, = —@,,). The first arm
is not shifted in phase, such it is called in-phase (I). An additional 90° phase shift in the sec-
ond arm is introduced, making it the quadrature component (Q). Through this phase shift, the
two outputs that can be represented as cosine (I) and sine waves (Q) are orthogonal with re-
spect to each other (8.31).

f[cos(Z;rf-t)-(fsin(sz-t))dt:0 (8.31)

by properly adjusting the amplitudes [ and Q, every position of the complex plane (Fig. A.3 —
right hand side) can be reached. More details on that follow in the upcoming section
(A2.1.1).
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Fig. A.3: Schematics and principle of operation of an optical 1Q-modulator. In an optical 1Q-
modulator, the optical carrier is split into two arms. Each arm contains a Mach-Zehnder modulator
(MZM 1 and MZM 2). Both modulators are operated in push-pull configuration for pure amplitude
modulation. A 90° phase shift ([90°]) is introduced at the output of MZM 2 before the two MZM
outputs are recombined. The outputs of the two MZMs are phasors in the complex plane and can
be plotted in the IQ-diagram or constellation diagram (see right hand side). The phasors are de-
fined by the two components I for MZM 1 and Q for MZM 2 and the relative phase shift of 90°.
As I and Q can have positive and negative values, the output phase ¢, can be set freely and the
output amplitude ‘A‘ is only limited by the input power to the modulator.

A.2.2.2 Transfer function of the IQ modulator

In this expression the index x stands for I or Q respectively.

Pu=—P, =0, > T, =j-cos(p,) (8.32)

Taking into account the 90° phase shift to satisfy the orthogonality condition described in
(8.31), the analytic transfer function of the whole modulator for a complex optical field can be
derived.

1
T =—.

Liotal — 5

[rotos 0 10

1
0 jicos(a)| |1 —5-(cos((01)+jcos((og)) (8.33)
o

[t J]
From (8.33) it can again be seen that any position in complex plane may be reached using the
setup described in A.2.2.1.

For a real optical carrier, the real electrical field at the output of the modulator is de-
scribed by (8.34).

(1)= %{cos((o,)cos(brf(, -t+CD)—c0s((pQ)~sin(27rf; ~t+<1>)} (8.34)

Euul
Here parameter @ includes an initial phase of the laser and an overall phase delay introduced
in the modulator. This common phase term does not violate (8.31) since both carrier waves
are always orthogonal with respect to each other as long as the 90° phase difference between

is maintained (8.35).
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T
[cos(@-t+®)-sin(e-t+®)dt =0 (8.35)
0

In that way it is always possible to separate the data encoded on in-phase and quadrature
component at the receiver.

A.2.3 The Electro-Absorption Modulator

Electro-absorption modulators (EAM) are of great interest for applications, where the light
has to be modulated independently of the polarization. After transmission, the polarization of
the incident light is often unknown and also changes constantly due to drift. In contrast to
Mach-Zehnder modulators based on Lithium Niobate (LiNbO3), EAMs are only slightly po-
larization dependent. So they are the natural choice for gating elements in optical receivers.

EAMs are based on a reverse biased laser section with an additional modulation of the
reverse voltage. The electrical field changes the absorption of the EAM through the quantum-
confined Stark effect and the Franz-Keldysh effect. The dominant effect in such quantum well
structures is the quantum-confined Stark effect [173], which describes the change in band-
edge absorption due to the deformation of the quantum wells induced by the electrical field.
The Franz-Keldysh effect [174] is also present in such modulators, even though it is signifi-
cantly smaller than the quantum confined stark effect [173]. The Franz-Keldysh effect also
describes a broadening of the band-edge absorption due to photon assisted tunneling of va-
lence electrons to the conduction band through virtual states within the bandgap [174]. This is
possible due to the deformation of the band structure when an external electrical field is ap-
plied.

Fig. A.4 shows the transfer function of the electro absorption modulator used in our ex-
periments. This modulator offers a high extinction for all wavelengths and works well for
both polarizations. The transfer function of this modulator strongly depends on the wave-
length of the modulated light, which is expected as the effects that are exploited depend on the
photon energy in relation to the band gap of the semiconductor.

0 DRSS ——————
] oiﬂ,g 3‘\\ ™ l::a\\\\\ TE |
X

Insertion Loss [dB]

40 A 2 3 a4
EAM Bias Voltage [V] EAM Bias Voltage [V]

—=— 1529 nm —— 1535 nm 1540 nm —— 1545 nm
1550 nm —— 1555 nm 1560 nm —»— 1562 nm

Fig. A.4: Transfer function on the CIP-40G-PS-EAM electro absorption modulator for TM (left)
and TE polarization (right) [151].



Methods 115

A.3 The Optical Coherent Receiver

Fig. A.5 shows the implementation of a coherent receiver for optical communication systems.

~
|
|
|
|
|
|
|
|
|
|
|

Fig. A.5: Implementation of a coherent receiver for optical communication systems. The incident
signal is mixed with the local oscillator and a copy of the local oscillator that has been shifted by
90°.

A.4 Quality Metrics for Optical Signals

The following section has been published as [165], which includes work first presented in [85,
147]. It has been modified to include an additional figure (Fig. A.8) from [85]. In Addition, a
misprint [147] was corrected in equation (4) of reference [165], here equation (8.40) where a
factor of 12/ M —1 was missing.

Quality Metrics for Optical Signals: Eye Diagram, Q-factor, OSNR,
EVM and BER

W. Freude, R. Schmogrow, B. Nebendahl, M. Winter, A. Josten, D. Hillerkuss,
S. Koenig, J. Meyer, M. Dreschmann, M. Huebner, C. Koos, J. Becker, and J.
Leuthold

in International Conference on Transparent Optical Networks (ICTON) (2012)
[165].

Abstract: Measuring the quality of optical signals is one of the most important
tasks in optical communications. A variety of metrics are available, namely the
general shape of the eye diagram, the optical signal-to-noise power ratio
(OSNR), the O-factor as a measure of the eye opening, the error vector magni-
tude (EVM) that is especially suited for quadrature amplitude modulation
(QAM) formats, and the bit error ratio (BER). While the BER is the most con-
clusive quality determinant, it is sometimes difficult to quantify, especially for
simulations and off-line processing. We compare various metrics analytically,
by simulation, and through experiments. We further discuss BER estimates de-
rived from OSNR, Q-factor and EVM data and compare them to measurements
employing six modulation formats at symbol rates of 20 GBd and 25 GBd,
which were generated by a software-defined transmitter. We conclude that for
optical channels with additive Gaussian noise the EVM metric is a reliable
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quality measure. For nondata-aided reception, BER below 0.01 can be estimat-
ed from measured EVM.

A.4.1 Introduction

The ultimate quality measure in optical communication links is the bit error ratio (BER, bit
error probability). However, a direct experimental BER determination can be done only as
long as the link is out of service (if not a hard-decision forward error correction (FEC) is able
to report errors), because a known data sequence has to be transmitted, and it consumes a sig-
nificant amount of time if the BER is small. If the estimated BER = 10™ (which itself is a ran-
dom number) should lie with probability @=99% in a confidence interval
&= (BERmax— BER) / BER = 100 %, a number of 13 bit errors has to be found [175]. For a
data rate BR, a single BER measurement takes the time zer = 13x10"bit/BR. For
r=4 (r=12) and BR =10 Gbit/s we find zggr = 13 ps (zer = 1 300 s). For simulations and
off-line signal processing the effective data rate is smaller by many orders of magnitude, so
counting errors becomes impractical [175-177]. It is therefore tempting to estimate the BER
based on a few measured moments of the probability density function (pdf), which describes
the noise at the decision circuit of the receiver. — In the following, we discuss various mo-
ment-based metrics and compare simulations with experiments.

A.4.2 Eye Diagram and @Q-Factor for On-Off Keying Signals and
Direct Reception

A fairly general receiver schematic for on-off-keying (OOK) signals is depicted in
Fig. A.6(top). It consists of an optical pre-amplifier (OA) and a filter with a bandwidth Bg
having an output electric field strength E. A photodetector transforms the time average <|E*>
over a few optical periods into a proportional photocurrent, which is converted into a voltage
by an electronic amplifier (EA). After a filter with bandwidth B the output voltage u has to
be associated with a one or a zero.

First, we look at a receiver without optical pre-amplifier. For small received signal pow-
ers <|E[>> the noise is mostly due to the EA. This situation is depicted in form of an eye dia-
gram of the voltage u as a function of time 7. The eye shows very little intersymbol interfer-
ence (ISI). Detailed methods to analyze the eye were reported recently [178]. We operate at
the optimum sampling time, Fig. A.6(bottom). Significant noise will be recorded. According
to the measured histograms the fluctuating voltage is distributed symmetrically around the
average values u; for a one and u for a zero. The probability density functions (pdf) of these
noise voltages are depicted in Fig. A.7 and are denoted with w;(u) and wy(u), respectively.
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sampling UQ: 00

Fig. A.6: Direct OOK receiver and eye diagram. (top) Optical pre-amplifier (OA), filter (band-
width Bo) and electrical field E. Photodiode with electrical amplifier (EA), filter (bandwidth Bg)
and output voltage u. (bottom) Eye diagram of voltage u with schematic noise histograms (pdf) at
mean one level u; (standard deviation oy, red) and mean zero level ug (oy, blue).

