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palavras-chave

resumo

Sistemas de comunicagcdo OStica, formatos de modulacio de ordem
elevada, detecao coerente, processamento digital de sinal, supercanais,
400G, equalizacdo ndo linear, propagacao digital inversa.

A presente tese foca-se na equalizacao digital das distorces da fibra
para sistemas Oticos de transmissdo coerente. S3o propostas novas
técnicas eficientes e de baixa complexidade para a equalizacdo e
mitigacao das distor¢Oes nao lineares da fibra, e o compromisso entre
desempenho e complexidade é testado numericamente e demonstrado
experimental em sistemas de transmissdo metro e longa distancia
baseados em supercanais 400G.

A propagacao digital inversa baseada no método de split-step Fourier e
equalizadores nao lineares de séries de Volterra de baixa complexidade
sao testadas experimentalmente num sistema baseado em supercanais
uniformes. Ao contrdrio dos métodos convencionais utilizados, estas
técnicas podem ser implementadas utilizando menos interacdes e ainda
extender o alcance do sistema face as técnicas de equalizagcdo linear.
Para além disso, a complexidade do método baseado em Volterra
pode ser facilmente ajustada alterando a dimensao do filtro n3o linear
de acordo com os requisitos do sistema, concedendo assim maior
flexibilidade ao bloco de equalizagdo nao linear.

Tendo em vista as futuras redes flexiveis, um supercanal hibrido na
frequéncia é proposto de modo a aumentar a granularidade da taxa
de transmissdo do sistema. A problematica da relacdo de poténcia
entre as portadoras do supercanal é abordada e optimizada em regimes
de operacao linear e nao linear utilizando paradigmas diferentes de
cédigos correctores de erros. A aplicacao de um tnico cédigo corrector
de erros a totalidade do supercanal mostra ser a abordagem mais
robusta, tolerando maiores incertezas na optimizacdo dos parametros
do sistema.

O ganho de desempenho dado pela aplicacdo de diferentes técnicas
de propagacao digital inversa em sistemas de supercanais hibridos na
frequéncia é tamém analizado, assim como as suas implicacdes na
relacdo Optima de poténcia. Mostra-se que esta pode ser restringida
a portadora que transporta o formato de modulacdo de ordem mais
elevada, uma vez que o beneficio trazido pelas restantes portadotas
é negligencidvel, permitindo reduzir significativamente a complexidade
do algoritmo aplicado.
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abstract

Optical communication systems, high-order modulation formats,
coherent detection, digital signal processing, superchannels, 400G,
nonlinear equalization, digital backpropagation.

This thesis focus on the digital equalization of fiber impairments
for coherent optical transmission systems. New efficient and low-
complexity equalization and mitigation techniques that counteract
fiber nonlinear impairments are proposed and the tradeoff between
performance and complexity is numerically assessed and experimentally
demonstrated in metro and long-haul 400G superchannels-based
transmission systems.

Digital backpropagation (DBP) based on low-complexity split-
step Fourier method and Volterra series nonlinear equalizers are
experimentally assessed in an uniform superchannel system. In contrast
with standard DBP methods, these techniques prove to be able to be
implemented with larger step-sizes, consequently requiring a reduced
number of multiplications, and still achieve a significant reach extension
over linear equalization techniques. Moreover, given its structure, the
complexity of the proposed Volterra-based DBP approach can be easily
adjusted by changing the nonlinear filter dimension according to the
system requirements, thus providing a higher flexibility to the nonlinear
equalization block.

A frequency-hybrid superchannel envisioning near-future flexible
networks is then proposed as a way to increase the system bit-rate
granularity. The problematic of the power-ratio between superchannel
carriers is addressed and optimized for linear and nonlinear operation
regimes using three distinct FEC paradigms. Applying a single FEC
to the entire superchannel has a simpler implementation and is found
to be a more robust approach, tolerating larger uncertainties on the
system parameters optimization.

We also investigate the performance gain provided by the application
of different DBP techniques in frequency-hybrid superchannel systems,
and its implications on the optimum power-ratio. It is shown that
the application of DBP can be restricted to the carrier transporting
the higher cardinality QAM format, since the DBP benefit on the
other carriers is negligible, which might bring a substantially complexity
reduction of the DBP technique applied to the superchannel.
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Chapter 1

Introduction

Internet traffic has been significantly increasing for the last two and a half decades.
According to the Cisco visual networking index report, the global Internet Protocol (IP)
traffic will continue to increase at a rate of 24% per year until 2021 mainly driven by the
progressively increase of cloud computing, mobile data, media streaming, among others
[1, 2]. Twenty years ago, global Internet networks carried approximately 100 Gbit of
traffic per hour, while in 2016, it reached more than 26,600 Gbit of traffic per second [1].
From Figure 1.1 it can be observed that the global IP traffic is expected to almost triple
from 2016 to 2021. The insatiable demand for more bandwidth drove and continues to
drive the development of new techniques towards the enabling of the network scalability.
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Figure 1.1: Cisco Visual Networking Index traffic forecast from the years 2016 to 2021, in
exabytes per month [1].

The recent technological achievements in the optical and electrical domains enabled
the adoption of advanced modulation techniques, together with coherent detection and
digital signal processing (DSP) for metro and core optical transmission systems. Coherent
detection systems offer the possibility to convert to the electrical domain the optical
amplitude, phase and polarization of the received signals, enabling the use of DSP
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techniques to compensate for the transmitter, optical channel and receiver impairments.
This in turn eliminates the need for complex and costly compensation techniques applied
in the optical domain, thus avoiding the use of optical components such as dispersion-
compensation fibers, optical-polarization controllers and optical-delay lines, as were used
previously in direct detection systems [3]. Besides, coherent detection leveraged the
adoption of advanced modulation formats based on polarization-multiplexed (PM) and
quadrature amplitude modulation (QAM) formats. The use of such modulation formats
brings associated a possible increase of the system spectral efficiency (SE), which is
defined as the information rate that is being transmitted over a given bandwidth and it
is usually measured in bits/s/Hz. Which means that, for the same optical bandwidth,
the amount of data being transmitted in each carrier can be increased, or alternatively,
for the same information rate, the optical bandwidth can be reduced [4].

High-speed optical transmission systems based on coherent detection and advanced
modulation formats have proliferated in the last few years. They proved to be a
reliable alternative to the standardized 10G single-channel systems based on simple on-
off keying (OOK) modulation formats (1 bit per symbol) and direct detection. PM-
quadrature phase-shift keying (QPSK) modulation format (2 bits per symbol and per
polarization) was considered by the Optical Internetworking Forum (OIF) the standard
for the currently deployed long-haul 100 Gbit/s (100G) systems [2]. The PM-QPSK
has a high tolerance to the optical fiber transmission impairments, such as chromatic
dispersion (CD), polarization-mode dispersion (PMD), and optical loss, yielding a good
balance between fiber capacity and optical reach. Moreover, since it is compatible with
the standard 50 GHz ITU-T fixed grid, and therefore with the installed reconfigurable
optical add-drop multiplexers (ROADMSs) that are based on wavelength selective switch
(WSS) technology, the accommodation of PM-QPSK signals dismisses the additional
costs associated to the replacement of the existing networks infrastructures [4-6]. For
the standard 50 GHz ITU-T fixed grid, the recently proposed PM-QPSK-based 100G
systems enables a ten fold improvement of the SE when compared to the standard OOK-
based 10G systems (2 bits/s/Hz for PM-QPSK over 0.2 bits/s/Hz for OOK).

Despite the advantages brought by coherent systems, the continuous growth of data
traffic has been pushing the currently deployed 100G optical networks to its limits.
Telecomunication operators are now looking for new cost-effective transmission paradigms
for the next-generation high-speed optical communication systems, that allows the scale
of the network capacity without compromising the optical transmission reach [3, 7-9].
Currently, the tradeoff between SE and maximum transmission distance is at the center
of the investigation for the next-generation networks.

A simple way to improve SE is by increasing the modulation formats order. However,
in such a case, for the same optical power, the constellation points of the higher-
order modulation formats become closer to each other, thus negatively affecting the
optical signal-to-noise ratio (OSNR) requirements. This, in turn, will reduce the optical
transmission distance achievable prior to the regeneration nodes for the same bit-error
rate (BER) threshold [10]. Besides, high-order modulation formats are significantly more
sensitive to fiber transmission impairments and to narrow optical filtering [2]. On the
other hand, for the same modulation format, the SE of the system can be improved by
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the use of a higher symbol rate (when considering the same optical grid). However, it will
require the use of higher-speed analog-to-digital converters (ADCs) and digital-to-analog
converters (DACs), while higher-order modulation formats will require converters with
a higher effective number of bits, which in both cases might be hard to achieve due to
budget or technological constraints [5].

Different technologies have been proposed seeking for a good compromise between
SE and transmission distance. Most recently, optical transmission systems based on
superchannels associated with flexible-grid networks have been attracting significant
attention due to their capability to increase the SE and adaptability to the traffic demand,
while dismissing the replacement of the installed equipments [2, 11-22]. The main idea
behind superchannels is the ability to split a high bandwidth optical channel into several
smaller bandwidth optical carriers with a small guard-bands between them, which are
then propagated through the network as a single optical channel [9, 23, 24].

The superchannel approach allows to relax the required bandwidth of the optical
and electrical components due to the use of lower data rates in each optical carrier,
presenting an advantage when compared to a single-carrier approach. Moreover, the
low data rate optical carriers can be spaced on existing 50 GHz grid channels, enabling
its compatibility with existing or future flexible grid wavelength-division multiplexing
(WDM) systems [10]. Also, according to the symbol-rate optimization theory presented
in [25], superchannel systems are less impacted by nonlinearities than single-carrier
systems, bringing an extension of the maximum transmission reach. In the single-
carrier transmission systems we have single intra-channel impairments known as self-
phase modulation (SPM), while for the case of superchannels we have SPM, cross-phase
modulation (XPM) and also some four-wave mixing (FWM) within the superchannel.
However, it is likely that the SPM of a single-carrier system is higher than the combination
of all sources of nonlinear impairments in the superchannel system. But, it must be
pointed out that, in superchannel systems, nonlinearities might be more difficult to
compensate, since the cooperation between receivers is required to remove the XPM
between carriers. From another point of view, as mentioned above, higher-order
modulation formats which require higher OSNR tend to be used, consequently higher
signal input poweris required, which in turn pushes the transmission system into the
nonlinear regime. In addition, the use of smaller guard-bands between superchannel
carriers comes at the expense of increased nonlinear inter-carrier interference and
consequent degradation of the system performance. Fortunately, the carriers composing
the optical superchannel are routed together through the same fiber path, being exposed
to the same nonlinear impairments. This opens the possibility to perform multi-carrier
mitigation of the nonlinear transmission impairments in the electrical domain.

1.1 Motivation and Objectives

Nonlinear impairments are nowadays the most limiting factor of the SE and reach in
optical transmission systems [26]. Along the last decade, the study and development of
nonlinear equalization techniques has been a subject of strong scientific interest [27-41].
However, it is well known that the computational complexity of nonlinear equalization




Chapter 1. Introduction

techniques is high, which makes their implementation difficult due to energy and
computational power, size and technology constraints. Therefore, the tradeoff between
complexity and performance of such techniques is of great importance. Low-complexity
nonlinear equalization techniques need to be developed, whose complexity remains
suitable for the implementation in application specific integrated circuits (ASICs), while
still providing relevant improvements on the system performance [42]. Therefore, while
developing digital equalization algorithms, the computational resources associated with
them have to be clearly identified. Thereby, the development of metrics that quantifies
the computational requirements associated to each algorithm, becomes an important
contribution to the research field.

Motivated by the constant need for high performance, spectrally efficient and flexible
networks, along this work we propose and evaluate the performance of efficient and
low-complexity nonlinear compensation and mitigation techniques to be applied in
future high-speed superchannel based long-haul and ultra-long-haul WDM transmission
systems. The main objectives of this thesis are:

e Develop and validate low-complexity digital equalization techniques for the
compensation of nonlinear transmission impairments;

e Quantify the computational effort associated with the proposed low-complexity
techniques and compare them with standard techniques;

e Study and develop advanced techniques for nonlinear mitigation in next-generation
superchannels based transmission systems;

e Numerically assess and experimentally validate the proposed nonlinear equalization
and mitigation techniques.

1.2 Thesis Outline

This thesis is divided into five main chapters and it is structured as follows. Chapter
2 summarizes the coherent transmitter and receiver architectures and the set of DSP
algorithms used in high-speed and long-haul WDM transmission systems. It then
contextualizes the recently proposed hybrid modulation formats and superchannel-based
coherent optical fiber transmission systems.

The concept of digital backpropagation (DBP) is introduced in Chapter 3, where
several low-complexity DBP algorithms are compared with the traditional ones in terms of
performance and computational effort. A dual-carrier 400G ultra-long-haul (ULH) WDM
optical transmission system based on PM-16QAM -carriers is used to experimentally
analyze the different DBP algorithms. We also investigate the required DBP step-size,
number of real multiplication and latency requirements associated to each of the DBP
algorithms.

Given the seek for higher granularity in optical transmission systems, the concept of
frequency-hybrid superchannels is studied in Chapter 4, where a 400G frequency-hybrid
superchannel solution based on three carriers, two edge PM-16QQAM carriers and a central
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PM-64QAM carrier, compatible with the 62.5 GHz grid slot is proposed. The optimum
power-ratio (PR) between superchannel carriers is evaluated for three different forward
error correction (FEC) schemes and it is investigated in linear and nonlinear regimes
of operation through the enhanced Gaussian noise (EGN) model, which is validated by
experimental and simulation results.

Finally, in Chapter 5 we draw the main conclusions from this work and propose some
topics that in our opinion might be interesting for future investigations.

1.3 Main Contributions

In this thesis, we propose techniques for the compensation and mitigation of nonlinear
impairments for application in high-speed single-carrier and superchannel based coherent
optical fiber transmission systems. The experimental validations of the proposed
techniques were possible due to international collaborations made with top-level research
institutes equipped with state-of-the-art laboratorial facilities. The author considers that
the main contributions of this work can be summarized as follow:

e Experimental demonstration of the parallel SSFM (P-SSFM) for time-domain
nonlinear equalization in an ULH 400G optical transmission system. Where for
a reach enhancement of 500-800 km over linear equalization, we demonstrate a
5x reduction of the required step-size when compared to the standard split-step

Fourier method (SSFM) [J7, C12, C13];

e Experimental assessment of the performance versus complexity of advanced split-
step and Volterra-based DBP techniques in an ULH transmission system composed
of five dual-carrier PM-16QAM 400G superchannels. The recently proposed
weighted VSNE (W-VSNE) provides an improvement of the maximum transmission
distance, together with a reduction of the total number of DBP steps required
relatively to the widely used SSFM implementation [J7, C12, C13];

e Proposal and experimental evaluation, in a long-haul transmission system, of
a 400G frequency-hybrid superchannel solution compatible with the 62.5 GHz
grid slot. The optimum power-ratio between superchannel carriers is analytically
determined in linear and nonlinear regimes of operation using the EGN model and
validated by experimental and simulation results [J10, C18];

e Evaluation of the 400G superchannel performance in terms of maximum reach
and optimum launch power when considering distinct FEC paradigms. System
performance is also analyzed when nonlinear compensation via DBP techniques is
applied, assessing the improvement in maximum reach and their impact on the
optimum power-ratio and launch power [J10, C18].

In addition other relevant contributions were achieved as a result of a
tight collaboration within Optical Communication research group of Instituto de
Telecomunicagoes. These main other contributions are:
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Development of the low-complexity symmetric Volterra series nonlinear equalizer
(symVSNE) and simplified Volterra series nonlinear equalizer (simVSNE)
algorithms for frequency-domain nonlinear compensation [J1, C8, C5, C3, C1];

Development of the low-complexity W-VSNE algorithms for time-domain nonlinear
compensation [J2, C7];

Development and optimization of coherent technologies for future access networks
[J9, J6, J4, C14, C6];

Real-time implementation of DSP algorithms for future access networks [J9, J6, J4,
J3, C16, C14, C9, C6, C4J;

Development of a reduced complexity finite impulse response (FIR) filter for time-
domain linear compensation [J§, C17, P1];

Implementation of multi-carrier DBP techniques for superchannel-based optical
transmission systems [J5, C15, C11].

1.4 List of Publications

The major achievements resulting from this work were submitted for peer-review by
the international scientific community. The published works can be found in the following
list of publications:
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Chapter 2

Coherent Transmission Systems

Optical fibers proved to be the most cost-effective medium to transmit high-speed
signals over long-haul terrestrial and transoceanic distances [1]. Their low cost, low
attenuation and high bandwidth made optical fibers the preferable transmission system
for today’s demanding networks. However, the fast average growth of data traffic in the
last two decades, 25% per year according to the latest Cisco report, is leveraging the
introduction of several innovative technologies that aim to increase even more the bit
rate-reach product of existing optical transmission systems [1, 2]. Advanced modulation
formats enabled by coherent transmission systems are the two new paradigms in the
optical communications field [3]. Today’s long-haul optical transmission systems allow
the transmission of 100 Gbit/s and 200 Gbit/s channels. The next generation of long-haul
WDM transmission systems is expected to operate at rates between 400 Gbit/s (400G)
and 1 Thit/s (1T) per channel. Such transmission rates are achieved with the increase of
spectral efficiency (SE), enabled by the use of higher-order modulation formats together
with the possible use of higher symbol rates when keeping the same channel spacing
or reduced channel spacing for the same symbol rate. For the last couple of years,
hybrid modulation formats have been seen as a way to improve the SE of superchannels-
based optical transmission systems, by finding a better fit of the delivered bit-rate to
the allocated spectral slot. Although single-carrier systems seem to have the lowest cost
per bit, superchannels approaches have gained attention since they allow us to overcome
the limitations associated to high-speed optoelectronics components required by single-
carrier systems. On the other hand, the use of hybrid modulation formats allow us to
increase the SE granularity over standard M-ary QAM formats.

In this chapter, we start by introducing the fundamentals of coherent optical
transmission systems, section 2.1. Typical post-detection digital signal processing (DSP)
algorithms used in high-speed optical transmission systems are then described in section
2.2. After that, we discuss some technology innovations that have been proposed for
the next-generation of long-haul WDM transmission systems and which are relevant for
our work. Higher-order modulation formats are firstly proposed as a way to increase
system SE, in section 2.3. Then, hybrid modulation format techniques which, lately,
have been largely used are presented in section 2.4. Section 2.5 introduces the concept
of superchannels together with some of the relevant works that have been published.
Finally, the main conclusions of this chapter are summarized in section 3.7.
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Chapter 2. Coherent Transmission Systems

2.1 Digital Coherent Optical System

The first interest in coherent optical fiber transmission systems emerged in the early
80’s. At that time, the higher sensitivity of the coherent receivers when compared to
direct detection receivers was the main motivation behind the study of such systems that
promised an increase of the maximum achievable transmission distance [4]. However, the
studies on coherent detection were put aside with the emergence of optical amplification
based on erbium-doped fiber amplifier (EDFA), which allowed the direct detection
systems to achieve the same reach of coherent systems with less complexity. Furthermore,
high capacity WDM systems based on intensity modulation and direct detection systems
start to be explored as another way to increase transmission capacity of a single fiber.
By 1990s, these two new technologies brought a thousand fold increase in the capacity
of optical transmission systems [5], therefore there were no need to focus on coherent
transmission systems any longer at that time.

Nowadays, increasingly demanding networks are pushing the need for higher capacity
and spectral efficiency (SE) transmission systems. This together with the emergence of
higher-speed analog-to-digital converters (ADCs), digital-to-analog converters (DACs)
and integrated circuits led to the recent revival of coherent detection systems. The
introduction of coherent detection in optical transmission systems allows the use of any
kind of modulation format. Moreover, pre- and/or post-DSP techniques can be added
to the system, enabling the equalization of the system transmission impairments in the
digital domain. Which in turn makes the implementation of the optical networks more
flexible and avoids the use of additional complex higher cost optical components [6, 7].

In the following subsections, the fundamentals of coherent optical fiber transmission
systems are reviewed. We describe the architecture of the DSP based coherent optical
transmitter and receiver.

2.1.1 Coherent receiver

Polarization-diversity coherent receivers are widely used in current ultra-long-haul
(ULH) optical transmission systems. By using both polarizations of the optical signal we
transmit two times more information in the same optical bandwidth, therefore doubling
the SE. The configuration of a coherent receiver employing polarization and phase
diversity is schematized in Figure 2.1, where two phase-diversity coherent receivers are
combined in a polarization-diversity configuration. This configuration allows us to recover
the in-phase and quadrature components of both X and Y polarizations.

The complex electrical field of the received optical signal is given by*

Ey(t) = A(t) exp ( —i(wat + Qs(t))>, (2.1)

where A4(t) is the complex amplitude of the received optical signal, w, is the angular
frequency and 6,(t) is the phase of the received signal. In addition, a continuous-wave

!The Fourier transform adopted in this thesis is in accordance with the physicists convention, as used
in [8] to derive the scalar nonlinear Schrédinger equation (NLSE). Going from physicists convention to
the electrical engineering convention is easily achieved by substituting ¢ = —j into the scalar NLSE.
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Figure 2.1: Configuration of the coherent receiver employing phase and polarization diversity.
PBS: Polarization beam splitter; ADC: Analog-to-digital converter; PDs: Photodiodes.

local oscillator (LO) is needed in order to convert to the baseband the electrical field
of the received optical signal. The complex electrical field of the continuous-wave LO is
given by

Ero(t) = Aro(t) exp ( —i(wrot + QLO(t))> , (2.2)

where Ao(t) is the complex amplitude of the continuous-wave LO, wro and 0.0(t) are
the angular frequency and the phase of the LO signal, respectively. Note that the LO
frequency is adjusted to the frequency of the received signal in order to perform intradyne
detection, which means that the signal is converted to a near zero frequency.

The received optical signal and the continuous-wave LO are firstly separated into its
two orthogonal polarization signals by a polarization beam splitter (PBS). These two
signals, F, and E;, are then mixed with the free-running continuous-wave LO, Ero,
and Ero,, into two 2x4 90° optical hybrids. In the 90° optical hybrid the LO signal is
divided in two path with a 90° phase shift between them, see the inset in Figure 2.1. By
coupling the two paths with the received signal, the in-phase and quadrature components
can be simultaneously retrieved. The optical fields of the two 90° optical hybrids outputs
are given by [5]
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Eys = %(Es,m/y + Erou/y) (2.3)
Byto = 5(Buasy = Froan), (2.4
E3/;7 = %(Es,w/y —iEL0.u/y) (2.5)
Eys = %(Es,x/y +iEL02/y)- (2.6)

The outputs of the optical hybrid are then incident into a pair of balanced
photodiodes that perform opto-electrical conversion, yielding the in-phase and quadrature
photocurrents:

Lrapy(t) = R\/ Poo/y (1) PLosey 08 [wrr + Oy (£) = Oro.ary (1)) (2.7)

1Q./y(t) = R\/Ps,w/y(t)PLO,z/y sin [WIF + Os,0/y (1) — QLO@"/y(t)]- (2.8)

In the above equations, R corresponds to the responsivity of the photodiode, wrrp =
|ws —wro| is the intermediate frequency of the baseband signal obtained after the beating
between the received signal and the LO. Ps; and P are the received signal and the LO
powers, respectively. The output signal phase may present some time varying phase
noise, therefore

05,x/y<t) - eLo,x/y(t) = 0mod,z/y<t> + enoise,x/y(t)a (29)

where 0,,,04,2/, 1S the phase modulation and 6,445 ./ is the phase noise. Note that balanced
detection is used in order to suppress the DC component and maximize the beating
between the received and the LO signals.