The probability of transmitting a one or a zero is p(1t) or p(0t), and the BER corresponds
to the sum of the appropriately weighed hatched areas in Fig. A.7. The optimum decision
threshold uy, op for a minimum BER,, is found by calculating d BER/ du, =0,

BER = p(10)[" w; (u)du + p(0t) [“‘ wy(u)du, (836)

PAOW () = PO, (1, )-

~I—ﬂ¢uu—

+

wilu)

Uth Uy

Fig. A.7: Probability density functions wy ;(«) of output noise voltage at mean one and zero levels
uy, (variances oj,) with decider threshold voltage uy,. The hatched blue area (u > uy,) represents
the probability p(1r]0t) to actually receive a one if a zero was transmitted, while the hatched red
area (u < uy,) is the probability p(Or|1t) to receive a zero if a one was transmitted

If ones and zeros are transmitted with equal probability, p(1t) = p(0t), and the pdf are unimod-
al, the intersection of w;(u) and wo(u) marks the optimum threshold. For an estimate of the
BER, both pdf have to be known, and if the BER is small, then the pdf must be accurately
known especially in the wings. If the EA noise dominates, the statistics can be well approxi-
mated by two Gaussian pdf with mean u;p and standard deviation o9, namely
wlyo(u):1/(\/ﬁalvg)exp[(u—ulyo)2/(2050)]. This approximation is well justified by the
central limit theorem [179], which states that the pdf of a sum of independent random varia-
bles (represented by the output of filter Bg) tends towards a Gaussian. The complementary
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error function erfo(z) = (2/+/7) .f “ exp(—t*)dt allows to formulate a simple analytic expres-
sion for the optimum BER,, if the ratio of the occurrence probabilities for ones and zeros
equals the ratio of the corresponding standard deviations,

ol @
BER,, =—erfc| =£ |,
v 2°r°[ﬁj

U —uy

O = m RAY
(8.37)
— ulo_() + u()o—l
" o +o,
Wl(um,op) — Wo (u\h,up) for p(lt) — ﬂ
Oy (o p(0t) o,

With a sampling oscilloscope we record the random voltage u at the given (optimum) sam-
pling time. From these data the four moments 1 and oy are computed, so that uy o, and
BER,, can be estimated from Eq. (8.37). It is worth noting that u o and o, being calculated
from a statistical sample only, are themselves random variables, and this property is inherited
by the BER estimate. All measured quantities involved are either first moments u; o or central
second moments o7, of the random voltage sample « in Fig. A.6.

The so-called Q-factor Q,. in Eq. (8.37), a quality metric that can be defined by moments
up to the order two (even if the actual pdf are not known), is related to the electrical signal-to-
noise power ratio y = P; , / P, under the following assumptions: The received pulses have no
ISI, ones and zeros are uniformly distributed, a zero has the mean value uo = 0, the relation
l<o} /0, <2 holds, the average noise power P,=(o}+0y)/2 is limited to
o} <P, <1.506]. The signal power of one typical voltage impulse shape with maximum
h(0)=1 (e. g., a raised cosine) is P\" =<u’h*(t)>~u /2, which leads to an average signal
power P, =P /2~ul/4. We then find y ~(4...1)u} /o] and O ~ (... H)u /o] re-
sulting in y =~ (0.97...1)Q* ~ Q* [180]. Therefore a (not very accurate) BER estimate can be
derived from a measured electrical signal-to-noise power ratio y ~ Q°.

A.4.3 Optical Signal-to-Noise Power Ratio (OSNR)

For increasing the receiver sensitivity, we add an optical pre-amplifier (OA, power gain
> hoise figure F'~2n,>2), Fig. A.6(top). In this
case the noise of the EA may be usually neglected. The optical signal output power GP,

G >1, spontaneous emission factor 7

(photon energy Af,, = hc/ A, ) and the amplified spontaneous emission (ASE, polarized noise
power P3P =L1GFhf, B, in bandwidth B ) are measured with an optical spectrum analyzer

(OSA) and lead to various definitions for signal-to-noise power ratios,



Methods

OSNR ; = ijpol = fo >
2P/\sé FthBrcf
OSNR = ipg - = ,L = 2B OSNR,, (8.38)
PASE EFhfoBo Bo
P, OSNR
Yor=—2—< .
Fhf, B, 2

The usual definition OSNR, relates the signal power to the unpolarized ASE power in a
fixed bandwidth B =0.1nmxc/43 (vacuum speed of light ¢), where Byr=12.5 GHz at
Ao = 1.55 pm. The definition OSNR [64] bears more physical relevance, because it refers the
signal power to the polarized ASE power in the actual optical receiver bandwidth B, . For
coherent reception, the fields for signal and Gaussian ASE noise are just “linearly” frequency
down-converted by the photodiode, but remain otherwise essentially unchanged. If ASE noise
dominates over any noise from local laser oscillator and EA, then OSNR and the electrical
signal-to-noise ratio are same. However, OSNR from Eq. (8.38) and y from Eq. (8.37) relate
to different scenarios (coherent vs. direct reception, OA vs. EA noise) and cannot be com-
pared in general.

For direct OOK reception in a bandwidth B, = B, /2 (correlated upper and lower optical
signal sidebands are transmitted in B, ), the shot-noise limited electrical signal-to-noise ratio
Yon» Eq. (8.38), is half the measured OSNR due to mixing of ASE noise and signal in the
photodiode. Compared to the signal-to-noise ratio at the OA input, y,, is smaller by a factor
F2>2.1f y,, is measured, one could try estimating the BER with Eq. (8.37).

However, this procedure is problematic. While the ASE contribution to the optical elec-
tric field can be well represented by additive white Gaussian noise (AWGN), the electrical
noise voltage u after the square-law photodetector is definitely not Gaussian. If a one with
mean u; is sampled and if oy is not too large, then w;(u) can be still approximated by a Gauss-
ian pdf, but a sampled zero o = 0 results in an exponential pdf wo(u) [181]. The actual situa-
tion is even more complicated when the filtering of u(#) or EA noise are taken into account
[52, 182, 183]. Because the photo current is in proportion to the fluctuating optical power
<|E[*>, the filter B sums in effect the squares of the Gaussian distributed electric field sam-
ples E, and this leads to a chi-square pdf for u. A similar caveat holds if the optical noise is
not Gaussian, e. g., if phase noise impairs phase-modulated signals [52]. Endeavours to meas-
ure more than two moments, and to approximate the true pdf by a series expansion of Gauss-
Hermite or Gauss-Laguerre functions [184, 185] do not truly improve the prediction of small
BER as compared to the Gaussian assumption, because the measured moments would have to
be known very precisely [176, 177].

Despite the limitations of the O-factor method, it is widely used to predict the BER. The
method is so popular that even measured BER (not necessarily for OOK signals only) are
sometimes expressed as a Q-factor according to Eq. (8.37). However, for advanced formats
like M-ary quadrature amplitude modulation (QAM), a different metric has to be employed.
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A.4.4 Error Vector Magnitude and BER for M-ary QAM Signals

Advanced modulation formats such as M-ary QAM encode data in amplitude and phase of the
optical carrier. Its complex amplitude “vector” E is received with a coherent receiver and de-
scribed by M points (symbols) in a complex constellation plane. Examples for 16QAM,
32QAM and 64QAM constellations are shown in the upper insets of Fig. A.9 (from left to
right). The actually received signal vector E; deviates by an error vector Eg, from the ideal
transmitted vector E:. Fig. A.8(a) depicts the ideal constellation points for a 16QAM signal. In
Fig. A.8(b) a simulated noisy constellation is shown.

(a) (b) -

0 02 04 06 08 1

Fig. A.8: Constellation diagram and error vector for a 16QAM signal. (a) Ideal constellation dia-
gram with an actually transmitted value X. The blow-up illustrates the definition of the ith error
vector E,, ; in relation to the actually received signal vector E,; and the vector E, ; of the transmit-
ted signal. (b) Simulated constellation diagram with white Gaussian noise, EVM = 15 %. We use
the color coding to indicate the reception probability of transmitted symbols. [Figure reprinted
from [85] © 2012cIEEE]

The error vector magnitude (EVM) is defined by a root mean square o of the various E, for
N randomly transmitted symbols and embraces all (linear and nonlinear) impairments. We
subscript the EVM depending on the normalization, which is either the maximum field |E; |
in the constellation, or the average field |E; ,| resulting from summing the powers of all M
possible symbols. The ratio k& depends on the modulation format (binary and quadrature PSK,
8PSK and xQAM). We find [85] (OSNR means the signal-to-noise power ratio measured in
the optical signal bandwidth, not in a reference bandwidth of 1nm (12.5 GHz at
A=1.55 um). Erratum [147]: In Eq. (4), replace \2 by 1):

Ny
E\/1\/Im = O_Cﬂ’ > o-ezrr = Lz' Eerr,[ |25 Een',f = Er,A _El,A >
IE\,ml NS i=l
EVM, = kEVM |E . [} = iiw & k = | (8.39)
a m > t,a M P til 2 |ELH|' .

| B/Q/8PSK | 16QAM | 32QAM | 64QAM
kz\ 1 \ 9/5 \ 17/10 \ 7/3
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The EVM,, from Eq. (8.39) can then be estimated from measured OSNR. Basic assumptions
are AWGN, nondata-aided reception and quadratically arranged xQAM constellations where
log, (x) is even. We find from [65, 133, 186]:

/2
1 [ 96/n & 12
EVM, = - e — Berfe(Ja, )|,
: [OSNR (M —1)OSNR Zy M—1;7’ﬁ’ (‘/7)}

34°OSNR B, 2i-1

o == i
M-y = 1

(8.40)

As mentioned after Eq. (8.38), the relation for the first term OSNR ~ EVM,* = (| E,, | /o)’
in Eq. (8.40) resembles y ~Q*, which holds for direct reception and electronic amplifier
noise only. The remaining terms account for nondata-aided reception and disappear for large
OSNR. For M > 2 only the first few terms in the summation need to be considered. If for

data-aided reception the EVM is known, the BER can be approximated by [65, 85, 133, 186]

R 1/2
R=1 M erfc 3/2 = - (8.41)
Llog, M (M -1)EVM;

A.4.5 Experimental Results

We measure OSNR, EVM and BER in a setup with a software-defined real-time multi-format
transmitter [3], Fig. A.9. We employ 6 modulation formats — B/Q/8PSK and 16/32/64QAM
— at symbol rates of 20 GBd and 25 GBd, which are encoded on an external cavity laser
(ECL) at 1550 nm. The modulated carrier is kept at a fixed average power and combined with
variable ASE noise for changing the OSNR. After an erbium-doped fibre amplifier (EDFA)
the OSNR is measured by an OSA. The symbol rate of 25 GBd occupies an optical bandwidth
of 25 GHz equal to 2 By, so that OSNR = OSNR4, a relation which approximately holds also
for 20 GBd. An Agilent modulation analyzer (OMA) decodes the signal and measures EVM
and BER. The insets of Fig. A.9 show ASE spectrum and 25 GBd constellations for our best
OSNR.

In Fig. A.10(a), measured EVM,, for various measured OSNR values are displayed.
Closed (open) symbols represent symbol rates of 20 (25) GBd. Solid lines were calculated
with Eq. (8.39), (8.40). For OSNR < 20 dB the prediction agrees with all measurements. Con-
stellations for xQAM can be recovered only if OSNR > 12 dB. For OSNR > 20 dB the con-
stant electronic receiver noise dominates, and an OSNR change does not influence the meas-
ured EVM. With smaller electronic noise in systems having smaller symbol rate (smaller
bandwidth), the EVM floor would shift to higher OSNR. Figure A.5(b) shows measured BER
values as a function of EVM, again for symbol rates of 20 (25) GBd, marked with closed
(open) symbols. The solid lines represent Eq. (8.41), the dashed lines result from simulations.
While measurement and simulation are based on nondata-aided reception, Eq. (8.41) holds for
data-aided reception. Still, measurement, analytical estimate and simulations coincide for
BER <102. The 32QAM constellation is not quadratic (so Eq. (8.40), (8.41) should not be
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applied). Still, the constellation is nearly quadratic, and hence the estimation quality remains
reasonably good. The plots also reveal that higher-order formats are more noise sensitive,
Eq. (8.40), (8.41). — For measuring BER we use a 2'° — 1 pseudo random binary sequence.
The number of compared bits and the number of recorded errors were chosen according to the
statistical reasoning described in [175-177].
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Fig. A.9: Setup for BER and EVM measurements. Software-defined transmitter Tx [4] with ASE-
adjustable OSNR (inset: spectrum) and erbium-doped fibre amplifier EDFA. OSNR measured
with optical spectrum analyzer (OSA). Modulation decoded by Agilent optical modulation analyz-
er (OMA). [Figure reprinted from [85] © 2012¢cIEEE]
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Fig. A.10: EVM,,(OSNR) and BER(EVM,,) for various modulation formats. Symbols: Measure-
ments for symbol rate 20 GBd (filled) or 25 GBd (open). (a) EVM,, = EVM, / k calculated from
measured OSNR by Eq. (8.40) (solid lines). EVM floor due to electronic noise of transmitter and
receiver. Floor height differences for Q/8PSK and XxQAM stem from different factors k. Error floor
for BPSK is lower because of Tx-specific properties. (b) BER as measured (symbols), simulated
(dashed lines) and calculated (solid lines) for various EVM,,. [Figure reprinted from [85] ©
2012cIEEE]
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A.4.6 Conclusions

Complementing the established Q-factor metric for OOK systems, the EVM is a suitable qual-
ity measure for coherent optical transmission systems employing advanced modulation for-
mats. As long as the fluctuations can be described by white additive Gaussian noise, measured
or simulated EVM data lead to a reliable estimate of the BER.

A.5 Nyquist Pulse Shaping Details

The following section on the effect of the limited length of Nyquist pulses in digital signal
processing, receiver bandwidth and clock recovery is an extract of [6].

Real-time Nyquist pulse generation beyond 100 Gbit/s and its
relation to OFDM

R. Schmogrow, M. Winter, M. Meyer, A. Ludwig, D. Hillerkuss,
B. Nebendahl, S. Ben-Ezra, J. Meyer, M. Dreschmann, M. Huebner, J. Becker,
C. Koos, W. Freude, and J. Leuthold

Optics Express 20(1), 317-337 (2012). [6]

A.5.1 Oversampled Nyquist pulses with finite-length

An elementary Nyquist shaped impulse with minimum spectral width is a sinc-function infi-
nitely extended in time. Real Nyquist pulses, however, need to be approximated by a finite-
length representation. For practical reasons finite impulse response (FIR) filters are used to
build the pulse shapes [187, 188]. In addition, for separating the baseband spectrum from its
periodic repetitions using realizable filters, oversampling by a factor ¢ (typically ¢ =1.2, 2,
...) is needed. In this paper we have chosen g =2. This way we will subsequently save FPGA
resources since sampling points of adjacent symbols fall onto the same time slot, see Fig. 8 in
[6]. However, smaller oversampling factors such as ¢ = 1.2 suffice if adequate anti-aliasing
filters are available. This would allow us to reduce the required processing speed and DAC
sampling rate but comes at the cost of an increased processing complexity.

A suitable FIR filter of order R can be constructed by a sequence of Ry delay elements 7y, / ¢
with Ty, =1/ F;, and Rp + 1 taps in-between. The tapped signals are weighed by a number of
R so-called filter coefficients /4, and summed up to form the filter output, Fig. A.11. A “one-
tap” filter with order Rp = 0 reproduces the filter input.
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Fig. A.11. Finite impulse response filter (FIR, direct form I) of order R. A series of R delay ele-
ments 7y, =T/ g are located in-between the R + 1 taps. Tapped signals are weighed by R filter coef-
ficients 4, and summed to form the filter output.

Signal generation with various FIR filter orders Ry is shown in Fig. A.12. The left column
shows the impulse response of each filter. The effective windowing is indicated by a green
rectangle. The linearly scaled corresponding transfer functions are seen in the middle column.
The right column displays these same transfer functions on a logarithmic scale. The spectra of
the single pulses (white lines) are plotted together with simulated data (colored). A two-fold
oversampling ¢ = 2 is used in this context.

The simulation was performed as follows: A pseudo random binary sequence (PRBS)
with a length of 2'° — 1 serves as origin for simulated complex data. As a reference, these
complex data c; modulate NRZ pulses, one of which is displayed in Fig. A.12(a), left column.
The linearly scaled sinc-shaped power spectrum of this elementary impulse is seen in
Fig. A.12(a), middle column. The logarithm of the same power spectrum is shown as a white
line in Fig. A.12(a), right column, together with the ensemble-averaged power spectrum for
the simulated data. For all power spectra a possibly existent discrete carrier line is omitted.

Nyquist signals shaped with various FIR filters are depicted in Fig. A.12(b)—(d). The fil-
ter order Rp with Rp+ 1 taps corresponds to the rectangular time window within which the
function is defined (left column, green). The convolution of the rectangular spectrum of an
infinitely extended temporal sinc-pulse with the sinc-shaped spectrum of the rectangular time
window leads to the power spectra depicted in Fig. A.12(b)—(d), middle and right column.

As the filter order Ry increases from Rp = 16 to Rp = 1024, the spectrum evolves towards
an ideal rectangle rect(f/ F;) with a spectral width equal to the Nyquist bandwidth F; for
complex data. Already for Rp =32 a significant increase of the spectral efficiency is to be
seen in comparison to NRZ modulation. For Ry = 1024 the ideal rectangular spectrum is ap-
proximated even more closely. However, due to Gibbs’ phenomenon, strong ringing at the
steep spectral slopes is to be observed. Non-rectangular window functions like Hann or
Hamming windows lead to smoothened spectra and a stronger suppression of the side lobes.
However, this advantage comes at the price of a widened spectrum and thus a reduced spectral
efficiency.
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Fig. A.12. Impulse responses and transfer functions of FIR filters with various orders Ry. Left col-
umn: Impulse responses. The durations of the impulse response is marked with a rectangular win-
dow (green). Middle column: Power spectra on a linear scale. Right column: Power spectra on a
logarithmic scale. Colored noisy curves represent the average power spectra for a pulse train with
a repetition period 7=1/F,, which has been encoded with random complex data. The white
curves reproduce the power spectra from the middle column. For all power spectra a possibly ex-
istent discrete carrier line is omitted. (a) A single NRZ impulse “shaped” by a one-tap “filter” of
order Ry = 0 leads to a sinc-shaped spectrum. (b) An ideal sinc-impulse is truncated by a rectangu-
lar window. The corresponding filter is of order Ry = 16. The power spectrum results from the
convolution of the rect-shaped spectrum of the sinc-impulse with the sinc-shaped spectrum of the
rect-window. (c) An increased filter order of Ry =32 leads to a larger time window, and therefore
the resulting spectrum evolves towards an ideal rectangular shape. (d) A filter with very high order
Ro = 1024 closely approximates a rect-shaped power spectrum. Overshoots and ringing are due to
Gibbs’ phenomenon. All pulses in these plots have been g-fold oversampled with g = 2.

A.5.2 Nyquist pulse reception - required electrical bandwidth

and clock phase recovery

Reception of a Nyquist pulse M-ary QAM signal is similar to the reception of a conventional,
unfiltered NRZ signal. The complex-modulated optical field is down-converted to the base-
band by a coherent receiver (e. g. 90° hybrids with balanced photo-detectors). The electrical
signal is then sampled by analog-to-digital converters (ADC) before being processed in the
digital domain. Despite all similarities we identified two differences when receiving Nyquist
pulses as are discussed in the following.
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A.5.2.1 Receiver bandwidth impact

Electrical bandwidth is one major limitation for high-speed signal converters (DACs and
ADCs) today. An increase of sampling rate, however, is usually achieved by multiplexing
multiple low-speed converters. Hence a high sampling rate is not out of reach, whereas high
electrical bandwidth is the much bigger challenge. We want to compare Nyquist signals with
standard NRZ signals and the corresponding impact of bandwidth-limited ADCs at the re-
ceiver. Therefore we generate two signals, namely a Nyquist signal and an NRZ signal, both
with 16QAM modulation at a symbol rate of 14 GBd. Both signals carry the same amount of
data (56 Gbit/s). Since the ADCs of our receiver have a fixed analog bandwidth of 32 GHz,
we emulate a bandwidth-limited system by applying a digital low-pass filter. The cut-off fre-
quency of this flat-top FIR filter is varied from the minimum Nyquist bandwidth 7 GHz up to
9.33 GHz. A qualitative result is seen in Fig. A.13. The Nyquist signal shows a very clear
constellation diagram even at a receiver bandwidth as low as 7 GHz, Fig. A.13(a). The NRZ
signal performs poorly under the same conditions, Fig. A.13(b). Increasing the bandwidth to
9.33 GHz improves the signal quality of the NRZ, Fig. A.13(c). Nonetheless the Nyquist sig-
nal outperforms the NRZ signal in all cases.

(a) 14 GBd Nyquist, 7 GHz ADCs (b) 14GBd NRZ, 7 GHz ADCs (c) 14GBd NRZ, 9.33 GHz ADCs
F# o N ] & W N W
g £ & v = [ E % % %
; * ® 2 K : ; # O# A #
LI T < t N I I
I — T s T nphase

Fig. A.13. Constellation diagrams for Nyquist and NRZ signals received with different band-
widths. (a) A 14 GBd Nyquist signal is well received with a Nyquist bandwidth of 7 GHz. (b) An
NRZ of 14 GBd performs poorly with ADCs bandwidth-limited to 7 GHz. (c) Increasing the
bandwidth to 9.33 GHz enhances the reception of the NRZ signal. Nevertheless, the Nyquist signal
shows best performance.