These signals are then sampled by an ADC, that is typically composed of four
integrated ADC channels, sampling in parallel the in-phase and quadrature components
of both X and Y polarizations. According to the sampling theorem, the sampling rate
must be twice as high as the maximum frequency of the signal, in order to avoid the
aliasing effect. Therefore, ADCs sampling at twice the symbol rate are typically used.
However, it is possible to use a fractional sampling rate of pR,, as far as the signal
bandwidth is BW = p/T, where 1 < p < 2, while avoiding the aliasing effect. In this
case, a posterior digital resampling of the signal will be necessary in order to satisfy the
two-times oversampling condition necessary for the adaptive equalizer block [5]. The
digitalized samples are then fed to the offline or real-time DSP subsystems, which are
applied to undo the transmitter, receiver and optical fiber impairments. Given that post-
detection DSP is a relevant topic in our work, the set of DSP algorithms typically used
in high-speed ULH transmission systems are analyzed in section 2.2.
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Figure 2.2: Configuration of the a dual-polarization in-phase and quadrature optical
modulator. PBC: Polarization beam combiner; DAC: Digital-to-analog converter

2.1.2 Coherent transmitter

The introduction of coherent receivers brought the capability to demodulate higher-
order modulation formats. The basic architecture of a coherent transmitter is schematized
in Figure 2.2, where both in-phase and quadrature components of two signals with
orthogonal states of polarization, X and Y, are modulated.

The bitstream to be transmitted is initially mapped into an M-QAM constellation.
Pre-DSP techniques can then be applied for pulse shaping or for pre-distortion and/or
compensation of the transmitted signal. Pulse shaping is normally applied to limit the
signal bandwidth and control the inter-symbol interference (ISI) caused by the channel.
On the other hand, digital pre-emphasis is commonly used to mitigate for the penalties
due to transmitter or receiver electrical components limitations. Additionally, FEC
coding might also be applied to add redundancy to the signal and consequently reduce
the amount of bit errors after recovery at the receiver side.

One kind of pulse shaping that is commonly used in communication systems is the
sinc shaped filter. Figure 2.3 shows a time-domain waveform of two adjacent sinc pulses.
From this figure it can be observed that in sinc pulses its value is zero for all the sampling
instants t = kT, except for k = 0, where T is the symbol period, T'= 1/ R with R, being
the symbol rate. Besides, its amplitude decays slowly with the time, (=~ 1/|t|), which is
better from the sampling jitter point of view but is worst when the sampling instant is
imperfect, due to the significant ISI arising [9]. On the other hand, its frequency-domain
equivalent has a rectangular shape, which is difficult to implement in practical systems,
due to the required infinite number of taps.

As an alternative, Nyquist filters with raised-cosine pulse shaping are nowadays
typically applied to the symbol stream, since they are practical to implement. Its
frequency-domain description is given by
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Figure 2.3: Time-domain waveform of two adjacent sinc pulse shaping filters.
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where 0 < p < 1 is the roll-off factor of the raised-cosine filter, with the corresponding
impulse response being given by

1 T
1sinc(—), t=4+—

4T 2p 2p
hre(t) = pt (2.11)
lsz’nc<£> M otherwise
20t\ 2’
T

Again in this case hro(kT) = 0 for k # 0, therefore there is no ISI. However in this
case, the pulse decay is much faster (=~ 1/|t|?), therefore when the sampling is imperfect
the ISI becomes much smaller. The main drawback is that the raised-cosine pulse shaping
spectrum has a larger bandwidth than the one of sinc pulse shaping. The bandwidth of
a raised-cosine filter is defined given by BW = Ry(p + 1). Note that by selecting p = 0
one get the sinc pulse.

The digital sequence of samples is then resampled to match the DAC sampling rate
and sampled by the DACs. The analog output samples are then fed into the drivers that
will condition the signals for driving the in-phase and quadrature modulators (IQMs).

The configuration typically used for the implementation of an IQM is depicted in
the Figure 2.4. A laser source is split using a 3 dB polarization maintaining splitter
and each output is modulated independently with a Mach-Zehnder modulator (MZM)
in a push-pull configuration. The I and Q modulating electrical signals drive the two
parallel MZMs, with an optical phase shift of 7/2 between them, achieving in-phase and
quadrature modulation after coupling the two branches, Figure 2.4 [5].
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Figure 2.4: Configuration of the in-phase and quadrature modulator. MZM: Mach-Zehnder
modulator.

In addition, PM signals are easily generated using two IQMs in a parallel
configuration, whose outputs are orthogonally polarized, and combined using a
polarization beam combiner (PBC).

2.2 Post-Detection Digital Signal Processing

Another benefit brought by coherent transmission systems is the possibility to perform
compensation of the transmission impairments in the digital domain. The performance
and reliability improvements of integrated circuits have made DSP a viable solution to
recover the transmitted symbols from the received signal. Adaptive signal equalization
and fast control response are two advantages of DSP when compared to optical control
methods.

The basic post-detection DSP subsystems used to recover PM-QAM signals in high-
speed ULH transmission systems are shown in Figure 2.5. Initially, the four digitized
signals are compensated against optical front-end imperfections, subsystems within the
pre-processing block, followed by the compensation of the fiber transmission impairments,
subsystems within channel equalization block in the figure. Afterwards, clock and
carrier recovery are applied to adjust the timing, frequency and phase information of
the incoming samples. Finally, symbol decoding and hard- or soft-decision FEC are
performed.

In the next subsections, we describe DSP algorithms that can be used for
compensating the optical signal impairments. Note that, although FEC decoding plays
an important role in the DSP subsystems, it is outside the scope of this thesis and
consequently we will not elaborate on this topic.

2.2.1 Pre-processing

During modulation and demodulation, the four signals (1,,,, Q./,) traverse different
optical paths that might have slightly different lengths, consequently the signals might
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Figure 2.5: Post-detection digital signal processing subsystems used in coherent receivers.

have different delays between them, resulting in a time skew. Besides that, the 90°
optical hybrid I and Q output signals might lose their orthogonality due to imperfections
in the optical hybrid and responsivity mismatches between the photodiodes, which might
introduce quadrature imbalance [10]. It is know that, if not correctly compensated, the
non-ideal behavior of the optical demodulator and the down-converters can negatively
impact the correct efficiency of the subsequent DSP algorithms and consequently degrade
the performance of the system.

The temporal misalignments can be digitally removed using the deskew algorithm
proposed in [11]. Alternatively, a blind adaptive 4x4 multiple-input multiple-output
(MIMO) equalizer was proposed in [12], which can compensate for the in-phase and
quadrature timing skew and relax the requirements on the optical components. A similar
structure was proposed in [13] where training sequences and decision-directed (DD)
equalization was used. In this last case, frequency offset and phase noise have to be
removed prior to equalization.

The orthogonality mismatch can be compensated with the widely used Gram-Schmidt
orthogonalization procedure [14, 15] or, alternatively, with the Lowdin algorithm [16].
Note that, the use of such algorithms can be avoided by proper dimensioning of the
optical devices.

2.2.2 Channel equalization

The next step in the DSP chain is the compensation of the channel transmission
impairments. For low optical power, long-haul high-speed optical transmission systems
suffer only from linear impairments. In this situation, the transmitted signal will suffer
from frequency dependent distortions, such as ISI resulting from CD and PMD of the link
[17]. In addition, polarization components will be mixed together due to the birefringence
of the optical fiber. In order to effectively compensate for such effects, fixed and adaptive
filters can be digitally implemented. Although such digital filtering could be realized
in a single block, it is typically partitioned in two concatenated blocks as illustrated in
Figure 2.6.
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Figure 2.6: Block diagram for the channel impairments equalization, where two concatenated
blocks are applied to perform static and adaptive equalization of the signal independently.

The first block compensates for CD of the link, which is also known as group-velocity
dispersion (GVD). It is normally called static equalization block since CD value is usually
time invariant, therefore a fixed equalizer with predetermined tap coefficients is used.
The second block compensates for time varying channel impairments, such as state of
polarization and PMD, and therefore it is normally called dynamic equalization. In this
case, a set of equalizers with adaptive tap coefficients are used. By controlling the tap
coefficients of those filters, we can induce the inverse transfer function of the transmission
link and compensate for the transmission impairments.

Static equalization: The received complex signal is initially equalized by a fixed time-
or frequency-domain equalizer. The frequency-domain transfer function representing the
effect of CD in the optical fiber is given by

Hep(w) = exp (i%uﬂz) ) (2.12)

where w is the angular frequency, S5 is the group velocity dispersion coefficient and z
is the spatial coordinate. Alternatively, the above equation is also frequently described
through the dispersion parameter, D, which is related to 5 by the following equation

P (2.13)

2mc’
where A is the wavelength and c is the speed of the light in vacuum. In order to remove
for the CD effects, we need to apply a filter whose transfer functions is given by the
inverse transfer function of the transmission fibers.
In [18] it was shown that dispersion can be compensated in the time-domain with
the use of an FIR filter, which has a non-recursive structure. This filter can be digitally
implemented using a tapped delay line, where the tap weights are given by
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—icT? mcT?
%=\ ey P (’lmzﬁ) ’ (214)
with —{%J < k< {%J and N = 2{“230';221 + 1, for a odd number of taps, where |z|

corresponds to the integer part of x rounded towards minus infinity.

Several time-domain (TD) chromatic dispersion equalization (CDE) algorithms have
been demonstrated and are being deployed in commercially available 100G transceivers
[17-20]. However, it is know, that the amount of accumulated CD increases with
the transmission distance, consequently the impulse response of the filter becomes too
long, thus requiring an increased number of complex multiplication. This renders
in an infeasible hardware implementation for long transmission distances due to the
high footprint and power consumption of the DSP ASIC [21-23]. In [24], we have
proposed an efficient multiplierless FIR-based filter for CDE. In this algorithm, after
quantizing the FIR filter coefficients, we took advantage of the high multiplicity of their
real and imaginary parts, by employing the distributed property of multiplication over
addition to reduce the number of multiplication operations, obtaining the distributed
FIR-CDE. In addition, the remaining multiplication operations were implemented
through shifts and additions, aiming to obtain a multiplierless algorithm. The two
proposed equalizers were experimentally validated in a 100G PM-QPSK long-haul optical
links, demonstrating computational resources savings in terms of required chip area and
latency over benchmark FIR-CDE and frequency-domain (FD)-CDE implementations.
We have also experimentally demonstrated that the performance penalty imposed by the
coefficient quantization tends to decrease with increasing propagation length, rendering it
as an attractive solution for efficient and high-performance CDE in long-haul optical fiber
links. Alternatively, the static filter can also be realized using a shorter infinite impulse
response (IIR) filter, although additional complexity is required in order to make it a
stable and causal filter [25, 26]. Besides that, the feedback structure of the IIR filter is a
major drawback for real-time implementation.

Static equalizers based on frequency-domain implementation are widely considered in
long-haul transmission systems where the amount of CD is high [27-30]. Frequency-
domain equalization can be performed aiming to reduce the computational cost via
block processing of the digital signal and efficient implementation of the discrete Fourier
transform (DFT). The received signals are initially divided into blocks using a serial-
to-parallel converter. FEach block of samples is then transformed to the frequency-
domain using an fast Fourier transform (FFT) and then multiplied with the inverse
transfer function of the fiber which is given by 1/Hcp(w). The output block of the
transfer function is transformed back to the time-domain using an inverse fast Fourier
transform (IFFT) and serialized using a parallel-to-serial converter. In frequency-domain
implementations, the interference between blocks is usually addressed by the overlap-save
or overlap-add method [31, 32].

For high optical power, the transmission systems are also impaired by nonlinear
effects. The compensation for the nonlinear effects can also be performed in the static
equalization block using, for example, DBP algorithms. The main idea behind DBP
is to jointly compensate for linear and nonlinear impairments by passing the received
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signal though the inverse of the NLSE. Although DBP techniques are efficient in the
equalization of nonlinear impairments, they normally require very high computational
power and complexity, which make its implementation infeasible. For the last couple of
years, this has been a topic of high interest within the scientific community, and simplified
algorithms have been developed aiming to make DBP implementation more practicable.
This topic will be particularly addressed in the next chapters.

Dynamic equalization: The static equalizer removes most of CD, however some
hundreds of ps/nm of residual CD may be bypassed. To address the residual CD and the
polarization dependent impairments another equalization stage is required. The received
signals are composed of a mixture of x;, and y;,, which will be adaptively equalized.
The impact of polarization dependent effects along the optical fiber can be modeled by
a Jones matrix [33]

R A (2.15)

where o and ¢ are the power splitting ratio and the phase difference between the two
polarization modes, respectively. The process of extracting the original z;, and y;, signals
from the received x, and y, signals is called polarization demultiplexing. We can estimate
the Jones matrix and determine its inverse in order to compensate for the impairments
incurred by polarization. However, in contrast with CD which might be considered
constant along the time, the Jones matrix may evolve in time due to effects such as rapid
variations in the polarization state or polarization-mode dispersion. Therefore the most
commonly used compensation scheme uses 2 x 2 FIR filters with adaptive coefficients
in a butterfly structure. Its general structure is shown in Figure 2.6, under dynamic
equalization block. For inputs x, and y, the output z,,; and y,, are described by the
following equations

_ 1 H H
Lout = hxxajp + hxyypa

H

(2.16)
Yout = h’yxxp + hfyym

where Ny, hyy, hy, and hy, are adaptive filters each of each have length N taps. There are
different methods for adapting the equalizer in MIMO systems. The constant modulus
algorithm (CMA) has been extensively used in PM-QPSK signal based transmission
systems [7, 33-37], since it allows to exploit the constant modulus of the received signal.
In this case, the filter coefficients are adapted based on the following cost function

Ex = 1-— |xout|27

(2.17)
gy =1— |yout|27

which evaluates the distance of the received point to the unit circle. e,/ is then used
as feedback signal for error control. This adaptation is well suited for QPSK signals, in
which all the constellation points should lie on an unitary circle. However, this algorithm
proved to be effective even when higher-order modulation formats are considered [38,
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39]. Alternatively, radially-directed equalizers (RDEs) might also be used, in which
the cost function evaluates the distance of the received point to its closest circle radius
[7].  Another alternative is the use of decision-directed (DD) equalization, where the
constellation grid is used as a reference, and the cost function evaluates the distance
between the received symbol and its closest point in the reference grid. Often CMA or
RDE are first used for preconverge of the equalizer, after which the DD mode is applied,
thus avoiding convergence problems. The following update equations which follow the
stochastic gradient descent algorithm, in our case using CMA as a cost function to update
the error, are considered for the filter taps

hxx = ha:x + “Exmout$;a

h:}cy = hmy + ,ugxajouty;?

hyx = hyx + ,ugyyoutx;ﬁ

hyy = hyy + Mﬁyyouty;a
where p defines the convergence rate of the algorithm, x, and y; are the complex conjugate
of x, and y, respectively.

In CMA singularity might occur, which means that the taps of the adaptive
filter might converge to a solution where both recovered signals converge to the same
polarization, due to the blinding update of the weight [18, 40]. Given this, the algorithm
can be modified so that the two outputs always have states of polarization orthogonal to
each other. In [41] three methods were experimentally evaluated, proving to be able to
effectively mitigate singularities. Alternatively, a training sequences might also be used
to adapt the filter taps, by using least mean square (LMS) algorithms.

Alternatively, a set of algorithms were develop to operate in the Stokes space, namely
polarization demultiplexing [42-44|, cross polarization modulation compensation [45]
and polarization dependent loss (PDL) compensation [46]. Such methods might be
advantageous given the non dependency with modulation formats, lower complexity
and/or faster convergence.

(2.18)

2.2.3 Clock recovery

Typically, the transmitter and receiver clocks are not perfectly synchronized, leading
to deviations relatively to the ideal sampling instant. Therefore, a digital clock recovery
block must be applied in order to compensate for the phase and frequency shifts between
the transmitter and receiver clocks.

The clock recovery process can be divided in two stages: i) timing error estimation,
where the error between the transmitter and receiver clocks is determined; ii) signal
equalization, where the sampling instant of the received signal is adjusted to the ideal
instant. In the literature, several techniques have been proposed for timing error
estimation, such as, early-late gate, Gardner, and Mueller and Muller algorithms [47—
49]. Depending on the signal and system characteristics, the most suitable technique
should be applied.

The block diagram of the clock recovery algorithm used in our real-time
implementation works is shown in Figure 2.7 [50-53]. The received signal is initially sent
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k1

TED

ko

Figure 2.7: Block diagram of the clock recovery algorithm. TED: timing error detector; NCO:
numerically controlled oscillator.

to an interpolator block which yields a smoother signal, thus facilitating the adjustment
for the ideal sampling instant. The output of the interpolator is then sent to a timing
error estimator, where the Gardner algorithm is used to generate the timing error. This
was the selected algorithm, since it is simple to be implemented, carrier independent and
has a modest oversampling requirement of two samples per symbol [54].

The timing error signal is given by

e(n) = (z(n) — z(n — 2))z(n — 1), (2.19)

where z(n) and z(n — 2) are the central samples in two consecutive symbols and z(n — 1)
corresponds to the transition sample [47]. However, the performance of the Gardner
algorithm tends to decrease for Nyquist signals with small roll-off factor [55], since the
signal has a very small eye opening. In order to mitigate for this issue, the timing error
signal can be derived from the power of the signal as

e(n) = (P(n) — P(n—2))P(n — 1). (2.20)

The obtained error signal is then sent to a loop filter block, named proportional
integrator filter, containing a proportional and an integral section. Its function is given
by (k1+kz/s), where the proportional gain k; accommodates the variations in clock phase,
while the integrator gain ky/s accommodates the variations in the clock frequency. Since
frequency variations are much slower than phase variations and to guarantee the proper
convergence of the system, we should have ky << k;.

Finally, the numerically controlled oscillator block integrates the loop filter output,
returning the estimated time delay, 7, which is fed into the interpolator block. The
interpolation block is carried out by a 2-taps FIR filter (linear interpolation) updated
according to the fractional part of the estimated time delay, 7y. The integer part of
the estimated time delay, 7;, is used by the input buffer to discard a sample when the
accumulated delays are greater than or equal to the sample period. The interpolation
output is given by

y(n) = (1 —71p)x(n —1) + 1z(n). (2.21)

Instead of a linear interpolation, a more robust cubic interpolation can also be applied
at the cost of doubling the complexity [52].
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To minimize the noise effects in the estimated temporal error, we can calculate the
error for the real and imaginary components of the signal and sum them together at
the timing error detector output. This presupposes a shared clock between the ADCs
for the in-phase and quadrature components, so that the timing errors are very similar.
Additionally, for PM systems, we can calculate independent clock timing errors for each
polarization, or use only one polarization to estimate the temporal error and use the
obtained value to equalize both polarizations. Once again, the last option is a good
approach when there is a shared clock between polarizations, since this will allow us to
save computational resources.

Note also that, the noise has a significant influence on the performance of this circuit.
High noise can lead to errors in 7 estimation, causing an incorrect discard of samples or
non compensated phase rotations in subsequent algorithms. Small values of k; and ko
provide better noise filtering, but increase the convergence time of the algorithm. On the
other hand, high values of k; and ks allow the tracking of faster clock variations.

2.2.4 Carrier recovery

In current digital coherent receivers there is no laser phase or frequency lock in the
optical domain. Thus, the transmitter and receiver lasers do not have exactly the same
frequency, yielding a complex rotation of the received signal constellation. Moreover,
the laser phase noise (due to nonzero lasers linewidth) also induces phase differences
between the received signal and the LO. Therefore, a carrier recovery subsystem has to
be implemented aiming to estimate and remove the residual intermediate frequency, w;r,
and laser phase noise from the received signal.

Frequency recovery: Different equalization techniques have been proposed aiming
to estimate the frequency deviation between lasers, being the most common ones the
differential phase method based on Viterbi-Viterbi algorithm concept [56-58], which
is applied in TD, and the spectral method technique, which is applied in FD [59].
The differential phase method estimates the frequency shift between two consecutive
symbols, while spectral method is based on the observation of the maximum of the
discrete spectrum of received signal raised to the power of four, x} . Alternatively, an
iterative method which can be equally applied to QAM formats has been proposed in [60].
Differential phase-based method is the mostly used method due to its hardware-efficient
implementation, while avoiding the frequency-time domain transitions [61].

In our previous real-time implementation works [50-53, 62] we have used the 4th-
order differential phase-based method, which algorithm block diagram is presented in
Figure 2.8. In this algorithm, the phase jump between two consecutive samples is obtained
through the complex multiplication of the received symbol with the complex conjugate
of the predecessor symbol, z(n)z*(n — 1). For a QPSK signal the received signal will be
given by

z(n) = exp (z (Hnm-se(n) + kni)) (2.22)
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Figure 2.8: Block diagram of the frequency recovery algorithm based on the differential phase-
based method.

ie. the symbols contain a phase component caused by the frequency error,
exp (i@noise(n)), and the QPSK modulation information, exp (@’“”T”), which is undesirable
for the frequency estimation. In order to remove this phase modulation, each received
symbol must be raised to its fourth power, enabling the frequency estimation using the
following expression

4

(eXp (Z (97107;56(”) n kn%)) exp (z <9noise(n — 1)+ M))*) -

exp <z (46noise(n) + 2kn7r>) exp (z <40mise(n — 1)+ 2k(n — 1)7T)> = exp (z’40mise).

(2.23)
Usually, the received signal does not have unitary amplitude and suffers from phase
noise. Thereby to reduce the noise effects in 6,,,;sc estimation, the mean of a block of
consecutive exp(146,,0;se) values is used. Finally, the 6,,,;s. value is obtained by converting
the complex value into an angle and dividing it by 4.
Knowing the phase deviation, 6,,4;s. (that should be in the range [—m, 7[), the received
symbols can be compensated, through

Teq(n) = exp <z (é)nm(n) + k%”)) exp ( - i<9nm~se(n))> — exp (z<k"77r>) (2.24)

However, this value may not be enough to compensate for all the frequency shifts,
therefore an “unwrapper” block is required. This block monitors the evolution of the
estimated phase and corrects possible phase discontinuities that occur when the phase
jumps between symbols exceed 7 /4, reducing in this way the probability of cycle-slips.

Phase recovery: After frequency recovery, there is still a random and quick phase
rotation of the received signal that has to be compensated. Besides that, there is
also some residual frequency deviation that was not compensated due to the imperfect
frequency equalization. Many techniques have been proposed aiming to estimate and
compensate for the phase noise [63-72]. Blind phase search algorithms have been widely
used given their good laser linewidth tolerance and feasibility for parallel implementation.
Furthermore, digital phase locked loop has been found to work well for a wide range of M-
QAM formats, provided that linewidth requirements are met [73]. Although, feedforward
phase estimation techniques, such as the popular Viterbi-Viterbi algorithm [74], are often
preferable given their low-complexity implementation.

The Viterbi-Viterbi algorithm was adopted in our real-time implementation works
[50-53, 62], and its block diagram is represented in Figure 2.9. This algorithm is
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Figure 2.9: Block diagram of the phase recovery algorithm based on the Viterbi-Viterbi
algorithm.

conceptually similar to the previous frequency recovery algorithm, although, in this
case, we estimate the absolute phase value of the symbols relatively to the orthonormal
referential. Once again, the received signal must be raised to the 4th-order power aiming
to remove the QPSK modulation information from the phase noise. Thus, the phase
error can be simply obtained as follow

1 k 1
Zarg ( €xp (24 <9noise,residual<n) + g) ) ) = Zar.g ( exp (i49noise,residual(n))> ) (225)

where arg(-) retrieves the argument of the complex number.

Since the phase alignment is done relatively to the orthonormal referential, to get
the constellation centered in j:\/TE + 7 \/75, a 7/4 phase factor needs to be added to the
estimated error phase. Thus, the in-phase and quadrature signal information can be
extracted by analyzing the components sign. Once again, an “unwrapper” has to be
included to follow the 6,,pise residuar variations above 7/4 (or below —/4), thus avoiding
cycle-slips. As an alternative, differential coding might be considered to minimize the
impact of cycle-slips, however this comes at the expense of an increased BER [7, 53].

Once again, the estimated phase is averaged over a number of samples in order to get
a better estimation of it. A high number of samples results in a smooth estimated phase,
although its low bandwidth limits its tracking capabilities. On the other hand, a small
number of samples leads to higher sensitivity of the phase estimator to noise [61].