A.5.2.2 Clock phase recovery

Careful and proper clock recovery is essential for a solid communication link. In order to in-
vestigate the influence of the clock phase for close-to-ideal Nyquist signals we replaced the
real-time transmitter with an arbitrary waveform generator (AWG). With this transmitter we
increased the filter order to 1024, Fig. A.12(d).

For standard NRZ and raised-cosine shaped QAM signals it is common to square the sig-
nal [68] and perform a fast Fourier transform (FFT) over several received symbols. The out-
come of this procedure is illustrated in Fig. A.14(a). Next to the DC peak we identify two
additional peaks with the frequency of the symbol rate. The spectral location of these peaks
reveals the symbol rate, and the phase tells the optimum sample time. Squaring the modulated
sinc-shaped pulses and performing an FFT leads to Fig. A.14(b). It is obvious that the clock
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peaks have vanished. Therefore this clock recovery method cannot be applied to sinc-shaped
Nyquist signals. Instead we developed an alternative technique to recover the clock phase of a
Nyquist signal. In this technique it is sufficient to compute the standard deviation of the mod-
ulus of the received Nyquist pulses as a function of the sampling phase. The optimum sam-
pling phase is found when the standard deviation is minimum given that sampling is always
done at equivalent positions of subsequent pulses, see Fig. A.14(c). Measured (solid lines)
and noiseless signals (dashed lines) agree very well. For QPSK, the so computed standard
deviation drops to zero for noiseless signals, see Fig. A.14(c) (QPSK, dashed line). Accumu-
lated noise in measured signals (solid lines) leads to a vertical shift of the curves’ minima.
Nonetheless, the minimum standard deviation for all signals can be clearly identified.

The algorithm has been tested and works for QPSK to 256QAM and any intermediate M-
ary QAM. Since this method neglects the phase of the complex received signal it can be ap-
plied prior to carrier phase recovery. Hence standard algorithms for carrier phase recovery can
be employed. The influence of a phase error on the signal quality (here represented by EVM)
is depicted in Fig. A.14(d). Once the optimum clock phase is found, a feedback control mini-
mizing the signal’s EVM is perfectly suited even for real-time systems.
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Fig. A.14. Clock phase recovery for M-QAM modulation of raised-cosine and Nyquist pulses, re-
spectively. (a) Spectrum of a squared raised-cosine signal. The clock phase can be extracted from
the peaks at the symbol rate. (b) Spectrum of a squared Nyquist sinc-pulse train. The peaks at the
symbol rate have vanished. (c) Standard deviation of the modulus of four measured (solid lines)
and noiseless (dashed lines) Nyquist signals plotted over the sampling clock phase. Noise leads to
a vertical shift of the curves’ minima. The initial points of the graphs are arbitrary and depend on
the timing of the data acquisition. (d) Dependence of Nyquist signal quality on the clock phase er-
ror. Solid line: simulation; squares: measurement.
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Accumulated chromatic dispersion (CD) in uncompensated transmission links is usually
electrically compensated by a digital filter placed in front of subsequent processing blocks. It
is independent of the clock phase recovery described here. Nevertheless, our clock phase re-
covery algorithm was measured to tolerate a residual dispersion of up to 2400 ps /nm for a
14 GBd QPSK sinc-shaped signal. Furthermore, we found by evaluating transmission exper-
iments, that polarization mode dispersion (PMD) has only negligible influence on the perfor-
mance of the algorithm.

A.5.3 Spectral efficiency and peak-to-average power ratio

Spectral efficiency (SE) is a major argument for the use of advanced modulation formats in
combination with sophisticated multiplexing techniques. Since Nyquist pulses and OFDM
signals are closely related, it is interesting to compare the potential SE of both techniques. To
this end we compute the spectral width B of the Nyquist pulse up to the first zero outside the
main band, which has a width F. The same definition is also used for OFDM [61]. The SE
results from relating the bitrate of a transmission channel BR (measured in bit/s) to the re-
quired transmission bandwidth B, SE = BR / B. Information rate and symbol rate are related
as follows: For M-ary single-polarization single-carrier Nyquist pulse transmission, the sym-
bol rate is F™ =BR/log, M (in the Nyquist context abbreviated by F,=F", see
Tab. A.1). For single-polarization M-ary OFDM signals with N subcarriers the symbol rate
amounts to F>™™ =BR/(Nlog, M) (abbreviated in the OFDM context by the same symbol
F. =F°™  see Tab. A.1).

The transmission bandwidth depends on the respective modulation types and formats.
For Nyquist pulses, the spectrum is calculated in the Appendix, Eq. (8.27). Because of the
finite length of the actual Nyquist pulses, the spectrum depends on the filter order Ry and the
oversampling factor ¢, see Fig. A.11. For convenience and without loss of generality we
choose the spectral symbol i = 0 which lies symmetrical to /= 0. The spectrum then reads

YO (f,R,)= T{Si[n&) f+§/2j—s{n1e0 SoE)2 _IIE/ZH (8.42)
n q

s s

The function Si(z) denotes the sine integral [168], see text before Eq. (8.27) in the Appendix.
Power spectra computed from Eq. (8.42) closely match the graphs of Fig. A.15 which are ob-
tained by simulations. To determine the bandwidth B = B™*9, we find the first spectral zeros to
the right and to the left of the main band by a numerically exact evaluation of Eq. (5). From
these results we extract a simple empirical relation to estimate the SE of digitally generated
Nyquist signals:

_log, M 1<R, <1024, g=2
1+2.517/R, (8.43)

log, M for R,>1024, g=2

SE

Nyquist —

The resulting spectral efficiency according to Eq. (8.43) is plotted in Fig. A.15(a) (blue line).
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For OFDM the SE is influenced by the number of subcarriers N, or in other words by the
size of the inverse fast Fourier transform (IFFT) used for signal generation. For our discussion
we disregard more advanced OFDM techniques such as a cyclic prefix, guard bands or the
introduction of pilot tones that would decrease the SE. The resulting SE then is [61]
S _ log, M

OFDM 1 + l/N N

(8.44)

The normalized spectral efficiencies of OFDM signals are also depicted in Fig. A.15(a) (red
line). The SE of both techniques is almost equal.
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Fig. A.15. Spectral efficiency (SE) and peak-to-average power ratio (PAPR) for Nyquist pulses
and OFDM signals as a function of the number R of filter taps and the IFFT size N, respectively.
(a) Normalized spectral efficiency (SE) for single-polarization M-ary QAM modulation. Nyquist
shaped signals and OFDM signals show almost identical SE. (b) PAPR increases with filter order
R for single-carrier Nyquist signals slower than the PAPR for OFDM with the number of subcarri-
ers N.

A major issue that is often referred to reporting on OFDM is the high peak to average
power ratio (PAPR) of the time domain signal. This is due to the coherent superposition of
multiple sinusoidal carriers that could interfere constructively. As a consequence, high signal
amplitudes can occur. In the following we derive PAPR expressions at the transmitter side for
Nyquist pulse transmission and for OFDM signaling. At the transmitter, a large PAPR is most
critical regarding the rather low resolution of high-speed DACs, the conversion range of
which has to be utilized optimally. The PAPR at the receiver end depends heavily on proper-
ties of the transmission link like dispersion or nonlinearity tolerance. Therefore, general pre-
dictions cannot be made.

To derive an expression for the PAPR in OFDM we need to find the peak power and an
expression for the average power. A maximum value can be found as follows: In order to
compute the largest possible peak power of an OFDM signal x(¢), we assume without loss of
generality that the N subcarriers are modulated with a random sequence of real coefficients
cix ==*1. In this case the maximum amplitude is seen if all N maxima of the temporal sinusoi-
dals happen to add constructively at one point in time, see Fig. 2.22(a) at =0 and Eq. (8.22)
in the Appendix. The average power of such a random OFDM signal is the sum of the average
powers of the N orthogonal subcarriers. For arbitrary modulation coefficients cy, the average
power for ¢y = +1 has to be divided by a format dependent factor &* [85, 147]. In real-world
OFDM systems the infinitely extended ideal spectrum is narrowed by low-pass filtering, so
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that the orthogonality relation does not hold any more in the strict sense. Nevertheless, with
the orthogonality relation Eq. (8.2) and the power relation Eq. (8.8) we obtain a good approx-
imation of the average power given by Eq. (8.25) with QO = N. We thus approximate the PAP-
Rorpm by

2

PAPR .\, —=2°N. (8.45)

TINJE
The result of Eq. (8.45) for k* =1 is seen in Fig. A.15(b), red line. With increasing number N
of subcarriers the value for PAPRorpym increases linearly. However, the probability that an
OFDM signal actually has this peak amplitude decreases with the complexity of the M-ary
QAM modulation and with the number N of the subcarriers.

For Nyquist signals the PAPR has to be investigated, too, since a superposition of tempo-
rally shifted sinc-pulses, see Fig. 2.22(b), also produces high signal amplitudes at certain
times. We assume again that the Nyquist pulses are modulated with a random sequence of real
coefficients ¢ =+1. Although the local extrema of a single sinc-impulse are not located at
times ¢/ Ty =-0.5, 0.5, 1.5..., i. e., not in the center of the interval between zeros, it can be
shown that the extrema of superimposed Nyquist pulses are located at exactly these times,
Eq. (8.13) in the Appendix. For a worst-case consideration all contributions sum up construc-
tively, so in order to obtain the maximum compound signal we sum up the absolute values of
sinc-pulses at ¢/ Ty =1/2. If the compound Nyquist signal was constructed with infinitely
extended sinc-functions, the maximum signal power would not converge when the number of
Nyquist pulses increases. Nevertheless, sinc-functions located far away from the time of
summation only contribute little to the sum. For a finite approximation of a sinc-impulse as
described in Section 4, only Rp / ¢ pulses can contribute. Here the filter order Rp denotes the
number of time intervals 7/ g for g-fold oversampling, i. e., Rp stands for the length of the
impulse response. We find the maximum power, see Eq.(8.14) in the Appendix with

O=Rolq
RI2g) 1
P.= Z sinc[f—rj
r=—R/(2¢)+1 2

Technically speaking, P, could become arbitrarily large for large filter orders Ro. Yet, while

max

} . (8.46)

P increases with Ro, the probability for finding Ry sinc-pulses interfering constructively

max

decreases as well similarly to the OFDM case.

For finalizing the calculation of the PAPR, we need the average power of a single-carrier
Nyquist signal y(r) encoded with real coefficients ¢ ==1. According to [167] we find the
average power P of an ideal Nyquist signal (see Eq. (8.10) in the Appendix),

P= Ti [ sine (;J dr=1. (8.47)

s —o0 s
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As for band-limited OFDM spectra, orthogonality is lost for truncated Nyquist sinc-impulses.
If Nyquist pulses are generated with a filter of finite (but sufficiently large) order R, orthogo-
nality as implied by Eq. (8.47) is still a good assumption, so that the average power of trun-
cated Nyquist sinc-impulses is close to P =1. As before, for arbitrary modulation coefficients
cit, Eq. (8.47) has to be divided by a format dependent factor K [85, 147]. The PAPRNyquist
then follows from the ratio of maximum power P,,,, and average power P 1/ K,

2
. (1
sinc| ——r
2

} . (8.48)

e

Nyquist

PAPR = P zk{
P

r=—R/(2¢)+1

A detailed mathematical description is given in the Appendix, leading to Eq. (8.20). The
PAPR of Nyquist signals from Eq. (8.48) and &* =1 is plotted in Fig. A.15(b), blue line. Un-
like OFDM signals where the PAPR increases linearly, Eq. (8.45), the PAPR of Nyquist sig-
nals does not, due to the temporal decay of its elementary sinc-impulse. However, neither for
OFDM nor for single-carrier Nyquist pulses the PAPR converges with increasing IFFT size N
or filter order Ry, respectively.

In Nyquist WDM systems, the PAPR could be higher, because multiple spectral symbols
separated by at least F; might add up constructively as well. However, the Nyquist channel
spacing is typically in the order of several GHz [13, 68, 69] whereas OFDM carrier spacings
are often chosen to be in the MHz [31, 189] range. For large channel spacings as in Nyquist
WDM, however, strong signal peaks only occur for very short times, and dispersion causes
signal peaks to decay rapidly if large frequency differences are involved. Non-linear effects in
WDM systems have been investigated in [190].

A.6 Transmitter Implementation

This section on the implementation of the transmitter is based on [60] and has been extended
to include pulse shaping (in Section A.6.4), an example on the data flow in a 16QAM modu-
lation module (end of Section A.6.4), and an example for the compensation of the modulator
nonlinearities (end of Section A.6.5).

Implementation of an OFDM Capable Optical Multi-Format
Transmitter

R. Schmogrow, Master Thesis No. 803, Institute of Photonics and Quantum
FElectronics (Karlsruhe Institute of Technology, Karlsruhe, 2009). [60]

A.6.1 Digital to Analog Converters

The core component of the transmitter is the high speed digital-to-analog converter (DAC).
The fastest DAC that was available with FPGA compatible interfaces was selected for the
implementation of the transmitter (Micram — DAC 25). These high-speed digital to analog
converters (DAC) can be operated at clock rates up 32 GHz and feature a 4:1 multiplexing
circuit for the data inputs (see Fig. A.16). The serial data inputs can therefore operate at up to
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8 Gbit/s. For synchronization purposes, helper circuits are located on the DAC. In these cir-
cuits, each serial input may be compared to its neighbor to allow for synchronization of the
data inputs. Results are written in registers that can be polled by the FPGA. In addition to the
data comparison, the sampling point of the DAC can be set in 90° phase steps. This function-
ality is used when performing phase synchronization of all channels.
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Fig. A.16: Architecture of the digital to analog converter (DAC) used for the implementation of
the multi-format transmitter. The data from the FPGA is supplied through high speed interfaces at
Y4 of the sampling rate. The data is then fed to synchronization stages and afterwards multiplexed
to generate the bit streams at the full sampling rate. These bit streams are then supplied to the
DAC core for digital to analog conversion. The DAC is supplied with a sampling clock that is dis-
tributed on chip and divided to generate the reference clock (CLK/128) for the FPGA. The regis-
ters provide the control functions to the FPGA.

A.6.2 Choice of the FPGA Chip

For the implementation of the transmitter, the choice of FPGA chips was limited. Due to the
required speeds of the serial interfaces of the FPGA, only few chips could be chosen, of
which only one was available on an evaluation board (Xilinx - ML525) that could be used for
the setup. The chip chosen is the Xilinx Virtex 5 - XC5VFX200T with speed grade 2, which
is the fastest speed grade available. This chip offers a total number of 24 multi gigabit trans-
ceivers (MGT) that are specified for data rates up to 6.5 Gbit/s. As it will be shown later,
these chips can be overclocked to achieve the data rates necessary for the DACs.

A.6.3 Multi Gigabit Transmitter Design

The multi gigabit transmitter code design is crucial for successful operation of the transmitter.
Due to the 4:1 multiplexing circuit on the DAC, this will result in a sampling clock frequency
(CLK) of 25 GHz. The GTX transceivers have a parallel data interface which can be config-
ured for a number of parallel data lines of 32 bits or 40 bit. An interface width of 32 bit is
chosen as this fits perfectly to the reference clock (CLK/128 = 195.3 MHz), which is provided
by the DAC (Fig. A.16). However, since the high precision clocking inputs of the GTX have
to be used for jitter reasons, it is not possible to supply all 24 transmitters using a single clock
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source input. To overcome this issue the reference clock is split and supplied to two clock
inputs of the FPGA with each of the driving a set of GTX transmitters. This fact implies hav-
ing two clock domains on the FPGA that have the same frequency but not the same phase. For
stable operation it has to be taken care of that no errors occur in when data is transferred from
one clock domain to the other. Fig. A.17 illustrates the architecture of the user IP-core of the
transmitter module.

6 x 128 bits 6 x 4 x 32 bits
g > output [ > bit ] g
5 mapper | delay | : B
> 1 .. 48
\A 4 SMA
> D
sync GTX |« A
pattern | user - Ck_in | ¢
PRBS registers
YV ‘ ’
U Yy
bit01- - -5 PLB USR_CIk

Fig. A.17: Design of the GTX module. Two clock inputs (Clk_in) are provided by the DAC and
supplied to the GTX transceivers. An additional clock (DRP CIk) is provided for internal synchro-
nization purposes. The clock is then distributed to additional modules in the chip (USR_CIk). The
data bit vectors (bit0 ... 5) are fed to the sync pattern module, which can either pass the data
through, or generate a synchronization patter (e.g. pseudo random bit sequence — PRBS). This data
stream is then mapped to the different GTX transceivers and fed to a bit delay for synchronization
purposes. After the clock domain bridge (CDB), the data is fed to the GTX transceivers to be sent
to the DAC. User registers can be accessed through the processor local bus (PLB) to control the
functionality of this module.

The two ports of the reference clock from the DAC are fed to the GTX clock inputs. A sepa-
rate clock, which is needed to stabilize and synchronize all 24 GTX-transceivers within one
FPGA, is supplied through the dynamic reconfiguration port (DRP Clk). This clock is derived
from the 50 MHz oscillator which also drives the Power PC core.

At the input six bit vectors of 128 bit have to be provided at every clock cycle of the in-
ternal clock (USR_CIk). This specific length originates from the 32 bit data width of the GTX
transceivers and the 4:1 multiplexer on the DAC. The sync pattern block is used by the Power
PC core to supply the synchronization patterns during the synchronization routine. This block
is controlled through software by user registers and is transparent during regular operation.
For synchronization purposes the same 2°'—1 pseudo random bit sequence according to [70]
will be transmitted on all 24 GTX transmitters simultaneously. The implementation of the bit
stream generation is discussed in detail in section A.6.6 yet multiplexing is not necessary as
the maximum data rate for synchronization is fixed to 6.25 Gbit/s. The output mapper assigns
the components of the input bit vectors to the corresponding transmitters, which are deter-
mined by the 4:1 multiplexer and the actual wiring of the DAC and the FPGA. This has the
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advantage that all prior components of the FPGA design do not have to be aware of the actual
multiplexing sequence, thereby reducing complexity outside the actual transmitter module.
Also, in case the multiplexing sequence changes, only the mapping has to be readjusted.

Another important block of the transmitter design is the bit delay. For synchronization pur-
poses each GTX transmitter output can be delayed in single bit steps with respect to all other
outputs. This block is implemented as 32 bit first-in first-out (FIFO) shift registers with an
adjustable output window. The schematic setup of the bit delay block for bit delays up to 32
bits is shown in Fig. A.18.

Bit Delay
| —32Bits—— | 32Bits |
/" T
S B B | | |
— N A

Bit Delay

output window

Fig. A.18. Bit Delay FIFO Shift Registers. On each clock cycle, the first-in first-out shift register
(FIFO) is shifted by 32 bit. An adjustable output window is used to selects 32 output bits with an
arbitrary delay. The maximum delay is determined by the length of the shift register.

At every clock cycle a 32 bit shift is applied to a 64 bit register. A 32 bit output data window
masks data to be transmitted by the corresponding GTX transceiver. When adjusting the bit
delay value, the offset value for the output window is changed. In that way each of the 24
transmission channels can be delayed by 0 to 31 bit. For the final design, the bit delay was
extended to a maximum delay of of 127 bits. The functionality is demonstrated for two bit
patterns transmitted at 1.5 Gbit/s (see Fig. A.19). These signal waveforms have been meas-
ured using a real-time oscilloscope with 8 GSa/s and an electrical bandwidth of 1.5 GHz. In
Fig. A.19, two graphs are displayed, of which the red curve is delayed by two bits with re-
spect black curve. The bit delay block, just like the sync pattern block, is controlled by the
Power PC core through user registers. The actual bit delay values are set during synchroniza-
tion and stay fixed during regular operation.
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Fig. A.19. PRBS at 1.5 Gbit/s at the output of a GTX transmitter of the FPGA. When comparing
the regular output ( ) and delayed waveform ( ), one can clearly see the functionality of
the bit delay block Fig. A.18.

The next block is the clock domain bridge (CDB) that is necessary to overcome data incon-
sistencies resulting from the two clock domains of the GTX transceivers. These two clock
domain clocks have exactly the same frequency as they originate from a common clock.
However phase relations cannot be predicted. Therefore so-called asynchronous FIFO regis-
ters are inserted between the bit delay block and the actual transmitters. Each transmitter reads
out data from the FIFO by the rising edge of its individual clock. On the other side a common
clock shared by all modules involved in data generation is used to feed data to the FIFO regis-
ters also on the rising edge. Proper operation of these registers as well as the need for solving
intersecting clock domain issues has been proven and verified. From this block data is directly
fed to the GTX block or GTX wrapper. The GTX wrapper includes stabilization and synchro-
nization of all 24 transceivers. It has been created using the Xilinx IP-Core Generator. With
this tool all parameters and settings can be chosen using a wizard which guides the user
through all adjustable properties of the transceivers. It also provides an onboard synchroniza-
tion routine which is described in [191]. Output files of the core generator are in general
VHDL files which can be adjusted and inserted in the actual project or design.