Note that, the Viterbi-Viterbi algorithm can be easily adapted to M-ary phase-shift
keying (PSK) modulation formats by changing the applied 4th-order power to the Mth-
order power of the measured complex amplitude. In [75], we proposed an optimized
hardware scheme for carrier recovery algorithms based on Mth-order power schemes and
showed that the reported architecture saves approximately half of the hardware resources
of the frequency recovery stage compared with the fully independent phase and frequency
recovery algorithms. However, these algorithms cannot be directly applied to higher-order
QAM formats. In [40] a modified version of the Viterbi-Viterbi method was proposed
to make it compatible with higher-order modulation formats. Alternatively, two-stage
carrier phase estimation (CPE) algorithms were proposed and analyzed for 16QAM and
64QAM signals [76-78], proving to have high tolerance toward laser phase noise.

2.2.5 Symbol demapping

After carrier recovery, the received signal is completely equalized and the modulated
information can be extracted using a symbol demapper. The minimum Euclidean
distance between the received symbol and a reference symbol can be used as a decision
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factor for symbol demapping. In this case, it is assumed that the constellation points
are equiprobable, have the same noise distribution and that constellation does not
experience any deformation. However, we can not rely always on such assumptions.
The noise distribution in the constellation might change with laser phase noise or
nonlinear impairments. Consequently constellation point clusters might lose their circular
symmetry and the constellation shape might become distorted [79]. To address this
problem techniques such as k-means or expectation maximization might be used for
symbol demapping [80-82].

After demapping, the incorrect symbol decisions caused by noise, linear and nonlinear
impairments can be corrected using FEC techniques. The selection of the FEC code is a
matter of tradeoff between SE and coding gain, which is given by the difference between
the uncoded and the coded system signal-to-noise ratio (SNR) required to achieve a
certain BER. In a hard-decision FEC approach, a firm decision is made on whether a 1
or a 0 has been transmitted. In the latest enhancement of FEC, the soft-decision FEC, a
probability factor indicating how likely the demapped bit is correct is considered in the
decision process, significantly improving the net coding gain (NCG). When compared to
hard-decision FEC, network operators using soft-decision FEC have been reporting gains
of 1-2 dB. The use of FEC codes allow us to reduce the error probability, although this
comes at the expenses of an overhead increase of 7% for hard-decision FEC and 15%-20%
for soft-decision FEC [22, 83-85]. Recently, higher-performance FEC codes suitable for
next generation optical networks targeting 100G and above have been proposed aiming to
provide an NCG greater than the standard FEC codes at the cost of increased overheads.
A detailed survey on the most recent schemes proposed both by academia and industry
can be found in [86]. Furthermore, the implementation of FEC comes also at the expense
of capacity loss, due to the redundant bits added to the original signal, implementation
complexity and power consumption [87, 88].

2.3 High-Order Modulation Formats

The use of digital coherent transmission systems opens the possibility to use higher-
order modulation formats and consequently increase the system SE. While the SE
of binary modulation formats is limited to 1 bit/s/Hz/polarization, the SE of higher-
order modulation formats can reach log, (M) bits/s/Hz/polarization, where log,(M) is
the number of bits encoded in each transmitted symbol. In addition, the use of PM
signals allows to double the system SE, by transmitting independent data in the two
polarizations of a channel, the symbol-rate is maintained while the bit-rate is doubled.
The improvement of SE brought by the use of higher-order modulation formats does
not imply an upgrade of the network infrastructures. This means that existing optical
amplifiers and ROADMSs can still be used, which represents a major cost benefit. On the
other hand, for a certain bit-rate, the use of higher-order modulation formats can even
relax the requirements of the electronic components due to the reduction of symbol-rate.
However, these improvements in terms of SE come at the expense of a higher required
OSNR.

Figure 2.10 shows the required analytical SNR as a function of the BER for different
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Figure 2.10: Theoretical bit-error ratio as a function of the signal-to-noise ratio for QPSK
and M-QAM formats.

M-ary QAM formats. Note that, OSNR can be derived from SNR as follows

B
OSNR = SNR< B"‘), (2.26)

where Py refers to the signal power, B,, is the equivalent noise bandwidth, N; is the
noise power introduced within B,,, and B, is the reference optical bandwidth which is
usually 0.1 nm (12.5 GHz). From the figure it can be seen that, higher-order modulation
formats tend to require higher SNR to achieve the same BER threshold, that in turn can
be achieved by increasing the optical input power. Consequently the system sensitivity
to fiber nonlinear effects is increased, reducing the maximum achievable transmission
distance. Moreover, such modulation formats present higher sensitivity, namely to laser
linewidth and quantization error of DACs and ADCs.

Alternatively, for the same spectral bandwidth, the SE can be improved by the
increase of symbol-rate. However, it is important to refer that when increasing the
symbol-rate, SPM effects become more significant, independently of the considered
modulation format [89]. Moreover, the effective number of bits (ENOB) and bandwidth
of the ADC are limiting factors to the increase of the symbol-rate. To overcome such
limitations, a spectrally-sliced coherent receiver which divides the signal into many
narrowband bandwidth spectral slices was proposed in [90]. In this work, each slice
is detected with a separate coherent receiver running at a sample-rate lower than the
signal bandwidth. The reconstruction of the input waveform is then performed in the
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digital domain. Note that, besides stable optical frequency combs and efficient spectral
demultiplexers, this technique requires the use of an array of digital coherent receivers.

Over the last years, several transmission systems records have been achieved thanks
to the use of higher-order modulation formats. The transmission of 400G Nyquist
shaped PM-32QAM signals over 4x100 km of ultra-low-area (ULA) fiber and 50 GHz
grid ROADM was first reported in [91]. The transmission distance was then doubled
by using a broadband optical spectral shaping technique to counteract the ROADM
filtering effects [92]. Also, the transmission of a 400G single-carrier PM-QPSK was
demonstrated in [93], where a distance of 4000 km was achieved, using high bandwidth
optoelectronic components. A 400G PM-64QAM was also demonstrated using a symbol
rate of 43 GBaud, at the expense of a reduced maximum reach of 600 km. In [94], single-
carrier modulated 400G transport over transatlantic distances was demonstrated for the
first time. Five 64 Gbaud PM-16QAM channels were closely packed within 66.7 GHz
and 75 GHz channel spacing (owing to the use of Nyquist pulse shaping), resulting in
SEs of 6 bits/s/Hz and 5.33 bits/s/Hz, respectively. The achieved maximum reach was of
6600 km and 7200 km, respectively. This solution proved to have a good tradeoff between
optoelectronic components bandwidth and transmission distance.

2.4 Hybrid Modulation Formats

Regular M-ary QAM formats have been extensively explored in WDM transmission
systems operating at symbol-rates beyond 100G. However, such modulation formats, with
fixed number of bits-per-symbol, have the SE limited to discrete values given by [95]

SE = BpS ( ft, > , (2.27)
Ag

where R, and Ay are the symbol-rate and the channel spacing, respectively. In order
to provide continuous SE granularity and reduce the SNR gaps given by regular M-ary
QAM formats, time-domain hybrid modulation format (TDHMF) was proposed and has
been assessed in several numerical and experimental works [95-110].

TDHMF introduce time-dependent modulation, in which two regular M-ary QAM
formats of different SE are assigned to different time slots within each frame, thus yielding

any desirable transmission bit-rate [95]. Figure 2.11 depicts the transmitted frame of a
TDHMEF signal, where the hybrid between QPSK and 16QAM is considered.

QPSK | 16QAM | QPSK | 16QAM

TDHMF Time

Figure 2.11: Structure of a frame based on time-domain hybrid modulation format between

QPSK and 16QAM.
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The SE of such formats can be calculated as [101]

SE = BpSy + ——22 BpSQ) K, (2.28)

(M1 M, My + M, Ay’
where M; and M, are the number of symbols corresponding to each modulation format
in one frame, and BpS; and BpS, are the number of bits-per-symbol of each modulation
format. By using this technique, we can achieve any SE that falls between the SE of the
two considered QAM formats by appropriate adjustment of the frame length and number
of time slots attributed to each format. Moreover, from the above equation, it is implicit
that different values of M; and M, can produce the same SE. However, it was shown
that by reducing M; and M to the minimum values required to get the desired SE, the
best system performance is achieved, due to an increased tolerance to fiber nonlinearities
[101, 107]. For the implementation of TDHMF based system it is desirable to have
format-transparent DSP algorithms to avoid reconfiguration of the receiver, since there
is a rapidly switch between modulation formats along the time.

A PM time-domain hybrid 32-64 QAM format, 400 Gbit/s, transmission system was
successfully demonstrated in [95]. The proposed format was transmitted over 3200 km
of ULA fiber on the standard 50 GHz ITU-T grid, thus achieving a SE of 8 bits/s/Hz.
Once again this might be an interesting solution due to the fact that it is compatible
with currently installed equipments, thus contributing for the smooth path evolution
from existing lower-rate systems based on the 50 GHz grid. In addition, it increases the
transport capacity by four times over previous 100 Gbit/s systems. In [108], another
TDHMEF based on 816QAM formats using adaptive symbol-rate was proposed and
compared against pure PM-16QAM and PM-8QAM signals. It was experimentally shown
that in the presence of strong filtering with cascaded WSS, the TDHMF can reach
longer distances when compared to standard PM-16QAM and PM-8QAM formats. In
[101] different modulation formats, namely QPSK, 8QAM and 16QAM, together with
low-complexity DSP were used in an hybrid way to access the tradeoff between SE
and distance. It was shown that the combination of two closer QAM constellation is
more desirable, since it gives better performance. The transmission experiments were
performed using TDHMF for data rates ranging from 112 Gbit/s to 224 Gbit/s and
corresponding distances ranging from 6400 km to 1100 km. Additionally, TDHMF in
a superchannel configuration with data rates ranging from 576 Gbits/s and 1.15 Tbit/s
and transmission distances ranging from 5600 km to 500 km was also performed.

In [107] an assessment of the optimal transmitter configuration for TDHMF was
performed. Curri et al. proposed and tested four transmitter configurations with different
PR between modulation formats. It was shown that by changing the PR between
modulation formats we can improve the performance of the system when compared
to the case where the same power is applied to the different modulation formats. It
was also shown that the configuration where the PR is obtained by minimizing the
superchannel SNR gives the optimal system performance. The main disadvantage of
TDHMF is the extra DSP complexity that is required to process and equalize a time
dependent modulation format [111].

In [112], a flexible pulse amplitude modulation (Flex-PAM) was proposed as an
alternative to the TDHMF. In Flex-PAM, the hybrid modulation format is based on
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four M-ary pulse amplitude modulation (PAM) formats that are independently applied
to each in-phase and quadrature axes of the two polarizations. Although, the Flex-PAM
presents a granularity that is limited to integer number of bits per symbol with respect
to TDHMFs, it brings some advantages in terms of traffic grooming and complexity of
transmitter, receiver and DSP [110, 112, 113]. As proposed in [107], a strategy based
on forcing all four PAMs to operate at the same BER was shown to be the easiest to
be implemented, at the expense of a negligible penalty when compared to the strategy
that minimizes the overall Flex-PAM SNR. In [110] both TDHMF and Flex-PAM were
assessed in terms of back-to-back (B2B) and signal propagation performance, targeting
a flexible low-complexity transponder architecture. Additionally, the impact of fiber
nonlinearities was analyzed and two countermeasure techniques, polarization interleaving
(PI) and PR tuning, were proposed and numerically assessed in a Nyquist-WDM scenario
for bit-rates ranging from 100G up to 300G. It was shown that both techniques provide
an improvement in terms of maximum reach, due to the reduction of the nonlinear effects
resulting from the power balancing between polarizations.

Alternatively, frequency-domain hybrid modulation format (FDHMF) techniques
have also been proposed. In FDHMF, the different regular M-ary QAM formats
are attributed to different subcarriers/carriers of the modulated system [111, 114].
Figure 2.12 depicts the transmitted frame of a FDHMF signal, where the hybrid between
QPSK and 16QAM is considered. By using this method, it becomes possible to achieve
any SE that falls within the two regular QAMs SEs by adjusting the frequency bandwidth
occupancy ratio of the two QAMs. In [101], it was shown by simulation that FDHMF is
more vulnerable to fiber nonlinearities than TDHMF, due to the fact that in the TDHMF
the power of the higher-order modulation format symbols is dispersed to the lower order
modulation formats symbols owing to effect of CD during transmission.

QPSK 16QAM QPSK 16QAM

FDHME Frequency

Figure 2.12: Spectrum of a transmitted signal based on frequency-domain hybrid modulation
format, the hybrid between QPSK and 16QAM is considered.

Subcarrier multiplexing have been proposed as a solution that optimized the symbol-
rate to reduce nonlinear propagation impairments [88, 89, 115, 116], without increasing
the number of transceivers in the system. Moreover, subcarrier hybrid systems allows
flexibility in data-rate and SE with minimal receiver DSP changes compared to the
TDHMF which requires synchronization in time to the modulation. In [114], different
configurations of subcarrier multiplexed QAM signals were propagated over a re-
circulating loop together with 10x100 Gbit/s PM-QPSK channels, in order to quantify
performance evolution under tight optical filtering caused by cascade of ROADMs. It was
shown that the subcarrier multiplexed hybrid based on PM-QPSK edge subcarriers and
PM-16QAM central subcarriers has enhanced filtering tolerance. It was also shown that
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subcarrier multiplexed hybrid signals can have a 60% reach improvement over subcarrier
multiplexed PM-8QAM signals. In [111], FDHMF based on PM-16QAM and PM-64QAM
formats associated with subcarrier multiplexing was proposed and numerically assessed
to enable time independent fine bit-rate granularity, ranging from 200G to 300G. Using
8 subcarriers, three FDHMEF configurations were considered: i) frequency interleaving
of the low- and high-cardinality formats; ii) allocation of the high-cardinality formats
to the edge subcarriers and low-cardinality formats to the center subcarriers; and iii)
applying the reverse of ii). It was shown that frequency-interleaving of the low and high-
cardinality formats is the best approach as it reduces the nonlinear interference between
the high-power PM-64QAM subcarriers. PI was also applied for FDHMF. Despite
revealing a negligible impact on the average BER performance, it reduces the gap between
performing subcarriers, which is beneficial in terms of complexity and effectiveness of
FEC. However, by employing PI and optimized format allocation does not improve the
system performance relatively to TDHMFs.

A great advantage of higher-order modulation formats based on square grid
constellations and equiprobable symbols is its implementation simplicity. However, more
recently new techniques have been proposed as an alternative solution for the increase
of the bit-rate granularity in flexible networks, while shrinking the gap to the Shannon
capacity [85, 117-120]. For example, geometric shaping uses a non-uniformly spaced
constellation with equiprobable symbols. Probabilistic shaping uses a uniformly spaced
constellation with non-equiprobable symbols. Hybrid shaping combines both geometric
and probabilistic shaping. Although the same DSP algorithms can be used for the signal
equalization at different spectral efficiencies, the coding and decoding subsystems tends
to bring some additional complexity due to the required shaping [85, 118, 119]. This
topic is outside the scope of this thesis therefore it will not be extensively addressed here.

2.5 Superchannels

Superchannels have been considered as another promising way of increasing the SE
and the network scalability without the replacement of existing network infrastructures,
thus being a potential candidate for the next generation high-speed optical systems [94].

A superchannel consists of a group of multiple small bandwidth optical carriers that
are aggregated together for improving the overall optical bandwidth occupation and
consequently the SE of a transmission system. It was shown that, for the same bit rate,
superchannel-based systems provide better performance and higher tolerance to optical
filtering when compared to single-carrier systems. This might be due to the fact that
single-carrier systems transmit at a higher baud-rate thus requiring higher bandwidth
and also higher ENOB from the DACs/ADCs. In [121] it was shown that single-carrier
systems based on PM-8QAM, PM-16QAM and PM-32QAM formats present a penalty,
when compared to dual-carrier based superchannel systems. Figure 2.13 shows the WDM
spectrum of a possible superchannel-based transmission system composed of five carriers
each superchannel. The optical carriers are closely packed with a small guard-band
between them so that they can be transmitted and routed together as a single entity
through the network [88, 122, 123].
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Figure 2.13: WDM spectrum of a superchannel-based system, where each superchannel is
made of five carriers separated by a guard-band, in order to allow routing through the network
as a single entity.

Two main techniques have been considered in superchannel-based transmission
systems: the coherent orthogonal frequency division multiplexing (CO-OFDM) technique
[124-127], and the Nyquist-WDM technique [128-130]. In [131] a theoretical comparison
between Nyquist-WDM and CO-OFDM techniques was performed, and it was shown
that, although the two techniques have potentially the same performance, the Nyquist-
WDM technique presents higher robustness to practical implementation constraints.
Along this work, we focus only on the Nyquist-WDM superchannel-based transmission
systems, given its suitability to high symbol-rate transmission systems [131]. From now
on, every mentioning to superchannel refers to the Nyquist-WDM based superchannel,
unless otherwise stated.

In the transmitter side of a superchannel systems, each optical carrier is modulated
using a dedicated DACs and IQ-modulator, followed by multiplexing and optical
transmission stage. At the receiver, a coherent wideband receiver can be used to receive
and demodulate all the carriers composing the superchannel, which opens the possibility
to do joint processing of all the superchannel carriers at the receiver. Alternatively, when
the superchannel bandwidth is too high, multiple LOs can be combined to detect each
carrier of the superchannel. In [123], a spectrally-sliced coherent receiver was used to
receive the full optical field of a 1.2 Thit/s PM-16QAM superchannel occupying 176 GHz
of optical bandwidth. However, the spectrally-sliced receiver requires a constant phase
and amplitude between each LOs. When the phase-coherence between carriers is lost
the amount of impairments that can be digital compensated will be significantly reduced
[123]. Another coherent receiver architecture which detects and demodulates multiple
carriers jointly was also demonstrated in [132]. In [133] a single coherent super-receiver
was used to receive a four-carrier 28 GBaud optical superchannel. Also, in [134] and [135]
a single digital coherent super-receiver was used to receive a seven-carriers 10 GBaud PM-
16QAM and PM-64QAM, respectively.

Several efforts have been made to evaluate the performance of superchannels in high-
speed transmission systems. One of the first theoretical works in superchannels can be
find in [136], where the performance of Nyquist-WDM terabit superchannels based on
four PM M-ary QAM formats was compared through simulations in a B2B configuration
and also after nonlinear propagation over uncompensated links for different spectral
efficiencies. The purpose of this paper was to determine the maximum transmission
distance ensuring a BER below the FEC threshold of 4x1073, as a function of SE and
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total achieved capacity. The maximum transmission distance was derived for different
values of subcarrier spacing, starting from the standard 50 GHz grid down to a carrier
spacing equal to the baud-rate, which was equal to 27.75 Gbaud for all modulation
formats. It was shown that by changing the modulation format from PM-BPSK to PM-
16QAM we can increase the net capacity from 4 Thit/s, for a carrier spacing of 50 GHz,
to 27 Thit/s, for a carrier spacing of 29 GHz (carrier spacing with a penalty lower than
1.5 dB with respect to the single carrier case), in the C-band, although at the expense of
a reach reduction from 6480 km to 270 km.

Later on, after demonstrating a single-carrier PM-16QAM at 200 Gbit/s,
superchannels systems based on 200G carriers start being proposed. A superchannel
composed of two PM-16QAM carriers, within a 87.5 GHz channel spacing, was considered
as a likely candidate for the 400G network. In [83] two 200G carriers were combined
to achieve 400 Gbit/s and five 200G carriers were combined to achieve 1 Tbit/s
superchannels. In [137], it was demonstrated the transmission of five 448 Gbit/s dual-
carrier PM-16QAM channels on a 87.5 GHz channel grid, allowing a SE of 4.8 bits/s/Hz
over 1230 km of pure silica core fiber (PSCF), where hybrid EDFA-Raman amplification
was employed to compensate for span losses. In [87] a 1.28 Tbit/s superchannel
transmission system composed of four PM-16QAM carriers within a optical spectrum
of 200 GHz and a SE of 5 bits/s/Hz was evaluated over three different kinds of fibers.
The transmission performance was improved by employing again hybrid EDFA-Raman
amplification (around 50% increase in maximum reach for all the considered scenarios)
and by application of single-channel DBP. In [138], Buchali et al. demonstrated 1 Tbit/s
dual-carrier PM-64QAM transmission at 64 Gbaud over 320 km of standard single-mode
fiber (SSMF) with EDFA only, fully blind offline DSP and a 40% overhead for soft-
decision FEC (SD-FEC). In [139], two field trials based on terabit Nyquist superchannels
transmission technology over both C- and L-band were reported. In the first trial, each
carrier was modulated with 24.8 Gbaud PM-16QAM, transmitting a total of 54.2 Thit /s
over 634 km of field-installed SSFM with hybrid EDFA-Raman amplification and digital
coherent detection. In the second trial, the transmission distance was increased to
1822 km by reducing the total capacity to 40.5 Thit/s, modulating each carrier with
PM-8QAM signals and using a rate-adaptive FEC coding. In [140], first time long-
haul terabit WDM transmission of PM-16QAM, PM-32QAM and PM-64QAM based
superchannels was demonstrated over field deployed SSMF fiber employing hybrid EDFA-
Raman amplification over more than ~1571 km, ~1065 km and 762 km, respectively.

Another advantage of superchannels is its flexibility, carriers can be added or removed
from the network to provide the required capacity, thus avoiding the waste of capacity
when lower channel capacity is required. The unused carriers might be used by another
channel, which would be impossible when using single-carrier systems. This feature
together with a flex-grid architecture proposed by the ITU-T will allow the operator
to maximize the throughput, given the efficient use of the optical spectrum. In [141]
an optical superchannel-based system which uses flexible modulation formats, in order
to achieve dynamic transmission distances, was experimentally demonstrated. Different
modulation formats were transmitted over a recirculating loop composed of 5 spans of
80 km of SSMF and EDFA-based amplification, demonstrating a flexible system reach
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from 800 km to 6000 km, and an SE varying between 6.15 bits/s/Hz to 3.33 bits/s/Hz.

Although superchannel systems are a cost-effective and practical technology, these
systems present a high vulnerability to fiber nonlinear effects. In order to reduce the cost
per bit, the number of carriers composing a superchannel should be minimum, therefore
higher-order modulation formats and higher symbol-rates should be considered. The
use of higher-order modulation formats in each carrier will require high OSNR, and
consequently, high input power. Besides, the use of smaller guard-bands between carriers
hinders the optical demultiplexing of each carrier. It also result in the stronger nonlinear
inter-carrier interactions, which significantly decreases the channel performance [122,
123]. Fortunately, superchannel carriers are routed all together through the optical path,
enabling us to compensate for the inter-carrier nonlinearities [123]. Note that multi-
carrier (MC)-DBP was considered in most of the works above referred, bringing always
significant performance improvements. In [142], the performance of a Nyquist-spaced 9-
channel 32 Gbaud PM-64QAM WDM superchannel system using the MC-DBP algorithm
was evaluated numerically and analytically. It was shown that the performance of MC-
DBP in the superchannel improves with the backpropagated bandwidth increase. Single-
carrier DBP gives an improvement of approximately 18% in the transmission distance,
while the 9-carriers DBP gives more than 100% of reach increase. It was also shown that
just a small amount of carriers are mostly contributing for the nonlinear distortions, and
carriers far from the carrier of interest contribute significantly less. In [134], MC-DBP for
nonlinear mitigation combined with optimized FEC code implementation demonstrated
a gain in transmission reach of 85%, increasing the maximum transmission distance from
3190 km to 5890 km. Despite the benefits, MC-DBP faces significant challenges in
terms of complexity and the sensitivity to linear channel impairments. As the MC-DBP
bandwidth increases, the sensitivity to dispersion also increases, this might limit the
performance of DBP in practical system composed of fiber links with non-identical CD
parameters. Moreover, as the DBP bandwidth increases, there is a corresponding increase
in the number of required nonlinear steps per fiber span.