A.6.4 Modulation Module

The modulation module is essential for the character of the transmitter. Since the design is
held modular and thus very flexible, basically any modulation format can be easily inserted in
between the pseudo random bit generation and the transmission block. One of the simplest
modulation modules is a sequence memory which holds a user waveform to be repeatedly
transmitted by the setup. This memory naturally does not need a pseudo random bit stream
generator (PRBS) thus removes complexity from the design. This is to be used for prototyp-
ing and initial testing of modulation formats. Transmission of these sequences into the
memory located on the FPGA is managed by the control PC and the Power PC core of the
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FPGA. Once a waveform has been stored, the transmitter will output the sequence repeatedly.
In this operating mode, the transmitter behaves like an arbitrary waveform generator with
sampling rates up to 34 GSa/s per channel and two synchronous outputs.

After prototyping, a real-time modulation module can replace offline signal generation.
The transmitter can generate any other kind of modulation scheme including on off keying
(OOK), phase shift keying (PSK), and Quadrature amplitude modulation (QAM). Fig. A.20
gives an overview of possible configurations of the modulation module.

Modulation Module

— N
// / NG
// // \\
/ ~
_— \\\\
Sequence OOK Pulse Shaping OFDM
Memory PSK -
0110101011101101 QPSK Nyquist \FET
e 16QAM Pulse =
EEERE . Shaping

Fig. A.20. Examples for modulation formats that can be implemented in the modulation module.
For prototyping, a sequence memory is available to store offline generated waveforms. By chang-
ing the modulation module, the transmitter can generate any kind of modulation format like on-
off-keying (OOK), phases shift keying (PSK), quadrature phase shift keying (QPSK), quadrature
amplitude modulation (QAM). It can also generate perform pulse shaping (e.g. Nyquist pulse
shaping) and signals with frequency multiplexing techniques (e.g. orthogonal frequency division
multiplexing (OFDM)).

All modulation schemes except for the sequence memory need some sort of bit generation,
which is done by a pseudo random bit stream generator as described in A.6.6. As an alterna-
tive, an external data source could be supplied. The data generated in the modulation module
is sent to GTX module that controls the multi gigabit transmitters (MGT) of the FPGA. The
modulation module can be easily extended with more functionalities as displayed in
Fig. A21.
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Fig. A.21. Additional features can be included in the modulation module, e.g.: framing, forward

error correction (FEC), or any other kind of precoding.

A framing module can take payload data namely pseudo random bit streams and put them into
a frame containing additional information such as headers. These can be used e.g. for routing
purposes and for control information. Forward error correction (FEC) is another feature which
is commonly used in most of today’s networks. To avoid that the payload data contains long
sequences of ones or zeros in a row or control sequences, encoding techniques such as
8B/10B coding can be applied online. This can be implemented in an encoding module which

translates incoming data according to the defined code.

An example for the data flow in a 16QAM modulation module is shown in Fig. A.22. In
this module, the bitstream is separated into two bitstreams for in-phase (I) and quadrature (Q)

components, which are subsequently encoded in electrical signals with four levels.
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Fig. A.22. Modulation module for 16QAM. In the modulation module for I6QAM, a PRBS at
100 Gbit/s is encoded into two signals with four signal levels each in real-time. Groups of four bits
are assigned to the symbols and subsequently demultiplexed to form two data streams of half the
data rate for the in-phase and quadrature components. The two bits per symbol now describe two

signals with four amplitude levels.
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A.6.5 Compensation of the nonlinear transfer function of the IQ

modulator

Electrical predistortion is used to compensate the non-linearity of the MZM amplitude trans-
fer function in each arm. The chosen bias for operation is the null point located at a differen-
tial phase shift of 180° (known as V), which is equal to a phase-shift of 90° in each arm of
the modulator. It can be seen from the amplitude transfer function in Fig. A.2 that this bias
will yield the best choice to avoid a strong non-linearity. However, when driving the modula-
tor with large amplitudes, the nonlinearities of the transfer function (A.2.1.1) will cause dis-
tortions of the signal. Electrical predistortion can overcome these degradations by linearizing
the transfer function. When the modulator is properly biased (A.2.2), the amplitude transfer
function of each arm will be a true sine wave. As discussed in [192], distorting the signal
waveform by an arcsine function will lead to a minimum of non-linear distortions by the
Mach Zehnder Modulator (MZM) (8.49).

x =sin (arcsin (x)) (8.49)

A graphic interpretation of the above described process is shown in Fig. A.23. The black
curve represents the MZM transfer function when biased as discussed. The maximum ampli-
tude of the drive signal is V. The actual signal amplitude must be known when applying elec-
trical predistortion. The red curve shows the predistortion function from (8.49). Pre-distorting
the electrical signal with an arcsine function will lead to a reduction of the effective resolution
of the digital to analog converters (DAC). In the worst case, which is the maximum ampli-
tude, this reduction is about 36 % (8.50).

1-—L <036 (8.50)
/2

To overcome the issue of effective resolution reduction an external predistortion circuit may
be used. In that way the whole 6 bit resolution of the DAC boards can be used. Such an exter-
nal predistortion circuit is proposed in [192] although it does not fulfill the bandwidth re-
quirements for highest data rates. When applying predistortion to the signal the combined
transfer function are now linear (blue curve in Fig. A.23).
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Fig. A.23. Electrical predistortion. To compensate for the nonlinear modulator transfer function
( ) the electrical predistortion function ( ) is applied. The overall transfer function is now
linear (- ).

Other applications for electrical predistortion of the modulated signal besides compensating
modulator non-linearity is compensating dispersion effects in optical fiber. These techniques
have been shown in [81] and can be applied to signals of any modulation format. However,
predistortion to compensate for fiber dispersion needs fixed optical channels since dispersion
characteristics of the applied fiber span has to be known prior to transmission.

The effect of the nonlinearity of the modulator on a 16 QAM signal is displayed in
Fig. A.24. One can see that the constellation points in the constellation diagram are no longer
equally spaced (Fig. A.24 right hand side).

Transfer Function Output Signal Constellation Diagram
A A

Input Signal
Q-Arm

Fig. A.24. Distortion of an ideal 16QAM drive signal. The input signal for the Q-arm has equidis-
tant signal levels. After applying the transfer function of the Mach-Zehnder, the signal levels of
the output signal are no longer equidistant. In combination with the I-arm of the IQ-Modulator this
leads to constellation points that are not equidistant, limiting the resilience to white noise of the
generated 16QAM data signal.
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The resilience of the generated data signal to additive noise will therefore be suboptimal. This
can be circumvented by pre-compensation of the modulator transfer function as it is illustrat-
ed in Fig. A.25.

Transfer Function Output Signal Constellation Diagram
A A

/

Input Signal 1

t 4

Fig. A.25. An ideal constellation diagram is achieved when a predistortion is applied to the modu-
lator drive signal. The signal levels of the input signal are modified such that the signal levels of
the output signal are now equidistant. This leads to an ideal constellation diagram at the transmitter
output.

For a 16QAM signal, the pre-compensation has been implemented by slightly modifying the
modulation module to generate a signal with non-equidistant signal levels.

A.6.6 Multi Gigabit PRBS Generator

According to the standard described in [70], pseudo random bit sequences (PRBS) are created
following well defined computation instructions. One way of creating such sequences is the
use of a shifting register and a simple XOR logic gate. Fig. A.26 shows the defining circuit
for two PRBS of different lengths. After this length the bit stream is repeated periodically.

X
A
L{6|5|4|3|2|1 0

2’1 PRBS

L>{30|29|28|27| ----- [4]3

2.1 PRBS

2]1]o

Fig. A.26. Circuits for the generation of pseudo random bit sequences with the lengths of 27-1 and
2311 bit. The sequence is generated using linear feedback shift registers, where certain parts of the
shift register are combined in an XOR (@) to be fed back to the input of the shift register.
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Using shift registers it is only possible to compute a single bit per clock cycle. However in
order to generate multi gigabit streams it is essential to parallelize the bit sequence generation.
Running this setup at multiple GHz is not possible, as the maximum internal clock frequency
of today’s available FPGAs is in the order of 400 MHz. One way to parallelize bit generation
is to modify the serial nature of Fig. A.26 to a more parallel process by using a general math-
ematical description of the given procedure.

bn = bnf7 ®bn76 (8.51)

b,=b, 5 ®b, 5 (8.52)

n

In equations (8.51) and (8.52) b, is the value of the n bit which is computed by an XOR log-
ical operation between prior bits of the very same sequence. Equation (8.51) shows the func-
tion for generating a PRBS with a length of 2'~1 whereas (8.52) is related to a PRBS with a
length of 2°'~1. Taking advantage of these functions it is convenient to generate up to 16 bits
(8.51) respectively 32 bits (8.52) at a single clock cycle. However, this technique is limited as
at some point a single XOR gate is no longer sufficient to compute the n' bit. When looking
at a PRBS 2%!-1, the generation of the 40" bit e.g. needs the values of the 9™ and the 12" bit
as inputs. These values are created at the same clock cycle, so (8.52) essentially becomes
(8.53).

by =(by, ®b s )® (b ®b.,5) (8.53)
At this point already two cascaded logical operations are needed which naturally increases

computation time. So the need for very high rates implies using an additional technique which
complements the above described parallel bit generation.

l SEED

I calculate initial values

odds evens

parallel parallel
XOR logid [0 2N-1]  [XOR logic

A

odds evens

parallel : : parallel
XOR logic. [ 2N 4N-1]  XOR logic
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Fig. A.27. Generation of a PRBS using a 2:1 multiplexer and a parallelized PRBS algorithm. The
initial values of the first 2N bits of the PRBS are calculated from a seed using the standard shift
register method. They are then demultiplexed into two vectors of the length N to form the input of
two parallel XOR logic circuits, of which each calculates N bit of the next 2N bit of the PRBS.
The newly generated 2N bit of the PRBS are obtained by multiplexing the N bit output sequences
of the parallel XOR logic circuits.
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Another characteristic of a standard PRBS comes into play. It is well known, that two ex-
cerpts of the same PRBS 2°~1 with /= 2" that are delayed with respect to each other by /2,
can be multiplexed to form a longer part of the very same bit sequence. The combination of
parallel bit generation and multiplexing technique is illustrated for a 2:1 multiplexer (MUX)
in Fig. A.27.