In the former experiments the entire superchannel was coherently detected and
DBP was employed over the total received field as if it were a single-carrier, therefore
this technique is sometimes referred as total-field DBP. Despite its straightforward
implementation, this total-field DBP technique has been reported as requiring tens of
steps per span and very high sampling rate, resulting in unfeasible implementation
complexity [123, 134, 135]. As an alternative, in [143] we proposed a MC-DBP technique
based on coupled-equations and we compared it against the total-field approach.
The couple-equations DBP technique proved to achieve high performance together
with lower computational complexity and enhanced robustness to electrical bandwidth
limitations. In addition, this approach can also be applied among independent receivers,
in contrast with the total-field approach, which requires phase-coherence between all
received carriers, thus relaxing the hardware requirements for its implementation.
The performance and complexity of this MC-DBP technique was assessed in 400G
superchannels based on PM-16QAM, 75 GHz flexigrid, and PM-64QAM, dense 50 GHz
grid, achieving 32% and 60% of reach improvement over CDE.

Since superchannels are composed of several carriers that are transmitted together
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through the network, we can also make use of an FEC approach, where independent
codes are associated to each carrier in order to increase the overall channel performance.
The FEC output of all superchannel carriers might be combined in a way that the carriers
with better performance can be used to enhance the quality factor of the weaker carriers.
Thus, superchannel carriers are placed strategically in the superchannel, so that the
carrier with the higher nonlinearity and low quality factor can take advantage of the
carrier with the better performance, or even use a higher-order modulation format with
higher SE [88]. This technique can also be seen as a nonlinear mitigation strategy for
coherent superchannel systems, and this will be explored in detail in Chapter 4.

2.6 Conclusions

In this chapter, we review the architecture of a digital coherent optical transmission
system. We describe the current principle of coherent detection and transmission, as
well as the DSP algorithms commonly used in high-speed ULH coherent transmission
systems. The candidate technologies that have been proposed for the next-generation of
high-speed transmission systems were also described.

In optical communication networks, service providers are constantly trying to scale the
networks, while lowering capital and operational costs per gigabit per second. Therefore,
technologies that offer low cost transceivers but require a line-side upgrade might be
rejected for a technologies that present a higher cost transceiver but present compatibility
with existing infrastructures [83, 144]. Higher-order modulation formats allow us
to scale the capacity of the network without upgrading the network infrastructures.
However, using such denser constellation reduce the maximum transmission reach. As
an alternative, hybrid modulation formats have been recently proposed and proved to
be a promising technique for future high-speed optical transmission systems. Such
techniques allow the adjustment of the SE to the system requirements, such as data
rate, channel bandwidth and FEC redundancy, thus providing a new degree of freedom
in the optimization of the system transmission performance. The use of superchannels-
based transmission systems, together with fiber nonlinearity compensation and advanced
FEC techniques is seen as a potential candidate for next-generation of optical networks.
However, such systems might present a higher power consumption, due to the higher
required number of optical components, such as multiple modulators/demodulators,
transimpedance and amplifiers. The use of photonic integrated circuits has been pointed
out as a possible solution to overcome these limitations [88, 144].

All the above technologies have their pros and cons. Given the circumstances, a given
technology might be selected against the other. In the end, multiple technologies might
be used together to realize the big picture of scalable high bandwidth networks. Therefore
in the following chapters, we focus our attention in the use of superchannel-based systems
composed of high-speed higher-order modulation formats. However, since this kind of
systems is strongly limited by the nonlinear impairments, we will focus on the study of
such systems together with the low-complexity techniques for the compensation and/or
mitigation of nonlinear impairments.
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Chapter 3

Low-Complexity DBP Algorithms

The capacity and transmission distance of actual coherent optical transmission
systems are strongly limited by the fiber nonlinear effects [1-3]. In the last decade,
several digital backpropagation (DBP) techniques based on split-step Fourier method
(SSFM) [4-7] and Volterra series nonlinear equalizer (VSNE) [8-11] have been proposed
aiming to counteract the detrimental impact caused by fiber nonlinearities. Despite
of their demonstrated efficiency in mitigating nonlinear impairments [10, 12-14], DBP-
based nonlinear equalization (NLE) techniques have been regarded as an highly iterative
technique, which frequently makes its practical real-time implementation difficult or even
impossible, due to power and size constraints of the target platform. For this reason,
several low-complexity DBP algorithms have been also emerging aiming to optimize the
tradeoff between achieved performance and computational effort [8, 11, 15-21]. The
DBP-based weighted SSFM (W-SSEFM) proposed in [18] has been attracting considerable
attention. This algorithm includes a finite length memory in the nonlinear branch,
enabling up to 80% less DBP steps when compared to the standard SSFM [18]. A
new VSNE, the weighted VSNE (W-VSNE), which exploit this time-domain correlation
was also proposed in [21]. In this algorithm an adjustable power weighting time-window
is introduced in the nonlinear branch in order to reduce the complexity of the standard
VSNEs [19, 21].

In this chapter, we propose a dual-carrier PM-16QAM 400G superchannel solution
and we evaluate its performance through the application of different low-complexity
DBP algorithms [22, 23]. The proposed superchannel is experimental assessment in
an ultra-long-haul (ULH) wavelength-division multiplexing (WDM) transmission system
composed of five 400G superchannels, placed in a 75 GHz flexigrid. The DBP-based
W-SSFM and W-VSNE are experimentally evaluated and compared against the standard
and widely used SSFM. The DBP step-size, number of real multiplications and latency
requirements of the mentioned DBP techniques, as well as the corresponding reach
extension over chromatic dispersion equalization (CDE) are also investigated.

The remaining of this chapter is organized as follow. The concept of DBP is introduced
in section 3.1. In section 3.2, we introduce the mathematical formulation of the standard
and the weighted versions of the SSFM, as well as the recently proposed time-domain
(TD)-VSNE and its weighted version, W-VSNE. The laboratorial setup of the 400G
WDM transmission system and the required digital signal processing (DSP) subsystems
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are presented in section 3.3. The experimental results are then presented and discussed in
sections 3.4, 3.5 and 3.6. Where section 3.4 is devoted to the multi-variable optimization,
while sections 3.5 and 3.6 are devoted to the performance evaluation and complexity
comparison of the different DBP-based NLE algorithms. Finally, the main conclusions
drawn from this chapter are summarized in section 3.7.

3.1 Digital Backpropagation Concept

The optical fiber is known to be a nonlinear propagation channel, where, when
considering that all the WDM channels have an invariant polarization along the
transmission path, the signal propagation can be described by the scalar nonlinear
Schrodinger equation (NLSE) [24], as follows

0E(t,z) « B2 O?E(t, 2)
5, + §E(t, z) + R

In equation (3.1), E is the complex electrical field envelope, z and t are the propagation
direction and time, respectively. The fiber characteristic parameters are «, 5 and 7,
corresponding to the fiber attenuation coefficient, second-order dispersion parameter (also
known as group-velocity dispersion (GVD) coefficient) and fiber nonlinear coefficient,
respectively. However, the Schrodinger equation (3.1) is only valid for single-polarization
systems. In the case of polarization-division multiplexing (PDM) or polarization-
interleaving systems, the optical signal will be propagated through the fiber in two
polarizations x and y. In these cases, the signal propagation can be modeled by the
Manakov equation, as follow

=iy |E(t, 2)|” E(t, 2). (3.1)

0FE, ,(t,2)
0z

Ba PEyy(t, 2)

8 2 2
2 8t2 = Z§7<|Ex(t,2,’)’ + ‘Ey(t’ Z)| >E:C,y(t7z)a

(3.2)
where E, and FE, denote the complex electrical fields envelops in both = and y
polarizations, respectively. This equation can be considered when it is assumed that the
bandwidth of the total field is narrow, such that polarization-mode dispersion (PMD)
can be ignored. The factor 8/9, in the right side of the equation, accounts for PDM
systems. From equations (3.1) and (3.2) one can see that signal transmission over optical
fibers suffers from several linear and nonlinear distortions, namely fiber attenuation («),
signal dispersion (f;) and also nonlinear effects (7).
The attenuation of the optical power, caused by the fiber losses, is modeled as follow

10 P,
a = —logy (E) : (3.3)

where L is the fiber length, P, and P, are the input and output optical powers,
respectively. In order to compensate for the optical power attenuation, optical amplifiers
are placed along the optical path, these, beside increasing the optical power they also
introduce amplified spontaneous emission (ASE) noise. The accumulation of ASE noise
might in turn reduce the transmission performance of the optical signal.

a :
+ §Ex,y(t, z)+i
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3.1. Digital Backpropagation Concept

Dispersion refers to the pulse broadening, which occurs due to the fact that, within a
fiber, different spectral components of the optical signal travel at slightly different group
velocities [25]. Since the different spectral components travel at different velocities, they
do not arrive simultaneously at the receiver, therefore causing inter-symbol interference
(ISI). From /3, we can determine the value of CD, which is characterized by the coefficient
of chromatic dispersion D, through the following expression

2me

b (34)

Moreover, due to non ideal manufacturing processes, the optical fiber is not perfectly
circular and homogeneous. This leads to modal birefringence that causes differences in
the refraction index of both polarizations, consequently the signals being propagated in
the two polarizations present different velocities, which contribute to differential-group
delay (DGD). It must be mentioned that this delay is not deterministic and it varies
with the wavelength and the time, due to deployment conditions such as thermal and
mechanical stress. DGD is a potential source of pulse broadening that leads to strong
ISI, increasing linearly with the data rate.

In addition, at high data rate transmission, nonlinear effects become very important
and their compensation becomes necessary in order to maintain long transmission
distances. Nonlinearities occur due to the Kerr effect, which arises from the dependence
of the optical fiber refractive index with the intensity of the transmitted signal as [1, 2, 26]

D=—

P(t)
Aery

n(P) =ng+ nal(t) = ng + no : (3.5)
where ng and ns are the linear and nonlinear refractive index, respectively. () is the
signal intensity, P(t) is the signal power and A.g is the effective core area. The increase
of the optical power or the decrease of the effective core area lead to the increase of
nonlinear effects in the fiber. Nonlinear effects are represented in equations (3.1) and
(3.2) by the nonlinear coefficient which is given by

B 21mng
7T Ny,

The Kerr effect will cause different kinds of signal distortion depending on the optical
power and channel spacing, but also on the fiber dispersion and state of polarization [24].
In an WDM transmission system, each optical channel suffers from self-phase modulation
(SPM) due to its own presence, but also from cross-phase modulation (XPM) and four-
wave mixing (FWM) due to the presence of neighboring channels in the system, and
from cross-polarization modulation (XPolM) due to the use of both polarizations in the
optical fiber. Self- and cross-phase modulation induce nonlinear phase noise, while four-
wave mixing causes power transfer between copropagating channels.

In recent years, the equalization of nonlinear effects has been a hot research topic for
approaching the achievable rate information. Several digital NLE techniques have been
proposed to compensate the optical transmission impairments. This can be implemented
in the optical or in the digital domains, either at the transmitter or receiver side, or

(3.6)
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even split between the two sides [27]. DBP techniques have been reported as the most
effective way to compensate for deterministic linear and nonlinear distortions in the digital
domain [3, 12-14, 26], while enabling for higher launched power and longer transmission
distances in dense WDM transmission systems. Moreover, it has been proving to be
a flexible method since it does not require any symmetry on the link, and the system
parameters can be arbitrary adapted [24].

The concept of DBP is based on the propagation of the received signal through a
virtual fiber and amplifiers, whose parameters have the opposite sign of those of the
transmission link, i.e., —a, —f3, —y. Figure 3.1 depicts the schematic of the DBP
concept. Note that, unlike the transmission link, in the virtual fiber the distributed gain
is given by the fiber, while the lumped loss is given by the amplifiers.

SN\
(11 )

AN VT

A(t,0) | _ A(t,2L) = A(t,0)
Transmission Fiber Y/ T _Virtual Fibe_r -
(e, B2, 7) Amplifier Vti'rtual (—a, =B, =)
(G) Amplifier
(=G)

Figure 3.1: Schematic representation of the digital backpropagation concept, where the optical
field at the output of the transmission fiber is sent through a virtual fiber whose parameters
have opposite sign of those of the transmission fiber.

Along this work, we focus only in PDM optical systems, therefore in the following we
present the DBP equation which can be modeled by the inverse Manakov equation [24],

0E,(t,z) « By O?EL(t,2) 8 9 9

S = SR ) i —zgv(\Em(t,z)\ + 1B, (t, 2)] )Ex(t,z),
0E,(t,z) « B2 ?Ey(t,z) .8 9 9

SERE (1 2) + 2 il (B )P + By (1 2)P) Bylt ). (37)

The application of DBP techniques opens the possibility to compensate for SPM,
which accounts for the auto nonlinear interference induced by the electrical field of the
own channel in a single-channel system. Besides, it also allows us to compensate for
both XPM and FWM, which accounts for the multi-channel nonlinear interference of a
channel induced by the electrical field of the adjacent WDM channels [28].

In the absence of noise and provided that a sufficient number of steps (Ngteps) is
considered, DBP should be able to fully compensate for all the previous deterministic
linear and nonlinear fiber impairments. Consequently, this technique would normally
require a high number of processing steps, making the complexity of the DBP techniques
too high. Thereby, the development of low-complexity DBP algorithms which present
a good compromise between efficiency and complexity becomes important, in order to
make its real-time implementation and commercial deployment possible [18, 21, 29]. Note
however that, the total reconstruction of the transmitted signal is not possible, due to the
interaction between the signal and ASE noise, as well as other stochastic effects [7, 28].
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3.2. Digital Backpropagation Algorithms

3.2 Digital Backpropagation Algorithms

In this section, we start by introducing the standard SSFM, since this is the most
used method to numerically solve the nonlinear partial differential Manakov equation.
However, it is well known that the computational complexity of the SSFM is high,
therefore simplified algorithms that can provide efficient compensation at relatively low
computational cost are later on presented. The performance and complexity of the
different algorithms used to solve the Manakov equation are, in subsequent chapters,
evaluated and compared against the standard DBP-based SSFM.

3.2.1 Split-step Fourier method

The SSFM has been widely used to efficiently solve the Manakov equation [24]. In this
technique, the linear and nonlinear elements of equation (3.7) are iteratively solved in the
backward direction. The fiber link is divided into a number of small steps, such that in
each step the Kerr effects in the spectrum and the dispersion effects in the signal power
are minimal. In this work, we consider the computationally less expensive asymmetric
SSFM, where the fiber is modeled as a concatenation of the linear and nonlinear sections,
evaluated in frequency- and time-domain, respectively [4]. The linear branch, which
compensates for CD, is firstly applied, since in backpropagation the nonlinear effects are
considered to be stronger at the end of the virtual fiber, where the signal power is higher
[4, 26]. The block diagram depicting the implementation of the SSFM is presented in
Figure 3.2.

,,,,,,,,,,,,,,,,, XNsteps
|
\ 4 l ,l l )( | ) >
Ag )[ CDE ACD NLE AEQ
Ay oD AP
B J{ NE P
><Afsteps

Figure 3.2: Block diagram depicting the implementation of the SSFM, where the linear and
nonlinear steps are implemented in a serial configuration. The nonlinear step is applied as the
second step since it is assumed that nonlinear effects are stronger at the end of the virtual fiber.
The final equalized signal is obtained after applying it over a given number of iterations, Ngteps-

Considering the asymmetric SSEM, the linear operator performing CDE in frequency-
domain is mathematically described as

ASE (b, 2 — 1) = FH{ F{Aupy b, 2)HHen (wn, ) }, (3.8)
which represents the multiplication of the received signal by an exponential term. In

equation (3.8), ASB corresponds to the linear equalized signal in the z/y polarization
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components, defined at the discrete time instant, ¢,. The F{-} and F'{-} operators
represent the direct and inverse Fourier transforms of (-). An FFT and its inverse, IFFT,
are used to convert a signal from its time-domain representation to a frequency-domain

representation and vice-versa. Hcp is the frequency-domain transfer function for CDE,
defined as

exp <%h — Z%Wih) y h < Lspan
Hep(wn, h) = 3 ; (3.9)
exXp (—zgwih) s h > Lspan

where w,, represents the discrete angular frequency, Lepan is the fiber span length and
h = (Nspans/Nsteps) Lspan defines the considered DBP step-size, with Ngpans being the
total number of fiber spans. Note that the first condition of equation (3.9) refers to the
application of DBP using a subspan step-size, where h must be a divisor of the Lgpan.
While the second condition refers to the application of DBP with a multispan step-size,
where h must be a multiple of the Lgpay.

After linear equalization, the nonlinear operator, which is responsible for the nonlinear
phase shift compensation, is applied in time-domain to deal with the induced nonlinear
Kerr effects, as follows

APQ (¢, 2 — h) = AP (1,2 — h) exp [ﬁ(]ASD(tn, 2= )P+ AP, 2 — h)P)] - (3.10)

In the above equation, AE% represents the totally equalized signal in the z/y

polarization components and k 1s an imaginary constant, defined as follow

8
k= —igEyhesy (3.11)

wherein 0 < £ < 1is an optimization parameter that controls the amount of nonlinearities
digitally backpropagated. This value depends on the SNR of the received signal and will
be chosen to provide the minimum mean square error (MSE) between the equalized
and transmitted signals. Lower number of steps leads to coarser field estimation and
consequently lower £ values. This parameter is also dependent on the number of SSFM
steps, since it controls the accuracy of optical field estimation at each step.

Finally, h.¢s corresponds to the effective step-size, which is analytically described by
[30]

h)—1
exp(ah) — 1 h< Lo
(e}
heff - h eXp(OéLspan) -1 . . (3.12)
Lspan a ’ — “span

The SSFM algorithm was originally developed to accurately simulate the signal
propagation over optical fibers [31]. The applied step-size is an important parameter
to achieve the intended precision. The considered step-size should be small enough so
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that the linear and nonlinear effects are accurately modeled, although this comes at the
expenses of high complexity, which can lead to violations of space and power constrains.
On the other hand, when large step-sizes are considered, the model loses its precision. The
SSEFM can be seen as a very precise DBP technique, at the cost of high computational
load [18, 26, 29]. In terms of hardware implementation, this technique can be easily
implemented due to its independent treatment of linear and nonlinear impairments. But
it presents some disadvantages due to its highly iterative structure and hybrid time-
/frequency-domain structure. Along this work, the SSFM-based DBP will be considered
as a benchmark for comparison with the subsequent reduced-complexity DBP techniques.

3.2.2 Weighted split-step Fourier method

Rafique et. al have recently proposed the W-SSFM, a low-complexity SSFM-based
DBP technique, that aims to relax the step-size requirements of the standard SSFM
[18]. Unlike the SSFM, in this new method the nonlinear phase shift in one symbol
is determined with the power of several consecutive symbols, thus accounting for the
pulse broadening that occurs due to CD. Therefore, the W-SSFM includes a finite
length memory in the nonlinear step for taking into account the correlation between
neighboring symbols. Consequently, this algorithm enables the increase of the DBP step-
size, thus enabling the reduction of the number of DBP steps without implying additional
complexity, since the power weighting can be efficiently implemented as a simple moving
average [18]. The reduction of DBP steps translates in a complexity and latency reduction
when compared to the standard SSFM.

The mathematical formulation of the W-SSFM is identical to the above described
SSEFM, except for the power-weighting average added in the nonlinear step. The nonlinear
operator for the W-SSFM, when considering a rectangular time-domain window, is
defined as

Afz(tn, z—h) = Ag) (tn, 2 — h) exp [NLNL Z <|ASD(tﬂ" 2= h)[P+|ASP(t;, 2 — h)|2>] ’
jed(n)

(3.13)
where J(n) = {j ‘n— [%W +1<j<n+ [Ng’LJ }, wherein Ny, defines the number of
samples (window length) to be considered for the power-weighted average. Note that,
N1, has to be adjusted for each transmission system in order to obtain the algorithm

best performance, this will be analyzed in the following sections.

3.2.3 Time-domain Volterra series nonlinear equalizer

In alternative to the SSFM-based DBP, several VSNE-based DBP approaches based
on an third-order Volterra series transfer function (VSTF) have been recently proposed
to solve the Manakov equation (3.7) [9, 10, 32]. Although, such approaches provide
a nonlinear compensation technique with lower latency, its associated complexity is
still very high. This has motivated the development of several low-complexity VSNEs,
such as the symmetric Volterra series nonlinear equalizer (symVSNE) and the simplified
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Volterra series nonlinear equalizer (simVSNE) proposed in [14, 19]. In these algorithms a
symmetric reconstruction of the third-order Volterra Kernel, together with a frequency-
flat approximation, are employed in order to reduce the overall complexity of the full
VSNE. More recently, a TD formulation for the simVSNE was proposed, enabling to
implement a fully TD Volterra-based NLE using closed-form analytical expressions [21].
Additionally, a set of new approximations were employed, emphasizing the insertion of an
adjustable power weighting time-window in the nonlinear branch, which was inspired from
the above described W-SSFM and which will be addressed in the following subsection.

R X Nsteps

v )\ an
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Figure 3.3: Block diagram depicting the implementation of the VSNE-based DBP techniques,
where DBP is achieved when the CDE is employed in parallel with the NLE step. The final
equalized signal is obtained after applying it a given number of iterations, Ngteps-

In VSNE-based DBP techniques, DBP is obtained by employing the linear, CDE,
in parallel with the nonlinear step, NLE, as can be observed from Figure 3.3. In this
case, the NLE is based on a VSNE composed by a set of Ny parallel filters, wherein
N, is an adjustable parameter that defines the filter array dimension, Figure 3.4. The
VSNE-based DBP equalized signal is then perturbatively obtained by adding the linear

equalized field, Ax Ty with the nonlinear equalized field, ANL (K) , as follow

EQ NL(K
AT (t) = ASP (¢ Z A (3.14)

K=—Nj

Although, the VSNE can be implemented either in time- or frequency-domain, here
we will focus only on our recently proposed TD-VSNE [21]. This novel TD-VSNE was
derived from the inverse Fourier analysis of the previously proposed simVSNE algorithm,
where a frequency-flat approximation is applied together with a symmetric reconstruction
of the Volterra kernel [19]. Additionally, new TD simplifications were implemented in
order to avoid the complexity associated with the additional convolution operations, thus
giving rise to the simplified TD-VSNE. For simplicity, henceforward each simplified TD-
VSNE individual filter will be denoted as TD-VSNE{K} with K being the filter branch
order, while the full simplified TD-VSNE filter array will be denoted as TD-VSNE[Ny].
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Figure 3.4: Block diagram depicting the implementation of the time-domain VSNE-based
DBP approach, where DBP is achieved when the CDE is employed in parallel with the time-
domain VSNE. The final equalized signal is obtained after applying it a given number of
iterations, Nsteps-

Regarding the nonlinear equalized fields, the TD-VSNE[0] nonlinear equalized signal
in the z/y polarization is mathematically represented as

A )_“[Ax/y( )(ZPm/yy( n) + Pyyjaalt n)>+Ay/x( DPoret)], (3.15)

where P,,/,, accounts for the optical power in the z/y polarizations

Peop(t) = 57 3 1Aupy(t)” (316)

Jj€Jo(n)

Py /ye accounts for the coherent inter-polarization nonlinear crosstalk and is given by

ny/yw n) Z Ax/y y/ac( ) (3.17)
JEJO n)
where (-)* represents the complex conjugate of (-). { g (%W +1<Ek<

n + \_%J} defines the moving average interval, Wthh is composed of N taps, with N
being the FFT block-size of the corresponding simVSNE.
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The remaining Nj, parallel TD-VSNE filters are mathematical formulated as follow

ANL’(K)(tn):/@-[ACD’(K)( >(zp<K> (tn) + Pl (1 >)+ACD<K< ta)Pyy) <tn>}, (3.18)

z/y z/y rz/yy y/x zy/yz

and

A?/Lyv(—K)(tn) — '{AS/%(_K)( )<2Px:§/y)y( n) + P;/x)x( n)) + A;J/g( K) ( n)P;aEI/;)y(tn):|7
(3.19)

where

A (t,) = F {]—"{Az/y(tn) exp (m%f() }HCD(wn) } (3.20)

with AS/I;’(O (t,) = AS}Z( ). Note that AS/I;’(K) can be directly obtained from ASB using

the approximation proposed in section IIl.c of [21], thus avoiding the additional CD
transfer functions and IFFTs computations. Finally, the ngx /)yy, Péf/)yx terms accounting
for the cross power between the x and y polarization terms with a K Aw frequency-shift,

where Aw is the digital frequency resolution, can be obtained as follow

K 1 g
Pﬂgx/)yy(t”) - N Z [Asyy (1)) eXp(—ZQWNK>, (3.21)
j€do(n)
and |
iy J
Plgll/y17 Z Az/y y/x( ) €xp (_ZQWNK) . (322)
jGJo(n

The final DBP equalized signal is obtained after applying a given number of iterations,
Nsteps, from the output to the input of the filter, Figure 3.4. The parallel structure of the
VSNE-based DBP algorithms provide a higher granularity to these equalizers, since it
enables to control the overall complexity of the algorithm simply by adjusting the filter
dimension parameter, Nj.

3.2.4 Weighted Volterra series nonlinear equalizer

The previous TD-VSNE filters maintain a fixed power weighting time window of N
samples, thus guaranteeing the equivalency between the simVSNE formulations in time-
and frequency-domains [21]. Nevertheless, it has been shown that the power weighting
time-window can be adjusted to provide optimum performance, similarly to W-SSEFM.
Thereby, the fixed power weighting time-window in the TD-VSNE was substituted by an
adjustable power weighting time-window, yielding the W-VSNE. The W- VSNE can be
directly obtained from the TD-VSNE by simply redefining the Jy(n) by the Jj(n { J:
n— [NNLW +1<j5<n+ \_NNLJ} interval and replacing N by Ny, of the exponentlal
factors in equations (3.16), (3.17), (3.20) and (3.22) [21]. This adaptation provides to
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the W-VSNE a faster convergence for its maximum performance, allowing the use of less
parallel filters, when compared to the TD-VSNE.

Figure 3.5 depicts the block diagram of the W-VSNE-based DBP technique, where
in this case the NLE step consists of a step of N, parallel W-VSNE filters. Like in the
previous case, henceforward each W-VSNE individual filter is denoted as W-VSNE{K},
while the full W-VSNE filter array will be denoted as W-VSNE[N].

><]\/vs.teps
(G- |
A,
Y — CDE i
' VSNE ‘ &
' im W_VSNE{O} i » W-VSNE[0] Hii
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Figure 3.5: Block diagram depicting the implementation of the W-VSNE-based DBP
approach. The final equalized signal is obtained after applying it a given number of iterations,
Nsteps-

Finally, it is important to point that the P-SSFM, proposed in [33] and experimentally
validated in [22], matches a simplification of the W-VSNE-based DBP technique, where
the CDE is applied in parallel with a single nonlinear branch, i.e., the W-VSNE|0] filter.
The P-SSFM name was attributed due to the fact that, similarly to the SSFM, the
P-SSFM is based on the separate application of the linear and nonlinear steps, being in
this case implemented in a parallel structure, contrary to the SSFM where the linear and
nonlinear steps are implemented in a serial structure.

Note that the W-VSNE[0] complexity per step is approximately equivalent to the
standard and weighted SSFM. The inclusion of an adjustable power weighting time
window does not imply any additional complexity. However, each K-th TD filter brings
additional complexity relatively to the zeroth-order filter, due to the fact that each filter
is composed by two individual filters and also the exponential function presented in
equation (3.22) [21]. However, the W-VSNE can be advantageous from an hardware
implementation point of view, since it avoids the use of the exponential operator in the
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nonlinear branch, reducing its complexity. Moreover, since it is based on a perturbative
approach, where the linear and nonlinear steps are partially applied in parallel, it provides
a reduction of the algorithm latency [21].

The W-VSNE was numerically assessed for a 224 Gbit/s PM-16QAM transmission
system, showing an improved performance/complexity tradeoff over SSEFM [21]. In the
following section we experimentally evaluate the performance of the W-VSNE algorithm
in a 400G superchannel-based transmission system, against the above mentioned SSFM-
based DBP techniques.

3.3 400G WDM Transmission System

In this section, we describe the experimental setup and the set of DSP algorithms
used in the experimental validation of the SSFM, W-SSFM and W-VSNE-based DBP
techniques. This work was carried out in collaboration with Centro de Pesquisa e
Desenvolvimento em Telecomunicagoes (CPgD), Campinas, Sao Paulo, Brazil. The
raw experimental data presented here was collected in the laboratorial facilities of
CPgD, while the DSP implementation was performed offline in Matlab, at Instituto
de Telecomunicacoes, in Aveiro, Portugal.

3.3.1 Experimental setup

A simplified scheme of the laboratorial setup implemented in this work is shown in
Figure 3.6. At the transmitter side, each WDM optical subcarrier is generated by 10
external cavity lasers (ECLs) with a linewidth of 100 kHz, and modulated by a dual-
polarization MZM. The WDM comb centered at 1550 nm is composed of five 400G
superchannels consisting of two PM-16QQAM carriers modulated at 31.5 Gbaud, thus
generating a total data-rate of 504 Gbit/s. Each superchannel is assigned to a 75 GHz
flexgrid slot, yielding a net SE of 5.33 bits/s/Hz. The bit data stream is coded in 16QAM
symbols, upsampled to match the digital-to-analog converter (DAC) sampling rate and
filtered by a raised-cosine filter with a roll-off factor of 0.1, for Nyquist pulse shaping.
Additionally, a digital pre-emphasis filter is applied aiming to partially compensate for
the analog bandwidth limitations. The analog I and ) components for both x and y
polarizations are then generated by a 4-channel 8-bit DAC operating at 63 Gsamp/s
and with an electrical bandwidth of 14 GHz. The DAC electrical outputs are finally
fed into the dual-polarization in-phase and quadrature modulator (DP-IQM) for optical
modulation.

The generated 400G superchannels are then sent to an optical recirculating loop,
composed of 5x50 km spans of fiber, erbium-doped fiber amplifiers (EDFAs) and
controlled by two acousto-optical switches (AOS). To decrease the amount of fiber
nonlinearities and improve the system OSNR, fibers with a higher effective area or reduced
attenuation factor are used. In this setup, we use the ultra-low-loss (ULL) fibers Corning
EX2000, characterized by an « of 0.162 dB/km, dispersion slope (D) of 20.4 ps/(nm-km)
and effective area (Aqg) of 112 ym?. The fiber losses are compensated by EDFAs with a
noise figure of 6 dB, placed at the end of each fiber span. Before the coherent receiver,
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Figure 3.6: Laboratorial setup of an ultra-long-haul WDM transmission system composed of
5 dual-carrier PM-16QAM 400G superchannels (2x31.5 Gbaud). The spectrum of the received
dual-carrier superchannel signal is shown in the inset figure.

an optical pre-amplifier and a variable optical attenuator (VOA) are used to control the
optical power of the photodiodes.

At the receiver side, a wideband polarization and phase diversity coherent receiver
with an electrical bandwidth of 40 GHz is used to detect the dual-carrier superchannel
signal. The spectrum of the received signal is shown in the inset figure. Initially, the
signal is separated into two orthogonal polarizations via a polarization beam splitter
(PBS). Each polarization is mixed with a free-running LO in a 2x4 90° optical hybrid,
to obtain the signal in a near zero frequency. The output signals of the optical hybrid
for each polarization are then sent to a pair of balanced photodiodes for optical-electrical
conversion. The electrical I and Q signals are afterwards digitized by a 80 Gsamp/s real-
time sampling LeCroy oscilloscope with an analog bandwidth of 34 GHz, and saved for
posterior offline processing in MATLAB. The DSP algorithms used for offline processing
are described in the following section.

3.3.2 Digital signal processing

The sequence of post-detection DSP algorithms used in this work is depicted in
Figure 3.7.
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Figure 3.7: Sequence of post-detection DSP algorithms employed in this work for processing
of the dual-carrier PM-16QAM 400G superchannels. The constellations along the optical path
for one of the signal polarizations are also depicted, where the effect of the DSP algorithms is
clearly visible.

Post-detection DSP starts with the correction of the optical front-end imperfections,
such as the I and Q output signals time skew and quadrature imbalance between them.
Such imperfections are removed by using the deskew algorithm proposed in [34] and the
Gram-Schmidt orthonormalization procedure proposed in [36], respectively. Afterwards,
each individual superchannel carrier is selected by means of band-pass filtering and
downconverted to baseband, followed by resampling which is applied to adjust the
sampling rate to 2 samples per symbol.

As mentioned before, coherent receivers enable the equalization of the fiber
transmission impairments in the digital domain. Therefore, a static equalization block
can be applied in order to compensate for deterministic effects, such as CD and nonlinear
effects. The remaining non-deterministic and randomly evolving effects, such as PMD,
PDL and residual amounts of deterministic effects, can be compensated in a dynamic
equalization block which uses MIMO-based FIR filters. In this chapter, the static
equalization block comprises linear CDE or intra-channel NLE. Where the linear CDE is
applied in time-domain by means of a finite impulse response (FIR) filter, while the intra-
channel NLE is achieved by means of the SSFM, W-SSFM or W-VSNE-based DBP. The
dynamic equalization and polarization demultiplexing is achieved with a bank of complex
2x2 FIR filters with 31 taps, driven by a multi-radii constant modulus algorithm (CMA)
for the feedback error function [14, 37].

After downsampling to 1 sps, the signal is fed into the carrier recovery subsystem,
which aims to compensate for the frequency offset and phase noise between the
received signal and the free-running LO laser that might be present due to the lack
of phase/frequency lock between the transmitter and receiver lasers. In this work, the
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carrier recovery subsystem is based on a 4*-order spectral-based frequency estimation
(38, 39] and a modified Viterbi-Viterbi phase estimation [37, 40].

At the end of the DSP chain an additional 25-taps decision-directed 4x4 equalizer,
with separate treatment of I and QQ components of the signal is applied to fine tune
the linear adaptive equalizer and compensate for residual 1Q) skew [41]. Finally, symbol
demapping followed by bit-error rate (BER) calculation is performed. The BER was
individually calculated for each superchannel carrier over 2!% received bits. The final
BER values presented in the following sections refer to the centered superchannel BER,
obtained by averaging the individual superchannel carriers BERs.

3.4 Digital Backpropagation Optimization

Before going through the analysis of the algorithms performance, each DBP-based
NLE algorithm was optimized in order to achieve the respective best point of operation.
In this section, we evaluate the performance of the SSFM, W-SSFM and W-VSNE
algorithms as a function of the Nyp,, which defines the number of samples used for the
power-weighted average, and &, which is the nonlinear DBP optimization parameter. The
parameters optimization procedure can be divided in two stages:

1. In the first step, a wide range of Ny, values is tested, while considering an empirical
value for the ¢ parameter;

2. In the second step, the Nyi, values that yield the maximum NLE performance of
each algorithm is retained, while the £ parameter is optimized by varying it between
0 and 1, in steps of 0.1.

Figure 3.8 shows an example of the Ny and & optimization procedure for the
W-VSNE, when propagating with an optical power of -1 dBm through 5000 km of optical
fiber. In this figure, we show the results for the zeroth order branch of the W-VSNE,
i.e. W-VSNE{0}, for different considered step-sizes. The minimum considered DBP
step-size is of 50 km, corresponding to 1 step per span, while the maximum considered
DBP step-size is of 5000 km, corresponding to 1 step for the total fiber length. Initially
¢ is set to 0.5, and after determining the optimum Ny, (left-hand side of the figure),
this optimal Ny, value is considered for the & optimization (right-hand side of the
figure). The obtained results show that the optimization of the Ny, enables a significant
enhancement of the nonlinear equalization performance. It can be observed that the
optimum Ny, tends to increase with the DBP step-sizes, which is expected due to the
higher accumulated CD that has to be compensated in each step, and which is causing
a significant spread in time of the interaction between linear and nonlinear effects. On
the other hand, smaller step-sizes lead to a reduced amount of accumulated CD that
has to be compensated in each step. Consequently, the interaction between dispersive
linear and instantaneous nonlinear effects is less significant, and hence the optimum Ny,
is also reduced. However, we can also see that when the Ny, is significantly increased,
the performance of the algorithms is degraded since we are averaging the optical power,
and therefore the nonlinear interactions are lost. After performing the Ny, optimization,
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Figure 3.8: Two stages Nxi, and £ parameters optimization for W-VSNE{0} algorithm, when
considering an input power of -1 dBm, a propagation distance of 5000 km and the set of step-
sizes considered in the evaluation of the algorithm.

we proceed to the £ optimization. It can be observed that the optimum ¢ values tend
to decrease for higher step-sizes, due to the DBP inaccuracy that arises with large step-
sizes. Note that, although not shown here for simplicity, similar Nyi, and £ optimizations
were individually carried out for each of the input optical powers considered in this work
(ranging from -4 dB to 1 dB, in steps of 1 dB).

The above procedure was repeated for the remaining DBP-based NLE algorithms
considered in this work, and a comparison between algorithms is performed in Figure 3.9
and 3.10. We must refer that, in contrast with the W-SSFM and the W-VSNE
approaches, the SSFM requires only the ¢ optimization procedure, since it inherently

70



3.4. Digital Backpropagation Optimization

2.9\ | B wsskum
\\ |V W-vSNE{0}
{ W-VSNE{1}

2.7H

2.5

BER

—
—_—

Py=-2 dBm
L=5000 km

h=50 km (solid)
h=500 km (dashed)

50 100 150 200 250 300 350 400
Nt

2.3

2.1

Figure 3.9: Nyp, optimization for W-SSFM and W-VSNE algorithms, considering an input
power of -2 dBm, a propagation distance of 5000 km and a DBP step-size of 50 km (solid curve)
and 500 km (dashed curve).

implies Nyi,=1. The SSFM accounts only for the instantaneous signal power, therefore it
does not include any memory in the nonlinear step of the algorithm. On the opposite side,
in the case of the W-VSNE, the two optimization stages have to be repeatedly executed
for the set of N, W-VSNE parallel filters being considered. For each implemented parallel
filter the £ and Ny, are optimized and the optimal values are retained for the experimental
performance evaluation. As an example, the Nyi, optimization for the W-VSNE{1} filter
is obtained considering the overall BER performance for the W-VSNE[1] filter. This
means that we optimize the W-VSNE{0} branch and then we retain the optimum Ny,
and & parameters to performed the Nyp, optimization for the W-VSNE{1} branch. It
must also be referred that along this work, we consider a rectangular window profile for
the power weighting of both W-SSFM and W-VSNE.

Figure 3.9 presents the Nyi, optimization for the W-SSFM and W-VSNE algorithms,
for an input power of -2 dBm, a total fiber length of 5000 km and a DBP step-size
(h) of 50 km (solid line) and 500 km (dotted line), corresponding to 1 and 10 spans
per DBP steps, respectively. Initially, we have considered ¢ = 0.5 for the W-SSFM
and W-VSNE{0}, and £ = 0.2 for the W-VSNE{1}, since it is known that the benefits
associated with the added W-VSNE{K} filters tend to vanish for small values of K [21].
The optimum Ny, obtained for each step-size and NLE method is marked in Figure 3.9.
From the figure we can see that the W-VSNE tends to require larger memory values than
the W-SSFM, which is due to the fact that the first is derived from a Volterra series model,
which inherently consider the existence of a memory in the linear /nonlinear steps. On the
other hand, the W-SSFM is originally obtained from a memoryless nonlinear operator,
thereby it tends to required a smaller depth for the memory. In addition, the introduction
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Figure 3.10: ¢ optimization for W-SSFM and W-VSNE algorithms, considering an input
power of -2 dBm, a propagation distance of 5000 km and a DBP step-size 500 km.

of an additional W-VSNE{K} filter, for larger step-sizes, tend to significantly improve
the W-VSNE{0} performance, confirming its capability to capture longer-term nonlinear
effects.

Retaining the optimum Ny, for each DBP method, we proceed to the £ optimization.
Figure 3.10 presents the £ optimization for the W-SSFM and W-VSNE algorithms, for
an input power of -2 dBm, a total fiber length of 5000 km and a DBP step-size of 500 km.
We can see that the optimum & value for the W-VSNE{0} is lower than that of W-SSFM,
this might be due to the fact that it is a single filter from an array of N, complementary
filters, whose outputs are summed together. Moreover, the optimum ¢ value drops for
increasing K-th filters, showing that the added benefit of W-VSNE{K} filters tends to
vanish for relative small values of K.

The previous results confirm that the optimization of Ny, and & strongly benefit
the system performance. After, Nyp, and & optimizations and for a step-size of 500 km,
the optimum BER values obtained for W-SSFM, W-VSNE{0} and W-VSNE{1} are
~ 2.44 x 102, ~ 2.53 x 102 and ~ 2.33 x 102, respectively. Finally, we can conclude
that the results presented in this section are in accordance with the previous numerical
results reported in [21].

3.5 Experimental Performance Analysis

After Nyp, and & parameters optimization, we proceed to the performance assessment
of the DBP algorithms employing the previously mentioned numerical methods. In this
section, we focus our analysis on the DBP-based on SSFM, W-SSFM and W-VSNE,
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Figure 3.11: Performance of the linear and nonlinear equalization algorithms: BER as a
function of the transmission distance, when considering a fixed DBP step-size of 500 km and
an input power of -2 dBm.

aiming to experimentally assess and identify the potential benefits of each algorithm.
We start our analysis by evaluating the performance of each algorithm, in terms
of BER as a function of the transmission distance. In Figure 3.11 we show the results
obtained for an input power of -2 dBm, a fixed DBP step-size of 500 km and transmission
distances ranging from 2000 km up to 7000 km, in steps of 1000 km. Note that, we
consider the optimized parameters obtained for a transmission distance of 5000 km as
the optimum values for all the other transmission distances considered in this chapter.
Considering a BER threshold of 2.7 x 1072 for a typical 20% overhead SD-FEC, we can
see that the transmission distance of 5000 km can only be achieved using the W-SSFM or
W-VSNE algorithms, since the system performance after CDE and SSFM is limited to a
BER of ~ 3 x 1072, which is above the FEC limit considered here. Under this scenario,
the standard SSFM brings only a marginal gain over CDE, owing to the large step-size
being considered (h = 500 km). In contrast, the W-SSFM algorithm shows a significant
gain over CDE, enabling an extended reach of approximately 600 km. On the other
hand, the system performance of W-VSNE|[0] and W-VSNE[1] proves to be comparable
to the W-SSFM. Despite W-VSNE|0] shows to be slightly worse than W-SSFM, the
W-VSNE[1] provides the best performance for all the propagation distances considered
in Figure 3.11. The same analysis was carried out for optical input powers ranging from
-4 dBm up to 1 dBm, in steps of 1 dBm, from where similar conclusions where observed.
From the previous results, we can determined the maximum reach for each
equalization method as a function of the input power, which is depicted in Figure 3.12.
The estimated maximum reach was obtained by performing a spline interpolation of the
measured BER versus transmission distance results (see Figure 3.11) into multiples of
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Figure 3.12: Estimated maximum reach as a function of the input power, considering a fixed
step-size of 500 km, for the different static equalization algorithms.

the span length (50 km). For the optimum input power of -2 dBm and an DBP step-size
of 500 km, corresponding to a total of 10 spans per step, the maximum reach enabled by
CDE is 4700 km. When intra-channel NLE is considered this distance can be increased
up to 5200 km with the W-VSNE[0], 5300 km with the W-SSFM, and 5450 km with
the W-VSNE[1], corresponding to a gain of ~ 11%, ~ 13% and ~ 16% over CDE,
respectively.

The previous analysis was extended for several DBP step-sizes, ranging from 12.5 km
(i.e. 4 steps per span) up to 5000 km (i.e. 100 spans per step), aiming to determine
the best tradeoff between performance and computational effort for each NLE method.
The obtained results showing the estimated maximum reach as a function of the DBP
step-size are presented in Figure 3.13. From the observation of this figure, three main
regions of operation can be defined:

e a high complexity region, where the system reach can be increased around 1000 km,
at the cost of a large number of DBP steps required and therefore high complexity
(h <100 km);

e a medium complexity region, where a significant reach gain, between 1000 km
and 500 km, can be achieved while using DBP step-sizes of several spans per step
(100 < h < 1000 km);

e a low complexity region, where the reach improvement is lower than 500 km,
although DBP is applied with a lower complexity using very large step-sizes
(h > 1000 km).

As expected, the results of Figure 3.13 show that the standard SSFM algorithm is
not adequate for low-complexity DBP, since its performance tends to quickly degrade
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Figure 3.13: Estimated maximum reach as a function of the DBP step-size, for CDE, SSFM,
W-SSFM and W-VSNE methods.

for step-sizes larger than the fiber span length. This occurs due to the fact that this
algorithm was originally developed for high accuracy modeling of signal propagation in
fiber. Contrarily, it is shown that both the W-VSNE and the W-SSFM algorithms are able
to tolerate much longer step-sizes without severely compromising the system performance.
In the high complexity region, these algorithms are able to reach approximately the same
performance as the SSFM while using about 4x fewer DBP steps, demonstrating its
capability to work at high performance with significantly lower complexity than the
standard SSFM. In addition, note that the additional reach provided by the W-VSNE[1]
over W-VSNE[0] is only 50 km in the high performance region, not justifying the
additional complexity. The reach enhancement of the W-VSNE over the SSFM is further
increased within the medium complexity region, enabling up to 750 km of extended reach
(more ~ 15%) for a DBP step-size between 200 km and 500 km, which corresponds to
approximately 25 and 10 DBP steps in total, respectively. In this region, the W-VSNE[1]
always surpass the W-SSFM achieving a maximum reach gain of 150 km for a DBP step-
size of 500 km. The benefit of the additional W-VSNE{1} filters starts to be worthwhile
for step-sizes larger than 250 km. For h= 1000 km (20 spans per step), the extended
reach provided by the W-VSNE[1] over W-VSNE|0] is of 350 km, which may justify the
added complexity of the W-VSNE{1} parallel filter. Furthermore, when using only 6
DBP steps for the entire link, the W-VSNE[1] yields 550 km and 150 km of added reach
over CDE and W-SSFM respectively, whereas the standard SSFM gain converges already
to zero. To achieve the same reach gain using the SSFM, a total of 50 DBP steps will
be required, increasing the system complexity in ~ 90%. Finally, in the low-complexity
region, an extended reach of 400 km over CDE can be obtained with a low-complexity
5-steps W-VSNE][1], enabling a 10x reduction in the computational effort comparing to
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SSFM. In the limit of a 2-steps NLE the estimated extended reach is of 150 km, while
the complexity is only approximately 2x larger than that of the simple CDE. Finally,
is important to refer that the addition of the W-VSNE{2} filter is not worthwhile, since
it provides a small improvement of only 50 km in the maximum extended reach. This
results are in accordance with the numerical results reported in [21], where it is shown
that the system performance for the W-VSNE saturates for K > 2.

3.6 Computational Effort

Besides performance, another factor that must be taken into account when selecting
an algorithm is the associated computational effort. In this section, we analyze the
complexity and latency of the NLE algorithms considered in this work, which are
calculated based on the expressions derived in the subsection II1.D and III.C of [21]. The
complexity is here defined in terms of required number of real multiplications (RMs) per
sample, Ny, while the latency is defined in terms of number of serial real multiplications,
Trym- Note that, it is considered that each complex multiplication can be decomposed
into four RMs.