Initially a so-called seed has to be fed to the algorithm which calculates two vectors with
the length of N parallel bits gained from parallel XOR logic. Both vectors originate from the
same PRBS and are delayed by exactly // 2. Multiplexing both vectors in a zipper like fash-
ion, the output vector is of twice the length of the two input vectors. Furthermore the output is
identical to the initial PRBS calculated up to two times N. After multiplexing, the algorithm
uses parallel bit generation to compute the next two vectors to be multiplexed again. With this
algorithm two smaller vectors are calculated simultaneously and a vector twice as long is pro-
vided at the output. Functionality of the program has been demonstrated using a Matlab pro-
gram which compares regular successive generation of a PRBS with the algorithm described
above. Essentially, both outputs turned out to be identical. In order to experimentally back up
this method, an FPGA design has been implemented which features a 1.5 Gbit/s PRBS using
online signal generation. The FPGA provides multi gigabit transceivers (MGT) which are
operated at 1.5 Gbit/s each. The MGT takes a vector of 20 bits at a frequency of 75 MHz for
transmission. Fig. A.28 shows two PRBS with a length of 2’-1 that have been generated dif-
ferently. The black curve has been generated without the multiplexing procedure with exactly
20 bit per clock cycle at 75 MHz while the red curve was created using the algorithm shown
in Fig. A.27. For the second curve, the clock frequency for the generation of the sequence was
set to 37.5 MHz and the circuit generated 40 bit per cycle. Both output measurements are
identical with respect to their binary information and therefore the multiplexing algorithm
yields the same result as regular generation, yet giving twice the number of bits per clock cy-
cle.

Further increase of bits per clock cycle implies adding a more complex multiplexing
scheme. These more complex algorithms can be implemented by cascading the method de-
scribed above. For an m:1 multiplexer with m =2" (n=1,2,3,4,...) as seen in Fig. A.29, m
smaller excerpts of a PRBS are multiplexed to form a longer excerpt of that PRBS.
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Fig. A.28. Measured PRBS sequences at 1.5 Gbit/s with a length of 27-1 that have been generated
in the regular way using parallel XOR logic ( ) and using multiplexing in addition to generate
a larger number of bits per clock cycle (- ). It can be seen that the bit sequences are identical.

All excerpts must have a defined offset with respect to the seed and must be multiplexed in
the right order. Naturally the number of input vectors to the multiplexer is fixed to a power of
two. For the final design an algorithm with 32 bits per cycle and an additional 8:1 multiplexer
is used. This way, a number of 256 bit are generated per clock cycle. When operating this
PRBS generator at the maximum clock frequency of 390.625 MHz data rates up to 100 Gbit/s
can be generated in real-time. These rates could also be achieved storing a sequence in local
memory, however, the memory of the FPGA is not large enough to hold the longest PRBS
sequences of interest (231 — 1), and therefore, online bit generation as described is inevitable.

] [ar] [3 (m=0x1] [

L T |
\ m:1 MUX /

m m m m

n : length of input prbs vectors
OFFSET | : length of whole prbs + 1
Fig. A.29. Algorithm for the generation of a large number of bits of a PRBS using an m:1 multi-

plexer. The required offset of the single PRBS generators (blue boxes) is given in this figure. The
number of PRBS generators to be multiplexed must be equal to a power of two.
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A.7 Waveshaper
This description of the Finisar waveshaper was first published in [166].

Comb Generation for Next Generation Optical

Transmission Systems

M. Jordan, Diploma Thesis No. 846, Institute of Photonics and Quantum Elec-
tronics (Karlsruhe Institute of Technology, Karlsruhe, 2012) [166].

The waveshaper (WS) is a fully programmable filter with 1:4 demultiplexing or 4:1 multi-
plexing capabilities. It is able to create a wavelength dependent attenuation and phase charac-
teristic. Furthermore, it offers the possibility to switch the input signal to different output
ports depending on the wavelength. This way a waveshaper acts as a wavelength selective
switch (WSS) with the possibility to modify the spectral shape for each channel.

The setup of such a ROADM is shown in Fig. A.30. The spectral components of the in-
put signal into the Waveshaper have to be separated in space. This is done in a dispersive ele-
ment which is build up from a combination of prism and a grating Fig. A.30 (6). By refractive
(3) and mirroring (4) optics the spectral components are imaged on the horizontal axis of the
modulating element (7). This modulating element is a liquid crystal on silicon (LCoS) micro
display.

On the LCoS display the different spectral components can be addressed by pixel col-
umns. In the waveshaper used in the experiments, each pixel column covers a spectral range
of about 7 GHz. For each of those pixel columns the signal can be set in phase and amplitude.
The resulting transfer function of the waveshaper is approximately the convolution of the
Gaussian beam caused by the optics and rectangular transfer function of the pixel columns.
Thus the spectral resolution of the waveshaper is limited to about 7 GHz.
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Fig. A.30: Optical scheme of an LCoS ROADM [166]: Light which enters WS through the fiber
(1) gets reflected by a mirror (4) and divided in its spectral components (5). The dispersed beam
gets reflected again and projected onto the micro display (6). The light is reflected by the display
and routed backwards to the fiber array. By using some imaging optics (3) the beam is spread over
the display height and refocused in the output fiber. Polarization diversity optics (2) separates two
orthogonal polarizations and turns one by 90° to overcome the polarization sensitivity of the LCoS
display.

In vertical direction the beam is stretched by imaging optics to cover a large number of
pixel rows. This way each pixel column covers a certain spectral range. By applying a saw
tooth structure to a pixel column it is possible to build a Fresnel lens on the reflecting surface
(Fig. A.31). Through this, the incident wave is reflected at the required angle towards the de-
sired output port. The beam has to cover a large number of pixel rows to route the beam pre-
cisely to the desired output port. By a slight detuning of the vertical saw tooth profile it is
possible to reduce the coupling efficiency into the output fiber. This way, the attenuation for

each wavelength can be adjusted.

By shifting the phase of a whole pixel column relative to the neighboring column it is

possible to control the phase of the different wavelength.

As the overall transfer function depends also on the beam waist of the imaging system,
neighboring wavelengths cannot be affected completely independent. When implementing a
large attenuation step, a significant amount of light is leaking into neighboring wavelengths.
High phase steps will affect the neighboring wavelength and lead to a reduced power caused
by destructive interference.
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Fig. A.31: Port routing of an LCoS ROADM [166]: Light coming through a fiber (1) is spread
over a large amount of pixel rows on an LCoS micro display (3). Controlling the pixels LC refrac-
tion index changes the phase of the reflected light. By apply a linear tilt (4) in the phase the direc-
tion of the reflected light can be controlled. To overcome a limited control range of the phase, a
phase reset after 2 is performed. The surface of the LCoS is plane. The physical saw tooth surface
shown in the figure (3) illustrates the effect via an equivalent phase shift by a physical profile.

The LCoS display is operated as a phase modulator of the reflected light. By applying a
voltage to a liquid crystal its refraction index changes. This way it is possible to modify the
optical path length and thus the phase of the signal. Fig. A.32 shows the buildup of an LCoS
structure. On a silicon substrate there are CMOS structures to control the voltage of the LCoS
cell. The system is operated in reflection. To improve this reflection an additional reflective
coating is put on the substrate. On top of the reflective coating the liquid crystal is placed. In
the presence of an electric field the crystals get aligned and the whole layer becomes birefrin-
gent. An alignment layer improves the crystals alignment. To build up a electric field over the
LC a second electrode is needed. An indium tin oxide (ITO) layer serves as transparent elec-
trode and closes the electric circuit over the LC. The whole system is closed and protected by

a cover glass.
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Fig. A.32: LCoS buildup [166]: A CMOS structure (1) contains a pixel matrix of electrodes with
driver electronics. A reflection layer (2) improves the reflection of the incident light. Liquid crystal
(3) is responsible for the modulation. Depending of the applied electric field the crystals are
aligned. The aligned crystal becomes birefringent and changes its refractive index. This results in a
phase change of reflected light. To keep the crystals properly aligned, an alignment layer (4) is
used. The transparent indium tin oxide (ITO) layer (5) acts as the second electrode to establish the
electric field. The system is closed and protected by a cover glass (6).

The phase shift is highly polarization dependent because the refractive index change is
introduced by birefringence of the liquid crystals. Therefore a polarization diversity scheme is
required (Fig. A.30 (2)). The incoming signal is split into orthogonal polarizations. One of
them is rotated by 90 degree and shifted vertically. This way both polarizations are processed
in parallel and recombined before they enter the output ports.
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Appendix C: Glossary

C.1 List of Symbols

Greek Symbols

o

TG

TBER

D

D> Pys Py

(2%}

P> Pq

Pri>Pra

Probability that a measured BER lies within a certain confidence

interval &

Local group velocity dispersion GVD coefficient

Electrical signal-to-noise power ratio

Shot-noise limited electrical signal-to-noise ratio

Confidence Interval

Quantum efficiency of a photodiode

Phase of the optical carrier, see eq. (2.1)

Optical wavelength

Wavelength of the optical carrier in a receiver

Root mean square if various error vectors Eqy

Standard deviation of the PDF of the “1” level in an eye diagram
Standard deviation of the PDF of the “0” level in an eye diagram
Delay of a delay interferometer

Duration of a guard interval in case of OFDM

BER measurement time for given confidence

Initial carrier phase of the modulator and overall delay phase delay

Phase shift in a Mach-Zehnder modulator, delay interferometer, or
FFT structure m, n=1,2, 3, ...