From the analyze of equation (3.15), (3.16) and (3.17), we can conclude that the
W-VSNE{0} filter branch requires a total of 20 RMs per step. The power weighting
terms require a total of 8 RMs per processed sample: P,,/, requires 2 RMs per
polarization; P,, requires 4 RMs, while P, is obtained from the complex conjugate
of P,,. To compute the multiplication of the power weighting terms with the linear
term, ASB, a total of 12 RMs per sample are required (ASB[2P vy + Pyy/ze] TEQUITESs 2
RMs per polarization, while Ax /nyy Jy= Tequires 4 RMs per polarization). The remaining
W-VSNE{K} filter branches require a total of 52 RMs per processed sample, from which
20 RMs are required for the calculation of the power weighting terms and 32 RMs are
due to the multiplication by ACD *K) Note that, each W-VSNE{K} filter is composed
of two individual filters. The extra complexity of W-VSNE{K} over W-VSNE{0} is
due to the exponential function present in expressions (3.21) and (3.22), this added
complexity can be avoided by decomposing the exponential factor into a simple power-of-
two approximation. With such approach all the multiplications can be decomposed into
efficient shift-and-add operations and the W-VSNE{K} filter branches complexity can be
reduced to 40 RMs, where all RMs required by the exponential factor were eliminated.
Thus, in each iteration, the number of RMs per sample required by the W-VSNE[Ny]
filter array is given by

Npagst oo (Vi) = 20+ 4+ 40N, (3.23)

where the extra 4 RMs per iteration are due to the multiplication by . In order to avoid
replication of operations, we have moved the x coefficient out from the individual filters,
so that it multiplies by the entire W-VSNE[Ny] output, ANL (N,

The complexity required by the parallel CDE will depend on the method considered
for equalization. Assuming a frequency-domain implementation, a contributor for

the complexity increase is the calculation of the ASZ’&K) terms in frequency-domain.
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To avoid the additional CD transfer functions and IFFTs, the following time-domain
approximation is applied [21]

AS}ZK< ”) Ax/y( n+dopt) eXp (Z(QWtK + ¢opt))7 (324)

where dg, and ¢, are scalar optimization parameters. This together with the power-
of-two approximation for the exponential factor enables us to obtain ASﬁ’iK(tn) directly

from A} /y( n-tdoy ), avoiding the use of extra RM operations. In [21] it was show that
these two approximations have a negligible impact on the W-VSNE system performance.
Therefore after disregarding the overlap-and-save operation, the CDE complexity per
step is given by

Npagge, (N, Ng) = Npyeon (N, 0) = 2[4 + Npasppr (N)], (3.25)

where Nrarppr (N) = 2logy(Nppr) accounts for the FET /IFFT complexity and the factor
4 accounts for the multiplication of the signal by the CD transfer function. The factor of
2 accounts for the two polarizations, which are independently processed.

The overall complexity of the optimized W-VSNE algorithm is given by

Npammee  (Nky N) = Noteps [Naapye o, (Vi) + Npagpe (N, 0)]. (3.26)

In terms of latency, the W-VSNE benefits from the fact that the linear and nonlinear
branches are partially applied in parallel. Only 2 RM blocks are applied after obtaining
the CDE output (1 RM in the W-VSNE{K} and 1 RM to multiply by ). Given this,
the latency of the W-VSNE algorithm is quantified as

TR)\DBP = Nsteps (TRMCDE + 2), (327)

W-VSNE

where T = 2108y (Nppr) 4+ 1 corresponds to the latency associated with each CDE
step, with 2log,(Ngpr) accounting for the latency of the FFT and IFFT. Note that, we
assumed that the latency of the CDE step is always larger than the latency of the NLE
filter branches.

Focusing now in the SSFM analysis, the implementation complexity associated with
its nonlinear step can be determined from equation (3.10). The power of two terms,
Ag/z, require 2 RMs per polarization, the multiplication by & requires 1 RM and the
complex multiplication of ASB by the exponential function requires 4 RMs also per
polarization. The exponential function brings some additional complexity. It can be
based on a fourth order Taylor expansion, implying 6 RMs, or alternatively it can be
implemented using look-up-tables (LUTSs), which does not require any RM. Since we
are looking for the less complex implementation, the LUT-based SSFM is considered.
Given this, the overall complexity required by the nonlinear operator in each iteration
is V RMNL, = = 13. Finally, considering again a frequency-domain implementation of the
linear step, the total number of RMs required by the SSFM algorithm is given by

NRMDBP (N) — Nsteps [NRMNL

SSFM SSFM

—|—NRMCDE (N O)] (328)
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Table 3.1: Complexity and latency of DBP based on the SSFM, W-SSFM and W-VSNE as
function of the transmission distance.

Distance (km) || 5700 5500 | 5150 | 4900
Nppr 512 512 1024 1024
Nsteps 228 110 52 25
SSEM NRMs 21204 10230 5252 2525
TRM 5244 2530 1300 625
Nppr 1024 1024 2048 8192
Nsteps 38 22 6 3
WSSEM N || 3838 (82%) | 2222 (-78%) | 654 (-88%) | 375 (-85%)
TrRM || 950 (-82%) | 550 (-78%) | 162 (-88%) | 93 (-85%)
Nppr 512 1024 2048 2048
Nsteps 82 22 9 5
W-VSNEWO] ) v | 8528 (-60%) | 2464 (-76%) | 1080 (-80%) | 600 (-76%)
Trm || 1722 (-67%) | 506 (-80%) | 225 (-83%) | 125 (-80%)
Nprr 1024 2048 2048 8192
Nsteps 57 14 5 3
W-VSNE[] | v | 8664 (-60%) | 2240 (-80%) | 800 (-85%) | 528 (-80%)
TrRv || 1311 (-75%) | 350 (-86%) | 125 (-90%) | 87 (-86%)

From the above equation we can conclude that the W-VSNE[0] and W-SSFM
algorithms are approximately equivalent from the complexity point of view.

Regarding latency, since the linear and nonlinear operators are implemented in a serial
configuration, the SSFM algorithm latency can be defined as

(3.29)

TRMDBP = [Ngteps (TRMCDE + TRMexp)y

SSFM

with 7ga,,, = 4 being the latency required by the nonlinear phase rotation, where it
is considered that the latency associated with the LUT implementation is similar to
a RM implementation. The complexity and latency of the W-SSFM is also given by
equations (3.28) and (3.29). Since we are using a rectangular window for the nonlinear
step memory the length of the time window can be easily manipulated in hardware using
an accumulator block, therefore not implying any additional complexity.

Table 3.1 presents the complexity and latency associated to the SSFM, W-SSFM,
W-VSNE|0] and W-VSNE[1] algorithms as a function of the transmission distance. In the
table, Ngpr represents the minimum FFT block length required for the implementation
of the linear step without inter-block interference [19]. The number of steps, Nsteps,
is obtained from the quotient between the transmission distance and the DBP step-
size, obtained from Figure 3.13. The values required for the implementation of the
SSFM method are used as a benchmark for the calculation of the complexity and latency
gains of the remaining algorithms. In accordance with the previous numerical results,
Table 3.1 shows that the SSFM typically requires high Ngeps, consequently imposing
a high Ngys and 7gps, difficulting its hardware implementation. On the other hand,
both W-VSNE and W-SSFM algorithms allow significant complexity savings, e.g., for a
transmission distance of 5700 km (1000 km over the CDE limit), the W-VSNE enables
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a complexity reduction of ~ 60% and ~ 70% in terms of Ngrms and Trys, respectively,
when compared with the SSFM. The complexity reduction enabled by the W-VSNE is
further enhanced up to ~ 90% as we reduce the required extended reach provided by
DBP, moving to regions of medium and low complexity where practical implementation
becomes more feasible. Similarly to the W-VSNE, the W-SSFM enables a complexity
reduction of ~ 80 — 90%. Note that, although the W-VSNE tends to require a slightly
higher Ngys than W-SSEFM, its latency will be typically lower, since the W-VSNE is
based on the parallel application of the linear and nonlinear steps. Regarding the single
step implementation of CDE, the minimum FFT block length is 8192. Taking this into
account, the application of CDE in the frequency-domain requires 112 Ngys per sample
with 7y = 27 [21]. Analyzing the table we can verify that, the added complexity of
the SSFM, W-VSNE and W-SSFM over CDE tends to increase proportionally with the
number of DBP steps.

In addition to this results, the W-VSNE-based DBP presents other interesting
advantages over SSFM-based DBP in terms of hardware implementation. The W-VSNE
avoids the use of an exponential function on the nonlinear step and its inherent
complexity. Moreover, since the W-VSNE is composed by a set of Ny parallel filters,
the tradeoff between performance and computational complexity can be handled in an
easier way.

3.7 Conclusions

Along this chapter, we experimentally evaluate the performance of reduced complexity
versions of split-step and Volterra-based DBP techniques. These techniques are evaluated
over an WDM ultra-long-haul (ULH) transmission system composed of 5 dual-carrier PM-
16QAM 400G superchannels, spaced in a 75 GHz grid slot. We demonstrate that such
intra-channel nonlinear equalization techniques can bring significant benefits in terms of
optical reach, even when applied with a low number of DBP steps.

The performance, complexity and latency of the different algorithms is evaluated,
aiming to determine the best tradeoff between them. Taking into account the complexity
reduction metric, we determine operation regions of high, medium and low complexity.
We demonstrate that if properly optimized, the W-SSFM and W-VSNE techniques can be
applied with large step-sizes, while still providing a significant extended reach over CDE.
On the other hand, the standard SSFM is shown to be inadequate for the application
of DBP using large step-sizes. The recently proposed W-VSNE is found to be the most
advantageous technique in the medium and low-complexity operation regions. It can,
for example, enable a reach extension of 600 km over CDE, while requiring only 6 DBP
steps for a total transmission reach of 5300 km. Besides, it allows a reduction of the total
number of DBP steps up to 90%, a maximum reduction of 85% for the number of real
multiplications, and up to 90% for the total latency comparing to the standard SSFM
technique without significant performance loss.

Additionally, the W-VSNE-based DBP can bring some advantages over DBP-based
on SSFM and W-SSFM from a hardware implementation point of view. The parallel
application of the linear and nonlinear steps allows the reduction of the total latency
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of the algorithm. Moreover, it avoids the exponential operator in the nonlinear branch
and its associated complexity. In addition, since the W-VSNE is composed by a set of
N, parallel filter, the tradeoff between performance and computational complexity can
be handled more easily. These advantages together with the obtained results shows the
potential of the W-VSNE to be applied as an alternative low-complexity DBP technique.
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Chapter 4

Frequency-Hybrid Superchannel

In the previous chapter, a dual-carrier PM-16QAM 400G superchannel solution was
proposed and experimentally evaluated. This solution is compatible with the 75 GHz
grid and proved to be suitable for ultra-long-haul (ULH) transmission systems, achieving
transmission distances up to 5700 km [1]. Additionally, in [2] a triple-carrier PM-
64QAM 400G superchannel solution targeted for the 50 GHz grid slot was proposed and
proved to be suitable for metro applications, allowing to achieve transmission distances
up to 1000 km. The recent ITU-T G.694.1 recommendation [3, 4], proposes a new
flexible frequency grid based on 12.5 GHz spectral granularity, opening the possibility
for the development of solutions for the 62.5 GHz slot. Solutions compatible with this
frequency grid slot can rely, for example, on time- or frequency-hybrid superchannel
systems. However, the design of hybrid modulation transmission systems involves a new
key degree of freedom — the power-ratio (PR) between modulation formats — which is
strongly dependent on the transmitter operation strategy.

In this chapter, we proposed a 400G frequency-hybrid triple-carrier superchannel
solution, composed of a central PM-64QAM and two edge PM-16QAM carriers, to be
applied in the 62.5 GHz grid slot [5]. The proposed superchannel is experimentally
assessed in a long-haul transmission system by co-propagation with other 8 similar
superchannels. The optimum PR between carriers is analytically determined, in the
linear and nonlinear regimes of operation for three distinct forward error correction
(FEC) paradigms, using the enhanced Gaussian noise (EGN) model [6] and validated
by experimental and simulation results.

The organization of this chapter is defined as follows. Initially, the configuration
of the proposed 400G frequency-hybrid superchannel is described in section 4.1. The
nonlinear propagation model used along this chapter is briefly introduced in section 4.2.
The laboratorial setup and the DSP subsystems used in the demodulation of each
superchannel carrier are described in section 4.3. Section 4.4 is devoted to the assessment
of the performance of each superchannel carrier, with both linear and nonlinear
equalization. Section 4.5 addresses the optimization of the PR between superchannel
carriers for three distinct FEC techniques. In section 4.6, different DBP based nonlinear
mitigation strategies are applied over the central superchannel of the system aiming to
evaluate its impact on the optimum PR and system achievable reach. Finally, the main
conclusions drawn from this chapter are summarized in section 4.7.
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4.1 Superchannel Configuration

The configuration of the proposed 400G frequency-hybrid triple-carrier superchannel
is depicted in Figure 4.1. Each frequency-hybrid superchannel is composed of three
carriers: two PM-16QAM edge carriers and a central PM-64QAM carrier, each operating
at a symbol rate of 18 GBaud and separated by 20 GHz (guard-band of 2 GHz between
carriers). The entire superchannel is assigned to a grid slot of 62.5 GHz, compatible with
the recently proposed 12.5 GHz spectral granularity (ITU-T G.694.1 recommendation),
allowing the achievement of a net SE of 6.4 bits/s/Hz. The proposed superchannel has a
gross bit-rate of 504 Gbit/s, englobing 400 Gbit/s of net bit-rate and 26% of overhead,
20% for SD-FEC and 6% for the network protocol overheads. Therefore, the system can
operate a target pre-FEC BER of 2.4 x 1072 [7].

20 GHz

20 GHz | 11.25 GHz

2,25 GHz - 2.25 GHz
PM-16QAM @ PM-16QAM

@ 18 Gbaud @
18 Gbaud 18 Gbaud

I:'o_dBm
I:’o_dBm'PR Po_dBm'PR

62.5 GHz

Figure 4.1: Proposed frequency-hybrid superchannel composed of a central PM-64QAM
carrier and two edge PM-16QAM carriers, each carrier operating at 18 GBaud.

In alternative to the proposed frequency-hybrid superchannel, a superchannel
composed of PM-32QAM carriers could have also been considered. However, since Gray
coding can not be applied on non-square cross QAM constellation, the BER can not be
further improved. Moreover, a more complex transmitter structure would be required
to implement a correlated I-Q modulation [8]. When compared to PM-32QAM carrier
superchannel, the proposed hybrid solution is more resilient to ROADM-based WSS
filtering, due to the use of PM-16QAM carriers at the edges of the superchannel (which
can operate at a lower power and also presents higher filtering tolerance than PM-32QAM
carriers) [9, 10], whilst avoiding the use of non-square QAM carriers.

In hybrid modulation systems, the optimum PR between formats depends on the
transmitter operation strategy. In [11], four transmitter operation strategies for time-
hybrid modulation formats were proposed and the respective theoretical optimum PR
were derived for additive white Gaussian noise (AWGN) channels. However, the nonlinear
effects generated during signal propagation may substantially change the optimum PR
regimes derived for AWGN channels. To address this issue, the use of advanced nonlinear
modeling techniques [6, 12-16] is required, such as the recently proposed EGN model [6].
The EGN model accounts for the impact of different modulation formats assigned to each
superchannel carrier on the generated nonlinear interference (NLI). In this work, the
proposed superchannel is initially analyzed from the theoretical point of view using the
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EGN model and later validated by experimental and simulation (split-step based) results.
In addition, since in hybrid modulation transmission systems the different formats may
have quite different performances, three distinct FEC coding schemes are considered in
the evaluation of the superchannel performance after linear and nonlinear compensation.

4.2 Nonlinear Interference

Optical fibers are known to be a nonlinear propagation channel, where the capacity
of the optical transmission channel has a nonlinear dependency with the transmitted
power. For low optical powers, the channel capacity is proportional to the signal-to-noise
ratio (SNR), but when the optical power increases beyond a certain value, Kerr nonlinear
effects arise and the channel capacity is reduced due to nonlinear interferences (NLIs)
[17, 18]. Therefore, in long-haul optical transmission systems, where the optical losses
are compensated by lumped amplification, the channel capacity is mainly limited by
the amplified spontaneous emission (ASE) noise accumulation due to erbium-doped fiber
amplifiers (EDFAs), for low optical power, and by the NLI, for high optical power.

The modeling of ASE noise effects in the optical systems is well known within the
scientific community. However, the modeling of nonlinearities is still an active research
topic. In the last few years, several models that address the impact of nonlinear
propagation effects in uncompensated transmission channels have been proposed, and
validated by simulation and experimental results [6, 12-16].

Along this chapter, we focus on the modeling of the impact of nonlinear propagation
effects in optical coherent transmission systems, aiming to evaluate the performance of
the proposed 400G frequency-hybrid triple-carrier superchannel solution. We will start
with a brief introduction to the well known Gaussian noise (GN) model and its recently-
proposed enhancement, known as enhanced Gaussian noise (EGN) model. Later, we
analytically evaluate the impact of the NLI on the proposed transmission system.

4.2.1 Gaussian noise model

The so-called GN model was initially proposed with the intent of finding an effective
and accurate way of predicting impact of nonlinear propagation effects in uncompensated
coherent transmission systems, and consequently evaluate the performance of such
systems. Considering uncompensated optical fiber systems, the proposed GN model
emerged based on the assumptions that [14, 16]:

e the transmitted signal statistically behaves as a stationary Gaussian noise.
Although this assumption is not true at the transmitter output, the I-Q signal
components tend to get dispersed as it propagates through an uncompensated and
dispersive optical fiber, assuming a Gaussian-like distribution;

e the NLI disturbance manifests as additive GN. Therefore, it can be seen as a
perturbative approach where nonlinear distortions are considered as additive noise
with zero-mean Gaussian distribution, statistically independent from ASE noise.
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The statistical distribution of a PM-QPSK signal was analyzed by simulations in [19]
and by experiments in [20], where the above assumptions were found to be true, in both
linear and nonlinear propagation regimes. It was also shown that even in the absence of
ASE noise and after DSP, the statistical Gaussian distribution of the signal components
remain.

Assuming that the optical link is composed of identical spans (homogeneous link), and
that the losses of each span are totally compensated by optical amplification (transparent
link), GN model reference formula is given by [16]

Caurlf) = %?fL;f/" /ﬂ Gwont(fus for D)o for DX, for f)dfadfe. (4.1)

Equation (4.1) represents the power spectral density (PSD) of the NLI noise at the end
of the optical link for a frequency f, Gyrr(f), corresponding to the integrated result of
all the non-degenerated FWM products occurring among any three spectral components
of the transmitted signal, located at fi, fo and f3 = (fi + fo — f). The integrand factor

GWDM(fl; f2; f) - GWDM(fl)GWDM(fZ)GWDM(f?))a (42)

represents the power spectral density that each of the three pumps carries. It is related
to the FWM process as it is a product of three signal frequency components that act as
‘pumps’ for the FWM process itself. The integrand factor o(f1, f2, f) accounts for the
non-degenerate FWM efficiency of the beating of three 'pump’ frequencies. Assuming
EDFA amplification, like in our setup, the following closed-form is obtained

1 _ eXp72OLLspan expj47r252L5Pan(fl7f)(f27f) L—2
20 — jan?Bo(fi — f)(fo — f) o

o(fi, fo, ) = (4.3)

where « is the fiber loss coefficient [km™!], Lgpay is the fiber span length [km], 8, is the
group velocity dispersion coefficient [ps*km '] and L.y is the span effective length, which
is defined as

1 _ eXp_QaLspan
2cv

Lesy = (4.4)

Finally, the factor x(fi, f2, f) is accounting for the NLI accumulation along the channel
and is defined as

SinQ(zNSpansﬂ-z(fl - f)(f2 - f)ﬁ?Lspan)
sin2(27r2(f1 - f) (f? - f)ﬁ?Lspan) 7
where Ngpqns is the total number of spans in a link. Note that, in practice, the integration

range of equation (4.1) is limited by the optical bandwidth of the transmitted WDM signal
spectrum.

X(f1, f2, ) = (4.5)
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4.2.2 Enhanced Gaussian noise model

The EGN model was derived from the GN model by removing the assumption that
the signal launched into the optical channel behaves statistically as Gaussian noise.
Therefore, for the EGN model the NLI PSD, GEZ¥(f), can be obtained as follow

Grir (f) = GRLI() + GRE (), (4.6)
where GSY,(f) is the NLI PSD derived in equation (4.1), and GS%7(f) is the correction
term that has to be considered in order to account for the signal non-Gaussianity effect.
Since the focus of this work is not on the modeling of fiber nonlinear propagation, we
will not elaborate on this correction term. A detailed explanation of this term used to
rectify the errors caused by the GN model can be found in [6].

The EGN model also takes into account the impact of different modulation formats
on the generated NLI [6]. This is a feature of interest, since in this work the proposed
superchannel is composed of different modulation formats.

It must be noticed that the EGN model addresses several types of NLIs, thereby it
can also be defined as

GNir () = Gser () + GXé (f) + Giier (f), (4.7)
with GESN(f), GEGY(f) and G/ (f) accounting for the PSDs of the self-channel

interference (SCI), cross-channel interference (XCI) and multi-channel interference (MCI)
at the receiver [16].

4.2.3 System performance estimation

Despite there is no closed-form expression for the optical channel capacity, it can be
accurately modeled using an AWGN channel model, where the channel capacity is giving
by the following equation

C = 2BW log,(1 + SNR), (4.8)

where the factor 2 accounts for the fact that information is carried in the two polarizations
of the fiber, BWW is the optical signal bandwidth and SN R is the signal-to-noise ratio of
the channel.

In the case of a linear AWGN channel, with additive Gaussian noise and neglecting
PDLs, the SNR is defined as

P

Pusg’
where P, is the average signal power per channel and Pysg = GasgBWy is the ASE
noise power measured in a given optical noise bandwidth, BWy.

SNR =

(4.9)

Gase = [Ngans(G — 1)Fhfo) (4.10)

is the dual-polarization ASE noise PSD, with G the EDFA gain, F' the noise figure of
the EDFA, h the Planck’s constant and f the central frequency of the optical channel.
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Since nonlinear channels are also impacted by nonlinearities that can be modeled
as additive Gaussian noise, the SNR in an optical communication system should be re-
defined, in order to account for both ASE and NLI noise power contributions, as follows

Ptz’

SNRy; = ——————.
NE Piseg + Pnir

(4.11)
The Py is the NLI noise power falling over the center channel of the WDM comb
and is defined as

Rs/2
PNLI :/ GNLI(f)df (412)

—R./2

The G rs(f) is calculated using one of the previously presented nonlinear propagation
models. This formulation is valid when using a matched filter at the receiver and a signal
with an approximately rectangular pulse spectrum (small roll-off factor).

Besides ASE and NLI noises, other impairments due to transmitter and receiver
implementation penalties can also be present, namely linear interchannel crosstalk noise
and intersymbol interference. In order to account for this extra B2B noise power, Pgsp,
the overall modified SNR becomes

P

SN Ripta1 = )
total Piseg + Pyrr + Ppap

(4.13)

We must point out that this penalty might vary for different modulation formats.

From the computed SNR we can derive the system BER, which is dependent on the
modulation format, symbol rate (R;), and chosen value for BWy. The general BER
formula for M-QAM constellations is given by

2 1 3

where er fc(-) gives the complementary error function.

Note that, along this chapter, the BER associated to each modulation format
composing the superchannel is determined using equation (4.14), while the overall
superchannel performance is dependent on the FEC strategy being considered.
Additional details regarding the considered FEC modes are provided in section 4.5.

4.3 400G Frequency-Hybrid Transmission System

In this section, we describe the experimental setup and the set of DSP algorithms used
in the experimental validation of the proposed 400G frequency-hybrid superchannel. This
work was carried out in collaboration with Politecnico di Torino and Istituto Superiore
Mario Boella, Torino, Italy, from where all the experimental data presented here was
obtained.
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4.3.1 Experimental setup

The scheme of the experimental setup used for the transmission of a WDM channel
composed of nine 400G frequency-hybrid superchannels is depicted in Figure 4.2. At
the transmitter side, the central superchannel carriers (superchannel under test) are
generated by 3 external cavity laser (ECL) (<100 kHz linewidth), while the remaining
24 carriers are generated by distributed feedback (DFB) lasers. The central PM-64QAM
optical carrier is modulated using a DP-IQM, driven by a DAC operating at 64 GSa/s
and with an electrical bandwidth of 8 GHz. A second DAC is then used to create two
independent 16QQAM signals, which are then PM by means of a polarization multiplexer
emulator, yielding the two edge PM-16QAM carriers. The modulation signals are
obtained from uncorrelated 2'5-1 pseudo random bit sequences (PRBSs), digitally shaped
by a raised-cosine filter with a roll-off factor of 0.05 and pre-emphasized to compensate
for the bandwidth limitations of the transmitter components. After coupling the optical
carriers, the PR between superchannel carriers is adjusted by a programmable optical
filter placed at the optical coupler output, before the EDFA. The PR between carriers
is adjusted identically for all the 9 WDM superchannels.

DFB 2
> =
ECL 15‘ <
. ma o
: 3 199)
DFB 26 _Jcr £ A
—> B 2
DFB 1. E’—i %
B | o3
ECL 1 =)
DFB zr}
DAC & Drivers
64 GSa/s, 8 GHz
DFB 3,
B 3y
DFB 27
4>

Figure 4.2: FExperimental setup of an WDM transmission system composed by 9 of the
proposed 400G frequency-hybrid superchannels.

The generated 9 WDM 400G superchannels are then launched into the optical
recirculating loop, controlled by two acousto-optic modulators (AOM) and composed
of 2 x 107.62 km spans of PSCF, where each span consists of 54.44 km of PSCF150
followed by 53.18 km of PSCF110. It was considered that the fiber has an attenuation
(a)) of 0.16 dB/km, a dispersion slope (D) of 20.6 ps/nm/km, a nonlinearity coefficient
(7) of 0.7 W=km™! and 1.5 dB of extra losses per span that are attributed to the splices
between PSCF transition patch-cords and the fiber spools [21]. A loop synchronous
polarization scrambler (LSPS) is inserted to average out polarization dependent effects
in the loop. After each fiber span, an EDFA, with a noise figure of 5.5 dB, compensates for
the total span loss of 18.75 dB. The loop also includes a gain-equalizer unit, represented
in the figure by the block Gain FEq, which is required to correct for residual gain errors
and to preserve the applied PR between carriers.

After the recirculating loop, a standard coherent receiver detects each carrier of the
central superchannel, tuning the LO laser (ECL) and the optical filter to the desired
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carrier. A 25 GHz bandwidth tunable optical filter is inserted at the receiver input,
alming to prevent excessive optical power from reaching the photo-detectors. Finally,
the signal is sampled by a 50 GSa/s real-time oscilloscope, with an analog bandwidth of
33 GHz, so that offline DSP can be independently applied to each superchannel carrier.

4.3.2 Digital signal processing

The DSP is firstly applied in the compensation of the optical frontend impairments,
namely deskew and orthonormalization functions. Before the downconversion of the
superchannel carriers to baseband, the signal passes through a band-pass filter in
order to obtain the carrier of interest. Afterwards, the remaining DSP algorithms are
independently applied to each carrier of the superchannel. A digital resampling stage is
then applied to downsample the signal to 2 samples-per-symbol and a static equalization
algorithm is applied to perform CDE based on a frequency-domain implementation, or
alternatively, intra-carrier nonlinear compensation based on a split-step Fourier DBP
technique.

To compensate for the polarization-dependent effects and residual CD, a 2x2 MIMO
radially-directed equalizer (RDE) [22, 23] is independently applied to each superchannel
carrier. For the PM-16QAM carriers, the RDE is initialized in a data-aided (DA) mode,
with the correct radii of the 16QAM constellation being known a priori from a training
sequence. After the tap convergence is reached, the RDE equalizer is switched to a
decision-directed (DD) mode [22, 23]. In turn, for the PM-64QAM carrier, the RDE
equalizer is kept in DA mode at all times, to avoid possible tap divergence issues.
Note that, when using SD-FEC, the PM-64QAM carrier can be operating in a high
BER regime, which may be more challenging for the equalizer convergence and stability.
Therefore, the use of fully-DA equalization for the PM-64QAM carrier is a design choice
thus ensuring a more robust equalization, and thus avoiding any interference of possible
DSP implementation issues on the performance analysis of the frequency-hybrid 400G
superchannel. Nevertheless, we do not expect this simplified DSP assumption to create
significant performance changes, since it has been already shown in other works that
blind DSP can be adequately designed for PM-64QAM with very small implementation
penalty [23].

After channel impairments equalization, the frequency estimation is performed by a
4th-power spectral method, while an initial coarse phase estimation based on the 4th-
power Viterbi-Viterbi algorithm is applied to the QPSK-like symbols in the PM-16QAM
and PM-64QAM carriers. Although this Viterbi-Viterbi carrier phase estimation (CPE)
stage is applied on the 2x oversampled signal, phase estimation is actually performed
on a downsampled version of the signal (1 sample-per-symbol). The extracted phase
noise trace is then upsampled to 2 samples-per-symbol and removed from the signal,
allowing for a subsequent fractionally-spaced FIR-based adaptive equalization stage. An
additional ISI 4x4 adaptive equalizer is required after CPE for fine tuning of the linear
adaptive equalization, and to compensate for the residual [-Q transmitter skew. This
equalizer is based on a LMS algorithm, with a DA convergence stage followed by DD
operation in steady-state for the PM-16QAM carriers and fully-DA operation for the
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PM-64QAM carrier, with the real and imaginary parts of each signal polarization being
independently treated. At the end, the signal is downsampled to 1 sample-per-symbol
and a second fine-tuned CPE stage based on a maximum likelihood decision-directed
(ML-DD) algorithm, using 31 taps, is applied [24]. Note that, the number of taps used in
each algorithm is separately optimized for each of the two modulation formats. Finally,
after signal demapping, the BER associated to each superchannel carrier is estimated.

4.4 Individual Superchannel Carriers Performance

Optical transmission systems based on hybrid modulation formats may present
different performances for the distinguish modulation formats composing the channel.
Therefore, for a given modulation format, we must optimize the transmission parameters
to achieve a near optimal performance of our optical transmission system. In this
section, we aim to individually evaluate the performance of each superchannel carrier
by varying the applied PR between formats, since this parameter plays an important
role in hybrid modulation formats transmission systems. The experimental results
are obtained using the setup presented in the previous section, while split-step-based
simulations were carried out using the commercial optical system simulator OptSim™.
The experimental and simulation results are also validated by the EGN model. The
analysis being conducted here aims to determine the superchannel maximum reach for a
BER threshold of 2.4 x 1072 (assumption of a 20% SD-FEC). The system performance
is analyzed when applying regular CDE (EGN¢pg, SIMcpg, LABcpg), and also when
applying DBP-based nonlinear equalization (EGNpgp, SIMpgp, LABpgp). The latter is
applied to assess the improvement in terms of maximum reach and evaluate its impact
on the optimum PR and optimum launch power. Since DBP is independently applied on
each superchannel carrier, we are compensating only for the nonlinear effects caused by
the carrier on itself.

Initially, we evaluate the experimental setup in a B2B configuration, aiming to
determine the transmitter and receiver implementation penalties associated to each
superchannel carrier, which will affect the theoretical performance predictions of our
transmission system. Considering the defined BER threshold of 2.4 x 1072, the
experimental B2B penalties associated with the PM-16QAM and PM-64QAM carriers
were determined to be 0.8 dB and 2.3 dB, respectively. For uniformity with the
experimental scenario, B2B penalties were taken into account by noise loading to the
received signal in the simulation, and by adjusting the target SNR in the EGN model.
Afterwards, the experimental setup was analyzed for different values of PR. For each PR,
we varied the input mean power per superchannel between -8 dBm and 2 dBm, and the
number of loop recirculations, ranging from 1 to a maximum of 20 recirculations (about
4300 km).

Along this section, the plotted curves (dashed, dotted lines) refer to the EGN model
predictions, the open markers (A, V, O, O) refer to the simulation results and the filled
markers (A, ¥V, @, H) refer to the experimental results. Note that, the PM-16QAM
experimental and simulation results presented in the figures were obtained from the BER
mean of the two PM-16QAM edge carriers. Figure 4.3 presents the estimated maximum
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Figure 4.3: Maximum reach as a function of the mean power per superchannel, for different
values of PR between carriers, when considering CDE or alternatively DBP of each superchannel

carrier (for the superchannel under test).
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reach (MR) of each superchannel carrier as a function of the mean power per superchannel
and PR, for CDE (dotted-curves and A, A, V, ¥ markers) and DBP (dashed-curves and
[0, B, O, @ markers) cases. To evaluate the effect of single-carrier NLE, SSFM-based DBP
with 2 steps per span was applied to both experimental and simulation results, aiming to
guarantee a near optimal DBP performance. For the analytical EGN model, we firstly run
the EGN model for a single-carrier system under analysis, thus calculating the amount of
NLI generated by the single-carrier alone (Pnpyicn). Afterwards, in the post-processing,
the obtained Pyryich is removed from the total NLI affecting each superchannel carrier
(when considering the WDM transmission of the 9 superchannels), as follows

Pxirres = Pnor — Pyrrich- (4.15)

In the above equation, Py res is the residual value of NLI impacting the superchannel
carrier after NLE. This corresponds to the ideal case where we completely remove the
single-carrier nonlinear effects while leaving in all the other nonlinearities (i.e. XCI and
MCI).

The experimental and simulative MRs presented as a function of mean power per
superchannel were obtained from the interpolation of the BER results obtained after
each recirculation, every 2 spans. As expected, the PM-64QAM carrier (red results)
shows a shorter MR than PM-16QAM (blue results) for low PRs, this happens mainly
because of the higher SNR required by the PM-64QAM to deliver the target BER, but
also, because it has an higher sensitivity to nonlinear propagation effects. For high PRs,
the carriers performances are leveled out. It can be observed that the increase of PR
involves a compromise between the MRs achieved by the PM-16QQAM and PM-64QAM
carriers, caused by the inter-carrier NLI. Increasing the PR causes a reduction of the MR
achieved by the PM-16QAM carrier, since the PM-16QAM power is reduced relatively to
the PM-64QAM power, thereby suffering from higher inter-carrier NLI produced by the
adjacent PM-64QAM carriers. On the other hand, the MR achieved by the PM-64QAM
increases due to the lower NLI generated by the adjacent reduced power PM-16QAM
carriers.

We can also observe that, when DBP is applied, there is a clear improvement of the
superchannel carriers MR. However, as PR increases, the nonlinear compensation benefit
on the PM-16QAM carriers tends to become less pronounced, due to the fact that we are
decreasing its power and consequently the nonlinearities caused by the carrier over itself.
On the other hand, the PM-64QAM carrier performance significantly improves not only
due to the compensation of SCI, but also due to the lower nonlinear effects caused by the
adjacent carriers. Indeed, for PR=2.2 dB, a MR increase of ~20% and ~9% is obtained
for the PM-64QAM (~1200 km against ~1000 km) and PM-16QAM carriers (~4150 km
against ~3800 km), respectively. In turn, for higher PRs, such as 8.7 dB, a MR gain of
~40% is obtained for the PM-64QAM carrier (~1650 km against ~1150 km), while it
becomes negligible for the PM-16QAM carriers, due to its low power, i.e. linear regime
of operation.

In general, there is a good agreement between the experimental results with the EGN
model and simulation analysis, Figure 4.3. Only for few cases based on DBP there is
a small misalignment between results, which may be due to the presence of stronger
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nonlinear signal-to-noise interactions in the optical link and also due to the possible
correlations between the various carriers in the laboratorial experiment (resulting from
the even-odd modulation) [25, 26]. Note although, that these differences are always less
than 15%. This comprehensive study on the individual performance of superchannel
carriers allowed us to confirm that both EGN model and simulation analysis are fully
aligned with the experimental results, proving that an accurate parameter identification
has been successfully conducted. Under these conditions, in the next sections we assess
different FEC techniques and compensation strategies applied to our transmission system.
Later, in section 4.6 we take advantage of the EGN model to extend our analysis beyond
the experimental data and demonstrate some advanced DBP approaches that can be
applied over superchannel-based transmission systems.

4.5 Joint Power-Ratio and FEC Optimization

In the previous section, we focus on the individual performance analysis of each
superchannel carrier for different PRs between modulation formats. In this section, we
extend our previous analysis for taking into account the overall superchannel performance.
To do so, we will determine the optimum PR between superchannel carriers when
considering different FEC paradigms.

In [11] four transmitter operation strategies for time-hybrid modulation formats were
proposed and the respective theoretical optimum PR was derived when considering
AWGN channels. However, it has been shown that the nonlinear effects arising
during signal propagation in fiber may substantially change the optimum PR regimes
derived for AWGN channels. Moreover, given the different performances associated to
each modulations format, different FEC techniques have been proposed for the hybrid
scenarios, aiming to determine the approach that provides the best overall system
performance. In [27] a flexible FEC approach was applied to a TDHMF system based
on hybrid PM-QPSK and PM-16QAM formats, where each format operates with its own
FEC code, which showed an improvement of the system sensitivity compared to a single
FEC approach. This technique was also applied to a superchannel system [28] and to a
full WDM C+L-band transmission system [29, 30] aiming to counteract the performance
variations between different carriers and/or channels.

4.5.1 FEC paradigms

In this section and for the remaining of this chapter, the overall system performance
is evaluated considering the following three distinct FEC paradigms:

e superchannel FEC (SC-FEC), consisting of a single FEC code that is applied
to the overall 400G data stream carried by the three carriers composing the
superchannel. Figure 4.4a depicts the block diagram corresponding to the SC-FEC
implementation. A single FEC encoder is applied to the entire data stream of
a superchannel, which is then sent to an interleaver block that decorrelates the

96



4.5. Joint Power-Ratio and FEC Optimization

Tx Rx
Mod. Lg _)Demod

Tx Rx
Mod. > _>Demod
tnput("FEC FEC \pibt*
Inter- Tx Rx e-Inter- Bits
—|encoder leaver Mod. > _)Demod P/s leaver decoder
(OHg() (OHg)

(a)
FEC
Inter- Tx Rx De-Inter-
Mod. _> _)Demod._) leaver decoder
OH16QAM
Inter- Tx Rx FEC
Mod. _> _)Demod. Hdccodgr
Inter- Tx R. De-Inter- FEC
Mod. _) _)Dcm);d_> leaver decoder
OHj6QAM
(b)
Figure 4.4: Block diagram for the implementation of the considered FEC paradigms: a) SC-

FEC (OHgc = 20%) and b) IC-FEC (OHIGQAM = OHgsgam = OHgc = 20%) or Flex-FEC
(OHlﬁQAM #* OH64QAM but OHgc = 20%).

FEC
encoder

OH16QAM)

Input
Bits

FEC

Output
Bits
encoder

De-Inter-
leaver

OHgaqQAM)

ﬁL

OHgiQAM

FEC
encoder

OHy16QAM)

data stream over time and across the superchannel carriers. After that, a serial-
to-parallel (S/P) conversion block is applied to divide the data streams into the
carriers data streams. Each carrier is then independently modulated and combined
in a superchannel for optical transmission. At the receiver, after independent
demodulation of the each superchannel carrier, the data streams are combined
again by a parallel-to-serial (P/S) conversion block and send to the de-interleaver
block. A single FEC decoder block is then applied to the entire superchannel data
stream, aiming to retrieve the transmitted bits.

In this work, the superchannel FEC overhead (OH) is defined to be 20%. Since
FEC coding/decoding is interleaved among all superchannel carriers,; the system
performance can be assessed through the following equation

BER E log,(M,,)BER,,
T Y log, (M)

where BERgc is the pre-FEC weighted average BER of the entire superchannel,
BER, is the BER measured on the n-th superchannel carrier and M, is the
constellation cardinality of the n-th superchannel carrier and log,(M,) is the
number of bits-per-symbol of the n-th superchannel carrier. The SC-FEC paradigm
can be seen as an equivalent of the minimum BER strategy proposed in [11].

(4.16)

e independent carrier FEC (IC-FEC), consisting of N independent FEC codes,
one for each superchannel carrier, with a fixed and common OH. In this case,
independent FEC encoder and decoder blocks are applied to each carrier of the
superchannel, as can be seen in Figure 4.4b.
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In this work, all superchannel carriers operate with the same FEC OH of 20%.
Since all superchannel carriers are coded and decoded independently, the overall
superchannel performance is set by the worst performing carrier and thus it can be
assessed by the highest individual pre-FEC BER, as follow

BERSC = max(BERn). (417)

Therefore only the worst performing carrier is operating at the FEC threshold,
while the remaining carriers are practically working error free, thus presenting some
margin to the defined FEC threshold. The IC-FEC paradigm can be seen as an
equivalent of the same BER strategy proposed in [11].

e independent carrier flexible FEC (Flex-FEC), similarly to the IC-FEC case,
an independent FEC code is assigned to each superchannel carrier, but, in this case,
the allocated OHs are optimized on a per-carrier basis.

In order to maintain a net bit-rate of 400 Gbit/s and get a fair comparison
with the SC-FEC and IC-FEC approaches, in this work we constrain the total
superchannel Flex-FEC overhead OHge (weighted average of all FEC OHs per
carrier) to 20%. Considering that the two PM-16QAM edge carriers should exhibit
a similar performance, we constrain them to have the same OH. For a given OH
in the PM-64QAM carrier, OHgsgam, the correspondent OH in the PM-16QAM
carriers, OHjgqanm, is given by

(32, 10gy(M;,)) OHsc — logy (Meagan ) OHgaqam
2logy(Misganm) '

OHisqam = (4.18)
where the 2 factor is accounting for the two PM-16QQAM edge carriers. Then,
similarly to the IC-FEC case, the superchannel performance with Flex-FEC coding
can be assessed from the maximum pre-FEC BER among all carriers, equation
(4.19). However, in this case, the limit pre-FEC BER must be adjusted according
to the OH required by each FEC, details are provided in the next paragraphs.

The application of the Flex-FEC strategy requires the determination of the new
BER threshold depending on the set of FEC OHs. Figure 4.5 shows the pre-FEC BER
thresholds, for a pos-FEC BER of 10715, as a function of FEC OHs. We took advantage
of the values presented in [7], Table I, to determine the pre-FEC BER associated to each
FEC OH. The NCG associated to each FEC OH is determine by linear interpolation of
these values. We can then determine the respective pre-FEC BER defined as

(4.19)

2010g10 (erfe ™ (2BERpos_ppc) ) ~NCG+10log1g Re )
/2,

BERre—FrC = erfcC (10 20

where BERre—rrc is the pre-FEC BER, BERos_rrc is the reference pos-FEC BER and
R, is the code rate, defined as the ratio of bit rate without and with FEC. Considering

the constraint of an overall OHgc = 20%, in Figure 4.5, we present the considered values
of PM-64QAM OH (OHgsqam) and the correspondent PM-16QAM OH (OHjsqam)-
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Figure 4.5: Pre-FEC BER as a function of the OHgygam (bottom X axis) and respective
OHjqam (top X axis), for a pos-FEC BER of 1x107!°. The markers correspond to the
set of OHs (OHgsgam, OHisqam) considered in this work. Note that, the OHgaqam=20%
(OHi6qaM=20%) point is equivalent to the IC-FEC strategy.

4.5.2 Power ratio optimization

In this section, the PR between the two modulation formats is varied between 0 and
10 dB aiming to determine the optimum system performance for SC-FEC, IC-FEC and
Flex-FEC paradigms. The PR is given by

(4.20)

SNR
PRas = 10log;q (—64QAM> :

SN Risgam

where SNRisqam/SNResqam corresponds to the SNRs required by the 16QAM/64QAM
format, which depends on the adopted transmitter operation strategy.

Considering the AWGN channels theory devised in [11], we can theoretically determine
the optimum PR values for both IC-FEC and SC-FEC strategies. For the IC-FEC
strategy, the optimum performance is obtained when BERjggam = BEResigam =
BERnreshola, therefore the required SNR is defined as

SNRy_qam (M) =

werfc’l (\/MlogQ(M)BERthreshald> (4.21)

3 2V — 1)

which is then applied in equation (4.20). For the SC-FEC strategy case, we should find
the optimum SNR pair, [SNR‘;E& AN SNRgEZ2 an), that minimizes the estimated average
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BER. For any average SNR, we can derive the optimum SNRgsqam from SNRigqam,
therefore, the following procedure is applied

SNR — kganSNRisqanm

1 — kKgam

,MMQAM” } (4.22)

SNR‘{E(EAM = {SNR1 : BER6gam <SNR16QAM7 , MIGQAM)

SNR — kgam SN Ri6gam

1 — kgam

= min [BERlGQAM (SNR16QAM7

from which

SNR — kqanSN R 40

t
SNREL v = o

(4.23)
where kgap is the frame ratio between modulation formats defined as Nyggan /N, the
Nisganm represents the number of carriers occupied by the PM-16QAM format and N
represents the total number of carriers composing the superchannel.

From equations (4.20), (4.21), (4.22) and (4.23), the optimum performance of the
IC-FEC and SC-FEC paradigms are obtained for PRs of 5.7 dB and 3.6 dB, respectively,
when considering a target BER of 2.4x1072. However, these results do not take into
account the implementation penalties of any modulation format. Given the different
B2B penalties associated with the PM-16QAM (0.8 dB) and PM-64QAM (2.3 dB), in
this work the required nominal PRs is increased to 7.2 dB and 4.4 dB for the IC-FEC
and SC-FEC strategies, respectively. In fact, Figure 4.3g (PR = 7.2 dB) shows that both
modulation formats are performing similarly in the linear propagation regime (the two
curves overlap, thereby they are operating at the same BER). However, when the system
enters in the nonlinear propagation regime the optimal condition derived in B2B is not
valid anymore, due to the generation of different NLIs between optical carriers. This
corroborates the previous simulation results presented in [2] for a system with similar
hybridization approaches.

After running the EGN model for PRs ranging between 0 and 10 dB, we observed
that the MR for the IC-FEC and SC-FEC strategies is in fact achieved for PRs of 8.7 dB
and 2.2 dB, respectively, Figure 4.8a. In the IC-FEC strategy, the global MR is set
by the worse performing carrier at the optimum superchannel launched power, therefore
originating two different regimes of operation:

1. at low PR, where the system MR and the optimum power are set by the worse
performing modulation format (in our study case, the PM-64QAM is limiting the
MR, since the PM-16QAM always outperforms the PM-64QAM, Figure 4.3);

2. at high PR, where the system MR and the optimum power are set by the crossing
point between the MR curves of each modulation format, which are consequently
operating at the same BER.

The best system performance is achieved on the transition between these two regimes
of operation, occurring in the considered scenario for a PR of 8.7 dB (as can be confirmed
from Figure 4.8a). After this point, the maximum system performance starts to be limited
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by the PM-16QAM carrier, operating still in the linear regime, due to its very low power,
while the PM-64QAM is already operating in the nonlinear regime. In turn, for the
SC-FEC strategy, the system MR and optimum power require a continuous balanced
compromise between the two modulation formats, since these are determined from the
weighted average BER of the superchannel. In the considered scenario, since the PM-
16QAM carriers simultaneously enable higher reach and also transport more data (2 x 4
bits per symbol, against 6 bits per symbol of the PM-64QAM carrier), the maximum
performance of the system is achieved for a relatively low PR of 2.2 dB, which provides the
best compromise between the two modulation formats in terms of average superchannel

BER.

Considering now the application of the Flex-FEC strategy and taking into account for
the new BER thresholds associated to each modulation format, the B2B penalties were
re-calculated from the experimental B2B characterization. The EGN model was also re-
evaluated for all the OHs presented in Figure 4.5, aiming to find the set of OHs [OHgaqam,
OHi6qam] providing the best performance for the Flex-FEC strategy. Figure 4.6, presents
the MR as a function of the PR between carriers, for the set of FEC OHs considered in
Figure 4.5, when a) CDE and b) DBP techniques are applied. In our hybrid scenario, we
achieve the best performance when increasing the OHgsqanm, while reducing the OH;6qam,
in order to maintain a total OHgc of 20%, corresponding to 400 Gbit/s of net bit-rate.
Increasing OHgiqam allow us to operate at a higher pre-FEC BER, thereby extending
the MR of this carrier. The opposite happens for the two PM-16QAM edge carriers.
Therefore, the crossing point between the two modulation formats curves will occur for a
lower value of PR, which can be confirmed from Figure 4.6. From the same figure we can
determine the MR and the correspondent optimum PR for each set of FEC OHs being
considered for both equalization approaches. The MR obtained at the optimum PR as
a function of the FEC OHs is shown in Figure 4.7, for both CDE and DBP techniques.
As expected, the increase of OHgsgan enables a gradual increase of MR up to ~1940 km
and ~2300 km (corresponding to an improvement of ~70% and ~50% with respect to
the IC-FEC strategy), jointly with a reduction of 6.5 dB and 5 dB in the optimum PR
for the CDE and DBP techniques, respectively. The optimum set of FEC OHs for CDE
is found for [OH64QAM = 40%, OHlGQAM = 5%] and [OH64QAM = 36%, OHIGQAM = 8%]
for DBP. After these points, the system performance starts deteriorating again, since it
becomes limited by the reduced reach of the PM-16QAM carriers, due to their very low
OHisqam. Results for [OHgigam = 44%, OHigqan = 2%)] are not shown in Figure 4.6
neither in Figure 4.7, since for this case the optimum performance occurs for a PR less
than 0 dB.