Phases of the phase modulators in a Mach-Zehnder modulator

Phase difference in the in-phase (I) or quadrature phase (Q) Mach-
Zehnder modulator in an 1Q-modulator

Phases of the phase modulators in the in-phase Mach-Zehnder
modulator in an 1Q-modulator
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Glossary

Dq.15Pq.2

Aw

o8

Phases of the phase modulators in the quadrature phase Mach-
Zehnder modulator in an IQ-modulator

Angular carrier spacing of an OFDM signal

Angular center frequency of a Gaussian filter

Latin Symbols

A

B\
BER

BER

op

&

Phasor of a complex signal, sometimes also referred to as complex
field vector (2.5)

Amplitude of an optical carrier or of a signal
Bandwidth of a channel

Bandwidth of a Nyquist signal

Bit error probability or bit error ratio

BER at the optimum threshold

Bitrate of a channel

Electrical filter bandwidth in a direct detection receiver
Bandwidth of an OFDM signal

Optical filter bandwidth in a receiver

Reference bandwidth for OSNR

Accumulated group velocity dispersion (GVD)

Number of bits transmitted per symbol

n" bit of a PRBS sequence

Information capacity of a data transmission (measured in bit/s)
Complexity of the FFT with delay interferometers

Complexity of the direct FFT implementation

Amount of cyclic prefix with respect to the effective OFDM sym-
bol duration CP=7,/(T, +7,)

Speed of light in vacuum

Complex modulation coefficients of an OFDM signal or an aggre-
gated Nyquist WDM frequency band

Received complex modulation coefficients of an OFDM signal —

ideally equal to ¢,



Nyq
F,

OFDM
F

EVM
EVM,
EVM
EVM

tot

Sonax

Glossary

Electric field strength in front of photo detector in a direct detection

receiver

Electrical field of the optical carrier, see eq. (2.1)
Error vector of a received phasor

Error vector of the i-th symbol

Size of the even DFT when performing the FFT
Received phasor of a signal

Received phasor of the i-th symbol

Transmitted phasor of a signal

Transmitted phasor of the i-th symbol

Average field resulting from summing the powers of all M possible
symbols

Maximum field in the constellation

Nyquist bandwidth of a signal, spectral width of a Nyquist signal,
typically equal to the symbol rate F,"**

Symbol rate of a Nyquist signal
Symbol rate of an OFDM signal
Elementary charge

Error vector magnitude

EVM normalized to the average field

Et‘a

EVM normalized to the maximum field in the constellation
Total EVM of a super-channel

Noise figure

Sampling frequency

Frequency

RF-carrier frequency of an OFDM signal

Carrier frequency

Carrier frequencies (also with k=1, 2, 3)

Frequency of the incident light at a photodiode

Maximum frequency in a signal without aliasing
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166  Glossary

Jo
Ja

m

Optical carrier frequency

Maximum frequency in a signal without aliasing
Carrier spacing of a signal

Power gain of an optical amplifier

Transfer function of a modulator

Channel transfer function

Transfer function of the m-th FFT output in the frequency domain
Planck’s constant

Filter coefficients of an FIR filter

Received voltage impulse, e. g. raised cosine
In-phase component of a signal

In-phase axis in a constellation or time diagram
Generated electrical current in a photo detector
Whole number

Subcarrier indices

In A.6.6: length of the PRBS sequence 21 + 1
Transmission fiber length

Number of constellation points of a given modulation format
(e.g. M-QAM or M-PSK)

Frequency index of a subcarrier of an OFDM symbol at the FFT
input or IFFT output

In A.6.6: Number of inputs of an m:1 multiplexer

Number of time or frequency samples processed by the FFT or
IFFT, Number of OFDM carriers, Number of carriers in a Nyquist
WDM system

In A.6.6 length of the sections of the PRBS sequence to be multi-
plexed.

Number of analyzed symbols for computation of the error vector
magnitude

Number of bits per sample in a DAC



va pol

ASE

O, pol
PASE

S,a
(1)

s

P

max

P

N
PO

PAPR

Nyquist

PAPR

OFDM

Glossary

Time index of a sample of an OFDM symbol the FFT output or
IFFT input
InA.6.6 neN

Spontaneous emission factor
Size of the odd DFT when performing the FFT

Optical signal-to-noise ratio. Signal power with respect to the po-
larized ASE power in the actual optical receiver bandwidth B,

Optical signal-to-noise ratio with fixed reference bandwidth. Signal
power related to the unpolarized ASE power in a fixed reference
bandwidth

Average power of a Nyquist signal with sinc-pulses
Polarized noise power within bandwidth B,

Polarized ASE power in the actual optical receiver bandwidth B,
Optical Power at the input of a photodiode

Average signal power in a receiver

Signal power of a typical voltage impulse

Maximum peak power of a Nyquist signal with sinc-pulses
Average noise power in a receiver

Optical receiver input power

Peak-to-average power ratio of a Nyquist signal
Peak-to-average power ratio of an OFDM signal

Number of stages in an FFT of the order N = 2” or index of an FFT
stage

Probability of transmitting a “1”

Probability of transmitting a “0”

Quadrature phase component of a signal

Quality factor of a signal as defined in eq. (8.37)
Quadrature axis in constellation or time diagram
Oversampling factor

Symbol rate of a signal

Order of an FIR-filter
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168  Glossary

-
r(t+iT))
7@ )

S, ()
SE
SENyquist
SEOFDM

T

Exponent in BER = 107

Received OFDM signal

Received OFDM symbol

Optical filter transfer function

Spectral efficiency of a signal, see eq. (1.1)
Spectral efficiency of a Nyquist signal
Spectral efficiency of an OFDM signal
Symbol duration of a signal

OFDM: Temporal width of symbol, defined as 7, =1/ Af',
Nyquist: temporal subcarrier spacing

Temporal distance of sampling points of a discrete signal.
Time

Temporal position of the Nyquist pulse of symbol &

Voltage after detection in a direct detection receiver

Optimum decision threshold for a minimum BER,,

Threshold voltage

Average voltage of the “1” level in an eye diagram

Average voltage of the “0” level in an eye diagram

Probability density function for the “1” level in an eye diagram
Probability density function for the “0” level in an eye diagram
Spectrum of the OFDM signal

Spectrum of the i-th symbol of an OFDM signal

Spectrum of one OFDM subcarrier within an OFDM symbol

Data encoded on the m-th subcarrier of an OFDM symbol,
also m-th frequency sample of a signal in the frequency domain

Continuous output signal of an FFT structure
Fourier transform of the continuous output signal of an FFT.
OFDM signal, infinite sequence of temporal symbols x (¥)
Fourier transform of the OFDM signal * Q) .

Temporal symbols superscripted with i of an OFDM signal x(¢)



Glossary

n-th time sample of an OFDM symbol,

also m-th sample of a signal in the time domain

Spectrum of a Nyquist WDM band with N pulse shaped channels
The ith spectral Nyquist symbol

Spectrum of one Nyquist pulse

Nyquist signal

Train of modulated Nyquist-pulses

Single Nyquist pulse

Variable

C.2 Acronyms

16QAM
64QAM
ADC
ASE
ASK
AWG
AWGN
B2B
BER
BERT
BPSK
C

CD
CDB
CLK
Co-WDM
CP
DAC
DCA

16ary quadrature amplitude modulation
64ary quadrature amplitude modulation
Analog-to-digital converter

Amplified spontaneous emissions
Amplitude shift keying

Arbitrary waveform generator

Additive white Gaussian noise
Back-to-back, characterization without transmission link
Bit error ratio

Bit error tester

Binary phase shift keying

Optical coupler

Chromatic dispersion

Clock domain bridge

Sampling clock frequency

Coherent wavelength division multiplexing
Cyclic prefix or cyclic postfix
Digital-to-analog converter

Digital communications analyzer - Agilent Oscilloscope
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DCF
DFT

DI

DIL
DMX
DP-16QAM
DP-BPSK
DP-QPSK
DPSK
DQPSK
DRP

DSP

EA

EAM
ECL
EDFA
EVM
FDM
FEC

FFT
FIFO

FIR
FPGA
FSK

FSR
GVD
HNLF
IDFT
IFFT

IL

Dispersion compensating fiber

Discrete Fourier transform

Delay interferometer

Dis-interleaver

Demultiplexer

Dual polarization 16ary quadrature amplitude modulation
Dual polarization binary phase shift keying
Dual polarization quadrature phase shift keying
Differential phase shift keying

Differential quadrature phase shift keying
Dynamic reconfiguration port

Digital signal processing

Electronic Amplifier

Electro-absorption modulator

External cavity laser

Erbium doped fiber amplifier

Error vector magnitude

Frequency division multiplexing

Forward error correction

Fast Fourier transform

First-in first-out shift register

Finite impulse response filter

Field programmable gate array

Frequency shift keying

Free spectral range of a filter

Group velocity dispersion

Highly nonlinear fiber

Discrete Fourier transform

Inverse fast Fourier transform

Interleaver



IOFFT
1Q-modulator
ISI

ITO
ITU
ITU-T
LCoS
LiNbO3
LO
MCM
MGT
MLL
MUX
MZM
NLE
NRZ
Nyquist WDM
OA
OFDM
OFFT
OMA
OOK
OSA
OSNR
OTDM
PAM4
PAPR
pdf
PDM
PLB

Glossary

Inverse optical fast Fourier transform
Modulator for complex modulation
Intersymbol interference

Indium tin oxide

International Telecommunication Union
Telecommunication standardization sector of ITU
Liquid crystal on silicon

Lithium Niobate

Local oscillator

Multi carrier modulation

Multi gigabit transceivers

Mode-locked laser

Multiplexer

Mach-Zehnder modulator

Nonlinear element

Non-return to zero

Nyquist wavelength division multiplexing
Optical pre-amplifier

Orthogonal frequency division multiplexing
Optical fast Fourier transform

Agilent optical modulation analyzer N4391A
On-off-keying

Optical spectrum analyzer

Optical signal to noise ratio

Optical time division multiplexing

Pulse amplitude modulation with 4 signal levels
Peak-to-average power ratio

Probability density function

Polarization division multiplexing

Processor local bus
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PMD Polarization mode dispersion
PoIMUX Polarization multiplexing

Pol-SK Polarization shift keying

PRBS Pseudo random bit sequence

PS, P/S Parallel-to-serial conversion

PSK Phase shift keying

QAM Quadrature amplitude modulation
QPSK Quadrature phase shift keying
RF Radio frequency

RFS Recirculating frequency shifter
RX Receiver

SE Spectral efficiency

SNR Signal to noise ratio

SOA Semiconductor optical amplifier
SP, S/P Serial-to-parallel conversion
SP-BPSK Single polarization binary phase shift keying

SSMF, SMF-28 Standard single mode fiber

STFT Short-time Fourier Transform

TDM Time division multiplexing

TX Transmitter

UART Universal asynchronous receiver transmitter
VHDL VHSIC hardware description language
VHSIC Very high speed integrated circuit

WDM Wavelength division multiplexing

WGR Waveguide grating router

WS Waveshaper

WSS Wavelength selective switch

XOR Exclusive OR logic gate
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