All our previous conclusions are summarized in Figure 4.8a, where we show the MR
as a function of the PR for all three FEC paradigms. Note that, in the Flex-FEC
case, we only present the curve corresponding to the best FEC OH pair, [OHgiqawm,
OHi6qam]. In the considered scenario, when considering the application of only CDE, the
PR optimization allows for a MR extension of <10%, ~30% and ~15% for the SC-FEC,
IC-FEC and Flex-FEC strategies, respectively (Figure 4.8a). From the FEC paradigms
point of view, the theoretical, simulation and experimental results show that the SC-FEC
strategy always outperform IC-FEC strategy in terms of MR. For PR = 0 dB, the
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Figure 4.6: Maximum reach as a function of the power-ratio for different sets of FEC OHs,
when a) CDE and b) DBP are applied.

SC-FEC strategy doubles the reach provided by IC-FEC. Considering the optimum
PR for each FEC strategy (2.2 dB for SC-FEC and 8.7 dB for IC-FEC), the MR gain
provided by SC-FEC is ~70%. On the other hand, we can note that by adjusting the
FEC OHs of each modulation format (Flex-FEC strategy), we can achieve approximately
the same MR (~1% gain using Flex-FEC) of the SC-FEC under the same conditions of
operation (PR and optimum launched power). We also demonstrate that when applying
DBP the MR achieved with the SC-FEC/Flex-FEC and IC-FEC strategies can be further
improved by ~20% and ~35%, respectively, see Figure 4.8b. Besides, as consequence of




4.5. Joint Power-Ratio and FEC Optimization

OHisqam [%]

20 17 14 11 8 5 3
2400 + C 2297 km 9948 ki 1
i DIB)1E 2190 km 35 dB L6 d];n
2200} 5.1 dB |
=) 1997 km
= 20001 6.3 dB 1939 km |
= 1820 km 1837 km  2-2dB_ 2041 kip
§ 7.3 dB 11 dB 0.3 dB
e 1800 1509 Jan 1826 Lih
£ 5.6 dB 0.4 dB
= 1600, 1489 km i
= b:
o
5 1400 |
=
1200 |
b
8.7dB | | | | | |
20 24 28 32 36 40 42.67

OHgaqam [%]
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(top X axis), for both CDE (blue curve) and DBP (red curve) techniques. Note that, for each
set of FEC OHs the correspondent maximum reach and optimum power ratio are specified.

DBP, the optimum PR for the SC-FEC and Flex-FEC strategy increases to 3 dB and
3.5 dB (Figure 4.8b), since the MR achieved by the PM-64QAM will be significantly
improved when compared with the MR of PM-16QAM. It is also worth to mention that
the optimization of PR becomes more important when DBP is applied. In this case, the
MR extension provided by optimized PR over PR = 0 dB is of ~15% (from ~2000 km
to ~2300 km), ~60% (from ~960 km to ~1560 km) and ~40% (from ~1650 km to
~2300 km) for the SC-FEC, IC-FEC and Flex-FEC strategies, respectively.

Another key system parameter is the optimum launched power per superchannel
(Popt), i.e. the mean launched power per superchannel corresponding to the MR. The
P, values as a function of the PR for three FEC paradigms implemented, for both CDE
and DBP cases, are shown in Figure 4.9. It can be observed that the lower PR and
higher MR achieved by the SC-FEC and Flex-FEC strategies comes at the expense of a
2 dB higher optimum launched power (P, = -1.6 dBm against P, = -3.6 dBm for the
IC-FEC strategy, in the CDE case). On the other hand, the application of DBP will also
impact the optimum launched power, besides its impact on the optimum PR and MR.
Indeed, we observe that after DBP, the P, increases to -0.9 dBm (PR =3 dB), -1 dBm
(PR = 3.5 dB) and -2.2 dBm (PR = 8.4 dB) for the SC-FEC, Flex-FEC and IC-FEC
strategies, respectively. This corresponds to a P, nonlinear tolerance improvement of
0.7 dB, 0.6 dB and 1.4 dB, respectively. The previous 2 dB difference in the optimum
powers between SC-FEC/Flex-FEC and IC-FEC operation strategies (see Figure 4.9a)
is now reduced to about 1 dB (see Figure 4.9b). The abrupt change of behavior that
can be observed for the Flex-FEC P, curve is due to the transition between different
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Figure 4.8: System performance in terms of maximum reach as a function of power-ratio for the
three FEC strategies, when applying a) CDE and b) DBP individually over each superchannel
carrier. Dashed-dotted, dashed and dotted lines correspond to the EGN model predictions for
the SC-FEC, IC-FEC and Flex-FEC operation strategies, respectively. Filled and open markers
correspond to experimental and simulative results, respectively.

regions of operation: initially P,y is set by the PM-64QAM carrier (in the region where
its performance is worse than PM-16QAM), while then, there is a PR for which the
two modulation format curves match and P, is defined by the intersection between the
two curves (where one format is operating in the nonlinear regime, while the other is
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to experimental and simulative results, respectively.

operating in the linear regime). By increasing even more the PR, there will be a point
where P, starts to be given by the PM-16QAM carrier, since its maximum performance
becomes worse than PM-64QAM for all mean launched power per superchannel. Note

that this transition occurs more steeply in the DBP case.

From the previous analysis, we can conclude that the IC-FEC strategy can be
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considered as a lower performance bound, being limited by the highest BER among
all superchannel carriers. On the other hand, the SC-FEC strategy tends to present a
better performance at the expense of requiring the application of a single FEC to the
entire superchannel, for interleaving the bit errors of the worst performing carrier with
the bit errors of the remaining carriers. Alternatively, the application of an optimized
FEC OH to each modulation format allow us to nearly achieve the same performance
of the SC-FEC (under same operation conditions). However, the performance of the
Flex-FEC strategy around its optimum PR value was found to vary more abruptly, both
in terms of MR (which decreases) and in terms of P,,; (which increases).

4.6 Advanced Nonlinear Compensation Strategies

In this section, more advanced nonlinear compensation strategies are applied over
the proposed superchannel, aiming to determine the performance improvement that
can be obtained when broadening the DBP compensation to account for the entire
superchannel nonlinear interferences. We use the EGN model to extend the previous
analysis considering different methods for the application of nonlinear equalization to
the superchannel under test. Up to this point, we have been considering DBP applied
to all the three carriers individually, eliminating only the nonlinear interference from the
carrier itself. We now consider three extra nonlinear equalization cases:

1. DBP is applied only to the two PM-16QAM edge carriers individually (DBPgqam);
2. DBP is applied only to the center PM-64QAM carrier (DBPgsqam);

3. DBP is applied jointly to all three carriers forming the superchannel (DBPwg,
where WB accounts for the wide-band receiver).

Figure 4.10 shows the EGN model predictions for CDE, DBP (corresponding to the
prior DBP results), DBP1gqgan, DBPeigam and DBPwg, for all three FEC strategies:
a) SC-FEC (Figure 4.10a), b) IC-FEC (Figure 4.10b) and c) Flex-FEC (Figure 4.10c).
From Figure 4.10a it can be seen that there is no significant enhancement of the system
MR (< 5%) when DBP is applied individually to all superchannel carriers (MRpgp =
2285 km) compared to the case where DBP is applied only to PM-64QAM (MRpgpg,q .
= 2242 km). Thereby, in the case of a single FEC being applied over the hybrid
superchannel, the application of DBP only over the PM-64QAM carrier (DBPgsganm)
proves to be a convenient design option for the analyzed scenario, enabling a complexity
reduction of approximately 2/3. Alternatively, if DBP is applied jointly to the whole
superchannel (DBPwg) an additional ~ 10% MR extension is achieved over DBPgiqanm,
which in turn corresponds to an improvement of ~ 30% over CDE. However, this case
requires a wide-band (WB) receiver for the joint detection of all three superchannel
carriers, such that full-field DBP can be applied. Considering that we employ 62.5 GHz
frequency grid, today state-of-the art receivers allow a practical implementation of such
approach, but due to limitations in our equipment we could not test it experimentally.
Alternatively, we could also detect each carrier independently, through phase and time
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Figure 4.10: Theoretical performance comparison, in terms of maximum reach, for different
DBP applications and for all three FEC paradigm: a) SC-FEC; b) IC-FEC and c¢) Flex-
FEC. Black solid lines correspond to the CDE case; Dark blue dashed lines correspond to the
individual DBP of all three superchannel carriers (DBP); Blue dashed-dotted lines correspond
to the DBP of the edges PM-16QAM carriers (DBP1gqam); Red dotted lines correspond to
the DBP of the central PM-64QAM carrier (DBPgsganm); Green solid lines correspond to the
jointly DBP on all superchannel carriers.
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locked co-operating receivers, and then apply a coupled equations DBP, at the cost of
additional implementation complexity [31].

Regarding the IC-FEC strategy, Figure 4.10b shows that the compensation of
DBP6qam does not bring any improvement over CDE, neither over DBPgsgam, since the
system performance is limited by the PM-64QAM carrier up to the crossing point between
individual carriers MR curves. After the crossing point PRs (> 8 dB) NLI is mainly
generated by the PM-64QAM carrier, as proved in the previous sections. In other words,
for low values of PR, DBP is not so effective, due to the nonlinear effects of the adjacent
channels. On the other hand, increasing the PR between carriers significantly decreases
the PM-16QAM power, thereby the nonlinear dominant effects are due to the PM-64QAM
carrier of the superchannel, since also the remaining PM-64QAM adjacent carriers are at
spaced by 62.5 GHz, not causing significant effect on the system performance. In contrast
with the previous case, DBPwp with IC-FEC brings an improvement of only 1% on the
achievable system MR (at the optimum PR). Note that the improvement provided by
DBPys is more significant for PR = 0 dB, being of ~ 15% for both SC-FEC and IC-FEC
strategies.

Finally, in the case of Flex-FEC strategy, the EGN based analysis performed in the
previous section (Figure 4.6) is also performed for the different DBP methods considered
in this section. Figure 4.10c shows the results corresponding to the best performing
[OHgaqam, OHieganm] pair. The optimum set of OHs were found to be [OHgigam =
40%, OHIGQAM == 5%] for CDE, DBPIGQAM and DBPWB, whilst it is of [OH64QAM =
36%, OHisqam = 8%] for DBP and DBPgigan. Figure 4.10c shows that again the
gains achieved by the application of each DBP strategy over CDE are identical to those
achieved with SC-FEC (~ 20% using DBP and DBPgigan and ~ 30% using DBPwg).
Moreover, the application of DBPggam is again insignificant over the DBPgiqanm and
CDE. Comparing the results of Figure 4.10b and Figure 4.10c, we verify that the MRs
obtained (at the optimum PRs) are similar to those obtained with the SC-FEC (within ~
1% difference). However, in contrast with the SC-FEC case, there is a steep performance
degradation when we slightly change the PR for all DBP strategies. Therefore, the use
of the Flex-FEC strategy requires a more precise optimization of the system parameters,
in order to get its optimal performance.

4.7 Conclusions

In this chapter, we propose a 400G frequency-hybrid superchannels, composed of
two edge PM-16QAM carriers and a central PM-64QAM carrier. Its performance is
experimentally assessed in an WDM transmission system composed of 9 identical 400G
frequency-hybrid superchannels. The proposed solution proves to be compatible with the
62.5 GHz grid slot, thus enabling a spectral efficiency of 6.4 bits/s/Hz, while achieving a
maximum transmission distance of 2500 km. The experimental results are supported by
complementary OptSim™ simulations and analytical EGN model predictions.

The power-ratio between the superchannel carriers is analyzed in the linear and
nonlinear regimes of operation, in order to evaluate its impact on the performance of
the transmission system. The system is also evaluated in terms of maximum reach and
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optimum average power per superchannel, under three different FEC paradigms. The
SC-FEC scheme, based on the average superchannel BER, is found to be the more
robust approach for frequency-hybrid superchannels, showing a smoother dependence
on the power-ratio between carriers, thus tolerating larger uncertainty on the system
parameters optimization. In addition, SC-FEC does not require individual optimization
of FEC overheads per carrier, like in the Flex-FEC technique, thereby simplifying the
transmitter and receiver implementations. In contrast, the residual performance gain
that can be achieved by Flex-FEC encoding requires a very precise optimization of several
system parameters such as launched power, power-ratio and FEC overhead, that might
not be feasible in a real application. As opposed to it, SC-FEC enables a simpler and
more error-tolerant design of frequency-hybrid transmission systems.

The possible performance improvement achieved by the use of advanced DBP
techniques, and its implications on the optimum power-ratio and optimum launched
power is also investigated. We notice that the unequal transmitted power per carriers
creates new challenges and opportunities for the implementation of DBP in frequency-
hybrid systems. We demonstrate a maximum transmission distance of ~2300 km
and ~1600 km for the SC-FEC/Flex-FEC and IC-FEC strategies, respectively, when
applying self-carrier interference DBP compensation of the PM-64QAM carrier only. We
also demonstrate that the nonlinear compensation of all carriers of a frequency-hybrid
superchannel might not be worthy. Indeed, most of the benefit provided by DBP is
achieved by the standalone compensation of the central PM-64QAM carrier, thereby
enabling a reduction of DBP complexity by a factor of roughly 2/3. Finally, an extended
analytical study revealed that jointly compensating nonlinear impairments applying DBP
to the overall superchannel signal received through a wideband receiver can potentially
bring an additional improvement of about 10% over independent application of DBP for
the SC-FEC and Flex-FEC strategies, while this gain becomes negligible for the IC-FEC
strategy.
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Chapter 5

Conclusions and Future Work

As we are moving to a more connected world, the demand for faster connections
leveraged the development and adoption of new optical transmission paradigms for
telecommunication networks. Nowadays, coherent detection, together with advanced
modulation formats and digital signal processing (DSP) are the best performing
technologies, enabling longer transmission distances and higher bit-rates. However, the
persistent demand for higher capacity continues to push the development of innovative
technologies that aim to increase even more the bit rate-reach product of existing optical
transmission systems.

Superchannel-based transmission systems composed of higher-order modulation
formats have been considered a potential candidate for next-generation networks. These
systems can provide better wavelength management and higher spectral efficiency,
although, at the expense of a higher sensibility to fiber nonlinear effects. Given so, in the
framework of this thesis, we focus our study on the development and implementation of
techniques that counteract the signal nonlinearities while being suitable to be deployed
in superchannels systems. In this final chapter, the most relevant conclusions are
summarized and envisioned future research topics are discussed.

5.1 Conclusions

State-of-the-art nonlinear equalization (NLE) techniques are complex and have
a challenging real-time implementation. The development of low-complexity NLE
techniques is a research topic of interest, where several low-complexity SSFM- and
VSNE-based digital backpropagation (DBP) techniques have been proposed. In this
thesis, some of these low-complexity DBP techniques were evaluated over a wavelength-
division multiplexing (WDM) ultra-long-haul (ULH) transmission system composed of
5 dual-carrier PM-16QAM 400G superchannels. Taking into account the reduction
of complexity, different regions of operations can be considered, where the maximum
transmission distance will be related to the number of DBP steps to be applied. We
demonstrated that it is possible to reduce the W-SSFM and W-VSNE complexity and still
extend the maximum transmission reach over CDE. Furthermore, the W-VSNE allows
a 90% maximum reduction of the number of DBP steps, a 85% maximum reduction of
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the number of real multiplications, and up to 90% total latency reduction comparing
to the standard SSFM technique. Moreover, since the W-VSNE is composed by a set
of Ny parallel filters, the tradeoff between performance and computational complexity
can be handled more easily. The results obtained in this work show the potential of the
W-VSNE to be applied as an alternative low-complexity and efficient DBP technique for
high-speed ULH transmission systems.

Hybrid modulation formats have been recently proposed for fulfilling the demand for
higher capacity of future networks. Such technique is of interest since it offers a finer
adjustment of the SE, providing a new degree of freedom in the optimization of the system
performance. With this in mind, we have proposed a 400G frequency-hybrid superchannel
system, composed of two edge PM-16QQAM carriers and a central PM-64QAM carrier,
that fits in the 62.5 GHz grid slot. Comparing with a 400G superchannel composed
of uniform PM-16QAM carriers in the 75 GHz grid slot, the proposed solution allows
for an increase of the SE from 5.33 bits/s/Hz to 6.4 bits/s/Hz. The frequency-hybrid
superchannel was experimentally evaluated in an WDM transmission system and the
experimental results were validated by OptSim™ simulations and analytical EGN model
predictions.

The power-ratio between modulation-formats plays an important role on the
performance of hybrid-based modulation format systems. We have evaluated the power-
ratio under different FEC paradigms, aiming to determine the most suitable strategy for
the proposed frequency-hybrid superchannel transmission system. We showed that the
SC-FEC scheme is the more robust approach since it does not require the individual
optimization of FEC overheads per carrier, like the Flex-FEC scheme. Despite the
Flex-FEC shows a small improvement of the system performance over the SC-FEC,
it requires a more precise optimization of the channel parameters. On the other hand,
although the IC-FEC approach has the shortest transmission distance and the higher
power-ratio between carriers, it requires a smaller optimal power.

We also investigated the performance gains obtained by the application of different
DBP techniques in the frequency-hybrid superchannel. We showed that the application
of DBP only over the carrier that transports the highest-order modulation format gives a
significant performance improvement, while reducing the DBP complexity approximately
by 2/3. Finally, an extended analytical study revealed that jointly compensating
nonlinear impairments applying DBP to the overall superchannel signal received through
a wideband receiver can potentially bring an additional improvement of about 10% over
independent application of DBP for the SC-FEC and Flex-FEC strategies, while this
gain becomes negligible for the IC-FEC strategy. However, this would require the use of
a wideband coherent receiver or a set of coherent receivers with a bank of phase locked
LO lasers together with total-field or couple-equations DBP, making its implementation
more challenging.
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5.2 Future work

The superchannels solution together with the use of efficient equalization and
mitigation DBP techniques proposed in this thesis have opened new possibilities and
research directions to approach the issue of nonlinear impairment compensation in
coherent optical fiber systems. Resulting from the efforts of this work, several research
directions remain as open and challenging topics, from which we highlight the following:

e The heterogenous and dynamic traffic in current optical transmission systems have
been making reconfigurable optical transceivers the probable paradigm for future
optical networks. These transceivers adapt their parameters to achieve the best
performance and power efficiency depending on the nature of the traffic [1, 2].
In this sense, the study of hybrid-modulation format based superchannel can be
extended to account for the application of different baud-rates, overhead FECs
and /or guard-band between superchannel carriers, in order to assess its suitability
to different types of traffic. Hybrid-modulation format based superchannels might
prove to be an efficient technique for reconfigurable transceiver networks.

e Deployed optical networks typically have a meshed network architecture where the
signal passes through multiple ROADMs [3]. These might be based on WSSs,
which in turn induces penalties due to the optical filtering. It might be interesting
to further study the performance of the nonlinear compensation algorithms in
systems using higher-order modulation formats or hybrid-modulation formats based
superchannels that are subjected to optical filtering. The mitigation of optical
filtering penalties can also be applied to the proposed systems and the performance
improvement brought by the equalization method can be evaluated.

e In ULH communications, besides deterministic nonlinear effects, the accumulation
of ASE noise and its interaction with the optical signal might lead to a significant
performance limitation. The majority of the nonlinear compensation techniques do
not take into consideration the interaction of ASE noise with the optical signal,
neither the interaction between nonlinear and non-deterministic linear effects, such
as PDL and PMD [4]. Techniques to mitigate such interactions should also be
proposed as a way of improving system performance.

e Probabilistic shaping has been pointed out a promising solution for near-future
optical networks. Probabilistic shaping have been demonstrated in optical channels
as a way to close the gap with the Shannon limit. Additionally, it also allow us
to increase the SE and bit-rate granularity of the optical transmission system [5].
The application of Volterra-based DBP algorithms can be applied over probabilistic
shaped systems to evaluate the DBP gains over such systems.

e The capacity of SSFM is reaching its limits. The use of better fibers, with low
fiber loss or low nonlinear coefficient and wider amplification bands is a possible
approach for the near future networks. However, none of these techniques can
provide a sustainable path to overcome the optical network capacity crunch. It
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is expected that future networks would be based in multi-core and /or multi-mode
fibers [4, 6]. Such fibers have been extensively explored in the last couple of years,
however they still present a reduced transmission reach and new challenges in terms
of channel impairments equalizations, since they suffer from different impairments,
such as crosstalk and interferences between cores and/or modes. Therefore, new
and efficient digital signal processing techniques have to be developed, and Split-
step and Volterra-based DBP techniques can be adapted to this kind of fibers, in
order to evaluate their benefits in such optical systems.

References

[1] D. A. Morero, M. A. Castrilln, A. Aguirre, M. R. Hueda, and O. E. Agazzi, “Design
tradeoffs and challenges in practical coherent optical transceiver implementations,”
Journal of Lightwave Technology, vol. 34, no. 1, pp. 121-136, Jan 2016.

[2] J. D. Reis, V. Shukia, D. R. Stauffer, and K. Glass, “Technology options for 400G
implementation,” Optical Internetworking Forum, Tech. Rep., 2015.

3] V. A. J. M. Sleiffer, D. van den Borne, V. Veljanovski, M. Kuschnerov, M. Hirano,
Y. Yamamoto, T. Sasaki, S. L. Jansen, and H. de Waardt, “Transmission of 448 Gb/s
dual-carrier POLMUX-16QAM over 1230 km with 5 flexi-grid roadm passes,” in
OFC/NFOEC, March 2012, pp. 1-3.

[4] A. Amari, O. A. Dobre, R. Venkatesan, O. S. S. Kumar, P. Ciblat, and Y. Jaoun,
“A survey on fiber nonlinearity compensation for 400 Gbps and beyond optical
communication systems,” IEEE Communications Surveys Tutorials, vol. PP, no. 99,
pp- 1-1, 2017.

[5] K. Roberts, Q. Zhuge, I. Monga, S. Gareau, and C. Laperle, “Beyond 100 Gb/s:
capacity, flexibility, and network optimization,” J. Opt. Commun. Netw., vol. 9,
no. 4, pp. C12-C24, Apr 2017.

6] P. J. Winzer, “Scaling optical fiber networks: Challenges and solutions,” Opt.
Photon. News, vol. 26, no. 3, pp. 28-35, Mar 2015.

116



	Contents
	List of Figures
	List of Tables
	List of Acronyms
	List of Symbols
	Introduction
	Motivation and Objectives
	Thesis Outline
	Main Contributions
	List of Publications
	Papers in international journals
	Papers in conference proceedings
	Patents

	References

	Coherent Transmission Systems
	Digital Coherent Optical System 
	Coherent receiver
	Coherent transmitter

	Post-Detection Digital Signal Processing 
	Pre-processing
	Channel equalization
	Clock recovery
	Carrier recovery
	Symbol demapping

	High-Order Modulation Formats 
	Hybrid Modulation Formats 
	Superchannels 
	Conclusions
	References

	Low-Complexity DBP Algorithms
	Digital Backpropagation Concept 
	Digital Backpropagation Algorithms 
	Split-step Fourier method
	Weighted split-step Fourier method
	Time-domain Volterra series nonlinear equalizer
	Weighted Volterra series nonlinear equalizer

	400G WDM Transmission System 
	Experimental setup
	Digital signal processing

	Digital Backpropagation Optimization 
	Experimental Performance Analysis 
	Computational Effort 
	Conclusions
	References

	Frequency-Hybrid Superchannel
	Superchannel Configuration 
	Nonlinear Interference 
	Gaussian noise model
	Enhanced Gaussian noise model
	System performance estimation

	400G Frequency-Hybrid Transmission System 
	Experimental setup
	Digital signal processing

	Individual Superchannel Carriers Performance
	Joint Power-Ratio and FEC Optimization
	FEC paradigms
	Power ratio optimization

	Advanced Nonlinear Compensation Strategies
	Conclusions
	References

	Conclusions and Future Work
	Conclusions
	Future work
	References


